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ABSTRACT Alphaviruses are transmitted to humans via bites of infected mosqui-
toes. Although alphaviruses have caused a wide range of outbreaks and crippling dis-
ease, the availability of licensed vaccines or antiviral therapies remains limited. Mosquito
vectors such as Aedes and Culex are the main culprits in the transmission of alphavi-
ruses. This review explores how mosquito saliva may promote alphavirus infection. Iden-
tifying the roles of mosquito-derived factors in alphavirus pathogenesis will generate
novel tools to circumvent and control mosquito-borne alphavirus infections in humans.
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osquito-borne diseases are major health threats to the public worldwide (1).
Nonetheless, these diseases continue to emerge and reemerge, as demonstrated
by the recent autochthonous transmission of chikungunya virus (CHIKV) in France in
August 2017 (2). CHIKV, one of the most prominent alphaviruses of modern times, can
severely cause musculoskeletal inflammatory disease characterized by fever, polyarthralgia,
and skin rashes in humans. Other alphaviruses in the Togaviridae family include Semliki
Forest virus (SFV), Ross River virus (RRV), O'nyong-nyong virus (ONNV), Venezuelan equine
encephalitis virus (VEEV), and Sindbis virus (SINV). These viruses are typically transmitted
human-to-human via bites of infected female mosquitoes (3). A number of mosquito
species act as vectors in transmission of alphaviruses. While ONNV is transmitted by
anopheline mosquitoes (4), the others are mainly transmitted by culicine mosquitoes (5).
Blood feeding on human hosts by infected female mosquitoes results in simulta-
neous introduction of virus and mosquito saliva into the skin. It has been shown that
mosquito bites enhance infection with dengue virus (DENV) (6), West Nile virus (WNV)
(7), and SFV (8). Although mosquito saliva has been demonstrated to have an important
influence on virus infection and disease, very little is known about the molecular
mechanisms governing the facilitation of virus transmission. Thus, there is a need to
understand the determinants present in mosquito saliva that facilitate transmission and
how they modulate virus infection in the human host. In this review, the focus is on
recent advancements in understanding the roles of arthropod saliva in arthropod-
borne infections and on evaluating the potential modulatory impact of mosquito
salivary proteins on alphavirus pathogenesis. In addition, the potential use of mosquito
salivary proteins as therapeutic or vaccine targets for controlling mosquito-borne
alphavirus diseases is highlighted.

CUTANEOUS IMMUNE RESPONSE TO ALPHAVIRUS INFECTION

Infection is initiated when an infected female mosquito probing for blood releases
viruses below the skin of the human host. Consequently, the initial cells to contact the
viruses are cells residing in the skin, followed by those in the draining lymph node (9).
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FIG 1 Schematic diagram showing skin immune sentinels and cutaneous immune response following
alphavirus inoculation. The epidermis is composed of the outermost layers of cells in the skin. Specialized
cells in the epidermis include keratinocytes, melanocytes, and Langerhans cells. The dermis is anatom-
ically composed of many immune cells, including dermal dendritic cells, resident macrophages, fibro-
blasts, mast cells, and some T cell subsets. Below the dermis is the subcutaneous layer, which is a layer
of tissue composed of adipose tissue. Following a mosquito bite, (i) alphaviruses infect and replicate in
skin fibroblasts. Infection rapidly triggers an innate immune response that leads to increased expression
of type | interferon in skin fibroblasts. (ii) Skin resident dendritic cells become mature following antigen
stimulation and rapidly migrate along lymphatic vessels to the skin draining lymph nodes to prime
adaptive responses. Aside from their role in priming the adaptive immune response, activated dendritic
cells also secrete the cytokines and chemokines that are important for the innate immune response. (iii)
Resident macrophages secrete cytokines and chemokines upon activation. Type | interferons produced
following alphavirus infection activate resident macrophages to the classical phenotype, with enhanced
microbicidal ability and production of proinflammatory cytokines and mediators. (iv) Alphavirus infection
also induces inflammation that leads to recruitment of neutrophils to the site of infection, which then
secrete additional attractants to recruit monocytes. The newly recruited monocytes differentiate into
either inflammatory dendritic cells or macrophages that can become targets for a second wave of
alphavirus infection.

Infection at the skin is a critical stage of alphavirus pathogenesis as the virus must
replicate and disseminate before antiviral immune responses are activated.

The human skin is composed of multiple cell types organized in three layers:
outermost epidermis, dermis, and deepest hypodermis (Fig. 1). Following virus inocu-
lation, viruses first infect keratinocytes and Langerhans cells in the epidermis layer and
then infect stromal cells such as fibroblasts, as well as dendritic cells and macrophages
that reside in the skin dermis layer (Fig. 1). The Langerhans cells and dermal dendritic
cells subsequently mature following antigen stimulation and migrate rapidly along
lymphatic vessels to the skin draining lymph nodes and prime the adaptive immune
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responses (10). During infection, resident macrophages can be activated into either
classically or alternatively activated macrophages depending on the stimuli from the
local microenvironments (11). Importantly, infection also triggers the recruitment of
peripheral neutrophils and monocytes to the site of infection (12, 13).

MOSQUITO SALIVA

The saliva of blood-sucking arthropods contains bioactive compounds that coun-
teract host immune responses (14, 15). Arthropod saliva has been extensively studied
in ticks and sand flies (16, 17). Ticks secrete a complex and sophisticated pharmaco-
logical armamentarium that consists of bioactive lipids and proteins to assist blood
feeding (18). Mosquitoes use their saliva similarly to facilitate blood feeding, as their
saliva contains a complex and diverse mixture of antihemostatic, anti-inflammatory,
and immunomodulatory compounds that can counteract the host’'s hemostatic re-
sponses. The mechanisms behind this include the following: delaying the coagulation
process by the activity of salivary anticoagulant factors (19), inhibition of platelet
aggregation by salivary apyrase (20) or inhibition of collagen-induced platelet aggre-
gation (21), thrombin activity (22), and, lastly, vasodilation of host blood vessels (23).
With the emergence of state-of-the-art technologies, studies on the transcriptomes and
proteomes of the mosquito salivary gland have revealed the presence of hypothetical
proteins with unknown functions (24, 25).

MOSQUITO SALIVA-INDUCED MODULATION OF VIRAL PATHOGENESIS

Beyond just assisting in blood feeding, mosquito saliva can also enhance the
infectivity of mosquito-transmitted pathogens (6, 26). As alphaviruses are among the
most medically important pathogens, there is considerable interest in the role of
mosquito saliva during infection. A study utilizing an in vivo mouse model reported that
infectivity of SFV was enhanced by mosquito bites (8) and that this enhancement was
due to the presence of the mosquito saliva. Although the mechanisms behind this
remain poorly understood, possible immune-modulating pathways mediated by the
mosquito saliva in alphavirus pathogenesis (Fig. 2) are discussed in the following
subsections.

(i) Mosquito saliva promotes extensive cutaneous edema that leads to reten-
tion of viruses at the feeding site. Most insect bites result in localized itching and
swelling that may persist for up to 72 h (27). It is believed that pharmacologically active
substances in the mosquito saliva trigger mast cell activation and histamine release
(28), resulting in fluid leakage from the nearby blood capillaries (29), thus explaining the
manifestation of cutaneous edema.

It was not expected that this localized response could actually benefit virus reten-
tion. The enhancing role of skin edema for virus retention was first demonstrated in
mouse models of SFV infection, where edema at the mosquito bite site resulted in
retention of SFV in the skin and facilitated infection of cutaneous cells (8). This led to
inhibition of virus dissemination into the draining lymph node and delayed the
activation of type | interferon (IFN) and transcriptional impediment of antiviral genes.
Alphaviruses such as CHIKV can infect and replicate efficiently in endothelial cells,
fibroblasts, and macrophages present in the skin (30). Therefore, it is conceivable that
virus retention at the skin facilitated by the mosquito saliva could benefit infection and
replication of alphaviruses at the primary inoculation site (Fig. 2).

(ii) Mosquito saliva hijacks immune cells and facilitates viral spread from the
bite site. Inoculation of viruses into the human host triggers an influx of immune cells
to the site of infection to clear off foreign invaders, heal injuries, and mop up debris
(31). However, recent studies in mice brought out the ugly side of the recruitment of
these inflammatory immune cells. Instead of clearing the viruses, these cells became
infected and subsequently supported virus replication and spreading. In the in vivo
infection model of SFV, mosquito bites induced expression of chemokine (C-X-C motif)
ligand 2 (CXCL2) and interleukin-1 beta (IL-1), which triggered an influx of neutrophils
to the site of infection (8). This not only resulted in extensive infiltration of macro-

June 2018 Volume 92 Issue 12 e01004-17

Journal of Virology

jviasm.org 3


http://jvi.asm.org

Gem

6 Mosquito saliva &9 Monocyte @® Tecel

@ Alphavirus e Macrophage
@ Mastcell < Fibroblast
&  Neutrophil % Dendritic cell

Epidermis
Dermis 0 internalization into cell
%ol
.®. (i) Edema
@ / : O @ (v) Subvert T cell / DC response

L ® o

X
(iv) Suppress anti-viral immune response l/ \1

®» o %

(i) Induce recruitment of neutrophils and monocytes

Hypodermis

FIG 2 Schematic diagram showing the potential modulatory impact of mosquito salivary proteins on
alphavirus pathogenesis, including (i) extensive cutaneous edema to retain viruses at the mosquito bite
site, (i) inflammation and recruitment of virus-susceptible immune cells to the site of infection, (iii)
increased endothelial permeability and thus facilitation of virus dissemination and transmigration of cells,
(iv) suppression of host innate immune response to benefit virus survival and replication, (v) subversion
of the host adaptive immune response, and (vi) interaction with virus and host to enhance internalization
of virus into the host cell.

phages (32) but also provided an additional cellular target for virus infection. In
another study, DENV infection led to modest recruitment of inflammatory neutrophils
and monocytes to the dermis of infected mice, and the influx was further enhanced by
the presence of Aedes aegypti salivary gland extract (SGE) (33). Viruses then targeted the
de novo recruited monocyte-derived dendritic cells and transformed them into cellular
reservoirs for virus replication (34).

Monocytes, which represent another innate immune cell type found in the blood,
are typically recruited to the site of virus inoculation following mosquito bites. Blood
monocytes were previously demonstrated to be one of the main targets of CHIKV
infection during the acute disease phase (35). Thus, enhanced recruitment of mono-
cytes to the site of infection by mosquito saliva provides an additional cellular target for
CHIKV infection. The infected blood monocytes may behave as a “Trojan horse” and
may disseminate the virus to other sites, resulting in a more severe disease outcome
(36), as demonstrated by the manifestation of polyarthralgia following CHIKV infection
in humans (37, 38).

(iii) Mosquito saliva disrupts endothelial barrier function to enable blood
feeding, which facilitates virus dissemination and cell migration. The endothelial
barrier of blood capillaries separates the skin from systemic blood circulation and thus
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acts as a physical defense against virus invasion into the human host (39). Mosquitoes
produce bioactive molecules in their saliva that are able to disrupt this protective
barrier. Anopheles stephensi mosquito bites induce dermal mast cell activation, leading
to the release of vasoactive amines that further enhance vascular permeability in the
mouse skin (40). Aedes aegypti SGE was found to decrease the transendothelial elec-
trical resistance of endothelial cell monolayers in vitro and to induce vascular leakage
in the skin following intradermal inoculation into the mouse ear (33). The mechanism
lies in the serine proteases present in SGE breaking down the extracellular matrix of
fibroblasts (41), which subsequently causes actin cytoskeleton disruption leading to
increased endothelial permeability.

Mosquito saliva-mediated disruption of the endothelial barrier enhances systemic
virus dissemination and also augments virus access to circulating enhancing antibodies
from primary infection with a different dengue virus serotype, exacerbating pathogen-
esis during antibody-dependent enhancement in DENV infection (33). Interestingly,
Aedes mosquito SGE was also shown to significantly increase viral titers in the brain of
Rift Valley fever virus-infected mice, indicating a role of mosquito saliva in modulating
the permeability of the blood-brain barrier and triggering virus dissemination to the
central nervous system (42). The disruption of endothelial barrier function in the dermis
also enhances transmigration of monocytes and neutrophils through blood vessels to
enter the dermis (33). All of these findings highlight the possibility that mosquito saliva
facilitates alphavirus infection through disruption of the protective endothelial barrier,
leading to enhanced virus dissemination and immune cell transmigration through the
blood vessels following injury (Fig. 2).

(iv) Mosquito saliva suppresses the innate immune response of human host
cells. Innate immune responses represent the first line of immune defense of the host
against virus infection and play crucial roles in controlling viral replication and patho-
genesis during early stages of infection. Robust antiviral immune responses and
expression of type | interferon triggered following alphavirus infection induce the
expression of hundreds of interferon-stimulated genes that restrict virus replication or
modulate immune response by inducing the recruitment and maturation of leukocytes
(43). Thus, to effectively infect and replicate in the target cells, alphaviruses must delay
their early detection and clearance by the host innate immune system, potentially with
the help of the mosquito saliva. Mosquito saliva can play a role in controlling the
abundant expression of antiviral genes through targeting components of the type |
interferon pathway, allowing more-efficient virus replication in infected cells (44).

The modification of host immune responses by salivary components of blood-
feeding arthropods has been extensively studied in ticks and sand flies. Tick saliva
creates an immunosuppressive niche to facilitate the transmission of tick-borne patho-
gens (45-47). Saliva of the Ixodes ricinus tick interferes with activation of the pathway
that mediates interferon beta (IFN-B) induction, enhancing Borrelia afzelii infection in
dendritic cells (48). Mosquitoes also secrete saliva to suppress antiviral innate immune
responses and to modulate early viral replication in human host cells. Proteomic
analysis of DENV-infected Aedes aegypti mosquitoes demonstrated high levels of a
34-kDa protein in the salivary glands that enhanced DENV replication in human
keratinocytes. This was due to the suppression of interferon regulatory factor 3 (IRF-3)
and IRF-7 mediated by the 34-kDa protein that subsequently resulted in reduced
expression of both type | interferon and IFN-y in the cell at the earliest stages of
infection (44). Interestingly, the expression of this Aedes-specific protein was also
upregulated in the salivary glands of CHIKV-infected Aedes aegypti female mosquitoes
(49). Thus, it is highly plausible that alphaviruses utilize the same immune escape
strategy to enhance virus replication in permissive skin fibroblast cells by suppressing
innate immune responses in the target cells. It will therefore be of significant interest
to determine how this 34-kDa protein downregulates the expression of IR3 and IR7 and
what cellular pathways and host factors are involved in its function.

Innate immune responses frequently include complement cascades that can be
activated on the surface of a pathogen through three pathways: the classical pathway,
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an alternative pathway, and the mannan-binding lectin pathway (50). The primary
function of the complement system is to protect the host from invading infectious
pathogens by recruiting and enhancing phagocytosis of target cells by innate immune
cells (50). Despite the complex setup of the complement system, blood-sucking arthro-
pods could still transmit infectious pathogens into human hosts during blood feeding.

The sand fly Lutzomyia longipalpis, vector of Leishmania spp., has saliva that is
capable of inhibiting both the classical and alternative complement pathways (51),
whereas the tick Ixodes scapularis has a salivary protein, Salp20, that acts only on the
alternative complement activation pathway by binding properdin and dissociating
C3bBbP, the active C3 convertase (52). The saliva of DENV-infected Aedes aegypti was
also able to interrupt the mannose-lectin pathway of complement activation, and,
surprisingly, the interruption was due to the presence of soluble DENV nonstructural
protein 1 in the saliva (53). Once again, these findings illustrate that blood-sucking
arthropods have evolved to produce salivary components that are capable of
subverting host innate immune responses. It is plausible that in mosquito-borne
alphavirus infections, the viruses benefit from the suppression of host innate
immune responses triggered by mosquito saliva to infect and replicate in target
cells more effectively (Fig. 2).

(v) Mosquito saliva subverts host adaptive immune responses to alphavirus.
Adaptive immune responses also play an important role in controlling virus infection in
human hosts (10). Alterations in the function of antigen-presenting cells, such as
macrophages or dendritic cells, can greatly impair the development of an appropriate
adaptive immune response. It has been shown that tick saliva contains bioactive
molecules that are able to inhibit dendritic cell maturation, function, and migration,
thereby altering the outcome of dendritic cell-CD4* T cell interactions (54). Mosquito
saliva, like tick saliva, has immunomodulation effects on dendritic cells, but instead of
retarding dendritic cell migration, Aedes aegypti SGE boosted migration of activated
classical dendritic cells from the skin to the draining lymph node in the presence of
enhancing antibodies during DENV infection (33). Dendritic cells are crucial for priming
adaptive T and B cell responses following alphavirus infection (55). The resident
dendritic cell population in the skin matures and migrates to local draining lymph
nodes following infection with alphaviruses (55) and further stimulates antibody- and
cell-mediated responses. Thus, the boosted migration of dendritic cells may augment
alphavirus pathogenesis by facilitating virus dissemination or skewing host immune
responses.

Another antigen-presenting cell that is important in linking innate and adaptive
immune responses is the macrophage. Tick saliva has been shown to modulate
macrophage cytokine production (56) and costimulatory molecule expression (57).
Further characterization of the tick salivary constituents revealed that the vasodilator
prostaglandin E,, abundantly present in tick saliva, was able to alter the migratory
activity and cytokine profile of macrophages (58). These findings further demonstrate
the complex nature of arthropod saliva and highlight the potential redundancy in the
mechanisms utilized to regulate host responses. Mosquito saliva also contains phar-
macologically active compounds with vasodilatory or anticoagulation properties. Aside
from their well-known functions, these compounds might also modulate host immune
responses that eventually benefit virus replication and infection. Therefore, it is of
interest to explore potential host immunomodulatory roles of these compounds in
alphavirus infection.

Blood-feeding mosquitoes have also developed strategies to suppress host adaptive
immune responses through regulation of lymphocytes. Mosquito SGE significantly
suppressed T cell proliferation in treated splenocytes from naive C3H/HeJ mice (59) at
lower concentrations and enhanced apoptosis of both T cells and B cells in the spleen
when present at high concentrations (60). Mosquito saliva also significantly reduced T
lymphocyte populations in the mouse ear skin after mosquito feeding in WNV-infected
mice (61).
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Experiments with mosquito saliva or SGE have shown polarization of host cutaneous
immune responses from Th1 to Th2 responses (59, 62). Notably, CHIKV-infected mice
inoculated via mosquito bites showed a Th2 profile with an upregulation of Th2 IL-4
concomitant with prolonged suppression of Th1 IFN-y and IL-2 release compared to
needle-inoculated virus-infected mice (63). Alterations in cytokine production by T cells
could presumably alter cell influx and result in a shift to a predominantly Th2 response,
leading to alteration of inflammatory responses and benefitting virus survival and replica-
tion.

The chronic musculoskeletal pathology in CHIKV infection is caused by persistent virus
infection and controlled by adaptive immune responses (64). It is conceivable that the
mosquito saliva delays or disrupts the host adaptive immune response, resulting in pro-
longed virus infection which subsequently promotes chronic disease in CHIKV infection
(Fig. 2). Identifying mosquito-derived factors that are responsible for the suppression of
adaptive immune responses will help provide a therapeutic target to stimulate virus
clearance and limit the progression of chronic symptoms in alphavirus infection.

(vi) Mosquito saliva contains factors that interact with virus and host to
facilitate virus infection. Studies have been conducted to define the factors within
mosquito saliva that modulate arbovirus infection. In most of the studies, the enhance-
ment of arbovirus infection was attributed to the modulation of host cells and immune
responses by mosquito salivary components (6, 8, 26). Interestingly, mosquito saliva
also contains molecules that could enhance virus attachment and entry into mamma-
lian cells. A 45-kDa sialylated saliva glycoprotein, belonging to the D7 protein family in
the SGE of Aedes aegypti, forms a complex with DENV and further enhances DENV
internalization into mammalian cells (65). Sialylated glycoproteins have previously been
shown to modulate many important biological processes, including cellular recogni-
tion, trafficking, and signaling, in human cells (66). All of these findings suggest the
hypothesis that mosquito saliva contains sialylated molecules that interact with both
virus and host to facilitate successful virus-host tissue transmission, which might be also
applicable in mosquito-borne alphavirus infections (Fig. 2).

FUTURE CHALLENGES

Mosquito saliva plays pivotal roles in pathogenesis and transmission of mosquito-
borne viruses in human hosts. The various scenarios synergistically create a beneficial
microenvironment that facilitates virus replication at the earliest stage of infection (Fig. 2).

Modulation by mosquito saliva for recruitment of more immune cells to the biting
site is likely to generate a permissive environment for the establishment of virus
infection with possible repercussions on the pathogenesis. A pertinent issue remains
with respect to whether suppressing inflammation at the mosquito bite site controls
the spread of viruses from the site of inoculation. Strategies could start with repurpos-
ing clinically approved anti-inflammatory drugs to treat inflammation following mos-
quito bites before the onset of disease symptoms. However, such applications must be
looked at carefully, bearing in mind the pleiotropic roles of inflammatory immune cells
in defending human hosts against invading viruses.

Due to the complexity of mosquito saliva, there are many more mosquito-derived
factors with roles in modulating host responses that have yet to be discovered.
High-throughput proteomic and transcriptomic approaches have resulted in the dis-
covery of genes and proteins not previously reported in the mosquito salivary gland.
The current challenge is to characterize the biological activities of these salivary
molecules, the structures and biological functions of which are largely unknown today.

It is important to understand the molecular properties and host modulatory effects
of the components in mosquito saliva, because the factors responsible for facilitation of
virus transmission in human hosts can be exploited to develop effective drugs against
alphavirus infections. A small-molecule antagonist designed to target mosquito salivary
components, or a host receptor of a salivary component, would be able to block
mosquito saliva-host interactions at the bite site. Such a mosquito saliva-targeting
antiviral would be able to be used simultaneously with a virus-targeting antiviral to
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effectively treat alphavirus infection. Alternatively, it would also be able to be used as
a prophylactic antiviral drug to prevent mosquito to human transmission of viruses in
populations at high risk of exposure to alphavirus-infected mosquitoes, with the aim of
stopping virus infection at the bite site.

Substantial understanding of the structure and biological function of mosquito
salivary components also permits development of vector-based vaccines that target
mosquito salivary proteins. Since the vaccine targets the mosquito vector, it has the
potential to protect against a wide range of the diseases caused by mosquito-borne
pathogens. Currently, a universal vaccine against mosquito-borne disease, AGS-v, which
consists of four synthetic proteins from the mosquito salivary gland, is being investi-
gated in a phase | clinical trial (67). This test vaccine is designed to trigger an immune
response to mosquito saliva rather than to a specific virus, with the hope of triggering
a modified allergic response that can prevent infection when a person is bitten by
virus-carrying mosquitoes.

Discovery of how the components in mosquito saliva modulate human hemostasis
and immune responses for successful blood feeding could also yield a future cure for
other life-threatening diseases. The immunomodulatory, anti-inflammatory, antiplate-
let, and anticlotting properties of mosquito saliva could facilitate creation of a lifesaving
therapy for treatment of heart diseases and immune-driven diseases. There are several
reports addressing the experimental evidence supporting the use of tick saliva com-
ponents as potential alternative treatments for inflammation-related diseases (68) and
even cancer (69, 70). We can make use of yeast surface display technology that
expresses hundreds of proteins in yeast cells to allow high-throughput screening of
pharmacological or immunomodulatory properties (71) to identify potential compo-
nents of mosquito saliva that can be translated into clinical therapy.

Multiple studies have shown that needle inoculation of arboviruses does not
recapitulate the actual characteristics of mosquito transmission of the virus and elicits
contrasting forms of immune activation in response to viruses. This highlights the
importance of mosquito saliva in the earliest events of virus infection. In addition, many
mosquito-borne alphaviruses such as SINV (72), CHIKV (73), and ONNV (74), have been
shown to struggle to replicate and disseminate within wild-type mice after infection by
needle inoculation of viruses. Accordingly, immunocompromised mice are often used
as an alternative model, which precludes the experimental study of many aspects of
host immune responses to these infections. Future studies on mosquito-borne alpha-
viruses should consider integration of actual mosquito transmission of the virus rather
than the use of needle inoculation of virus alone. The use of an integrated host-virus-
mosquito model, mimicking natural virus infection through mosquito bites, will lead to
a better understanding of mechanisms involved in alphavirus pathology in human
hosts. Identification and characterization of the molecules in mosquito saliva that are
responsible for immune modulation and enhancement of viral replication will facilitate
the development of novel curative or preventive strategies for alphavirus control.
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