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Abstract

Mosquito-borne Zika virus (ZIKV) from sub-Saharan Africa has recently gained attention

due to its epidemic potential and its capacity to be highly teratogenic. To improve our knowl-

edge on currently circulating strains of African ZIKV, we conducted protein sequence align-

ment and identified contemporary West Africa NS1 (NS1CWA) protein as a highly conserved

viral protein. Comparison of NS1CWA with the NS1 of the historical African ZIKV strain

MR766 (NS1MR766), revealed seven amino acid substitutions. The effects of NS1 mutations

on protein expression, virus replication, and innate immune activation were assessed in

human cells using recombinant NS1 proteins and a chimeric viral clone MR766 with

NS1CWA replacing NS1MR766. Our data indicated higher secretion efficiency of NS1CWA

compared to NS1MR766 associated with a change in subcellular distribution. A chimeric

MR766 virus with NS1CWA instead of authentic protein displayed a greater viral replication

efficiency, leading to more pronounced cell death compared to parental virus. Enhanced

viral growth was associated with reduced activation of innate immunity. Our data raise ques-

tions of the importance of NS1 protein in the pathogenicity of contemporary ZIKV from sub-

Saharan Africa and point to differences within viral strains of African lineage.

Author summary

Mosquito-borne Zika virus (ZIKV) of African lineage has the potential to cause epidemics

alongside a high risk of fetal pathogenicity. Improved surveillance has enabled a deeper

understanding of the molecular characteristics of currently circulating viral strains from

sub-Saharan Africa. A remarkable conservation of ZIKV NS1 protein has been identified

between recently isolated viral strains from West Africa, with data indicating that
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contemporary African NS1 is secreted efficiently from human cells. The protein has been

shown to enhance viral replication, associated with a reduced activation of innate immune

responses. The NS1 protein might therefore play a major role in the pathogenicity of con-

temporary ZIKV from sub-Saharan Africa.

Introduction

The mosquito-transmitted Zika virus (ZIKV) belonging to Orthoflavivirus genus of Flaviviri-
dae family has become an increasingly important global health problem [1]. In the past decade,

the expansion of the geographic distribution and rapid spread of the ZIKV Asian genotype has

led to major epidemics in the South Pacific in 2013, and for the first time in South America in

2015 [1,2]. Cases of Guillain-Barré syndrome have been described in patients with confirmed

ZIKV infection [1,2]. Intrauterine exposure to ZIKV can lead to severe neurodevelopmental

defects such as microcephaly and other neurological complications [1,3–5]. Although ZIKV

transmission is classically via infected female mosquitoes of the Aedes genus, sexual contact,

blood transfusion and intrauterine transmission have been documented as alternative trans-

mission routes [1]. Studies aiming to understand the features of emerging ZIKV were mostly

carried out using epidemic strains of Asian lineage that had been first isolated in 2013 (South

Pacific) and then 2015–16 (South America and Caribbean islands). As African ZIKV strains

may also have epidemic potential and a high risk of fetal pathogenicity [6–9], the biological

characteristics of currently circulating viral strains from sub-Saharan Africa (SSA) must be fur-

ther characterized [10].

The genomic RNA of ZIKV is translated into a large polyprotein precursor that is co- and

post-translationally processed into three structural proteins, capsid (C), precursor membrane

(prM/M) and envelope (E) protein followed by seven nonstructural (NS) proteins NS1, NS2A,

NS2B, NS3, NS4A, NS4B and NS5 [1,2]. Structural proteins C, prM, and E are required for the

formation of infectious viral particles whereas NS proteins play important roles in viral RNA

replication, protein processing, and virion assembly [1,2]. The NS proteins also contribute to

innate immune response subversion strategies. Among ZIKV NS proteins, NS1 glycoprotein

(352 amino-acid residues) exists as a membrane-associated homodimer in the endoplasmic

reticulum (ER) where the protein associates with other NS proteins in viral replication com-

plexes (RC) [11–13]. A part of a hydrophobic NS1 dimer is driven towards the cell membrane

where the protein is present at the cell surface, from where it can also be released as soluble

lipid-associated NS1 tetramer and hexamer contributing to pathogenesis of ZIKV infection

[14–16]. The NS1 protein is considered a key protein in counteracting host innate immunity

and also influences virus acquisition by mosquitoes during a blood meal [17–21].

Contemporary West African ZIKV strain ZIKV-15555 was sequenced from an individual

infected in Guinea in 2018, whereas viral strains Senegal-Kedougou 2011, and Senegal-Kedou-

gou 2015 were isolated from mosquito pools in Senegal in 2011 and 2015, respectively [6].

Analysis of their genomic RNA sequences showed full amino-acid conservation of the NS1

protein. Here, we characterized contemporary West Africa ZIKV NS1 protein (entitled hereaf-

ter NS1CWA) based on a comparative study with NS1 from the historical viral strain

MR766-NIID (entitled hereafter NS1MR766), isolated from a non-human primate in Uganda in

1947. Expression of NS1CWA and NS1MR766 proteins, which differ by seven amino-acid substi-

tutions, was examined using recombinant NS1 proteins and a chimeric MR766 virus with NS1

protein from ZIKV-15555 replacing the original protein. Our data indicated that NS1CWA is
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highly secreted from human cells compared to NS1MR766. Insertion of NS1CWA in MR766MC

enhances viral growth and mitigates innate immune activation.

Methods

Cells and antibodies

Human embryonic kidney HEK-293T (CRL-1573, ATCC, VA, USA), human carcinoma epi-

thelial lung A549 (InvivoGen, Toulouse, France), and monkey kidney normal VeroE6 (CCL-

81, ATCC, VA, USA) cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)

growth medium (Thermo Fisher Scientific, Les Ulis, France) supplemented with heat-inacti-

vated fetal bovine serum (FBS) (Dutscher, Strasbourg, France) and antibiotics (Dutscher,

Strasbourg, France) at 37 ˚C. The purified mouse anti-pan flavivirus envelope E protein mono-

clonal antibody (mAb) 4G2 was provided by RD Biotech (Besançon, France). The purified

humanized anti-flavivirus NS1 mAb 4G4 was a generous gift from Dr D. Watterson (Univer-

sity of Queensland, Australia). Rabbit anti-FLAG antibody obtained from DIAGNOMICS

(Blagnac, France) was used to detect recombinant FLAG-tagged protein. Immunoblot assay

on ISG was performed using anti-ISG15 and anti-IFIT1 antibody (Thermo Fisher Scientific,

Les Ulis, France). Donkey IgG anti-rabbit IgG-Alexa Fluor 488, anti-mouse IgG-Alexa Fluor

594, and IgG anti-human IgG-Alexa Fluor 488 were purchased from (Thermo Fisher Scien-

tific, Les Ulis, France). Donkey anti-mouse IgG-horseadish peroxidase (HRP)-conjugated sec-

ondary antibody were used as secondary antibodies was purchased from Abcam (Cambridge,

UK).

Production of chimeric MR766 virus with ZIKV-15555 NS1 protein

Reverse genetic approaches based on the Infectious-Subgenomic-Amplicons (ISA) method

have been previously used to produce the infectious molecular clone intitled MR766MC

derived from African ZIKV strain MR766-NIID (Accession n˚LC002520) [22]. The produc-

tion of MR766MC involves three synthetic amplicons Z-1MR766, Z-23MR76 and Z-4MR766 cloned

into pUC57. The Z-1MR766 amplicon includes the CMV promoter immediately adjacent to the

5’NCR followed by the coding region for the structural proteins. The Z-23MR766 amplicon

encodes the nonstructural proteins NS1 to NS4B. The Z-4MR766 amplicon encodes the NS5

protein followed by the 3’NCR and ended by hepatitis delta virus ribozyme and then SV40

poly(A) signal. The three amplicons were amplified by PCR from their respective plasmids

using a set of specific primers so that Z-1MR766 and Z-23MR766 as well as Z-23MR766 and Z-

4MR766 amplicons matched across at least 30 nucleotides (S1 Table). To generate live

MR766MC, the three purified PCR products were transfected into HEK-293T cells using Lipo-

fectamine 3000 and after 4 days, cell supernatant was recovered and used to infected VeroE6

cells in a first round of amplification (P1). After 5 days, P1 was recovered and amplified for a

further 3 days to produce a working virus stock P2 on VeroE6 cells. Virus stock titers are deter-

mined by a standard plaque-forming assay on VeroE6 as previously described [22,23]. Infec-

tious virus titers are expressed as plaque-forming units (PFU) per ml (PFU.mL-1). To generate

a chimeric MR766MC virus encoding the ZIKV-15555 NS1 protein, we used a Z-23ZIKV-15555

amplicon coding for ZIKV-15555 NS1 to NS4B proteins (Accession n˚ MN025403) that has

been described elsewhere [10]. The fragment of Z-23ZIKV-15555 gene coding for NS1 protein

was amplified by PCR using specific primers (S1 Table). Site-directed mutagenesis by PCR was

conducted on Z-23MR766 gene to generate a sub-amplicon Z-23MR766(NS2A/4B) gene coding for

NS2A to NS4B proteins. HEK-293T cells were transfected with four PCR products amplified

from Z-1MR766, NS1ZIKV-15555, Z-23MR766(NS2A/4B), and Z-4MR766 amplicons. The extremities of

NS1ZIKV-15555 amplicon can match with the 3’end of Z-1MR766 amplicon and the 5’end of Z-
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23MR766(NS2A/4B) amplicon preserving the large open reading frame of viral polyprotein. The

recovered chimeric MR766 virus with NS1ZIKV-15555 sequence was twice amplified on VeroE6

cells as described above, and a P2 working virus stock was used for further studies.

Recombinant ZIKV NS1 proteins

Mammalian codon-optimized genes coding for the transmembrane domain II of ZIKV E pro-

tein acting as authentic NS1 signal peptide followed by the residues 1 to 352 of the ZIKV NS1

protein from viral strain MR766-NIID (Accession n˚LC002520) or ZIKV-15555 (Accession n

˚MN025403) were established using Homo sapiens codon usage as reference. A glycine-serine

spacer followed by a FLAG tag were inserted in-frame at the C-terminus of recombinant NS1

protein. Synthesis of gene sequences and cloning into Nhe-I and Not-I restriction sites of the

pcDNA3.1-hygro (+) vector plasmid to generate recombinant plasmids pcDNA3/NS1MR766

and pcDNA3/NS1CWA were performed by Genecust (Boynes, France). Site-directed mutagen-

esis was conducted on pcDNA3/NS1MR766 to introduce the two NS1 amino-acid substitutions

S92P and Y286H. The resulting plasmid pcDNA3/NS1MR766-(P92, H286) was obtained by

Genecust (Boynes, France). Plasmid sequences were verified by Sanger method. Production of

endotoxin-free plasmids was performed by Genecust (Boynes, France). HEK-293 T cells were

transient transfected with plasmids using Lipofectamine 3000.

RT-qPCR

Total RNA was extracted from cells using RNeasy kit (Qiagen, Courtaboeuf, France) and

reverse transcription was performed using random hexamer primers (intracellular viral RNA)

and MMLV reverse transcriptase (Life Technologies). Quantitative PCR was performed on a

ABI7500 Real-Time PCR System (Applied Biosystems-Life Technologies, Villebon-sur-Yvette,

France). Data was normalized using 36B4 gene encoding RPL0 protein as housekeeping gene.

For each single-well amplification reaction, a threshold cycle (Ct) was calculated using the

ABI7500 program (Applied Biosystems-Life Technologies, Villebon-sur-Yvette, France) in the

exponential phase of amplification. Relative changes in gene expression were determined

using the 2@@Ct method and reported relative to the control. The primer pairs used for ampli-

fying housekeeping 36B4, ISG and IFN-β mRNA and ZIKV genomic RNA (E gene) are listed

in S1 Table.

Immunoblot assay

Cell lysis was carried out by using RIPA lysis buffer (Sigma, Lyon, France). Proteins were sepa-

rated by 4–12% SDS—PAGE and transferred into a nitrocellulose membrane. After blocking

of the membrane for 1 h with 90% FBS or 5% milk in TBS-Tween, blots were incubated with

primary antibody at a dilution of 1:200. Anti-mouse or anti-rabbit IgG HRP- conjugated sec-

ondary antibodies were used at 1:5000 dilution. For dot-blot assays, samples were directly

loaded on a nitrocellulose membrane and then probed with the primary antibody and then

anti-mouse, anti-human or anti-rabbit IgG HRP-conjugated secondary antibody. Membranes

were developed with Pierce ECL Western blotting substrate (Thermo Fisher Scientific, Les

Ulis, France) and exposed on an Amersham imager 680 (GE Healthcare). The signal intensity

of probed protein was determined using Image J software.

Confocal immunofluorescence assay

HEK-293T cells seeded on coverslips were fixed with 3.7% paraformaldehyde (PFA) in PBS.

Permeabilization of fixed cells was performed for 4 min with nonionic detergent Triton X-100
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at a final concentration of 0.1% in PBS. Cells were stained with primary FLAG antibody at

dilution 1:1000 in PBS containing 1% bovine serum albumin (BSA) for 1 h at room tempera-

ture. Goat anti-rabbit or anti-human Alexa Fluor 488 IgG was used as the secondary antibody

(1/1000) for 30 min in the dark. After washing, nucleus morphology was revealed by DAPI

staining (final concentration 100 ng.mL-1 (-1 in index)). Image acquisition was carried out

with a Zeiss LSM 710 laser scanning confocal microscope (Zeiss, Oberkochen, Germany)

equipped with a X63 objective. Each z-stack was then processed using Amira 6.1 (FEI, Mér-

ignac, France) to obtain a surface rendering image for one or two fluorescent markers.

Flow cytometry assay

For flow cytometry analysis, cells were harvested after trypsinization, and fixed with 3.7% PFA

in PBS at RT for 10 min. A solution of Triton X-100 (0.15%) in PBS was used to permeabilize

fixed cells for 5 min at RT. After incubation of cells with a blocking solution for 10 min, ZIKV

infectivity was assessed using the mouse anti-E protein mAb 4G2 (RD-Biotech, Besançon,

France). A donkey anti-mouse Alexa Fluor 488 IgG at dilution 1:2000 was used as a secondary

antibody. Immunostained cells were subjected to flow cytometric analysis using FACScan flow

cytometer (CytoFLEX, Beckman Coulter, Brea, CA, USA). For each assay, at least 10000 cells

were analyzed, and the percentage of positive cells was determined using CytExpert software

(version 2.1.0.92, Beckman Coulter, Brea, CA, USA).

Cytotoxic assay

For lactate dehydrogenase (LDH) assay, cells were seeded in 12-well culture plates. Cytotoxic-

ity was evaluated by quantification of lactate dehydrogenase (LDH) release in cell cultures

using CytoTox 96 nonradioactive cytotoxicity assay (Promega, Charbonnières-les-Bains,

France) according to the manufacturer’s instructions. The absorbance of converted dye was

measured at 490 nm with background subtraction at 690 nm.

Statistical analysis

All statistical tests were carried out using GraphPad Prism version 10.1.1. Unpaired t test and

ANOVA were used in this study.

Results

Expression of NS1CWA protein

The sequence comparison between NS1CWA and NS1MR766 proteins identified seven amino

acid substitutions (Table 1). Mutations were distributed between the hydrophobic β-roll

domain (amino-acids 1–29), the α/β Wing domain (amino-acids 38–151), connector (amino-

acids 152–180), and the β-ladder domain (amino-acids 181–352) (S1 Fig). NS1CWA residues

P92/K146/I162/R213 were found to be unique in comparison with NS1MR766 as well as NS1

proteins from viral strains of Asia/America lineage (Table 1).

AlphaFold3 was used to calculate structural models of the ZIKV NS1CWA and NS1MR766

proteins in the monomeric and homodimeric states [24,25] (Fig 1). All predictions were char-

acterized by high confidence, as shown by the predicted local distance test (pLDDT) scores of

more than 90 for the majority of atoms (S2 Fig). Only atoms located in flexible loops and the

termini of the polypeptide chains exhibited less confidence, but pLDDT values were still above

50. Moreover, the predicted template modeling (pTM) scores of 0.91 for the monomer and of

0.87 for the dimer models represented expected values for confident high-quality predictions.

An interface pTM score of 0.81 was obtained for the dimer models, indicating accuracy of the
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Table 1. Amino-acid changes in ZIKV NS1 protein. ZIKV strains ZIKV-15555, MR766, P6-740, H/PF/2013, BeH819015 and PVRABC59 are referenced under Genbank

accession numbers MN025403, LC002520, KX377336, KJ776791, KU365778, and KX377337, respectively. Both ZIKV strains Senegal-Kedougou 2011 (SEN-11) and Sene-

gal-Kedougou 2015 (SEN-15) are referenced under ENA accession number PRJEB39677.

NS1 ZIKV of Africa lineage ZIKV of Asia/America lineage

AA domain ZIKV-15555 SEN-2011 SEN-2015 MR766 P6-740 H/PF/2013 BeH819015 PVRABC59

21 β-roll V V V I V V V V

92 α/β Wing P P P S S S S S

146 α/β Wing K K K E E E E E

162 connector I I I V V V V V

191 β-ladder K K K R K K K K

194 β-ladder A A A A V V V V

213 β-ladder R R R K K K K K

236 β-ladder V V V V I I I I

264 β-ladder V V V V V M M M

286 β-ladder H H H Y H H H H

https://doi.org/10.1371/journal.pntd.0012146.t001

Fig 1. Three-dimensional structure prediction of West African ZIKV NS1 protein. AlphaFold3 was used to predict the 3D structure of NS1CWA (in

blue) and NS1MR766 (in green) monomers and dimers, which were superposed and visualized using PyMOL Molecular Graphics System. The positions

of seven amino-acid substitutions that differentiate NS1CWA (in orange) from NS1MR766 (in red) are shown in stick representation in the monomer and

dimer models. The location of the different regions of the NS1 protein is indicated. In the lower part, the inner hydrophobic surface of NS1 dimer is

shown [24].

https://doi.org/10.1371/journal.pntd.0012146.g001
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predicted relative positions of the subunits within the dimeric complex. Except mutation

K213R, which is located in a β-strand of the β-ladder, the other six mutations that differentiate

NS1CWA from NS1MR766 were predicted to affect amino acids located in flexible loop struc-

tures. Superposition of the models of the two NS1 monomers (RMSD 0.390 Å) and dimers

(RMSD 0.264 Å) indicated no significant structural differences. This can be attributed to the

multiple sequence alignment (MSA)-based structure prediction approach of AlphaFold3,

which averages out the impact of individual mutations on the structural model [24,25]. How-

ever, mutations V21I, I162V, K191R, and R213K would be considered as homologous replace-

ments. Only mutations P92S and K146E (α/β-Wing), and H286Y (β-ladder) resulted in

significant changes to the spatial and electrostatic side chain properties, but these residues are

all located on the protein surface with side chains pointing away from the inner structure (Fig

1). Some amino-acid substitutions might have an effect on the surface characteristics of the

NS1 dimers, however, no impact is expected on the overall structure of the NS1 protein.

We first examined whether the seven amino-acid substitutions that differentiate NS1CWA

from NS1MR766 influence protein expression. Synthetic genes coding for NS1 with optimized

codons for expression in human cells were inserted into an expression vector (pcDNA3). In

the resulting plasmids, the sequences coding for recombinant NS1 (rNS1) proteins were pre-

ceded by the authentic signal peptide corresponding to the second transmembrane domain of

adjacent E protein and ended by a short Gly-Ser spacer followed by a FLAG epitope.

The NS1CWA-92/122 residues compose a proline-rich peptide (PRP) into the α/β Wing

domain (S1B Fig). Given PRP are known to be engaged in diverse protein-protein interactions

[26], site-directed mutagenesis was conducted on plasmid pcDNA3/rNS1MR766 to generate a

mutant plasmid bearing the S92P mutation. An infrequent Tyr residue has been identified at

position NS1MR766-286 (β-ladder) where His residue is usually found in ZIKV of different

genotypes (S1 Fig and Table 1). The protonation of H286 residue might play a role in the sta-

bility of NS1 dimer [27] (Fig 1). With respect to potential involvement of H286 in pH-depen-

dent NS1 protein stability, the Y286H mutation has been introduced in rNS1MR766-(S92P)

mutant leading to a double mutant rNS1MR766-(S92P, Y286H). Expression of rNS1 proteins

was verified in HEK-293T cells transfected for 48 h (Fig 2A). FACS analysis using anti-FLAG

antibody showed that plasmids expressing NS1CWA, NS1MR766 or the NS1MR766 mutant gave a

similar percentage (nearly 50%) of HEK-293T cells positive for NS1 expression (Fig 2A). The

mean intensity fluorescence was comparable between the different rNS1 proteins. Thus, the

ZIKV rNS1 expression constructs were suitable for further studies.

The subcellular distribution of rNS1 proteins was examined in transfected HEK-293T cells

by confocal immunofluorescence microscopy using mouse anti-FLAG antibody (Fig 2B). The

three-dimensional visualization of FLAG-tagged proteins showed that rNS1MR766 protein

mostly accumulated in the perinuclear region whereas rNS1CWA protein was observed to form

multiple discrete foci in the cytoplasm. Thus, the rNS1CWA and rNS1MR766 proteins can vary

in their subcellular distribution in HEK-293T cells. The subcellular distribution of mutant

rNS1MR766 protein with the (S92P, Y286H) mutations was comparable to that of rNS1CWA sug-

gesting a role for P92 and H286 residues in intracellular trafficking and/ or localization of

NS1CWA protein (Fig 2B).

Expression of FLAG-tagged rNS1 proteins was then analyzed by immunoblot and dot-blot

assays using anti-FLAG antibody or anti-NS1 mAb 4G4 (Fig 3). Given that intracellular NS1

protein essentially exists as a heat-labile homo-dimer, HEK-293T cell lysate samples were first

analyzed after heating at 95˚C for 5 min (Fig 3A). Anti-FLAG antibody detected comparable

amounts of intracellular rNS1CWA, rNS1MR766, and rNS1MR766 mutant proteins, which have

similar migration profiles. HEK-293T cell lysates were next assessed for the presence of

dimeric forms of rNS1CWA, rNS1MR766, and rNS1MR766 mutant under non-denaturing
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conditions (Fig 3B). Anti-NS1 mAb 4G4 was able to detect dimeric forms of rNS1CWA,

rNS1MR766, and rNS1MR766 mutant proteins (apparent MW estimated at 70 kDa). The recogni-

tion of both rNS1CWA dimer and monomer by conformation-specific mAb 4G4 was lower

when compared to rNS1MR766 (Fig 3B). Introduction of amino-acid substitutions S92P and

Y286H in rNS1MR766 altered the reactivity of mAb 4G4, suggesting a role for the NS1-92/286

residues in the recognition or exposure of 4G4 antibody epitope.

Anti-NS1 mAb 4G4 was used to detect soluble rNS1 protein released into the extracellular

environment in HEK-293T cells (Fig 3C). To estimate the secretion efficiency of rNS1, cell

supernatants were collected at 48 h post-transfection and then analyzed by a dot-blot assay. A

greater amount of extracellular rNS1CWA protein was detected in HEK-293T cell supernatant

compared with rNS1MR766 or rNS1MR766 mutant. By measuring signal intensity of dot-blot

assays, we found that the amount of extracellular rNS1CWA protein was at least 2-fold higher

than that of rNS1MR766 (Fig 3C). Immunoblot assay using anti-FLAG antibody confirmed that

secretion rate of rNS1CWA was significantly higher in comparison to rNS1MR766 (Fig 3D). The

presence of P92 and H286 residues was not sufficient to increase the secretion efficiency of

rNS1MR766 protein (Fig 3C and 3D).

Fig 2. Expression osf recombinant ZIKV rNS1 proteins. HEK-293T cells were transfected with plasmids expressing rNS1CWA, rNS1MR766, or

rNS1MR766-(P92, H286) mutant (rNS1MR766 mutant). In (A), FACS analysis on intracellular FLAG-tagged rNS1 proteins performed using anti-FLAG

antibody. The percentage of cells positive for rNS1 expression and the mean fluorescence intensity (MFI) of FITC signal in positive cells were measured

at 48 h post-transfection. The results are the mean (± SEM) of three independent assays. The differences between experimental samples are not

statistically significant, using one-way Anova. In (B), three-dimensional visualization of intracellular rNS1 protein. HEK-293T cells were transfected for

24 h. Cells were stained with anti-FLAG antibody (green) as primary antibody for confocal immunofluorescence analysis. Nuclei were strained with

DAPI (blue). Cell surface rendering images are shown with (top) or without (bottom) their nucleus. The same magnification was used throughout.

Scale bar, 25 μM.

https://doi.org/10.1371/journal.pntd.0012146.g002
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To rule out that greater amounts of extracellular rNS1CWA protein reflect higher cytotoxic-

ity of the protein, lactate dehydrogenase (LDH) activity was measured in HEK-293T cells at 48

h post-transfection (Fig 4). Although rNS1CWA expression was slightly more cytotoxic than

rNS1MR766, the effects of rNS1CWA and rNS1MR766 mutants on cell viability were comparable

despite the difference in protein secretion efficiency. Thus, it seems unlikely that secretion effi-

cacy of rNS1CWA depends on increased cytotoxicity on this cell type. Taken together, these

results showed that rNS1CWA and rNS1MR766 proteins differ in their subcellular distribution.

The soluble rNS1CWA protein was found in greater amounts in the cell supernatant emphasiz-

ing a role for the residues that differentiate rNS1CWA from rNS1MR766 in the secretion effi-

ciency of the protein. We identified a role for P92/H286 residues on rNS1CWA subcellular

distribution but not secretion efficiency of the protein.

Fig 3. Secretion of recombinant ZIKV rNS1 proteins. HEK-293T cells were transfected for 48 h with plasmids expressing rNS1MR766, rNS1CWA, or

rNS1MR766-(P92, H286) mutant (rNS1MR766 mutant), or mock-transfected (control). In (A), immunoblot assay was performed on cell lysates by probing

with mouse anti-FLAG antibody. Samples were heat-denatured at 95˚C for 5 min before loading on SDS-PAGE. The open head arrow indicates

monomer NS1 protein. In (B), immunoblot assay was performed on cell lysates with humanized anti-NS1 mAb 4G4. Samples were heated (bottom) or

not (top) before loading on SDS-PAGE. The open head arrow indicates monomer NS1 protein. The close head arrow indicates NS1 dimer. The β-actin

was detected as protein-loading control for lysate samples. The close head arrow indicates NS1 dimer. In (C), cell supernatant samples from four

independent transfection assays (exp.1 to exp.4) were analyzed by dot-blotting using anti-NS1 mAb 4G4. The NS1 signal intensity was quantified using

Image J software to estimate the amounts of secreted soluble protein. Results are the mean (± SEM) of four replicates. Asterisks indicate that the

differences between experimental samples are statistically significant, using one-way ANOVA (***p< 0.001; *p< 0.05). In (D), cell supernatant

samples from three independent transfection assays were analyzed by dot-blotting using anti-FLAG antibody. The signal intensity was quantified using

Image J software to estimate the amounts of secreted soluble rNS1 protein. The results are the mean (± SEM) of three replicates. Asterisks indicate that

the differences between experimental samples are statistically significant, using one-way ANOVA (** p< 0.01; ns: not significant).

https://doi.org/10.1371/journal.pntd.0012146.g003
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Fig 4. Cytotoxicity of ZIKV rNS1 proteins. HEK-293T cells were transfected for 48 h with plasmids expressing rNS1MR766, rNS1CWA, or rNS1MR766-

(P92, H286) mutant (rNS1MR766 mutant), or mock-transfected (control). LDH activity was measured and O.D. values were expressed as signal intensity.

The results are the mean (± SEM) of three independent assays. Asterisks indicate that the differences between experimental samples are statistically

significant, using an unpaired t test (** p< 0.01; ns: not significant).

https://doi.org/10.1371/journal.pntd.0012146.g004
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Replication of a chimeric MR76MC virus with ZIKV-15555 NS1 protein

We next investigated whether the specific features of NS1CWA protein influence ZIKV replica-

tion. To this end, the NS1 sequence from viral strain ZIKV-15555 (NS1ZIKV-15555) was intro-

duced into infectious molecular clone MR766MC from viral strain MR766-NIID by reverse

genetics using the ISA method [10,22]. The resulting chimeric MR766MC virus with NS1ZIKV-

15555 instead of authentic protein includes the seven NS1 amino-acids substitutions that differ-

entiate ZIKV-15555 from MR766MC. The MR766MC/NS1ZIKV-15555 chimera was first assayed

for virus replication in non-human primate VeroE6 cells infected at a multiplicity of infection

(m.o.i.) of 0.1 (Fig 5). The progeny production of MR766MC chimera was increased by at least

10-fold at 48 h post-infection (p.i.) compared to parental virus (Fig 5A). This correlated with a

vRNA rate increased by 50% (Fig 5B) and a higher percentage of ZIKV-infected cells (Fig 5C).

LDH release showed that infection with chimeric MR766MC/NS1ZIKV-15555 virus caused a

more pronounced loss of cell viability than parental virus (Fig 5D). Thus, chimeric MR766MC

virus with NS1ZIKV-15555 protein replicated more efficiently in non-human primate cells, lead-

ing to an increased virus progeny production associated with a more severe loss of cell

viability.

The replication efficiency of chimeric MR766MC virus with NS1ZIKV-15555 protein was then

assessed in human epithelial A549 cells which are permissive for ZIKV infection [10,23] (Fig

6). At 48 h p.i., there was an increase of nearly 1 log in progeny virus production for MR766MC

chimera compared to parental virus as previously observed with non-human primate cells (Fig

6A). The amount of vRNA in MR766MC chimera-infected A549 cells was 10-fold higher (Fig

6B), associated to a 2-fold increase in the percentage of infected cells compared to MR766MC

(Fig 6C). Infection with chimeric MR766MC virus with NS1ZIKV-15555 resulted in a pronounced

loss of cell viability at 48 h p.i. (Fig 6D). Thus, a chimeric MR766MC virus with NS1ZIKV-15555

protein displays a higher growth capacity in A549 cells compared to parental virus. Taken

together, these results showed that insertion of NS1ZIKV-15555 protein in MR766MC enhances

viral replication, while inducing greater cytotoxicity. Our data indicated that the seven amino-

acid substitutions that differentiate NS1ZIKV-15555 from NS1MR766 have a major effect on repli-

cation properties of ZIKV across cell lines.

Expression of ZIKV-15555 NS1 protein

Our above results showed that insertion of NS1ZIKV-15555 protein in MR766MC potentiates

viral growth in both Vero and A549 cells. Given that NS1ZIKV-15555 differs from NS1MR766 in

subcellular distribution and secretion efficiency, intracellular trafficking of NS1ZIKV-15555 pro-

tein from MR766MC chimera was investigated in A549 cells infected for 24 h (Fig 7). Infection

of A549 cells with MR766MC and MR766MC chimera was verified using anti-E mAb 4G2 (Fig

7A). Anti-NS1 mAb 4G4 detected intracellular NS1ZIKV-15555 protein as multiple in discrete

foci in the cytoplasm whereas NS1MR766 was mostly observed in the perinuclear region (Fig

7A). Thus, the intracellular distribution of NS1ZIKV-15555 protein from MR766MC chimera was

similar to that observed with rNS1CWA protein. Anti-NS1 mAb 4G4 was used to estimate the

secretion level of soluble NS1ZIKV-15555 protein in the supernatants of A549 cells infected for

48 h with chimeric MR766MC virus (Fig 7B). By dot-blot assay, we observed that infection of

A549 cells with MR766MC chimera resulted in the release of higher levels of NS1 protein com-

pared to parental virus. The amount of extracellular NS1ZIKV-15555 was found be at least 2-fold

higher than that of NS1MR766 (Fig 7B). Thus, the phenotype of NS1ZIKV-15555 expressed in

A549 cells infected with MR766MC chimera is similar to that observed with rNS1CWA protein.

Such result highlights the ability of NS1ZIKV-15555 to improve replication efficiency of ZIKV in

line with the intracellular trafficking of the protein.
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ZIKV infection results in activation of the intracellular signaling pathways leading to antivi-

ral innate immune responses [28]. We next examined whether the greater vulnerability of

A549 cells to chimeric MR766MC virus with NS1ZIKV-15555 depended on ISGs and IFN-β (Fig

8). The relative abundance of IFN-β mRNA and various ISGs mRNAs was assessed by RT-

Fig 5. Replication of chimeric MR766MC virus with NS1ZIKV-15555 in VeroE6 cells. Non-human VeroE6 cells were infected with MR766MC or the

chimeric MR766MC virus with NS1ZIKV-15555 (MR766MC chimera) at an m.o.i. of 0.1. In (A), virus progeny production (PFU.mL-1) was determined by

plaque-forming assay. In (B), intracellular viral RNA production was determined by RT-qPCR at 48 h p.i. In (C), the percentage of ZIKV-infected cells

based on FACS analysis using anti-E mAb 4G2. In (D), LDH activity were measured at 48h p.i and expressed as a percentage relative to mock-infected

cells (control). Asterisks indicate that the differences between experimental samples are statistically significant, using an unpaired t test (****p< 0.0001,

**p< 0.01, * p< 0.05).

https://doi.org/10.1371/journal.pntd.0012146.g005
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qPCR on total RNA extracted from ZIKV-infected cells at 48 h p.i. (Fig 8A). Infection with

MR766MC induced expression of IFN-β and ISGs with antiviral effectors such as Mx, OAS,

IFIT, ISG15, and viperin. Immunoblot assay with anti-IFIT1 or ISG15 antibody confirmed the

upregulation of ISG expression during ZIKV infection (Fig 8B). Importantly, we observed

Fig 6. Replication of chimeric MR766MC virus with NS1ZIKV-15555 in A549 cells. Human A549 cells were infected with MR766MC or chimeric

MR766MC virus with NS1CWA protein (MR766MC chimera) at an m.o.i. of 1. In (A), virus progeny production (PFU.mL-1) was examined using a

conventional plaque-forming assay. In (B), intracellular viral RNA production was determined by RT-qPCR at 48 h p.i. In (C), the percentage of ZIKV-

infected cells based on FACS analysis using anti-E mAb 4G2. In (D), LDH activity was measured at 48h p.i and expressed as a percentage relative to

mock-infected cells (control). Asterisks indicate that the differences between experimental samples are statistically significant, using an unpaired t test

(***p< 0.001, **p< 0.01, * p< 0.05).

https://doi.org/10.1371/journal.pntd.0012146.g006
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lower transcription levels of IFN-β and some ISGs in A549 cells infected by chimeric

MR766MC virus with NS1ZIKV-15555 protein compared to parental virus (Fig 8A). Only ISG15
and OAS3 transcripts were not significantly different. Thus, NS1ZIKV-15555 protein can nega-

tively regulate IFN-β and specific ISGs in ZIKV-infected A549 cells. The data indicated that

NS1CWA protein affects the activation of innate immune responses upon ZIKV infection.

Discussion

Greater attention must be paid to recently isolated ZIKV of the African lineage, due to their

epidemic potential and capacity to be highly teratogenic in humans [6]. The orthoflavivirus

NS1 protein has been used or considered as a major viral target for inclusion in diagnosis, vac-

cine or development of antivirals [29–33]. To our knowledge, the present study is the first

Fig 7. Expression of NS1ZIKV-15555 protein in A549 cells infected with MR766MC chimera. A549 cells were infected with MR766MC or chimeric

MR766MC virus with NS1CWA protein (MR766MC chimera) or mock-infected (no virus) for 24 h or 48 h at an m.o.i. of 1. In (A), visualization of

intracellular rNS1 protein. Cells infected for 24h were stained with anti-E mAb 4G2 or anti-NS1 mAb 4G4 as primary antibody (green) for confocal

immunofluorescence analysis. Nuclei were stained with DAPI (blue). The same magnification was used throughout. Scale bar, 25 μM. In (B), cell

supernatant samples from three independent infections (exp. 1 to exp. 3) were analyzed in duplicates (A, B) by dot-blotting using mAb 4G4. The mean

of signal intensity of each duplicate was determined using Image J software to estimate the relative amounts of secreted soluble NS1 protein. Results are

the mean (± SEM) of three independent assays. Asterisks indicate that the differences between experimental samples are statistically significant, using

an unpaired t test (** p< 0.01).

https://doi.org/10.1371/journal.pntd.0012146.g007
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characterization of ZIKV NS1 protein from currently circulating viral strains from SSA. We

found a remarkable conservation of NS1 amino-acid residues between recently isolated viral

strains in Senegal and Guinea (referred as NS1CWA (CWA in index)). We noted that NS1CWA

differs of NS1 protein from the historical African ZIKV strain MR766 (NS1MR766) by seven

amino-acid substitutions (Table 1). The NS1CWA protein included amino-acid residues Pro

and Lys at positions 92 and 146, respectively. Whereas a short polar residue Ser is frequently

found at position 92 of African and Asian/American ZIKV NS1, a hydrophobic rigid Pro resi-

due has been identified in NS1CWA protein (Table 1). The P92 residue adds to a PRP motif

(amino-acids 92–112) that might play a role in regulation of signaling cascade(s) during ZIKV

infection. It is worth noting that PRP is part of a region comprising the hydrophobic residues

90 to 130 that have been proposed to interact with host factors [34]. An infrequent Lys residue

has been identified at position 146 where a Glutamic acid is commonly found (Table 1). The

non-conserved amino-acid change Glu-to-Lys represents an important charge-changing

mutation in NS1CWA protein. The two non-conserved amino-acid substitutions at positions

NS1-92/146 have been identified in the α/β Wing domain which shares structural homology

with retinoic acid-inducible gene I (RIG-I) and melanoma differentiation-associated protein 5

(MDA5). These double-stranded RNA sensors are known to engage signaling cascades leading

to type-I IFN genes activation [35–37]. The analysis of the 3D structure prediction of the NS1

dimers suggests that the amino acid replacements do not induce significant structural changes

between NS1CWA and NS1MR766 proteins. Most of amino-acid substitutions that differentiate

the two NS1 are exposed toward the outer polar surface of the dimeric form (Fig 1). We cannot

Fig 8. Induction of IFN-β and ISG expression in A549 cells infected by ZIKV. A549 cells were infected with MR766MC or the chimeric MR766MC

with NS1ZIKV-15555 (MR766MC chimera) at an m.o.i. of 1. In (A), the relative abundance of IFN-β and ISG mRNA was determined at 48 h p.i. by RT-

qPCR. Housekeeping gene RPLPO36B4 mRNA served as an internal reference. The results are the mean (± S.D.) of three replicates. Asterisks indicate

that the differences between MR766MC and MR766MC chimera for each cellular factor are statistically significant, using an unpaired t test

(****p< 0.0001, ***p< 0.001, **p< 0.01, *p< 0.05). In (B), Immunoblot assay was performed on cell lysates using anti-ISG15 or anti-IFIT1

antibodies as indicated. Anti-E mAb 4G2 was used to detect ZIKV E protein. β-actin was detected as protein-loading control for lysate samples.

https://doi.org/10.1371/journal.pntd.0012146.g008
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rule out that such mutations impact on the formation of soluble NS1 oligomers and their inter-

actions with host partners.

With the aim of understanding the importance of mutations in the respective features of

NS1CWA and NS1MR766 proteins, a comparative analysis was conducted using recombinant

NS1 proteins expressed in HEK-293T cells and a chimeric MR766 virus with NS1CWA replac-

ing the original protein. Analysis of recombinant ZIKV NS1 proteins expressed in HEK-293T

cells revealed that NS1CWA and NS1MR766 proteins can differ in their subcellular distribution.

The NS1CWA protein was detected in discrete foci-like structures in the cytoplasm whereas

NS1MR766 protein mostly accumulated in the perinuclear region. Introduction of amino-acid

substitutions S92P and Y286H in a recombinant NS1MR766 resulted to a mutant protein dis-

playing a subcellular distribution that resembles NS1CWA. The reactivity of conformation-spe-

cific NS1 antibody mAb 4G4 was lower with NS1MR766 mutant, as compared with wild-type

protein. Thus, the P92 and H286 residues can interfere with antigenic reactivity and trafficking

of the ZIKV NS1 protein [38]. There was a higher secretion efficiency of NS1CWA protein com-

pared to NS1MR766 protein from human cells. Given that P92/H286 residues were not suffi-

cient to increase NS1 secretion despite their impact on protein trafficking, introduction of

other amino-acid substitutions in recombinant NS1MR766 protein could help interpret

NS1CWA residues in secretion efficiency of contemporary ZIKV NS1 from West Africa. Partic-

ular attention should be paid on non-conserved amino-acid change Glu-to-Lys at position

NS1-246 which is exposed to the outer hydrophilic surface of the NS1 dimer (Fig 1).

Growth of chimeric MR766MC virus with NS1ZIKV-15555 protein was enhanced, with

increased virus progeny production and higher cytotoxicity compared to parental virus. The

improved growth of chimeric MR766MC virus was observed in both VeroE6 and A549 cells.

Given the involvement of NS1 protein in viral RNA replication [12], NS1CWA might have a

greater propensity to interact with the other NS proteins thus enhancing activity within RCs

[13]. Also, NS1CWA may be more efficient in the ER re-modeling and vesicle packet formation

that are required for an effective viral RNA replication [39,40]. Interestingly, the phenotype of

recombinant NS1CWA protein was recapitulated in A549 cells infected with a MR766MC chi-

mera expressing NS1ZIKV-15555 protein. Whether the biological properties of NS1CWA protein

make viral morphogenesis and/or virus entry easier is an important issue that requires further

investigation [40]. We showed that MR766MC infection induces IFN-β expression in A549

cells. There was a lower magnitude of IFN-β mRNA up-regulation in A549 cells infected by

chimeric MR766MC virus expressing NS1CWA protein. Whether the efficiency of NS1CWA pro-

tein to antagonize Type-I IFN induction contributes to efficient virus replication remains to be

elucidated. IFN-β induces the expression of a large numbers of ISGs through the JAK/STAT

pathway [41]. Among ISGs with antiviral functions, we found that MR766MC induced Mx,

OAS, IFIT1, viperin and ISG15 mRNA expression in A549 cells. It has been reported that

IFIT1 interacts with STING/MITA to negatively regulate IRF3 activation and also inhibits the

mRNA translation to restrain orthoflavivirus replication [42]. Viperin has been identified as a

major ISG controlling of ZIKV infection through inhibition of viral RNA translation [43–46].

Infection with MR766MC chimera expressing NS1CWA protein resulted in a lower magnitude

of IFIT1 and Viperin mRNA induction in A549 cells compared to parental virus. Insertion of

NS1CWA protein in MR766MC caused no change in ISG15 expression consistent with the

notion that ZIKV exploits ISG15 as a negative regulator of type- I IFN signaling to benefit its

replication [41]. Further investigation will establish whether NS1CWA protein manipulates

some ISGs with antiviral functions by targeting JAK/STAT-mediated downstream events that

are essential for activation of the IFN-β responsive genes.

Orthoflavivirus NS1 protein interacts with cellular factors contributing to disease pathology

[16]. ZIKV NS1 protein has been shown to subvert host innate immune pathway involving
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RIG-I-like receptors and Toll-Like receptors [47]. We recently reported than an infectious

molecular clone derived from viral strain ZIKV-15555 is efficient in preventing innate immu-

nity activation during ZIKV infection [10]. With the purpose of expanding our current knowl-

edge on the replication properties of contemporary African ZIKV strains, it will be necessary

to investigate the effects of NS1CWA protein on pattern recognition receptors [48]. Infection

with ZIKV including MR766 induces inflammatory cytokines such as TNF-α, IL-6 and IL-1β
[49–52]. In view of the importance of NS1 protein in activating inflammatory responses, fur-

ther research into NS1CWA to better understand the interactions of the protein with host cellu-

lar factors, and for example their effects on the intercellular junction complex that contributes

to barrier integrity [53], will be required. Such findings will be imperative for effective Zika

disease control targeting contemporary SSA viral strains.

Supporting information

S1 Table. Sequences of primers for ISA method and RT-qPCR used in this study.

(DOCX)

S1 Fig. ZIKV NS1 sequence alignment. In (A), NS1 protein sequences of viral strains ZIKV-

1555, accession n˚MN025403; SEN-11 and SEN-15 ENA accession n˚PRJEB39677; MR766,

accession n˚LC002520; P6-740, accession n˚KX377336; H/PF/2013, accession n˚KJ776791;

BeH819015, accession n˚KU365778; PVRABC59, accession n˚KX377337. The domains of NS1

protein are colored. The β-roll domain (amino-acids 1–29), the α/β Wing domain (amino-

acids 38–151), the connector (amino-acids 152–180), and the β-ladder domain (amino-acids

181–352) are colored as shown. Amino-acid changes between NS1CWA and MR766 are indi-

cated in bold. In (B), alignment of residues 90–112 from NS1CWA and NS1MR766 proteins with

Pro residues in bold and underlined.

(TIFF)

S2 Fig. Confidence of AlphaFold3 structure prediction. The images of the structure predic-

tions of NS1CWA and NS1MR766 monomers and dimers are colored by the per-atom confidence

estimate pLDDT on a 0–100 scale according to the legend below. The higher the pLDDT score

the higher the confidence of the atoms in the structural model. Most atoms show pLDDT

scores of more than 90, indicating high confidence of the models. Only flexible loop structures

and the termini of the polypeptide chains are estimated with lower confidence, however still

above 50.

(TIFF)

Acknowledgments

We do want to thank L. Lambrechts for his input and insight into sequence data for ZIKV

strains Senegal-Kedougou and D. Watterson for his generous gift of humanized anti-NS1 anti-

body 4G4. We thank J. Andries and N. Masri for technical assistance and PICT platform (Uni-

versity of Reims Champagne-Ardenne) for imaging core facilities. We thank both G.

Brassington and G.A Kay for their constructive criticisms on the manuscript.

Author Contributions

Conceptualization: Dana Machmouchi, Alain Kohl, Philippe Desprès, Marjolaine Roche.

Data curation: Dana Machmouchi, Lars Redecke, Philippe Desprès, Marjolaine Roche.

PLOS NEGLECTED TROPICAL DISEASES Contemporary West African ZIKV NS1 protein

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0012146 August 23, 2024 17 / 20

http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0012146.s001
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0012146.s002
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0012146.s003
https://doi.org/10.1371/journal.pntd.0012146


Formal analysis: Dana Machmouchi, Marie-Pierre Courageot, Eva Ogire, Lars Redecke, Alain

Kohl, Philippe Desprès, Marjolaine Roche.

Funding acquisition: Philippe Desprès.

Investigation: Dana Machmouchi, Marie-Pierre Courageot, Alain Kohl, Philippe Desprès,

Marjolaine Roche.

Methodology: Dana Machmouchi, Marie-Pierre Courageot, Eva Ogire, Lars Redecke, Alain

Kohl, Philippe Desprès, Marjolaine Roche.

Project administration: Philippe Desprès.

Resources: Philippe Desprès.

Software: Lars Redecke.

Supervision: Dana Machmouchi, Alain Kohl, Philippe Desprès, Marjolaine Roche.

Validation: Dana Machmouchi, Marie-Pierre Courageot, Eva Ogire, Lars Redecke, Alain

Kohl, Philippe Desprès, Marjolaine Roche.

Visualization: Dana Machmouchi, Eva Ogire, Alain Kohl, Philippe Desprès, Marjolaine

Roche.

Writing – original draft: Dana Machmouchi, Philippe Desprès, Marjolaine Roche.

Writing – review & editing: Dana Machmouchi, Marie-Pierre Courageot, Eva Ogire, Lars

Redecke, Alain Kohl, Philippe Desprès, Marjolaine Roche.

References
1. Pierson TC, Diamond MS. 2018. The emergence of Zika virus and its new clinical syndromes. Nature

560: 573–581. https://doi.org/10.1038/s41586-018-0446-y PMID: 30158602

2. Pierson TC, Diamond MS. 2020. The continued threat of emerging flaviviruses. NatMicrobiol 5: 796–

812. https://doi.org/10.1038/s41564-020-0714-0 PMID: 32367055

3. Beaver JT, Lelutiu N, Habib R, Skountzou I. 2018. Evolution of Two Major Zika Virus Lineages: Implica-

tions for Pathology, Immune Response, and Vaccine Development. Front Immunol 9:1640. https://doi.

org/10.3389/fimmu.2018.01640 PMID: 30072993

4. Freitas DA, Souza-Santos R, Carvalho LMA, Barros WB, Neves LM, Brasil P, et al. 2020. Congenital

Zika syndrome: A systematic review. PLoS ONE 15:e0242367. https://doi.org/10.1371/journal.pone.

0242367 PMID: 33320867

5. Leao VHP, Aragão MM, Pinho RS, Hazin AN, Paciorkowski AR, Penalva de Oliveira AC, et al. 2020.

Congenital Zika Virus Infection: a Review with Emphasis on the Spectrum of Brain Abnormalities. Curr

Neurol Neurosci Rep 20:49 https://doi.org/10.1007/s11910-020-01072-0 PMID: 32880775

6. Aubry F, Jacobs S, Darmuzey M, Lequime S, Delang L, Fontaine A, et al. 2021. Recent African strains

of Zika virus display higher transmissibility and fetal pathogenicity than Asian strains. Nat Commun

12:916. https://doi.org/10.1038/s41467-021-21199-z PMID: 33568638

7. Rosinski JR, Raasch LE, Barros Tiburcio P, Breitbach ME, Shepherd PM, Yamamoto K, et al. 2023.

Frequent first-trimester pregnancy loss in rhesus macaques infected with African-lineage Zika virus.

PLoS Pathog 19:e1011282. https://doi.org/10.1371/journal.ppat.1011282 PMID: 36976812

8. Aubry F, Dabo S, Manet C, Filipović I, Rose NH, Miot EF, et al. 2020. Enhanced Zika virus susceptibility

of globally invasive Aedes aegypti populations. Science 370:991–996. https://doi.org/10.1126/science.

abd3663 PMID: 33214283

9. Gomard Y, Lebon C, Mavingui P, Atyame CM. 2020. Contrasted transmission efficiency of Zika virus

strains by mosquito species Aedes aegypti, Aedes albopictus and Culex quinquefasciatus from

Reunion Island. Parasites Vectors 13:398.

10. Machmouchi D, Courageot MP, El-Kalamouni C, Kohl A, Desprès P. (2024). The replication properties

of a contemporary Zika virus from West Africa. PLoS Negl.Trop.Dis. 18: e0012066

PLOS NEGLECTED TROPICAL DISEASES Contemporary West African ZIKV NS1 protein

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0012146 August 23, 2024 18 / 20

https://doi.org/10.1038/s41586-018-0446-y
http://www.ncbi.nlm.nih.gov/pubmed/30158602
https://doi.org/10.1038/s41564-020-0714-0
http://www.ncbi.nlm.nih.gov/pubmed/32367055
https://doi.org/10.3389/fimmu.2018.01640
https://doi.org/10.3389/fimmu.2018.01640
http://www.ncbi.nlm.nih.gov/pubmed/30072993
https://doi.org/10.1371/journal.pone.0242367
https://doi.org/10.1371/journal.pone.0242367
http://www.ncbi.nlm.nih.gov/pubmed/33320867
https://doi.org/10.1007/s11910-020-01072-0
http://www.ncbi.nlm.nih.gov/pubmed/32880775
https://doi.org/10.1038/s41467-021-21199-z
http://www.ncbi.nlm.nih.gov/pubmed/33568638
https://doi.org/10.1371/journal.ppat.1011282
http://www.ncbi.nlm.nih.gov/pubmed/36976812
https://doi.org/10.1126/science.abd3663
https://doi.org/10.1126/science.abd3663
http://www.ncbi.nlm.nih.gov/pubmed/33214283
https://doi.org/10.1371/journal.pntd.0012146


11. Golubeva VA, Nepomuceno TC, Gregoriis G de, Mesquita RD, Li X, Dash S, et al. 2020. Network of

Interactions between ZIKA Virus Non-Structural Proteins and Human Host Proteins. Cells 9:153.

https://doi.org/10.3390/cells9010153 PMID: 31936331

12. Akey DL, Brown WC, Jose J, Kuhn RJ, Smith JL. 2015. Structure-guided insights on the role of NS1 in

flavivirus infection. Bioessays 37:489–494. https://doi.org/10.1002/bies.201400182 PMID: 25761098

13. Mackenzie JM, Jones MK, Young PR. 1996. Immunolocalization of the dengue virus nonstructural gly-

coprotein NS1 suggests a role in viral RNA replication. Virology 220:232–240. https://doi.org/10.1006/

viro.1996.0307 PMID: 8659120

14. Shu B, Ooi JSG, Tan AWK, Ng T-S, Dejnirattisai W, Mongkolsapaya J, et al. 2022. CryoEM structures

of the multimeric secreted NS1, a major factor for dengue hemorrhagic fever. Nat Commun 13:6756.

https://doi.org/10.1038/s41467-022-34415-1 PMID: 36347841

15. Noisakran S, Dechtawewat T, Rinkaewkan P, Puttikhunt C, Kanjanahaluethai A, Kasinrerk W, et al.

2007. Characterization of dengue virus NS1 stably expressed in 293T cell lines. J Virol Methods

142:67–80. https://doi.org/10.1016/j.jviromet.2007.01.008 PMID: 17331594

16. Smith JL. 2022. Flavivirus NS1: Structure and Function of an Enigmatic Virulence Factor. The FASEB

Journal 36:fasebj.2022.36.S1.0I225.

17. Bos S, Poirier-Beaudouin B, Seffer V, Manich M, Mardi C, Desprès P, et al. 2020. Zika Virus Inhibits

IFN-αResponse by Human Plasmacytoid Dendritic Cells and Induces NS1-Dependent Triggering of

CD303 (BDCA-2) Signaling. Front Immunol 11:582061.

18. Xia H, Luo H, Shan C, Muruato AE, Nunes BTD, Medeiros DBA, et al. 2018. An evolutionary NS1 muta-

tion enhances Zika virus evasion of host interferon induction. Nat Commun 9:414. https://doi.org/10.

1038/s41467-017-02816-2 PMID: 29379028

19. Shi Y, Dai L, Song H, Gao GF. 2018. Structures of Zika Virus E & NS1: Relations with Virus Infection

and Host Immune Responses. Adv Exp Med Biol 1062:77–87.

20. Wilson JR, de Sessions PF, Leon MA, Scholle F. 2008. West Nile virus nonstructural protein 1 inhibits

TLR3 signal transduction. J Virol 82:8262–8271. https://doi.org/10.1128/JVI.00226-08 PMID:

18562533

21. Liu Y, Liu J, Du S, Shan C, Nie K, Zhang R, et al. 2017. Evolutionary enhancement of Zika virus infectivity in

Aedes aegypti mosquitoes. Nature 545:482–486. https://doi.org/10.1038/nature22365 PMID: 28514450

22. Gadea G, Bos S, Krejbich-Trotot P, Clain E, Viranaicken W, El-Kalamouni C, et al. 2016. A robust

method for the rapid generation of recombinant Zika virus expressing the GFP reporter gene. Virology

497:157–162. https://doi.org/10.1016/j.virol.2016.07.015 PMID: 27471954

23. Frumence E, Roche M, Krejbich-Trotot P, El-Kalamouni C, Nativel B, Rondeau P, et al. 2016. The

South Pacific epidemic strain of Zika virus replicates efficiently in human epithelial A549 cells leading to

IFN-β production and apoptosis induction. Virology 493:217–226.

24. Pak MA, Markhieva KA, Novikova MS, Petrov DS, Vorobyev IS, Maksimova ES, et al. 2023. Using

AlphaFold to predict the impact of single mutations on protein stability and function. PLoS One 18:

e0282689. https://doi.org/10.1371/journal.pone.0282689 PMID: 36928239

25. Pan Q, Jiao H, Zhang W, Chen Q, Zhang G, Yu J, et al. 2024. The step-by-step assembly mechanism

of secreted flavivirus NS1 tetramer and hexamer captured at atomic resolution. Sci Adv 10:eadm8275.

https://doi.org/10.1126/sciadv.adm8275 PMID: 38691607

26. Ball LJ, Kühne R, Schneider-Mergener J, Oschkinat H. 2005. Recognition of proline-rich motifs by pro-

tein-protein-interaction domains. Angew Chem Int Ed Engl 44:2852–2869. https://doi.org/10.1002/

anie.200400618 PMID: 15880548

27. Poveda-Cuevas SA, Etchebest C, Barroso da Silva FL. 2018. Insights into the ZIKV NS1 Virology from

Different Strains through a Fine Analysis of Physicochemical Properties. ACS Omega 3:16212–16229.

https://doi.org/10.1021/acsomega.8b02081 PMID: 31458257

28. Hu H, Feng Y, He M-L. 2023. Targeting Type I Interferon Induction and Signaling: How Zika Virus

Escapes from Host Innate Immunity. Int J Biol Sci 19:3015–3028. https://doi.org/10.7150/ijbs.83056

PMID: 37416780

29. Modhiran N, Song H, Liu L, Bletchly C, Brillault L, Amarilla AA, et al. 2021. A broadly protective antibody

that targets the flavivirus NS1 protein. Science 371:190–194. https://doi.org/10.1126/science.abb9425

PMID: 33414219

30. Grubor-Bauk B, Wijesundara DK, Masavuli M, Abbink P, Peterson RL, Prow NA, et al. 2019. NS1 DNA

vaccination protects against Zika infection through T cell-mediated immunity in immunocompetent

mice. Sci Adv 5:eaax2388. https://doi.org/10.1126/sciadv.aax2388 PMID: 31844662

31. Brault AC, Domi A, McDonald EM, Talmi-Frank D, McCurley N, Basu R, et al. 2017. A Zika Vaccine Tar-

geting NS1 Protein Protects Immunocompetent Adult Mice in a Lethal Challenge Model. Sci Rep

7:14769. https://doi.org/10.1038/s41598-017-15039-8 PMID: 29116169

PLOS NEGLECTED TROPICAL DISEASES Contemporary West African ZIKV NS1 protein

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0012146 August 23, 2024 19 / 20

https://doi.org/10.3390/cells9010153
http://www.ncbi.nlm.nih.gov/pubmed/31936331
https://doi.org/10.1002/bies.201400182
http://www.ncbi.nlm.nih.gov/pubmed/25761098
https://doi.org/10.1006/viro.1996.0307
https://doi.org/10.1006/viro.1996.0307
http://www.ncbi.nlm.nih.gov/pubmed/8659120
https://doi.org/10.1038/s41467-022-34415-1
http://www.ncbi.nlm.nih.gov/pubmed/36347841
https://doi.org/10.1016/j.jviromet.2007.01.008
http://www.ncbi.nlm.nih.gov/pubmed/17331594
https://doi.org/10.1038/s41467-017-02816-2
https://doi.org/10.1038/s41467-017-02816-2
http://www.ncbi.nlm.nih.gov/pubmed/29379028
https://doi.org/10.1128/JVI.00226-08
http://www.ncbi.nlm.nih.gov/pubmed/18562533
https://doi.org/10.1038/nature22365
http://www.ncbi.nlm.nih.gov/pubmed/28514450
https://doi.org/10.1016/j.virol.2016.07.015
http://www.ncbi.nlm.nih.gov/pubmed/27471954
https://doi.org/10.1371/journal.pone.0282689
http://www.ncbi.nlm.nih.gov/pubmed/36928239
https://doi.org/10.1126/sciadv.adm8275
http://www.ncbi.nlm.nih.gov/pubmed/38691607
https://doi.org/10.1002/anie.200400618
https://doi.org/10.1002/anie.200400618
http://www.ncbi.nlm.nih.gov/pubmed/15880548
https://doi.org/10.1021/acsomega.8b02081
http://www.ncbi.nlm.nih.gov/pubmed/31458257
https://doi.org/10.7150/ijbs.83056
http://www.ncbi.nlm.nih.gov/pubmed/37416780
https://doi.org/10.1126/science.abb9425
http://www.ncbi.nlm.nih.gov/pubmed/33414219
https://doi.org/10.1126/sciadv.aax2388
http://www.ncbi.nlm.nih.gov/pubmed/31844662
https://doi.org/10.1038/s41598-017-15039-8
http://www.ncbi.nlm.nih.gov/pubmed/29116169
https://doi.org/10.1371/journal.pntd.0012146


32. Carpio KL, Barrett ADT. 2021. Flavivirus NS1 and Its Potential in Vaccine Development. Vaccines

(Basel) 9:622. https://doi.org/10.3390/vaccines9060622 PMID: 34207516

33. Morales SV, Coelho GM, Ricciardi-Jorge T, Dorl GG, Zanluca C, Duarte Dos Santos CN. 2024. Devel-

opment of a quantitative NS1 antigen enzyme-linked immunosorbent assay (ELISA) for Zika virus

detection using a novel virus-specific mAb. Sci Rep 14:2544. https://doi.org/10.1038/s41598-024-

52123-2 PMID: 38291109

34. Xu X, Song H, Qi J, Liu Y, Wang H, Su C, et al. 2016. Contribution of intertwined loop to membrane

association revealed by Zika virus full-length NS1 structure. EMBO J 35:2170–2178. https://doi.org/10.

15252/embj.201695290 PMID: 27578809

35. Kay BK, Williamson MP, Sudol M. 2000. The importance of being proline: the interaction of proline-rich

motifs in signaling proteins with their cognate domains. FASEB J 14:231–241. PMID: 10657980

36. Lo NTN, Roodsari SZ, Tin NL, Wong MP, Biering SB, Harris E. 2022. Molecular Determinants of Tissue

Specificity of Flavivirus Nonstructural Protein 1 Interaction with Endothelial Cells. J Virol 96:e0066122.

https://doi.org/10.1128/jvi.00661-22 PMID: 36106873

37. Rehwinkel J, Gack MU. 2020. RIG-I-like receptors: their regulation and roles in RNA sensing. Nat Rev

Immunol 20:537–551. https://doi.org/10.1038/s41577-020-0288-3 PMID: 32203325

38. Liao S-M, Du Q-S, Meng J-Z, Pang Z-W, Huang R-B. 2013. The multiple roles of histidine in protein

interactions. Chem Cent J 7:44. https://doi.org/10.1186/1752-153X-7-44 PMID: 23452343

39. Eyre NS, Johnson SM, Eltahla AA, Aloi M, Aloia AL, McDevitt CA, et al. 2017. Genome-Wide Mutagene-

sis of Dengue Virus Reveals Plasticity of the NS1 Protein and Enables Generation of Infectious Tagged

Reporter Viruses. J Virol 91:e01455–17. https://doi.org/10.1128/JVI.01455-17 PMID: 28956770

40. Tamura T, Torii S, Kajiwara K, Anzai I, Fujioka Y, Noda K, et al. 2022. Secretory glycoprotein NS1 plays

a crucial role in the particle formation of flaviviruses. PLoS Pathog 18:e1010593. https://doi.org/10.

1371/journal.ppat.1010593 PMID: 35658055

41. Wang Y, Ren K, Li S, Yang C, Chen L. 2020. Interferon stimulated gene 15 promotes Zika virus replica-

tion through regulating Jak/STAT and ISGylation pathways. Virus Res 287:198087. https://doi.org/10.

1016/j.virusres.2020.198087 PMID: 32738280

42. Fensterl V, Sen GC. 2015. Interferon-induced Ifit proteins: their role in viral pathogenesis. J Virol

89:2462–2468. https://doi.org/10.1128/JVI.02744-14 PMID: 25428874

43. Van Der Hoek KH, Eyre NS, Shue B, Khantisitthiporn O, Glab-Ampi K, Carr JM, et al. 2017. Viperin is

an important host restriction factor in control of Zika virus infection. Sci Rep 7:4475. https://doi.org/10.

1038/s41598-017-04138-1 PMID: 28667332

44. Vanwalscappel B, Gadea G, Desprès P. 2019. A Viperin Mutant Bearing the K358R Substitution Lost its

Anti-ZIKA Virus Activity. Int J Mol Sci 20:1574. https://doi.org/10.3390/ijms20071574 PMID: 30934824

45. Rivera-Serrano EE, Gizzi AS, Arnold JJ, Grove TL, Almo SC, Cameron CE. 2020. Viperin Reveals Its

True Function. Annu Rev Virol 7:421–446. https://doi.org/10.1146/annurev-virology-011720-095930

PMID: 32603630

46. Hsu JC-C, Laurent-Rolle M, Pawlak JB, Xia H, Kunte A, Hee JS, et al. 2022. Viperin triggers ribosome

collision-dependent translation inhibition to restrict viral replication. Mol Cell 82:1631–1642.e6. https://

doi.org/10.1016/j.molcel.2022.02.031 PMID: 35316659

47. Zeng WQ, Liu J, Hao C, Zhang B, Zhang H. 2023. Making sense of flavivirus non-structural protein 1 in

innate immune evasion and inducing tissue-specific damage. Virus Res. 336:199222

48. Giraldo MI, Gonzalez-Orozco M, Rajsbaum R. 2023. Pathogenesis of Zika virus infection. Annu.Rev.

Pathol. 18: 181–203 https://doi.org/10.1146/annurev-pathmechdis-031521-034739 PMID: 36151059

49. Zeng Y, Lu Q, Wu Y, Ma L, Zhang Z, Liu T, et al. 2018. Zika virus elicits inflammation to evade antiviral

response by cleaving cGAS via NS1-caspase-1 axis. EMBO J. 37:e99347 https://doi.org/10.15252/

embj.201899347 PMID: 30065070

50. Wang W, Li G, De Wu, Luo Z, Pan P, Tian M, et al. 2018. Zika virus infection induces host inflammatory

responses by facilitating NLRP3 inflammasome assembly and interleukin-1β secretion. Nat Commun

9:106.

51. Oliveira FBCD, Freire VPASDS, Coelho SVA, Meuren LM, Palmeira JDF, Cardoso AL, et al. 2023.

ZIKV Strains Elicit Different Inflammatory and Anti-Viral Responses in Microglia Cells. Viruses

15:1250. https://doi.org/10.3390/v15061250 PMID: 37376550

52. Jeong GU, Lee S, Kim DY, Lyu J, Yoon GY, Kim K-D, et al. 2023. Zika Virus Infection Induces Interleu-

kin-1β-Mediated Inflammatory Responses by Macrophages in the Brain of an Adult Mouse Model. J

Virol 97:e00556–23.

53. Puerta-Guardo H, Biering SB, Gomes de Sousa FT, Shu J, Galsner DR, Li J, et al. (2022). Flavivirus

NS1 triggers tissue-specific disassembly of intercellular junctions leading to barrier dysfunction and vas-

cular leak in a GSK-3-β-dependent manner. Pathogens 11:615

PLOS NEGLECTED TROPICAL DISEASES Contemporary West African ZIKV NS1 protein

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0012146 August 23, 2024 20 / 20

https://doi.org/10.3390/vaccines9060622
http://www.ncbi.nlm.nih.gov/pubmed/34207516
https://doi.org/10.1038/s41598-024-52123-2
https://doi.org/10.1038/s41598-024-52123-2
http://www.ncbi.nlm.nih.gov/pubmed/38291109
https://doi.org/10.15252/embj.201695290
https://doi.org/10.15252/embj.201695290
http://www.ncbi.nlm.nih.gov/pubmed/27578809
http://www.ncbi.nlm.nih.gov/pubmed/10657980
https://doi.org/10.1128/jvi.00661-22
http://www.ncbi.nlm.nih.gov/pubmed/36106873
https://doi.org/10.1038/s41577-020-0288-3
http://www.ncbi.nlm.nih.gov/pubmed/32203325
https://doi.org/10.1186/1752-153X-7-44
http://www.ncbi.nlm.nih.gov/pubmed/23452343
https://doi.org/10.1128/JVI.01455-17
http://www.ncbi.nlm.nih.gov/pubmed/28956770
https://doi.org/10.1371/journal.ppat.1010593
https://doi.org/10.1371/journal.ppat.1010593
http://www.ncbi.nlm.nih.gov/pubmed/35658055
https://doi.org/10.1016/j.virusres.2020.198087
https://doi.org/10.1016/j.virusres.2020.198087
http://www.ncbi.nlm.nih.gov/pubmed/32738280
https://doi.org/10.1128/JVI.02744-14
http://www.ncbi.nlm.nih.gov/pubmed/25428874
https://doi.org/10.1038/s41598-017-04138-1
https://doi.org/10.1038/s41598-017-04138-1
http://www.ncbi.nlm.nih.gov/pubmed/28667332
https://doi.org/10.3390/ijms20071574
http://www.ncbi.nlm.nih.gov/pubmed/30934824
https://doi.org/10.1146/annurev-virology-011720-095930
http://www.ncbi.nlm.nih.gov/pubmed/32603630
https://doi.org/10.1016/j.molcel.2022.02.031
https://doi.org/10.1016/j.molcel.2022.02.031
http://www.ncbi.nlm.nih.gov/pubmed/35316659
https://doi.org/10.1146/annurev-pathmechdis-031521-034739
http://www.ncbi.nlm.nih.gov/pubmed/36151059
https://doi.org/10.15252/embj.201899347
https://doi.org/10.15252/embj.201899347
http://www.ncbi.nlm.nih.gov/pubmed/30065070
https://doi.org/10.3390/v15061250
http://www.ncbi.nlm.nih.gov/pubmed/37376550
https://doi.org/10.1371/journal.pntd.0012146

