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Abstract

Background
This study delves into the complex interplay between Aedes aegypti salivary gland extract and
immunological cells during Zika virus (ZIKV) infection. Focusing on key immune cells, including
macrophages, dendritic cells, and mononuclear cells from human peripheral blood (PBMCs), it aims to
unravel the intricate mechanisms through which mosquito saliva possibly modulates the immunological
landscape, influencing ZIKV transmission, host susceptibility, and disease progression. The research
sheds light on the role of mosquito saliva in enhancing viral replication and impairing cells involved in
host defenses, offering new insights into arbovirus pathogenesis and potential intervention strategies.

Methods
Using the FIOCRUZ-PE243|2015 ZIKV strain, the research evaluates the Aedes aegypt salivary extracts
(SGE's) impact on cytokine production in dendritic and macrophage cell lines, as well as its influence on
the redox state and cytokine responses in human PBMCs. Flow cytometry assesses immune cell
profiling, aiming to understand SGE's role in ZIKV infectivity and immune modulation.

Results
SGE enhances pro-inflammatory cytokine production in both dendritic cells and macrophages, while also
inducing a Th2 cytokine profile, evidenced by decreased IFN-γ and increased IL-4 levels in PBMCs.
Furthermore, SGE exposure leads to increased dendritic cell frequencies, altered T lymphocyte dynamics,
and elevated oxidative stress markers.

Conclusions
It highlights how SGE not only facilitates ZIKV infection by modulating cytokine production and oxidative
stress but also alters immune cell dynamics.

Background
The worldwide epidemiological landscape is increasingly burdened by arthropod-borne diseases, among
which the Zika virus (ZIKV) has assumed a prominent role. This virus has demonstrated a widespread
geographical dispersion, affecting various continents including South America, Central America, the
Caribbean, and parts of Africa and Asia (1). ZIKV has been responsible for significant outbreaks in these
regions, emerging as a particularly concerning pathogen due to its association with severe neurological
complications and congenital anomalies, such as microcephaly in neonates, and Guillain-Barré
syndrome in adults, a serious immune response that leads to muscle weakness and paralysis (1, 2). The
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transmission dynamics of ZIKV are intricately linked to the hematophagic activity of Aedes aegypti, a
vector that administers immunomodulatory biomolecules through its saliva into the host integument;
these salivary components, acting as critical mediators at the host-vector interface, are essential in
enhancing the efficiency of viral transmission (3–5).

The immunomodulatory properties of mosquito saliva have garnered significant attention, especially in
the context of their influence on viral pathogenesis (6–8). The salivary glands of Ae. aegypti harbor an
assortment of bioactive constituents capable of shaping the host's immune responses, thereby
orchestrating a complex interplay between the mosquito vector and the host immune system (5, 9–12).
Specifically, the salivary glands of blood-feeding arthropods secrete over 55 bioactive molecules,
encompassing protease inhibitors, serine proteases, nucleotidases, immunomodulatory proteins, and
antioxidant agents (3, 5). Collectively, these molecules are integral to the pathogenesis and severity of
various arboviral diseases, including ZIKV, dengue virus (DENV), West Nile Virus (WNV), Rift Valley fever
virus (RVF), and Semliki Forest virus (SFV) (13–20). These salivary components are known to augment
the recruitment of target cells for viral infection, thereby increasing the pool of infected cells.
Concurrently, they mitigate pro-inflammatory responses, notably by inhibiting Nuclear factor kappa B
(NF-κB) transcriptional activity, thus creating a microenvironment conducive to viral replication (19, 21,
22). Moreover, certain constituents of mosquito saliva have been identified as inducers of autophagy and
inhibitors of T and B lymphocyte proliferation, and they can initiate apoptotic pathways or suppress the
expression of type I interferons (23–25). These processes are crucial in the host's antiviral defense
mechanisms, thereby highlighting the complex role of mosquito saliva in shaping the immunological
landscape of viral infections (23–25).

Mosquito saliva has been linked to the enhancement of virus transmission, host susceptibility, disease
progression, viremia levels, and mortality (22). Also, the saliva´s components can recruit dendritic cells
and reduce the influx of lymphocytes to the site of injury caused by the mosquito (26). However, there is
still much to be learned about the specific mechanisms by which mosquito’s saliva affects host
immunity and more research is needed to fully understand their role in arbovirus transmission and
infection. Given this complex interplay between mosquito saliva and the host immune response, our
study aims to explore in detail how these interactions specifically affect key immune cells during ZIKV
infection. By focusing on mouse macrophages, dendritic cells (DC), and human peripheral blood
mononuclear cells (PBMCs), we seek to uncover the nuanced mechanisms through which Ae. aegypti
saliva influences disease progression. To our knowledge, this is the first study to perform a comparative
analysis of the immunomodulatory effect of Ag aegypti saliva on ZIKV infection on antigen-presenting
cells important for viral infection, DCs, and macrophages, as well as PBMCs.

Material and methods

Zika Virus Strains
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In the current study, the ZIKV strain, designated as FIOCRUZ-PE243|2015, was utilized for experimental
purposes. This specific viral isolate was kindly provided by Dr. Marli Tenório, associated with the
research facility Aggeu Magalhães/CPqAM, a constituent of the Oswaldo Cruz Foundation (FIOCRUZ) in
Pernambuco, Brazil. This strain's utilization is integral to the study's virological investigations.

Zika Virus production
ZIKV stocks for this study were generated through serial propagation in Vero cells (African green monkey
kidney epithelial cells, ATCC® CCL-81™). These cells were cultured in Dulbecco's Modified Eagle Medium
(DMEM) with high glucose content (Sigma-Aldrich, USA), enriched with 5% fetal bovine serum (FBS)
(Sigma), 50 U/mL penicillin, and 50 µg/mL streptomycin, under controlled conditions at 37°C and 5%
CO2. The Vero cells were cultivated in a 75 cm² culture flask until they achieved approximately 75%

confluency. After growth medium removal and Phosphate Buffered Saline (PBS) washing, the cells
underwent infection with 200µL of ZIKV inoculum in 10 mL of serum-free DMEM, followed by incubation
(37°C, 5% CO2) for two hours. Post initial incubation, the infection medium was substituted with DMEM
supplemented with 2% FBS, 50 U/mL penicillin, 50 µg/mL streptomycin, and 15 mM HEPES buffer.
Cytopathic effects were observed in about 70% of the cell culture five days post-infection. At this phase,
the cells were detached and centrifuged at 1500 rpm for 5 minutes. The supernatant was collected, and
subsequently centrifugated at 5000 rpm for 15 minutes. The supernatant was aliquoted and stored at
-80°C for future experiments. The virus title was determined by plate assay and the results were
expressed in plate forming units per milliliters (PFU/mL).

Salivary gland extract (SGE)
Female Aedes aegypti mosquitoes from the Rockefeller strain, aged between 7 to 10 days, were rendered
immobile via exposure to low temperatures. After immobilization, surface sterilization was achieved
through brief immersion in 70% ethanol. The salivary glands were then meticulously dissected in a PBS
solution, with the harvested glands being stored in aliquots at -80°C until further processing. To prepare
the protein extracts, the glands underwent a series of three freeze-thaw cycles, a method employed to
disrupt the glandular tissue. The resultant pooled saliva was then subjected to filtration using a 0.22 µm
filter. Protein concentration was determined by NanoDrop 2000 (Thermo Fisher Scientific) (27–29).

Effect of SGE on cytokines production by mouse antigen-
presenting cells
To determine the influence of SGE on cytokine production by antigen-present cells upon ZIKV infection,
we used the mouse dendritic cell line JAWSII (ATCC® CRL-11904™) and the mouse macrophage cell line
RAW 264.7 (ATCC® TIB-71™). Those two cells are present at the site of mosquito bite. Jaws II were
maintained in alpha minimum essential medium (MEM) with ribonucleosides (Sigma),
deoxyribonucleosides, 4 mM L-glutamine, 1 mM sodium pyruvate, and 5 ng/mL murine GM-CSF
(Peptrotech), 20% FBS, and incubated at 37°C in 5% of CO2 atmosphere. RAW 264.7 was maintained in

DMEM 10% FBS. Each cell line was plated in 24 well plates (1 x 104/ well) and cultured under the
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following conditions: medium (control), medium plus SGE (1 µg/mL), infected with ZIKV (MOI 0.1), or
infected with ZIKV (MOI 0.1) and treated with different concentrations of SGE (0.5 µg/mL, 1 µg/mL, 2.5
µg/mL, and 5 µg/mL). After 90 min incubation at 37 ºC and 5% CO2 with shaking every 15 min, FBS at the
final concentration of 10% was added to each well. After 72 h of infection, the supernatants were
separated and used to quantify IL-1β, TNF-α, IL-12, and IL-10 using commercial enzyme-linked
immunosorbent assay following the manufacturer's instructions (Thermo Fisher/Peprotech).

Effect of SGE on the response of human peripheral
mononuclear cells (PBMC)
To determine the influence of SGE on human cells, human PBMCs from healthy individuals who had no
contact with ZIKV were used. A total of 10 mL of venous blood was collected from the antecubital vein
of six healthy young individuals (n = 6) in tubes containing EDTA. PBMC were isolated using ficoll
histopaque 1077 gradient (Sigma) (30). Cell viability was determined by the trypan blue exclusion
method. PBMCs (1x106) were initially plated in 300 µL of RPMI-1640 (Gibco) culture medium without
FBS. ZIKV was added in dilution of 1:8 (MOI 0.1) alone or combined with SGE 1 to 5 µg/mL (dissolved in
sterile PBS). The final volume of each well was 900 µL/well. After 90 min of incubation at 37 ºC and 5%
of CO2, with shaking every 15 min, FBS was added to a final volume of 100 µL/well. After 48 h incubation,
the plate was centrifuged (500g, 7 min), and the supernatant and cells were harvested and frozen at
-80ºC. The cytokines IL-4 and IFN-γ in the supernatant were quantified by ELISA following the
manufacturer's recommendations (Ebioscience / Peprotech, USA).

Cell redox state
To determine the cell redox state in PBMC upon ZIKV infection, cells were infected and treated or not
with SGE 1 to 5 µg/mL as previously described. 48 h after incubation they were resuspended in PBS and
submitted to two freeze-thaw cycles to promote cell lysis. The cell lysate was centrifuged (10,000 g, 15
min) and the supernatant was used to determine the redox state. Thiobarbituric acid reactive substance
(TBARS) levels were determined according to the method described by Ohkawa et al. (1979) (31). The
total content of glutathione (GSH) was analyzed by the method of recycling the 5,5`-dithiobis - [2-
nitrobenzoic] acid, DTNB - GSSG proposed by Griffith (1980) (32). Nitrite levels were a reliable measure of
nitric oxide and evaluated through the reaction of Griess's reagent with the sample, according to the
method described by Miranda and collaborators (2001)(33). Plasma Advanced Oxidation Protein
Products (AOPP) were determined spectrophotometrically according to the method previously described
by Henke et al (2018) (34). The results were calculated using the standard curve as the chloramine
equivalent and are shown as µmol/L.

Flow Cytometric Analysis of PBMCs
PBMCs were isolated from five healthy individuals as described above, and 1x105 cells/well were
cultured in RPMI medium 10% FBS, supplemented with IL-2 (5 ng/mL) to guarantee lymphocyte survival.
Then, the cells were incubated with medium, medium plus SGE 5 µg/mL, or infected with ZIKV (MOI 0.1)
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and incubated or not with SGE 5 µg/mL. After 72 h, the cells were prepared for flow cytometric analysis.
The antibodies used for analysis were cell viability (amcyan; Cat 564406), HLA-DR (APCH7; Clone G46-6;
Cat 561358), Lineage 2 (FITC; Cat 643397), CD141 (PE; Clone 1A4; Cat 559781), CD303 (BV421; Clone
V24-785; Cat 566427), and CD11c (PercP-cy5.5; Clone B-Ly6; Cat 565227). Similarly, for the assessment
of lymphocyte populations, the following markers were utilized: cell viability (amcyan; Cat 564406), CD3
(PE; Clone Okt3; Cat 317308), CD4 (Percpcy5; Clone rpat4; Cat 560650), CD8 (FITC; Clone H1T8a; Cat
555634), KI67 (APC; Clone b56; Cat 561126), and Granzyme B (BV421; Clone gb11; Cat: 563389). All
antibodies used were from BD Biosciences, also the samples were analyzed using BD Biosciences -
FACSCanto II and FlowJo 10.7.1 software.

Effect of Aedes SGE on ZIKV infection in Vero cells
To evaluate the effect of Ae. aegypti SGE on the propagation of the ZIKV, Vero cells (1x104/well) were

seed into a 24-well plate until confluence and infected with ZIKV (1x103 PFU/mL) and treated or not with
different concentrations of SGE (0.5 µg/mL, 1 µg/mL, 2.5 µg/mL and 5 µg/mL). The infection was
performed according to the previously described standardized protocol in Vero cells. Cytopathic effects
were observed daily, and at the end of 3 days, the plaque medium was removed, and the cells were
stained with 1% violet crystal to determine the viral titer. The results were expressed in PFU/mL.

Statistical Analysis
Results with cell lines are expressed as mean ± standard error of the mean (SEM) from three replicates in
three independent experiments and analyzed by one-way ANOVA, followed by Tukey. Statistical tests
were performed using GraphPad Prism 6.01 software. The results with human cells were analyzed using
the statistical program SPSS 22.0 (SPSS Inc., USA). Values were presented as mean ± standard
deviation. A one-way analysis of variance (ANOVA) followed by a Bonferroni post-test was applied to
assess the effect of treatments. A significance level of p < 0.05 was adopted for all analyses.

Results
Aedes aegypti salivary gland extract increases the production of inflammatory cytokines by antigen-
presenting cells (APCs) infected by ZIKV

Within the framework of ZIKV transmission dynamics facilitated by Aedes aegypti, our first analyses
focused on assessing the effects of Ae. aegypti SGE on cytokine secretion by antigen-presenting cells
(APCs). Specifically, we observed the response of DC to ZIKV infection at a multiplicity of infection (MOI)
of 0.1. Our results indicated a statistically significant (p < 0.05) elevation in the production of tumor
necrosis factor-alpha (TNF-α) upon ZIKV infection, which was further augmented when exposed to SGE
at a concentration of 5 µg/mL (p < 0.001) as depicted in Fig. 1A. Additionally, the incubation of ZIKV-
infected JAWS II dendritic cells with SGE notably enhanced interleukin-1 beta (IL-1β) secretion (p < 
0.0001), shown in Fig. 1B. However, the influence of Ae. aegypti SGE on interleukin-10 (IL-10) production
in ZIKV-infected JAWS II cells was not statistically significant, as illustrated in Fig. 1C. In contrast, the
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production of interleukin-12 (IL-12), a crucial cytokine involved in the induction of Th1 immune response,
was significantly reduced (p < 0.05) in the presence of SGE at a concentration of 5 µg/mL, as shown in
Fig. 1D.

In parallel, we investigated the immunomodulatory impact of Ae. aegypti SGE on a macrophage cell line,
RAW 264.7. Similar to DC, exposure to Ae. aegypti SGE in ZIKV-infected macrophages led to a significant
increase in TNF-α (p < 0.0001) and IL-1β (p < 0.05) production, as evidenced in Figs. 1E and 1F,
respectively. However, IL-12 production in ZIKV-infected macrophages did not exhibit significant
variation, whether treated with SGE or not (Fig. 1G). Intriguingly, at a concentration of 5 µg/mL, SGE
notably elevated the production of IL-10 in ZIKV-infected macrophages (p < 0.05), particularly when
compared to infected cells treated with 1 µg/mL SGE and the control group (Fig. 1H). These findings
collectively underscore the modulatory effects of Ae. aegypti SGE on the production of pro-inflammatory,
Th1, and immunoregulatory cytokines in the context of ZIKV infection in both DC and macrophages.

Aedes aegypti salivary glands induces a Th2 cytokine
polarization upon ZIKV infection
In light of our observations about the modulatory effects of Ae. aegypti SGE on cytokine secretion by
APCs during ZIKV infection, particularly the notable reduction of IL-12 in murine dendritic cells, we
proceeded to assess the influence of SGE on Th1 and Th2 cytokine polarization in PBMCs obtained from
healthy donors following in vitro ZIKV infection.

As shown in Fig. 2A, ZIKV infection induced a significant increase in interferon-gamma (IFN-γ)
production by PBMCs. Conversely, treatment with SGE in vitro resulted in a pronounced decrease in IFN-γ
levels (p < 0.001). It is important to emphasize this ability of SGE to attenuate the production of IFN-γ a
Th1 cytokine, during ZIKV infection, it is in line with the reduction of IL-12 observed in DC. To further
elucidate the impact of SGE on Th2 cytokine polarization, we examined the production of interleukin-4
(IL-4) in PBMCs infected with ZIKV and subsequently incubated with SGE. Figure 2B illustrates that SGE
significantly elevated IL-4 production (p < 0.0001) in ZIKV-infected PBMCs and also in the absence of
ZIKV infection.

To determine the cytokine polarization profile for Th1 or Th2, we calculated the IFN-γ:IL-4 ratio. As
presented in Fig. 3C, treatment with SGE led to a substantial reduction in the IFN-γ/IL-4 ratio (p < 0.001),
indicative of a shift in cytokine polarization favoring a Th2 over Th1 response pattern. This finding
highlights the pivotal role of Ae. aegypti SGE in orchestrating the immune response dynamics during
ZIKV infection.

Aedes aegypti salivary gland extracts increase the
frequency of human dendritic cells
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In this investigation, we explored the impact of Ae. aegypti SGE on the frequency of DC populations in
the milieu of ZIKV infection. To perform the analysis we used the gate strategy presented in Fig. 3A. Our
findings revealed a notable augmentation in the proportion of dendritic cells when PBMCs were
incubated in vitro with ZIKV in the presence of SGE (p < 0.05), as depicted in Fig. 3B. This outcome
underscores the significant influence exerted by SGE on dendritic cell differentiation during ZIKV
infection.

Subsequent analysis was directed towards characterizing specific dendritic cell subsets, including
conventional type 1 dendritic cells (DC1), plasmacytoid dendritic cells (pDC), and myeloid dendritic cells
(mDC). Our results indicated a discernible decrease in the prevalence of the DC1 subset following PBMC
incubation with ZIKV (p < 0.05), as shown in Fig. 3C. Moreover, a significant reduction in the frequency of
the mDC subset was observed in PBMCs incubated with both ZIKV and SGE, compared to cells treated
exclusively with SGE (p < 0.01), as illustrated in Fig. 3E. These observations collectively highlight the
differential regulatory effects of SGE on various DC subsets in the context of ZIKV exposure.

Ae aegypti SGE increases the CD4+ T cell frequency
To elucidate the effect of Ae. aegypti SGE on T cell-mediated immune responses, we undertook a
detailed assessment of T cell frequency, proliferation, and granzyme B production following ZIKV
infection and SGE treatment in PBMCs. The gate strategy for the analyze is presented in Fig. 4A

The incubation of PBMCs with SGE significantly increased the overall frequency of total lymphocytes as
shown in Fig. 4B and 4C (p < 0.05). Additionally, the investigation into T cell subpopulations yielded
differential responses. Notably, exposure to SGE resulted in an elevation in the frequency of CD4 + T cells
(p < 0.05), as depicted in Fig. 4D. However, there was no significant alteration in the frequency of CD8 + T
cells, as shown in Fig. 4G.

To investigate if the effects of SGE in lymphocyte frequency was mediated by any influence on cell
proliferation, the Ki67 marker was quantified. Our findings indicated a significant reduction in the
proliferation of both CD4 + and CD8 + T cell subsets in response to SGE (CD4 + T cells, p < 0.05), ZIKV
infection (CD4 + T cells, p < 0.05; CD8 + T cells, p < 0.001), and the combined effect of virus and SGE
(CD4 + T cells, p < 0.01; CD8 + T cells, p < 0.001) [Figures 4E and 4H]. In addition, ZIKV infection, but not
SGE, diminished the proportion of CD8 + T cells expressing granzyme B, a key cytotoxic molecule (p < 
0.05), as evidenced in Fig. 4I. Similar observation was observed in CD4 + T cells but not significant
(Fig. 4F). These results collectively contribute to a more comprehensive understanding of the modulatory
effects of Ae. aegypti SGE on T cell dynamics during ZIKV infection.

Aedes aegypti salivary glands increase the ROS production
during ZIKV infection in vitro
Given the established role of oxidative stress in viral infections, which can influence viral replication,
cellular functions, and disease pathogenesis, our study delved into the effects of Ae. aegypti SGE on
various oxidative stress markers in PBMCs infected with ZIKV in vitro. Specifically, we quantified reactive
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oxygen species (ROS) production, lipid peroxidation levels, total glutathione (GSH) content, advanced
oxidant protein products (AOPP), and nitric oxide (NO) synthesis.

Our results demonstrated that ZIKV infection notably increased thiobarbituric acid reactive substances
(TBARS) and AOPP levels while simultaneously reducing GSH content within PBMCs (Fig. 5A, 5B, 5C and
5D). Regarding the impact of SGE treatment, we observed that its presence in conjunction with ZIKV
significantly attenuated TBARS (p < 0.001) and AOPP levels (p < 0.001). Additionally, SGE treatment in the
context of viral infection was associated with an increase in GSH content (p < 0.01) and enhanced NO
production (p < 0.01). These findings indicate the potential modulatory role of Ae. aegypti SGE on
oxidative stress parameters within the cellular environment during ZIKV infection.

Ae. aegypti salivary glands improve ZIKV infection in vitro
To assess the potential impact of Ae. aegypti salivary glands on ZIKV infection and replication in vitro,
we conducted a plate reduction assay utilizing the susceptible Vero host cell line. Remarkably, a dose-
dependent increase in the number of Plaque-Forming Units per milliliter (PFU/ml) of ZIKV was observed
in the infected Vero cells, directly correlating with the quantity of SGE administered, as illustrated in
Fig. 6A.

In Fig. 6B, visual representations of the cytopathic effects of ZIKV on Vero cells are presented,
delineating the discernible impact of escalating doses of Ae. aegypti salivary glands on the cell cultures.
This visual evidence unequivocally demonstrates an augmentation of the cytopathic effects of ZIKV in
direct association with increasing amounts of SGE.

Discussion
The ZIKV is known for its ability to evade host immune mechanisms, a trait that poses a significant
challenge to the immune system. This evasion is achieved through various strategies, including
impairing the induction and signaling pathways of the immune response at multiple steps (35). Recent
advances in research have shed light on the intricate interplay between mosquito saliva and the host
immune response, underscoring the pivotal role of mosquito saliva in shaping the outcomes of arboviral
infections (3–5). Our study sought to delineate the immunomodulatory effects of Ae. aegypti salivary
glands in the context of ZIKV infection using antigen-presenting T cell models and human PBMCs,
juxtaposed against scenarios where saliva is not a contributing factor. The findings presented herein not
only deepen our understanding of the immune evasion mechanisms employed by ZIKV but also offer
critical insights into the nuanced interactions between Ae. aegypti salivary components and the host
immune system. The observed profound influence of Ae. aegypti salivary glands on ZIKV infection
dynamics signifies a crucial factor in the intricate web of host-mosquito-pathogen interactions.

The impact of Ae. aegypti SGE on APCs during ZIKV infection aligns with current research exploring the
interaction between mosquito saliva and the host immune system. Studies have shown that mosquito
saliva can modulate the immune response in various ways (29, 36–38). For example, it's been observed
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that mosquito saliva has the capacity to alter leukocyte recruitment and cytokine signaling by APCs
during arbovirus infections, such as with West Nile Virus (29). This includes effects on dendritic cells and
macrophages, which are critical in early arbovirus infection, serving as primary sites of viral replication
and key players in orchestrating the immune response to the virus. In the setting of ZIKV infection, we
observe that the presence of Ae. aegypti SGE has been shown to increase the production of pro-
inflammatory cytokines, such as TNF-α and IL-1β, while simultaneously reducing the levels of IL-12 in
dendritic cells. This modulation of cytokine production suggests a critical role for mosquito saliva in
influencing the host's immune response, potentially affecting the disease's progression and
transmission. The increase in TNF-α and IL-1 modulated by SEG is a strategy that benefits arboviruses,
as these cytokines are associated with increased edema, which helps the local retention of viruses and
more APCs (DCs and macrophages) infection (39). Our data indicated that this can also be a
phenomenon modulated in ZIKV infection. On the other hand the reduction in IL-12 production, an
essential cytokine for Th1 antiviral response, further indicates a nuanced dysregulation of APC antiviral
signaling by mosquito saliva (36). The IL-12 reduction can downregulate the function of NK and CD8 + T
cells, both extremely relevant to controlling ZIKV infection (40).

Our study's outcomes align with previous research demonstrating that Ae. aegypti saliva can suppress
innate immune responses, which can facilitate arbovirus infections. The observed alterations in cytokine
profiles in DC and macrophages following exposure to Ae. aegypti SGE are consistent with the effects
reported in other studies involving arboviral infections and mosquito saliva (29, 36–38). Furthermore,
research has revealed that Ae. aegypti SGE can impact macrophage polarization, particularly influencing
the M1/M2 macrophage profile, which is crucial for the inflammatory response. This polarization is
essential in the host's response to pathogens, with M1 macrophages generally being pro-inflammatory
and M2 macrophages being more associated with tissue repair and anti-inflammatory responses (38).
Our study unveiled a distinct shift in the Th1/Th2 cytokine polarization in response to Ae. aegypti salivary
glands during ZIKV infection. Salivary gland treatment was associated with decreased IFN-γ production
and a concurrent increase in IL-4, indicative of a shift towards Th2 polarization. Our results firmly
suggest that Ae. aegypti salivary glands drive a shift towards Th2 polarization, as evidenced by the
observed changes in this ratio. The modulation of the Th1/Th2 cytokine balance by mosquito saliva has
been investigated (41, 42). These studies suggest that mosquito saliva can influence the cytokine milieu
of APCs and impact the polarization of T-cell responses (41, 42). Our study aligns with these findings,
demonstrating that Ae. aegypti salivary glands can influence the Th1/Th2 cytokine polarization in
PBMCs during ZIKV infection(42). The changes in IL-4 and IFN-γ levels suggest mosquito saliva could
contribute to the modulation of T cell responses, potentially affecting the outcome of viral infections.

Bridging the findings on Ae. aegypti salivary glands' impact on cytokine polarization and DC profile, it
becomes evident that ZIKV exploits these immune alterations to its advantage. The shift towards a Th2
cytokine profile, driven by mosquito saliva, may play a critical role in compromising the traditionally
robust antiviral defense mechanisms of DC. This interplay showcases how ZIKV, along with the influence
of mosquito saliva, can manipulate key immune cells, turning them from potent defenders into
facilitators of viral replication. DC are specialized immune cells known for their unique functions,
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including recognizing viral threats, presenting foreign antigens to both innate and adaptive immune cells,
and initiating immune responses to combat viruses and protect the host. They also possess a
remarkable ability to hinder different stages of viral replication by producing a wide range of antiviral
molecules, activated in response to type I Interferons (43).Due to these robust characteristics, dendritic
cells are traditionally viewed as hostile environments for viral replication, owing to their robust antiviral
defense mechanisms. However, ZIKV's ability to infect immune cells, particularly myeloid dendritic cells
(mDCs), despite their traditionally robust antiviral mechanisms, showcases a distinct immune escape
tactic (44–47). By transforming mDCs into a supportive environment for viral replication, ZIKV effectively
circumvents the typical barriers to infection (44–47). Furthermore, our investigation into immune cell
populations reveals that mosquito saliva can alter the proportions of dendritic cells. These changes may
affect immune surveillance, antigen presentation, and overall immune system function during ZIKV
infection. Our findings corroborate the unexpected susceptibility of mDCs to ZIKV infection. Our results
align with emerging evidence(44–47) suggesting that ZIKV combined with SGE spread the ability to
transform mDCs into a cellular niche conducive to viral propagation, representing a decrease in this
population because of death by viral infection and replication.

The link between the manipulation of dendritic cells and T-cell responses by Ae. aegypti SGE in ZIKV
infection suggests a coordinated strategy of immune modulation. This strategy not only compromises
the dendritic cell's antiviral defenses but also extends to altering T cell dynamics, further indicating the
depth and complexity of the immune system manipulation by ZIKV in the presence of SGE. The findings
from the investigation into the effects of Ae. aegypti SGE on T cell-mediated immune responses during
ZIKV infection are intriguing and align with broader research in the field of immunology. The observed
increase in CD4 + T cell frequency and the lack of significant alteration in CD8 + T cells, along with
changes in cytokine production, suggest a nuanced modulatory role of SGE in T cell dynamics. It's
possible that during ZIKV infection the SGE contributes to the differentiations of CD4 + T cell
populations, mostly Th2, since others previously identified the protein SAAG-4 present in SEG that
reduces CD4 expression, induces Th2 differentiation and IL-4 production (48).This modulation could
potentially affect the immune response's balance, influencing the outcome of ZIKV infection. In
particular, the significant reduction in the proliferation of both CD4 + and CD8 + T cell subsets in
response to SGE, as well as the impact on granzyme B production in CD8 + T cells, highlights the
complex interplay between the mosquito saliva and the host immune system. Previous studies using
mouse cells have shown that A. aegypti SGE induces apoptosis in CD4 + and CD8 + T cells, and B cells
through a mechanism involving caspase-3 and caspase-8 (25). Aligning with the findings, the results of a
previous study indicate that Ae. aegypti SGE induces apoptosis in various lymphocyte subsets, including
CD4 + and CD8 + T cells, as well as B cells. This apoptosis mechanism involves caspase-3 and caspase-8
activation, underscoring the intricacy of the immunomodulatory pathways exploited by mosquito saliva.
(25). The results suggest that mosquito saliva, through components like LTRIN increases inflammatory
cytokines and decreases the Th1 polarization mediated by of antigen-presenting cells and impact T-cell
responses(21). Indeed, saliva products from other vectors such as sand flies reduces antigen presenting
cells activation and negatively modulate the secretion of Th1 and Th2 cytokines by PBMCs (49).
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Additionally, our investigation revealed a link between Ae. aegypti salivary gland components and
oxidative stress responses. The alteration of ROS production, lipid peroxidation, and antioxidant levels in
PBMCs indicates a multifaceted impact on cellular redox dynamics. The heightened nitric oxide
production and the dynamic alterations in lipid peroxidation, GSH levels, and AOPP content suggest that
the mosquito's salivary glands play a role in modulating the oxidative stress environment of host cells. To
further understand the link between these oxidative stress-related findings and the broader
immunomodulatory effects of Ae. aegypti salivary glands, additional studies are warranted to dissect the
underlying mechanisms driving these observed changes. Such knowledge could offer promising avenues
for therapeutic interventions to mitigate the detrimental effects of ZIKV infection. The impact of
mosquito saliva on oxidative stress has been elucidated in studies that highlight the presence of
defense-related proteins in mosquito saliva (50, 51). These proteins can decrease and increase the redox
state within host cells, depending of the parameters analyzed. Our study extends this understanding by
revealing that Ae. aegypti salivary glands have the potential to modulate oxidative stress in PBMCs
during ZIKV infection. The elevation of NO levels and changes in GSH content observed in our study align
with the findings from these earlier investigations. Therefore, previous study shows that SGE plays a
protective role in septic animals, contributing to oxidative and inflammatory balance during sepsis, and
this effect seems to be mediated by the control of inflammation and oxidative damage (12). These
results underscore mosquito saliva's multifaceted role in impacting cellular oxidative stress and redox
signaling pathways.

The SGE from these mosquitoes demonstrated the capacity to potentiate ZIKV infection in vitro, a
phenomenon evidenced by the dose-dependent increase cytopathic effect within Vero cells. The dose-
dependent relationship observed between the quantity of SGE and the PFU underscores the significant
role played by salivary gland factors in influencing ZIKV infection dynamics. Similar to other studies, our
results demonstrated that mosquito saliva could enhance viral infection and replication (52–55). The
enhancement of ZIKV infection observed in Vero cells and DC treated with Ae. aegypti SGE was also
observed by Styer et al. and Wasinpiyamongkol et al., which highlighted the ability of mosquito saliva to
augment the infection of West Nile virus and dengue virus (8, 20). Furthermore, Vero cells do not
produce type I interferon, an important element of antiviral immunity, which makes the role of SGE more
significant in the spread of infection and its relationship with the immunological response. These data
suggest a common mechanism by which mosquito saliva might promote the entry and propagation of
arboviruses within host cells.

Collectively, the results presented here and insights from previous research emphasize the significance
of mosquito saliva in shaping the immune response to arboviral infections. Our findings align with
existing literature, illustrating the ability of Ae. aegypti salivary glands to enhance viral infection,
manipulate cytokine production, and influence oxidative stress dynamics. These observations strengthen
the notion that mosquito saliva is not just a mechanical facilitator of blood feeding but a sophisticated
mediator that can tip the balance in favor of viral transmission and disease exacerbation. These findings
offer novel insights into the intricate modulation of host immune responses by mosquito salivary gland
factors, with potential sources for new therapeutic molecule(s).
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Conclusion
The intricate interplay between Ae. aegypti SGE and host immune responses during ZIKV infection
presents a significant area for further exploration and potential therapeutic interventions. This study and
previous research highlight mosquito saliva's dual role in facilitating viral infection and modulating host
immune responses. The observed shift towards Th2 polarization and the increasing on oxidative stress
markers in PBMCs further illustrate the complex role of mosquito saliva in viral infection dynamics. The
findings suggest that Ae. aegypti SGE can enhance ZIKV infection by modulation of cytokine production
and impacting oxidative stress dynamics in host cells. These results underscore the importance of
understanding vector-host interactions in the spread and impact of arboviral diseases.
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Figures

Figure 1

Effect of SGE on cytokines production by ZIKV-infected dendritic cells and macrophages: mouse
dendritic cell line (JAWS II) and mouse macrophage cell line (RAW 264.7) were infected with ZIKV at 0.1
MOI in the presence of 0.5 µg/ mL, 1 µg/ mL, 2.5 µg/ mL or 5 µg/ mL SGE of Ae aegypti. After 72 h of
incubation, the levels of TNF-α, IL-1β, IL-12, and IL-10 were quantified by ELISA. A, B, C, and D (JAWS II).
E, F, G, H (RAW 264.7). * Denotes p<0.05.** Denotes p<0.01.*** Denotes p<0.001. **** Denotes p<0.0001.
MOI: Multiplicity of infection.
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Figure 2

Cytokine profile in PBMCs infected with ZIKV in presence of SGE from Ae. Aegypti. PBMC were cultured
with medium, SGE, ZIKV or ZIKV plus SGE and the production of IFN- γ (A) and IL-4 quantified after 72 h
incubation using ELISA. C) IFN-γ/IL-4 ratio. * Denotes p<0.05.** Denotes p<0.01.*** Denotes p<0.001.
****Denotes p<0.0001.
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Figure 3

Effect of SGE in the frequency of DC subsets in PBMCs. Gating strategy (A), % of DCs (B), % of DC1s
subset (C), % pDCs subset (D), % mDCs subset (E). * Denotes p<0.05.** Denotes p<0.01.*** Denotes
p<0.001.****Denotes p<0.0001. DC: dendritic cells, DC1, pDC,.mDC.
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Figure 4

T lymphocytes from PBMC analysis. Gating strategy (A), % of PBMC (B), % of Lymphocyte (C), %CD4 (D),
%CD4KI67 (E), %CD4 Gramzym B (F), %CD8 (G), %CD8 KI67 (H), %CD8 Granzyme B (I). * Denotes
p<0.05.** Denotes p<0.01.*** Denotes p<0.001.
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Figure 5

Redox state of PBMC stimulated with mosquito salivary gland and ZKV. The levels of lipid peroxidation
TBARS (A), GSH (B), AOPP (C), and NOx (D) were evaluated after the treatments. * Denotes p<0.05.**
Denotes p<0.01.*** Denotes p<0.001.
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Figure 6

Effect of Aedes aegypti salivary gland in ZIKV replication: A) Dose depend curve of SGE (0.5 µg/ mL, 1
µg/ mL, 2.5 µg/ mL and 5 µg/ mL) from Ae aegypti vs PFU/ml recovery from Vero cells infected with
0.1MOI of ZIKV. B) Images from Vero cells infected with 0.1MOI of ZIKV in presence of 0.5 µg/ mL, 1 µg/
mL, 2.5 µg/ mL and 5 µg/ mL SGE.


