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West Nile Virus (WNV) is a flavivirus involved in many human infections worldwide.
This arthropod-borne virus is directly co-inoculated with mosquito saliva through the
epidermis and the dermis during blood meal. WNV starts replicating in the skin before
migrating to the draining lymph node, leading to widespread viremia and in some cases
to neurological symptoms. Skin is a complex organ composed of different cell types that
together perform essential functions such as pathogen sensing, barrier maintenance
and immunity. Keratinocytes, which represent 90% of the cells of the epidermis, are
the organism’s first line of defense, initiating innate immune response by recognizing
pathogens through their pattern recognition receptors. Although WNV was previously
known to replicate in human primary keratinocytes, the induced inflammatory response
remains unknown. The aim of this study was first to characterize the inflammatory
response of human primary keratinocytes to WNV infection and then, to assess the
potential role of co-inoculated mosquito saliva on the keratinocyte immune response
and viral replication. A type I and III interferon inflammatory response associated with
an increase of IRF7 but not IRF3 mRNA expression, and dependent on infectious
dose, was observed during keratinocyte infection with WNV. Expression of several
interferon-stimulated gene mRNA was also increased at 24 h post-infection (p.i.); they
included CXCL10 and interferon-induced proteins with tetratricopeptide repeats (IFIT)-2
sustained up until 48 h p.i. Moreover, WNV infection of keratinocyte resulted in a
significant increase of pro-inflammatory cytokines (TNFα, IL-6) and various chemokines
(CXCL1, CXCL2, CXCL8 and CCL20) expression. The addition of Aedes aegypti or Culex
quinquefasciatus mosquito saliva, two vectors of WNV infection, to infected keratinocytes
led to a decrease of inflammatory response at 24 h p.i. However, only Ae. Aegypti saliva
adjunction induced modulation of viral replication. In conclusion, this work describes for
the first time the inflammatory response of human primary keratinocytes to WNV infection
and its modulation in presence of vector mosquito saliva. The effects of mosquito saliva
assessed in this work could be involved in the early steps of WNV replication in skin
promoting viral spread through the body.
Keywords: West Nile virus, keratinocytes, mosquito, saliva, immunomodulation, innate immune response, viral
replication, interferon-stimulated genes
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INTRODUCTION

Shipley et al., 2012). PRR activation by flaviviral PAMPs leads
to expression of chemokines, cytokines, type I and type III
interferons (IFNs) and interferon-stimulated genes (ISGs) by
skin cells (Garcia et al., 2017). Nonetheless, although innate
immune response of cutaneous cells to DENV or ZIKV has
been investigated (Surasombatpattana et al., 2011; Hamel et al.,
2015), the inflammatory response of WNV infected keratinocytes
remains unknown. The aim of this study was to characterize the
antiviral response of human primary keratinocytes during WNV
infection. Moreover, as mosquito saliva can exert wide effects
promoting blood-meal and infection, we investigated the effects
of the saliva of two mosquito species on WNV replication and
inflammatory response induced in these cells.

Since its discovery in 1937 from a febrile woman in Uganda,
West Nile virus (WNV) has been involved in mild febrile disease
outbreaks in Africa, Asia and Europe (Lim et al., 2011). It is now
endemic on the North American continent after its introduction
in 1999 (Lanciotti et al., 1999) and propagating southward.
WNV is considered the first cause of viral encephalitis worldwide
(Chancey et al., 2015; David and Abraham, 2016). In about
20% of human cases of WNV infection, a mild febrile disease
appears after 2–14 days of incubation (Lindsey et al., 2012; Sejvar,
2016). Less than 1% of infected patients then develop a WNV
neuroinvasive disease such as aseptic meningitis, encephalitis,
or acute poliomyelitis-like syndrome that can be life-threatening
(Campbell et al., 2002).
WNV is an arthropod-borne virus belonging to the Flavivirus
genus, as do Dengue (DENV), Zika (ZIKV) or yellow fever
viruses. WNV primary hosts are birds while mammals,
particularly humans and horses, represent accidental and deadend hosts infected through the inoculation by infected female
mosquitoes (Kramer et al., 2008). Culex mosquitoes participate in
an enzootic cycle between birds and represent a “bridge” vectors
between the avian and mammalian hosts (Turell et al., 2005)
because of their opportunistic feeding behavior.
Virus inoculation in the skin is a key step in the
pathophysiology of WNV infection. Thereby, skin constitutes
not only the first site of viral replication in host but also the
initiation site of the antiviral immune response. Skin is organized
in three successive layers, the epidermis, the most superficial,
the dermis and the hypodermis, the deepest. The multi-layered
epidermis consists mainly of keratinocytes that express pathogen
recognition receptors (PRRs) involved in the recognition of
highly conserved pathogen molecular patterns (PAMPs) among
microorganisms (Lebre et al., 2007). Once activated by a PAMP,
transmembranar toll-like receptors (TLRs) and/or retinoic acidinducible gene (RIG)-I-like receptors (RLRs) such as RIG-I and
melanoma differentiation antigen 5 (MDA5) trigger downstream
signaling pathways contributing to the induction of an innate
immune response (Akira, 2006). During blood-feeding, WNV
is co-inoculated with mosquito saliva predominantly in the
extravascular space of the skin (Styer et al., 2007) and starts
to replicate in keratinocytes (Lim et al., 2011). Mosquito saliva
contains many proteins that modulate host hemostasis and
immune response, facilitating blood feeding but also virus
transmission (Ribeiro, 2000; Schneider and Higgs, 2008; Styer
et al., 2011; Moser et al., 2016).
WNV is a positive-sense, single-stranded (ss) RNA virus
transcribed in a complementary negative RNA, thereby
constituting a double-stranded replicative form (ds-RF)
(Brinton, 2013). The negative ssRNA is used in turn as a
template for simultaneous synthesis of multiple positive
ssRNA constituting partial double-stranded (ds) replicative
intermediates (RI) (Brinton, 2013).
Thus, once injected in the skin and starting replicating,
flaviviral RNAs are recognized as PAMPs in the cells either as
ssRNA sensed by TLR7 and RIG-I or dsRNA recognized by
TLR3, RIG-I and MDA5 (Westaway et al., 1999; Akira, 2006;
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MATERIAL AND METHODS
Isolation and Culture of Normal Human
Epidermal Keratinocytes From Skin
Samples
The Ethics Committee of the Poitiers Hospital approved the use
of human skin samples for research studies. All subjects gave
written informed consent in accordance with the Declaration of
Helsinki. Normal abdominal or breast skin was obtained from
patients undergoing plastic surgery. Small pieces of skin were
thoroughly washed with phosphate-buffered saline solution free
of calcium and magnesium (PBS; Gibco) after removal of fat. The
skin was minced into fragments of about 125 mm2 using scalpel
blades. Skin samples were incubated overnight at 4◦ C in a dispase
solution (25 U/mL; Life Technologies). Epidermal sheets were
removed from the dermis, and keratinocytes were dissociated
by trypsin digestion (trypsin-EDTA; Gibco) for 15 min at 37◦ C.
The cell suspension was then filtered through a 280 µm sterile
filter. Dulbecco’s modified essential medium (DMEM; Gibco)
supplemented with 10% of fetal bovine serum (FBS; Gibco) was
added vol/vol and the suspension was centrifuged at 300 × g
for 10 min. Keratinocytes were seeded at a density of 107 cells in
75-cm2 tissue culture flask in Keratinocyte-Serum Free Medium
(K-SFM) supplemented with bovine pituitary extract (25 µg/mL)
and recombinant epidermal growth factor (EGF) (0.25 ng/mL;
all were purchased from Invitrogen, Life Technologies). The
cultures were incubated at 37◦ C in a humidified atmosphere
with 5% CO2 until confluence and then stored frozen in liquid
nitrogen until use. Finally, keratinocytes were seeded in sterile
24-well culture plates at a density of 4 × 104 cells/well in KSFM supplemented with bovine pituitary extract and EGF and
cultured to 80% confluence. Cells were then starved overnight in
K-SFM alone before stimulation.

WNV Strain Production
A lineage 1 clinical strain of WNV was used in this study. The
strain isolated from a human brain during the epidemic that
occurred in Tunisia in 1997 was provided by Dr I. Leparc Goffart
(French National Reference Center on Arboviruses, Marseille,
France). The viral stock was produced on the Ae. albopictus
clone C6/36 cells (ATCC R CRL-1660TM ). Cells were cultivated
in Leibovitz’s L-15 medium (Gibco) supplemented with 2 % of
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tryptose-phosphate (Gibco) and 5 % of FBS in 75-cm2 tissue
culture flask at 28◦ C until 50% of confluency and then infected
at a Multiplicity Of Infection (MOI) of 0.01 for 72 h. Cell
supernatant of infected cells and uninfected C6/36 cell used for
control, were clarified by centrifugation in 50 ml tubes for 15 min
at 1,500 × g. Then, the viral suspension and the supernatant from
uninfected C6/36 suspension were ultrafiltrated in amicon ultra4 centrifugal filter units 100 kD (Dutscher) for 5 min at 3,000
× g. The viral suspension and the supernatant from uninfected
C6/36 suspension were finally frozen at −80◦ C in cryotubes
containing 500 µL of Leibovitz’s L-15 medium supplemented
with 0.5 M sucrose and 50 mM HEPES. The final viral titer
was 107.97 TCID50 (Tissue Culture Infection Dose) per mL as
determined by plaque assays on Vero cell monolayers.

RNA concentrations and purity were determined using the
Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific).

Viral Quantification by RT-qPCR
Viral quantification in cell supernatants and keratinocytes
was performed using a one-step real time RT-PCR assay
from 5 µL of total RNA in 96-well plates on Applied
Biosystems 7500 thermocyler. Reaction mixtures consisted
of 12.5 µL of Master Mix (Invitrogen), 0.5 µL (0.2 µM) of
forward (5′ -3′ GTGCGGTCTACGATCAGTTT) and reverse
primers (5′ -3′ CACTAAGGTCCACACCATTCTC), and
0.25 µL (0.1 µM) of 5′ FAM and 3′ Dark Quencher probe (5′ -3′
AATGTGGGAAGCAGTGAAGGACGA), 0.5 µL of SuperScript
III reverse transcriptase (Invitrogen) and DNA polymerase
platinium Taq (Invitrogen), 0.5 µL of RNase out (Invitrogen)
and 5.25 µL of water. The calibration range was performed
using a transcript produced using a plasmid containing
WNV genome deleted from genes coding structural proteins
provided by Dr P.W. Mason (Microbiology and Immunology
department, Texas University, Galveston, USA). The transcripts
were diluted in order to get a calibration range allowing the
quantification of viral load from 102 to 107 RNA copies/mL.
Each standard of the calibration curve was added in duplicate to
each analysis.

Mosquito Saliva
Saliva were obtained from 7-day-old adult females Aedes aegypti
(Bora-Bora strain) and Culex quinquefasciatus (Slab strain)
mosquitoes grown in insectary at 27◦ C under 70 ± 8% relative
humidity and 12:12 light and dark photoperiod. On the hatching
day, larvae were equally seeded into plastic trays containing
water. Larvae were fed ad libitum with a mixture of rabbit and
fish-food whilst adults were fed with 10% sucrose solution [w/v].
Salivation was performed on individual mosquitoes according to
an adapted protocol from (Dubrulle et al., 2009). Each individual
was chilled to remove legs and wings. The mosquito’s proboscis
was then inserted into a micropipette tip containing 10 µL of
DMEM with protease inhibitor (Gibco). After 30 min, the salivacontaining DMEM was expelled and collected into an 1.5 ml
tube.

Transcriptomic Analysis of the Innate Antiviral
Immune Response in Keratinocytes
Total RNA (1 µg) was reverse transcribed using SuperScript II
kit (Invitrogen). Quantitative real time PCR was performed in
96-well plates using LightCycler-FastStart DNA MasterPlus SYBR
GREEN I kit (Roche) on LightCycler 480 (Roche). Reaction
mixtures consisted of 1X DNA Master Mix, 1 µM forward and
reverse primers designed using Primer 3 software and 12.5 ng of
cDNA template in a total volume of 10 µl. PCR conditions were
as follows: 5 min at 95◦ C, 40 amplification cycles comprising 20 s
at 95◦ C, 15 s at 64◦ C, and 20 s at 72◦ C. Samples were normalized
with regard to two independent control housekeeping genes
(Glyceraldehyde-Phospho-Dehydrogenase and 28S rRNA gene)

Viral Infection
Human primary keratinocyte cultures (60–80% of confluency)
from 6 to 8 different patients were infected at MOI of 0.1, 1,
and 10 and incubated for 24, 48, and 72 h at 37◦ C in 5% CO2
in K-SFM medium. Mocked-infected keratinocytes incubated
with uninfected C6/36 cell supernatant were used as control.
For experiments assessing the role of saliva, keratinocytes were
infected as previously described in presence of 0.5 µg/L of
mosquito saliva for 24 or 48 h.
Cell culture supernatants and cell monolayers were collected
at each point of the time course infection in order to perform
viral quantification by RT-qPCR and transcriptomic analysis of
inflammatory marker expression as described below.

RNA Extraction, Reverse Transcription and
Real-Time PCR Analysis
RNA Extraction
For viral RNA quantification in cell supernatant, Total
DNA/RNA of 200 µL of keratinocyte supernatant was extracted
on NucliSENS easyMAG R automated system (bioMérieux)
according to manufacturer’s recommendations. For intracellular
viral RNA quantification and evaluation of the host inflammatory
response, total RNA extraction from keratinocyte monolayer
was performed using the Nucleo-Spin XS RNA extraction kit
according to the manufacturer’s instructions (Macherey-Nagel).
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FIGURE 1 | WNV amplification in RNA copies/ml in 24 and 48 h-infected
keratinocyte supernatants at MOI of 0.1, 1, and 10. Data are represented as
mean + SEM of 6–8 independent experiments. *p < 0.05 and **p < 0.01.
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FIGURE 2 | IFN and ISG mRNA expression in response to keratinocyte infection by WNV. IFNβ, IL-29, IL-28A, IFIT2, and IRF7 mRNA expression in human primary
keratinocytes infected with WNV for 24 and 48 h, at MOI of 0.1, 1, and 10. mRNA expression levels are expressed as the fold increase above mock-infected cultures.
Data are represented as mean + SEM of four independent experiments. *p < 0.05 and **p < 0.01.
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and reported according to the 11CT method as RNA fold
increase: 211 CT = 21CTsample−1CTreference .

induced at 24 h p.i. from 5 to 1,570 times and from 80 to 2,800
times, respectively. In a consistent way, ISG such as IFIT1 (data
not shown), IFIT2, IFIT3 (data not shown) and IRF7 mRNA
expression was induced (Figure 2). IFIT2 mRNA expression was

Viral Quantification by End-Point Dilution
Assay
Vero cells were seeded, in 96-well plates, the day before titration
at the rate of 4 × 103 cells/well in DMEM (Gibco) supplemented
with 2% SVF. The suspension was successively diluted from 10−1
to 10−9 in DMEM medium supplemented with 2% SVF. Then,
100 µL of each dilution were deposited in a row of 6 wells. A
reading was performed after 96 h of incubation at 37◦ C in an
atmosphere containing 5% CO2 . The wells in which the cells had
a cytopathic effect were considered positive for viral infection.
The titer of the viral suspension was then determined using the
Kärber’s method for assessing the 50% tissue culture infective
dose (TCID50).

Enzyme-Linked Immunosorbant Assay
(ELISA)
Cell culture supernatants were UV inactivated at 2 joules/cm2
for 10 min using a Bio-Link crosslinker in order to inactivate
virus. Levels of IFNβ and CCL20 in cell culture supernatants
were determined for each sample using human ELISA kits (R&D
systems for IFNβ; PeproTech for CXCL10) in accordance with
the manufacturers’ specifications.

Statistical Analysis
Results were analyzed by GraphPad Prism version 5. The
statistical significance of the difference between two groups was
evaluated by the Wilcoxon’s test. Differences were considered to
be significant at p < 0.05.

RESULTS
Primary Human Keratinocytes Are
Permissive to WNV Infection
In a first step, the capacity of WNV to replicate in epidermal
keratinocytes from different patients was evaluated at MOI of 0.1,
1, and 10.
The viral quantification of WNV in keratinocyte supernatant
using RT-PCR analysis showed an increase of WNV viral load
of about 1 log per 24 h during the 48 first hours of keratinocyte
infection for all the MOI tested (Figure 1). At 72 h p.i., WNV
RNA production increased by 2-fold only for the MOI of 0.1 and
1, the MOI of 10 resulting in massive lysis of keratinocytes (data
not shown).

Interferon and Interferon Stimulated-Gene
mRNA Expression in Keratinocytes
Infected by WNV

FIGURE 3 | Cytokine and chemokine mRNA expression in response to
keratinocyte infection by WNV. TNFα, IL-6, CXCL1, CXCL2, CXCL8, CXCL10,
and CCL20 mRNA expression by human primary keratinocytes infected with
WNV for 24 and 48 h, at MOI of 0.1, 1, and 10. mRNA expression levels are
expressed as the fold increase above mock-infected cultures. Data are
represented as mean + SEM of four independent experiments. *p < 0.05 and
**p < 0.01.

The IFN antiviral response was then characterized in
keratinocytes infected with WNV at MOI of 0.1, 1, and 10.
A significant induction of type I and III IFN expression such as
IFNβ, IFNλ1 (interleukin (IL)-29) and λ2 (IL-28A) was observed
as soon as 24 h p.i. and sustained at 48 h p.i. in a MOI-dependent
manner (Figure 2). IFNβ and IL-28A mRNA expression was
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increased from 20 to 1,860 times at 24 h p.i. at MOI of 0.1 and
10, respectively. On the other side, IRF3 mRNA levels were not
modulated in comparison to mock-infected keratinocytes (data
not shown).

(Figure 3). Among them, CXCL10 was the most induced marker
with mRNA levels 922 to 6,826-fold higher in WNV-infected
cells compared to mock-infected cells at 24 h p.i.

PRR Expression in Infected Keratinocytes

Cytokine and Chemokine mRNA
Expression in Response to Keratinocyte
Infection With WNV

As PRR signaling is crucial to initiate innate antiviral and
proinflammatory responses following flaviviral infection,
modulation of their expression during WNV replication was
studied. The transmembranar TLR3, and the cytosolic helicases
MDA5 and RIG-I PRR mRNA expression was increased in
infected keratinocytes after 24 and 48 h of infection (Figure 4).
PRR mRNA level increase was related to the infectious dose
used, the stronger induction being observed at the MOI of 10
(Figure 4). TLR7 mRNA expression was not detected in infected
as well as in mock-infected human primary keratinocytes (data
not shown).

The profile of inflammatory mediators induced by WNV
infection was completed by focusing on cytokines and
chemokines known to be expressed by keratinocytes. Messenger
RNA expression of pro-inflammatory cytokines such as
TNFα, IL-6 and chemokines such as CXCL1, CXCL2 CXCL8,
CXCL10, and CCL20 was MOI- and time-dependently increased

Effect of Ae. Aegypti Saliva on WNV
Replication and the Inflammatory
Response of Infected Keratinocytes
As WNV is a virus transmitted through the bite of a
hematophagous arthropod, we wanted to assess the potential
role of saliva from two distinct mosquito species on viral
replication in human primary keratinocytes and on the
inflammatory response induced. Saliva from Ae. aegypti or Cx.
quinquefasciatus mosquitoes was thereby co-inoculated with
WNV for keratinocyte infection, at a protein concentration of 0.5
µg/l that is consistent with physiological conditions of mosquito
bites (Wasserman et al., 2004).
Keratinocyte infection with WNV in presence of Ae. aegypti
saliva resulted in a decrease of WNV viral load assessed by
RT-qPCR after 24 h of infection in cell supernatant as well
as in cell lysate. Whereas at 48 h of infection, a significant
increase of viral replication in cells infected in presence of
saliva was noted in comparison to cells infected without saliva
(Figure 5). A similar trend was observed with infective viral
particle quantification of the supernatants by end-point dilution
assay (Supplementary Figure 1).
As a parallel to the viral replication, a significant decrease
of inflammatory mediator mRNA levels such as IL-28A,
IFIT2, CXCL10, and CCL20 was observed at 24 h p.i. in

FIGURE 4 | TLR3, MDA5, and RIG-I mRNA expression by human primary
keratinocytes infected with WNV for 24 and 48 h, at MOI of 0.1, 1, and 10.
mRNA expression levels are expressed as the fold increase above
mock-infected cultures. Data are represented as mean + SEM of four
independent experiments. *p < 0.05 and **p <0.01.

FIGURE 5 | Effect of 0.5 µg/L of Aedes aegypti saliva on WNV replication. Viral loads were determined in cell supernatant (A, in log10 viral RNA copies/mL) and in cell
lysates (B, in log10 viral RNA copies/ng RNA) at 24 and 48 h post-infection. Data are represented as mean + SEM of three independent experiments performed in
duplicate. **p < 0.01.
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cells treated with Ae. aegypti saliva in comparison to cells
infected without saliva (Figure 6). In presence of saliva,
mRNA expression of macrophage colony-stimulating factor
(M-CSF) was slighty reduced at 24 h and 48 h p.i. (Figure 6
and Supplementary Figure 2A). PRR mRNA expression
tended also to decrease in presence of saliva at 24 h p.i.
(Figure 6). This decrease also concerned more specific ISGs
with previously described antiflaviviral activities such as viperin,
2′ -5′ -oligoadenylate synthetase 1 (OAS1), MX1 and ISG20
mRNA expression at early steps of infection (Figure 6). At the
protein level, secretion of IFNβ was weakly reduced while that
of CXCL10 was significantly inhibited in cells infected with Ae.
aegypti saliva (Supplementary Figure 3).
Interestingly, Ae. aegypti saliva alone exerted an
immunomodulatory effect on uninfected human primary
keratinocytes after 24 h of stimulation by tending to inhibit the
basal mRNA expression levels of MX1, OAS1, viperin, CCL20
and the PRRs (Supplementary Figure 4).

Effect of Cx. quinquefasciatus Saliva on
WNV Replication and the Inflammatory
Response of Infected Keratinocytes
Adjunction of Cx. quinquefasciatus saliva to the viral inoculum
during keratinocyte infection did not significantly modulate viral
load after 24 or 48 h of infection in cell supernatant or in cell
lysate (Figure 7).
Nonetheless, a significant decrease of inflammatory mediator
expression such as IFNβ, IL-28A, IFIT2, M-CSF and the PRRs
TLR3 and RIG-I was observed at 24 h p.i. and tend to be
sustained at 48 h p.i. (Figure 8 and Supplementary Figure 2B).
Messenger RNA levels of known antiflaviviral ISGs such as
viperin, OAS1, MX1, and ISG20 also significantly decreased
in presence of Culex saliva at 24 h p.i. (Figure 8). Finally,
Culex saliva exert a significant inhibitory effect on the secreted
levels of IFNβ and CXCL10 by WNV-infected keratinocytes
(Supplementary Figure 5).
Contrary to Ae. aegypti saliva, Cx. quinquefasciatus saliva
alone did not induce a decrease of ISG mRNA expression but
tended to increase CCL20, IFNβ and IL-28A mRNA expression in
uninfected human primary keratinocytes after 24 h of stimulation
(Supplementary Figure 6).

DISCUSSION
WNV is transmitted through the inoculation by a mosquito
bite mainly in the extravascular compartment of the dermis
and the epidermis (Styer et al., 2007). Our study confirmed
that primary human keratinocytes, the main cell type of the
epidermis, were permissive to WNV as previously described
by Lim et al, with an increase of viral load occurring mostly
during the 48 first hours of infection (Lim et al., 2011).
Dengue and Zika viruses, two other arboviruses belonging
to the Flavivirus genus, were also shown to replicate in
human keratinocytes so as in other skin cell types such as
fibroblasts and dendritic cells (Hamel et al., 2015; Duangkhae
et al., 2018). Unpublished data from our group demonstrate

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

FIGURE 6 | Effect of 0.5 µg/L of Aedes aegypti saliva on the WNV-induced
inflammatory response during human primary keratinocyte infection. IFNβ,
IL-28A, IFIT2, IRF7, TNFα, CXCL10, CCL20, TLR3, MDA5, RIG-I, viperin,
OAS1, MX1, and ISG20 mRNA expression by keratinocytes infected with WNV
at MOI of 1 for 24 and 48 h. Data are represented as mean + SEM of three
independent experiments performed in duplicate. *p < 0.05.
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FIGURE 7 | Effect of 0.5 µg/L of Culex quinquefasciatus saliva on WNV replication. Viral loads were determined in cell supernatant (A, in log10 viral RNA copies/mL)
and in cell lysates (B, in log10 Viral RNA copies/ng RNA) from infected keratinocytes. Data are represented as mean + SEM of three independent experiments
performed in duplicate.

that WNV is also able to replicate in dermal fibroblasts and
endothelial cells. Skin, thus, constitutes not only the first
inoculation site but also the first replication site of WNV during
infection. Moreover, in several cases, acute WNV infection is
characterized only by dermatological manifestations, such as
non-pruritic macular erythema, suggesting a tropism of the
virus for the skin following viremic spread (Del Giudice et al.,
2005).
The inflammatory response of human primary keratinocytes
to WNV infection was described for the first time in this
work. Keratinocytes are resident skin cells with innate immune
functions, harboring numerous PRRs involved in the detection of
PAMPs in order to initiate an inflammatory response to microbial
infection (Briant et al., 2014). Hence, these epidermal cells are
part of the first line of defense against WNV, as well as against
other arboviruses, and act as sentinels thanks to their pathogensensing capacities and their privileged location in the largest
interface of our body with the environment. A MOI-dependent
inflammatory response was observed in keratinocytes at 24 h p.i.
mainly involving pleiotropic cytokines, such as TNFα and IL6, various chemokines, type I and III IFNs, and ISGs such as
IFIT proteins. IFNs and IFN-dependent mediators are known
to be strongly induced during viral infection and exert potent
antiviral activities (Lazear et al., 2011; Lazear and Diamond,
2015). Type I IFN is thought to control WNV infection by
(i) the induction of cell-intrinsic antiviral effectors, known as
ISGs, restricting different steps of virus replication and (ii) by
activating the adaptive immune (Lazear et al., 2011; Lazear and
Diamond, 2015). It has been shown that cell IFN-treatment
before infection or addition of IFN to WNV already infected
cells, reduced viral replication (Isaacs and Westwood, 1959;
Samuel and Diamond, 2005) and that in mice lacking type I
IFN receptor, WNV infection spread faster than in wild type
mice leading to 100% of mortality (Samuel and Diamond, 2005).
Type III IFNs are also members of IFN family with antiflaviviral
properties (Lazear et al., 2015; Douam et al., 2017). However,
IFNλ exerts a weaker antiviral effect against WNV than type
I IFN in two human cell lines (Ma et al., 2009). In our work,
type I and III IFN expression was induced in human primary
keratinocytes according to MOI and time of infection suggesting
that they could play a role against WNV during cutaneous
infection. Moreover, type I and III IFNs induce and regulate
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expression of ISGs. Induction of several ISG mRNA expression
such as IFIT-1 to 3, viperin, OAS1, MX1 and ISG20, was
observed in WNV-infected keratinocytes. It has been suggested
that viperin and ISG20 inhibited steps in viral proteins and/or
viral RNA biosynthesis during human embryonic kidney 293
cell infection with WNV (Jiang et al., 2010; Szretter et al.,
2011), whereas OAS1 polymorphism was associated with WNV
infection susceptibility in mice and humans (Mashimo et al.,
2002; Kajaste-Rudnitski et al., 2006; Lim et al., 2009; Szretter
et al., 2011). As regards IFIT proteins, they own a broadspectrum antiviral activity helping to control viral replication and
pathogenesis. They have been demonstrated to regulate protein
translation through several mechanisms such as by interacting
with eIF3 (Hui et al., 2005; Terenzi et al., 2006), binding of
uncapped or incompletely capped viral RNA, and sequestering
viral RNA or proteins in the cytoplasm (Diamond and Farzan,
2013). They might also interplay in regulation of intrinsic and
extrinsic cell immune responses (Diamond and Farzan, 2013).
In vivo, a tissue-specific antiviral effect of IFIT2 has previously
been described in a mouse model of central nervous system
WNV infection (Cho et al., 2013). Nonetheless, flaviviruses such
as WNV have developed strategies to subvert IFIT1 and IFIT2
functions using 2′ -O methyltransferase activity (Daffis et al.,
2010; Szretter et al., 2011). In conclusion, although human
keratinocytes are permissive to WNV, they express specific
antiviral proteins during infection to limit viral replication in the
skin.
The innate antiviral cellular response involves IRF-family
transcription factors as regulators of host defense by inducing
production of IFNs and ISGs. In human keratinocytes, Kalali
et al. reported a constitutive expression of IRF3 whereas
expression of IRF1, IRF2, and IRF7 was inducible (Kalali
et al., 2008). IRF3 and IRF7 have been described involved in
protection against WNV infection in mouse models (Daffis
et al., 2007, 2008). Our results showed that WNV infection of
primary keratinocytes induced an increase of IRF7 expression
without modulating IRF3 mRNA levels. This has been previously
reported in human skin cells infected with the other flaviviruses,
DENV or ZIKV (Surasombatpattana et al., 2011; Hamel et al.,
2015). These results could suggest a major role of IRF7 in host
skin immune response even if we cannot exclude a role of IRF3
as its expression is constitutive.
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IRF3 and IRF7 are phosphorylated after recruitment of the
adaptor molecule interferon promoter-stimulating factor 1 (IPS1) by dsRNA-activated RLRs, MDA5 and RIG-I (Sato et al., 2000;
Kato et al., 2006). Keratinocyte infection with WNV was also
associated with an increase of TLR3, RIG-I and MDA5 mRNA
expression, this phenomenon may contribute to an amplification
loop facilitating antiviral ISG expression. If the role of TLR3 in
WNV sensing has been controversial (Fredericksen et al., 2004,
2008; Wang et al., 2004; Fredericksen and Gale, 2006; Daffis et al.,
2008), MDA5 and RIG-I have been described cooperating in
WNV sensing in a time-dependent manner, involving first RIGI and then MDA5 (Fredericksen et al., 2004, 2008; Fredericksen
and Gale, 2006). Moreover, the role of TLR7 in WNV sensing
has been reported in vitro, considering a higher viral replication
and weaker cytokine expression in keratinocytes from TLR7−/−
mice than in those from wild-type mice (Welte et al., 2009).
TLR7 response following cutaneous WNV infection has also
been suggested to promote Langerhans cell migration from
the skin to the draining lymph nodes (Welte et al., 2009).
Nonetheless,in vivo, no difference has been observed regarding
susceptibility to WNV encephalitis and in blood or brain RNA
viral loads, between wild-type and TLR7−/− mice (Welte et al.,
2009). In unstimulated primary human keratinocytes, TLR7
has been reported to be unexpressed but its expression was
induced following stimulation with synthetic viral ds RNA analog
poly(I:C) (Kalali et al., 2008). In our primary cultures, TLR7 was
neither constitutively expressed, nor induced following WNV
infection, suggesting that this receptor is not involved in WNV
sensing by keratinocytes from the basal layer of the epidermis.
However, we cannot exclude a role of TLR7 during WNV
infection of the whole epidermis as TLR7 has been described
as being constitutively expressed in the human epidermal layers
with the exception of the basal layer in normal skin biopsies
(Donetti et al., 2017).
The inflammatory response induced in infected human
primary keratinocytes also consisted in mRNA level increase of
the pleiotropic cytokines TNFα and IL-6 as well as chemokines,
such as CXCL1, CXCL2, CXCL8, CXCL10, and CCL20. CCL20
plays an important role in the homing of lymphocytes and
dendritic cells to inflammation site, and CXCL1, CXCL2, and
CXCL8 are polymorphonuclear (PMN) leucocytes attracting
chemokines. CXCL1 mRNA expression has been described to be
induced by WNV infection in vitro (Quick et al., 2014) and in
vivo (Kumar et al., 2014). PMN leucocytes have been suggested
to play a biphasic role, deleterious first and then beneficial, in
pathophysiology of WNV infection (Bai et al., 2010). CXCL10 is
induced in several models of WNV brain infection as well as in
WNV-infected blood donors (Cheeran et al., 2005; Klein et al.,
2005; Garcia-Tapia et al., 2007; Tobler et al., 2008; Qian et al.,
2011; Quick et al., 2014; Bielefeldt-Ohmann et al., 2017). This Tcell chemoattractant chemokine was the most strongly induced
mediator during keratinocyte infection and it was reported that
the plasmatic level of this protein was higher among WNVinfected individuals with a better outcome (Hoffman et al., 2016).
CXCL10 as well as TNFα are involved in CD8 (+) T cell traffic
playing a major role in WNV clearance (Klein et al., 2005;

FIGURE 8 | Effect of 0.5 µg/L of Culex quinquefasciatus saliva on the
WNV-induced inflammatory response during human primary keratinocyte
infection. IFNβ, IL-28A, IFIT2, IRF7, TNFα, CXCL10, CCL20, TLR3, MDA5,
RIG-I, viperin, OAS1, MX1, and ISG20 mRNA expression by keratinocytes
infected with WNV at MOI of 1 for 24 and 48 h. Data are represented as mean
+ SEM of three independent experiments performed in duplicate. *p < 0.05
and **p < 0.01.
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saliva has been suggested as being related to vector’s host
preferences, as Culex are preferentially ornithophilic mosquitoes
whereas Aedes more anthropophilic species (Wanasen et al.,
2004; Schneider and Higgs, 2008). Therefore, we hypothesized
that the immunomodulatory effect of Culex saliva would
probably be more specific to bird species. Furthermore, Aedes
and Culex mosquito saliva do not exhibit the same salivary
protein composition and biological effects (Ribeiro, 2000).
During WNV infection of human primary keratinocytes, the
immunomodulatory effect of Aedes and Culex saliva was
observed mainly at 24 h p.i. at the transcriptomic level and
also at 48 h p.i. for IFNβ and CXCL10 secretion. Schneider
& Higgs have hypothesized that mosquito saliva could impair
immune response to arbovirus through downregulation of Th1
and antiviral cytokines (Schneider and Higgs, 2008). A few
studies have assessed the effect of Ae. aegypti saliva on skin
cell inflammatory response in the context of flaviviral infections.
Decreased expression of type I IFN-responsive genes was
observed in presence of Ae. aegypti saliva (Surasombatpattana
et al., 2014; Wichit et al., 2017). In this study, decreased
expression of IFNs and known antiflaviviral ISGs, including
MX1, OAS1, ISG20 and viperin was observed in presence of
both Aedes and Culex saliva after 24 h of keratinocyte infection.
Inhibition of the keratinocyte antiviral response by mosquito
saliva could favor the viral replication which may involve other
skin cells surrounding keratinocytes such as Langerhans cells,
melanocytes or deeper dermal mast cells and fibroblasts. Finally,
a decrease of M-CSF mRNA, a cytokine involved in macrophage
differentiation and proliferation, was noted during keratinocyte
infection in presence of saliva. As macrophages are known to play
a protective role against WNV infection (Ben-Nathan et al., 1996;
Bryan et al., 2018), the inhibitory effect of mosquito saliva on MCSF expression could also result in a lessening of the immune
response favorable to virus propagation.

Shrestha et al., 2008) and protecting against WNV spread. TNFα
also possesses widespread antiviral effects (Benedict, 2003).
Taken together, our results highlight the role of primary
keratinocytes as innate immune cells able to establish a cutaneous
antiviral response and attract different types of leukocytes,
including PMN, T and dendritic cells, in the area of virus
inoculation.
WNV contained in a mosquito’s salivary glands is inoculated
with saliva during mosquito blood meal after probing the skin
(Styer et al., 2007; Choumet et al., 2012). Because of mosquito
saliva wide properties and as skin is the first site of WNV
replication, we assessed the potential role of mosquito saliva on
WNV replication and inflammatory response induced in infected
human primary keratinocytes.
On the one hand, adjunction of Ae. aegypti saliva resulted
in a two-step phenomenon regarding WNV replication, a first
inhibitory effect at an early time of infection and, later on,
a proviral one. It is known that some identified Ae. aegypti
saliva proteins such as aegyptin or D7 proteins can interfere
with DENV replication (McCracken et al., 2014; Conway et al.,
2016). Previously, during DENV and CHIKV infection of human
primary keratinocytes and human fibroblasts, respectively, in
presence of Ae. aegypti saliva product, a proviral effect was also
reported (Surasombatpattana et al., 2014; Wichit et al., 2017).
On the other hand, adjunction of Cx. quinquefasciatus
saliva did not have any consequence on WNV replication
in keratinocytes. Styer et al. have demonstrated that in vivo,
mosquito-infected chickens had higher WNV viremia and viral
shedding as compared to those infected with needles in the
absence of saliva (Styer et al., 2006). In a mouse model, animals
previously exposed to uninfected-mosquito bites before being
infected with WNV exhibited higher viremia, tissue-titers and
neurological symptoms than those infected in the absence of
mosquito saliva suggesting that Culex saliva could also exert a
proviral effect in mammals (Styer et al., 2011). Nonetheless, at
the inoculation site, there was no increase of viral titer in skin of
mosquito-vs. needle-infected mice at any time of infection and
even a decrease of viral titer at 24 h of infection (Styer et al.,
2011) suggesting that Culex saliva is also not proviral in mice’s
skin. Congruently, our results suggest that human keratinocytes
are not sensitive to the proviral effect of Culex saliva.
Concerning the effect of saliva on uninfected human
primary keratinocytes, Ae. aegypti saliva tended to reduce
the basal levels of antiviral ISGs at 24 and 48 h poststimulation. Interestingly, this anti-inflammatory effect was
not found using Cx. quinquefasciatus saliva. These results
are consistent with a previous work of Wanasen et al.
demonstrating that salivary gland extract (SGE) from Ae.
aegypti induced a significant decrease of cell proliferation
and cytokine production in murine splenocytes contrary to
Cx. quinquefasciatus SGE (Wanasen et al., 2004). It has
been suggested that according to the concentration of SGE
delivered at the site of injection, the immunomodulatory effect
observed could change, thereby creating a local and differential
immunological environment according to the distance from the
site of the bite (Wasserman et al., 2004; Styer et al., 2011).
The differential immunomodulatory effect of Culex and Aedes
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CONCLUSION
This work highlights for the first time the inflammatory response
of human primary keratinocytes infected by WNV. These skin
resident cells permissive to WNV, are able to sense viral PAMPs
and initiate immune response through expression of various
inflammatory mediators and antiviral effectors. This may lead
to prompt induction of an antiviral state in infected as well as
in uninfected neighboring cells, thereby helping to limit viral
spread. We also showed that the saliva from two potential
vectors of the infection exerts an inhibitory effect on the antiviral
response of WNV-infected keratinocytes with adverse effects
enhancing knowledge of WNV pathophysiology in the skin.

AUTHOR CONTRIBUTIONS
MG, NL, and CB conceived and designed the study. MG
performed the experiments and wrote the draft. HA and
MW provided Culex saliva. FD, MB, and DM provided Aedes
saliva. AD performed some transcriptomic analysis. CB and

10

November 2018 | Volume 8 | Article 387

Garcia et al.

Mosquito Saliva Modulates WNV Infection

ACKNOWLEDGMENTS

NL contributed to the revision of the manuscript. All authors
approved the final version of the manuscript.

We would like to thank V. Lerat and L. Lebeau for technical
support, Dr. I. Leparc-Goffart for providing us WNV strain and
Dr. P.W. Mason for providing us the plasmid of lineage 1 WNV.

FUNDING
This work was supported by grants from the Agence Nationale
de la Recherche (ANR-14-CE14-0029 and ANR-17-CE35-000101). This study was supported in part by the European Union and
the New Aquitaine region through the Habisan program (CPERFEDER). HA is supported by Marie Skołodowska-Curie Actions
under the grant agreement number 749897.

SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcimb.
2018.00387/full#supplementary-material

REFERENCES

Daffis, S., Szretter, K. J., Schriewer, J., Li, J., Youn, S., Errett, J., et al. (2010). 2’O methylation of the viral mRNA cap evades host restriction by IFIT family
members. Nature 468, 452–456. doi: 10.1038/nature09489
David, S., and Abraham, A. M. (2016). Epidemiological and clinical aspects on
West Nile virus, a globally emerging pathogen. Infect. Dis. Lond. Engl. 48,
571–586. doi: 10.3109/23744235.2016.1164890
Del Giudice, P., Schuffenecker, I., Zeller, H., Grelier, M., Vandenbos, F.,
Dellamonica, P., et al. (2005). Skin manifestations of West Nile virus infection.
Dermatol. Basel Switz. 211, 348–350. doi: 10.1159/000088506
Diamond, M. S., and Farzan, M. (2013). The broad-spectrum antiviral functions of
IFIT and IFITM proteins. Nat. Rev. Immunol. 13, 46–57. doi: 10.1038/nri3344
Donetti, E., Cornaghi, L., Arnaboldi, F., Ricceri, F., Pescitelli, L., Maiocchi, M., et al.
(2017). Epidermal barrier reaction to an in vitro psoriatic microenvironment.
Exp. Cell Res. 360, 180–188. doi: 10.1016/j.yexcr.2017.09.004
Douam, F., Soto Albrecht, Y. E., Hrebikova, G., Sadimin, E., Davidson, C.,
Kotenko, S. V., et al. (2017). Type III interferon-mediated signaling is
critical for controlling live attenuated yellow fever virus infection in vivo.
mBio 8:e00819-17. doi: 10.1128/mBio.00819-17
Duangkhae, P., Erdos, G., Ryman, K. D., Watkins, S. C., Falo, L. D., Marques,
E. T. A., et al. (2018). Interplay between keratinocytes and myeloid cells
drives dengue virus spread in human skin. J. Invest. Dermatol. 138, 618–626.
doi: 10.1016/j.jid.2017.10.018
Dubrulle, M., Mousson, L., Moutailler, S., Vazeille, M., and Failloux, A. B. (2009).
Chikungunya virus and Aedes mosquitoes: saliva is infectious as soon as two
days after oral infection. PLoS ONE 4:e5895. doi: 10.1371/journal.pone.00
05895
Fredericksen, B. L., and Gale, M. (2006). West Nile virus evades activation of
interferon regulatory factor 3 through RIG-I-dependent and -independent
pathways without antagonizing host defense signaling. J. Virol. 80, 2913–2923.
doi: 10.1128/JVI.80.6.2913-2923.2006
Fredericksen, B. L., Keller, B. C., Fornek, J., Katze, M. G., and Gale, M. (2008).
Establishment and maintenance of the innate antiviral response to West Nile
Virus involves both RIG-I and MDA5 signaling through IPS-1. J. Virol. 82,
609–616. doi: 10.1128/JVI.01305-07
Fredericksen, B. L., Smith, M., Katze, M. G., Shi, P. Y., and Gale, M. (2004). The
host response to West Nile Virus infection limits viral spread through the
activation of the interferon regulatory factor 3 pathway. J. Virol. 78, 7737–7747.
doi: 10.1128/JVI.78.14.7737-7747.2004
Garcia, M., Wehbe, M., Lévêque, N., and Bodet, C. (2017). Skin innate
immune response to flaviviral infection. Eur. Cytokine Netw. 28, 41–51.
doi: 10.1684/ecn.2017.0394
Garcia-Tapia, D., Hassett, D. E., Mitchell, W. J., Johnson, G. C., and Kleiboeker,
S. B. (2007). West Nile virus encephalitis: sequential histopathological and
immunological events in a murine model of infection. J. Neurovirol. 13,
130–138. doi: 10.1080/13550280601187185
Hamel, R., Dejarnac, O., Wichit, S., Ekchariyawat, P., Neyret, A., Luplertlop, N.,
et al. (2015). Biology of zika virus infection in human skin cells. J. Virol. 89,
8880–8896. doi: 10.1128/JVI.00354-15
Hoffman, K. W., Sachs, D., Bardina, S. V., Michlmayr, D., Rodriguez, C. A.,
Sum, J., et al. (2016). Differences in early cytokine production are associated
with development of a greater number of symptoms following west nile virus
infection. J. Infect. Dis. 214, 634–643. doi: 10.1093/infdis/jiw179

Akira, S. (2006). TLR signaling. Curr. Top. Microbiol. Immunol. 311, 1–16.
doi: 10.1007/3-540-32636-7_1
Bai, F., Kong, K.-F., Dai, J., Qian, F., Zhang, L., Brown, C. R., et al. (2010). A
paradoxical role for neutrophils in the pathogenesis of West Nile virus. J. Infect.
Dis. 202, 1804–1812. doi: 10.1086/657416
Benedict, C. A. (2003). Viruses and the TNF-related cytokines, an evolving battle.
Cytokine Growth Factor Rev. 14, 349–357. doi: 10.1016/S1359-6101(03)00030-3
Ben-Nathan, D., Huitinga, I., Lustig, S., van Rooijen, N., and Kobiler, D. (1996).
West Nile virus neuroinvasion and encephalitis induced by macrophage
depletion in mice. Arch Virol. 141, 459–469.
Bielefeldt-Ohmann, H., Bosco-Lauth, A., Hartwig, A. E., Uddin, M. J., Barcelon,
J., Suen, W. W., et al. (2017). Characterization of non-lethal West Nile Virus
(WNV) infection in horses: subclinical pathology and innate immune response.
Microb. Pathog. 103, 71–79. doi: 10.1016/j.micpath.2016.12.018
Briant, L., Desprès, P., Choumet, V., and Missé, D. (2014). Role of skin immune
cells on the host susceptibility to mosquito-borne viruses. Virology 464–465,
26–32. doi: 10.1016/j.virol.2014.06.023
Brinton, M. A. (2013). Replication cycle and molecular biology of the West Nile
virus. Viruses 6, 13–53. doi: 10.3390/v6010013
Bryan, M. A., Giordano, D., Draves, K. E., Green, R., Gale, M. Jr, and
Clark, E. (2018). A. Splenic macrophages are required for protective
innate immunity against West Nile virus. PLoS ONE 6:e0191690.
doi: 10.1371/journal.pone.0191690
Campbell, G. L., Marfin, A. A., Lanciotti, R. S., and Gubler, D. J. (2002). West Nile
virus. Lancet Infect. Dis. 2, 519–529. doi: 10.1016/S1473-3099(02)00368-7
Chancey, C., Grinev, A., Volkova, E., and Rios, M. (2015). The global ecology
and epidemiology of West Nile virus. BioMed. Res. Int. 2015:376230.
doi: 10.1155/2015/376230
Cheeran, M. C., Hu, S., Sheng, W. S., Rashid, A., Peterson, P. K., and
Lokensgard, J. R. (2005). Differential responses of human brain cells to West
Nile virus infection. J. Neurovirol. 11, 512–524. doi: 10.1080/13550280500
384982
Cho, H., Shrestha, B., Sen, G. C., and Diamond, M. S. (2013). A role for Ifit2
in restricting West Nile virus infection in the brain. J. Virol. 87, 8363–8371.
doi: 10.1128/JVI.01097-13
Choumet, V., Attout, T., Chartier, L., Khun, H., Sautereau, J., Robbe-Vincent,
A., et al. (2012). Visualizing non infectious and infectious Anopheles gambiae
blood feedings in naive and saliva-immunized mice. PLoS ONE 7:e50464.
doi: 10.1371/journal.pone.0050464
Conway, M. J., Londono-Renteria, B., Troupin, A., Watson, A. M.,
Klimstra, W. B., Fikrig, E., et al. (2016). Aedes aegypti D7 saliva protein
inhibits dengue virus infection. PLoS Negl. Trop. Dis. 10:e0004941.
doi: 10.1371/journal.pntd.0004941
Daffis, S., Samuel, M. A., Keller, B. C., Gale, M., and Diamond, M. S. (2007).
Cell-specific IRF-3 responses protect against West Nile virus infection by
interferon-dependent and -independent mechanisms. PLoS Pathog. 3:e106.
doi: 10.1371/journal.ppat.0030106
Daffis, S., Samuel, M. A., Suthar, M. S., Gale, M., and Diamond, M. S. (2008).
Toll-like receptor 3 has a protective role against West Nile virus infection. J.
Virol. 82, 10349–10358. doi: 10.1128/JVI.00935-08

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

11

November 2018 | Volume 8 | Article 387

Garcia et al.

Mosquito Saliva Modulates WNV Infection

McCracken, M. K., Christofferson, R. C., Grasperge, B. J., Calvo, E., Chisenhall,
D. M., and Mores, C. N. (2014). Aedes aegypti salivary protein “aegyptin” coinoculation modulates dengue virus infection in the vertebrate host. Virology
468–470, 133–139. doi: 10.1016/j.virol.2014.07.019
Moser, L. A., Lim, P.-Y., Styer, L. M., Kramer, L. D., and Bernard, K. A. (2016).
Parameters of mosquito-enhanced West Nile virus infection. J. Virol. 90,
292–299. doi: 10.1128/JVI.02280-15
Qian, F., Wang, X., Zhang, L., Lin, A., Zhao, H., Fikrig, E., et al. (2011). Impaired
interferon signaling in dendritic cells from older donors infected in vitro with
West Nile virus. J. Infect. Dis. 203, 1415–1424. doi: 10.1093/infdis/jir048
Quick, E. D., Leser, J. S., Clarke, P., and Tyler, K. L. (2014). Activation of intrinsic
immune responses and microglial phagocytosis in an ex vivo spinal cord
slice culture model of West Nile virus infection. J. Virol. 88, 13005–13014.
doi: 10.1128/JVI.01994-14
Ribeiro, J. M. (2000). Blood-feeding in mosquitoes: probing time and salivary gland
anti-haemostatic activities in representatives of three genera (Aedes, Anopheles,
Culex). Med. Vet. Entomol. 14, 142–148. doi: 10.1046/j.1365-2915.2000.00227.x
Samuel, M. A., and Diamond, M. S. (2005). Alpha/beta interferon
protects against lethal West Nile virus infection by restricting cellular
tropism and enhancing neuronal survival. J. Virol. 79, 13350–13361.
doi: 10.1128/JVI.79.21.13350-13361.2005
Sato, M., Suemori, H., Hata, N., Asagiri, M., Ogasawara, K., Nakao, K., et al. (2000).
Distinct and essential roles of transcription factors IRF-3 and IRF-7 in response
to viruses for IFN-alpha/beta gene induction. Immunity 13, 539–548
Schneider, B. S., and Higgs, S. (2008). The enhancement of arbovirus transmission
and disease by mosquito saliva is associated with modulation of the
host immune response. Trans. R. Soc. Trop. Med. Hyg. 102, 400–408.
doi: 10.1016/j.trstmh.2008.01.024
Sejvar, J. J. (2016). West Nile Virus Infection. Microbiol. Spectr. 4.
doi: 10.1128/microbiolspec.EI10-0021-2016
Shipley, J. G., Vandergaast, R., Deng, L., Mariuzza, R. A., and Fredericksen, B. L.
(2012). Identification of multiple RIG-I-specific pathogen associated molecular
patterns within the West Nile virus genome and antigenome. Virology 432,
232–238. doi: 10.1016/j.virol.2012.06.009
Shrestha, B., Zhang, B., Purtha, W. E., Klein, R. S., and Diamond, M. S. (2008).
Tumor necrosis factor alpha protects against lethal West Nile virus infection
by promoting trafficking of mononuclear leukocytes into the central nervous
system. J. Virol. 82, 8956–8964. doi: 10.1128/JVI.01118-08
Styer, L. M., Bernard, K. A., and Kramer, L. D. (2006). Enhanced early West Nile
virus infection in young chickens infected by mosquito bite: effect of viral dose.
Am. J. Trop. Med. Hyg. 75, 337–345.
Styer, L. M., Kent, K. A., Albright, R. G., Bennett, C. J., Kramer, L. D.,
and Bernard, K. A. (2007). Mosquitoes inoculate high doses of West Nile
virus as they probe and feed on live hosts. PLoS Pathog. 3, 1262–1270.
doi: 10.1371/journal.ppat.0030132
Styer, L. M., Lim, P. Y., Louie, K. L., Albright, R. G., Kramer, L. D., and Bernard, K.
A. (2011). Mosquito saliva causes enhancement of West Nile virus infection in
mice. J. Virol. 85, 1517–1527. doi: 10.1128/JVI.01112-10
Surasombatpattana, P., Ekchariyawat, P., Hamel, R., Patramool, S., Thongrungkiat,
S., Denizot, M., et al. (2014). Aedes aegypti saliva contains a prominent
34-kDa protein that strongly enhances dengue virus replication in human
keratinocytes. J. Invest. Dermatol. 134, 281–284. doi: 10.1038/jid.2013.251
Surasombatpattana, P., Hamel, R., Patramool, S., Luplertlop, N., Thomas, F.,
Desprès, P., et al. (2011). Dengue virus replication in infected human
keratinocytes leads to activation of antiviral innate immune responses. Infect.
Genet. Evol. J. Mol. Epidemiol. Evol. Genet. Infect. Dis. 11, 1664–1673.
doi: 10.1016/j.meegid.2011.06.009
Szretter, K. J., Brien, J. D., Thackray, L. B., Virgin, H. W., Cresswell, P., and
Diamond, M. S. (2011). The interferon-inducible gene viperin restricts West
Nile virus pathogenesis. J. Virol. 85, 11557–11566. doi: 10.1128/JVI.05519-11
Terenzi, F., Hui, D. J., Merrick, W. C., and Sen, G. C. (2006). Distinct
induction patterns and functions of two closely related interferon-inducible
human genes, ISG54 and ISG56. J. Biol. Chem. 281, 34064–34071.
doi: 10.1074/jbc.M605771200
Tobler, L. H., Cameron, M. J., Lanteri, M. C., Prince, H. E., Danesh, A., Persad,
D., et al. (2008). Interferon and interferon-induced chemokine expression is
associated with control of acute viremia in West Nile virus-infected blood
donors. J. Infect. Dis. 198, 979–983. doi: 10.1086/591466

Hui, D. J., Terenzi, F., Merrick, W. C., and Sen, G. C. (2005). Mouse p56 blocks
a distinct function of eukaryotic initiation factor 3 in translation initiation. J.
Biol. Chem. 280, 3433–3440. doi: 10.1074/jbc.M406700200
Isaacs, A., and Westwood, M. A. (1959). Duration of protective action of interferon
against infection with West Nile virus. Nature 184, 1232–1233.
Jiang, D., Weidner, J. M., Qing, M., Pan, X.-B., Guo, H., Xu, C., et al.
(2010). Identification of five interferon-induced cellular proteins that inhibit
west nile virus and dengue virus infections. J. Virol. 84, 8332–8341.
doi: 10.1128/JVI.02199-09
Kajaste-Rudnitski, A., Mashimo, T., Frenkiel, M. P., Guénet, J. L.,
Lucas, M., and Desprès, P. (2006). The 2’,5’-oligoadenylate synthetase
1b is a potent inhibitor of West Nile virus replication inside
infected cells. J. Biol. Chem. 281, 4624–4637. doi: 10.1074/jbc.M508
649200
Kalali, B. N., Köllisch, G., Mages, J., Müller, T., Bauer, S., Wagner, H., et al.
(2008). Double-stranded RNA induces an antiviral defense status in epidermal
keratinocytes through TLR3-, PKR-, and MDA5/RIG-I-mediated differential
signaling. J. Immunol. 181, 2694–2704. doi: 10.4049/jimmunol.181.4.2694
Kato, H., Takeuchi, O., Sato, S., Yoneyama, M., Yamamoto, M., Matsui, K., et al.
(2006). Differential roles of MDA5 and RIG-I helicases in the recognition of
RNA viruses. Nature 441, 101–105. doi: 10.1038/nature04734
Klein, R. S., Lin, E., Zhang, B., Luster, A. D., Tollett, J., Samuel,
M. A., et al. (2005). Neuronal CXCL10 directs CD8+ Tcell recruitment and control of West Nile virus encephalitis.
J.
Virol.
79,
11457–11466.
doi:
10.1128/JVI.79.17.11457-11466.
2005
Kramer, L. D., Styer, L. M., and Ebel, G. D. (2008). A global
perspective on the epidemiology of West Nile virus. Annu.
Rev.
Entomol. 53, 61–81. doi: 10.1146/annurev.ento.53.103106.
093258
Kumar, M., Roe, K., Nerurkar, P. V., Orillo, B., Thompson, K. S., Verma, S.,
et al. (2014). Reduced immune cell infiltration and increased pro-inflammatory
mediators in the brain of Type 2 diabetic mouse model infected with West Nile
virus. J. Neuroinflammation 11:80. doi: 10.1186/1742-2094-11-80
Lanciotti, R. S., Roehrig, J. T., Deubel, V., Smith, J., Parker, M., Steele, K., et al.
(1999). Origin of the West Nile virus responsible for an outbreak of encephalitis
in the northeastern United States. Science 286, 2333–2337.
Lazear, H. M., Daniels, B. P., Pinto, A. K., Huang, A. C., Vick, S.
C., Doyle, S. E., et al. (2015). Interferon-λ restricts West Nile virus
neuroinvasion by tightening the blood-brain barrier. Sci. Transl. Med.
7:284ra59. doi: 10.1126/scitranslmed.aaa4304
Lazear, H. M., and Diamond, M. S. (2015). New insights into innate immune
restriction of West Nile virus infection. Curr. Opin. Virol. 11, 1–6.
doi: 10.1016/j.coviro.2014.12.001
Lazear, H. M., Pinto, A. K., Vogt, M. R., Gale, M., and Diamond, M. S. (2011). Beta
interferon controls West Nile virus infection and pathogenesis in mice. J. Virol.
85, 7186–7194. doi: 10.1128/JVI.00396-11
Lebre, M. C., van der Aar, A. M. G., van Baarsen, L., van Capel, T. M. M.,
Schuitemaker, J. H. N., Kapsenberg, M. L., et al. (2007). Human keratinocytes
express functional Toll-like receptor 3, 4, 5, and 9. J. Invest. Dermatol. 127,
331–341. doi: 10.1038/sj.jid.5700530
Lim, J. K., Lisco, A., McDermott, D. H., Huynh, L., Ward, J. M., Johnson, B., et al.
(2009). Genetic variation in OAS1 is a risk factor for initial infection with West
Nile virus in man. PLoS Pathog. 5:e1000321. doi: 10.1371/journal.ppat.1000321
Lim, P. Y., Behr, M. J., Chadwick, C. M., Shi, P. Y., and Bernard, K. A. (2011).
Keratinocytes are cell targets of West Nile virus in vivo. J. Virol. 85, 5197–5201.
doi: 10.1128/JVI.02692-10
Lindsey, N. P., Staples, J. E., Lehman, J. A., and Fischer, M. (2012). Medical risk
factors for severe West Nile Virus disease, United States, 2008-2010. Am. J.
Trop. Med. Hyg. 87, 179–184. doi: 10.4269/ajtmh.2012.12-0113
Ma, D., Jiang, D., Qing, M., Weidner, J. M., Qu, X., Guo, H., et al. (2009). Antiviral
effect of interferon lambda against West Nile virus. Antiviral Res. 83, 53–60.
doi: 10.1016/j.antiviral.2009.03.006
Mashimo, T., Lucas, M., Simon-Chazottes, D., Frenkiel, M. P., Montagutelli, X.,
Ceccaldi, P. E., et al. (2002). A nonsense mutation in the gene encoding 2’5’-oligoadenylate synthetase/L1 isoform is associated with West Nile virus
susceptibility in laboratory mice. Proc. Natl. Acad. Sci. U. S. A. 99, 11311–11316.
doi: 10.1073/pnas.172195399

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

12

November 2018 | Volume 8 | Article 387

Garcia et al.

Mosquito Saliva Modulates WNV Infection

Turell, M. J., Dohm, D. J., Sardelis, M. R., Oguinn, M. L., Andreadis, T. G., and
Blow, J. A. (2005). An update on the potential of north American mosquitoes
(Diptera: Culicidae) to transmit West Nile Virus. J. Med. Entomol. 42, 57–62.
doi: 10.1093/jmedent/42.1.57
Wanasen, N., Nussenzveig, R. H., Champagne, D. E., Soong, L., and Higgs, S.
(2004). Differential modulation of murine host immune response by salivary
gland extracts from the mosquitoes Aedes aegypti and Culex quinquefasciatus.
Med. Vet. Entomol. 18, 191–199. doi: 10.1111/j.1365-2915.2004.
00498.x
Wang, T., Town, T., Alexopoulou, L., Anderson, J. F., Fikrig, E., and Flavell, R.
A. (2004). Toll-like receptor 3 mediates West Nile virus entry into the brain
causing lethal encephalitis. Nat. Med. 10, 1366–1373. doi: 10.1038/nm1140
Wasserman, H. A., Singh, S., and Champagne, D. E. (2004). Saliva of
the yellow fever mosquito, aedes aegypti, modulates murine lymphocyte
function. Parasite Immunol. 26, 295–306. doi: 10.1111/j.0141-9838.2004.
00712.x
Welte, T., Reagan, K., Fang, H., Machain-Williams, C., Zheng, X., Mendell, N.,
et al. (2009). Toll-like receptor 7-induced immune response to cutaneous
West Nile virus infection. J. Gen. Virol. 90, 2660–2668. doi: 10.1099/vir.0.
011783-0

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

Westaway, E. G., Khromykh, A. A., and Mackenzie, J. M. (1999). Nascent flavivirus
RNA colocalized in situ with double-stranded RNA in stable replication
complexes. Virology 258, 108–117. doi: 10.1006/viro.1999.9683
Wichit, S., Diop, F., Hamel, R., Talignani, L., Ferraris, P., Cornelie, S., et al.
(2017). Aedes Aegypti saliva enhances chikungunya virus replication in human
skin fibroblasts via inhibition of the type I interferon signaling pathway.
Infect. Genet. Evol. J. Mol. Epidemiol. Evol. Genet. Infect. Dis. 55, 68–70.
doi: 10.1016/j.meegid.2017.08.032
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2018 Garcia, Alout, Diop, Damour, Bengue, Weill, Missé, Lévêque and
Bodet. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

13

November 2018 | Volume 8 | Article 387

