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Abstract: Dengue is the most burdensome vector-borne viral disease in the world. Dengue virus
(DENYV), the etiological cause of dengue, is transmitted primarily by the Aedes aegypti mosquito.
Like any arbovirus, the transmission cycle of dengue involves the complex interactions of a multitude of
human and mosquito factors. One point during this transmission cycle that is rich in these interactions
is the biting event by the mosquito, upon which its saliva is injected into the host. A number of
components in mosquito saliva have been shown to play a pivotal role in the transmission of dengue,
however one such component that is not as well characterized is extracellular vesicles. Here, using
high-performance liquid chromatography in tandem with mass spectrometry, we show that dengue
infection altered the protein cargo of Aedes aegypti extracellular vesicles, resulting in the packaging of
proteins with infection-enhancing ability. Our results support the presence of an infection-dependent
pro-viral protein packaging strategy that uses the differential packaging of pro-viral proteins in
extracellular vesicles of Ae. aegypti saliva to promote transmission. These studies represent the first
investigation into the function of Ae. aegypti extracellular vesicle cargo during dengue infection.

Keywords: dengue virus; Aedes aegypti; extracellular vesicles

1. Introduction

Dengue virus (DENV) is a mosquito-borne virus responsible for a greater burden of human disease
than any other arbovirus, causing an estimated 10,000 deaths and 100 million symptomatic infections
per year in over 125 countries [1-3]. Dengue is a flavivirus most commonly transmitted by Aedes aegypti,
which flourish in tropical and sub-tropical urban settings around the world [4]. As a result, about
one half of the global population lives in areas environmentally suitable for DENV transmission [5,6].
Recently, due to the increased epidemic activity and geographic expansion of DENV infection and
Ae. aegypti, respectively, DENV is now considered an emerging global health threat [7-10]. Due to
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climate change and population growth, models predict that 2.25 billion more people will be at risk
for dengue in 2080 compared to 2015, bringing the total population at risk to over 6.1 billion [11].
Although a dengue vaccine is now available, its long-term protective efficacy against all four serotypes
has not been established, and consequently novel mechanisms for prophylactics and therapeutics for
dengue infection are still urgently needed [12]. Identifying molecules involved in the transmission of
DENV to the vertebrate host is a crucial first step in the development of new drugs and vaccines [13].

One component of the DENV transmission cycle that offers plenty of potential targets is mosquito
saliva, which is injected into human skin along with virus during an infectious bite and has been
shown to alter virus infection in mammals [14-16]. Mosquito saliva contains a mixture of proteins
that function collectively to allow the mosquito to acquire a blood meal by overcoming host barriers
such as vasoconstriction, platelet aggregation, coagulation, and inflammation [17-19]. Many proteins
found in mosquito saliva are known to be immunogenic, often resulting in allergic reactions ranging in
severity and indicating the capacity of proteins in saliva to influence viral infection [20,21]. Previous
studies examining the contents of Ae. aegypti saliva have shown that it contains over one hundred
unique proteins, many of which have been shown to enhance or inhibit DENV infection [18,22,23].
In order for these salivary proteins to potentially affect DENV infection in a mammalian host, they
must either be secreted directly into the saliva or packaged in extracellular vesicles, which are then
secreted into the saliva.

Extracellular vesicles (EVs), including microvesicles and exosomes, are believed to be secreted by
all eukaryotic cells [24-26]. Made up of a highly heterogenous population of membrane-bound vesicles
of differing origin and cargo, EVs are considered a mechanism of intercellular communication, and as
a result are involved in a multitude of physiological and pathological functions [25,26]. Only lately
was it demonstrated that a cell line from a medically important arthropod secreted EVs [27-29].
While the role of mosquito EVs in viral infection remains unclear, several recent studies have shown
that arthropod EVs are capable of mediating flavivirus transmission and that flavivirus infection affects
EV cargo [27,28,30].

In this study, we examined how the protein cargo of Ae. aegypti EVs differed upon DENV infection
and how changes in the cargo impacted infection. We compared and cross-referenced this data with
saliva proteins that we found were able to enhance DENV infection in mammalian cells. By measuring
the DENV infection-enhancing ability of proteins found in Ae. aegypti saliva and determining what
proteins were also present in Ae. aegypti EVs, we identified a DENV infection-enhancing protein that was
selectively packaged in mosquito EVs during DENV infection. The identification of infection-enhancing
molecules found in arthropod EVs points to novel transmission mechanisms, many of which could
allow for the development of therapeutics and insect-based transmission vaccines against identified
targets that would impede transmission and infection in humans.

2. Results

2.1. Identification of DENV Infection-Enhancing Aedes aegypti Saliva Proteins

Mosquito saliva as a whole has been shown to enhance infection in mammals for several
arboviruses, yet there is a lack of information regarding the identification of individual salivary
proteins with an impact on viral infection. Our group and others have identified several proteins in
Ae. aegypti saliva that have either enhancing or inhibitory effects on DENV infection in mammalian
cells [18,22]. To measure the effect of individual salivary proteins on DENV infection, we used a method
developed and optimized in our lab to separate (fractionate) saliva proteins, evaluate the impact of
each fraction on DENV infection in human cells, and then identify the proteins present in fractions with
infection-enhancing properties. Unlike previous studies, which isolated proteins from homogenized
salivary gland tissues (termed salivary gland extract or SGE), here we used actual mosquito saliva
to ensure that the identified proteins have relevance in mosquito-human transmission in nature.
To do this, saliva was collected from blood-fed Ae. aegypti and fractionated by high-performance liquid
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chromatography (HPLC), which separated proteins into 80 fractions on the basis of their hydrophobicity
(Figure 1) [18,22].
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Figure 1. Saliva was collected from female Ae. aegypti after blood feeding. Mosquito saliva was
fractionated by high-performance liquid chromatography (HPLC) on a nonporous reverse-phase
column with a TFA buffer system into 80 fractions of 100 uL each.

Following fractionation, to assess the effect of salivary proteins on DENV infection, human
fibroblasts were simultaneously treated with saliva fractions and infected with DENV. RNA was
isolated from these fibroblasts 24 hours post-infection and used to quantify the DENV infection
by qRT-PCR. When compared to control cells infected with DENV but untreated with any saliva
fractions, many saliva fractions had an impact on infection, with several demonstrating substantial
infection-enhancing activity (Figure 2). To identify which proteins were present and putatively
responsible for greater levels of infection in the fibroblasts, aliquots of the saliva fractions were
subjected to LC/MS-MS analysis, and these data were used to generate a list of proteins found in each
fraction (Table 1).

Table 1. Proteins found in the enhancing fractions of mosquito saliva.

Putative
Function-Blastp 2

Putative Accession
Function-Vector Base !

Protein SeqID  Fraction Observed

Zinc finger protein

AAEL000299-PA A20 Unknown 490 (Aedes aegypti) XP_001654769.2
Clustered
AAEL000794-PA Al8, A9, A0, Unknown mitochondria protein Q17N71.1
Ab51, A52
homolog
AAEL000913-PA A19, A20, A68 Cuticle Protein Cuticle Protein XP_001651656.2
AAEL002675-PA  A18, A19, A20, A52 Arginase Arginase XP_001662057.1
AAEL005493-PA Al8, A9, A20, Septin Septin-1isoform X2 ~ XP_021704188.1
AbB2, A69
Kelch
AAEL006525-PA A20, A52 Kelch Repeat Protein domain-containing XP_001652008.2

protein 3
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Table 1. Cont.
Protein SeqID  Fraction Observed Putative Putative Accession
1 Function-Vector Base ! Function-Blastp 2
AAEL006528-PA A20 No match AAELOO6528_I,)A EAT41874.1
(Aedes aegypti)
GPCR Probable G-protein
AAEL006844-PA Al19, A20, A52 Octopamine/Tyramine coupled receptor XP_001652255.3
Family No18
Pseudouridvlate tRNA pseudouridine
AAEL007354-PA A67 Y synthase A, XP_001658327.1
synthase ; .
mitochondrial
AAEL009062-PA A19 Uncharacterized Voltage-dependent ., 151659677 5
calcium channel
AAEL009533-PA A68 F-box protein 25/32,  F-box only protein 25y, 37 61905 1
Fox0 signaling pathway (Aedes aegypti)
Probable ubiquitin
AAEL009824-PA A20, A67 Ubiquitin specific carboxyl-terminal ;11705405 ¢
! protein 9/faf hydrolase FAF (Aedes - ’
aegypti)
AAEL010440-PA A67 Bud22/Serum response Nucleolin (Aedes — yp 0166083 1
factor-binding protein 1 aegypti)
AAEL010962-PA A18, A19 No match Gustatory receptor 73 \1p 134599 1
(Aedes aegypti)
Uncharacterized
AAEL012615-PA A67 No match protein LOC5576554 XP_021705756.1
(Aedes aegypti)

! Putative function according to VectorBase: Aedes aegypti protein database: http://www.vectorbase.org/downloads.
2 Blastp-NCBI using non-redundant protein sequence (nr) and Aedes aegypti (taxid: 7159) databases at: https:
//blast.ncbinlm.nih.gov/Blast.cgi.
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Figure 2. Human primary dermal fibroblast cells were simultaneously treated with 80 Aedes aegypti
saliva fractions and infected with DENV-2. Wild-type (WT) cells were treated with whole saliva and
DENV-2, instead of saliva fractions. Then, 24 h post-infection, the cells were lysed and RNA was
collected and used to quantify the DENYV viral load by gqRT-PCR. Data presented are ng RNA, calculated
using previously determined standard curves for DENV E mRNA and Human B2M mRNA. Results
are the mean + standard error of the mean of three independent experiments.
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2.2. DENV Infection Altered Protein Cargo of Ae. aegypti EVs

Although the ability of mosquito EVs to mediate flavivirus infection in vitro has been reported,
the protein cargoes of these EVs remained to be determined [27]. In addition, it is unknown
whether differentially packaged proteins could impact infection via the EVs. To assess how DENV
infection affected extracellular vesicular protein packaging, EVs were isolated from DENV-infected and
uninfected Ae. aegypti cells. The total protein was isolated from these EVs, and samples were subjected
to LC/MS-MS to determine which proteins were found in the EVs from DENV-infected cells, uninfected
cells, or both EV sample types (infected and uninfected). The majority of the proteins identified were
found in both uninfected and infected cells, which was expected as extracellular vesicles contain a
wide range of proteins that are necessary for their functions (Figure 3). However, several proteins were
exclusively found in the EVs derived from DENV-infected cells (Figure 3 and Table 2), supporting an
infection-dependent protein packaging strategy, similar to that previously observed in DENV-infected
human dendritic cells [31].

Il 24 DENV-Infected
B 13 Uninfected
B 51 Both

Total=88

Figure 3. Extracellular vesicles were isolated from DENV-infected and uninfected Ae. aegypti cells.
Proteins from both EV samples were processed and identified by mass spectrometry. Of the 88 total
proteins identified, while the majority were observed in the EVs from both infected and uninfected
cells (51, 58%), several were observed only in the EVs derived from DENV-infected cells (24, 27%) and
in EVs from uninfected cells (13, 15%).

2.3. DENV Infection Resulted in the Packaging of Infection-Enhancing Cargo in Ae. aegypti EVs

Twenty-four proteins were identified only in EVs isolated from DENV-infected Aedes aegypti cells
(Table 2). Putative functions were identified for several of these proteins, and included receptors,
proteases, and cuticle proteins, among others. Of these proteins, AAEL002675 was the only protein
found in EVs derived from DENV-infected cells and in multiple fractions of mosquito saliva that
displayed infection-enhancing activity in vitro (Figure 2). To demonstrate the intrinsic DENV
infection-enhancing ability of AAEL002675, the recombinant protein was overexpressed in Drosophila
melanogaster cells, purified, and used to pre-treat human fibroblast cells before infection with DENV.
The addition of AAEL002675 to these cells resulted in the robust enhancement of the DENV viral load
(Figure 4), greatly supporting the infection-enhancing ability of this protein.
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Table 2. Proteins found in extracellular vesicles from DENV-infected mosquito cells.

Gene ID Protein Vector Putative . . 2 .
VectorBase Base Function-Vector Base ! Putative Function-Blastp Accession
AAEL000511  AAELO00511-PC Acetylcholinesterase Acetylcholinesterase 1§of0rm XP_001656977.3

(Fragment) X1 (Aedes aegypti)
AAFEL001493 AAEL001493-PC  Laminin, N-terminal Laminin subunitalpha-l =y, 1700673 ¢
isoform X1 (Aedes aegypti)
AAEL002675 AAEL002675-PA Arginase Argmase;,e;;;::;;m (Aedes— yp_001662057.1
AAFL003402 AAELO03402-pB JPhingomyelin AAEL003402-PB (Aedes EAT45277.1
phosphodiesterase aegypti)
AAEL003413 AAEL(003413-PA F-spondin Spondin-1 (Aedes aegypti) XP_001656777.2
AAEL003723  AAEL003723-PA C'TYIEE;;}_’Z")ZYI“Q Lysozyme-like (Aedes aegypti) ~ XP_021699294.1
., Lipid storage droplets
AAEL005951 AAEL005951-pC LiPid storage droplets surface-binding protein 1 XP_021693333
surface binding protein . .
isoform X1 (Aedes aegypti)
AAEL006240 AAEL006240-PA purpleacid Select seq ref[XP_001651840.1]  XP_001651840.1
phosphatase, putative
AAELO06434 AAELO06434-PA  Serine protease, Serine protease 7isoform X2 yp 151703558 1
putative (Aedes aegypti)
AAEL007992 AAEL007992-PB.  Trypsin, putative Serine protease 7 isoform X1y, 51693694 1
(Aedes aegypti)
Prolylcarboxypeptidase, Putative serine protease
AAEL009038 AAEL009038-PB outative F56F10.1 (Acdes acgyptd) XP_021697410.1
AAEL009345 AAEL009345-PA Prohibitin Protein 1(2)37Cc (Aedes XP_001653792.1
aegypti)
AAEL011271 AAEL011271-PA PDCD6IP AAELOL1271-PA (Aedes EAT36654
aegypti)
AAEL012326 AAEL012326-PA  Calmodulin family AAELOlﬂiZ;’;A (Aedes EAT35514.1
AAEL013620 AAEL013620-PA  Ras-related protein AAELOl;ZZy(;’tI;A (Aedes EAT34116.1
AAEL013952 AAEL013952-PE Prohibitin AAELO13952-PA (Aedes EAT33777.1
aegypti)
AAEL014566 AAEL014566-PD Wingless AAELO14566-PA, partial EAT32499.1
(Aedes aegypti)
AAFLO015038  AAELO15038-PA Palm.ltoyl-protem Palmitoyl-protein thlqesterase XP_001650360.2
thioesterase 1 (Aedes aegypti)
AAFL015235 AAEL015235-PA  Flotillin subfamily AAEL015235-PA, partial EAT32605.1
(Aedes aegypti)
AAEL017301 AAELO017301-pA  Clongation factor AAELO17301-PA (Aedes EJY57625.1
1-alpha aegypti)
AAEL017982 AAEL023321-PA HSP70 Heat shock 70 Cb (Aedes ACJ64198.1
aegypti)
AAEL020330 AAEL020330-PA Unknown Heat shock protein 70 Al-like v 1593654 1
(Aedes aegypti)
Sushi, von Willebrand factor
AAEL021904 AAEL021904-PA Unknown type A, EGFand pentraxin =y, 51705770 1
domaln—contalnmg protem 1
(Aedes aegypti)
Uncharacterized protein
AAEL024406 AAFEL024406-PB Unknown LOC5572108 isoform X3 XP_021699023.1
(Aedes aegypti)

! Putative function according to VectorBase: Aedes aegypti protein database: http://www.vectorbase.org/downloads.
2 Blastp-NCBI using non-redundant protein sequence (nr) and Aedes aegypti (taxid: 7159) databases at: https:
//blast.ncbinlm.nih.gov/Blast.cgi.
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Figure 4. Human primary dermal fibroblast cells were treated with either BSA, control (AAEL001928;
Actin-1), or AAEL002675 for one hour before infection with DENV-2 at a MOI of 0.1. Then, 24 h
post-infection, the cells were lysed and RNA was collected and used to quantify the DENV viral load
by gqRT-PCR. Data presented are ng RNA calculated using previously determined standard curves for
DENV E mRNA and Human B2M mRNA. Results are the mean + standard error of the mean of three
independent experiments.

2.4. AAEL002675 Expression Increased upon DENV Infection

To better understand the DENV infection-dependent packaging of AAEL002675 in EVs, it was
important to examine how DENV infection affected the expression of AAEL002675 in Ae. aegypti.
In doing so, Ae. aegypti cells were infected with DENV and the level of AAEL002675 gene expression
was measured from 24 to 96 hours post-infection (Figure 5). At all times following infection,
an increase in the expression of AAEL002675 was observed, with a pronounced peak of expression at
72 hours post-infection.
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Figure 5. Ae. aegypti cells were infected with DENV-2. At the given timepoints after infection, the cells
were lysed and RNA was collected and used to quantify the AAEL002675 gene expression by gRT-PCR.
Results are the mean + standard error of the mean of three independent experiments.

3. Discussion

Proteins found in Ae. aegypti saliva have been shown to enhance DENV replication and
spread [18,23,32]. By using our unique method of saliva protein analysis, we identified multiple
proteins with suspected DENV infection-enhancing ability (Table 1). Additionally, while the ability
of Aedes EVs, a widely-believed component of mosquito saliva, to facilitate DENV transmission has
been demonstrated, the functions of the protein cargo of these EVs during infection remain to be
determined [27]. Our data (Figure 3 and Table 2) show that DENV infection impacts the cargo packaging
of Ae. aegypti EVs, a phenomenon previously characterized using EVs derived from DENV-infected
dendritic cells [31]. Several of the proteins found in EVs derived from infected cells, but not uninfected
cells, have known infection-enhancing putative functions (Table 2). These results support the presence
of a DENV infection-dependent protein packaging strategy, aimed at increasing viral transmission
through the delivery of infection-enhancing cargo by vesicular trafficking. Such a pro-viral strategy
has been described for a multitude of other clinically relevant viruses, including HIV, Epstein-Barr
virus, Cytomegalovirus, and Hepatitis C virus, however this is the first report of this strategy as a
mechanism of DENV transmission [26].

Of the proteins found only in EVs from infected cells, two with well-characterized functions during
DENV infection are AAEL017301, the Ae. aegypti elongation factor-1 alpha (EF1A); and AAEL(017982,
the Ae. aegypti heat shock protein 70 (HSP70) (Table 2). Human EF1A has been shown to function in
the replication and pathogenesis of a diverse group of RNA viruses [33]. In the case of West Nile virus,
a mosquito-borne member of the Flavivirus genus, human EF1A has been shown to facilitate viral
minus-strand RNA synthesis through interaction with the 3’-terminal stem-loop region of the viral
genome [34,35]. Similarly, the EF1A of Ae. albopictus has been shown to bind to the 3’ untranslated
region of DENV in cells [36]. Although neither of these studies support the function of Ae. aegypti
EF1A in DENV infection, the expression of AAEL017301 has been shown to increase following DENV
infection, indicating a pro-viral role similar to that demonstrated in previous work [37]. Like EF1A,
many studies have shown the involvement of HSP70 in flavivirus infection [38,39]. A HSP70 chaperone
network has been shown to mediate the DENV viral cycle, in that cytosolic HSP70 isoforms are required
at distinct steps, including entry, RNA replication, and virus assembly [38,39]. A similar HSP70
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chaperone network has been described for Zika virus, another mosquito-borne flavivirus similar to
DENV [40]. Importantly, the inhibition of HSP70 blocks DENV replication as well as the replication
of other mosquito-borne flaviviruses, supporting the role of Ae. aegypti HSP70 in the context of viral
transmission and spread [38]. Similar to both of these proteins, another protein found EVs derived
from infected cells, AAEL002675, has a function known to affect viral infection.

AAEL002675, an Ae. aegypti arginase, was the only protein identified in both the DENV
infection-enhancing saliva fractions (Table 1) and EVs derived from DENV-infected Aedes cells
(Table 2) [41]. Although studies have elucidated the physiological role of Ae. aegypti arginase,
the function of this protein during DENV infection remains undefined [42,43]. However, much more
work has been performed characterizing the function of human arginase I (Arg-I), the human homolog
of AAEL002675. Physiologically, Arg-I metabolizes L-arginine to L-ornithine and urea, serving a
fundamental role in the hepatic urea cycle [44]. Yet, several types of immune cells require L-arginine for
their effector functions [44]. For example, activated macrophages consume L-arginine by converting
it to L-citrulline, nitric oxide (NO), and reactive nitrogen species via induced nitric oxide synthase
as their primary mechanism of cytostatic or cytotoxic activity against viruses [45]. Due to this role
in the innate immune response, Arg-I has been shown to play a role in several viral infections [46].
For example, the expression of Arg-I has been shown to be associated with an increased viral load,
disease severity, and persistence of the Chikungunya virus, which, like DENYV, is transmitted by the Ae.
aegypti mosquito [47].

Although the role of Arg-I during DENV infection is not well known, it has been shown to
promote the persistence of the flavivirus Hepatitis C virus in human hepatoma cells [48]. Additionally,
the function of NO during DENYV infection has been characterized, and while the exact mechanism
has yet to be determined, it has been shown to inhibit DENV replication by impeding the polymerase
activity of the viral protein NS5 [49,50]. In this case, if an exogenous arginase, such as AAEL002675,
was delivered to recently infected cells, cytosolic L-arginine would be converted to L-ornithine and
urea, thereby reducing the cytosolic concentration of L-arginine that could be converted to NO and
subverting the desired immune response. Our data show that AAEL002675 enhances DENV infection
in human fibroblasts (Figure 4), strongly supporting the ability of this protein to disrupt the anti-viral
immune response, perhaps similarly to Arg-I by presumably converting cytosolic L-arginine and
limiting the ability of NO to be produced. Additionally, not only does AAEL(002675 enhance DENV
infection, but the DENV infection of Ae. aegypti results in an increase in the expression of AAEL002675
(Figure 5), which would only result in a greater conversion of cytosolic L-arginine and a lesser amount
of cellular NO.

The incorporation of infection-enhancing proteins such as AAEL002675, AAEL017301, and
AAEL017982 in EVs derived from DENV-infected Ae. aegypti cells suggests the presence of a pro-viral
vesicular protein packaging strategy upon DENV infection. While the ability of Aedes EVs to mediate
DENYV transmission has been characterized, this is the first report demonstrating the packaging of the
infection-enhancing cargo in the EVs of Aedes, representing a novel mechanism of DENV infection and
transmission [27]. Previous studies have investigated the functions of secreted proteins in saliva on
DENV transmission, however our results show that considering the role of salivary EV protein cargo in
viral transmission and spread is a topic of equal importance. Identifying more molecules involved in
the transmission of DENV such as those described here is a positive step forward in the development
of antiviral therapeutics and vaccines.

4. Materials and Methods

4.1. Mosquito Rearing and Saliva Collection

Aedes aegypti Rockefeller strain were kept in insectary conditions at 28 °C, 80% humidity, and
light:dark cycle (12 h:12 h). Saliva from 8 to 10-day-old female mosquitoes was collected following the
protocols described elsewhere with small modifications [51,52]. Briefly, a plexiglass (25.5 cm X 17.5 cm)
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was used as platform to place the mosquitoes. Sterile, 200 pL pipette tips were then filled with 50 uL
of sterile 1x PBS and secured on the plexiglass using a clear tape to collect saliva. Wings and legs
were removed from cold anesthetized mosquitoes, and the proboscis was inserted into the pipette
tip. Mosquitoes were allowed to salivate for 30 min, then pipette tip was removed, and the content
was pooled (200 mosquitoes/pool) in a sterile 1.5 mL tube. Saliva pools were kept at —80 °C until use.
The protein concentration of the saliva was verified using the NanoDrop 1000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA).

4.2. Determination of Enhancing Salivary Proteins by HPLC and LC-MS/MS

Mosquito saliva was fractionated by high-performance liquid chromatography (HPLC) on a
nonporous reverse-phase column with a trifluoroacetic acid (TFA) buffer system into 80,100 uL fractions.
Primary Dermal Fibroblast; Normal, Human, Adult (HDFa) (ATCC® PCS-201-012™, Manassas, VA,
USA) were cultured with DMEM (Gibco™ 11995065, Thermo Scientific, Waltham, MA, USA) containing
10% FBS (Gemini 100-106) and 1% penicillin/streptomycin (Gibco™ 15140163, Thermo Scientific,
Waltham, MA, USA) at 37 °C with 5% CO,. Saliva fractions (final protein concentration 1 pg/mL) were
incubated with Dengue Virus type 2, New Guinea Strain (DENV-2-NGC, MOI of 0.1) for 15 min at 37 °C.
After this time, the saliva fraction/virus mixture was added to the cells. The wild-type (WT) group for
this experiment were fibroblasts treated with a saliva/virus mixture prepared the same way as those
used to treat the experimental groups except using whole, unfractionated saliva. This experiment
was performed in three biological replicates (n = 3). Fibroblasts were lysed 24 h post-infection, and
RNA was isolated using the RNeasy Plus Mini Kit (Qiagen™ 74136, Hilden, Germany) according to
the manufacturer’s instructions. To determine the infection-modifying effect of each saliva fraction,
this RNA was used to measure the DENV-2 viral load by quantifying the amount of DENV-2 viral
RNA normalized to human (32 microglobulin (B2M) RNA by qRT-PCR using the QuantiFast SYBR
Green PCR Kit (Qiagen™ 204056, Hilden, Germany) according to the manufacturer’s instructions.
gRT-PCR was performed in duplicate using an RNA volume of 2.5 uL (40 ng). The primers used for the
gqRT-PCR reactions to quantify DENV-2 RNA were designed to target the region of DENV-2 genome
that encoded for the virus’ envelope protein (E) based on the sequence of DENV-2 (NC_001474) [53].
The primers used for the gRT-PCR reactions to quantify human B2M were designed using the known
human B2M gene sequence (NC_000015.10) [54]. qRT-PCR was performed using a Bio-Rad C1000™
thermal cycler (Hercules, CA, USA) combined with a Bio-Rad CFX96™ (Hercules, CA, USA) detection
module. The primers used include: DENV E_F: CATTCCAAGTGAGAATCTCTTTGTCA, DENV E_R:
CAGATCTCTGATGAATAACCAACG; Human B2M_F: CTCCGTGGCCTTAGCTGTG, Human B2M_R:
TTTGGAGTACGCTGGATAGCC. The fractions that enhanced DENV infection were submitted for
liquid chromatography tandem mass spectrometry (LC+MS/MS) analysis. This work was performed by
the Interdisciplinary Center for Biotechnology Research at the University of Florida in Gainesville, FL.
An Ae. aegypti database was used for searching using Mascot-generated files from the MS/MS spectra.

4.3. Aedes aegypti Extracellular Vesicle Isolation and Protein Processing

Aedes aegypti (ATC-10) (ATCC® CCL-125™, Manassas, VA, USA) cells were cultured in DMEM
(Gibco™ 11995065) containing 10% FBS (Gemini 100-106), 1% penicillin/streptomycin (Gibco™
15140163), and 1% tryptose phosphate broth (Gibco™ 18050039) at 30 °C with 5% CO;. The cells
were treated with Dengue Virus type 2, New Guinea Strain (DENV-2-NGC) at MOI of 1.0. Following
2 h of treatment with DENV-2, the media and virus were aspirated, and the cells were washed three
times with sterile PBS (Gibco™ 10010049) and cultured in DMEM containing 10% exosome-depleted
FBS (Gibco™ A2720803, Thermo Scientific, Waltham, MA, USA), 1% penicillin/streptomycin (Gibco™
15140163), and 1% tryptose phosphate broth (Gibco™ 18050039, Thermo Scientific, Waltham, MA, USA)
for 72 h. The cell supernatants following infection or not were collected and used to isolate extracellular
vesicles using Invitrogen™ Total Exosome Isolation Reagent (Invitrogen™ 4478359, Thermo Scientific,
Waltham, MA, USA), a method previously described for the isolation of EVs from Aedes cells [27,55],
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according to the manufacturer’s instructions. The proteins contained in these EVs were processed using
the Thermo Scientific Pierce In-Solution Tryptic Digestion and Guanidination Kit (Thermo Scientific™
89895, Waltham, MA, USA) according to the manufacturer’s instructions.

4.4. Mass Spectrometry

Each sample of digested peptides was desalted with a ZipTip® with 0.6 uL resin bed volume
(Millipore, Burlington, MA, USA) according to the manufacturer’s instructions. The eluent was dried
and resuspended in 0.1% formic acid, and was analyzed using a Q Exactive HFX mass spectrometer
connected to an Easy nLC 1200 ultra high-pressure chromatography system (Thermo Scientific,
Waltham, MA, USA). The samples were loaded onto a reverse-phase nano-trap column (75 um interior
diameter X 2 cm, Acclaim PepMap100 C18 3 pm, 100 A, Thermo Fisher Scientific, Waltham, MA,
USA) with mobile phase A (0.1% formic acid and 2% acetonitrile), and separated over an EASY-Spray
column, (ES803A, 75 um i.d. X 50 cm C18 2 um, 100 A, Thermo Fisher Scientific, Waltham, MA, USA)
using a gradient (2% to 32% over 60 min) of mobile phase B (0.1% formic acid, 80% acetonitrile) at a
flow rate of 250 nL/min. The mass spectrometer was operated in positive ion mode with a capillary
temperature of 275 °C and a potential of 2100 V applied to the emitter. All the data were acquired with
the mass spectrometer operating in automatic data dependent switching mode. A high-resolution
(60,000) MS precursor ion scan (3501500 m/z range) was performed to select the 10 most intense ions
for the subsequent fragmentation and MS/MS analysis using HCD (NCE 29 at 15,000 resolution) each
duty cycle.

4.5. Peptide Identification

The resulting RAW files were individually converted and searched using the MaxQuant platform
(version 1.6.0.16; http://maxquant.org/) under standard settings. Searches were performed twice,
once against all Uniprot entries in both Swiss-Prot and TrEMBL for Aedes aegypti (Taxonomy ID:
7159, downloaded 12 December 2018) and again against the vectorbase database for Aedes aegypti
(downloaded 31 January 2019). Searches allowed for two missed trypsin cleavage sites, and variable
modifications of N-terminal acetylation and methionine oxidation. The carbamidomethylation of
cysteine residues and guanidination of lysine residues were set as a fixed modification.

4.6. Cloning of Recombinant Mosquito Protein AAEL002675

RNA from Aedes aegypti was isolated using the RNeasy Plus Mini Kit (Qiagen™ 74136, Hilden,
Germany) according to manufacturer’s instructions. A total of 5 ug of this RNA was then used to
synthesize cDNA using the SuperScript III First-Strand Synthesis Super Mix (Thermo Fisher Scientific
18080400, Waltham, MA, USA). The gene encoding for AAEL002675 was amplified using this cDNA
using the Phusion® High-Fidelity PCR Master Mix with HF Buffer (New England BioLabs® M0531S,
Ipswich, MA, USA) with primers designed for cloning of the PCR amplicon into the Bglll and Apal cut
sites of the pMT/BiP/V5-His Drosophila expression vector (Invitrogen™ V413020). The PCR product
of this reaction was cleaned using the QiaQuick PCR and Gel Cleanup Kit (Qiagen™ 28506, Hilden,
Germany) according to the manufacturer’s instructions. Both the PCR amplicon encoding for the
mosquito protein of interest and the pMT/BiP/V5-His expression vector were digested using FastDigest
BglII (Thermo Scientific™ FD0083, Waltham, MA, USA) and FastDigest Apal (Thermo Scientific™
FD1414, Waltham, MA, USA) according to the manufacturer’s instructions. The digested DNA was
run on a 1% agarose gel then purified using the QiaQuick PCR and Gel Cleanup Kit (Qiagen™
28506, Hilden, Germany) according to the manufacturer’s instructions. The digested PCR amplicon
encoding for the mosquito protein of interest was ligated with the digested pMT/BiP/V5-His expression
vector using T4 DNA Ligase (New England BioLabs® M0202S, Ipswich, MA, USA), according to the
manufacturer’s instructions. The product of this ligation reaction was used to transform One Shot™
MAX Efficiency™ DH5 o-T1R Competent Cells (Invitrogen™ 12297016, Thermo Scientific, Waltham,
MA, USA) according to the manufacturer’s instructions. The cloned plasmid was isolated from clones
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generated from the transformation reaction using the ZymoPURE™ Plasmid Miniprep Kit (Zymo
Research D4212, Irvine, CA, USA). The successful cloning of the gene encoding the mosquito protein
of interest in the pMT/BiP/V5-His Drosophila expression vector was then confirmed by the sequencing
of the cloned plasmid.

4.7. Expression, Purification, and Western Blotting of Mosquito Proteins

Schneider’s Drosophila Line 2 (S2) cells [D. Mel. (2), SL2] (ATCC® CRL-1963™, Manassas, VA,
USA) were cultured in Schneider’s Drosophila Medium (Gibco™ 21720024) containing 10% FBS
(Gemini 100-106) and 1% penicillin/streptomycin (Gibco™ 15140163) at 28 °C. S2 cells were seeded in
T75 flasks and grown to about 80% confluency at 28 °C. Each flask of these cells was then transfected
with 10 ug of the previously cloned plasmid containing the gene encoding for the mosquito protein of
interest using the Effectene Transfection Reagent (Qiagen™ 301425, Hilden, Germany) according to the
manufacturer’s instructions, with the addition of CuSQOj to a final concentration of 500 uM to induce
protein expression. The cell supernatant was collected 72 h post-transfection, and the recombinant
mosquito protein of interest was purified using a HisPur™ Cobalt Spin Column (Thermo Scientific™
89969, Waltham, MA, USA). The proteins were resolved via SDS-PAGE using a 4-20% Mini-PROTEAN ®
TGX™ precast protein gel (Bio-Rad 4651094, Hercules, CA, USA). Once resolved, the proteins were
transferred to a nitrocellulose membrane using the Trans-Blot® Turbo™ transfer system (Bio-Rad
17001918, Hercules, CA, USA). The nitrocellulose membrane was incubated in blocking 5% skim milk
in TBS with 0.05% Tween 20 (blocking buffer) overnight at 4 °C, then washed three times with TBS
containing 0.05% Tween 20 (washing buffer), and incubated with V5 Tag Monoclonal Antibody (Thermo
Fisher Scientific R960-25, Waltham, MA, USA) overnight at 4 °C, according to the manufacturer’s
instructions. The nitrocellulose membrane was then washed three times and incubated with IRDye®
800CW Goat anti-Mouse IgG Secondary Antibody (Li-Cor® Biosciences 925-32210, Lincoln, NE, USA)
for two hours at room temperature, according to the manufacturer’s instructions. The protein signal
was detected using the Odyssey® CLX300 Near-Infrared Fluorescence Imaging System (Lincoln, NE,
USA) (Figure Al in Appendix A). Once the purity was confirmed, the protein concentration was
measured by the Micro BCA™ Protein Assay Kit (Thermo Scientific™ 23235, Waltham, MA, USA)
according to the manufacturer’s instructions.

4.8. Treatment of Fibroblasts with Mosquito Proteins and Infection with DENV-2

Primary Dermal Fibroblast; Normal, Human, Adult (HDFa) (ATCC® PCS-201-012™, Manassas,
VA, USA) were cultured with DMEM (Gibco™ 11995065) containing 10% FBS (Gemini 100-106) and
1% penicillin/streptomycin (Gibco™ 15140163) at 37 °C with 5% CO,. The cells were treated with
proteins at a final concentration of 1 ng/mL for one hour and then infected with Dengue Virus type
2, New Guinea Strain (DENV-2-NGC), at a MOI of 0.1 and kept in the same conditions until use.
In this case, the control group consisted of cells were treated with AAEL001928 (Ae. aegypti Actin-1),
which was previously observed in Ae. aegypti salivary gland extract and showed no enhancement of
inhibition of DENYV infection [22]. The AAEL001928 protein was cloned, synthesized, and purified
using the same methods used to produce the AAEL002675 protein. The BSA group consisted of cells
treated with bovine serum albumin instead of mosquito protein. This experiment was performed
in three biological replicates (n = 3). Then, 24 h post-infection, the fibroblasts were lysed and the
RNA was isolated using the RNeasy Plus Mini Kit (Qiagen™ 74136, Hilden, Germany) according
to the manufacturer’s instructions. The total RNA was used to measure the DENV-2 viral load
by quantifying the amount of DENV-2 viral RNA normalized to human (32 microglobulin (B2M)
RNA by qRT-PCR using the QuantiFast SYBR Green PCR Kit (Qiagen™ 204056, Hilden, Germany)
according to the manufacturer’s instructions. qRT-PCR was performed in duplicate using an RNA
volume of 2.5 uL (40 ng). The primers used for the qRT-PCR reactions to quantify DENV-2 RNA were
designed to target the region of DENV-2 genome that encoded for the virus’ envelope protein (E)
based on the sequence of DENV-2 (NC_001474) [53]. The primers used for the qRT-PCR reactions to
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quantify human B2M were designed using the known human B2M gene sequence (NC_000015.10) [54].
gRT-PCR was performed using a Bio-Rad C1000™ thermal cycler (Hercules, CA, USA) combined with
a Bio-Rad CFX96™ detection module (Hercules, CA, USA). The primers used include: DENV_E_F:
CATTCCAAGTGAGAATCTCTTTGTCA, DENV_E_R: CAGATCTCTGATGAATAACCAACG; Human
B2M_F: CTCCGTGGCCTTAGCTGTG, Human B2M_R: TTTGGAGTACGCTGGATAG CC.

4.9. AAEL002675 Expression Changes upon DENV Infection

Aedes aegypti (ATC-10) (ATCC® CCL-125™, Manassas, VA, USA) cells were cultured with
DMEM (Gibco™ 11995065) containing 10% FBS (Gemini 100-106), 1% penicillin/streptomycin (Gibco™
15140163), and 1% tryptose phosphate broth (Gibco™ 18050039) at 30 °C with 5% CO,. The cells were
infected with Dengue Virus type 2, New Guinea Strain (DENV-2-NGC), at a MOI of 0.1 and kept in
the same conditions until use. This experiment was performed in three biological replicates (1 = 3).
The cells were lysed 24 h post-infection and the RNA was isolated using an RNeasy Plus Mini Kit
(Qiagen™ 74136, Hilden, Germany) according to the manufacturer’s instructions. RNA was used
to measure the AAEL002675 expression levels by qRT-PCR using the QuantiFast SYBR Green PCR
Kit (Qiagen™ 204056, Hilden, Germany) according to the manufacturer’s instructions. qRT-PCR was
performed using a Bio-Rad C1000™ thermal cycler (Hercules, CA, USA) combined with a Bio-Rad
CEFX96™ detection module (Hercules, CA, USA). qRT-PCR was performed in duplicate using an RNA
volume of 2.5 pL (40 ng). The primers used for the qRT-PCR reactions to quantify AAEL002675 RNA
were designed based on the mRNA sequence of AAEL002675 (XM_001662007) [41]. The primers
used for the qRT-PCR reactions to quantify the Aedes aegypti actin RNA were designed based on the
mRNA sequence of Aedes aegypti actin (DQ440059) [56]. The expression levels were normalized to
Aedes aegypti actin as the housekeeping gene. Log, expression was calculated using the normalized
expression values of AAEL002675 calculated from the measured Cq values of AAEL002675 and Aedes
aegypti actin from the RNA of infected and uninfected cells. The primers used include.: AAEL002675_F:
CGGTATCCACGCTTTTGGGA, AAEL002675_R: GGAGCCTCAAGGACATCCAG; Aedes aegypti
actin_F: GAACACCCAGTCCTGACA, Aedes aegypti actin_R: TGCGTCATCTTCTCACGGTTAG.
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Appendix A
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Figure A1l. Following purification of the recombinant AAEL002675 protein. Proteins were resolved
via SDS-PAGE and probed for the presence of a V5 tag on the protein of interest. Recombinant
AAEL002675 (43 kDa) was detected in the first elution fraction from the protein purification process.
Lane 1: Precision Plus Protein Dual Color Standards™ (Bio-Rad 1610374); lane 2: S2 supernatant HisPur
column flow-through; lane 3: elution fraction 3; lane 4: elution fraction 2; lane 5: elution fraction 1.

References

1.  Beatty, M.E.; Letson, G.W.; Margolis, H.S. The Global Burden of Dengue. 2009. Available online: http:
/f[www.pdvi.org/about_dengue/GBD.asp (accessed on 4 September 2020).

2. Messina, ].P; Brady, O.].; Pigott, D.M.; Brownstein, ].S.; Hoen, A.G.; Hay, S.I. A global compendium of human
dengue virus occurrence. Sci. Data 2014, 1, 140004. [CrossRef] [PubMed]

3. Stanaway, ].D.; Shepard, D.S.; Undurraga, E.A.; Halasa, Y.A.; Coffeng, L.E.; Brady, O.].; Hay, S.I; Bedi, N;
Bensenor, I.M.; Castafieda-Orjuela, C.A.; et al. The Global Burden of Dengue: An analysis from the Global
Burden of Disease Study 2013. Lancet Infect. Dis. 2016, 16, 712-723. [CrossRef]

4. Kraemer, M.U,; Sinka, M.E.; Duda, K.A.; Mylne, A.Q.; Shearer, EM.; Barker, C.M.; Moore, C.G.; Carvalho, R.G,;
Coelho, G.E.; Van Bortel, W.; et al. The global distribution of the arbovirus vectors Aedes aegypti and Ae.
albopictus. eLife 2015, 4, 08347. [CrossRef] [PubMed]

5. Brady, O.].; Gething, PW.; Bhatt, S.; Messina, ].P.; Brownstein, J.S.; Hoen, A.G.; Moyes, C.L.; Farlow, A.W.;
Scott, T.W.; Hay, S.I. Refining the Global Spatial Limits of Dengue Virus Transmission by Evidence-Based
Consensus. PLoS Negl. Trop. Dis. 2012, 6, €1760. [CrossRef] [PubMed]

6.  Bhatt, S.; Gething, PW.; Brady, O.].; Messina, ].P.; Farlow, A.W.; Moyes, C.L.; Drake, ].M.; Brownstein, J.S.;
Hoen, A.G.; Sankoh, O.; et al. The global distribution and burden of dengue. Nature 2013, 496, 504-507.
[CrossRef]

7. Gibbons, R.V,; Vaughn, D.W. Dengue: An escalating problem. BM] 2002, 324, 1563-1566. [CrossRef]

8. Gubler, D.J. The Global emergence/resurgence of arboviral diseases as public health problems. Arch. Med. Res.
2002, 33, 330-342. [CrossRef]

9. Beatty, M.E.; Stone, A.; Fitzsimons, D.W.; Hanna, ].N.; Lam, S K.; Vong, S.; Guzman, M.G.; Mendez-Galvan, J.E;
Halstead, S.B.; Letson, G.W.,; et al. Best practices in dengue surveillance: A report from the Asia-Pacific and
Americas Dengue Prevention Boards. PLoS Negl. Trop. Dis. 2010, 4, e890. [CrossRef]

10. Mangold, K.A.; Reynolds, S.L. A review of dengue fever: A resurging tropical disease. Pediatr. Emerg. Care

2013, 29, 665-669. [CrossRef]


http://www.pdvi.org/about_dengue/GBD.asp
http://www.pdvi.org/about_dengue/GBD.asp
http://dx.doi.org/10.1038/sdata.2014.4
http://www.ncbi.nlm.nih.gov/pubmed/25977762
http://dx.doi.org/10.1016/S1473-3099(16)00026-8
http://dx.doi.org/10.7554/eLife.08347
http://www.ncbi.nlm.nih.gov/pubmed/26126267
http://dx.doi.org/10.1371/journal.pntd.0001760
http://www.ncbi.nlm.nih.gov/pubmed/22880140
http://dx.doi.org/10.1038/nature12060
http://dx.doi.org/10.1136/bmj.324.7353.1563
http://dx.doi.org/10.1016/S0188-4409(02)00378-8
http://dx.doi.org/10.1371/journal.pntd.0000890
http://dx.doi.org/10.1097/PEC.0b013e31828ed30e

Int. J. Mol. Sci. 2020, 21, 6609 15 of 17

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Messina, J.P,; Brady, O.].; Golding, N.; Kraemer, M.U.G.; Wint, G.R.W.; Ray, S.E.; Pigott, D.M.; Shearer, EM.;
Johnson, K.; Earl, L.; et al. The current and future global distribution and population at risk of dengue.
Nat. Microbiol. 2019, 4, 1508-1515. [CrossRef]

Low, ].G.H.; Ooi, E.E.; Vasudevan, S.G. Current status of dengue therapeutics research and development.
J. Infect. Dis. 2017, 215, S96-S102. [CrossRef]

Neelakanta, G.; Sultana, H. Transmission-blocking vaccines: Focus on anti-vector vaccines against tick-borne
diseases. Arch. Immunol. Ther. Exp. 2014, 63, 169-179. [CrossRef]

Styer, L.M.; Kent, K.A.; Albright, R.G.; Bennett, C.J.; Kramer, L.D.; Bernard, K.A. Mosquitoes Inoculate High
Doses of West Nile Virus as They Probe and Feed on Live Hosts. PLoS Pathog. 2007, 3, e132. [CrossRef]
[PubMed]

Schneider, B.S.; Higgs, S. 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. 2008, 102, 400-408.
[CrossRef] [PubMed]

Styer, L.M.; Lim, P.Y.; Louie, K.L.; Albright, R.G.; Kramer, L.D.; Bernard, K.A. Mosquito Saliva Causes
Enhancement of West Nile Virus Infection in Mice. . Virol. 2010, 85, 1517-1527. [CrossRef] [PubMed]
Ribeiro, ].M.C.; Francischetti, .M.B. Role of arthropod saliva in bloofeeding: Sialome and post-sialome
perspectives. Annu. Rev. Entomol. 2003, 48, 73-88. [CrossRef] [PubMed]

Conway, M.].; Watson, A.M.; Colpitts, TM.; Dragovic, S.M.; Li, Z.; Wang, P,; Feitosa, F.; Shepherd, D.T,;
Ryman, K.D.; Klimstra, W.B.; et al. Mosquito saliva serine protease enhances dissemination of dengue virus
into the mammalian host. J. Virol. 2013, 88, 164-175. [CrossRef]

Vogt, M.B.; Lahon, A.; Arya, R.P; Kneubehl, A.R.; Spencer Clinton, ].L.; Paust, S.; Rico-Hesse, R. Mosquito
saliva alone has profound effects on the human immune system. PLoS Negl. Trop. Dis. 2018, 12, e0006439.
[CrossRef]

Depinay, N.; Hacini, F; Beghdadi, W.; Peronet, R.; Mécheri, S. Mast cell-dependent down-regulation of
antigen-specific immune responses by mosquito bites. J. Immunol. 2006, 176, 4141-4146. [CrossRef]
Cantillo, J.E; Fernandez-Caldas Rodriguez, E.; Puerta, L. Immunological aspects of the immune response
induced by mosquito allergens. Int. Arch. Allergy Immunol. 2014, 165, 271-282. [CrossRef]

Conway, M.].; Londono-Renteria, B.; Troupin, A.; Watson, A.M.; Klimstra, W.B.; Fikrig, E.; Colpitts, T.M.
Aedes aegypti D7 Saliva protein inhibits dengue virus infection. PLoS Negl. Trop. Dis. 2016, 10, e€0004941.
[CrossRef] [PubMed]

Sun, P; Nie, K; Zhu, Y,; Liu, Y.; Wu, P; Liu, Z; Du, S,; Fan, H.; Chen, C.-H.; Zhang, R.; et al. A mosquito
salivary protein promotes flavivirus transmission by activation of autophagy. Nat. Commun. 2020, 11, 1-15.
[CrossRef] [PubMed]

Van Niel, G.; D’Angelo, G.; Raposo, G. Shedding light on the cell biology of extracellular vesicles. Nat. Rev.
Mol. Cell Boil. 2018, 19, 213-228. [CrossRef] [PubMed]

Raposo, G.; Stahl, P.D. Extracellular vesicles: A new communication paradigm? Nat. Rev. Mol. Cell Boil.
2019, 20, 509-510. [CrossRef] [PubMed]

Urbanelli, L.; Buratta, S.; Tancini, B.; Sagini, K.; Delo, F,; Porcellati, S.; Emiliani, C. The Role of Extracellular
Vesicles in Viral Infection and Transmission. Vaccines 2019, 7, 102. [CrossRef] [PubMed]

Vora, A.; Zhou, W.; Londono-Renteria, B.; Woodson, M.; Sherman, M.B.; Colpitts, TM. Arthropod EVs
mediate dengue virus transmission through interaction with a tetraspanin domain containing glycoprotein
Tsp29Fb. Proc. Natl. Acad. Sci. USA 2018, 115, E6604-E6613. [CrossRef]

Zhou, W.; Woodson, M.; Neupane, B.; Bai, F.; Sherman, M.B.; Choi, K.H.; Neelakanta, G.; Sultana, H.
Exosomes serve as novel modes of tick-borne flavivirus transmission from arthropod to human cells and
facilitates dissemination of viral RNA and proteins to the vertebrate neuronal cells. PLoS Pathog. 2018, 14,
€1006764. [CrossRef]

Reyes-Ruiz, ].M.; Osuna-Ramos, ].E; De Jestis-Gonzadlez, L.A.; Hurtado-Monzén, A.M.; Farfan-Morales, C.N.;
Cervantes-Salazar, M.; Bolafios, J.; Cigarroa-Mayorga, O.E.; Martin-Martinez, E.S.; Medina, F.; et al. Isolation
and characterization of exosomes released from mosquito cells infected with dengue virus. Virus Res. 2019,
266, 1-14. [CrossRef]

Hackenberg, M.; Kotsyfakis, M. Exosome-Mediated Pathogen Transmission by Arthropod Vectors. Trends
Parasitol. 2018, 34, 549-552. [CrossRef]


http://dx.doi.org/10.1038/s41564-019-0476-8
http://dx.doi.org/10.1093/infdis/jiw423
http://dx.doi.org/10.1007/s00005-014-0324-8
http://dx.doi.org/10.1371/journal.ppat.0030132
http://www.ncbi.nlm.nih.gov/pubmed/17941708
http://dx.doi.org/10.1016/j.trstmh.2008.01.024
http://www.ncbi.nlm.nih.gov/pubmed/18342898
http://dx.doi.org/10.1128/JVI.01112-10
http://www.ncbi.nlm.nih.gov/pubmed/21147918
http://dx.doi.org/10.1146/annurev.ento.48.060402.102812
http://www.ncbi.nlm.nih.gov/pubmed/12194906
http://dx.doi.org/10.1128/JVI.02235-13
http://dx.doi.org/10.1371/journal.pntd.0006439
http://dx.doi.org/10.4049/jimmunol.176.7.4141
http://dx.doi.org/10.1159/000371349
http://dx.doi.org/10.1371/journal.pntd.0004941
http://www.ncbi.nlm.nih.gov/pubmed/27632170
http://dx.doi.org/10.1038/s41467-019-14115-z
http://www.ncbi.nlm.nih.gov/pubmed/31937766
http://dx.doi.org/10.1038/nrm.2017.125
http://www.ncbi.nlm.nih.gov/pubmed/29339798
http://dx.doi.org/10.1038/s41580-019-0158-7
http://www.ncbi.nlm.nih.gov/pubmed/31324871
http://dx.doi.org/10.3390/vaccines7030102
http://www.ncbi.nlm.nih.gov/pubmed/31466253
http://dx.doi.org/10.1073/pnas.1720125115
http://dx.doi.org/10.1371/journal.ppat.1006764
http://dx.doi.org/10.1016/j.virusres.2019.03.015
http://dx.doi.org/10.1016/j.pt.2018.04.001

Int. J. Mol. Sci. 2020, 21, 6609 16 of 17

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Martins, S.T.; Kuczera, D.; Lotvall, J.; Bordignon, J.; Alves, L.R. Characterization of Dendritic Cell-Derived
Extracellular Vesicles During Dengue Virus Infection. Front. Microbiol. 2018, 9, 1792. [CrossRef]
Surasombatpattana, P; Ekchariyawat, P; Hamel, R.; Patramool, S.; Thongrungkiat, S.; Denizot, M.; Delaunay, P;
Thomas, F; Luplertlop, N.; Yssel, H.; et al. Aedes aegypti Saliva Contains a Prominent 34-kDa Protein that
Strongly Enhances Dengue Virus Replication in Human Keratinocytes. J. Investig. Dermatol. 2014, 134, 281-284.
[CrossRef] [PubMed]

Li, D.; Wei, T.; Abbott, C.M.; Harrich, D. The Unexpected Roles of Eukaryotic Translation Elongation Factors
in RNA Virus Replication and Pathogenesis. Microbiol. Mol. Boil. Rev. 2013, 77, 253-266. [CrossRef]
[PubMed]

Blackwell, ].L.; Brinton, M.A. Translation Elongation Factor-1 Alpha Interacts with the 39 Stem-Loop Region
of West Nile Virus Genomic RNA. J. Virol. 1997, 71, 6433—-6444. [CrossRef] [PubMed]

Davis, W.G.; Blackwell, J.L.; Shi, P.Y.; Brinton, M. A. Interaction between the Cellular Protein eEF1A and the
3’-Terminal Stem-Loop of West Nile Virus Genomic RNA Facilitates Viral Minus-Strand RNA Synthesis.
J. Virol. 2007, 81, 10172-10187. [CrossRef] [PubMed]

De Nova-Ocampo, M.; Villegas-Sepulveda, N.; Del Angel, R.M. Translation Elongation Factor-1«, La, and
PTB Interact with the 3’ Untranslated Region of Dengue 4 Virus RNA. Virology 2002, 295, 337-347. [CrossRef]
Raquin, V.; Merkling, S.H.; Gausson, V.; Moltini-Conclois, I.; Frangeul, L.; Varet, H.; Dillies, M.-A.; Saleh, M.-C.;
Lambrechts, L. Individual co-variation between viral RNA load and gene expression reveals novel host
factors during early dengue virus infection of the Aedes aegypti midgut. PLoS Negl. Trop. Dis. 2017, 11,
€0006152. [CrossRef]

Taguwa, S.; Maringer, K,; Li, X.; Bernal-Rubio, D.; Rauch, J.N.; Gestwicki, J.E; Andino, R;
Fernandez-Sesma, A.; Frydman, J. Defining Hsp70 Subnetworks in Dengue Virus Replication Reveals
Key Vulnerability in Flavivirus Infection. Cell 2015, 163, 1108-1123. [CrossRef]

Kanlaya, R.; Thongboonkerd, V. Heat Shock Protein 70 (HSP70) Family in Dengue Virus Infection. In Regulation
of Heat Shock Protein Responses. Heat Shock Proteins; Asea, A., Kaur, P, Eds.; Springer: Cham, Switzerland,
2018; p. 13. [CrossRef]

Pujhari, S.; Brustolin, M.; Macias, V.M.; Nissly, R.H.; Nomura, M.; Kuchipudji, S.V.; Rasgon, J.L. Heat shock
protein 70 (Hsp70) mediates Zika virus entry, replication, and egress from host cells. Emerg. Microbes Infect.
2019, 8, 8-16. [CrossRef]

Nene, V.; Wortman, J.R.; Lawson, D.; Haas, B.; Kodira, C.; Tu, Z.; Loftus, B.; Xi, Z.; Megy, K.; Grabherr, M.;
et al. Genome Sequence of Aedes aegypti, a Major Arbovirus Vector. Science 2007, 316, 1718-1723. [CrossRef]
Von Dungern, P; Briegel, H. Protein catabolism in mosquitoes: Ureotely and uricotely in larval and imaginal
Aedes aegypti. |. Insect Physiol. 2001, 47, 131-141. [CrossRef]

Isoe, J.; Scaraffia, P.Y. Urea Synthesis and Excretion in Aedes aegypti Mosquitoes Are Regulated by a Unique
Cross-Talk Mechanism. PLoS ONE 2013, 8, €65393. [CrossRef] [PubMed]

Munder, M. Arginase: An emerging key player in the mammalian immune system. Br. ]. Pharmacol. 2009,
158, 638-651. [CrossRef] [PubMed]

MacMicking, J.; Xie, Q.-W.; Nathan, C. Nitric oxide and macrophage function. Annu. Rev. Immunol. 1997, 15,
323-350. [CrossRef] [PubMed]

Burrack, K.S.; Morrison, T.E. The Role of Myeloid Cell Activation and Arginine Metabolism in the Pathogenesis
of Virus-Induced Diseases. Front. Immunol. 2014, 5, 5. [CrossRef] [PubMed]

Lombardi Pereira, A.P.; Suzukawa, H.T.; do Nascimento, A.M.; Bufalo Kawassaki, A.C.; Basso, C.R.; Dos
Santos, D.P.; Damasco, K.F.; Machado, L.F.; Amarante, M.K.; Ehara Watanabe, M.A. An overview of the
immune response and Arginase I on CHIKV immunopathogenesis. Microb. Pathog. 2019, 135, 103581.
[CrossRef]

Cao, W,; Sun, B,; Feitelson, M.A.; Wu, T.; Tur-Kaspa, R.; Fan, Q. Hepatitis C virus targets over-expression of
arginase I in hepatocarcinogenesis. Int. |. Cancer 2009, 124, 2886-2892. [CrossRef]

Takhampunya, R.; Padmanabhan, R.; Ubol, S. Antiviral action of nitric oxide on dengue virus type 2
replication. J. Gen. Virol. 2006, 87, 3003-3011. [CrossRef]

Chaturvedi, U.C.; Nagar, R. Nitric oxide in dengue and dengue haemorrhagic fever: Necessity or nuisance?
FEMS Immunol. Med. Microbiol. 2009, 56, 9-24. [CrossRef]

Colton, L.; Biggerstaff, B.].; Johnson, A.; Nasci, R.S. Quantification of West Nile Virus in Vector Mosquito
Saliva. J. Am. Mosq. Control Assoc. 2005, 21, 49-53. [CrossRef]


http://dx.doi.org/10.3389/fmicb.2018.01792
http://dx.doi.org/10.1038/jid.2013.251
http://www.ncbi.nlm.nih.gov/pubmed/23752041
http://dx.doi.org/10.1128/MMBR.00059-12
http://www.ncbi.nlm.nih.gov/pubmed/23699257
http://dx.doi.org/10.1128/JVI.71.9.6433-6444.1997
http://www.ncbi.nlm.nih.gov/pubmed/9261361
http://dx.doi.org/10.1128/JVI.00531-07
http://www.ncbi.nlm.nih.gov/pubmed/17626087
http://dx.doi.org/10.1006/viro.2002.1407
http://dx.doi.org/10.1371/journal.pntd.0006152
http://dx.doi.org/10.1016/j.cell.2015.10.046
http://dx.doi.org/10.1007/978-3-319-74715-6_16
http://dx.doi.org/10.1080/22221751.2018.1557988
http://dx.doi.org/10.1126/science.1138878
http://dx.doi.org/10.1016/S0022-1910(00)00096-2
http://dx.doi.org/10.1371/journal.pone.0065393
http://www.ncbi.nlm.nih.gov/pubmed/23755226
http://dx.doi.org/10.1111/j.1476-5381.2009.00291.x
http://www.ncbi.nlm.nih.gov/pubmed/19764983
http://dx.doi.org/10.1146/annurev.immunol.15.1.323
http://www.ncbi.nlm.nih.gov/pubmed/9143691
http://dx.doi.org/10.3389/fimmu.2014.00428
http://www.ncbi.nlm.nih.gov/pubmed/25250029
http://dx.doi.org/10.1016/j.micpath.2019.103581
http://dx.doi.org/10.1002/ijc.24265
http://dx.doi.org/10.1099/vir.0.81880-0
http://dx.doi.org/10.1111/j.1574-695X.2009.00544.x
http://dx.doi.org/10.2987/8756-971X(2005)21[49:QOWNVI]2.0.CO;2

Int. J. Mol. Sci. 2020, 21, 6609 17 of 17

52.

53.

54.

55.

56.

Anderson, S.L.; Richards, S.L.; Smartt, C.T. A Simple Method for Determining Arbovirus Transmission in
Mosquitoes. Am. Mosg. Control Assoc. 2010, 26, 108-111. [CrossRef]

Kinney, R.M.; Butrapet, S.; Chang, G.-].].; Tsuchiya, K.R.; Roehrig, J.T.; Bhamarapravati, N.; Gubler, D.J.
Construction of Infectious cDNA Clones for Dengue 2 Virus: Strain 16681 and Its Attenuated Vaccine
Derivative, Strain PDK-53. Virology 1997, 230, 300-308. [CrossRef] [PubMed]

Zody, M.C.; Garber, M.; Sharpe, T.; Young, S.K.; Rowen, L.; O’'Neill, K.; Whittaker, C.A.; Kamal, M.; Chang, ].L.;
Cuomo, C.A; et al. Analysis of the DNA sequence and duplication history of human chromosome 15. Nature
2006, 440, 671-675. [CrossRef]

Tang, Y.T.; Huang, Y.Y.; Zheng, L.; Qin, S.H.; Xu, X.P,; An, T.X,; Xu, Y.; Wu, Y.S.; Hu, XM,; Ping, B.H.; et al.
Comparison of isolation methods of exosomes and exosomal RNA form cell culture medium and serum.
Int. J. Mol. Med. 2017, 40, 834-844. [CrossRef] [PubMed]

Ribeiro, ].M.C.; Arca, B.; Lombardo, F,; Calvo, E.; Phan, V.M.; Chandra, PK.; Wikel, S.K. An annotated
catalogue of salivary gland transcripts in the adult female mosquito, Aedes agypti. BMC Genom. 2007, 8, 6.
[CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.2987/09-5935.1
http://dx.doi.org/10.1006/viro.1997.8500
http://www.ncbi.nlm.nih.gov/pubmed/9143286
http://dx.doi.org/10.1038/nature04601
http://dx.doi.org/10.3892/ijmm.2017.3080
http://www.ncbi.nlm.nih.gov/pubmed/28737826
http://dx.doi.org/10.1186/1471-2164-8-6
http://www.ncbi.nlm.nih.gov/pubmed/17204158
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Identification of DENV Infection-Enhancing Aedes aegypti Saliva Proteins 
	DENV Infection Altered Protein Cargo of Ae. aegypti EVs 
	DENV Infection Resulted in the Packaging of Infection-Enhancing Cargo in Ae. aegypti EVs 
	AAEL002675 Expression Increased upon DENV Infection 

	Discussion 
	Materials and Methods 
	Mosquito Rearing and Saliva Collection 
	Determination of Enhancing Salivary Proteins by HPLC and LC-MS/MS 
	Aedes aegypti Extracellular Vesicle Isolation and Protein Processing 
	Mass Spectrometry 
	Peptide Identification 
	Cloning of Recombinant Mosquito Protein AAEL002675 
	Expression, Purification, and Western Blotting of Mosquito Proteins 
	Treatment of Fibroblasts with Mosquito Proteins and Infection with DENV-2 
	AAEL002675 Expression Changes upon DENV Infection 

	
	References

