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aim: This study aims to provide insight into the binding features of the ATPase and ssRNA sites 
of the NS3 helicase. Methods: Clinically approved Flavivirus inhibitors were docked to the 
corresponding active sites of the protein, and the three best compounds were validated with 
molecular dynamic simulations. Result: Binding of Ivermectin to ssRNA site and Lapachol 
and HMC-HO1α to the ATPase site allowed for conformational rigidity of the Zika NS3 
helicase, thus stabilizing residue fluctuations and allowing for protein stability. Favorable free 
binding energies were also noted between compounds and the helicase, thus supporting 
the intermolecular forces at the helicase active site. conclusion: The pharmacophoric 
characteristics found in Lapachol, HMC-HO1α and Ivermectin may be utilized in the design 
of a potent hybrid drug that is able to show efficient inhibition of a multitude of diseases 
including the detrimental co-infection of Zika virus, dengue and chikungunya.
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Zika virus (ZIKV) is a positive-sense, single-stranded RNA arbovirus belonging to the genus 
Flavivirus and family Flaviviridae [1]. The virus was first discovered in a forest of Uganda called 
the Zika forest near lake Victoria in 1947, thus coining the virus’s name [2,3]. The virus was then 
isolated in the blood of a sentinel Rhesus monkey during research on the Yellow fever virus [4], while 
a second isolation was done in 1948 at the same site [5]. ZIKV virus has a wide geographical distribu-
tion including Africa (Uganda, Egypt and Gabon), Asia (India, Malaysia, Vietnam, Thailand and 
Indonesia) and Micronesia [6]. This has been demonstrated through viral isolations and serologic 
studies [7,8]. Although isolations of the virus were analyzed, researchers only detected the virus in 
humans in 1952 when neutralizing antibodies were picked up in infected sera. Scientists Boorman 
and Porterfield subsequently studied the transmission of viruses from mosquito to primates and, 
based on further isolations from both mosquito and monkey, concluded that mosquitoes acted as 
vectors for ZIKV [1].

The rapid spread of the virus across continents is primarily due to vector transmission via the 
Aedes aegypti, Aedes albopictus and Aedes africanus mosquito [2]. These vectors are endemic to 
tropical and subtropical areas. However, due to evolving climates, the mosquitoes have expanded 
their habitat, thus increasing the number of mosquitoes as vectors of Flaviviruses [9–11]. However, 
other routes of transmission have been reported, including sexual transmission [10,12], perinatal 
transmission and blood transfusion [13]. The symptoms following ZIKV viral infection are mild 
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headache, maculopapular rash, fever, malaise, 
conjunctivitis and arthralgia. These symptoms 
are shared with other related Flaviviruses, includ-
ing Dengue virus, Yellow fever virus, West Nile, 
St Louis encephalitis virus and Japanese enceph-
alitis virus [14,15]. The most recent and devastat-
ing outbreak of ZIKV occurred in Brazil, at the 
end of 2015. The virus has, to date, rampaged 
South America by being evidenced as a lead-
ing cause of microcephaly by prenatal trans-
mission [16]. Increasing scientific evidence now 
shows that the virus is able to pass through the 
blood–brain barrier and infect neural cells, thus 
playing a role in diseases such as microcephaly 
and Gullian–Barré syndrome [17].

The ZIKV genome contains 10.7-kb sin-
gle-stranded RNA, which contains a large 
polyprotein that cleaves into three structural 
proteins (Envelope: E; Membrane precursor, 
PrM; Capsid: C) and seven nonstructural pro-
teins (NS1, NS2A, NS2B, NS3, NS4A, NS4B 
and NS5), of which the NS3 helicase plays a 
pivotal role in viral replication and RNA syn-
thesis. Presently, researchers are focusing on 
the structural and nonstructural viral proteins 
for the development of drugs [18], due to their 
crucial characteristics in viral replication [19]. 
The NS3 helicase (Figure 1) has three domains 
and two binding sites, being the ATP and 
ssRNA sites [20,21]. Inhibiting both the ATP 
and ssRNA sites will be crucial in the inhibi-
tion of the NS3 helicase as studies have shown 
that each domain may act independently from 
the other [22]. However, the close proximity of 
the two binding sites can bring about the pos-
sibility of designing a single inhibitor that can 
span both sites [3].

Due to the rapid spread of the disease on a global 
scale and the detrimental long-term complications, 
researchers such as Barrows et al. have turned to 
‘repurposing’ Flavivirus US FDA approved drugs 
rather than the lengthy process of designing and 
synthesizing new drugs [4]. One of the most widely 
used antihelminitic drugs, Ivermectin, has been 
evidenced to have potent inhibitory effects on 
Flaviviruses by acting as a competitive inhibitor 
of viral ssRNA at the RNA-binding site of the NS3 
helicase [6,7]. Barrows et al. validated Ivermectin 
as a potent ZIKV inhibitor in an in vitro screen-
ing study, alongside 17 other FDA-approved 
Flavivirus drugs as well as daptomycin, which had 
no previous antiviral activity [4].

Another potential drug candidate against 
ZIKV is the adenosine nucleoside analog, 

NITD008, which has been reported to have 
competitive inhibitory properties against adeno-
sine substrates in vitro and in vivo [8]. However, 
other reports have also shown elevated toxicity 
levels in preclinical animal testing [9].

One of the major challenges of ZIKV is its 
ability to co-infect the host. Multiple cases 
reporting chikungunya, dengue and Zika co-
infection have been identified, leading to poten-
tially exacerbated neurological effects on the host 
and fetus [10]. By this end, identifying potential 
inhibitors against ZIKV which have already been 
approved as a dengue or chikungunya treatment 
would be beneficial as it would be less toxic than 
administering multiple drugs to a patient [11].

Although numerous studies have been released 
elucidating ZIKV drug discovery, no FDA-
approved drugs are presently available. There is 
also a lack in literature regarding the structural 
and conformational features of the protein, thus 
designing effective novel small-drug molecule 
inhibitors may be challenging.

In this study, we have utilized clinically 
approved Flavivirus NS3 small molecule inhibi-
tors to analyze the binding affinity and stabil-
ity of the ZIKV NS3 domains via molecular 
dynamic (MD) simulations, thus mapping out 
binding hotspots and landscaping interactions 
of the complexes.

In addition to this, we will employ acceler-
ated MD (aMD) in order to run the simula-
tion for a longer time frame to ensure sufficient 
conformational sampling and accurate physi-
cal force field. aMD is an enhanced sampling 
technique that operates by modifying potential 
energy, reducing the height of local barriers and 
accelerating transition between different low 
energy states [23–25]. This will enable the sam-
pling of distinct bimolecular conformations and 
rare barrier-crossing events that cannot be eas-
ily accessed in a conventional MD simulation, 
thereby improving the efficiency of convectional 
MD [26].

computational methodology
●● Protein structure preparation

The crystal structure of the Escherichia coli strain 
of ZIKV NS3 helicase was retrieved from protein 
data bank (PDB: 5JMT). It was then prepared 
for molecular docking by stripping it off water 
molecules using UCSF Chimera (a visualization 
system for exploratory research an analysis) [27] 
and adding the necessary hydrogen atoms using 
Molegro Molecular Viewer [28].
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Figure 1. structure of Ns3 Zika virus helicase (PBD 5JMt). Domain 1 (blue: residue 175–332) and 
domain 2 (red: residue 333–481) are seen facing each other, and domain 3 (green: residue 482–617) 
is lying above the other two domains. The ATP-binding site is located in the cleft between domain 1 
and domain 2, and the ssRNA-binding site is located at the tunnel that separates domain 3 from the 
other two domains. 
Data taken from [20,21].

Characterizing the ligand-binding landscape of Zika NS3 helicase research article

future science group www.futuremedicine.com

●● Molecular docking
Molecular docking was performed on ten ligands: 
six naphthoquinones (Lapachol, Atovaquone, 
Parvaquone, Buparvaquone, α-Lapachone 
and β-Lapachone) [29], three purine nucleo-
side analogs (1-(2′-deoxy-α-d-ribofuranosyl)
imida zo [4,5 -d ]py r ida z ine- 4,7(5H ,6H )
dione)(HMC-HO1α), 1-(2′-O-methyl- α-d-
ribofuranosyl) imidazo[4,5-d ]pyridazine-
4 ,7(5H , 6H ) -d ione (H MC -HO4 ) a nd 
1-(β-d-ribofuranosyl)imidazo[4,5-d ]pyri-
dazine-4,7(5H,6H)-dione(HMC-HO5)) [30,31], 
and Ivermectin [32]. Each of the compounds was 
then downloaded from PubChem [33], converted 
to mol2 format and assessed using Molegro 
Molecular Viewer to ensure that they display 
the correct bond angle and hybridization state. 
The 2D structures of the ligands are given in 
supplementary Figure 1.

Docking was carried out with the Autodock 
Vina software [34]. Ivermectin was docked at the 
ssRNA-binding site, while the rest were docked 
at the ATPase-binding site. The grid box param-
eters for the two sites are given in supplementary 
Figure 2. Of the ten ligands docked into the 
active site of NS3 protein structure, the best 
three complexes were chosen and subsequently 
subjected to aMD.

●● MD simulations
MD simulations were performed on the three 
complexes using the graphics processor unit 
version of the PMEMD engine provided with 
the AMBER 14 package [35,36]. The antecham-
ber module was used to generate atomic par-
tial charges for the ligands using the general 
Amber force field (GAFF) [37]. The protein was 
described using the FF14SB of the Amber force 
field [38]. The LEAP module in AMBER 14 was 
used to generate topologies for the system by 
adding protons and counterions to neutralize 
the system [35]. Subsequently, the complexes 
were then solvated in a TIP3P [39] octahedron 
water box with a distance of 8 Å away from the 
water box edge. The periodic boundary con-
ditions were employed, and the particle-mesh 
Ewald method in AMBER 14 was used to treat 
the long-range electrostatic interactions with a 
nonbonding cutoff distance of 10 Å.

Minimization of the systems was performed 
with a restraint potential of 500 kcal/mol Å2 to 
treat the solute for 1000 steepest descent steps 
using the SANDER module of the AMBER 14 
program, followed by 1000 steps of conjugate 
gradient minimization. The systems were then 
minimized over 1000 steps with unrestrained 
conjugate gradient. Gradually, the systems were 
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Figure 2. c-α root-mean-square deviation backbone plot for Ns3 helicase free and ligand-bound 
conformations. The ligands Lapachol, HMC-HO1α and Ivermectin are seen to stabilize the protein as 
compared with the fluctuating free protein. 
5JMT: Green; 5GJB and 5GJC: Magenta; ATP and RNA: Red; Lapachol: HMC-HO1α; Ivermectin: Blue.
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heated from 0 to 300 K for 50 ps such that the 
system maintained a fixed number of atoms 
and a fixed volume, that is, a canonical (NVT) 
ensemble.

The entire system was then equilibrated 
at 300 K with a 2-fs time step in the isother-
mal isobaric (NPT) ensemble for 500 ps, and 
Berendsen temperature coupling [38] was used 
to maintain a constant pressure at 1 bar. The 
SHAKE algorithm [39] was employed on all 
atoms so as to constrain the bonds of all hydro-
gen atoms. With no restraints imposed, an ini-
tial production run was performed for 10 ns in 
an isothermal isobaric (NPT) ensemble using 
a Berendsen barostat with a target pressure 
of 1 bar and a pressure-coupling constant of 
2 ps. The systems were subsequently subjected 
to 10 ns of aMD using a set of parameters cal-
culated from the potential energy of the con-
verged system (table 1). Coordinates were saved 
every 1 ps, and the trajectories were analyzed 
every 1 ps using the PTRAJ module of AMBER 

14. Each system was consequently subjected to 
post-MD analysis including root-mean-square 
fluctuation (RMSF), root-mean-square devia-
tion (RMSD) and radius of gyration (Rg). 
Included in analysis was the ligand–residue 
profile [24]. Visualization of trajectories was 
conducted in Chimera [27], while the results 
were analyzed and plots were generated with 
aid of Origin software [40].

●● thermodynamic calculations
Over the years, the molecular mechanics/
generalized-born surface area (MM/GBSA) 
method of binding free energy calculations 
has proved to be a practicable means of under-
standing the ligand–residue landscape binding 
in various biological macromolecules [41–44]. 
Therefore, the MM/GBSA approach was 
employed to calculate the binding free ener-
gies of Ivermectin, Lapachol and HMC-HO1α 
bound to NS3 helicase protein. To achieve this, 
1000 snapshots were extracted from each of 

table 1. calculated parameters for running accelerated molecular dynamics.

system ethreshP (kcal/
mol)

ethreshD 
(kcal/mol)

alphaP (kcal/mol) alphaD 
(kcal/mol)

Lapachol system -144728 9424.98 1404.4 355.2
Ivermectin system -144600 9465.1 1425.2 355.2
HMC-HO1α system -144698 9455.25 1404.4 355.2
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Figure 3. 2D structure, docked complexes and validation of the docked complexes.
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the 20-ns trajectories. The following equa-
tion describes the calculations of binding free 
energy.

G
bind

=G
complex

-G
receptor

-G
ligand

G
bind

=E
gas

+G
sol

-TS 
E

gas
=E

int
+E

vdw
 +E

ele

G
sol

=G
GB

+G
SA

G
SA

=γSASA

The term E
gas

 denotes the gas-phase energy that 
consists of the internal energy E

int
, Coulomb 

energy E
ele

, and the van der Waals energies E
vdw

. 
E

gas
 was directly estimated from the FF14SB 

force field terms. The solvation free energy, 
G

sol
, is estimated from the energy contribu-

tion from the polar states, G
GB

 and nonpolar 
states, G

SA
. The nonpolar solvation energy, G

SA
, 

is determined from the solvent accessible sur-
face area (SASA) using a water probe radius of 
1.4 Å, whereas the polar solvation, G

GB
, con-

tribution is estimated by solving the general-
ized born (GB) equation. S and T denote the 
total entropy of the solute and temperature, 
respectively.

●● Per-residue energy decomposition 
analysis
Per-residue free energy decomposition was car-
ried out in order to obtain the contribution of 
each residue to the total binding free energy 
profile between the inhibitors Ivermectin, Lapa-
chol and HMC-HO1α with the NS3 helicase 
protein. This was achieved using the MM/
GBSA method in AMBER 14 [24].

Results & discussion
●● Docking result & validation

Molecular docking is one of the routinely used 
methods in molecular modeling and drug 
design. It is used to predict the conformation 
of small molecule (ligand) within the appropri-
ate binding site, making it an important tool in 
drug discovery [45,46]. Furthermore, molecular 
docking ranks docked compounds based on the 
binding affinity of the ligand to the receptor 
(supplementary Figure 3).

In this study, ten compounds were cho-
sen to dock into the NS3 helicase based on 
their inhibitory characteristics at Flavivirus 
ATPase/ssRNA sites [29–30,32]. Of the ten 

(1)
(2)
(3)
(4)
(5)
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compounds, three were chosen for subsequent 
conformational and binding mode analysis. 
Lapachol and HMC-HO1α were chosen from 
the naphthoquinones and purine nucleoside 
analogs, respectively, because they portrayed 
the most optimal docked conformation from 
the molecular docking studies that were carried 
out. Ivermectin was docked into the ssRNA 
site due to its high potency as a Flavivirus 
inhibitor [32,47].

Validation of molecular docking was done 
by superimposing each of the docked com-
plexes with the PDB structures of their natural 
substrates for ssRNA and ATPase sites (PDB 
codes: 5GJB and 5GJC). The results of the 
superimposition are shown in Figure 2.

●● MD simulation & post-MD analysis
A frequently overlooked side of molecular dock-
ing is the flexibility of the binding target. The 
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ligand and receptor usually undergo conforma-
tional changes before binding and sometimes the 
ligand fits with little mobility. In order to ensure 
the stability of the complex, the three complexes 
were subjected to aMD [46,48,49].

●● systems stability
The stability of the systems was investigated 
by assessing the RMSD with regard to the 
Cα-backbone atoms of the 3D structure dur-
ing the simulation (Figure 3). Equilibrium was 
attained after 2000 ps, and the overall aver-
age RMSD values for Lapachol, HMC-HO1α 
and Ivermectin are measured to be 0.98, 
0.97 and 0.95 Å respectively. The results at 
the ATPase site exhibited similar stability 
between the HMC-HO1α–ATPase system 
and the Lapachol–ATPase system, whereas, 
the Ivermectin–ssRNA complex demonstrated 
the lowest average RMSD from all three 
systems. This is indicative of a more stable 
complex, justifying Ivermectin as a potent 
Flavivirus inhibitor. The RMSD plot further 
postulates that the binding of the three ligands 
at two different active sites of the protein still 
allowed for conformational rigidity compared 
with the unstable free protein, which yielded 
an elevated average of 1.76 Å. It can therefore 
be deduced that all three ligands are allowed 
for structural stability of the NS3 helicase 
protein (Figure 3).

●● Root-mean-square fluctuations
RMSFs were analyzed to show the mobility 
of each of the residues found in the protein, 
thereby giving an insight into the flexibility of 
the protein [50]. Figure 4 depicts the RMSF of 
the residues for each system for the duration of 
the simulation. High fluctuations were observed 
at certain residues for each of the systems, with 
the free protein showing the greatest fluctua-
tions during the simulation (1.61 Å). All three 
ligand-bound systems showed C-α residue 
fluctuations at residues 72–79 and 409–411. 
The HMC-HO1α–ATPase system specif i-
cally showed flexibility at the ‘172–176’ region, 
whereas the Ivermectin–ssRNA illustrated the 
lowest fluctuations of all four systems. This 
correlates with the RMSD stability of the sys-
tems, demonstrating the free protein to have 
highly unstable residues with large fluctuations 
compared with the ligand-bound systems. The 
RMSF of Ivermectin also correlated with the 
RMSD plot, illustrating a relatively stable system 
after ligand binding.

●● Radius of gyration
To further validate the stability of the systems, 
the overall protein shape and folding were 
measured by analyzing the Rg of the protein. 
This gave an insight into the distribution 
of C-α atoms within the protein [50,51]. The 
plots for all the systems are shown in Figure 5. 
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From the graph, a difference can be seen in 
the compactness of the three systems from the 
beginning of the simulation. Ivermectin shows 
a lower average Rg (22.23 Å) when compared 
with HMC-HO1α (22.30 Å) and Lapachol 
(22.33 Å), indicating that Ivermectin exhibits 
a very good structural stability at the ssRNA 
site when it binds to the ZIKV NS3 helicase. 
Also at the ATPase site, the result indicates 
that HMC-HO1α is more compact and there-
fore exhibits more stability than Lapachol. 
The Rg of the Apo protein correlates with the 
RMSD and RMSF results, showing a wide dis-
tribution of C-α atoms for the duration of the 
simulation, thus indicating unstable fluctua-
tions of the protein’s residues in the absence 
of a ligand.

Free energy calculations & residue–ligand 
interaction network
Studies have shown that free-binding energy cal-
culations are important parameters for the valida-
tion of ligand–protein binding [42]. Based on the 
systems’ stability, we can deduce that during the 
simulation, binding of the three best-docked mol-
ecules, being, Lapachol, HMC-HO1α and Iver-
mectin, stabilized the fluctuating free protein. This 
may be due to noncovalent interactions taking 
place between the ligands and the active site resi-
dues. To estimate the binding affinities of each of 
the ligands to the protein, the binding free energies 
were calculated using the MM/GBSA method [51]. 
table 2 summarizes the binding free energy of 
HMC-HO1α–ATPase and Lapachol–ATPase 
systems to be -42.81 and -39.32 kcal/mol, 

table 2. Binding free energy analysis (kcal/mol) for inhibitor-Ns3 helicase complexes.

energy components (kcal/mol)

Compound  ΔEvdW  ΔEelec  ΔGgas  ΔGsolv  ΔGbind 

Ivermectin -104.36 ± 3.95 -32.26 ± 7.87 -136.32 ± 11.07 52.07 ± 5.34 -84.56 ± 7.77
HMC-HO1α -40.98 ± 3.40 -62.53 ± 10.17 -103.51 ± 8.78 60.69 ± 7.39 -42.81 ± 4.16
Lapachol -38.23 ± 2.99 -27.73 ± 6.87 -65.96 ± 5.71 26.64 ± 4.12 -39.32 ± 3.52
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Figure 7. hMc-hO1α docked into the atPase site of Zika Ns3 helicase, illustrating ligand–residue 
interactions and active site residue energy contributions.
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respectively. The nonpolar solvation (-103.51 
kcal/mol) contributed greatly toward the total 
binding free energy of the HMC-HO1α–NS3 
helicase system while other favorable binding con-
tributions also came from intermolecular electro-
static interactions (-62.53 kcal/mol) and van der 
Waals interactions (-40.98 kcal/mol). The Lapa-
chol–NS3 helicase system had its greatest bind-
ing contribution from nonpolar solvation energy 
(-65.96 kcal/mol), followed by van der Waals 
interactions (-38.23 kcal/mol) and then intermo-
lecular electrostatic interactions (-27.73 kcal/mol). 
A polar solvation of 60.69 and 26.64 kcal/mol 
for both HMC-HO1α–NS3 helicase and Lapa-
chol–NS3 helicase systems, respectively, was also 
observed. This indicates that HMC-HO1α has 
a preferable binding energy than Lapachol at the 
ATPase site. Ivermectin had a relatively higher 
binding energy (-84.56 kcal/mol) at the ssRNA 
site with the greater energy contribution from the 
nonpolar solvation (-136.32 kcal/mol) and van 
der Waals interactions (-104.36 kcal/mol).

The active site residues of proteins are impor-
tant for the protein’s functionality; therefore, it is 
important to understand the interactions of these 
potential inhibitors with the amino acid residues 

in the protein [51]. In order to gain more insight 
into the contribution of each residue toward the 
binding of the ligand, per residue interaction 
energy decomposition analysis was carried out 
on the three systems.

Lapachol–ATPase system
At the ATPase binding site, Lapachol illustrated a 
favorable energy contribution with residues Glu112 
(-3.05 kcal/mol), sharing the highest total energy, 
while other contributions came from residues 
Leu20 (-0.24 kcal/mol), Gly23 (-0.29 kcal/mol), 
Ala24 (-0.25 kcal/mol), Glu57 (-0.30 kcal/mol), 
Ala43 (-0.32 kcal/mol), Asn243 (-0.89 kcal/mol) 
and Arg285 (-0.8 kcal/mol). However, Lys26 
(0.45 kcal/mol) and Arg288 (0.8 kcal/mol) 
showed unfavorable energy contributions (Figure 6).

HMC-HO1α–ATPase system
As evident from Figure 6 & Figure 7, HMC-HO1α 
and Lapachol interact with the ATPase active site 
residues by forming a hydrogen bond with resi-
due Arg285 and hydrophobic interactions with 
residues His21, Gly23, Glu112 and Ala143. In 
addition, HMC-HO1α exhibited hydrophobic 
interactions with residues Pro22, Lys26, Gly25, 
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Figure 8. Free energy decomposition and ligand–residue interaction network at the ssRNa site of 
the ivermectin–Ns3 helicase system. 
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Arg28 and Asn243. Subsequent to HMC-
HO1α binding at the ATPase site, significant 
energy contributions came from residues Leu20 
(-1.412 kcal/mol), His21 (-1.24 kcal/mol), Pro22 
(-1.75 kcal/mol), Gly25 (-1.55 kcal/mol), Lys26 
(-1.40 kcal/mol) and Thr27 (-2.87 kcal/mol), 
with the highest contribution coming from 
Glu112 (-4.08 kcal/mol), while the unfavorable 
energy contributions came from residue Arg285 
(0.26 kcal/mol).

The ligand–residue interaction network elu-
cidates on the binding interactions between 
Ivermectin and the ssRNA active site residues 
(Figure 8), forming a hydrogen bond with Arg214 
and hydrophobic interactions with residues Ser94, 
Leu319, Asp117, Val369, Pro368, Thr235, Met240, 
Glu218, Lys215, Ala90 and Met362. The plot also 
reveals that residue Arg214 (-5.84 kcal/mol) had 
the highest total energy contribution to the bind-
ing of Ivermectin to the NS3 helicase protein at the 
ssRNA site. Other favorable energy contributions 
came from residues Ala90 (-1.48 kcal/mol), Ser119 

(-2.464 kcal/mol), Thr235 (-1.52 kcal/mol), 
Asp236 (-1.65 kcal/mol), Leu319 (-1.11 kcal/mol), 
Met 362 (-1.87 kcal/mol), Pro368 (-1.14 kcal/mol) 
and Val369 (-1.32 kcal/mol) while the unfa-
vorable energy contribution came from Asp117 
(3.0 kcal/mol). 

conclusion
In this study, we report the binding analysis of 
three potential inhibitors of Zika NS3 helicase 
at the ATPase site (Lapachol and HMC-HO1α) 
and ssRNA site (Ivermectin). Results showed 
that the binding of Ivermectin to the ssRNA 
site and Lapachol and HMC-HO1α to the 
ATPase site allows for conformational rigidity 
of the Zika NS3 helicase, thus stabilizing resi-
due fluctuations. The interactions between the 
active site residues and ligands allowed for key 
structural flexibility at two loop regions of the 
NS3 helicase, thus allowing for protein stability 
and a possible structural mechanism of action 
for competitive inhibition of natural substrates.
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This study aims to contribute toward the repur-
posing of potent Flavivirus inhibitors against the 
devastating ZIKV epidemic. This strategy over-
comes the concept of ‘shooting the dark’ with 
experimental screening as the compounds uti-
lized in the study have already been synthesized, 
thus reducing the drug discovery timeline. These 
potential inhibitors have been preclinically tested 
against other arboviruses and have proven to be 
effective [6,12–13,52]. Drugs such as Ivermectin 
have multiple functions, including antiparasitic 
and more recently antiviral properties [7,11,14]. 
Lapachol and HMC-HO1α have been shown 
to have potent effects as Flavivirus inhibitors 
including Dengue and Yellow fever viruses [13].

The findings of this study provide fundamen-
tal insights into the structural dynamics of the 
two active site regions on the NS3 helicase and the 
ligand–receptor interaction network. The phar-
macophoric characteristics found in Lapachol, 
HMC-HO1α and Ivermectin may be utilized in 
the design of a potent hybrid drug that is able to 
show efficient inhibition of a multitude of diseases 
including the detrimental co-infection of ZIKV, 
dengue and chikungunya.

Future perspective
To our knowledge, this is the first account of 
detailed computational investigations aimed to 
provide an insight into the binding features of 
Lapachol, HMC-HO1α and Ivermectin to ZIKV 
NS3 helicase. Based on the structural dynamics of 

the two active site regions on the NS3 helicase and 
the ligand–receptor interaction network, it may 
be noted that the chemical characteristics found 
in these Flavivirus inhibitors play a fundamental 
role in releasing a potent multipurpose inhibitor 
against arboviruses. This will allow for pregnant 
women in endemic areas to take the drug as a pre-
cautionary measure against arboviruses such as 
Dengue and ZIKV. Having a lower toxicity and 
higher efficiency, a multipurpose drug will be safe 
to consume by pregnant women and may dimin-
ish the risk of drug resistance due to the multiple 
diseases it is effective against. Distribution on a 
global scale and at lower cost compared with a 
vaccine that may need optimal storage conditions.
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summary points
 ●  The Zika virus (ZIKV) has emerged as a pathogen of major health concern. The rapid spread of the virus has led to an uproar 

in the medical domain as scientists frantically race to develop effective vaccines and small molecules to inhibit the virus.

 ●  Targeted therapy against specific viral maturation proteins is necessary in halting the replication of the virus in the human 
host, thus decreasing host–host transmission.

 ●  ZIKV co-infection with dengue and chikungunya has caused major concern in the scientific community due to the 
detrimental fetal neurological effects it leads to.

 ●  Scientists have now turned to ‘repurposing’ Flavivirus US FDA approved drugs rather than the lengthy process of designing 
and synthesizing new drugs.

 ●  Multipurpose drugs such as Ivermectin, Lapachol and HMC-HO1α have proven to have favorable inhibitory effects on the 
ZIKV NS3 helicase enzyme.

 ●  Free energy calculations and residue–ligand interaction networks have shown Lapachol, HMC-HO1α and Ivermectin to 
trigger key structural flexibility at two-loop regions of the NS3 helicase.

 ●  These flexible loops present a possible structural mechanism for competitive inhibition of natural substrates.

 ●  The pharmacophoric characteristics found in Lapachol, HMC-HO1α and Ivermectin may be utilized in the design of a 
potent hybrid drug that is able to show efficient inhibition of a multitude of diseases including the detrimental co-infection 
of ZIKV, dengue and chikungunya.
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West Nile virus (WNV), dengue virus, yellow 
fever virus, Japanese encephalitis virus and Zika 
virus (ZIKV) are mosquito-borne members of 
the genus Flavivirus. These positive-strand RNA 
viruses are emerging human pathogens that 
cause a significant amount of human disease and 
morality in ever-widening regions of the world.

The cellular stress granule (SG) response 
is an ancient cellular response counter acting 
multiple types of stress. SGs are dynamic 
cyto plasmic aggregates of stalled translation 
preinitiation complexes that are composed of 
mRNAs, eukary otic translation initiation fac-
tors (including eIF4E, eIF4G, eIF4A, eIF3 and 
eIF2), the 40S ribosomal subunit and numer-
ous RNA-binding proteins, including PABP, 
TIA 1, TIAR and ras G3BP1/2 [1]. SG form-
ation is typically triggered by phosphorylation of 
the alpha subunit of the translation factor eIF2 
by one of four eIF2 kinases, PKR, PERK, HRI, 
or GCN2. PKR is activated by viral dsRNA in 
infected cells, PERK is activated by ER stress, 
HRI is activated by oxidative stress and GCN2 
is activated by nutrient starvation. We previously 
showed that WNV infections do not induce SGs 
due to the lack of PKR activation [2]. At early 

times after infection, WNV RNA levels are kept 
low and the viral RNA is membrane-associated, 
and at later times, exponential viral RNA repli-
cation takes place within virus-induced invagi-
nations in the ER membrane, which hides the 
dsRNA from PKR [3]. We also showed that 
WNV-, dengue virus- and ZIKV-infected cells 
develop resistance with time after infection to 
the induction of SGs by the oxidative stress 
inducer arsenite (Ars) [4,5] even though previ-
ous data paradoxic ally indicated that flavivirus 
infections induce the production of reactive oxy-
gen species (ROS) in the cells they infect [6–8]. 
ROS include superoxide, singlet O2, H

2
O

2
 and 

hydroxyl radicals. Low levels of ROS have posi-
tive functions such as acting as second messen-
gers in a variety of cell ular processes, includ-
ing activation of the antioxidant pathway, but 
high levels of intracellular ROS cause oxidative 
stress [9]. Ars treatment of uninfected cells rap-
idly induces high levels of ROS which cause oxi-
dative stress, mitochondrial damage and finally 
cell death.

The upregulation of ROS by a WNV infec-
tion was confirmed by incubation of infected 
cells with CellROX® Green (Thermo Fisher 

“…virus-induced alterations in 
the cellular redox status may 
provide benefits for the virus 

during its life cycle.”
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Scientific Inc., Waltham, MA, USA), which 
is nonf luorescent in the reduced state, but 
when oxidized by ROS f luoresces, provid-
ing an indication of the level of ROS in live 
cells. An increase in the CellROX Green sig-
nal was detected by 8 hpi, increased by 16 hpi 
and remained high thereafter. However, virus-
infected cells did not display characteristic 
effects of oxidative stress as indicated by the 
maintenance of normal mitochondrial morph-
ology and of normal mitochondrial membrane 
potential (detected by comparing MitoTracker® 
Green and MitoTracker® Red [Thermo Fisher 
Scientific Inc.] colocalization) and also the lack 
of Drp1-phosphorylation, which is indicative of 
increased mitochondrial fission.

Other types of viruses inhibit SG form-
ation in infected cells either by viral protein 
sequestration or cleavage of a critical nucleat-
ing SG protein [10,11]. These virus-mediated 
strategies disable SG assembly and are effec-
tive at inhibiting SG formation in response 
to eIF2α phosphorylation by all four of the 
eIF2α kinases. Interestingly, treatment of 
WNV- or ZIKV-infected cells with the stressor 
DTT, which activates eIF2α-phosphorylation 
through the eIF2α kinase PERK, induced 
high levels of eIF2α-phosphorylation and SG 
formation. The Ars-specificity of the flavivirus-
mediated inhibition of SG induction indicated 
that the inhibitory effect occurs upstream of 
eIF2α-phosphorylation [5].

Reduced glutathione (GSH) is the primary 
cellular electron scavenger and protects cells 
from endogenous and exogenous oxidative stress 
by donating electrons to ROS [12]. Cellular GSH 
levels are regulated by the rate of synthesis of 
GSH by antioxidant pathway genes and the 
rate of GSH regeneration from oxidized gluta-
thione (GSSG). The cellular transcription fact-
ors, ATF4 and Nrf2 activate the expression of 
antioxidant pathway genes involved in GSH 
synthesis and regeneration [13–17]. AIF, an FAD-
dependent flavoenzyme located in the mitochon-
drial intermembrane space in mammalian cells, 
acts as an NAD (P) H-dependent oxido reductase 
to regenerate GSH from GSSG [18,19]. Under 
normal conditions, cells maintain low and bal-
anced levels of ROS and GSH and SG form ation 
is not induced. The effect of a WNV infection 
on intracellular GSH levels was analyzed by a 
colorimetric assay and by ThiolTracker™ Violet 
(Thermo Fisher Scientific Inc.), which fluoresces 
when it reacts with reduced thiols in intact cells. 

GSH levels increased by 8 hpi, further increased 
by 16 hpi and remained high throughout the 
infection [5]. Consistent with the increased GSH 
levels, rapid upregulation and nuclear localiz-
ation of the transcription factors ATF4 and Nrf2 
as well as upregulation of antioxidant pathway 
genes were detected in response to the infec-
tion. Knockdown of Nrf2 or ATF4 decreased 
intracell ular GSH levels and increased SG pro-
duction in WNV-infected cells and Ars treat-
ment of these cells further decreased GSH levels 
and further increased the number of infected 
cells with SGs. Treatment of infected cells 
with the oxidative stress inducer, buthionine 
sulphoximine, which inhibits GSH synthesis, 
also decreased intracell ular GSH levels and 
increased the number of SG-positive infected 
cells. Upregulation of AIF was observed in 
WNV-infected cells but AIF was not upreg-
ulated by Ars treatment of cells. Knockdown 
of AIF decreased intracellular GSH levels and 
increased the number of SG-positive, infected 
cells after Ars treatment.

The results of our study indicate that flavi-
virus infections not only upregulate intra cell ular 
ROS levels but also upregulate the expression 
of antioxidant pathway genes, creating a new 
homeostasis state characterized by higher levels 
of ROS that are counteracted by even higher 
levels of GSH. The excess antioxidant capacity 
of the virus-infected cells is sufficient to balance 
the ROS induced by both the infection and Ars 
treatment, prevent Ars-induced SG formation, 
protect mitochondria from Ars-induced damage 
and prolong cell survival. The ability of stressors 
that activate eIF2α phosphory lation through 
mechanisms other than oxidative stress is not 
inhibited in infected cells. The virus-induced 
alterations in the cell ular redox status may 
provide benefits for the virus during its life 
cycle.
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“Other types of viruses 
inhibit stress granule 

formation in infected cells 
either by viral protein 

sequestration or cleavage 
of a critical nucleating 

stress granule protein.”
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West Nile virus (WNV) is a mosquito-borne neurotropic flavivirus of worldwide public health impor-
tance [1]. The genus Flavivirus includes many pathogenic viruses including mosquito-borne pathogens 
yellow fever virus (YFV), Japanese encephalitis virus (JEV), dengue virus (DENV) and Zika virus, 
plus tick-borne encephalitis virus (TBEV) [2]. WNV was first isolated in Uganda in 1937 and has 
since been identified throughout Africa, Asia, Europe and the Americas [3]. WNV was not detected in 
the western hemisphere until its isolation in New York in 1999, and the outbreaks observed thereafter 
in North, Central and South America have been associated with a high incidence of disease among 
avian, equine and human populations [3]. WNV has a primary trans mission cycle between Culex sp. 
mosquitoes and birds as amplifying hosts, however, other vertebrates including equines and humans 
can be infected with WNV and potentially have clinical disease if a mosquito infects them during a 
blood meal [1]. Most vertebrates other than birds have low viremias and are unable to be transmitted 
to mosquitoes during feeding and thus are deemed ‘dead-end’ hosts [1]. These incidental hosts can still 
contract WNV disease. Overall, 80% of WNV infections are asymptomatic, 20% get WN fever and 
1% of cases progress to severe neurological symptoms including acute flaccid paralysis, meningitis and 
encephalitis, of which 10% will die [4]. Between 1999 and 2016 there have been approximately 1995 
deaths in the USA alone [5,6]. Although there are veterinary vaccines that are effective at controlling 
the disease, annual WNV outbreaks are observed and anticipated in many countries including the 
USA, making development of a human vaccine of the utmost importance for WNV control [5–7].

WNV encodes a positive-sense single-stranded RNA genome that is approximately 11 kilobases 
in length [3]. This encodes a single open-reading frame with terminal 5′ and 3′ UTRs that have a 
5′ cap and no poly-A tail, respectively [2]. The viral polyprotein is co- and post-translationally cleaved 
into ten unique proteins: the structural proteins capsid (C), premembrane (prM) and envelope 
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West Nile virus (WNV), a neurotropic mosquito-borne flavivirus, has become endemic 
in the USA and parts of Europe since 1999. There is no licensed WNV vaccine for humans. 
Considering the robust immunity from immunization with live, attenuated vaccines, a live 
WNV vaccine is an ideal platform for disease control. Animal and mosquito studies have 
identified a number of candidate attenuating mutations, including the structural proteins 
premembrane/membrane and envelope, and the nonstructural proteins NS1, NS2A, NS3, 
NS4A, NS4B and NS5, and the 3′ UTR. Many of the mutations that have been examined 
attenuate WNV using different mechanisms, thus providing a greater understanding of WNV 
virulence while also identifying specific mutations as candidates to include in a WNV live 
vaccine.
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Figure 1. Attenuating mutations in the West Nile virus genome. A representation of the different genes in the West Nile virus genome 
with arrows indicating attenuating mutations. The black arrows above the genome denote mutations engineered using reverse 
genetics, and the gray arrows below the genome denote attenuating mutations identified in natural West Nile virus isolates.
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(E) and the seven nonstructural (NS) proteins: 
NS1, NS2A, NS2B, NS3, NS4A, NS4B and 
NS5 (Figure 1) [3] . While the three structural pro-
teins compose the WNV virion, the NS proteins 
are important for intracellular multiplication, 
including proper virion assembly, viral replication 
and evasion of host immunity [2].

Currently, there are no antiviral drugs that effect-
ively target any members of the flavivirus genus, 
however, the flaviviruses YFV, JEV and TBEV 
each have safe and effective licensed vaccines [8,9]. 
The TBEV vaccine is formalin-inact ivated, while 
there is an empirically derived live attenuated YFV 
vaccine and recently a chimeric recombinant live 
attenuated vaccine has been licensed for DENV 
in approx imately 13  count ries [9,10]. Additionally, 
there are three types of JEV vaccines: formalin-
inactivated, empirically derived live attenuated 
and a recomb inant live attenuated vaccine [9]. 
There are ongoing studies investigating candidate 
WNV vaccines including inactivated, recombi-
nant and chimeric versions, however, none of these 
vaccines have achieved licensure [7].

Naturally attenuated WNv isolates
The genotype of WNV that entered the USA 
in 1999 (NY99) has undergone few nucleotide 
changes that have become fixed in isolates dur-
ing the past 17 years in the USA [11]. In 2002, 
a new dominant genotype was identified in 
North America (NA/WN02) that had replaced 
the NY99 genotype [12,13] and this is still the 

dominant circulating genotype today [11]. It has 
13 conserved nucleotide changes encoding only 
a single amino acid substitution at the E protein 
residue 159 (V159A) [11]. Hundreds of natu-
ral isolates of WNV have been analyzed using 
genomic sequencing, and although the dom i-
nant NA/WN02 genotype has remained relat-
ively stable, a number of WNV isolates have been 
identified with mutations that alter their specific 
virulence phenotype but these have only been seen 
transiently during a specific WN season [11,14,15]. 
These mutations are most likely selected based on 
various host pressures exerted upon circulating 
WNV as it replicates in drastic ally different host 
environments of mosquitoes and avians. While 
the effects of these naturally acquired mutations 
can be diffi cult to interpret, some WNV iso-
lates from birds and mosquitoes have a naturally 
attenuated phenotype [14]. For example, in 2003 
natural isolates were identified in Houston, Texas 
that produce a small plaque (sp), temperature-
sensitive (ts), mouse-attenuat ed and avian-atten-
uated pheno type [14,16]. In comparison, virulent 
WNV typically produces large plaques that are 
indic ative of its rapid multiplication in cell cul-
ture. Although pathogenic flaviviruses often have 
a large plaque phenotype, sps are not always indic-
ative of attenuation. Spec ifically, the vaccine strain 
YFV 17D has a large plaque morphology while 
most wild-type (WT) strains have a sp morph-
ology. Besides plaque size, an additional virulence 
determinant of highly pathogenic strains of WNV 
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is that they replicate to comparable titers whether 
grown at 37°C (humans) or >41°C (birds). Alter-
natively, a ts phenotype at 41°C is associated with 
mouse attenuation and indicates that the virus 
will be attenuated and have reduced replication in 
the avian host, which has a higher average body 
temperature, and this was observed in American 
crows [16]. The sp, ts strains isolated in 2003 also 
were highly attenuated for murine neuro invasion 
following intraperitoneal (ip.) inoc ulation with 
LD

50
 values ranging from 2000 to 645,000 PFU, 

whereas virulent natural isolates of WNV have 
ip. LD

50
 values less than 1 PFU and thus cause 

rapid mortality in mice [14]. Although attenuated 
isolates of WNV circulate in nature from time-to-
time, genomic sequencing has not so far indicated 
that one specific set of mutations is responsible 
for the observed attenuated phenotype. Three 
of the six isolates discussed above each have a 
mutation at NS4B E249G, however, each of the 
three isolates also has several unique mutations 
that are not shared among all other attenuated 
isolates [14]. Several additional mutations were 
observed in some but not all of the six naturally 
attenuated isolates investigated, including the sub-
stitutions prM-N4D and NS5-A804V, as well as 
several sites in the 3′ UTR [14]. Reverse genet-
ics studies showed that these mutations alone are 
not sufficient to generate the sp, ts phenotype, 
rather attenuation was observed following various 
combinations of the natural mutations found in 
NS4B, prM, NS5 and/or the 3′ UTR, in other 
words, attenuation was due to a combination of 
multigenic mutations [17]. Investigation of natural 
WNV isolates provides important information 
for vaccine development by demonstrating that 
attenuated WNV isolates typically accumulate 
unique sets of mutations and the attenuated 
phenotype relies upon multigenic mutations.

An effective live attenuated human vaccine for 
WNV must be attenuated in both mosquito and 
vertebrate hosts, in other words, the virus should 
have limited replication in mosquito, avian and 
human hosts. Traditionally, attenuation is exam-
ined in animal models such that the candidate 
vaccine must have high LD

50
 values following 

both peripheral (e.g., ip.) and intracranial (ic.) 
routes of inoculation to ensure attenuation of 
neuroinvasion and neurovirulence, respectively. 
Thus far most studies have been undertaken 
in mouse models and in nonhuman primates, 
but before vaccine licensure it would also be 
important to assess the virulence in other rele-
vant models, especially birds as they are the 

amplifying hosts for WNV. However, the vac-
cine virus must not be overattenuated as it has 
to be effective in inducing a long-term protective 
immune response.

To achieve a safe level of attenuation without 
concern for reversion to virulence, it is likely that 
a live WNV vaccine strain must have multiple 
independent mutations in different viral genes 
that contribute to the attenuated phenotype.

Mutations in the 3′ Utr
In recent years there have been stud-
ies to elucidate the role of the 3′ noncod-
ing region (3′ UTR) in attenuation as this 
region is involved in regulation of viral RNA 
transcription/replication. Interestingly, a 
cell ular 5′-3′exoribonuclease, XRN1, stalls 
at highly organized secondary structures pre-
sent at the beginning of the 3′ UTR, and this 
prevents complete degradation of some seg-
ments of viral RNA resulting in formation 
of subgenomic f laviviral RNA (sfRNA) [18]. 
sfRNA has been specif ically attributed to 
the 3′ UTR, and deletion mutants of WNV 
incapable of producing sfRNA were attenu-
ated both in cell culture and a murine infect-
ion model [18]. sfRNA quickly accumulates 
in virus-infected cells and likely plays many 
roles in virulence that are still not yet under-
stood, but it is already apparent that these 
viral RNA species are important for both 
viral replication and immune evasion [18]. 
Specifically, the 3′ UTR aids genomic RNA 
cyclization and efficient replication, therefore 
sfRNA may compete with the 3′ UTR during 
RNA cyclization and thus promote a switch 
to virion packaging instead of genome ampli-
f ication [18]. Additionally, sfRNA binds to 
many viral and host proteins, likely impacting 
the viral replication complex as well as host 
transcription and translation [18]. Although 
the exact impact of various sfRNA binding 
partner interactions are not yet known, several 
effects on host immunity have been identi-
fied [18]. For instance, studies have shown that 
the presence of sfRNA inhibits components of 
the antiviral response by suppressing IFN-α/β 
signaling and the effects of cellular RNA inhi-
bition pathways (RNAi) [18]. Although there 
are many questions about the specific roles of 
sfRNA, it clearly has a crucial role in f lavi-
virus pathogenesis and thus mutation of the 
3′ UTR may have application to live WNV 
vaccine development.
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Utilization of infectious clone technology 
to investigate attenuation of virulence
While natural WNV isolates have provided 
insight into viral genetic diversity and its impact 
upon the virulent versus attenuated phenotypes 
of WNV, several studies have investigated the 
effects when specific mutations are engineered 
in the WNV genome using site-directed muta-
genesis (SDM). Much of the SDM research 
into WNV utilizes an infectious clone platform 
based on the highly virulent NY99 genotype 
(NY99ic). So far there has been investigation 
into specific mutations in the virus structural 
prM/M and E genes as well as the NS genes NS1, 
NS2A, NS3, NS4A, NS4B and NS5.

Attenuating mutations in the prM/M 
protein
The flavivirus prM protein is a precursor for the 
viral membrane (M) protein that is expressed 
on the surface of budding virions along with 
the E protein [2]. Inside the host cell, prM 
undergoes furin-mediated cleavage into M and 
the resulting virion is mature and prepared 
for exocytosis [2]. While the E protein covers 
the vast majority of the flavivirus virion when 
compared with the amount of M present on 
the viral surface, the prM protein has a vital 
role in stabilizing the conformation of E and in 
prevention of premature budding from the host 
cell [2]. WNV prM protein has a single N-linked 
glycosylation site present at amino acids 15–17 
(i.e., not present in the mature M protein), and 
ablation of this glycosylation motif alters virus 
particle release and infectivity [19]. Using WNV 
reporter virus particles capable of a single round 
of infection, a decrease in the quantity of viral 
RNA by real-time PCR was observed when 
cells were infected with a prM-N15Q mutant 
and compared with WT WNV [19]. While the 
differences observed between the mutant and 
WT viruses in this study were not dramatic, 
similar studies with the related JEV support the 
hypothesis that the prM glycosylation site is an 
important component of viral infectivity [19,20]. 
Specif ically, the JEV mutants prM-N15A, 
prM-T17A and prM-N15A/T17A had a 
decreased amount of viral particle release when 
compared with WT JEV in cell culture [20]. 
Importantly, these JEV mutants were also tested 
in a murine infection model and each had a 
mouse-attenuated phenotype [20]. While WT 
JEV is highly virulent (ip. LD

50
 ≈ 1.4 PFU), the 

mutants had decreased neuroinvasive properties 

(ip. LD
50

 ranging from 29.4 to 497.6 PFU) [20]. 
Although the mutants were not attenuated for 
neurovirulence (ic. LD

50
 = 1.5 PFU), the attenu-

ation of neuroinvasion and the subtle decrease 
in viral particle release are properties that could 
be beneficial to include in a live WNV vaccine 
strain that may increase attenuation without 
being overattenuated [19,20]. Other studies with 
JEV have identified a mutation in the mature 
M protein (M-I36F) that reduces virus-induced 
apoptosis [21]. While 103 focus forming units of 
WT JEV resulted in >80% mortality following 
ip. inoculation into mice, the M-I36F mutant 
caused no deaths when administered at doses 
up to 106 focus forming units, demonstrating a 
high level of attenuation of neuroinvasion [21]. 
Importantly, the same residue (M-L36F) is 
mutated in the attenuation of WT yellow fever 
strain Asibi virus to generate the live attenu-
ated 17D vaccine [22]. While this mutation has 
not yet been studied in WNV, the similarity 
between neurotropic JEV and WNV indicates 
that M-I36F may also be attenuating to WN.

role of the e protein in attenuation
The flavivirus E protein is responsible for virus 
binding and fusion with the host cell [2]. Addi-
tionally, the E protein consists of the dominant 
epitopes that will be recognized by the immune 
system, making it an important component 
of both flavivirus pathogenesis and vaccine 
development [23]. Genome analysis and viru-
lence studies of the live attenuated JEV vaccine 
strain SA14–14–2 indicated that there are ten 
E protein substitutions in the vaccine strain 
that are potentially involved in the attenuated 
phenotype: L107F, E138K, I176V, T177A, 
E244G, Q264H, K279M, A315V, S366A and 
K439R [24]. While the SA14-14-2 vaccine strain 
has mutations in most viral genes, it has been 
shown that JEV with only the vaccine-specific 
E mutations is as attenuated for neuroinvasion 
and neurovirulence as the fully attenuated vac-
cine strain [24]. One of these mutations, L107F, 
is present in the highly conserved flavivirus 
fusion loop and shared with WNV, among 
other flaviviruses [25]. Zhang and colleagues 
examined the impact of the L107F mutation 
on attenuation of NY99ic [25]. While it was 
determined that the L107F mutation attenuates 
neuroinvasion in mice (ip. LD

50
 >1000 PFU), 

it did not attenuate neurovirulence signif-
icantly (ic. LD

50
 = 3.1 PFU) [25]. Addition-

ally, there was some evidence of reversion to 
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WT F107L when virus was harvested from 
the brains of mice that succumbed to infec-
tion [25]. This makes the important point that 
while identification of attenuating mutations 
is important, stability of the mutations is criti-
cal when developing live attenuated vaccines. 
Considering that there are nine additional 
E mutations in the JEV SA14–14–2 vaccine, 
it is probable that addition of other mutations 
into the WNV E protein could more strongly 
attenuate neurovirulence as well as increase the 
stability of the L107F mutation [24]. The strong 
attenuating effects of the E mutations in JEV 
SA14–14–2 indicate that mutations in the viral 
E may be critical to achieving a safe, effective 
vaccine [24]. In terms of WNV, further studies 
are still needed to identify stable E mutations 
for a candidate vaccine.

Clinical studies and previous veterinary 
licensure of chimeric WNV vaccine strains 
have demonstrated the importance of the viral 
E protein in immunogenicity and safety [7]. In 
2006, ChimeriVax-WN01, a veterinary vaccine 
for WNV, was licensed for use in horses [7]. 
This chimeric virus utilizes the genome of 
the licensed YFV vaccine strain 17D with the 
genes for the structural proteins prM and E 
removed and replaced by those of WNV [7]. 
While this chimeric vaccine required annual 
booster doses to sustain protective immuno-
genicity, it did provide widespread protec-
tion from WNV disease in horses [7]. By 2010 
ChimeriVax-WN01 was removed from the 
vaccine market due to several recorded serious 
adverse events [7]. ChimeriVax-WN01 has been 
modified to a new strain, ChimeriVax-WN02, 
by adding three E substitutions found in the 
live JE SA14–14–2 vaccine (L107F, A316V 
and K440R) [7]. ChimeriVax-WN02 has been 
studied in Phase I and Phase II clinical tri-
als [7]. Results from Phase II clinical studies 
undertaken in 2007 and 2008 demonstrate 
96% seroconversion in the study groups and 
high antibody titers through 28 days post vac-
cination as well as no vaccine associated neuro-
logical disease [9]. While ChimeriVax-WN02 
is a promising candidate for a human WNV 
vaccine, the durability of elicited protection and 
evaluation of safety of the candidate vaccine in 
larger cohorts is still needed.

In addition to evaluation of the JE SA14–14–2 
vaccine specific E mutations in WNV, stud-
ies have also investigated the effects on WNV 
attenuation when the single E glycosylation site 

(N154) is ablated using SDM. This glycosylation 
site is not present in all strains of WNV, but 
most of the highly pathogenic strains responsible 
for human outbreaks (including outbreaks in the 
USA) do include the E glycosylation motif [19]. 
Several studies have demonstrated that the pres-
ence/absence of WNV E glycosylation impacts 
viral infectivity and production [19,23,26]. One 
study demonstrated that E glycosylated WNV 
replicated to approximately tenfold higher titer 
than the nonglycosylated strains in Vero and 
baby hamster kidney (BHK) cells when using 
WNV reporter virus particles capable of a sin-
gle round of infection [19]. Other studies investi-
gated the effects of a WNV E-N154S mutation 
on mouse virulence, and both demonstrated 
that this mutation caused moderate attenuation 
of neuroinvasion (ip. LD

50
 = 125–200 PFU) 

and mild attenuation of neurovirulence 
(ic. LD

50
 = 1.1–125 PFU) [23,26]. Considering 

that some natural, attenuated isolates of WNV 
are already lacking the E glycosylation site, abla-
tion of this site in a vaccine strain could help to 
maintain attenuation.

Attenuating mutations in the Ns genes
The viral E is a critical location for attenuat-
ing mutations due to its importance in virus-
cell binding, entry and immune recognition, 
but other studies provide powerful evidence 
that mutations in the NS protein genes are also 
vital to virus attenuation. The importance of 
NS gene mutations to attenuation can be sup-
ported by the previously mentioned sequencing 
studies of natural isolates that found that combi-
nations of mutations in NS4B, NS5 and/or the 
3′ UTR were sufficient to produce a significantly 
attenuated phenotype [14,15].

Attenuating mutations in the Ns1 protein
Studies by Whiteman et al. on mutation of the 
WNV NS1 have provided additional evidence 
of the attenuating effects of NS gene muta-
tions [23]. NS1 is not only important to the flavi-
virus replication complex, but it also is secreted 
as a hexamer into the extracellular space and 
expressed on the surface of infected cells [2]. 
Secreted NS1 protein has been shown to be an 
important protein in DENV infection [2]. The 
immune system is able to recognize NS1 and 
induces non-neutralizing antibodies; however, 
these antibodies mediate antibody-dependent 
cellular cytotoxicity and complement f ixa-
tion [2]. The flavivirus NS1 can antagonize 
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innate immunity, including components of 
complement and Toll-like receptor 3 signaling, 
and thus has a complex role in flavivirus patho-
genesis [2]. The NS1 protein is unusual as it is 
an NS protein that is glycosylated [2]. White-
man et al. ablated the three N-linked glyco-
sylation sites present in WNV NS1 at amino 
acid residues 130, 175 and 207 [23]. Initially, 
attenuation was investigated when the aspara-
gine (N) in each motif was changed to alanine 
(A) (N130A/N175A/N207A) [23]. This NS1 
glycosylation mutant was attenuated for murine 
neuroinvasion and neurovirulence, however, 
there was evidence of reversion at residue 130 
(A130N) that led to further studies to generate 
a stable WNV NS1 mutant [23,27]. Follow-up 
studies altered all three amino acids in the first 
glyco sylation motif (including glutamine rather 
than alanine substitutions) and left the remain-
ing two sites with single amino acid muta-
tions (NNT130QQA/N175A/N207A) [27]. 
The resulting virus proved to be attenuated 
for neuroinvasion (ip. LD

50
 >106 PFU) and 

neuro virulence (ic. LD
50

 = 800 PFU) with no 
evidence of reversion to virulence [27]. Addi-
tionally, infection with the NS1 glycosylation 
mutant induced protective immunity with 
only 50 PFU of the mutant protecting 50% of 
mice from lethal infection with WNV NY99 
(PD

50
 = 50 PFU) [27]. Subsequent studies of the 

NS1 glycosylation mutant found that deglyco-
sylation caused the NS1 protein to accumulate 
near the endoplasmic reticulum and thus have 
reduced secretion compared with WT WNV 
NS1, indicating a possible mechanism for 
attenuation [28]. The NS1 glycosylation mutant 
exhibits many of the properties desirable in a 
live WNV vaccine strain, however, it is not 
sufficiently attenuated for neurovirulence and 
for full confidence in the safety of a candidate 
vaccine it is still desirable to have additional 
mutations present in other viral genes that 
independently attenuate the virus.

Attenuating mutation in the Ns2A protein
While the flavivirus NS proteins each seem to 
have multifaceted effects on virus replication and 
pathogenicity, one role of the NS2A protein is 
that it is a potent inhibitor of IFN-β transcrip-
tion [29]. IFN-α/β are effective antiviral signal-
ing molecules produced by the innate immune 
response, therefore, suppression of their effects by 
NS2A is a key immune evasion technique used by 
flaviviruses. Using the Kunjin subtype of WNV as 

a model, WNV
KUN

, Liu and colleagues have ident-
ified a single point mutation that can ablate the 
anti-IFN-β effects of NS2A [29]. WNV

KUN
 with 

the mutation NS2A-A30P allowed for accum-
ulation of approximately seven- to eightfold more 
IFN-β mRNA in the A549 cell line [29]. Compar-
ison of the mutant in IFN-competent A549 cells 
versus IFN-deficient BHK cells demonstrated that 
the A30P mutation caused abortive replication 
in the presence of IFN (A549) but the mutated 
virus was able to replicate as normal in the absence 
of IFN (BHK) [29]. In addition to the observed 
attenuation of the NS2A-A30P mutant in cell 
culture, attenuation was also observed when the 
mutant was tested in a WNV mouse model [29]. 
NS2A-A30P caused significant attenuation of 
neuro invasion (ip. LD

50
 >105 PFU), and immun-

ization with 104 PFU of the mutant was com-
pletely protective against a challenge of 100 PFU 
of the highly virulent strain WNV

NY99
 [29]. How-

ever, the mutant was only weakly attenuated for 
neurovirulence (ic. LD

50
 = 30 PFU) [29].

Attenuating mutation in the Ns3 protein
The flavivirus NS3 protein functions as an 
NTPase, a serine protease and an RNA heli-
case, and thus it is a key component of viral 
replication [30]. Work by Ebel and colleagues 
utilized a WNV infectious clone platform 
passaged 20-times in mosquitoes to identify 
attenuating mutations by selecting for small 
plaques produced by the viral population [30] 
One mutant that was isolated with a sp pheno-
type contained an RNA helicase deletion of an 
aspartic acid residue at position 483 in NS3 
(NS3Δ483) [30]. While a subcutaneous dose of 
10 PFU of parental virus caused approximately 
87.5% mortality in mice, the NS3Δ483 mutant 
administered at 105 PFU by the sub cutaneous 
route reduced mortality to approximately 14%, 
demonstrating that the sp phenotype was asso-
ciated with murine attenuation [30]. Specifi-
cally, this NS3 mutant mimicked WT infec-
tion at early stages of infection but had reduced 
viremia on days 2–4 resulting in a decrease 
in CNS invasion as measured by viral titers 
in CNS tissues [30]. Importantly, co infection 
of NS3Δ483 mutant and WT WNV in to 
chickens demonstrated avian attenuation as 
NS3Δ483 was out competed by WT WNV by 
2 dpi [30]. Considering that the NS3 deletion 
mutant has exhibited attenuation in both mice 
and chickens, it should be considered in future 
vaccine development.
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role of the Ns4A protein in attenuation
Investigation of mutations in the flavivirus NS4A 
protein has provided insight into the functional 
importance of this NS protein. Thus far, it is 
known that NS4A has roles in viral replication, 
including a signal sequence for proper translo-
cation of the NS4B protein through the endo-
plasmic reticulum membrane, and also functions 
as a cofactor for the RNA helicase activity of the 
NS3 protein [2,31]. Studies by Shiryaev and col-
leagues have identified several amino acids in the 
WNV NS4A protein that are essential for its role 
as a cofactor of NS3 helicase activity [31]. Briefly, 
the group generated protein constructs of the sol-
uble fragments of the NS3

HEL
 domain as well as 

the NS3
HEL

 domain connected to the soluble por-
tion of the NS4A protein (NS3

HEL
–NS4A) [31]. 

Using in vitro measurements of ATPase activ-
ity, the experiments demonstrated that NS3

HEL
 

alone had approximately fivefold more ATPase 
activity when compared with the NS3

HEL
–NS4A 

construct [31]. Since it has been previously shown 
that in vitro ATP is required in mM concen-
trations for NS3 RNA helicase activity, it was 
hypothesized that the ATP-saving function of 
the soluble portion of NS4A acts as a cofactor 
to sustain NS3 helicase activity in vivo under 
lower concentrations of ATP [31]. When they 
changed three negatively charged NS4A amino 
acids (Glu, Glu, Asp) at residues 46, 47 and 50 to 
positively charged lysine residues, the NS3

HEL
–

NS4A construct no longer exhibited low ATPase 
activity and instead it behaved as the NS3

HEL
 

fragment and exhibited a high rate of ATP deg-
radation [31]. Although these mutations have not 
yet been assessed in a full-length WNV genome, 
the identified role of NS4A as a cofactor to sus-
tain NS3 RNA helicase activity could serve as a 
good target for muta genesis to attenuate WNV 
by altering its replication efficiency.

Attenuating mutations in the Ns4B 
protein
Other studies have investigated the impact of 
mutations present in the NS protein NS4B. Like 
the other NS proteins, NS4B has an essential 
function in the flavivirus replication complex. 
There is evidence that NS4B accumulates in the 
perinuclear region and it may also translocate 
into the nucleus [32]. NS4B promotes immune 
evasion by inhibiting STAT phosphorylation 
and thus halting the interferon-signaling cas-
cade [33]. Detailed nuclear magnetic resonance 
analysis of DENV NS4B indicates that this 

highly hydrophobic protein consists of three 
helical transmembrane domains and two helical 
membrane-associated domains [34]. WNV with 
an NS4B-E249G mutation has been engineered 
using SDM [35]. When administered at 103 PFU 
by the subcutaneous route, the E249G mutant 
was attenuated in mice, reducing the mortality 
from 100% following WT infection to 50% fol-
lowing infection with the mutant. While a greater 
level of attenuation is desired for a vaccine strain, 
the remaining mice all survived a fully lethal 
challenge dose of WNV, indicating that the 
E249G mutation may contribute to decreased 
virulence and promote immunogenicity. Stud-
ies from Wicker and colleagues screened at least 
15 different NS4B mutations in the N-terminal 
and central domains of NS4B and identified two 
mutations that are strongly attenuating: P38G 
and C102S [32,36]. The mutation P38G is located 
in a flavivirus conserved region of NS4B near 
the N-terminal domain, while C102S is located 
in the central hydro phobic transmembrane 
domain [32,36]. Both of the attenuating muta-
tions were highly attenuated for neuroinvasion 
(ip. LD

50
 >10,000 PFU) [32,36]. Less than 1 PFU 

of each virus was highly protective against a 
lethal challenge of WNV NY99, indicating that 
these mutants induce strong protective immu-
nity to future infection [32,36]. Unfortunately, 
the P38G mutation was not attenuated for 
neuro virulence; however, the C102S mutation 
provided significant attenuation of both neuro-
invasion (ip. LD

50
 >10,000 PFU) and neuroviru-

lence (ic. LD
50

 >1000 PFU) [32,36]. The NS4B 
mutants also have sp and ts phenotypes indic-
ating, much like the naturally attenuated isolates 
discussed previously, that these characteristics 
are indicative of attenuation [32,36]. Interest-
ingly, the P38G mutation caused compensating 
mutations at NS4B-T116I and NS3-N480H or 
NS4B-T116I only, but when tested indepen-
dently these compensating mutations were not 
attenuating but instead provide stability of the 
P38G mutation, as virus could not be recovered 
with the P38G mutation alone [32].

Attenuating mutations in the Ns5 protein
Another NS gene that has been investigated 
using SDM is NS5. Flavivirus NS5 contains 
N-terminal methyltransferase (MTase) activ-
ity and C-terminal RNA-dependent RNA-
polymerase activity making it a vital compo-
nent of flavivirus replication [37]. As previously 
stated, the flavivirus genome has a 5′ cap that 
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mimics eukaryotic RNA and allows for efficient 
viral gene expression and NS5 MTase activity 
is responsible for the observed capping mecha-
nism [2]. Specifically, NS5 has been shown to 
sequentially catalyze methylation of a gua-
nine N-7 residue followed by a ribose 2′O site 
on the 5′ end of viral RNA [37]. Zhou and col-
leagues have identified three stable, attenuating 
mutations in NS5 that abolish 2′O methylation 
activity (K61A, K182A and E218A) in both 
JEV and WNV [37]. While 2′O MTase activ-
ity is abolished by these mutants, they retain 
varying degrees of N-7 MTase activity, which 
seems to be essential for virus viability [37]. Con-
tinued work on the mutation E218A using JEV 
as a model to further characterize this mutation 
has shown substantial evidence of its attenuat-
ing properties [38]. In these studies, >107 PFU of 
virus by the ip. route was not lethal, indicating 
that the mutant strain has a greatly decreased 
neuroinvasive phenotype [38]. Administration 
of 104 PFU by the subcutaneous route was pro-
tective against lethal ip. challenge of 108 PFU 
of WT JEV indicating that the mutant virus 
induces protective immunity [38]. Significantly, 
the E218A JEV mutant was weakly attenuated 
for neuro virulence in this study, and ideally 
neuro virulence would be reduced if combined 
with additional independent mutations [38].

vector competence of attenuated WNv
While many of the studies discussed above focus 
on mouse virulence as a primary determinant of 
attenuation, another important consideration 
for vaccine development is whether or not the 
attenuated mutants can replicate, disseminate 
and transmit efficiently from their mosquito 
vectors. Ideally, a live vaccine strain will have 
little to no capability for mosquito competence 
and thus will limit spread of the virus. It has 
been previously shown that the WN02 geno-
type that displaced the initial WNV NY99 
genotype was more efficient at replication, 
dissemination and transmission in the mos-
quito vectors Culex pipiens and Culex tarsalis, 
indicating an increased fitness profile of the 
WN02 genotype that allows for more rapid and 
frequent viral trans mission [12,39]. A study by 
Van Slyke and colleagues tested several attenu-
ated mutants for their vector competence in 
Cx. tarsalis mosquitoes and showed that differ-
ent mutations cause varying effects [40]. This 
group compared the mosquito competence of 
WNVic, NS4B-P38G/T116A, NS4B-C102S, 

NS4B-P38A and a naturally attenuated iso-
late of WNV with the mutations prM-V156I, 
NS4B-E249G, NS5-A804V and 3′ UTR-
A10799G [40]. Although each of these mutants 
was attenuated in mice, the mutations did not 
cause decreased vector competence [40]. Inter-
estingly, each of these attenuated mutants 
containing mutations in NS4B had similar or 
increased rates of mosquito infection, dissemi-
nation and transmission when compared with 
WNVic with no mutations [40]. However, the 
same study also assessed the vector competence 
of two WNV glycosylation mutants compared 
with WNVic: NS1- NNT130QQA/N175A/
N207A with the three NS1 glycosylation sites 
ablated and E-N145S/NS1-NNT130QQA/
N175A/N207A with the three NS1 glycosyla-
tion sites and the single E glycosylation site 
ablated [40]. Unlike the WNV mutants with 
NS4B mutations, both of the glycosylation 
mutants had decreased rates of mosquito dis-
semination and transmission compared with 
WNVic, and the NS1 glycosylation mutant 
also had significantly decreased ability to infect 
mosquitoes when compared with WNVic [40]. 
Another study has demonstrated that solu-
ble, nonmutated DENV2 NS1 downregulates 
ROS and JAK-STAT immune signaling in the 
mosquito midgut, thus aiding virus uptake 
in the mosquito; in addition this study also 
showed that several deletions in DENV2 NS1 
reversed the observed immune suppression and 
thus decreased virus uptake [41]. Evidence that 
soluble DENV2 NS1 increases virus uptake by 
mosquitoes provides a possible mechanism to 
explain how WNV with glycosylation-deficient 
NS1 is less capable of infecting mosquitoes. 
The varying degrees of mosquito competence 
of the mutants tested demonstrates that atten-
uated WNV glycosylation mutants may be 
important for decreasing vector competence, 
whereas WNV NS4B mutants may be primar-
ily important for attenuation of the virus in 
vertebrate hosts. Importantly, another study 
found that WNV with a mutation ablating 
only the E glycosylation site (E-N154I) had 
decreased competence in both Cx. tarsalis 
and Cx. pipiens mosquitoes, supporting the 
hypothesis that virus glycosylation is impor-
tant to WNV multiplication in mosquito vec-
tors [42]. Vector competence was also assessed 
for the previously described NS3Δ483 mutant 
in Culex quinquefasciatus mosquitoes [30]. 
Although differences between mosquito 



291

WNV virulence determinants PersPective

future science group www.futuremedicine.com

infection, dissemination and transmission 
between WT WNV and the NS3Δ483 mutant 
were not statistically significant, there was a 
trend of decrease in viral fitness of the mutant 
compared with the parental virus [30]. Spe-
cifically, when mosquitoes were fed on equal 
quantities of the mutant and WT viruses, each 
virus replicated similarly up to day 7, but by 
day 14 the NS3Δ483 mutant was replicating 
to a lower titer, indicating that the mutation 
caused a decrease in fitness of the NS3Δ483 
virus in the mosquito host [30]. Overall, studies 
of the vector competence of the above-men-
tioned attenuated mutants have provided fur-
ther support that a live vaccine strain of WNV 
should have multigenic mutations to provide an 
attenuated phenotype in both vertebrate and 
insect hosts in which the virus replicates.

the balance between attenuation 
&  immunogenicity
Studies in animal models and specimens from 
humans suggest that B cells and specific anti-
bodies are critical in the control of viral dis-
semination during WNV infection [43–46]; 
whereas cellular immunity is more important 
in controlling and eliminating the virus from 
host and contributes to long-lasting protec-
tive immunity [47–49]. Live-attenuated vaccines 
offer superior, rapid and long-lived immuno-
genicity, and typically single-dose protection. 
Compared with inactivated viruses, they are 
able to actively replicate and thus mimic natural 
infection and induce stronger adaptive immune 
responses without disease development. The 
primary target for WNV neutralizing anti-
bodies is the E protein [50]. Immune epitopes 
for T cells are more widely distributed in C, 
prM, E, NS3, NS4B and NS5 proteins [51–54]. 
Due to the wide distribution of T- and B-cell 
epitopes among viral proteins, the complete loss 
of immunogenicity is less likely to be observed 
in attenuated viruses generated by either point 
mutations in viral genes or by constructs of 
chimeric viruses, that will affect virus repli-
cation and virulence. Nevertheless, a recent 
study with YFV-17D vaccine showed that 
initial viral load determines the magnitude of 
human CD8+ T-cell responses following immu-
nization [55]. Thus, the attenuation of viruses 
also needs to be monitored to allow delivery 
of sufficient antigen during the initial period 
of immune response in order to elicit robust 
protective T-cell responses. Mutations in NS 

proteins are often correlated with additional 
changes in virulence and immunogenicity. The 
NS proteins of flaviviruses, in particular NS1, 
NS4B and NS5, are reported to be associated 
with evasion of interferons and other antiviral 
cytokines, and are important determinants in 
viral pathogenesis [33,56–62]. Given the import-
ance of type I interferons and other anti viral 
cytokines in limiting virus dissemination 
and in efficient induction of memory B- and 
T-cell antiviral immunity, the co-expression of 
these antiviral cytokines with the live vaccine 
will likely lead to further increase in atten-
uation of virulence and immunogenicity. For 
example, the highly conserved N-terminal 
domain (aa35- aa60) of NS4B protein bears a 
resemblance to an immunomodulatory tyrosine 
inhibitory motif found in various components of 
mammalian cell-signaling cascades [63], which 
is thought to contribute to its antagonist activ-
ities for IFN and inflammatory cytokine signal-
ing [59–61]. As a result, the WNV NS4B-P38G 
mutant is highly attenuated for mouse neuro-
invasiveness, but induces stronger innate 
cytokine and memory T-cell responses than 
the WT parent WNV strain [32,64]. Overall, 
mutagenesis studies targeting NS proteins can 
be utilized as a paradigm to enhance the bal-
ance between immunogenicity and attenuation 
as a rational approach to development of live 
attenuated vaccines for flaviviruses.

conclusion
There is a strong body of work on WNV viru-
lence determinants that has provided a foun-
dation for live attenuated vaccine develop-
ment. Studies of natural isolates have provided 
insight into the profiles of attenuated, circu-
lating isolates of WNV, while SDM research 
has expanded our understanding of specific 
virulence determinants in different viral genes. 
Genomic sequencing of both natural WNV iso-
lates and live attenuated vaccines such as JEV 
SA14-14-2 indicate that a stable, attenuated 
flavivirus has coding and noncoding changes 
across multiple genes that are cumulatively 
responsible for the observed phenotype. Inde-
pendent studies have identified attenuating 
mutations present in the viral genes prM/M, 
E, NS1, NS2A, NS3, NS4A, NS4B, NS5 and 
the 3′ UTR. Due to the high level of attenua-
tion observed from some of the mutants, future 
studies should begin to investigate the impact of 
combined mutations in multiple genes.
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executive summary
Background

 ●  West Nile virus (WNV) is a neurotropic, mosquito-transmitted flavivirus.

 ●  Since the 1990s, there has been an increase in highly neurotropic strains of WNV.

 ●  There are no licensed antiviral drugs or vaccines for human treatment.

Naturally attenuated WNv isolates

 ●  Attenuated WNV isolates have been collected from birds and mosquitoes in nature.

 ●  While phenotypically similar, naturally attenuated isolates do not indicate that a single viral mutation is responsible for 
attenuation, rather it is multigenic.

 ●  Attenuation is often measured by a decrease in viral replication and by increased quantities of virus needed for 
neuroinvasion and neurovirulence in vertebrate hosts following intraperitoneal and intracerebral route of inoculation, 
respectively, and inability of virus to cross the midgut barrier in mosquitoes.

Attenuating mutations identified to date

 ●  The 3′ UTR generates noncoding viral RNA (sfRNA) that impacts viral replication and interferes with host proteins.

 ●  WNV incapable of producing sfRNA are attenuated.

 ●  prM-N15Q mutation decreases viral replication.

 ●  E-L107F attenuates WNV in mice.

 ●  Loss of the E protein glycosylation site (E-N154S) attenuates WNV in mice.

 ●  NS1- NNT130QQA/N175A/N207A mutant ablates three glycosylation sites in WN NS1 and attenuates the virus in mice.

 ●  NS2A-A30P mutation increases virus sensitivity to interferon and attenuates WNV in mice.

 ●  A NS3 helicase deletion mutant, NS3Δ483 attenuates WNV in mice and chickens.

 ●  NS4A-E46K/E47K/D50K mutations cause increased ATP degradation by NS3.

 ●  NS4B inhibits STAT phosphorylation during interferon signaling.

 ●  NS4B-E249G (also observed in natural WNV isolates) attenuates WNV in mice.

 ●  WNV NS4B-P38G and NS4B-C102S are attenuated in mice.

 ●  NS5-K61A, NS5-K182A and NS5-E218A deplete methyltransferase activity and attenuate WNV in mice.

vector competence of attenuated WNv

 ●  A live WNV vaccine strain should have a decreased ability to replicate, disseminate and transmit from mosquitoes.

 ●  Several mouse attenuated WNV isolates with NS4B mutations appear to have an increase in vector competence.

 ● WNV isolates with NS1 and E glycosylation site mutations have decreased rates of mosquito dissemination and 
transmission.

 ●  NS3Δ483 mutant WNV has no decrease in vector competence but can be outcompeted by co-infection with wild-type.

the balance between attenuation & immunogenicity

 ●  Antibodies target both virus structural and nonstructural genes.

 ●  NS proteins are important for viral evasion of interferon and cytokines, especially NS1, NS4B and NS5, such that 
mutations in these proteins inhibits viral evasion of the host innate immune response.

 ●  NS4B-P38G induces stronger cytokine and T-cell responses that wild-type WNV.

 ●  High immunogenicity is crucial for a candidate vaccine.

conclusion

 ●  Phenotypic and genotypic studies have identified attenuating mutations in the WNV genes prM/M, E, NS1, NS2A, NS3, 
NS4A, NS4B, NS5 and the 3′ UTR.

 ●  Combining some of these mutations will aid progress toward vaccine development.
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Future perspective
Since there has been an increase in neuro-
invasive strains of WNV over the past 20 
years, development of a WNV vaccine remains 
a priority for public health. Genotypic and 
phenotypic WN studies have indicated that 
the degree of virulence observed of WN iso-
lates is dependent upon multiple sites in the 
viral genome indicating that virulence is mul-
tigenic. Although several single amino acid 
substit utions have been identified that strongly 
attenuate WNV, there is evidence from natural 
WN isolates as well as from genetically engi-
neered WN isolates that combining independ-
ent substitutions in different viral proteins can 
confer a highly attenuated phenotype in both 
vertebrate and mosquito hosts, and decrease 
the likelihood of reversion to virulence. Thus 
far, many studies in this f ield have been 
focused on the impact of one specific muta-
tion in one specific viral gene/protein. There 
is now a robust portfolio of specific virulence 
determinants across most of the WN genome, 
and future work must invest igate combina-
tions of these multigenic mutations for vaccine 
development. Much like the live, attenuated 
flavivirus vaccines YFV 17D and JEV SA14-

14-2, we anticipate that a safe and immuno-
genic live attenuated WNV vaccine will have 
mutations in multiple viral genes. In contrast 
with the YF and JE live vaccines, which were 
empirically derived, a live, attenuated WN vac-
cine can be rationally designed using reverse 
genetics to include the mutations of interest. 
Ultimately, vaccine design in this manner will 
be accom panied by a more in depth under-
standing of the mechanism of structure–func-
tion behind each specific mutation. More over, 
reverse genetics will also ensure that long-term, 
consistent production of the vaccine strain is 
possible because it will not rely on limited seed 
stocks of the virus.
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