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A B S T R A C T

Chikungunya virus (CHIKV) transmission occurs through the bite of an infected Aedes mosquito which injects
virus-containing saliva into the skin of the human host during blood feeding. In the present study, we have
determined the effect of Aedes aegypti saliva on CHIKV replication in human skin fibroblasts, a major cell type for
viral entry, which mimics the events that occur during natural transmission. A significant increase in the ex-
pression of viral transcripts and infectious viral particles was observed in fibroblasts infected with CHIKV in the
presence of saliva, as compared with those infected with virus alone. CHIKV-infected human fibroblasts were
found to express significantly increased levels of various type I IFN-responsive genes, as demonstrated by specific
PCR array analysis. In contrast, the expression of these genes was markedly decreased in cells infected with
CHIKV in the presence of mosquito saliva. Moreover, Western blotting analysis revealed that STAT2 and its
phosphorylated form were down-regulated in the presence of mosquito saliva. Our data demonstrate for the first
time the significance of Aedes aegypti saliva in promoting CHIKV infection via down-regulation of several type I
IFN-responsive genes in infected human skin fibroblasts via the JAK-STAT signaling pathway.

Chikungunya virus (CHIKV), a mosquito-borne alphavirus, has
caused large outbreaks of disease throughout Asia, Africa and several
islands in the Indian Ocean with recent epidemics in the Americas
(Gallian et al., 2017). CHIKV is the agent of an acute febrile illness
characterized by myalgia, rash, severe joint pain and, often debilitating,
complications that can persist for years (Oviedo-Pastrana et al., 2017).
Transmission of CHIKV occurs through the bite of an infected Aedes
(Ae.) mosquito when the virus is injected, together with mosquito
saliva, into the skin of the human host. The mosquito salivary glands
secrete various pharmacologically active molecules that contribute to
successful blood feeding by inhibiting host hemostasis, inflammation
and immune responses (Wichit et al., 2016). In addition, the presence of
saliva during CHIKV infection has been reported to significantly sup-
press the expression of various inflammatory genes and the production
of chemokines (Agarwal et al., 2016).

Human dermal fibroblasts have been reported to be susceptible to
CHIKV replication in vitro (Sourisseau et al., 2007) and we have re-
cently demonstrated that these cells contained the highest concentra-
tion of CHIKV antigens following viral infection via the skin
(Ekchariyawat et al., 2015). In the present study, we have determined

the effect of Ae. aegypti saliva on CHIKV replication in human skin fi-
broblast cell line which better mimics the events that occur during
natural transmission. To this end, the latter cells were infected with
CHIKV at a multiplicity of infection of 1 in the absence or presence of
Ae. aegypti saliva from 3 mosquitoes (1 μg/ml) which was maintained
throughout the infection. Ae. aegypti saliva had no effect on the viability
of the cells (Supplementary Fig. 1). At 48 h post infection a significant
increase of> 2 logs in the expression of viral transcripts, measured by
real-time quantitative PCR, was observed in fibroblasts infected with
CHIKV in the presence of saliva, as compared with that in cells infected
with virus alone (Fig. 1A). Moreover, results from a plaque assay con-
firmed the strong induction in the release of infectious CHIKV particles
which increased in a time-dependent manner (Fig. 1B). These data
support previous observations showing that Ae. aegypti saliva has an
important role in the inhibition of an antiviral immune response by the
host by creating an environment that favors the replication of CHIKV
(Agarwal et al., 2016).

Type I interferons (IFNs) are known to combat viruses during viral
infections and it has been well-established that CHIKV infection elicits a
type I IFN response alongside the production of other pro-inflammatory
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Fig. 1. Ae. aegypti saliva enhances CHIKV replication
in human skin fibroblasts. Cells were infected with
CHIKV LR2006_OPY1 strain at a multiplicity of infec-
tion of 1 in the presence or absence of Ae. aegypti
saliva. After 6, 24 and 48 h, intracellular viral RNA
and infectious virus production were quantified by (A)
quantitative real-time PCR and (B) plaque assay, re-
spectively. Data are representative of three in-
dependent experiments, each performed in dupli-
cate ± standard deviation of the mean. The Student's
t-test was used to analyze the differences between sets
of data. A value of p < 0.01 was considered sig-
nificant. ** p-values< 0.01.

Fig. 2. Expression of genes involved in the
regulation of the human type I IFN response
by CHIKV in human skin fibroblasts. Cells
were exposed to CHIKV in the presence or
absence of saliva. (A) The expression of
significantly up- or down-regulated genes
involved in the human type I IFN response
was measured by PCR array (PAHS-016Z;
SABiosciences, Frederick, MD). The fold
changes of gene expression were color-
coded from blue to red (showing down-
regulation to up-regulation) (B) mRNA le-
vels of the indicated gene were validated by
qRT-PCR. Results are expressed as fold
change of transcripts in CHIKV-infected cells
in the presence or absence of saliva, relative
to those in mock-infected cells (Control). (C)
Mock and infected cells were lysed and
analyzed by immunoblotting against STAT2,
phospho-STAT2 (Tyr690) and β-actin. (For
interpretation of the references to color in
this figure legend, the reader is referred to
the web version of this article.)
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cytokines (Lum and Ng, 2015). In the present study, CHIKV-infected
human fibroblasts were found to express significantly increased levels
of many type I IFN-responsive genes, as demonstrated by specific PCR
array analysis. In contrast however, these genes were markedly de-
creased in cells infected with CHIKV in the presence of mosquito saliva
(Fig. 2A). The expression of the interferon-inducible (IFI) genes IFI6,
IFI16, IFI27, IFI30 and IFIH1 (MDA5), as well as STAT2, TNFSF10
(TRAIL) and PRKRA, were further validated by real-time quantitative
PCR (Fig. 2B). In contrast, and used as a negative control, expression
levels of the PRKRA did not change under either experimental condition
in accordance with the microarray data. Moreover, immunoblotting
analysis revealed that STAT2 and its phosphorylation form were down-
regulated in the presence of mosquito saliva (Fig. 2C). Since, mosquito
saliva can down-regulate these genes expression (Supplementary
Fig. 2), it is therefore reasonable to hypothesize that mosquito saliva
directly affects the host immune response, at least in part, via JAK-STAT
signaling pathway.

Following CHIKV infection, viral RNA is recognized by cytosolic
RNA sensors that trigger the expression of various pro-inflammatory
genes, resulting in an anti-viral type I IFN response. In particular, MDA5
efficiently detects dsRNAs which leads to activation of the IRF3-de-
pendent signaling pathways and, ultimately, type I IFN production.
Consequently, triggering of the canonical pathway of IFN type I sig-
naling through JAK-STAT activation results in the assembly of the
ISGF3 complex that translocates to the nucleus to activate gene tran-
scription (Schwartz and Albert, 2010). These concerted activation
pathways converge to restrict CHIKV replication. Support for this no-
tion is provided by the recent observation that alphavirus-infected cells
were unable to induce a type I IFN response in the absence of MDA5
(Akhrymuk et al., 2016). Moreover, the enhanced TRAIL expression in
CHIKV-infected fibroblasts is reminiscent of published results showing
that triggering of the STAT1 signaling cascade by HIV-1 Vpr also en-
hanced expression of this molecule, which would presumably help to
eliminate HIV-1-infected cells through TRAIL-mediated cell death
(Zahoor et al., 2014). Therefore, the decrease in the expression of these
molecules by mosquito saliva is aimed to impair the host immune re-
sponses which, as a consequence, favors viral replication.

As a typical adaptive immune response does not develop im-
mediately following infection, the innate immune system seems unable
to control the early phase of CHIKV infection. Concordantly, in this
study, most of down-regulated genes in skin cells challenged with saliva
belong to those of innate immune response. In particular, IFI6, IFI16,
IFI27 and IFI30 expression was significantly decreased in CHIKV-in-
fected skin cells in the presence of saliva. As shown previously, in-
creased IFI6 expression levels are associated with a strong decrease in
yellow fever, Dengue type 2, as well as West Nile, virus infection and
IFI6 was found to also limit HCV entry and replication in human he-
patoma cells (Meyer et al., 2015). It is of note that IFI6 and IFI27 are
two related proteins belonging to the FAM14 family on the basis of
sequence similarity and that are commonly and concomitantly induced
by IFNs. However, unlike IFI6, the latter molecule is not known to be
involved in the modulation of virus infection. Another IFI gene induced
in CHIKV infected skin cells, IFI16, reportedly acts as a restriction factor
for several other DNA viruses (Orzalli et al., 2015), whereas it also
induces anti-viral inflammasome activity against KSHV and EBV (Roy

et al., 2016).
To our knowledge, this is the first study showing the importance of

Ae. aegypti saliva in promoting CHIKV infection via downregulation of
the expression of several type I IFN-responsive genes in infected human
skin fibroblasts involving at least in part the JAK-STAT signaling
pathway.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
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