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A B S T R A C T

Mosquito-borne Zika virus (ZIKV) recently emerged in South Pacific islands and Americas where large epidemics
were documented. In the present study, we investigated the contribution of the structural proteins C, prM and E
in the permissiveness of human host cells to epidemic strains of ZIKV. To this end, we evaluated the capacity of
the epidemic strain BeH819015 to infect epithelial A549 and neuronal SH-SY5Y cells in comparison to the
African historical MR766 strain. For that purpose, we generated a molecular clone of BeH819015 and a chimeric
clone of MR766 which contains the BeH819015 structural protein region. We showed that ZIKV containing
BeH819015 structural proteins was much less efficient in cell-attachment leading to a reduced susceptibility of
A549 and SH-SY5Y cells to viral infection. Our data illustrate a previously underrated role for C, prM, and E in
ZIKV epidemic strain ability to initiate viral infection in human host cells.

1. Introduction

Zika virus (ZIKV) is an emerging mosquito-borne flavivirus
(Flaviviridae family) that became a major medical concern worldwide.
In 2007, the first ZIKV epidemic occurred in the Yap Island affecting
more than 70% of the inhabitants (Duffy et al., 2009). Subsequently,
ZIKV continued to spread in the South Pacific islands and widely
emerged in the Americas from 2015 (Gatherer and Kohl, 2016). Phy-
logenetic analysis of viral sequences identified the African and Asian
genotypes of ZIKV (Haddow et al., 2012), the Asiatic strains being the
leading cause of the major current epidemics with millions of infection
cases (Giovanetti et al., 2016). While a large majority of infections
caused by ZIKV are asymptomatic, or result in dengue-like symptoms,
epidemiological studies have pointed out that ZIKV infection can also
cause severe diseases in humans including Guillain-Barre syndrome and
congenital neurological defects (microcephaly) (Cao-Lormeau et al.,
2016; Cugola et al., 2016; Merfeld et al., 2017; Parra et al., 2016).
Unlike most other flaviviruses, a component of the spread of ZIKV may
reflect its potential for human-to-human transmission. ZIKV is believed
to disseminate using both sexual and non-sexual routes including body
fluids such as tears, saliva or blood (D’Ortenzio et al., 2016; Motta et al.,
2016; Musso et al., 2016). The risk of human infection by solid organ

transplantation has also been suggested (Alcendor, 2017).
ZIKV contains a single-strand positive sense genomic RNA, which is

translated into a large and unique polyprotein. The polyprotein is then
processed by host and viral proteases into three structural proteins (C,
prM/M and E), and seven nonstructural (NS) proteins (NS1 to NS5).
Recently, we reported the generation of an infectious cDNA clone of
MR766 (hereafter MR766MC) based on the GenBank access number
LC002520 (MR766-NIID) after electroporation of four overlapping
synthetic fragments that cover the genomic RNA sequence using the ISA
method (Atieh et al., 2016; Gadea et al., 2016). The African historical
ZIKV strain MR766 was initially collected from a rhesus monkey in
Uganda in 1947 and serially propagated in new-born mouse brains
(Dick et al., 1952). It is not known whether the mouse neuroadaptation
of MR766 resulted in accumulation of mutations in viral sequence.

Epidemic strains of ZIKV have the capacity to replicate in diverse
cell types of human origin including epithelial and neuronal cells
(Hamel et al., 2017; Pagani et al., 2017; Sheridan et al., 2017; Simonin
et al., 2016; Tripathi et al., 2017). We reported that infection of human
lung epithelial A549 cells with ZIKV strain PF-25013-18 of Asian
lineage isolated during the epidemic in French Polynesia in 2013 (Cao-
Lormeau et al., 2014; Frumence et al., 2016) resulted in the activation
of Interferon Stimulated Genes (ISGs), the production of Type-I
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interferon (IFN) associated to expression of pro-inflammatory cyto-
kines, and induction of apoptosis. Several reports highlighted the pre-
ponderant role of the NS proteins in the responsiveness of human host
cells to ZIKV infection. Here, we studied the role of the structural
proteins in the permissiveness of human neuroblastoma SH-SY5Y and
A549 cells to infection with epidemic strains of ZIKV. Using the ISA
method, we generated a molecular clone of ZIKV strain BeH819015
isolated from a human serum specimen in Brazil in 2015 and a chimeric
clone of MR766 in which the structural protein region was replaced
with the one of BeH819015. Comparative analysis between the three
viral clones revealed that ZIKV containing BeH819015 structural pro-
teins are less efficient in the initiation of viral infection in human cells
when compared to MR766MC.

2. Methods

2.1. Cells and reagents

Vero cells (ATCC, CCL-81) were cultured at 37 °C under a 5% CO2
atmosphere in MEM medium, supplemented with 5% heat-inactivated
foetal bovine serum (FBS), A549-Dual™ cells (InvivoGen, a549d-nfis)
designated hereafter as A549DUAL cells and SH-SY5Y cells (ATCC,
CRL2266) in MEM medium, supplemented with 10% heat-inactivated
FBS and non-essential amino acids. A549-Dual™ (A549Dual) cells were
maintained in growth medium supplemented with 10 µg mL−1 blas-
ticidin and 100 mg mL−1 zeocin (InvivoGen). The mouse anti-pan fla-
vivirus envelope E protein mAb 4G2 was produced by RD Biotech. The
rabbit anti-BAX and anti-caspase 3 antibodies were purchased from Cell
Signalling Technology, the anti-cleaved PARP antibody from Promega,
donkey anti-mouse Alexa Fluor 488 and anti-rabbit Alexa Fluor 594 IgG
antibodies from Invitrogen. Horseradish peroxidase-conjugated anti-
rabbit and anti-mouse antibodies were purchased from Vector Labs.

2.2. Design of ZIKV molecular clones

The molecular clone design and production strategies for ZIKV were
previously described by Gadea et al. (2016). The viral clone BR15MC

was produced as described for MR766MC (Gadea et al., 2016). BR15MC

was based on the sequence of epidemic ZIKV strain BeH819015 (Gen-
Bank access KU365778) isolated in Brazil in 2015. MR766 was pas-
saged more than hundred times in new-born mouse brain, and
BeH819015 was isolated from blood patient and sequenced after one
passage on C6/36 (Dick et al., 1952; Faria et al., 2016). Because the
sequences of the untranslated regions (UTRs) deposited in GenBank
were partial and also showed abnormalities, the 5’UTR of MR766MC and
the 3’UTR of contemporary clinical isolate Paraiba of ZIKV (GenBank
access KX280026) were chosen to generate BR15MC. The 3’UTRs from
BR15MC and MR766MC perfectly matched on the last 150 nucleotides.
Based on our previous experience with molecular clone of ZIKV that
used overlapping PCR products (Gadea et al., 2016), the design of viral
genome into four viral genomic fragments Z1BR15, Z2BR15, Z3BR15 and
Z4BR15 was chosen to mimic those used to construct MR766MC. The
fragment Z1BR15 contains the CMV promoter immediately adjacent to
the 5’UTR of ZIKV followed by the structural protein region of strain
BeH819015. Two synonymous mutations at positions 2200 (a -> g)
and 2215 (t -> c) of the structural protein region of ZIKV strain
BeH819015 were introduced for a perfect matching of the fragments
Z1BR15 and Z2NIID-MC on 42 nucleotides. A silent mutation in the E gene
that creates the unique restriction site Pvu I was introduced into the
Z1BR15 fragment. The fragment Z4BR15 consists of a hepatitis delta virus
ribozyme immediately following the last ZIKV nucleotide and a SV40
poly(A) signal. The synthetic genes Z1BR15, Z2BR15, Z3BR15, and Z4BR15

were synthesized and cloned into plasmid pUC57 by GeneCust (Lux-
embourg). The fragments Z1BR15 to Z4BR15 were amplified by PCR from
their respective plasmids using a set of primer pairs that were designed
so that Z1BR15 and Z2BR15 or Z3BR15 and Z4BR15 matched on about

30–40 nucleotides.

2.3. Recovering of molecular clone BR15MC and chimeric virus CHIM

The molecular clone BR15MC was produced as previously described
for MR766MC. Briefly, the purified PCR fragments Z1BR15, Z2BR15,
Z3BR15, and Z4BR15 were electroporated into Vero cells. After 5 days,
cell supernatants were recovered and used to infect fresh Vero cells in a
first round of amplification (P1). Viral clone BR15MC was recovered 7
days later and amplified for another 2 days on Vero cells to produce a
P2 for further studies. The viral clone BR15MC derived from ZIKV strain
BeH819015 is available to BEI Resources (Manassas, VA) under the
catalog number NR-51129 (www.beiresources.org). To produce the
viral clone CHIM, Vero cells were electroporated with the PCR frag-
ments Z1BR15, Z2MR766-MC, Z3MR766-MC, and Z4MR766-MC. The recovered
virus CHIM consists of the viral sequence of MR766 in which the coding
region for the structural proteins was replaced with the counterpart of
ZIKV strain BeH819015. The viral clone CHIM contains a chimeric E
protein between BeH819015 (amino acids 1–436) and MR766 (amino
acids 437–504).

2.4. Plaque forming assay

Viral titers were determined by a standard plaque-forming assay as
previously described with minor modifications (Frumence et al., 2016).
Briefly, Vero cells grown in 48-well culture plate were infected with
tenfold dilutions of virus samples for 2 h at 37 °C and then incubated
with 0.8% carboxymethylcellulose (CMC) for 4 days. The cells were
fixed by 3.7% FA in PBS and stained with 0.5% crystal violet in 20%
ethanol. Viral titers were expressed as plaque-forming units per mL
(PFU.mL−1).

2.5. Quantification of viral stocks

Zika virus samples were analyzed by titration on Vero cells while
genomic viral RNA was quantified by RT-qPCR. For viral genome
quantification, viral RNA was extracted from virus particles using
QIAmp kit (QIAGEN). The PCR standard curve used for the quantifi-
cation of ZIKV copy numbers was obtained with a pUC57/ZIKV-E am-
plicon plasmid containing a synthetic cDNA encompassing nucleotides
961–1301 of genomic RNA (GenBank accession number LC002520).
The couple of ZIKV E primers was used to equally amplify pUC57/ZIKV-
E amplicon and the cDNA encompassing nucleotides 1046–1213 from
genomic RNA of ZIKV molecular clones used in this study.

2.6. Immunoblot assay

Cell lysates were performed in RIPA lysis buffer. All subsequent
steps of immunoblotting was performed as described (Nativel et al.,
2013; Viranaicken et al., 2011). Primary antibodies were used at 1:500
dilutions. Anti-rabbit immunoglobulin-horseradish peroxidase and anti-
mouse immunoglobulin-horseradish peroxidase conjugates were used
as secondary antibodies (dilution 1:2000). Blots were revealed with ECL
detection reagents. Bands were quantified by densitometry using Im-
ageJ software.

2.7. Immunofluorescence assay

A549Dual cells grown on glass coverslips were fixed with 3.7% for-
maldehyde at room temperature for 10 min. Fixed were permeabilized
with 0.1% Triton X-100 in PBS for 4 min. Cells were stained using the
mouse anti-pan flavivirus envelope E protein mAb 4G2 (1:1000 dilu-
tion), rabbit anti-Caspase 3 mAb (1:1000 dilution) and rabbit anti-BAX
mAb (1:1000 dilution). Antigen staining was visualized with Alexa
Fluor-conjugated class specific secondary antibodies (1:1000,
Invitrogen). Nucleus morphology was revealed by DAPI staining. The
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coverslips were mounted with VECTASHIELD® (VECTOR Laboratories),
and fluorescence was observed using a Nikon Eclipse E2000-U micro-
scope. Images were captured and processed using a Hamamatsu ORCA-
ER camera and the imaging software NIS-Element AR (Nikon).

2.8. Flow cytometry assay

A549Dual cells were grown on 6-well plates at 5.105 cells per well
and infected at a multiplicity of infection (MOI) of 1. Infected cells were
harvested and fixed with 3.7% formaldehyde in PBS for 20 min, per-
meabilized with 0.1% Triton-X100 in PBS for 4 min and then blocked
with PBS-BSA for 10 min. Cells were stained with anti-E 4G2 (1:1000)
for 1 h. Antigen staining was visualized with goat anti-mouse Alexa
Fluor 488 IgG (1:1000) for 20 min. Cells were subjected to a flow cy-
tometric analysis using FACScan flow cytometer (BD Bioscience). The
percentage of positive cells was determined using FlowJo software.

2.9. RT-qPCR

Total RNA including genomic viral RNA was extracted from cells
(Qiagen) and reverse transcription was performed using 500 ng of total
RNA, random hexamer primers (intracellular viral RNA) or E reverse
primer (virus particles) and MMLV reverse transcriptase (Life
Technologies) at 42 °C for 50 min. Quantitative PCR was performed on
a ABI7500 Real-Time PCR System (Applied Biosystems). Briefly, 10 ng
cDNA was amplified using 0.2 μM of each primer and 1X GoTaq Master
Mix (Promega). When appropriate, data were normalized to the in-
ternal standard GAPDH. For each single-well amplification reaction, a
threshold cycle (Ct) was calculated using the ABI7500 program
(Applied Biosystems) in the exponential phase of amplification.
Relative changes in gene expression were determined using the 2ΔΔCt
method and reported relative to the control. The primers used in this
study are listed in Frumence et al. (2016). ZIKV E primers were de-
signed to match both MR766-NIID and BeH819015 sequences (forward
5-gtcttggaacatggagg-3’ and reverse 5’-ttcaccttgtgttgggc-3’).

2.10. Virus binding assay

Cells were cultured at subconfluent density in 60 mm dishes. Cell
monolayers were washed in cold PBS and cooled at 4 °c at least 20 min
in presence of cold MEM supplemented with 2% FBS. Pre-chilled cells
were incubated at 4 °C with ZIKV at MOI of 1 (A549Dual cells) or 10 (SH-
SY5Y cells) in 1.5 or 3.0 mL of cold MEM supplemented with 2% FBS.
After 1 h of incubation, the virus inputs were removed and the cells
were washed with cold MEM supplemented with 2% FBS. Total cellular
RNA was extracted using the RNeasy kit (Qiagen) and RT-qPCR analysis
on viral RNA was performed using primers for ZIKV E gene as above
described.

2.11. Cytotoxicity assay

Cell damages were evaluated measuring lactate dehydrogenase
(LDH) release. Supernatants of infected cells were recovered and sub-
jected to a cytotoxicity assay, performed using CytoTox 96® non-
radioactive cytotoxicity assay (Promega) according to manufacturer
instructions. Absorbance of converted dye was measured at 490 nm
(Tecan). Results of LDH activity are presented with subtraction of
control values.

2.12. NF-κB and IFN-β pathway activation

The activation of the NF-κB and IRF pathways were monitored
measuring the SEAP and Lucia luciferase activities, respectively. The
SEAP activity was evaluated using the QUANTI-blue substrate
(InvivoGen) according to the manufacturer's instructions. NF-κB-in-
duced SEAP levels were quantified using a microplate

spectrophotometer at 620 nm (TECAN). The Lucia luciferase activity
was evaluated using the QUANTI-Luc substrate (InvivoGen) according
to the manufacturer's recommendations. IRF-induced luciferase levels
were quantified using a FLUOstar Omega Microplate Reader (BMG
LABTECH). Results are presented with subtraction of control values.

2.13. Statistical analysis

All values are expressed as mean± SD of at least two experiments,
or as mean± SEM of triplicates. Comparisons between different treat-
ments have been analyzed by a one-way or two-way ANOVA tests as
appropriate. Values of p<0.05 were considered statistically significant
for a post-hoc Tukey's test. All statistical tests were done using the
software Graph-Pad Prism version 7.01.

3. Results

3.1. Characterization of viral clones

In an effort to better understand the role of C, prM, and E in the
permissiveness of human cells to ZIKV infection, we generated the
molecular clones BR15MC based on the sequence of the ZIKV strain
BeH819015 and CHIM, a chimera derived from MR766MC in which the
structural protein region of MR766 was replaced with the one of
BeH819015 (Fig. 1A). BR15MC and CHIM sequence design into four
overlapping large fragments was chosen to mimic those initially used to
generate MR766MC using the ISA method (Gadea et al., 2016). The
chimeric MR766, referred as CHIM, had the 5’ and 3’-UTR sequences
and the nonstructural proteins coding sequence of MR766, and the
structural proteins C-1 to E-436 derived from BeH819015. The genomes
of BR15MC and CHIM were assembled in Vero cells by electroporation
of the four overlapping fragments corresponding to the full-length
genomic RNA. The viruses recovered in the cell supernatants were twice
amplified on Vero cells. The titers of viral stocks P2 were determined on
Vero cells (Table 1). We noted that BR15MC generated plaques on Vero
cells of smaller size than MR766MC or CHIM (Fig. 1B). Also, BR15MC

stock had a lower infectious titer than MR766MC and CHIM stocks.
There was a constant infectivity ratio of about 1000 viral RNA copies/
PFU regardless viral clones (Table 1). Accordingly, the viral stocks P2 of
MR766MC, BR15MC and CHIM were suitable for further comparative
analysis.

3.2. Susceptibility of A549 and SH-SY5Y cells to viral clones

The study of ZIKV progeny production in A549Dual cells infected
with viral clones at MOI of 1 showed that BR15MC and CHIM replicated
more slowly than MR766MC (Fig. 2A). A such delay in viral growth was
corroborated with the percentage of positive cells determined by FACS
assay as well as rate of intracellular viral RNA at early infection times
(Fig. 3). In SH-SY5Y cells infected with BR15MC or CHIM at MOI of 10,
progeny production of both viral clones was reduced at, at least, 3 log
when compared to MR766MC at viral growth plateau (Fig. 2A). Thus,
ZIKV containing BeH819015 structural proteins were less efficient in
their capacity to infect A549Dual and SH-SY5Y cells when compared to
African strain.

The attachment of virus particles to cell surface is a pre-requisite for
the initiation of ZIKV infection in the host cells. Virus binding assays
were performed to determine whether the lower capacity of BR15MC

and CHIM to infect human host cells was due to a difference in cell-
attachment (Fig. 2B). A549Dual and SH-SY5Y cells were incubated with
viral clones and virus particles binding was evaluated by RT-qPCR. A
reduction of at least 80% of BR15MC and CHIM binding was observed
compared to MR766MC regardless of the human cell lines tested. Thus,
ZIKV containing BeH819015 structural proteins significantly differed
from MR766 in their capacity to initiate viral infection in A549Dual and
SH-SY5Y cells. These results suggested that permissiveness of human
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cells to ZIKV infection is related, in part, to the binding efficacy of viral
structural proteins to host cell membrane.

3.3. Apoptosis in A549 cells infected with viral clones

Given that BR15MC and CHIM reached a plateau of virus progeny
production in A549Dual cells 24 h later than M766MC (Fig. 2A), we as-
sessed whether this delay in viral growth was associated with variations
in host-cell responses to ZIKV infection. Analysis of LDH release in
A549Dual cells infected 48 h with ZIKV revealed a severe loss of cell
integrity in response to MR766MC infection but not to BR15MC and
CHIM (Fig. 4A). Thus, the viability of A549Dual cells infected with ZIKV
containing BeH819015 structural proteins was mostly preserved at 48 h
post-infection. ZIKV infection can trigger apoptosis in various cell types
and cell death occurred at maximum of progeny virus production
(Frumence et al., 2016; Huang et al., 2016; Souza et al., 2016). Our
previous study showed that ZIKV infection induces BAX-dependent
apoptosis in A549 cells (Frumence et al., 2016). A low number of
A549Dual positive cells for BAX or Caspase 3 activation at 48 h post
BR15MC or CHIM infection was observed when compared to cells in-
fected with MR766MC (Fig. 4B and C). Immunoblot assay using an an-
tibody directed against the 85 kDa-cleaved form of PARP showed that
PARP cleavage occurred in A549Dual cells infected with MR766MC since
24 h post-infection but not with BR15MC and CHIM. At 48 h post-in-
fection, PARP cleavage was still moderated for BR15MC and CHIM
(Fig. 4D). Given that at least 85% of ZIKV-infected A549 cells were
positive for expression of E at 48 h p.i. regardless the virus strains
tested, the differences in efficiency of PARP cleavage was not related to

a lower percentage of cells infected with ZIKV containing BeH819015
structural proteins (Fig. 3A). Taken together, these results showed that
ZIKV-induced apoptosis in A549Dual cells is rather delayed in response
to viral clones containing BeH819015 structural proteins.

3.4. Expression of ISGs and cytokines in A549 cells infected with viral
clones

There is mounting evidence that ZIKV infection leads to the in-
duction of ISGs and expression of pro-inflammatory cytokines in human
host cells (Frumence et al., 2016; Hamel et al., 2015, 2017; Quicke
et al., 2016). To determine whether viral clones differ in their capacity
to activate host-cell responses, we took advantages of A549Dual cells
which derive from A549 cells by stable integration of two reporter
genes: the SEAP and Lucia luciferase reporter genes under the tran-
scriptional control of the IFN-ß minimal promoter fused to NF-κB
binding sites or an ISG54 minimal promoter in conjunction with ISREs,
respectively.

We examined the kinetic of interferon regulatory factor (IRF)
pathway activation in ZIKV-infected A549Dual cells by monitoring Lucia
luciferase activity. BR15MC and CHIM were poorly efficient at inducing
IRF pathway at 24 h and 48 h post-infection when compared to
MR766MC (Fig. 5A). At 72 h post-infection, activation of the IRF
pathway was detected in A549Dual cells infected with BR15MC or CHIM
indicating that significant production of IFN-ß can also occur in re-
sponse to ZIKV containing BeH819015 structural proteins. This IFN-ß
production is even higher than the one measured in MR766-infected
cells most probably due to the earlier MR766-mediated cytotoxicity in
A549Dual cells (Fig. 4). At 24 h post-infection, RT-qPCR analysis showed
that IFN-ß gene was up-regulated in response to the three viral clones
but to higher level during MR766 infection (Fig. 5B).

We and others reported that ZIKV infection resulted in activation of
Interferon-induced proteins with tetratricopeptide repeats (IFIT) family
genes (Frumence et al., 2016; Bowen et al., 2017). By RT-qPCR analysis,
we showed that ZIKV infection resulted in a minimal (ISG54/IFIT2
gene) to moderate (ISG56/IFIT1 gene) expression level of IFIT family
genes in A549Dual cells (Fig. 6A). There were no differences in ISG54/
IFIT2 transcript levels with the three viral clones whereas MR766MC and
CHIM induced a stronger ISG56/IFIT1 gene expression than BR15MC.

Fig. 1. ZIKV molecular clones MR766, BR15 and CHIM. In (A), schematic representation of viral clone BR15MC derived from ZIKV strain BeH819015 and MR766MC which had been
described elsewhere (Gadea et al., 2016). The chimeric clone CHIM expresses most of the structural proteins (C, prM, and E [amino acid sequence 1–436]) of BeH819015 fused to part of
the E protein (amino acids 437–504) and the non-structural proteins (NS1 to NS5) of MR766MC. In (B), examples of infectious plaques developed for MR766MC, BR15MC, and CHIM, after
plaque forming assay on Vero cells.

Table 1
Infectivity of viral clones.

Virus stocks vRNA copies.mL−1 PFU.mL−1 Ratioa

MR766MC 5.3 × 1010 5 × 107 1008
CHIM 2.3 × 1010 2 × 107 1084
BR15MC 4.5 × 109 5 × 106 853

a Viral RNA copies/PFU ratio was determined for each virus stock P2 produced in Vero
cells by dividing the number viral RNA copies as measured by RT-qPCR with the number
of PFU determined in Vero cells.
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Thus, infection with ZIKV containing the non-structural proteins of
MR766MC resulted in stronger induction of ISG56/IFIT1 gene that has
been reported to act as an antagonist of RIG-I-mediated IFN-ß induction
(Fensterl and Sen, 2011). This result suggests that the nonstructural
protein region is capable of initiating expression of some ISGs in human
epithelial cells infected with ZIKV.

We examined the expression pattern of genes commonly involved in
the synthesis of pro-inflammatory cytokines by RT-qPCR analysis. At
24 h post-infection, ZIKV infection of A549Dual cells resulted in a very
weak to no activation of IL-6 and IL-1ß regardless of the viral clone
examined (Fig. 6B). This could be corroborated with absence of

detectable NF-κB activity in A549Dual cells infected with viral clones
(Fig. S1). Thus, infection with MR766MC or BR15MC did not result in
early activation of IL-6 and IL-1ß genes in A549 cells as it has been
previously observed with clinical isolate PF-25013-18 of ZIKV
(Frumence et al., 2016). At 24 h post-infection, activation of IL-8 gene
was observed in A549Dual cells infected with the three viral clones.
However, the expression level of IL-8 gene was significantly higher in
response to ZIKV containing nonstructural proteins of MR766 (Fig. 6B).
This raises the issue on the role of the nonstructural protein region in
the activation of some pro-inflammatory cytokines in human epithelial
cells infected with ZIKV.

Fig. 2. Analysis of viral growth and virus binding in A549 and SH-SY5Y cells. In (A), A549Dual cells were infected with MR766MC, BR15MC, or CHIM at MOI of 1 and SH-SY5Y cells at MOI
of 10. The infectious virus released into the supernatants of infected cells at 24, 48, 72, and 96 h were quantified on Vero cells. The error bars represent the standard deviations of three
independent experiments. In (B), for virus binding assays, cells were incubated with viral clones at the MOI of 1 (A549Dual cells) or 10 (SH-SY5Y cells) for 1 h at 4 °C. The number of virus
particles bound to cell surface was measured by RT-qPCR. Values represent the mean and standard deviations of two to four independent experiments.

Fig. 3. Viral replication in A549 cells. A549Dual cells were infected with MR766MC, BR15MC, or CHIM at MOI of 1. In (A), the percentages of ZIKV-infected cells at 24 and 48 h were
determined by FACS analysis using anti-E mAb 4G2 as primary antibody. The error bars represent the standard deviations of three independent experiments. In (B), intracellular viral RNA
production was determined by RT-qPCR at 24 h p.i. Values represents the mean and the standard deviations of two independent experiments (n.s. p> 0.5, * p<0.5, ** p<0.1).
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4. Discussion

The association of contemporary ZIKV strains with epidemics and
severe forms of disease in humans warrants the need for further char-
acterization of their biological characteristics. The purpose of our study
was to better understand the role of the structural proteins in the

permissiveness of human cells to ZIKV infection. To this end, two ZIKV
molecular clones derived from the Brazilian epidemic strain
BeH819015 of Asian lineage and the African historical strain MR766
were compared on their capacity to infect human epithelial A549 and
neuroblastoma SH-SY5Y cells. We also generated a chimeric clone de-
rived from MR766 in which C, prM and the first 436 amino acids of E

Fig. 4. Kinetics of apoptosis in A549 cells infected with viral clones. A549Dual cells were infected with MR766MC, BR15MC, or CHIM at MOI of 1. In (A), LDH activity was measured at 24,
48 and 72 h p.i. Values represents the mean and the standard deviations of three independent experiments (n.s. p> 0.5, * p<0.5, ** p<0.1, *** p<0.01). In (B), percentage of infected
cells immunostained with anti-BAX antibody at 48 h p.i. Values represent the mean and the standard deviations of three independent experiments (*** p<0.01). In (C), percentage of
infected cells immunostained with anti-caspase 3 antibody at 48 h p.i. Values represent the mean and the standard deviations of three independent experiments (** p<0.1, *** p<0.01).
In (D), lysate samples of cells infected 24 and 48 h by viral clones were analyzed by immunoblot assay using anti-cleaved PARP antibody. Antibody against β-tubulin served as protein
loading control. The head arrows indicate the cleaved form of PARP (cPARP) and β -tubulin. Values below represent cPARP/β-tubulin ratios.

Fig. 5. Activation of IRF and IFN-β pathways in A549 cells infected with viral clones. A549Dual cells were infected with MR766MC, BR15MC, or CHIM at MOI of 1. In (A), analysis of IRF
pathway activation in response to viral infection. Activity of the secreted Lucia luciferase was measured using QUANTI-Luc substrate. Results are expressed as crude data of arbitrary units
of luminescence. The results from a representative experiment (n = 3 repeats) are shown (*** p<0.01). In (B), production of IFN-β mRNA in response to viral infection. The amount of
IFN-β transcripts was determined at 24 h p.i. by RT-qPCR. GAPDH mRNA served as an internal reference. Results are expressed as the fold-induction of IFN-β transcripts in ZIKV-infected
cells relative to those in mock-infected cells. Values represent the mean and standard deviations of two independent experiments (** p<0.1, *** p<0.01).
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from MR766 were replaced with those of BeH819015.
Virus binding assay showed that ZIKV containing BeH819015

structural proteins were much less efficient in cell-attachment when
compared to MR766. The lower binding capacity of BeH819015
structural proteins was associated with a delay (A549 cells) or severe
restriction (SH-SY5Y cells) in viral growth, arguing for an important
role of the structural proteins in human epithelial and neuronal cells
permissiveness to ZIKV infection. In A549Dual cells, the growth of ZIKV
containing BeH819015 structural proteins was deferred resulting in a
delayed activation of mitochondrial apoptosis as well as a lower ex-
pression level of ISGs and cytokines as compared to African historical
strain MR766. We observed that ZIKV containing MR766 nonstructural
proteins induced stronger ISG56/IFIT1 and IL-8 gene expression in
A549Dual cells as compared to the viral clone derived from epidemic
BeH819015 strain. It is interesting to speculate that nonstructural
protein region of ZIKV has a direct role in the activation of some ISGs
and cytokines that might explain differential susceptibility to ZIKV in-
fection.

Binding to cell surface is an absolute pre-requisite for the initiation
of viral infection in the host-cell. Attachment and receptor recognition
are likely to be processes in which multiples molecules are used in
combination or consecutively for virus entry. ZIKV binding assay per-
formed in our study highlighted a critical role of structural proteins in
cell attachment. Among the C and prM proteins of MR766 and
BeH819015, we found four divergent amino acids in C and ten in prM
(Table 2). Flavivirus prM protein, which is essential for viral particle
formation, is cleaved by furin protease into “pr” peptide and mature M
protein. Several residues of prM have been reported to play an im-
portant role in flavivirus replication (Hsieh et al., 2014; Kim et al.,
2008; Yoshii et al., 2004, 2012), and N-terminal residues of West Nile
prM have been shown essential in virus assembly inside the in-
tracellular membranes (Calvert et al., 2012; Setoh et al., 2015). A lower
cleavage efficacy at the pr-M junction could affect the generation of
infectious virus particles in promoting the production of prM-con-
taining viruses (Elshuber et al., 2003; Junjhon et al., 2010). We noted
that the pr-M junction with the amino acid sequence YGTCH HKKGE

ARRSR R/AVTL PSHSS is strictly conserved between ZIKV strains
MR766 and BR15 as well as CHIM. Thus, it seems rather unlikely that
differences in binding observed among the three virus variants were

Fig. 6. Activation of ISG54/56 and pro-inflammatory cytokine
genes in A549 cells infected with viral clones. A549Dual cells were
infected 24 h with MR766MC, BR15MC, or CHIM at MOI of 1. In
(A) the amounts of ISG54 and ISG56 transcripts were determined
by RT-qPCR. GAPDH mRNA served as internal reference. Results
are expressed as the fold induction of transcripts relative to those
in mock-infected cells. Values represent the mean and standard
deviations of triplicates (ns p> 0.5, *** p<0.01). In (B), the
amounts of IL-8, IL-6 and IL-1β transcripts were determined by
RT-qPCR. GAPDH mRNA served as internal reference. Results are
expressed as the fold induction of transcripts relative to those in
mock-infected cells. Values represent the mean and standard de-
viations of triplicates (ns p> 0.5, ** p<0.1).

Table 2
Comparative sequence analysis of viral clones.

Viral
protein

Amino acid
position

Residue
MR766MC

Residue
BR15CprME-MR766

Residue
BR15MC

C 25 N S S
27 L F F
101 R K K
110 I V V

prM 3 I V V
17 S N N
21 K E E
26 A P P
31 V M M
35 H Y Y
36 V I I
124 K R R
138 V A A
140 V A A

E 120 T A A
152 T I I
156 I T T
158 Y H H
169 V I I
283 K R R
285 F S S
317 V I I
341 I V V
343 V A A
393 D E E
437 V V A
438 F F L
473 V V M
487 T T M
495 M M L

Amino acid substitutions in BR15MC and CHIM relative to MR766MC are listed.
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correlated with a reduced prM cleavage in ZIKV-infected Vero cells in
the course of virus progeny production. On the other hand, the ZIKV
prM also contains a single N-glycosylation site at the position prM-70,
which is conserved in both historical and epidemic strains. Among the
ten amino acid changes between MR766 and BR15 prM proteins, seven
are located within the forty N-terminal amino acids (Table 2). Recently,
a single Ser to Ala substitution at the position prM-139 protein has been
presumed to affect the neuropathogenic properties of ZIKV (Yuan et al.,
2017). It remains to be investigated whether the cluster of amino acid
changes in the N-terminal region of BeH819015 prM, could contribute
to ZIKV strain differences in cell-attachment.

Envelope protein is assumed to bind attachment factors and cellular
receptors directing virus particles to the endocytic pathway. ZIKV E
protein consists in a four hundred amino acid-long ectodomain which
encloses a central ß-barrel shaped domain I (EDI), a finger-like domain
II (EDII), and a C-terminal immunoglobulin-like domain III (EDIII)
followed by a stem region and two transmembrane domains (Sirohi
et al., 2016). Analysis of the chimeric ZIKV MR766 containing
BeH819015 structural proteins identified eleven amino acid substitu-
tions that could be potentially involved in the less permissiveness of
human host cells to ZIKV strain BeH819015 (Table 2). Three substitu-
tions E-T152I, E-I156T and E-Y158H were identified in EDII. The pre-
sence of Thr at position E-156 introduces a potential N-glycosylation
site in BeH819015 E protein. The N-glycosylation status of the ZIKV E
protein may have a major impact on virus particles assembly and in-
fectivity of epidemic strains as well as virus progeny production
(Mossenta et al., 2017; Widman et al., 2017). The role of the three
residues at positions E-152, E-156, and E-158 in the biological prop-
erties of ZIKV strain BeH819015 requires further analysis. The sub-
stitutions E-V317I, E-I341V, E-V343A, and E-D393E were identified in
EDIII. It has been shown that ZIKV was impaired in virus particle as-
sembly after the removing of residue E-346 which shortens the ex-
tended loop of EDIII (Xie et al., 2017). Whether the four amino acid
substitutions mapped into the EDIII are involved in the epidemic ZIKV
BeH819015 strain capacity to infect human host cells is an important
issue to be investigated.

In conclusion, our study showed differences in host-cell suscept-
ibility to the historical strain MR766 and the epidemic strain
BeH819015 and highlighted a potential role of the structural proteins in
the permissiveness of human epithelial and neuronal cells to ZIKV in-
fection. It was striking to observe that the growth of Asian epidemic
strain BeH819015 was poorly efficient in neuroblastoma SH-SY5Y cells
whereas infection with African historical strain MR766 was highly
productive. The attenuated replication of BeH819015 in human neu-
ronal cells was associated to a minimal loss of cell viability on at least
one week (data not shown and Fig. S2). The greater capacity of epi-
demic strains of ZIKV to initiate persistent infection in specialized
human cells is a critical issue that must be urgently investigated.
(Bhatnagar et al., 2017; Epelboin et al., 2017; Mladinich et al., 2017).

It is not well understood whether ZIKV strains of African and Asian
lineages use the same factors for attachment to cell surface with dif-
ferent affinities, or authorize distinct molecules for endocytosis of virus
particles. To date, little is known on attachment factors and entry re-
ceptors that contribute to the permissiveness of SH-SY5Y cells to ZIKV.
It has been reported that the TIM-receptor AXL binds ZIKV via Gas 6
and mediates viral entry in neural cells of human origin (Meertens
et al., 2017). Among the diverging residues identified between MR766
and BeH819015 structural proteins, it is therefore urgent to determine
which ones could contribute to the permissiveness of human neural
cells to ZIKV infection.
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