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ABSTRACT 

Vector-borne diseases affect an estimated 3.9 billion people in over 128 countries 

annually (WHO, 2017b). Mosquito-borne viruses, such as Chikungunya virus (CHIKV), are 

transmitted to human hosts through the saliva of female blood-feeding mosquitoes. During 

blood-feeding, salivary molecules enhance blood-feeding efficiency, dampen specific 

inflammatory signals, and enhance virus infection and dissemination. Skin is the interface where 

mosquito salivary molecules and viruses interact with the human immune system. Our long-term 

goal is to understand the impact of mosquito saliva on the skin and the role of salivary 

molecules in potentiating virus infection. This thesis aims to model the human skin bite site, 

identify mosquito salivary molecules present during virus infection, and investigate their impact 

on virus replication. We developed a human skin arbovirus infection model that was viable for 

four days ex vivo (Esterly et al., 2022a). Arbovirus infection in human skin ex vivo allowed 

flavivirus and alphavirus replication and dissemination. Using this model, we will investigate 

mosquito salivary factors and their impact on virus transmission. Next, we identified mosquito 

salivary factors highly expressed in Ae. aegypti salivary glands during CHIKV infection. We 

hypothesize that salivary proteins that contain secretion signals and are found to be highly 

expressed during CHIKV infection are delivered to the bite site during mosquito feeding. 

Through a combination of RNA-seq and miRNA-seq analysis, we identified several salivary 

factors, protein and small non-coding RNAs, which warrant further investigation. Lastly, we 

assessed the impact of identified and recombinantly expressed proteins or specific small RNA 

inhibitors on CHIKV replication in vitro relative to Ae. aegypti salivary gland extract (SGE). We 

found that both protein and small RNAs can influence CHIKV replication in a significant manner; 
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however, the effect observed by mosquito saliva is a combination of multiple factors and will 

require more investigation to characterize fully. In summary, mosquito salivary factors work in 

concert to enhance virus replication and dissemination. Although individual factors may not 

recapitulate the total effect of SGE, the discovery and isolation of these factors further our 

understanding of arbovirus transmission. These studies highlight the complexity of mosquito 

salivary secretion and further our knowledge of mosquito-borne virus transmission. The 

following thesis will describe our most recent findings and contribution to understanding 

mosquito saliva’s role during arbovirus transmission. 
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Background: The Impact and Global Importance of Vector-Borne Diseases 

Arthropoda is the largest phylum in the animal kingdom and includes arthropods known 

to be vectors of diseases transmitted worldwide. Arthropods are considered vectors of disease 

when they can carry or replicate a pathogen and transmit it to another living organism. Fleas, 

flies, ticks, and mosquitoes transmit various pathogens, such as viruses, bacteria, and 

parasites, collectively known as vector-borne diseases (VBDs). These pathogens account for 

over 17% of all infectious diseases and are estimated to cause over 700,000 deaths annually 

(WHO, 2020). Most VBDs normally circulate through a natural animal reservoir and are 

transmitted to humans by a specific vector. As the best-known disease vector, mosquitoes are 

often referred to as the deadliest animal in the world by transmitting pathogens of global medical 

importance such as Dengue virus (DENV), Yellow fever virus (YFV), or Plasmodium parasites, 

the causative agent of malaria. Ticks transmit a wider diversity of pathogens, such as several 

encephalitic viruses, including Tick-borne encephalitis virus (TBEV) and Powassan virus 

(POWV), along with various bacterial pathogens that cause Lyme disease, spotted fevers, 

typhus, and anaplasmosis. Fleas are best known for their transmission of Yersinia pestis, 

causing one of the most significant and devesting pandemics of human history, known as the 

Black Death or Black Plague. The pandemic of Yersinia in the 14th century led to the death of an 

estimated 200 million people (WHO, 2017a).  

The emergence and re-emergence of VBDs, especially mosquito-borne diseases, are 

due to several factors, including, but not limited to, high population density, the global aviation 

network, world trade routes, rural-urban migration, lack of piped water infrastructure, and 

climate change (Kilpatrick & Randolph, 2012; Wilder-Smith et al., 2019). The emergence of a 

pathogen in new regions of the world is typically accomplished through travel or trade. These 

specific travel events can lead to sudden or even explosive epidemics in areas previously 

considered non-endemic to a particular disease. Local re-emergence of a once endemic 
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pathogen can be due to environmental factors, along with other wildlife or social changes, which 

increase the risk of exposure of humans to disease vectors (Kilpatrick & Randolph, 2012). 

Dengue and malaria are the most prominent mosquito-borne diseases with high annual infection 

rates and overlapping disease endemicity. DENV, plasmodium, and other vector-borne 

pathogens such as Leishmania, ZIKV, YFV, and CHIKV disproportionally affect lower 

socioeconomic regions of the world. DENV is estimated to cause 390 million infections annually 

(Bhatt et al., 2013), with 25% of infections showing clinical manifestations (Wilder-Smith et al., 

2019). Plasmodium parasites transmitted by Anopheles mosquitoes caused an estimated 219 

million malaria cases and 435,000 deaths in 2017 alone. Only five countries, Nigeria, the 

Democratic Republic of Congo, Mozambique, India, and Uganda, accounted for nearly 50% of 

the world’s malaria disease burden (WHO, 2019). VBDs have affected almost every part of the 

globe with human inhabitance and continue to pose a significant threat to human health. 

Continued research into the basic biology, transmission, and translational science of VBDs is 

paramount to human health. 

Chikungunya Virus 

Origin and Global Spread 

The word “Chikungunya” comes from the Makonde ethnic group in Africa and describes 

the bent-over posture of individuals with acute disease. Chikungunya virus (CHIKV) was first 

isolated after an epidemic in southern Tanganyika, modern-day Tanzania, from 1952 to 1953 

(Carey Donald. E., 1971; Lumsden, 1955; Ross, 1956; Weaver & Lecuit, 2015). CHIKV 

circulates in enzootic transmission cycles using arboreal mosquitoes (Aedes spp.) and primate 

hosts in heavily forested areas of sub-Saharan Africa (Weaver & Lecuit, 2015). Both outbreaks 

and epidemics are caused through spillover events resulting in infections of people living in or 

around the forested areas of enzootic transmission. Outbreaks are also caused by  



4 
 

 

  

Figure 1.1. Enzootic and Urban Cycle of Chikungunya Virus Transmission. CHIKV epidemics are 
believed to be a result of spillover infections. Enzootic cycles of CHIKV occur with primates and 
treetop dwelling Aedes species of mosquitoes. Humans living in or around forested or jungle area can 
be infected by an enzootic spillover. Human travel into urban areas allows infection in urban dwelling 
Ae. aegypti and Ae. albopictus and human amplified cycle to continue. Spillback can occur from 
infected humans traveling in forested areas and infecting naïve mosquitoes or infected Ae. 
aegypti/albopictus transmitting to primates coming in close contact with human habitats typically 
observed when primates are scavenging for food. Figure produced using Biorender.com. 
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the establishment of arthropod vectors capable of transmitting CHIKV near human populations. 

Aedes aegypti and Aedes albopictus are urban-dwelling mosquito species capable of 

transmitting CHIKV in what is known as urban or human amplified cycles of transmission, where 

humans are the primary amplifying host of the virus (Figure 1.1) (Weaver & Forrester, 2015). 

The early spread of CHIKV beyond Africa is suggested to have begun in the 18th century and 

was facilitated by trade routes. Stored water on ships would provide breeding sources for Ae. 

aegypti mosquitoes while human hosts aboard would serve to continue transmission cycles 

(Carey Donald. E., 1971; Weaver & Lecuit, 2015). Despite these hypotheses, CHIKV has likely 

been causing outbreaks for longer than records can accurately identify, with early accounts 

dating back to the late 1770s (Carey Donald. E., 1971).  

Since its initial isolation, CHIKV has been introduced to different continents on multiple 

occasions to cause epidemics and lead to the emergence of several CHIKV lineages. The 

African enzootic lineage, known as the eastern, central, and south African (ECSA) lineage, 

emerged out of Africa to cause epidemics in India and Southeast Asia through urban cycles of 

transmission (Hammon et al., 1960; Weaver, 2014; Weaver & Forrester, 2015; Weaver & Lecuit, 

2015). The resulting ‘Asian’ lineage is an endemic/epidemic lineage in Asia that has maintained 

human-amplified transmission cycles with Ae. aegypti (Weaver, 2014). Interestingly, the Asian 

lineage is continued through urban transmission cycles without enzootic cycles occurring in 

parallel. A second emergence from the ECSA lineage occurred in 2004 in coastal Kenya, 

spreading cases to islands in the Indian Ocean, then further into India from 2005 to 2011 

resulting in millions of infections and a new Indian Ocean Lineage (IOL)  (Chretien et al., 2007; 

Schuffenecker et al., 2006; Weaver, 2014; Weaver & Forrester, 2015). The unique explosivity of 

this lineage was due to several factors: 1) an amino acid mutation in the envelope protein (E1) 

of CHIKV allowing for transmission competency by a new mosquito vector, Ae. albopictus; 2) 

invasion of Asia-endemic Ae. albopictus mosquitoes into Europe, Africa, and the Americas; and 
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3) increased air travel allowing infected patients to travel to non-endemic areas leading to new 

transmission cycles (Schuffenecker et al., 2006; K. A. Tsetsarkin et al., 2007; K. A. Tsetsarkin & 

Weaver, 2011; Weaver, 2014; Weaver & Forrester, 2015; Weaver & Lecuit, 2015). Since 2004, 

CHIKV has reemerged to cause significant global outbreaks on islands in the Indian Ocean, 

Asia, Europe, and the Americas in 2013 (Weaver & Forrester, 2015). From December 2013 to 

September 2015, 45 countries, including the Americas, had local CHIKV transmission with a 

total of 1.6 million cases and 240 deaths (Petersen & Powers, 2016). Currently, there are no 

licensed vaccines available for CHIKV infections in humans. 

Clinical Symptomology of CHIKV Infection 

CHIKV is an arthritogenic alphavirus that causes severe polyarthralgia and myalgia. 

These symptoms are typically debilitating and are considered the hallmark disease phenotype. 

Infection results in high fever typically coinciding with viremia, asthenia, headache, and rash 

(Assunção-Miranda et al., 2013; Ganesan et al., 2017a; Matusali et al., 2019; Schwartz & 

Albert, 2010; Tanabe et al., 2018; Weaver & Lecuit, 2015). CHIKV causes symptoms in most 

cases (72% to 95%) with rapid disease onset and symptomology lasting 4-7 days (Assunção-

Miranda et al., 2013; Matusali et al., 2019). Of the symptomatic cases, the estimated frequency 

of acute-phase symptoms are as follows: joint pain 92%, fever 85%, headache 72%, myalgia 

52%, rash 42%, joint swelling 33%, and digestive symptoms 31% (Tanabe et al., 2018). The 

maculopapular rash associated with CHIKV infection has ranged from localized to extensive 

rash distributed over the whole body (Burt et al., 2017; Miner et al., 2015; Weaver & Lecuit, 

2015). Gastrointestinal symptoms, albeit less common, include abdominal pain, nausea, and 

vomiting (Matusali et al., 2019). Chronic infection is a less studied phenomenon; however, in 

some cases, polyarthralgia lasts in patients for weeks or even years after initial infection 

(Ganesan et al., 2017b; Schwartz & Albert, 2010; Tanabe et al., 2018; Weaver & Lecuit, 2015). 

Although CHIKV causes a disease of high morbidity, the low mortality rate is estimated at 
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0.001%, where fatal infection occurs in neonates, the elderly, or adults with underlying health 

complications (Schwartz & Albert, 2010). Currently, no FDA-licensed vaccines or therapeutics 

are available, highlighting the importance of continued research on CHIKV pathogenesis and 

immunity. 

CHIKV Genome Organization and Replication Cycle 

CHIKV is part of the Semliki Forest virus (SFV) complex which is comprised of other 

arthritogenic alphaviruses such as Ross River virus (RRV) and Mayaro virus (MAYV). CHIKV is 

an enveloped virus 70nm in diameter with an icosahedral nucleocapsid (T=4) carrying a single-

stranded RNA (ssRNA) genome approximately 11.8 kb in length. The 49S genomic ssRNA 

contains two open reading frames, a 5’ and 3’ UTR, a 5’ cap, and a 3’ poly-A tail. Collectively, 

these components encode four non-structural proteins: nsP1, nsP2, nsP3, and nsP4 and five 

structural proteins: capsid (C), E3, E2, 6k, and E1 (Figure 1.2) (Luis et al., 2014; Lum & Ng, 

2015; Rupp et al., 2015; Strauss & Strauss, 1994).  

CHIKV can enter a cell via receptor-mediated endocytosis. Several cellular receptors 

(dendritic cell [DC]-specific ICAM3-grabbing non-integrin 1 [DC-SIGN], liver and lymph node-

SIGN [L-SIGN], heparin sulfate, integrins, and laminin) are involved in this process; however, 

exact roles and mechanisms of virus entry have not been firmly defined (Schwartz & Albert, 

2010).  Since the virus is still segregated from the cytoplasm by the endosomal membrane, 

acidification of the endosome allows conformational change of the E1 protein exposing a fusion 

peptide to allow virus-host cell/endosome membrane fusion (Schwartz & Albert, 2010). 

Cytoplasmic release of the nucleocapsid and 49S viral genome allows the replication process to 

begin.  

Non-structural proteins, encoded at the 5’ end by 7,425 nucleotides, are translated into a 

polyprotein: nsP1234. nsP4, the RNA-dependent RNA polymerase (RdRp), is cleaved from the  
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Figure 1.2. Chikungunya Virus Genome Organization. The CHIKV genome is a positive sense single-
stranded RNA genome with ~11.7 kilobases in length and contains a 5’-cap, two open reading 
frames which separate the structural and nonstructural proteins, and a 3’ untranslated region and 
poly(A) tail. The 49S segment of RNA encodes non-structural proteins (nsP) 1-4 while the 26S 
segment encodes the capsid, three envelope proteins E1, E2, and E3, along with the 6K protein.  
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polyprotein via nsP2 protease activity. The replicase complex of nsP4 and nsP123 synthesizes 

the non-coding (minus) RNA strand that serves as a template for new 49S ssRNA viral 

genomes and 26S subgenomic RNA. nsP123 will be further processed into nsP1, nsP2, and 

nsP3 allowing the formation of the mature replicase complex capable of replicating 49S and 26S 

coding ssRNAs. Subgenomic 26S RNA consists of 4,327 nucleotides and encodes the 

structural proteins (Rupp et al., 2015; Simizu et al., 1984; Strauss & Strauss, 1994).  

nsP1 is a ~60kDa protein with two main functions during replication: viral RNA capping 

and host cell membrane binding (Rupp et al., 2015; Schwartz & Albert, 2010). Methyltransferase 

and guanylyl transferase domains direct the viral RNA capping reaction, while host membrane 

binding sites (MB1 and MB2) contain an amphipathic helix and palmitoylation site, respectively 

(Rupp et al., 2015). The necessity for membrane and lipid association of nsP1 is not fully 

understood; however, nsP1 has alternative functions such as membrane and cytoskeletal 

rearrangement, development of cell filopodia, and cell-to-cell transmission (Karo-Astover et al., 

2010; Laakkonen et al., 1998; Martinez et al., 2014; Rupp et al., 2015) which highlights the need 

for membrane binding sites. nsP2 is a ~90kDa protein with multiple functions. During replication, 

nsP2 acts as a helicase to unwind secondary structures formed during the synthesis of viral 

RNA. RNA triphosphatase motifs in the N-terminal domain of nsP2 also prime the 5’ end of the 

nascent RNA for nsP1 to perform the 5’ capping reaction (Rupp et al., 2015). In addition, RNA 

triphosphatase and proteinase function of nsP2 facilitate host cell transcriptional shut-off (Rupp 

et al., 2015; Schwartz & Albert, 2010). nsP3 is a ~60kDa protein comprised of three domains: 

the macro domain, the alphavirus unique domain (AUD), and the hypervariable domain (Rupp et 

al., 2015). Although the functional capacity of this protein is not fully understood, it has an 

essential function as part of the replicase complex. Both the macrodomain and AUD are 

conserved among alphaviruses, while the hypervariable domain, as the name suggests, varies 

within the alphavirus genus (Rupp et al., 2015). The macrodomain contains phosphatase and 
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nucleic acid binding capabilities. At the same time, genetic mutations in the AUD have led to 

poor replication and defects in the non-coding (minus sense) strand and subgenomic 26S RNAs 

(Rupp et al., 2015; Schwartz & Albert, 2010). As stated above, nsP4 is a ~70kDa RdRp and is 

responsible for all CHIKV genomic or sub-genomic RNA (Rupp et al., 2015).  

Structural proteins are typically conserved among CHIKV strains and are the basis for 

humoral immunity. Humoral responses to alphaviruses are critical to long-term protection. They 

are usually associated with neutralizing antibodies interfering with virus receptor attachment and 

entry, fusion with endosomal membranes, virion assembly, egress of virions, and cell-to-cell 

infection (Kafai et al., 2022). Host-cell free ribosomes perform the translation of structural 

proteins in the cytoplasm. Autoproteolytic cleavage of the structural polyprotein liberates the 

capsid protein and exposes E3. E3 is a peptide signal sequence that guides the remaining 

structural polyprotein (E3-E2-6K-E1) to the endoplasmic reticulum for processing (Strauss & 

Strauss, 1994). Free capsid proteins can bind with newly synthesized viral RNA genomes to 

form nucleocapsids. Simultaneously, the remaining structural proteins, E3, E2, and E1, 

associate with the endoplasmic reticulum and Golgi apparatus to be processed and expressed 

on the host cell surface as mature glycoproteins (Flint et al., 2015). Mature nucleocapsids 

migrate and bind with the plasma membrane acquiring an envelope by budding out of the cell, 

forming a mature virion (Flint et al., 2015). The function of the 6K protein is not fully understood; 

however, research has shown alphavirus 6K to be part of a selective ion channel, or viroporin, 

which increases infected cell membrane permeability (Melton et al., 2002). CHIKV envelope 

proteins E1 and E2 are glycoproteins that form hetero-trimeric spikes on mature virions' surface. 

Eighty trimeric spikes mediate host cell receptor-mediated endocytosis and encapsulate the 240 

capsid protein copies encasing the ssRNA genome.  

Cellular Immune Response to CHIKV Infection  
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Viruses are unique pathogens as they utilize the host machinery for replication. 

Therefore, cells must have mechanisms of nucleic acid recognition for defense against viral 

infection. Broad detection of cytoplasmic nucleic acids creates a high likelihood of inappropriate 

recognition of essential host nucleic acids leading to autoimmune diseases such as systemic 

lupus erythematosus (Garcia-Romo et al., 2011). Despite the potential risks of host nucleic acid 

recognition, the benefit of recognizing foreign nucleic acid outweighs the potential risks.  

Pattern recognition receptors (PRRs) can recognize foreign RNA after infection or by 

uptake of cellular debris due to cellular cytotoxicity resulting from infection. Toll-like receptor 

(TLR)-3, TLR-7, and TLR-8 are localized to endosomal membranes and can recognize double-

stranded RNA (dsRNA)(TLR-3) or ssRNA (TLR-7 and TLR-8) (B. L. Lee & Barton, 2014). Once 

a viral genome is released into the cytoplasm, cytosolic PRRs or Rig-like receptors (RLRs), 

such as Retinoic acid-inducible gene 1 (RIG-I) or melanoma differentiation-associated protein 5 

(MDA5), recognize cytosolic RNA. RIG-I recognizes both ssRNA and dsRNA while MDA5 

recognizes longer dsRNA segments, ultimately leading to type I interferon (IFN) activation. Type 

I IFN is the first inflammatory/defense signaling mechanism after CHIKV infection. In addition, 

activation of PRRs leads to downstream signaling molecules TRIF, MyD88, mitochondrial 

antiviral-signaling protein (MAVS), and stimulator of interferon genes (STING). Interferon 

regulatory factors (IRFs), IRF-3 or IRF-7, along with nuclear factor κB (NF-κB), activate the 

expression of type I interferon (IFN) and other inflammatory genes (Kafai et al., 2022). 

Upon infection, RLRs kick-start IFN signaling by detecting CHIKV-derived pathogen-

associated molecular patterns (PAMPs) such as RNA replication intermediates: viral genomic 

ssRNA, subgenomic ssRNA, or dsRNA (Lum, Kafai). Downstream signaling mediated by 

mitochondrial antiviral-signaling (MAVS) proteins and interferon regulatory factor-3 (IRF-3) 

ultimately activate type I IFN. Expression of type I IFNs act in paracrine and autocrine signaling 

mechanisms to further induce the anti-viral response through Janus kinase (JAK) and signal 
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transducers and activators of transcription (STAT) to activate downstream IFN-stimulated genes 

(ISGs) (Kafai et al., 2022; Lum & Ng, 2015; Platanias, 2005). ISGs that are involved with the 

anti-CHIKV response include protein kinase R (PKR), growth arrest and DNA damage-inducible 

protein 34 (GADD34), 2’,5’-oligoadenylate synthetase (OAS) proteins, ISG20, Bone marrow 

stromal cell antigen 2 (BST-2)/Tetherin, Viperin, and Interferon-induced transmembrane 

proteins (IFITMs) (Clavarino et al., 2012; Franz et al., 2021; Jones et al., 2013; Kafai et al., 

2022; Lum & Ng, 2015; Poddar et al., 2016; Teng et al., 2012; Werneke et al., 2011).  

Each ISG plays a vital role and works simultaneously to mount an antiviral response to 

CHIKV. PKR phosphorylates eukaryotic translation initiation factor eIF2α to inhibit translation 

(Sadler & Williams, 2008), which reduces CHIKV replication in fibroblasts (White et al., 2011). 

PKR activation also leads to subsequent activation of other negative regulators of eIF2α, such 

as GADD34, restricting viral translation (Kafai et al., 2022). Other cellular exonucleases, such 

as ISG20, also work to prevent CHIKV replication by modulating the expression of other ISGs 

that inhibit the translation of viral RNA (Kafai et al., 2022; Weiss et al., 2018). IFN-induced OAS 

enzymes, especially isoform OAS3 in the case of CHIKV infection, recognize dsRNA and 

activate ribonuclease L (RNase L) to destroy all RNAs (cellular mRNAs and viral RNA) within a 

cell (Sadler & Williams, 2008). BST-2, also known as tetherin or CD317, are IFN-inducible 

transmembrane proteins that prevent viral spread by tethering viral progeny to the surface of the 

infected cells (Evans et al., 2010). BST-2 proteins retain CHIKV virus-like particles (VLPs) on 

the cell membrane, indicated by showing co-localization of BST-2 with E1 structural proteins on 

the surface of infected cells (Jones et al., 2013). Lastly, IFITMs are transmembrane proteins 

induced by IFN expression, preventing viruses from traversing the lipid bilayer (Bailey et al., 

2014). Human IFITM3, an IFITM localized explicitly to the endosomal membrane, restricts 

infection of CHIKV and related alphavirus MAYV (Franz et al., 2021). At a cellular level, IFN 
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expression induced from RLRs or TLRs and downstream ISGs is critical to defense against 

CHIKV and plays a vital role in clearing the infection.  

Alphavirus Inhibition/Evasion of Antiviral Responses 

CHIKV and other alphaviruses replicate to high titers in tissues quite efficiently by 

several mechanisms. Inhibition of antiviral responses in host cells to lower expression of IFNs 

and subsequent ISGs is essential to virus replication and survival. Below are several 

mechanisms that alphaviruses, including CHIKV, use to subvert cellular immunity and continue 

replication. 

Host cell transcriptional and translational shut-off is vital for efficient CHIKV replication 

as early antiviral gene expression in the cell can prevent appropriate reproduction. In shaping 

the host cell environment to favor viral replication, nsP2 acts as an inhibitor of IFN-induced JAK-

STAT signaling by blocking STAT1 phosphorylation and translocation into the nucleus and 

inhibiting transcription of ISGs (Fros et al., 2010). nsP2 also degrades Rpb1, an RNA 

polymerase II subunit, inhibiting gene expression of the antiviral response (Akhrymuk et al., 

2012). Translational inhibition by CHIKV is achieved by mechanisms not clearly defined. Sindbis 

virus (SINV), a closely related alphavirus, and SFV both stall the ribosome through hairpin loop 

structures on the 26S subgenomic viral RNA; however, RNA structures of this type were 

undetectable on CHIKV 26S RNA (Fros & Pijlman, 2016). Additionally, host cell translational 

shut-off seems to be independent of protein kinase R (PKR) and its phosphorylation target 

eukaryotic initiation factor 2α (eIF2α), indicating more elaborate mechanisms utilized by 

alphaviruses (Fros & Pijlman, 2016).  

CHIKV also inhibits replication restriction from ISGs. BCL-2 (tetherin) localizes with E1 

on the host membrane, restricting CHIKV VLPs from dissemination. CHIKV nsP1 overcomes 

BST-2-mediated VLP tethering by down-regulating BST-2 expression (Evans et al., 2010; Jones 
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et al., 2013). IFITM3-mediated restriction of CHIKV infection is believed to be avoided by a 

specific evasion strategy mediated by CHIKV non-structural proteins that promote degradation 

of IFITM3; however, more investigation is necessary to define this mechanism (Franz et al., 

2021).   

Investigation into the molecular mechanisms of CHIKV replication and cellular immune 

evasion has provided us with the foundational knowledge to understand virus pathogenesis. By 

understanding how CHIKV interacts with host cells during an infectious cycle, we can appreciate 

its targets in the skin and how mosquitoes can influence the skin microenvironment, which may 

augment the interaction between virus and host cells.  

Human Skin is the Site of Blood Feeding and CHIKV Transmission 

Human skin is the feeding site of blood-feeding mosquitoes and the microenvironment of 

natural CHIKV transmission. This small feeding site is the only location where host immune 

factors, arthropod salivary molecules, and viruses are combined (Hermance & Thangamani, 

2018). Human skin is the largest organ in the body and the first line of defense against microbial 

and external stimuli. Skin comprises multiple layers and is saturated with immune cells to 

provide inflammatory activation signals after pathogen insult or physical trauma. Mosquitoes 

inflict physical trauma during blood feeding and elicit a hemostatic healing response in the 

microvasculature. Viruses delivered from mosquitoes must first replicate in the skin-feeding 

microenvironment before disseminating into the host. The following section will describe the skin 

composition and blood vessel injury response.  

Skin Components and Defense Against Mosquito Feeding 

 Human skin comprises three primary layers: epidermis, dermis, and hypodermis. The 

epidermis is the outermost surface made up of multiple layers of keratinocytes (squamous cells) 

with Langerhans cells (LCs) present throughout. Keratinocytes and LCs are essential for 
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secreting many cytokines that influence the epidermis and dermal environments. As part of the 

dendritic cell (DC)/macrophage family of cells, LCs play a vital role as an immune sentinel in 

determining the appropriate immune response to external stimuli. These specialized tissue-

resident cells can detect danger-associated molecular patterns (DAMPs) or pathogen-

associated molecular patterns (PAMPs), migrate through the dermis to cutaneous lymph nodes, 

and display foreign peptides to leukocytes via human leukocyte antigen (HLA) and co-

stimulatory molecules. Specific T cells, CD8+ tissue-resident memory T cells (TRM) cells, also 

reside in the epidermis (Nestle et al., 2009; Tokura et al., 2021). TRM cells can detect virus-

infected cells in the epidermis and proliferate in response to antigenic engagement (Tokura et 

al., 2021). These cells provide yet another mechanism of periphery sentinel detection of 

invading pathogens. 

The dermis is vital for the physiological health of the skin as it contains various 

extracellular matrix components, including collagen and elastin, along with populations of both 

myeloid and lymphoid immune cell types. Dermal dendritic cells (DCs), dermal macrophages, 

CD4+ T cells, and innate lymphoid cells (ILCs) are all present and work to provide an immune 

defense against pathogen infection (Pasparakis et al., 2014). The dermis is the thickest layer 

that contains the blood vessels and capillary networks to feed the epidermis. These blood 

vessels are the target for blood-feeding mosquitoes. The trauma inflicted by feeding mosquitoes 

induces hemorrhaging and elicits a hemostatic response to arrest blood loss. This fundamental 

function of the body must be combatted by mosquitoes to successfully blood feed. The following 

section will describe the hemostatic response and how mosquito saliva overcomes this natural 

mammalian defense. 

Hemostatic Response of Skin Blood Vessels Against Mosquito Feeding  

Hemostasis is a complex enzymatic cascade designed to prevent fatal blood loss and 

comprises two main reactions: primary and secondary hemostasis (Figure 1.3). Primary 
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hemostasis results in platelet plug formation around the site of injury. In contrast, secondary 

hemostasis will reinforce this platelet plug with a protein mesh made up of fibrin. This blood 

vessel repair process must be further broken down to a molecular level to understand how 

mosquito salivary molecules must combat the process of hemostasis to blood feed.  

Primary Hemostasis 

Primary hemostasis can be separated into five processes: endothelial trauma, exposure, 

adhesion, activation, and aggregation. Puncture from a mosquito proboscis causes endothelial 

trauma to a blood vessel and exposure to collagen surrounding the endothelium. Trauma to 

blood vessels causes nerves connected to the endothelial cells and smooth muscle cells to elicit 

a reflexive contraction, or vascular spasm, of the blood vessel, therefore restricting blood flow. 

During homeostasis, endothelial cells release nitric oxide and prostaglandins into the blood, 

causing the relaxation of smooth muscle cells. Upon injury, nitric oxide and prostaglandin 

concentrations are reduced at the wound site, and damaged endothelial cells secrete 

endothelin. Endothelin is a vasoconstrictive 21-amino acid peptide that causes smooth muscle 

cells to contract to allow vascular spasms. After an injury to the endothelium, endothelial cells 

secrete von Willebrand’s Factor (vWF) to bind to lumen-exposed collagen. Circulating platelets 

derived from megakaryocytes bind vWF proteins via GP1B receptors, allowing platelet adhesion 

and activation. Activation of platelets induces secretion of platelet-derived vWF and serotonin to 

recruit more circulating platelets in a feed-forward mechanism that is specific to the site of injury 

(Gale, 2011b, 2011a; Mann & Ziedins, 2007; Versteeg et al., 2013; Wu, M.D & Thiagarajan, 

M.D, 2002).  

Activated platelets also secrete calcium, adenosine diphosphate (ADP), and 

thromboxane A2 with specific functions. Calcium is an essential binding co-factor in secondary 

hemostatic enzymes, while ADP and thromboxane A2 are released into the blood.  
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Figure 1.3. The Intrinsic and Extrinsic Pathways of Coagulation. The function of the coagulation 
pathway is to stop bleeding. Primary hemostasis involves platelet aggregation and platelet plug 
formation at the site of injury or exposed endothelium. Secondary hemostasis involves two 
pathways of coagulation, the intrinsic and extrinsic pathways. The intrinsic pathway consists of 
factors I, II, IX, X, XI, and XII while the extrinsic pathway consists of factors I, II, VII, and X. Both 
pathways converge into the common pathway factors I, II, V, VIII, X. The intrinsic pathway begins 
with activation of Factor (F) XII (FXIIa) by exposure of endothelial collagen. FXIIa activates FXI to 
FXIa, FXIa activates FIX to FIXa to ultimately activate FX to FXa. The extrinsic pathway is 
activated by tissue factor (TF) which activates FVII to FVIIa. FVIIa can then activate FX to FXa 
which cleaves FII (prothrombin) to FIIa (thrombin) and FIIa can cleave FI (fibrinogen) to FIa 
(fibrin). The outcome is a platelet clot reinforced by a fibrin mesh to arrest blood flow.  



18 
 

Both ADP and thromboxane A2 induce the activation of circulating platelets that have yet 

to bind vWF and undergo GP1B-vWF mediated activation. As a result, ADP/thromboxane A2-

activated platelets express receptor GPIIB/IIIA, a receptor that binds circulating fibrinogen and 

acts as a linker molecule between activated platelets. As more platelets bind collagen and 

fibrinogen and continue a feed-forward loop by secretion of ADP, thromboxane A2, and vWF, 

the aggregation of platelets forms a platelet plug at the site of endothelial injury (Gale, 2011b, 

2011a; Mann & Ziedins, 2007; Versteeg et al., 2013; Wu, M.D & Thiagarajan, M.D, 2002).  

Secondary Hemostasis 

Secondary hemostasis, also known as coagulation, is a proteolytic cascade of blood 

circulating clotting factors that reinforce the platelet plug through cleaving of fibrinogen to fibrin 

and crosslinking of deposited fibrin molecules. Three pathways, the intrinsic, extrinsic, and 

common pathways, build the coagulation cascade resulting in fibrinogen activation into fibrin.  

The extrinsic pathway is activated by Tissue Factor (TF), a molecule exposed to the 

endothelial lumen upon trauma, such as TF in the membranes of smooth muscle cells 

surrounding the endothelium. In its activated form, clotting factor VIIa binds TF using calcium 

ions as a binding co-factor. The VIIa-TF complex will cleave and activate factor X (factor  Xa), 

allowing the common pathway to begin. Factor Xa combines with activated factor V (factor Va) 

to form a prothrombinase complex that generates thousands of thrombin molecules, an enzyme 

responsible for converting fibrinogen into fibrin. Under homeostatic conditions, fibrinogen is 

soluble in blood; however, once thrombin cleaves fibrinogen into fibrin, the fibrin molecules 

precipitate out of the blood and form protein chains reinforcing the platelet plug bound at the site 

of injury. In addition to cleaving fibrinogen, thrombin also has other pro-coagulative effects. It 

activates platelets contributing to the feed-forward loop initiated by primary hemostasis and 

proteolytically cleaves factor XIII into factor XIIIa, also known as stabilizing factor. Stabilizing 

factor creates crosslinks between fibrin molecules, further reinforcing the fibrin mesh around the 
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platelet plug (Gale, 2011a, 2011b; Mann & Ziedins, 2007; Versteeg et al., 2013; Wu, M.D & 

Thiagarajan, M.D, 2002).  

The intrinsic pathway is induced by molecules intrinsic to the blood vessel. Upstream factor 

XII is activated into factor XIIa when in contact with collagen after trauma or with phosphates on 

activated platelets. Factor XIIa, in combination with calcium and vWF produced in primary 

hemostasis, will lead to the activation of downstream clotting factors to ultimately activate factor 

X into factor Xa to converge on the common pathway (Gale, 2011b, 2011a; Mann & Ziedins, 

2007; Versteeg et al., 2013; Wu, M.D & Thiagarajan, M.D, 2002). Mosquitoes must prevent 

blood from coagulating to successfully blood feed. The following section will describe how 

mosquitoes blood feed and how mosquito bites facilitate virus transmission. 

Mosquito Biology and the Role of Mosquito Saliva 

The word “mosquito” refers to small flying insects within the family Culicidae in the fly 

order: Diptera. Approximately 3600 species of mosquitoes exist and have been dated back to 

the Jurassic period (Harbach & Greenwalt, 2012). For as long as history is recorded, 

mosquitoes have had a parasitic relationship with humans due to blood-feeding females 

requiring blood for egg production. As a result, mosquitoes have constantly been a significant 

public health threat to humans, as evidenced by the millions of mosquito-borne diseases 

diagnosed yearly. 

Mosquito Anatomy and Life Cycle 

Mosquitoes have a segmented body (head, thorax, and abdomen), one pair of wings, 

three pairs of outward legs, and slender, elongated mouthparts. Typically, mosquitoes are 3-

6mm in length, and distinct scales on the surface of wings, thorax, and abdomen segments 

allow for morphological identification to the species level.  



20 
 

Mosquitoes have four stages of development: eggs, larvae, pupae, and adults. Adult 

mosquitoes are the only life phase that does not require an aquatic environment. Gravid female 

Aedes mosquitoes use tactile, visual, and chemical cues to find the optimal location for 

oviposition (egg deposition) (Gonzalez et al., 2016). Avoiding water sources that contain toxic 

chemicals, larvicides, or predacious fish is critical to larval survival. Submerged eggs hatch and 

mature through four larval stages, instar 1-4, differentiated based on size. Fourth instar larvae 

molt into pupae and finally emerge into flying adults. This process usually takes 2-3 weeks, 

depending on water quality, food availability, or predatorial pressures. Ae. aegypti and Ae. 

albopictus are container-breeding diurnally active mosquitoes that thrive in urban and suburban 

environments. Breeding sites such as unused tires, plastic, metal, or concrete containers are 

suitable oviposition sites for Ae. aegypti and albopictus mosquitoes. Both mosquito species 

have overlapping habitat distribution throughout the world (Kraemer et al., 2015; Leta et al., 

2018), are highly anthropophilic (strong human preference), and transmit four of the most well-

known and medically important mosquito-borne viral diseases known to humans: Dengue, 

Yellow fever, Zika, and Chikungunya (Gonzalez et al., 2016).  

The Biology of a Mosquito Bite 

Transmission of VBD to humans occurs during the vector blood-feeding process. As 

insects cannot synthesize sterol compounds, such as cholesterol (Clark & Block, 1959), female 

mosquitoes need a supplemental and protein-rich blood meal to allow for oogenesis (Talyuli et 

al., 2015). Mosquitoes are fast-feeding arthropods and use their mouthparts to repeatedly probe 

and pierce the skin to find and feed on blood-flowing capillaries (Hudson, 1970). The 

mouthparts are a combination of individual stylets which work together to facilitate successful 

blood feeding. Collectively, mosquito mouthparts are known as a proboscis. The proboscis is 

made up of a labium and a fascicle. The labium is a gutter-like sheath that encases the fascicle, 

a collection of six stylets designed to pierce the skin (Kong & Wu, 2010). The six stylets of the 
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fascicle include a pair of maxillae, a pair of mandibles, the hypopharynx, and the labrum 

(Hudson, 1970). The maxillae are serrated stylets with a saw-tooth appearance used for cutting 

the skin (Kong & Wu, 2010). The pair of mandibles hold the skin apart to allow for insertion of 

the labrum and hypopharynx. The labrum is the food canal allowing blood uptake into the 

mosquito midgut. Being the largest stylet of the six, the labrum has a hypodermic needle-like 

appearance and a beveled tip for piercing blood vessels. The hypopharynx is critical to feeding 

success as this stylet is responsible for salivary secretions into the mammalian host.  

During probing, mosquitoes repeatedly pierce and retract the fascicle for multiple 

purposes. First, probing allows the mosquito fascicle to strategically penetrate the host skin and 

find a blood vessel through olfactory and gustatory sensilla on the tip of the proboscis known as 

the labella (Montell & Zwiebel, 2016). Second, repeated trauma through the piercing motion 

causes hemorrhaging and blood pools at the feeding site. Third, salivary secretions are 

introduced to the microvasculature, preventing blood coagulation, platelet aggregation, and 

blood vessel vasodilation (Arcà & Ribeiro, 2018; Ribeiro, 2000).  

Once the labrum is inserted into a suitable blood vessel, muscular contractions in the 

mosquito head, specifically of the cibarial and pharyngeal pump, create negative pressure in the 

labrum canal to induce the suction of blood (Borrell, 2006; S. J. Lee et al., 2009). Blood passing 

directly through the anterior midgut directly into the stomach is surrounded by a semipermeable 

chitinous peritrophic membrane secreted by the midgut epithelium (Foster & Walker, 2018). The 

bolus of blood in the Ae. aegypti midgut will be digested throughout 34 to 40h, which fluctuates 

depending on environmental conditions such as temperature and humidity (O’gower, 1956). 

Mosquitoes can take multiple small blood meals but usually feed to repletion unless otherwise 

disturbed. The intake process of these fast-feeding arthropods can take 2 to 6 minutes for 

repletion (Choumet et al., 2012). Although the blood-feeding process is quite complex, blood-
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feeding requires a specific array of biologically interactive molecules in the vector’s saliva that 

mediate successful feeding. 

Mosquito Saliva Facilitates Successful Blood Feeding 

Arthropods must overcome mammalian defense mechanisms, including hemostasis and 

inflammatory responses to successfully blood feed (Ribeiro & Francischetti, 2003). Contained 

within mosquito saliva, pharmacologically active compounds work to aid in the feeding process 

through anti-hemostatic, anti-platelet, and vasodilatory molecules, but also to alter serum 

cytokine levels and immune cell populations that potentiate infection and dissemination of 

pathogens during and after feeding (Cross et al., 1994; Ribeiro & Francischetti, 2003; Schneider 

et al., 2004; Vogt et al., 2018; Wanasen et al., 2004; Wasserman et al., 2004). As the repeated 

piercing motion of the mosquito fascicle initiates primary and secondary hemostasis, these 

vectors must combat multiple aspects of hemostatic function to blood-feed successfully. Several 

secreted protein families are present in mosquito saliva, including the sialokinin-neurokinin 

family, Antigen-5 (Ag5) family, 12-14kDa family, 15-17kDa family, 30kDa/Aegyptin family, 

34kDa family, 41kDa family, 56kDa family, and serpin family proteins (Ribeiro et al., 2007, 

2010). Most of these specific proteins have unknown functions; however, a select few have 

functions previously investigated. The following sections will describe the role of these studied 

proteins during blood-feeding and pathogen transmission, explicitly focusing on proteins from 

Ae. aegypti.  

Vasodilatory Compounds  

Ae. aegypti vasodilatory molecules, Sialokinin I and II, are tachykinin neuropeptides 

similar to mammalian tachykinin vasodilator substance P (Champagne & Ribeiro, 1994; Ribeiro 

& Francischetti, 2002). Sialokinins stimulate nitric oxide (NO) production in endothelial cells via 

NO synthase (NOS) activation resulting in smooth muscle relaxation and increased feeding 

efficiency (Martin-Martin et al., 2022; Ribeiro, 1992). These neuropeptides are encoded by a 
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single gene and contain ten amino acids that differ at the first position (Beerntsen et al., 1999; 

Champagne & Ribeiro, 1994). The predominant form, sialokinin I, contains an asparagine (Asn) 

residue at the first position, while Sialokinin II forms through deamination of the N-terminus 

resulting in an aspartic acid (Asp) residue (Champagne, 2004; Champagne & Ribeiro, 1994). 

Vasodilation also increases feeding efficiency by increasing the amount of blood at the bite site, 

therefore reducing feeding time. Mosquitoes feeding on mice treated with a substance P 

receptor (NK1R) antagonist aprepitant show increased probing times, suggesting the loss of 

sialokinin-induced effect on the microvasculature (Martin-Martin et al., 2022). Furthermore, 

CRISPR-generated sialokinin knock out Ae. aegypti show longer probing times without affecting 

blood intake and reduced vasodilation in host skin when feeding in vivo (Martin-Martin et al., 

2022). These studies show sialokinin to be a critical vasodilatory protein necessary for mosquito 

survival since host detection might lead to the demise of the mosquito.  

Many mosquito species produce D7 salivary proteins in long and short forms, including 

Ae. aegypti (Valenzuela, Charlab, et al., 2002). Long-form D7 proteins scavenge and bind 

biogenic amines that play a role in wound healing, inflammation, and vasoconstriction, such as 

serotonin, epinephrine, norepinephrine, and histamine (Calvo et al., 2006; V. Kumar et al., 

2018). Redundant vasodilatory molecules support arthropod blood-feeding; however, they may 

also contribute to their ability to feed on various mammalian hosts without specific species 

restrictions.  

Platelet Aggregation Inhibitors  

Mosquito anti-platelet salivary proteins include apyrase, a 5’-nucleotidase family enzyme 

that hydrolyzes ADP and ATP, conferring an anti-hemostatic effect by preventing ADP-induced 

platelet aggregation (Peng & Simons, 2004; Ribeiro et al., 1984; Ribeiro & Valenzuela, 2003). 

Ae. aegypti 30kDa salivary protein, aegyptin, binds collagen and prevents platelet aggregation 

(Calvo et al., 2007, 2010). Specifically, aegyptin binds to collagen at the vWF and two platelet 



24 
 

binding sites, integrin α2β1 and GPVI, and blocks vWF from binding and arresting the feed-

forward mechanism of platelet adhesion and aggregation (Calvo et al., 2007). D7 proteins also 

play a role in inhibiting platelet agonist epinephrine (Calvo et al., 2006).   

Coagulation Inhibitors  

An essential step of secondary hemostasis requires stabilization of the platelet plug in a 

blood clot (see the previous section: Hemostatic Response of Skin Blood Vessels Against 

Mosquito Feeding). Many arthropods target thrombin, a plasma protease that generates 

insoluble fibrin from fibrinogen (Champagne, 2005). One clever strategy mosquitoes employ is 

blocking Factor Xa, the bridging molecule in which both the extrinsic and intrinsic coagulation 

pathways converge to allow thrombin generation. Anticoagulant Factor Xa inhibitor (AFXa) is a 

serine protease inhibitor (serpin) family protein expressed and secreted in Aedes mosquito 

saliva (Stark & James, 1998). Characterization of the Ae. albopictus Factor Xa inhibitor, 

Alboserpin, shows specific binding to Factor Xa when its active site is available and no binding 

to inactivated Factor X, showing a high degree of specificity (Calvo et al., 2011).  

Aegyptin can play dual roles by acting as an inhibitor of platelet aggregation and 

coagulation (Mizurini et al., 2013). Collagen enhances the intrinsic coagulation pathway by 

increasing thrombin generation and reducing clotting time (van der Meijden et al., 2009). 

Aegyptin not only abolishes this collagen-mediated acceleration of intrinsic pathway coagulation 

but also inhibits thrombin generation in human plasma, an effect independent of its anti-platelet 

role (Mizurini et al., 2013).  

Anti-coagulant proteins found in vector midguts increase arthropod survival by 

preventing blood in the midgut from coagulating (Champagne, 2004). Targeting physiologically 

essential molecules such as thrombin or Factor Xa is an attractive strategy for any blood-

feeding arthropod and allows for effective inhibition of coagulation.  

Mosquito Saliva Reshapes Immunity and Modulates Virus Infection 
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Mosquito Saliva and SGE Modulate Host Immunity  

 Early investigation into the effect of mosquito saliva on immunity found the presence of 

female Ae. aegypti salivary gland extract (SGE) inhibits the release of tumor necrosis factor ɑ 

(TNFɑ) in activated mast cell cultures by stimulating mast cells directly (Bissonnette et al., 

1993). When assessing the cellular immune response, SGE derived from Ae. aegypti reduces 

levels of Interleukin-2 (IL-2) and IFN-ɣ expression in activated splenocytes (Cross et al., 1994), 

showing a general trend of skewing the immune response away from a TH1 phenotype. These 

trends were mirrored in isolated mouse splenocytes when exposed to feeding Ae aegypti 

mosquitoes (Zeidner et al., 1999). Expression of TH1 cytokine IFN-ɣ decreases by 28%, while 

TH2 cytokine cytokines IL-4 and IL-10 are upregulated by 120% and 160-225%, respectively, at 

seven days post mosquito exposure (Zeidner et al., 1999). A repeated study using Culex 

pipiens, the mosquito vector for West Nile virus (WNV), shows similar results with suppressed 

IFN-ɣ and an increase of IL-4 and IL-10 (Zeidner et al., 1999). Additionally, SGE reduces T cell 

proliferation dose-dependently while decreasing the production of IL-2, IFN-ɣ, GM-CSF, and 

TNFɑ (Bizzarro et al., 2013a; Wasserman et al., 2004). 

Vasodilatory neuropeptides sialokinin I and sialokinin II were subcutaneously inoculated 

into murine models to investigate the mechanisms of systemic changes. Sialokinin I affects TH1 

and TH2 cytokine subsets by down-regulating IFN-ɣ and IL-2 and enhancing the production of 

IL-4 and IL-10 in mouse splenocytes, as demonstrated with SGE and mosquito feeding (Zeidner 

et al., 1999). Sialokinin II induces minimal effects after injection, which likely coincides with an 

evolutionary benefit of Sialokinin I being the predominant phenotype of the Sialokinin I gene 

(Beerntsen et al., 1999; Champagne & Ribeiro, 1994). Sialokinin-KO SGE and sialokinin-KO 

mosquitoes reduced neutrophils and CD8+ T cells in the footpads of naïve mice suggesting 

sialokinin plays a role in leukocyte recruitment at the bite site (Martin-Martin et al., 2022).  

Furthermore, transcriptome analysis of female salivary glands revealed several protein 

candidates that were preferentially expressed in female salivary glands and predicted to be 
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putatively secreted with no reported functions (Ribeiro et al., 2007). Of the proteins identified in 

the transcriptomic analysis, SAAG4 induces IL-4 and IL-10 expression in CD4+ T cells while 

reducing the production of IL-12 and TNFα (Boppana et al., 2009). These studies highlight the 

ability of mosquito salivary components to skew immunity away from TH1 response but also 

carry implications for virus transmission since modulating cytokine production influences the 

ensuing inflammatory response. In the skin, DCs directly act with pathogens and mosquito 

salivary proteins during and after feeding. Functional characterization of Aedes SGE on bone 

marrow-derived DCs revealed that SGE does not affect DC differentiation, maturation, or 

antigen presentation to T lymphocytes in cultures (Bizzarro et al., 2013b). The effect of SGE on 

T cells was independent of DCs (Bizzarro et al., 2013a).  

Immune modulation is essential during extended feeding periods since an adequate 

inflammatory response against the vector would lead to unsuccessful feeding or even the 

demise of the vector. It is unclear, however, why salivary factors from fast-feeding arthropods, in 

this case, mosquitoes, display dynamic function during feeding since females are fully engorged 

within minutes. Several molecules such as sialokinin, SAAG4, and D7 proteins have been 

investigated with focus; however, these represent a small fraction of molecules in mosquito 

saliva (Arcà et al., 2007; Valenzuela, Pham, et al., 2002). The combination of these salivary 

proteins at their respective physiological concentration is intrinsic to blood-feeding success and 

subsequent species reproduction. The massive population of anthropophilic Ae. aegypti 

worldwide is clear evidence of these salivary molecules' evolutionary refinement and overall 

benefit. In addition to the observed changes in immunity from Aedes saliva and SGE, positive 

correlations between repeated exposure to salivary proteins and the risk of becoming infected 

are evident (Machain-Williams et al., 2012). 

Mosquito Salivary Factors Enhance Pathogenicity 

Early reports of arthropod saliva-enhancing pathogen infection date back almost 35 
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years (Titus & Ribeiro, 1988). Several vectors have been investigated, including ticks, sand 

flies, and mosquitoes (Limesand et al., 2000; Styer et al., 2006, 2011; Titus & Ribeiro, 1988). 

The following section will focus on the literary evidence of pathogen enhancement mediated by 

Ae. aegypti saliva or salivary gland products. 

Cache Valley virus (CVV), a mosquito-borne orthobunyavirus endemic to North America, 

is an agricultural pathogen that predominately infects white-tailed deer, sheep, and cattle. 

Humans are considered accidental dead-end hosts (Dieme et al., 2022). Mouse models 

subcutaneously injected with CVV after mosquito feeding show viremia for two days and 

antibody production two weeks after infection. In contrast, mosquito naïve mice with CVV 

needle inoculations show no viremia nor antibody production (Edwards et al., 1998). The 

enhancing effect is ablated when allowing mosquitoes to feed on a site distal to injection 

suggesting pathogenesis is enhanced specifically by mosquito saliva (Edwards et al., 1998).  

WNV disease is enhanced in mice exposed to Ae. aegypti mosquitoes and SGE derived 

from the same colony (Schneider et al., 2006). WNV-inoculated mice subsequent to mosquito 

exposure have lower survival rates, higher viremia titers, increased organ viral loads, and 

accelerated neuroinvasion compared to their mosquito naïve WNV-infected control cohort 

(Schneider et al., 2006). Similar results were found with Cx. pipiens and Cx. tarsalis, both of 

which naturally transmit WNV and feed on both human and avian species (Colpitts et al., 2012). 

Young chickens inoculated with WNV after Culex feeding show increased viremia, viral 

shedding titers, and faster production of IgM antibodies (Styer et al., 2006). Rift Valley Fever 

virus (RVFV) is a mosquito-borne Phlebovirus that typically infects ruminants and leads to 

spontaneous abortions (Pepin et al., 2010). Human clinical disease ranges from asymptomatic 

to hemorrhagic illness; however, there is evidence of mosquito salivary-mediated disease 

enhancement (le Coupanec et al., 2013; Pepin et al., 2010). RVFV co-inoculated with Ae. 

aegypti SGE or saliva increases mouse serum and tissue titers along with mortality rates 

compared to infected mice without saliva or SGE (le Coupanec et al., 2013). 
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DENV infection with Ae. aegypti SGE shows faster replication and a higher copy number 

at 6h and 24h post-infection in human primary keratinocytes (Surasombatpattana et al., 2012). 

Expression analysis of antimicrobial peptides (AMPs) in keratinocyte cultures shows saliva 

treatment reduced expression of necessary AMPs at 6h post-infection. AMPs such as human β-

Defensin 3 (HBD3), a virus-induced factor known to inhibit HIV replication, LL-37, a recruiter of 

granulocytes and disruptor of vaccinia virus replication, Elafin, an anti-inflammatory factor that 

inhibits neutrophil elastase (a neutrophil serine protease which destroys bacteria and host 

tissue), and S100A7 a keratinocyte-derived AMP with antimicrobial activity in the epidermis, 

were all reduced (W. Chen et al., 2018; J. Ding et al., 2009; Klotman & Chang, 2006; 

Surasombatpattana et al., 2012). Furthermore, expression of type I and II IFN are 

downregulated at 24h post-infection in the presence of DENV and SGE (Surasombatpattana et 

al., 2012), supporting the evidence of mosquito saliva exerting an antiviral role. Humanized mice 

show more significant erythema at the bite site, increased and sustained viremia, and increased 

thrombocytopenia levels with the mosquito-delivered virus compared to inoculated control 

animals (Cox et al., 2012).  

Immune responses of CHIKV-infected mosquito saliva also modulated the skin host 

response compared to inoculation of CHIKV alone (Thangamani et al., 2010). Gene expression 

analyses show an increase of IL-4 and IL-10 expression with decreased TLR-3, IL-2, and IFN-ɣ 

expression in mouse skin biopsies exposed to CHIKV-infected mosquitoes compared to needle 

inoculated CHIKV (Thangamani et al., 2010). Greater recruitment of eosinophils was observed 

in CHIKV-infected mosquito bite sites corresponding with elevated IL-4 expression. This 

mechanism favors the recruitment of eosinophils by producing TH2 CD4+ T cells capable of 

secreting IL-5, triggering the expression of vascular cell adhesion protein 1 (VCAM-1) and 

eotaxin. VCAM-1 supports diapedesis of circulating cells into the site of infection while eotaxin 

functions as an eosinophil chemoattractant chemokine induced by IL-4 expression (le Moine et 

al., 1999; Nelms et al., 1999; Serezani et al., 2017; Thangamani et al., 2010).  
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Mechanisms of Saliva-Mediated Virus Enhancement and Modulation 

Thus far, there is evidence to support the following hypothesis: Ae. aegypti saliva 

modulates host immunity and potentiates infection and dissemination of arboviruses. The 

current focus of the field is to further investigate the specific role of previously described 

proteins during virus infection and describe the mechanisms that cause the effects observed. 

Several studies show that specific salivary proteins enhance DENV infection. A putative 

34kDa protein, found to be present in mosquito saliva, was co-inoculated with DENV onto 

primary human keratinocytes cultures (Surasombatpattana et al., 2014). Cultures with 34kDa 

protein treatment show elevated DENV RNA and decreased levels of type I IFN, IRF-3 and IRF-

7, and AMPs LL-37 and S1000A7 as previously identified with SGE (Surasombatpattana et al., 

2011, 2014). The exact role of this protein, its potential to bind host cells or virions directly, or its 

interaction with other mosquito proteins is unclear. AaSG34, another 34kDa secreted protein, 

apyrase, and long-form D7 proteins (D7L2) are upregulated in Ae. aegypti salivary glands after 

a DENV-infected blood meal (Sri-in et al., 2019). dsRNA silencing of the AaSG34 gene 

significantly inhibits DENV replication in mosquito salivary glands after an infectious blood meal 

or DENV intrathoracic injection, therefore blocking dissemination of DENV into mosquito saliva 

and preventing transmission to susceptible mice (Sri-in et al., 2019).  

Conway and colleagues observed an increase in DENV replication and more virus shed 

into culture media after SGE treatment in fibroblast cultures, consistent with results described in 

the previous section (Conway et al., 2014). Interestingly, mouse embryonic fibroblasts (MEFs) 

migrate shortly after SGE treatment (2h), a phenomenon counteracted when MEFs are plated 

onto poly-D-lysine treated culture plates (Conway et al., 2014), a cell immobilization treatment, 

suggesting SGE-mediated enhancement is, in part, due to the induction of cell migration. 

Furthermore, a murine DENV-2 mutant virus (DENV2 E124/128) with low affinity to heparin 

sulfate, a glycosaminoglycan (GAG) important for flavivirus-host cell attachment, was not 

enhanced by SGE. This suggests that SGE-mediated enhancement modulates the ability of 
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DENV to bind GAGs such as heparin sulfate (Conway et al., 2014; Germi et al., 2002; 

Prestwood et al., 2008). Investigation into the mechanism of cell migration and enhancement 

found a salivary serine protease, CLIPA3, to be involved. Serine protease inhibitor Pefabloc SC 

inhibits DENV2 enhancement in culture and animal models. At the same time, SGE from 

mosquitoes treated with CLIPA3 knockdown siRNA produces a reduced enhancement of DENV 

infectivity compared to control mosquitoes (Conway et al., 2014). 

D7 proteins, described previously, also interact with DENV by binding E proteins from 

infectious virions and recombinant E proteins (Conway et al., 2016). D7 binding prevents 

DENV2-host cell interactions and, therefore, infection, shown both in vitro and in an animal 

model (Conway et al., 2016). D7 proteins are abundant in the saliva of Aedes and Culex 

mosquitoes (Calvo et al., 2006; Santos Malafronte et al., 2003). Interestingly, D7 protein 

immunization in mice enhanced WNV pathogenesis in mice actively or passively immunized, 

suggesting a more complicated role of D7 proteins in virus transmission (Reagan et al., 2012). 

In fact, multiple mosquito salivary proteins interact directly with flaviviruses. Ae. aegypti salivary 

proteins: Antigen 5 (NCBI: AAEL000793), anticoagulant Factor Xa inhibitor (NCBI: 

AAEL007420), and anti-platelet protein apyrase (NCBI: AAEL006347) all bind ZIKV E proteins 

yet do not influence replication kinetics in primary endothelial cells nor keratinocytes 

(Valenzuela-Leon et al., 2022). Several proteins bind DENV, such as putative 34kDa secreted 

salivary protein, 30kDa allergen, D7 proteins, salivary C-type lectin, and apyrase (Cime-Castillo 

et al., 2015). The specific role these salivary proteins play on the virion or how they might 

mediate virus-host cell interactions is unclear.  

Several salivary proteins are drivers of inflammatory responses that perpetuate virus 

infection. Aegyptin significantly modulates DENV replication in vivo (McCracken, Christofferson, 

Grasperge, et al., 2014). Co-inoculations of DENV and aegyptin result in lower serum titers at 

2dpi compared to DENV alone, while at 5dpi, the effect is reversed with DENV + aegyptin 

inoculated mice showing higher titers (McCracken, Christofferson, Grasperge, et al., 2014). 
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Uraki and colleagues demonstrated a specific salivary protein Ae. aegypti bacteria-responsive 

protein 1 (AgBR1) induces higher levels of IL-6 in stimulated splenocytes (Uraki et al., 2019). IL-

6 contributes to increased vascular permeability, enhancing flavivirus pathogenesis (Beatty et 

al., 2015). ZIKV inoculation with AgBR1 increased viremia levels at 3dpi and lowered survival 

compared to ZIKV inoculated animals (Uraki et al., 2019). AgBR1 antiserum-treated mice 

exposed to infected mosquitoes show significantly slower ZIKV replication at 1, 3 dpi and better 

survival rates than mice receiving control sera (Uraki et al., 2019). Histological analysis of 

infected mosquito bite sites revealed that animals treated with AgBR1 antiserum have less 

infiltration of neutrophils in the dermis. This data, supported by flow cytometry of 

CD45+CD11b+Ly6G+ cells, suggests AgBR1 plays a role in recruiting neutrophils, a ZIKV 

susceptible cell type (Zanluqui et al., 2021), to the site of infection (Uraki et al., 2019). In 

parallel, salivary protein NeSt1 (neutrophil-stimulating factor 1) activates primary mouse 

neutrophils ex vivo and stimulates the expression of IL-1β, CCL2, and CXCL2 (Hastings et al., 

2019). Passive immunization, and therefore inhibition of NeSt1 at the bite site, results in lower 

levels of pro-IL-1β and CXCL2 and reduced cellular infiltration at the bite site, suggesting NeSt1 

helps to drive proinflammatory signaling, which recruits susceptible cells to the sight of infection 

(Hastings et al., 2019).  

Interestingly, a mosquito salivary protein LTRIN interacts with the lymphotoxin-β receptor 

(LTβR) to potentiate ZIKV infection. Lymphotoxin (LT) is a signaling protein and part of the TNF 

superfamily initially discovered as a lymphocyte-derived molecule that exerts cytotoxic effects 

on cells. LT has two forms: LTα and LTβ, which form heterotrimers (LTα1β2) that bind LTβR to 

initiate canonical and non-canonical NF-κB to have direct cytotoxic effects when present with 

IFN-Ɣ (Upadhyay & Fu, 2013). LTβR dimerization is necessary for signal activation to produce 

inflammatory molecules such as chemokines, cytokines, and adhesion molecules (Sudhamsu et 

al., 2013). LT also is required for lymphoid organogenesis, DC and CD4+ T cell homeostasis, 

and aids in determining DC and CD4+ T cell function during pathogen encounters (Upadhyay & 
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Fu, 2013). LTRIN, a 15kDa protein preferentially expressed in blood-fed female mosquitoes, 

diminishes LTβR dimerization and activation, increases ZIKV genome copies in a dose-

dependent manner, and inhibits activation of NF-κB and proinflammatory cytokine gene 

expression in culture (Jin et al., 2018). Further investigation showed that LTRIN not only inhibits 

canonical and non-canonical signaling of NF-κB but facilitates the same increase in virus 

replication in vivo (Jin et al., 2018). Interfering RNA knockdown of the gene encoding LTβR 

restored ZIKV replication in murine fibroblasts and bone marrow-derived macrophages 

compared to non-targeting siRNA-treated cells(Jin et al., 2018).  

Aedes venom allergen 1 (AaVA-1), also referred to as Ag5 (NCBI: AAEL000793), is 

known to bind flavivirus E proteins (Valenzuela-Leon et al., 2022) and enhance ZIKV and DENV 

replication in a dose-dependent manner in monocyte-like cell cultures, DCs, and macrophages 

derived from human monocytes (Sun et al., 2020). In vivo co-inoculation of ZIKV and AaVA-1 

enhanced viremia and accelerated death after needle inoculation. Infection by AaVA-1-silenced 

mosquitoes allows prolonged survival and reduced viremia levels suggesting AaVA-1 plays a 

direct role in transmission by binding the ZIKV E protein and likely interacting with host cell 

receptors in some capacity (Sun et al., 2020; Valenzuela-Leon et al., 2022). Mechanistically, 

AaVA-1 binds LRPPRC, a mitochondrial autophagy inhibitor that binds Beclin-1 and prevents 

Beclin-1-PI3KCIII-mediated autophagy initiation (Sun et al., 2020). Flaviviruses, including DENV 

and ZIKV, activate autophagy to enhance the replication and maturation of virions (Heaton & 

Randall, 2010; J. K. Li et al., 2012; Liang et al., 2016). The mosquito salivary factor AaVA-1/Ag5 

(NCBI: AAEL000793) binds ZIKV E proteins and LRPPRC to facilitate autophagy initiation, 

enhancing virus replication (Sun et al., 2020; Valenzuela-Leon et al., 2022).  

Alphavirus Specific Mosquito Salivary Enhancement 

Most relevant to this project, mosquito saliva also enhances alphavirus replication. 

Semliki Forest virus (SFV) is an alphavirus similar to CHIKV that replicates in animal models 

and shows clinical signs of disease, unlike CHIKV and many other mosquito-borne viruses. 
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SFV4 and SFV6 are avirulent and highly virulent strains, respectively. SF4 infection in naïve 

mice showed virus replication at the inoculation site, draining lymph node, and in the serum, as 

expected, with 100% survival (Pingen et al., 2016). Mice exposed to a feeding mosquito prior to 

inoculation at the bite site show enhanced replication in the skin at 3h, 24h, 48h, and 96h, more 

virus in the draining lymph nodes at 24h, and higher viral loads in the serum at 24h post-

infection (Pingen et al., 2016). Interestingly, mosquito-exposed mice exposed to avirulent SFV4 

have high virus copy numbers in the brain at 48h and 96h post-infection, with only 60% survival 

at 7-9d post-infection, unlike control mice (Pingen et al., 2016). The highly virulent strain SFV6 

shows the same trend with enhanced pathogenicity. Mice exposed to uninfected or SFV6-

infected mosquitoes have a sharp increase in neutrophils present at the bite site compared to 

mice treated withvirus alone. This is consistent with innate immune gene expression analysis of 

the bite sites showing key cytokines (IL-1β, IL-6, CCL2, CCL4, CCL5, CCL7, and CCL12) and 

chemokines (CXCL1, CXCL2, CXCL3, CXCL5) highly expressed in the tissue, further 

demonstrating immunogenicity and immunomodulatory ability of mosquito saliva (Pingen et al., 

2016).   

Sialokinin, studied in the context of alphavirus infection, also enhances disease severity. 

Mice co-injected with sialokinin and SFV have higher titers in the serum and inoculation site, but 

more importantly, sialokinin induces this change by causing rapid edema 30min post-inoculation 

(Lefteri et al., 2021). Lefteri and colleagues also showed that sialokinin increases vascular 

permeability leading to edema and infiltration of monocytic cells that are permissive to infection 

(Lefteri et al., 2021). 

Few literature references describe Aedes saliva-mediated CHIKV enhancement and 

even fewer investigate the impact of specific salivary factors on CHIKV transmission. Skin 

biopsies taken at early time points (3h and 6h post-infection) after CHIKV-infected mosquito 

bites show higher IL-2, IL-4, and IL-10 expression compared to uninfected mosquito bite sites 

(Thangamani et al., 2010). This expression profile is not induced by needle inoculation of virus. 
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Furthermore, skin exposed to mosquito bites and virus shows greater recruitment of eosinophils 

(Thangamani et al., 2010). Additionally, mouse pups infected after mosquito bites show severe 

disease symptoms such as lethargy, hind limb paralysis, alopecia, and reduced survival 

compared to CHIKV-infected control animals (Agarwal et al., 2016). Higher CHIKV titers are 

found in the skin, serum, liver, spleen, and muscles after mice are exposed to mosquitoes 

(Agarwal et al., 2016). Mouse skeletal muscles show more significant infiltration of neutrophils 

and monocytes into muscle fibers, consistent with previous arbovirus studies (Agarwal et al., 

2016). Despite these studies, the mechanisms of saliva-mediated CHIKV enhancement and the 

impact of specific salivary factors on CHIKV replication remain a knowledge gap. 

The Role of Interfering RNA (RNAi) in Mosquitoes and Small Non-Coding RNAs in 

Arbovirus Transmission 

Both pathogens and arthropod vectors have developed vital molecules involved in 

subverting human immunity with a common goal of reproduction. Investigation of proteins or 

peptide products has predominated the field in recent years. The less explored yet growing area 

of small non-coding RNAs in the field of salivary facilitated transmission is currently a significant 

gap in knowledge within vector-borne disease transmission biology.  

Since mosquitoes lack an adaptive branch of immunity, these insects must rely on 

relatively basic innate immune mechanisms for their defense against cytopathic arboviruses. 

There are four main branches of mosquito innate immunity: 1) the Toll pathway, induced by 

bacterial pathogens or fungi to produce AMPs, 2) the immune deficiency (IMD) pathway, which 

plays an overlapping role with the Toll pathway in insect immunity, 3) the JAK-STAT pathway, a 

conserved pathway important in mosquito immunity against viruses and bacteria, and 4) the 

RNAi pathway, a gene silencing mechanism known to have a myriad of functions in the 

mosquito, yet plays a paramount role in antiviral and anti-transposon immunity to prevent loss of 

fitness in disease-carrying mosquitoes (A. Kumar et al., 2018).  
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Insect Small RNA Biogenesis, Biological Function, and Expression During Arbovirus Infection 

For the focus of this project, two types of interfering RNA (RNAi) evolutionarily 

conserved in mosquitoes will be highlighted and investigated in the subsequent chapters: short 

interfering RNAs (siRNAs) and micro RNAs (miRNAs). RNAi molecules are derived from 

endogenous dsRNAs, transposable elements, or dsRNA replication intermediates from viral 

infections and are used as a specific gene silencing or gene-regulating mechanism (K. J. Lucas 

et al., 2013). The different types of small RNAs are classified based on their nucleotide length 

and interaction with specific Argonaute (Ago) proteins. Ago proteins consist of four distinct 

domains that form an Ago-small RNA complex and subsequent RNA-induced silencing complex 

(RISC). The RISC allows small RNAs to bind their respective target inducing their biological 

effect, most often translational repression (Hutvagner & Simard, 2008). siRNAs are derived from 

dsRNA, endogenous or viral derived, cleaved by Dicer-2 enzymes, and interact with Ago-2 to be 

mature 21nt siRNAs. miRNAs are synthesized by RNA pol II into primary miRNAs (pri-miRNAs), 

cleaved, and processed by nuclear enzymes Drosha and Pasha to yield precursor miRNAs 

(pre-miRNAs) and be exported to the cytoplasm. Pre-miRNAs are cleaved by Dicer-1 to form 

mature 22-23nt mature miRNAs associated with Ago-1 form the RISC complex and bind 

mRNAs (K. J. Lucas et al., 2013).  

Mosquito miRNAs have diverse physiological functions. miRNAs typically target the 

transcript 3’-UTR to promote repression or degradation of their complementary target mRNA (K. 

J. Lucas et al., 2013). miRNA functions in mosquitoes are linked to putative functions critical for 

survival such as blood-feeding and reproduction or even pathogen infection such as 

arboviruses, Plasmodium parasites, and Wolbachia bacteria (K. J. Lucas et al., 2013). 

Characterization of miRNAs in Drosophila demonstrates miRNAs regulate apoptosis, cell growth 

and proliferation, metabolism, neurodegeneration, silk production and metamorphosis, and even 

aging and social behavior (K. J. Lucas et al., 2013; K. Lucas & Raikhel, 2013). Many miRNAs 
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are differentially expressed during the four stages of mosquito development, while many others 

are tissue-specific in adult mosquitoes, including the salivary glands (Feng et al., 2018). Since 

miRNAs are a mechanism of gene regulation, a feasible hypothesis is that virus-induced 

changes in salivary gland gene expression are caused by differential expression of interfering 

small RNAs.  

Several studies have demonstrated specific changes in mosquito miRNA expression 

after viral infection. ZIKV infected Ae. aegypti show differential expression of many miRNAs at 

2d, 7d, and 14d post-infection; however, 17 miRNAs modulated at all time points, many of which 

depleted (Saldaña et al., 2017). Interestingly, 85 possible binding sites were identified on the 

ZIKV genome of all 17 modulated miRNAs (Saldaña et al., 2017). Since most of the 17 miRNAs 

were suppressed at indicated times post-infection, a feasible hypothesis is that ZIKV inhibits 

specific miRNAs to prevent potential translational inhibition of viral genes (Saldaña et al., 2017). 

DENV-infected mosquitoes show 35 miRNAs significantly modulated at 2d, 4d, and 9d post-

infection (Campbell et al., 2014). The 35 identified miRNAs share 4076 predicted transcriptome 

targets, with over 85% against genes responsible for signal transduction, transport, cytoskeletal 

or structural components, and metabolism (Campbell et al., 2014). It is possible to hypothesize 

that DENV infection modulates miRNA levels which restrict the translation or expression of 

genes critically necessary for virus replication within a host cell.  

An Ae. albopictus cell line shows differences in miRNA expression during CHIKV 

infection. Seventy-nine known miRNAs are present in CHIKV-infected Ae. albopictus cells, most 

of which are downregulated. Seven hundred and seventy potential target sites are linked to ER 

pathways, protein processing, NK cell-mediated cytotoxicity, metabolism, vesicular transport 

SNARE interactions, and viral entry pathways (Shrinet et al., 2017). These findings suggest the 

downregulation of inhibitory miRNAs. The previous studies collectively indicate that miRNAs 

influence arbovirus transmission by showing virus infection lowers the expression of miRNAs 
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which target cellular processes necessary for viral replication. Discovery of miRNAs in Ae. 

aegypti and Ae. albopictus saliva suggests a direct role in modulating gene expression of host 

cells responsible for replication of arboviruses and, perhaps more importantly, production of 

salivary factors necessary for blood feeding and immune modulation at the bite site.  

Saliva isolated from infected Ae. aegypti and Ae. albopictus mosquitoes contain 103 

mature miRNAs, of which 59 and 30 known miRNAs are upregulated in Ae. aegypti and Ae. 

albopictus saliva, respectively (Maharaj et al., 2015). Thirty-one of the identified 103 miRNAs 

were considered novel miRNA sequences not previously described in either mosquito species 

(Maharaj et al., 2015). Importantly, this is the first report of exogenous miRNAs in mosquito 

saliva. Specific miRNA inhibitors show modulation of CHIKV titers at 24h, 48h, and 72h post-

infection in cultured Ae. aegypti-derived cells suggesting different miRNAs have various roles 

during CHIKV replication (Maharaj et al., 2015). Furthermore, miRNA inhibitors in CHIKV-

infected mammalian skin fibroblast cells reduce titers at 24h and 48h post-infection, suggesting 

a direct influence on virus transmission and replication in the mammalian host (Maharaj et al., 

2015). Target analysis and validation of mammalian gene transcripts are necessary to fully 

understand the functional role of mosquito genome-derived miRNAs at the bite site.  

Target analysis of miRNAs mapping back to the Ae. aegypti genome suggests a role in 

virus protection in the arthropod. Ae. aegypti miRNAs (aae-miR)-100, aae-miR-2b, and aae-

miR-989, identified and upregulated in mosquito-derived cells during CHIKV infection, have 

potentially over 2100 binding sites (Dubey et al., 2017). CHIKV infection in Ae. aegypti 

mosquitoes downregulated a potential target of aae-miR2b: ubiquitin-related modifier (URM) 

(Dubey et al., 2017). Expression of URM is restored after either an aae-miR2b inhibitor 

(antigomiR-2b) is transfected in mosquito cells or dsRNA treatment in Ae. aegypti mosquitoes 

(Dubey et al., 2017). Furthermore, dsRNA-treated mosquitoes show a 50% and 87% reduction 

in viral replication at 24h and 48h, respectively, after CHIKV infection compared to control 
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mosquitoes (Dubey et al., 2017). Altogether, CHIKV infection upregulates aae-miR-2b, a miRNA 

that binds URM and acts as a negative regulator. Since URM has been implicated in tRNA 

thiolation, a tRNA post-transcriptional modification necessary for virus replication (Albers & 

Czech, 2016), Dubey and colleagues hypothesized CHIKV infection in Ae. aegypti increases the 

expression of aae-miR-2b to repress URM. URM repression reduces tRNA thiolation in the cell, 

therefore, controlling infection in the arthropod and preventing viral pathology (Dubey et al., 

2017). Overall, evidence suggests miRNAs play a role in gene regulation in the mosquito during 

CHIKV infection. Further characterization is necessary to understand other identified mosquito 

miRNAs and their influence on mammalian immune responses during infection. 

A growing area of research is mosquito antiviral immunity of small RNAs derived from 

the viral genome during arthropod infection. Mosquito siRNAs (21nt) play an antiviral role during 

an alphavirus infection in mosquitoes. Anopheles gambiae, the vector of a CHIKV-related 

alphavirus O’nyong nyong virus (ONNV), treated with dsRNAs targeting Ago2, show increased 

viral replication (Keene et al., 2004). Conversely, mosquito intrathoracic co-inoculations of 

ONNV and dsRNA targeting nsP3 show a substantial decrease in ONNV viral titers at 3d and 6d 

post mosquito infection (Keene et al., 2004). Sindbis virus (SINV), yet another CHIKV-related 

alphavirus, in Ae. aegypti shows similar results after dsRNA treatment (Campbell et al., 2008). 

Mosquitoes that receive dsRNA targeting Ago2, Dicer-2, or Tudor staphylococcal nuclease 

(TSN), an essential component of RISC, show SINV infection increases compared to control-

treated mosquitoes (Campbell et al., 2008). Together, these studies highlight the use of siRNAs 

that target the virus genome as a mosquito antiviral defense mechanism. The role of these 

siRNAs in CHIKV-infected mosquito salivary glands has yet to be investigated.  

Summary 

  Mosquitoes utilize pharmacologically active salivary factors that manipulate mammalian 

immunity to successfully blood feed. Arbovirus infection in mosquitoes elicits an immune 
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response comprised of several innate immune pathways and interfering RNA. More importantly, 

arbovirus infection modulates gene expression in infected salivary gland cells, cells critical for 

producing salivary proteins and small RNAs. While our understanding of mosquito salivary 

factors is growing, further investigation is necessary to understand the role of specific salivary 

factors during CHIKV transmission. The central findings of this thesis project are that Ae. 

aegypti salivary factors play a dynamic physiological role in regulating virus replication in both 

the mosquito and the mammalian transmission site. The following chapters (Chapters 2-5) 

separately address fundamental studies highlighting the need for a better CHIKV transmission 

model, factors modulated in Ae. aegypti salivary glands during CHIKV infection, and the role of 

those specific molecules on CHIKV replication. Collectively, these studies highlight the 

complexity of arbovirus transmission and the malleability of arthropod saliva to infection. The 

findings within this thesis contribute to our understanding of how mosquito salivary factors 

contribute to CHIKV transmission and underscore the importance of our need to elucidate the 

mechanisms of transmission to achieve an overarching goal of combatting infectious 

arboviruses.  
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Chapter 2: A Human Skin Model of Arbovirus 
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This chapter contributes to the broad aim of developing a human skin model for arboviral 

infection. Using human skin, we can study virus replication in a physiologically relevant system 

without using neonatal or immunocompromised animal models. Additionally, this model can be 

used to evaluate the impact of mosquito salivary factors on arbovirus replication in an in vitro 

model that is not limited to a single cell type. The following study was performed during the 

COVID-19 pandemic with limited human skin availability. Furthermore, the cancellation of 

elective surgeries prevented the progression of using this model in subsequent chapters 3 and 

4. In parallel, the BSL-3 laboratory space was yet to be constructed. Therefore, a closely related 

arthritogenic alphavirus, Mayaro virus, was used in a BSL-2 setting along with an epidemic 

flavivirus (Zika virus) to show replication of arboviruses from genera that cause significant 

human disease. This is an original study published in the Journal of Investigative Dermatology: 

Innovations (Esterly et al., 2022a) and has been reproduced here with permission.  

Statement of Acknowledgement 

The following work requires credit and acknowledgment to the following individuals for 

their contributions to the study: Drs. Megan G. Lloyd, Prashant Upadhyaya, Jennifer F. Moffat, 

Saravanan Thangamani, and the unidentified volunteers willing to donate their tissue to 

scientific research.  

Introduction 

Transmission of arboviruses occurs on human skin, an intersection of human immune 

cells, viruses, and mosquito salivary factors. Animal models fail to recapitulate human clinical 

outcomes of CHIKV infection and pathogenesis. Mice, hamsters, and primates have all been 

used to study CHIKV pathogenesis. There are three categories of mouse models characterized 

for acute CHIKV infection: 1) lethal neonatal challenge models, 2) immunocompromised models 

of lethal disease, and 3) arthritis models (Haese et al., 2016). Both neonatal and 

immunocompromised mice, such as A129 or AG129 IFN-KO mice, are susceptible to CHIKV; 
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however, IFN signaling is critical to mounting an antiviral defense against infection. Neonates 

are efficient models for studying the presence of CHIKV detected by viremia (Ziegler et al., 

2008); however, newborn mice have a developing immune system and no immunological 

memory and therefore lack the appropriate components to elicit a robust immune response 

against CHIKV challenge. A129 and AG129 mice help study the role of IFN during CHIKV 

infection along with virus attenuation or vaccine candidates, as most WT virus challenge often 

leads to poor survival in the control cohort (Couderc et al., 2008; Rossi et al., 2016). Syrian gold 

hamsters do not demonstrate clinical signs of disease and do not seroconvert after infection 

(Bosco-Lauth et al., 2015). Cynomolgus macaques closely resemble human disease (Labadie 

et al., 2010); however, a BSL-3 non-human primate challenge is not feasible based on our 

current facility design.  

Two-dimensional in vitro cell cultures do not provide an adequate environment to study 

complex interactions between viral, mosquito, and host factors. We describe a proof-of-concept 

model for arbovirus infection using adult human skin ex vivo with Zika virus (flavivirus) and 

Mayaro virus (alphavirus) to address this need for a whole tissue system. Viruses replicated in 

human skin up to 4 days post-infection and egressed viruses could also be detected in the 

culture media. Antiviral and pro-inflammatory genes, including chemokines, were expressed in 

infected tissue. Immunohistochemical analysis showed the presence of virus in the skin tissue 

at 4 days post-infection. This model will be helpful in investigating: 1) the immediate molecular 

mechanisms of arbovirus infection in human skin and 2) the influence of arthropod salivary 

molecules during the initial infection of arboviruses in a more physiologically relevant system.  

 

Materials & Methods 
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Ethics Statement 

 All experiments involving de-identified human specimens were conducted in a biological 

safety level 2 (BSL-2) laboratory in accordance with a protocol approved by the SUNY Upstate 

Medical University Institutional Review Board (IRB).  

Culturing of Cells and Viruses 

Vero, Vero E6, and C6/36 cells were obtained from ATCC and passaged in DMEM with 

10% heat-inactivated fetal bovine serum (HI-FBS) and 1% penicillin-streptomycin at 37°C + 5% 

CO2 (Vero & Vero E6) or in Leibovitz L-15 media with 10% HI-FBS and 1% penicillin-

streptomycin at 28°C (C6/36) (Ammerman et al., 2008). Zika virus (Mex I44) was obtained from 

the World Reference Center for Emerging Viruses and Arboviruses at the University of Texas 

Medical Branch in Galveston, Texas. Mayaro virus (Uruma) was obtained from the Centers for 

Disease Control, Fort Collins, Colorado. Viruses were cultured in Vero cells (ATCC CCL-81) for 

four passages and then passaged once in C3/36 cells as referenced (Coelho et al., 2017; 

Svenson et al., 2018). In addition, virus titers were obtained via focus-forming assay in Vero E6 

cells (Rossi et al., 2012).  

Preparation and Infection of Human Skin 

De-identified adult human skin was donated by fully informed patients undergoing 

reduction mammoplasty at the Upstate Medical University Hospital (Syracuse, NY). All skin 

specimens were collected within approximately 2h post-surgery. Underlying adipose was 

grossly dissected, and each specimen was washed in PBS and incubated in skin culture media 

(RPMI 1640 media containing 10% HI-FBS, 1% penicillin-streptomycin, and 0.25ug/mL of 

Amphotericin B) (Lloyd et al., 2020). The epidermis and upper dermal layers were removed 

using a skin grafting knife, cut into 1-cm2 biological samples, then placed in Netwells® (Corning, 

15-mm x 500 µm mesh size), suspending the skin at a liquid-air interface. Netwells were placed 

in 12-well tissue culture plates containing 1 mL skin culture media. The skin was cultured ex 
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vivo for 4 days in skin culture media at 33°C with 5% CO2 as previously described (Lloyd et al., 

2020). Next, the skin was infected intradermally using a 28-gauge insulin syringe with 25 µL (±2 

µL) of uninfected skin culture media (mock), ZIKV, or MAYV adjusted to deliver 103 FFU. Skin 

samples were processed as outlined below at 2- and 4-days post-infection. Each experimental 

group contained multiple biological replicates (n=4), and independent infections were repeated 

using skin specimens from 3 donors.  

RNA Isolation, qRT-PCR, and Gene Expression Analysis 

On days 2 and 4 post-infection, skin samples were cut in half using a scalpel and placed 

in either 10% neutral buffered formalin or OCT media for histological analysis or in TRIzol 

reagent for RNA isolation. RNA was extracted from the skin and skin culture media samples 

using TRIzol and TRIzol LS reagents, respectively, combined with Qiagen RNeasy mini kits to 

inactivate the virus and obtain high yields of RNA (Heinze et al., 2012; Hermance et al., 2020). 

RNA purity and concentration were verified on a Denovix DS-11+ spectrophotometer.  

Absolute quantification of viral loads was performed using quantitative reverse 

transcriptase PCR (qRT-PCR) using a BioRad CFX96. Viral genomes were amplified with the 

BioRad One-Step Universal Probes kit using primers: ZIKV 1086, ZIKV 1162c, and probe ZIKV 

1107-FAM or MAYV Forward (5’- AAGCTCTTCCTCTGCATTGC-3’, MAYV Reverse 2 (5’-

TGCTGGAAATGCTCTTTGTA-3’), and MAYV Probe (5’- GCCGAGAGCCCGTTTTTAAA- 

ATCAC-3’) previously established (Lanciotti et al., 2008; Waggoner et al., 2018). The MAYV 

primer-probe combination was slightly modified to utilize a Cy5/Iowa Black RQ fluorophore/ 

quencher combination from Integrated DNA Technologies (Coralville, Iowa). RNA isolated from 

an aliquot of both ZIKV and MAYV, from the exact passage used for infection, was serially 

diluted and used to design a standard curve to quantify viral loads in tissue and supernatant. 

The MAYV standard curve slope was -3.4 (R2: 0.999), and ZIKV standard curve slope was -3.3 

(R2: 0.999), measuring ~95-98 and ~100% PCR efficiency, respectively.  
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cDNA conversion of tissue RNA was performed according to the manufacturer’s 

specification using the BioRad iScript cDNA synthesis kit using approximately 1µg of RNA. 

cDNA was diluted 5-fold, and gene expression analysis was performed using BioRad iTaq 

Universal SYBR Green Supermix according to the manufacturer’s specifications. Briefly, 1µg of 

RNA/sample was used for the reverse transcriptase reaction. cDNA was diluted in RNase-free 

water at a 1:5 ratio, and a standard volume was used for each downstream qPCR reaction. 

Primers used for gene expression analysis are listed in Table 1. Expression was normalized 

using a eukaryotic ribosomal 18s as a “housekeeping” gene with data shown as a ratio of gene 

target fold change in infected tissue relative to mock-infected tissue using the Livak (2-ΔΔCq) 

method (Livak & Schmittgen, 2001). 

Histology and Immunohistochemistry 

 Tissues fixed in formalin were paraffin-embedded and cut into 5 µm thick sections to be 

placed on glass slides (Hermance et al., 2016). Samples were deparaffinized and dehydrated in 

xylene and graded ethanol washes. Hematoxylin and Eosin (H&E) staining were performed 

according to the manufacturer’s specifications (Vector Laboratories H-3502). Results were 

interpreted by a board-certified dermatopathologist (HistoWiz, Brooklyn, NY). 

Immunohistochemical detection of ZIKV and MAYV was performed using 5 µm frozen sections 

of tissues snap-frozen in OCT media using a dry ice acetone bath immediately after the 

indicated endpoint. Briefly, tissue sections were fixed in methanol and then washed in 

TBS+0.05% Tween20. Wash buffer was applied between all blocking and antibody incubation 

steps. Sections were treated with BLOXALL solution (Vector Labs, Burlingame, CA) to block 

endogenous peroxidases and alkaline phosphatases. Primary and secondary antibodies 

(murine immune ascites fluid generated against ZIKV or MAYV; goat anti-mouse HRP 

conjugate, respectively) were incubated for 1h. Detection was performed with Vector Labs 

ImmPACT AMEC Red substrate and peroxidase kit. Cover slides were mounted using Vector 
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Labs H5000 permanent mounting medium. Mock-infected tissues were sectioned and treated, in 

parallel, with identical antibody incubation and wash steps as described above. All images were 

taken using a Leica DM2500 LED/DMC5400 brightfield microscope and Leica Application Suite 

X (LAS-X) software.  

Data Analysis 

Statistical significance of viral growth kinetics was performed using 2-way ANOVA with 

Šidák’s multiple comparisons test in GraphPad Prism 9.1.2. The data was assessed for equality 

of variance using an F-test. Statistical significance of gene expression data was then analyzed 

by a student’s t-test to assess the increase of the target gene from 2 to 4 days post-infection 

followed by Welch’s correction. 

Results and Discussion 

Viability of Human Skin Explant 

This study utilized human skin donated from elective surgeries and cultured it ex vivo as 

previously described (Lloyd et al., 2020). Human skin was viable when cultured ex vivo for at 

least 4 days. Tissue sections stained with H&E showed minor histopathological changes after 4 

days in culture. In addition, papillary dermal edema and minimal lymphocytic infiltrate in the 

superficial dermis were observed; however, no significant pathological changes, such as 

acanthosis or psoriasiform hyperplasia, were apparent (Figure 1). 

MAYV and ZIKV Replication in Human Skin 

To determine human skin susceptibility to arbovirus infection ex vivo, skin pieces were 

intradermally inoculated with 103 FFU of MAYV or ZIKV, a physiologically relevant dose 

delivered from a mosquito (Castanha et al., 2020; Styer et al., 2007). Viral RNA in the skin  
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Figure 1. Viability of Human Skin Ex Vivo. Skin cultured ex vivo was harvested each day for 

up to 4 days. Formalin-fixed, paraffin-embedded tissue sections (5 µm) were placed on glass 

slides for H&E staining. The pathological interpretation was provided by a board-certified 

pathologist (HISTOWIZ, Brooklyn, NY). Sections are representative of multiple biological 

samples from multiple skin specimens sectioned and stained using the same methodology. 
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tissue was measured by qRT-PCR and increased for both MAYV and ZIKV during the 4-day 

incubation period (Figure 2). We also found that viral RNA in the skin culture media increased 

for both infections (Figure 2). Furthermore, in cryo-sectioned skin, immunohistochemical 

detection of MAYV and ZIKV showed widespread infected cells after 4 days (Figure 3), 

consistent with viral RNA detection in the homogenized tissue (Figure 2). Therefore, cultured 

human skin was viable and susceptible to arbovirus infection for up to 4 days.   

Human skin similarly processed and infected with DENV-2 showed the presence of 

negative-strand RNA at 48h and 72h post-infection, indicative of viral replication (Limon-Flores 

et al., 2005). ZIKV infects several skin cell populations. Infection in primary cultures of epidermal 

keratinocytes and dermal fibroblasts shows increasing viral RNA loads and infectious titer over 

time (Hamel et al., 2015). Dermal dendritic and Langerhans cells, present in the dermis and 

epidermis, respectively (Pasparakis et al., 2014), are also permissive to ZIKV infection when 

derived from PBMCs (Hamel et al., 2015). Our results showed increased replication of ZIKV in 

human skin explants over time, which parallels previous findings (Hamel et al., 2015), but also 

suggests that these viruses spread from the inoculation site and egress into the media. MAYV 

infection in human skin is not well characterized, and to our knowledge, our data is the first to 

show MAYV infection in human skin ex vivo. Alphaviruses such as CHIKV also replicate in 

human skin cell populations (Matusali et al., 2019). Human skin fibroblasts, both primary and 

immortal, are susceptible to CHIKV in vitro (Ekchariyawat et al., 2015; Sourisseau et al., 2007; 

Wichit et al., 2017). CHIKV-infected human skin explants showed the presence of viral RNA at 

24h and 48h post-infection when infected with a larger inoculum (105 PFU) (Bryden et al., 2020). 

Interestingly, primary human and immortalized keratinocytes poorly replicate CHIKV by 

restricting replication at a post-endosomal fusion step despite the high multiplicity of infection in 

vitro (MOI=50) (Bernard et al., 2015). 

 



49 
 

  

 

  

Figure 2. Skin is Susceptible to Arboviruses. Skin was infected intradermally with either 

MAYV (red) or ZIKV (blue). Data points are mean values with error bars indicating standard 

deviations. Data represents repeated independent experiments using n=4 biological 

replicates per group across multiple donated tissues. A two-way ANOVA was used for 

statistical comparison with Šidák’s multiple comparisons **p<0.001. 
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MAYV and ZIKV Induce Inflammatory Gene Expression in the Skin 

Pro-inflammatory signals from skin resident cell populations are critical for recruiting 

circulating myeloid cells to the site of infection (Pasparakis et al., 2014). Since this model 

utilizes skin with non-functional microvasculature, one of the primary limitations is the influx of 

inflammatory cells to the site of infection. Therefore, we assessed the expression of 

inflammatory targets that would recruit myeloid cell populations to the infection site. Chemo-

attractive chemokines CCL2, CCL3, CCL4, and CXCL8, were upregulated during MAYV and 

ZIKV infection (Figure 4). In other studies, DENV-infected keratinocytes express CCL2, CCL3, 

CCL4, CCL5, and CXCL8 in a similar trend at 48h post-infection (Duangkhae et al., 2018). The 

same DENV-infected culture also shows the expression of IL-1ɑ, IL-1β, IL-10, and CCL20 at the 

same timepoint (Duangkhae et al., 2018). WNV infection induces the expression of antiviral 

cytokines such as IFN-β, IL-28a, and IL-29 at 24h and 48h post-infection in primary 

keratinocytes (Garcia et al., 2018). Additionally, expression of CXCL1, CXCL2, CXCL8, and 

CCL20 and cytokines IL-6 and TNFɑ are also induced at the same time points (Garcia et al., 

2018).  

Elevated expression levels of non-TLR receptors of viral ligands, RIG-I, MDA5, and PKR 

were also found in ZIKV and MAYV infected tissues. RIG-I and MDA5 are cytosolic helicases 

that detect viral RNA and are critical for triggering innate immune responses to flaviviruses and 

alphaviruses (Akhrymuk et al., 2016; Chow et al., 2018; Kell & Gale, 2015). PKR is a pattern 

recognition receptor (PRR) and an IFN-inducible-gene product that triggers signaling cascades 

responsible for further type I IFN activation and inhibition of viral protein synthesis, among other 

functions (Munir & Berg, 2013). Both MAYV and ZIKV infection increased the expression of 

RIG-I, MDA5, and PKR in these tissues (Figure 4). This corresponds to previous findings of 

synthetic dsRNA poly(I:C) initiating antiviral signaling in keratinocytes (Kalali et al., 2008). The 
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natural expression of pro-inflammatory and antiviral genes in skin explants provides a suitable 

model for studying the human skin's immediate immune signaling events.  

Interferon-induced transmembrane proteins (IFITMs) are strongly upregulated by type I and 

type II interferon and localize to plasma and endocytic membranes to restrict virus entry (Bailey 

et al., 2014; Zhao et al., 2019). Given that IFITM molecules show restriction of ZIKV (Savidis et 

al., 2016) and MAYV (Franz et al., 2021) infection, we assessed the expression of IFITM1, -2, 

and -3 in human skin tissues infected with either ZIKV or MAYV (Figure 4). IFITM1 levels were 

elevated during ZIKV infection as expected; however, there was no significant increase from 2 

to 4 dpi. IFITM2 slightly increased above baseline at 4d post-infection, while IFITM3 remained 

near basal expression levels. MAYV infection induced a more robust IFITM expression. IFITM1 

was elevated at 2 and 4 dpi with statistically higher expression at 4 dpi. IFITM2 and IFITM3 

were slightly elevated at 2 dpi but significantly increased at 4 dpi. Further experimentation is 

necessary to improve our understanding of the role these molecules play in the skin after 

arbovirus transmission. 

Study Limitations 

 Our most challenging limitation of using this model was tissue availability. Additionally, 

despite skin being the most relevant tissue to study arbovirus transmission, skin ex vivo is 

disconnected from bodily functions, including the circulatory system. As such, our model cannot 

recruit circulating immune cells to the site of infection. Additionally, the ELISA-based detection 

of inflammatory cytokine proteins was suboptimal as these are mainly produced by infiltrating 

immune cells. We elected to detect inflammatory gene expression of skin resident populations 

that would lead to the recruitment of inflammatory cells.  

Conclusion 
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Skin is the human body's largest organ that interfaces with external stimuli, including 

pathogens, and is permissive to arbovirus infection (Garcia et al., 2017). Blood-feeding 

mosquitoes deliver viruses from infected salivary glands and a cocktail of pharmacologically 

active molecules. Arbovirus disease severity worsens when in the presence of mosquito salivary 

factors (Pingen et al., 2016). This highlights the importance of understanding mosquito-specific 

factors active during transmission and the need to characterize such molecules in human skin. 

We used human skin as an ex vivo experimental site of infection for alpha- and flaviviruses. 

MAYV and ZIKV replicated in human skin up to 4 days post-infection and shed into the skin 

culture media. Infection in the skin lead to gene expression of chemotactic factors responsible 

for recruiting inflammatory cells such as neutrophils and macrophages. In addition, innate 

antiviral responses were active and induced after viral infection. Histological analysis showed no 

significant pathological changes; however, immunohistochemical analysis showed widespread 

MAYV and ZIKV detection in human skin. By using MAYV as a surrogate for CHIKV, we can 

expect replication of CHIKV in our human skin model as these are both arthritogenic 

alphaviruses with similar cell tropism. Mosquito-borne virus replication in human skin can be 

utilized to further investigate mosquito transmission to humans and the associated salivary 

mediators that work in concert to facilitate blood acquisition and pathogen delivery. 
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Figure 3. Expression of Viral Antigen in Human Skin. Immunohistochemical detection of 

MAYV antigen (middle column) and ZIKV antigen (right column) in cryo-sectioned skin post-

infection. Arrows indicate antigen detection at 10x and 40x magnification. Mock tissues were 

treated with either MAYV or ZIKV antibodies in parallel to respective infected tissues. Skin 

sections are representative of multiple biological replicates from independent experiments 

with consistent detection of viral antigens. 
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Figure 4. qPCR Inflammatory Gene Expression of Arbovirus Infected Human Skin. qPCR 

analysis of MAYV infected tissues (red) and ZIKV infected tissues (blue) at 2- and 4-days post-

infection. Data shown are the relative fold change (Livak method 2-ΔΔCt) of virus-infected tissue 

compared to mock-infected tissue, normalized to 18s ribosomal RNA. Expression levels from 2d 

to 4d were compared for statistical difference. Error bars indicate the standard error of the mean 

(SEM). Data is representative of experimental means with standard deviations of independent 

experiments with repeat using n=4 biological replicates per group. Student’s t-test with Welch’s 

correction was used to determine statistical difference *p<0.05; **p<0.001; ***p<0.0001. 
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Table 1. qPCR Primers used for Gene Expression Analysis. 

 

 

 

 

 

 

 

Gene 
Target 

Forward Primer (5'-3') Reverse Primer (5'-3') Reference 

CCL2 GATCTCAGTGCAGAGGCTCG TGCTTGTCCAGGTGGTCCAT Dumoulin et al., 
2000 

CCL3 CATCACTTGCTGCTGACACG TGTGGAATCTGCCGGGAG Duangkhae et al., 
2018 

CCL4 ACCCTCCCACCGCCTGCTGC GTTGCAGGTCATACACGTACT Dumoulin et al., 
2000 

CCL5 ACCACACCCTGCTGCTTTGC CCGAACCCATTTCTTTGC Dumoulin et al., 
2000 

CCL20 TTGGATCCTGCTGCTACTCCACCTCTG TTCTCGAGTATATTTCACCCAAGTCTGTTTT Akahoshi et al., 
2003 

CXCL8 CTGGCCGTGGCTCTCTTGG GGGTGGAAAGGTTTGGAGTATGTC Duangkhae et al., 
2018 

CXCL10 GAAATTATTCCTGCAAGCCAATTT TCACCCTTCTTTTTCATGTAGCA Clarke et al., 2010 
Rig-I AGTGAGCATGCACGAATGAA GGGATCCCTGGAAACACTTT Surasombatpattana 

et al., 2011 
Mda5 TGTATTCATTATGCTACAGAACTG ACTGAGACTGGTACTTTGGATTCT Surasombatpattana 

et al., 2011 
Ifn-β GACGCCGCATTGACCATCTA TTGGCCTTCAGGTAATGCAGAA Surasombatpattana 

et al., 2011 
PKR TCTGACTACCTGTCCTCTGGTTCTT GCGAGTGTGCTGGTCACTAAAG Surasombatpattana 

et al., 2011 
Ifitm1 GGGCATCCTCATGACCATTGGA GGCTACTAGTAACCCCGTTTTTCCTG Prelli Bozzo et al., 

2021 
Ifitm2 GTCACCATGAACCACATTGTGCAAAC CCCCCAGCATAGCCACTTCC Prelli Bozzo et al., 

2021 
Ifitm3 ACCATGAATCACACTGTCCAAACCTT CCAGCACAGCCACCTCG Prelli Bozzo et al., 

2021 
18s GGCCCGAAGCGTTTACTTTG GCCGGTCCAAGAATTTCACC Surasombatpattana 

et al., 2011 
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Chapter Introduction 

 This chapter contributes to the thesis aim of identifying differentially expressed salivary 

proteins in CHIKV-infected Ae. aegypti. Our findings demonstrate virus infection in mosquito 

salivary glands modulates the expression of various proteins. A select few of these identified 

proteins were evaluated for their impact on CHIKV replication in dermal fibroblasts. The 

experiments described in this chapter were performed in an in vitro fibroblast culture rather than 

the human skin model as initially planned. Due to unforeseen complications with skin availability 

and restrictions on elective surgeries by the state of NY due to the COVID-19 pandemic, our 

experiments were performed in a human skin fibroblast-like cell line, a relevant target cell of 

CHIKV in the skin.  

Statement of Acknowledgement 

The following work requires credit to the following individuals for their contributions to the 

study: Jahnavi R. Bhaskar M.S., Dr. Jose M. C. Ribeiro, Jing Huang, Dr. Steve G. Widen, Dr. 

Eric Calvo, and Dr. Saravanan Thangamani. This work also requires acknowledgment of Dr.  

Barry Knox for his protein expression recommendations.  

Introduction 

 Virus infection modulates the cellular expression of many different processes to utilize 

host machinery for viral genome replication and virion assembly (Lyles, 2000). Mosquito salivary 

proteins are critical for blood-feeding success and influence skin immunity at the bite site. 

Therefore, it is logical to hypothesize CHIKV infection in Ae. aegypti salivary glands modulates 

the gene expression of salivary proteins. We currently understand the impact of arthropod saliva 

from uninfected mosquitoes on cutaneous immunity; however, differential expression in virus-

infected salivary glands cells must be considered to understand the dynamic process of virus 

transmission fully. To study the specific impact of Ae. aegypti salivary proteins on CHIKV 
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transmission, we used next-generation RNAseq to identify several protein candidates that were 

highly expressed after CHIKV infection in Ae. aegypti salivary glands and contained the 

presence of a secretion signal peptide. We selected three proteins of interest based on 

increased expression during CHIKV infection, previous characterization during ZIKV infection 

(Hastings et al., 2019; Valenzuela-Leon et al., 2022), and ability to modulate host immunity 

(Boppana et al., 2009). We assessed their capacity to influence CHIKV replication in human 

skin fibroblast-like cells. We demonstrate that NIH435-22 protein did not influence CHIKV 

replication at a high or low concentration, while NIH435-24 and SAAG-4 modulated CHIKV titers 

at early time points when using 10µg of recombinant protein. These results highlight the ability 

of mosquito salivary proteins to regulate CHIKV replication in a mammalian system and imply a 

more significant role of these salivary proteins in the mosquito vector. 

Materials and Methods 

Cells and Viruses 

SF9 cells (Thermo Fisher Scientific #12659017) were cultured in SF900 III media using 

spinner flasks with impeller speeds set to 125rpm in a non-humidified 27°C incubator. Vero cells 

(ATCC CCL-81) and Vero E6 cells (ATCC CRL-1586) were cultured in Dulbecco’s modified 

eagle medium (DMEM) supplemented with 10% HI-FBS 1% penicillin-streptomycin in a 

humidified incubator set to 37°C with 5% CO2. Human foreskin fibroblasts (HFF-1) cells (ATCC 

SCRC-1041) were cultured in DMEM supplemented with 15% HI-FBS in a humidified incubator 

set to 37°C with 5% CO2. AAG2 Ae. aegypti cells were grown in Schneider’s Drosophila media 

supplemented with 10% FBS and 1% penicillin-streptomycin inside a 27°C humidified incubator 

without CO2.    

CHIKV LR2006 OPY1 is an epidemic strain of CHIKV isolated from a traveling male 

during the CHIKV epidemic in 2006 on Reunion Island in the Indian Ocean and was used for 
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this study. CHIKV LR2006 OPY1 was cultured for 3 days on Vero cell monolayers with DMEM 

supplemented with 2% FBS. A total of 3 passages were performed, and virus titers were 

obtained by focus forming assays on Vero E6 cell monolayers as previously described using 

murine immune ascites fluid (MIAF) generated against CHIKV (Esterly et al., 2022a; Rossi et 

al., 2012).  

Mosquito Rearing, Infection, Dissections, and Collection of Salivary Gland Extract (SGE) 

Three hundred female Aedes aegypti Galveston strain, a strain of Ae. aegypti field 

collected in 2016, were reared and maintained at 27°C with 80% relative humidity and a 14:10 

(Light: Dark) photoperiod. Mosquitoes were supplied with a 10% sucrose solution to feed ad 

libitum. Five-to-six-day-old mosquitoes were starved for 24h, and artificially blood-fed a mixture 

of defibrinated sheep’s blood (Colorado Serum Company 4950 York St. Denver CO 80216; cat: 

31123; Lot: 4532) and uninfected DMEM or CHIKV infected DMEM media using a Hemotek 

membrane feeding systems. Hairless skin from uninfected Balb/c mice was stretched over the 

feeding reservoirs and used as a feeding membrane. Reservoirs were filled with 2mL of the 

blood mixture at a 2:1 (blood: media) ratio. Mosquitoes were allowed to feed freely for 1 hour 

and were subsequently cold anesthetized, then separated based on feeding status. Only fully 

engorged females were kept for the study based on the assumption that females feeding to 

repletion would receive the largest infectious dose. After separation, mosquitoes were supplied 

with 10% sucrose solution and incubated for 10d, allowing CHIKV dissemination. A total of 200 

mosquitoes (100 mock-infected, 100 CHIKV infected) were selected for the study and remained 

alive during the entire extrinsic incubation period. As previously described, salivary glands were 

dissected at 10d post-infection (Schmid et al., 2017). Mosquito cohorts were pooled in groups of 

~33 mosquitoes which represented one biological replicate. The resulting samples were three 

mock-infected samples containing 33 pairs of salivary glands each and three CHIKV-infected 

samples containing 33 pairs of infected salivary glands each. The tissues were homogenized 
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and used to isolate total RNA.  

Separately, salivary glands were obtained by rearing mosquitoes to 4 to 6 days old, as 

stated above, and dissecting salivary glands. Dissected glands were stored in 1x PBS in pools 

of 30 pairs per tube and stored at -80°C. Tissues were homogenized and passed through a 

0.22µm syringe filter to remove any presence of bacteria typically stored in the mosquito crop. 

This homogenized sample, herein, will be referred to as salivary gland extract (SGE). The 

protein concentration of SGE was determined by a Denovix DS-11 measured at 280nm (A280).  

RNA Isolation and Next Generation Sequencing 

RNA was isolated using a combination of Trizol reagent and chloroform followed by a 

solid phase RNA extraction using Qiagen RNeasy mini kit (Qiagen# 74104) (Heinze et al., 2012; 

Hermance & Thangamani, 2015). Purified RNA quality and concentration were determined 

using a Denovix DS-11 spectrophotometer.  

RNAseq was performed as done previously in the lab (Hart et al., 2020). Illumina TruSeq 

v2 sample preparation kits for library construction and unique indexing. NGS was performed on 

an Illumina HiSeq 1500 with a 2 x 50 base paired-end read protocol using TrueSeq v3 

sequencing-by-synthesis chemistry. Bioinformatic analysis was performed by Jose M. Ribeiro, 

Chief of the Vector Biology Section in the Laboratory of Malaria and Vector Research in the 

National Institute of Allergy and Infectious Diseases (NIAID) at the National Institutes of Health 

(NIH). Bioinformatic analyses were conducted following the methods described previously 

(Chagas et al., 2013; Ribeiro et al., 2014), with some modifications. Briefly, the fastq files were 

trimmed of low-quality reads (<20), removed from contaminating primer sequences, and 

concatenated for single-ended assembly using the Abyss (using k parameters from 25 to 95 in 

10-fold increments) (Birol et al., 2009) and Trinity (Grabherr et al., 2011) assemblers. The 

combined fasta files were further assembled with previous assemblies from Ae. aegypti (Ribeiro 
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et al., 2007) using an iterative blast and CAP3 pipeline as previously described (Karim & 

Ribeiro, 2015). Coding sequences (CDS) were extracted based on the existence of a signal 

peptide in the long open reading frame (ORF), and by similarities to other proteins found in the 

Refseq invertebrate database from the National Center for Biotechnology Information (NCBI), 

proteins from Diptera Order deposited at NCBI’s GenBank and from SwissProt. Reads for each 

library were mapped on the deducted CDS using the program blastn with a word size of 25, a 

minimum identity of 97%, and only one gap allowed. Functional classification of the transcripts 

was achieved by scanning the output of the different blast and rpsblast results using a 

vocabulary of ∼400 words, the e value of the result, and a result coverage > 75%. The 

classification of “unknown” was given if no informative match could be found. Read counts for 

each CDS were transformed to FPKM values. FPKM is a measure proportional to the relative 

molar abundance of each transcript. 

Pairwise statistical comparisons between infected and uninfected libraries at the three 

different physiological states were assessed by a chi-squared test. The Bonferroni and FDR 

corrections (Benjamini & Hochberg, 1995) were applied using the P-value package version 

3.3.0 from the R software package (Team, 2013). The normalized reads rate was determined by 

the expressions r1 × R2/ [R1 × (r2 + 1)] e r2 × R1/ [R2 × (r1 + 1)], in which r1 and r2 are the 

reads for each library (T– and T+) mapping to a particular transcript and R1 and R2 the number 

of total reads from each library mapped over all the CDS. One unit was added to the 

denominator to avoid division by zero. The Kruskal-Wallis statistical test (within the R package) 

was used to test for significant differences in FPKM values between transcripts within the 

different functional classes. 

Functional Class Organization and Categorization 

The list of identified transcripts was separated based on several parameters, including 

RPKM (reads per kilobase million) value ≥10, statistical p-value smaller than 0.05, and presence 
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of secretion-related sequences or predicted function to be secreted previously attributed to the 

specific protein (Hart et al., 2020). With our focus on specific salivary components expelled into 

the mammalian host, we selected genes meeting the above criteria and with at least a 2-fold 

increase. We expect genes with at least 200% physiological increase and secretion-related 

sequence to be present in saliva.  

Generation of a Recombinant Baculovirus Vector for SAAG-4 Protein Expression 

Recombinant SAAG-4 was generated using a Gibco Bac-to-Bac N-His TOPO Cloning 

Kit (Thermo Fisher Scientific# A11099) according to the manufacturer’s specifications. SAAG-4 

(GenBank AF466608.1) was previously identified (Valenzuela, Pham, et al., 2002) and 

characterized (Boppana et al., 2009). The peptide secretion signal, nucleotides from position 1 

to position 63 encoding 21 amino acids, and the stop codon were truncated for blunt-end 

cloning into a pFastBac/NT-TOPO vector. The remaining protein chain was commercially 

synthesized (gBlock) by Integrated DNA Technologies (IDT) (location). Blunt end SAAG-4 DNA 

was cloned into the donor vector (pFastBac/NT-TOPO) by performing the topoisomerase I 

reaction according to the manufacturer’s specifications. pFastBac/NT-SAAG-4 was transformed 

into chemically competent OneShot Mach1 T1R E. coli. Transformants were analyzed through 

antibiotic selection (100µg/mL ampicillin) on LB agar plates, PCR with agarose gel 

electrophoresis, and Sanger sequencing. PCR was performed using primers to amplify the 

insertion between the Polyhedron promoter and SV40 terminator plasmid sequences. PCR 

amplicons were sequenced and aligned to the PH-SAAG4-SV40 sequence. pFastBac/NT-

SAAG-4 clones were generated by overnight culture in LB brother at 37°C with shaking at 225 

RPM. Plasmid DNA was isolated using the PureLink HiPure Plasmid Isolation Kit (Thermo 

Fisher Scientific# K210002). pFastBac/NT-SAAG-4 was used to transform DH10Bac E. coli for 

transposition into the bacmid. The bacterial transformation was performed according to the 

manufacturer’s specifications with blue/white selection to identify positive transformants. 
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Recombinant bacmid was isolated using the PureLink HiPure Plasmid Isolation kit. The 

recombinant bacmid DNA was analyzed by PCR using manufacturer-recommended primers: 

pUC/M13 Forward: 5’-CCCAGTCACGACGTTGTAAAACG-3’, pUC/M13 Reverse: 5’-

AGCGGATAACAATTTCACACAGG-3’. A 1.2% agarose gel electrophoresis verified the correct 

transposition of pFastBac/NT-SAAG4 into bacmid DNA.  

Transfection and Quantification of Recombinant Baculovirus  

 Sf9 insect cells were cultured in Sf-900 III media in spinner flasks (Corning #4500-250) 

at 120 RPM in a non-humidified incubator at 27°C. Six-well plates were seeded with 106 Sf9 

cells in ExpiSF CD Media (Thermo A3767801) and transfected with ExpiFectamine Sf 

Transfection Reagent (Thermo A38915) according to the manufacturer’s specifications. SAAG-4 

transfection was performed in 6 replicates. At 72h post-transfection, culture media, P1 

recombinant baculovirus expressing SAAG-4, was harvested. Culture media was spun at 500 x 

g to remove cellular debris, and the remaining viral stock was aliquoted for long-term storage at 

-80°C.  

 Quantification of P1 was performed using a plaque assay per the recommended titration 

methodology. 1x106 Sf9 cells were seeded into 6-well plates in Sf-900 III media. A 10-fold serial 

dilution (10-1 to 10-5) of the viral stock was prepared and used to infect each monolyaer with 1mL 

of the appropriate virus dilution. After 1h infection, medium containing virus was removed, and 

2mL of plaquing overlay was applied. The plaquing medium was prepared using 1.3x Sf-900 

Medium (Thermo Fisher Scientific# 10967032) with 4% Biorad Certified PRC Low Melt Agarose 

(Biorad# 1613114) to make a 1x agarose overlay solution. After an 8 to 10-day incubation 

period, until plaques were visible but opaque, cell overlays and monolayers were stained with 1x 

neutral red solution and left to incubate at room temperature for at least 1h. The excess staining 

solution was removed, and plaques were counted using a light microscope. 
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SAAG-4 Expression, Purification, and Detection 

 Sf9 cells were cultured to a density of 1.0x106 cells/mL in a 1 L spinner flask at 27°C. 

Purified recombinant baculovirus was used to infect the cells at 10 MOI. Cells were incubated 

for 3 days with continuous spinning at 125rpm. After 3 days, cells were pelleted at 4°C and 

lysed by sonication in 25mM sodium phosphate, 150mM sodium chloride, and 20mM imidazole 

at pH 7.4. Cell debris was removed via centrifugation and protein solution was subject to affinity 

chromatography using an Akta Start and a HisTrap HP histidine tag column (Cytiva 17524701). 

Eluted protein was run on a 4-20% BioRad Mini-PROTEAN TGX Stain-Free precast gel at 100 

V for 83 minutes, followed by a blot transfer to a PVDF membrane using a BioRad Trans-Blot 

Turbo Transfer System. Blots were blocked for non-specific antigen using BioRad EveryBlot 

Blocking buffer for 1h with continuous plate rocking. BioRad Mouse anti Histidine tag primary 

antibody (BioRad# MCA1396) was used for detection of SAAG-4 at recommended maximum 

dilution of 1:1000 overnight, followed by multiple washes with 1x TBS with 0.05% Tween20 and 

a goat anti-mouse IgG HRP conjugated secondary antibody (BioRad# 0300-0108P) incubation 

for 2h. Blots were imaged using a BioRad ChemiDoc imaging system under 

chemiluminescence.  

CHIKV In Vitro Growth Kinetics 

 HFF-1 and AAG2 cells were seeded into 24-well plates to be ~90% confluent after 

overnight incubation in appropriate media containing 2% FBS, preventing overgrowth in the 

well. CHIKV (passage 3) was diluted to 0.1 MOI per well and combined with either 1µg or 10µg 

of recombinant SAAG-4, NIH435-24, or NIH435-22. Virus and proteins aliquots were incubated 

for 1h at 27°C and subsequently used to infect cell monolayers for 2h at either 37°C for HFF-1 

cells or 27°C for AAG2 cells. After virus adsorption, cells were washed with 1x PBS, and 0.5mL 

of media was added back to cell monolayers for incubation. At each time point, 50µL was 

removed and placed into Qiagen RLT buffer for RNA extraction. 
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CHIKV Detection and Quantification Using qRT-PCR 

 CHIKV detection was performed using forward primer CHIKV 6856 5’-TCACTCCC-

TGTTGGACTTGATAGA-3’, reverse primer CHIKV 6981 5’-TTGACGAACAGAGTTAGGAACA-

TACC-3’, and CHIKV probe CHIKV 6919 5’-FAM-AGGTACGCGCTTCAAGTTCGGCG-Black 

Hole Quencher-3’ as previously established (Lanciotti et al., 2007). BioRad iTaq Universal 

Probe Kits (BioRad# 1725141) were used according to the manufacturer’s specification with the 

following cycling parameters 10 min at 50°C reverse transcriptase reaction, 3 min at 95°C 

polymerase activation and denaturation, then 40 cycles of 15-sec denaturation at 95°C, 30-sec 

annealing and extension at 60°C with a plate read step. Relative genome equivalents were 

calculated based on a standard curve from a stock of CHIKV with a known titer as performed 

previously (Esterly et al., 2022a). PCR efficiency was measured at ~93% (slope: -3.5) with a 

trendline coefficient of correlation (R2) of 0.9998. Statistical significance of viral growth kinetics 

was performed using 2-way ANOVA with Šidák’s multiple comparisons test in GraphPad Prism 

9.1.2.  

Results 

CHIKV Modulates Ae. aegypti Salivary Gland Gene Expression 

To determine mosquito salivary gland gene modulation after CHIKV infection, two 

hundred Ae aegypti mosquitoes were infected with an artificial blood meal spiked with CHIKV or 

mock-infected with uninfected DMEM (n=100 per group). RNA isolated from both mock- and 

CHIKV-infected salivary glands was subject to RNAseq analysis and showed several 

differentially modified gene transcripts. A total of 250 of over 34,000 contigs met the exclusion 

criteria of being statistically significant, high RPKM value, and upregulated by at least 2-fold. 

Transcripts for proteins upregulated at least 2-fold are equivalent to a 200% physiological 

increase in vivo. Figures 3.1 and 3.2 show the significant and upregulated encoded proteins of 
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different categories identified. Transcripts encoding secreted salivary proteins made up 13% of 

the upregulated molecules. Only 33 encoded proteins met all the exclusion criteria and were a 

combination of mucin and odorant binding proteins, secreted proteases and serine protease 

inhibitors, metabolic-related proteins, and a proportion of functionally uncharacterized 

molecules.   

Several previously described mosquito proteins elicit immunogenic responses in humans 

and are known as allergens (Peng et al., 2007; Peng & Simons, 2007). Of the immunogenic 

proteins, a 34kDa (Gene ID AAEL003601) protein NeSt1, shown to be immunogenic and play a 

role in neutrophil stimulation and activation, showed 91% amino acid homology to a gene 

transcript (Gene ID AAEL013585-PA) upregulated here after CHIKV infection. These proteins 

are likely splice variants and gene ID AAEL003601 was recombinantly produced as NIH435-24 

to be used for further evaluation with CHIKV replication. Other salivary allergens range from 

~30kDa to ~70kDa(Peng et al., 2007). In our data, SAAG-4 transcripts were detected in both 

CHIKV-infected and uninfected cohorts but was not significantly increased. SAAG-4 reads were 

significantly decreased in CHIKV-infected tissues compared to uninfected controls at 10dpi. 

Despite SAAG-4 not meeting our 2-fold increase criteria, we decided to assess its impact on 

CHIKV replication based on its down-regulation during CHIKV infection and its previously 

described ability to induce IL-4 production. Lastly, we chose AAEL003107, recombinantly 

produced as NIH435-22, since it falls within the size of previously described allergens (Peng et 

al., 2007), has been assessed for binding of flavivirus E proteins (Valenzuela-Leon et al., 2022), 
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Figure 3.1. Categories of Upregulated Ae aegypti Salivary Gland Genes at 10 days Post 
CHIKV Infection. Encoded proteins meeting the exclusion criteria based on RPKM, statistical 
significance, fold change, and presence of a secretion related signal were categorized and 
shown in the pie chart.  
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Figure 3.2. Volcano Plot of Salivary Gland Genes Measured to be Statistically Significant 
and Increased by at Least 2-Fold After CHIKV Infection. Genes aligned to the Ae. aegypti 
genome that were significantly up-regulated (red) or down-regulated (blue) are shown to be 
outside the 2-fold change cutoff window (block lines in X-axis).  
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and mucin-related proteins from planthopper insects, Nilaparvata lugens, induce immune 

responses in plants during feeding (Shangguan et al., 2018). Therefore, it is plausible to 

suggest mosquito salivary mucin-like proteins may elicit a similar reaction and play a role in 

virus transmission (Table 3.1). 

Recombinant Expression of SAAG-4 

 SAAG-4 (salivary Ae. aegypti IL-4 producing protein) is an Ae aegypti putative 30kDa 

allergen-like protein which modulates the expression of IL-4 in the skin (Boppana et al., 2009). 

SignalP-5.0 software was used to predict the signal peptide sequence of the protein. SAAG-4 is 

a 215 amino acid protein with an N-terminal signal peptide made up of 21 amino acids. 

Methionine at position 1 to Proline at position 21 (MKYLLTFLMALSLVNLMLTRP) was truncated 

from SAAG-4, and protein was expressed as an N-terminal His-tagged protein which included 

amino acids Thr22-Ser215 (Figure S3.1a). The stop codon was also removed per the 

manufacturer’s specifications for the expression vector (Figure S3.1b). SAAG-4 was cloned into 

a pFastBac/NT-TOPO vector, transformed into One Shot Mach1 T1 Chemically competent E. 

coli, and analyzed using SAAG-4 full-length primers (Figure S3.2) and Sanger sequencing 

(Figure S3.3). SAAG-4 colonies 2 (denoted C2), C3, C4, C6, and C9 were used for recombinant 

bacmid insertion (Figure S3.2). The pFastBac/NT-SAAG-4 vector was used as a donor plasmid 

to generate a recombinant bacmid which can be transfected into insect cells, creating 

recombinant baculovirus. After generating the recombinant bacmid with DH10Bac E. coli, 

bacmid DNA was isolated and analyzed for proper insertion by PCR using pUC/M13 forward 

and reverse primers. Positive bacmid DNA is SAAG-4 (721nt) with pFastBac/NT-TOPO 

(~2440bp), which gives a combined product of ~3161bp found from SAAG-4 C2 (Figure S3.4). 

SAAG-4 was transfected into Sf9 cells to generate P1 virus stock. P1 was quantified by plaque 

assay. P1 was used to infect a large culture of Sf9 cells to express SAAG-4 protein analyzed by 

SDS-PAGE and Western blot (Figure 3.3). Proteins NIH435-22 and NIH435-24 were kindly  
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Figure 3.3. SDS PAGE and Western Blot Analysis of Salivary Protein Candidates NIH435-22, NIH435-24, 
and SAAG-4. (A) SDS PAGE of SAAG-4 (lane 4) ran for 83min at 100v. (B) Immunodetection of SAAG-4 
using primary anti-His tag antibodies and conjugated secondary IgG HRP antibodies (lane 4). (C) SDS-
PAGE of NIH435-22 (lane 4) and NIH435-24 (lane 5). (D) Immunodetection of NIH435-22 (lane 2) and 
NIH435-24 (lane 5) using anti-His tag antibodies and secondary antibody detection as stated above. 
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provided by Eric Calvo (NIAID) (Figure 3.3).  

Ae. aegypti Modulate CHIKV Replication in Human Skin Fibroblasts 

 Assessing the impact of salivary proteins on arbovirus replication necessitates several 

steps to represent a mosquito transmission event most accurately in vitro. First, expressed 

salivary proteins were combined with CHIKV for a 1h incubation period since virus and proteins 

are naturally combined in saliva before transmission (Figure 3.4). This also allows any 

interaction between SAAG-4 and CHIKV virions to take place, as would occur before and during 

natural transmission. Considering the total protein content of mosquito salivary glands is 1 to 

3µg, and at least half is excreted during feeding (Calvo et al., 2006; Marinotti et al., 1990), we 

used a low (1µg) or high (10µg) protein concentration to mimic a single bite or multiple bites to 

determine if expressed proteins influence CHIKV replication. Second, combined virus and 

protein aliquots were added to cell monolayers for a 2h virus adsorption. As saliva is injected 

into the host skin, CHIKV is also expelled from salivary glands; therefore, CHIKV can infect skin 

fibroblasts in the presence of salivary proteins. Third, proteins are present in saliva despite 

virion internalization into susceptible cells. Accordingly, recombinant proteins were added back 

to monolayers after removing infectious aliquots and washing monolayers with 1x PBS. Culture 

media aliquots were harvested in 24h intervals, and CHIKV detection was performed by qRT-

PCR. To exclude any possibility that an overall protein content increase would influence CHIKV 

replication, bovine serum albumin (BSA) was added at a high concentration to the culture and 

no difference in CHIKV replication was observed (Figure S3.5). Ae. aegypti SGE added to the 

culture increased CHIKV replication at 24h post-infection at both 1µg and 10µg concentrations 

of total protein (Figure 3.5a). Interestingly, NIH435-22 did not influence replication kinetics at 

any time point (Figure 3.5b). NIH-24 increased CHIKV replication at 24h post-infection only at 

the higher 10µg concentration (Figure 3.5c). SAAG-4 proved to have the opposite effect slowing 

CHIKV replication substantially at 24h and 48h with 10µg of protein (Figure3.5d). Lower protein 
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concentrations did not show any effect. Further experimentation is necessary to understand how 

early the impact of NIH24 and SAAG-4 take place.  

Discussion 

A large portion of the proteins was related to metabolic or other homeostatic functions 

such as signal transduction, cytoskeletal or immune-related function, or protein synthesis and 

export. The upregulation of protein modification, export, and synthesis is likely due to CHIKV 

infection upregulating the production of structural proteins. Of the proteins upregulated, serine 

proteases inhibitors (serpins) are critically important for blood-feeding. Factor Xa inhibitor, 

previously described in Chapter 1, is a member of the serpin family of enzymes specific to Ae. 

aegypti (Stark & James, 1995). Matrix metalloproteinases (MMPs) present in mosquito saliva 

likely degrade specific mammalian host proteins that would impede feeding activity. MMP 

function in humans is essential for tissue remodeling, maintenance, and even protein release, 

including chemokines, cytokines, AMPs, and other bioactive molecules (Loffek et al., 2011); 

however, specific roles of many mosquito MMPs during transmission and their influence on 

cutaneous immunity in addition to blood-feeding has yet to be described.  

 Viruses induce gene expression changes in a host cell to prevent immunological 

defenses from restricting viral replication (Lyles, 2000). Naturally, gene expression changes in 

the mosquito vectors are also apparent. DENV infection in Ae. aegypti modulates 147 genes in 

the salivary glands, 130 of which are upregulated (Sim et al., 2012). Many of their described 

functions are related to metabolic processing, transport and stress response, cytoskeletal 

processes, tetraspanins, and immune-related genes (Sim et al., 2012). Interestingly, 

chemosensory protein expression, such as odorant-binding proteins (OBPs) and pheromone-

binding serine/threonine kinases, is also modulated. Gene silencing of OBPs, proteins abundant 

in the sensory organs including antennae and maxillary palps of mosquitoes, increased 

mosquito probing time suggesting elevated OBPs after DENV infection increases the host-
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seeking ability of Ae. aegypti (Sim et al., 2012). Our study showed that CHIKV-induced salivary 

gland cell gene expression changes modulated the expression of several categories of proteins. 

Of the transcripts upregulated, 13% encoded secreted proteins that play a role in blood feeding, 

digestion, and a more elusive role in pathogen transmission. CHIKV infection also modulates 

the expression of 267 midgut genes in Ae. aegypti after a CHIKV-infected saline meal, an 

infectious meal that limits the induction of genes related to blood meal digestion (Dong et al., 

2017). Our results also align with other analyses of CHIKV-infected salivary glands (Tchankouo-

Nguetcheu et al., 2012). Two-dimensional gel electrophoresis followed by mass spectrometry 

found SAAG-4 expressed in CHIKV-infected salivary glands, yet no further investigation was 

completed until the studies presented in this chapter (Tchankouo-Nguetcheu et al., 2012).  

NIH435-24 is upregulated 2.7 and 2.2-fold by CHIKV infection in Ae. aegypti salivary 

glands at 3d and 5d post-infection. respectively (Tchankouo-Nguetcheu et al., 2012). This 

agrees with our results showing the splice variant upregulated 3.6-fold at 10dpi. The slight 

difference may be due to their use of two-dimensional gel electrophoresis and mass 

spectrometry while we used a transcriptomic approach. Despite this discovery, the role of 

NIH435-24 during CHIKV transmission has yet to be described. We found NIH435-24 

individually enhanced CHIKV replication in a CHIKV target skill cell when added to the cell 

culture. It is unclear the exact mechanism of specific interaction this individual protein may have 

on CHIKV virions to enhance replication; however, NIH435-24 elicits an effect on subcutaneous 

fibroblast-like cells in culture, which may be enhanced in the context of the whole saliva. We 

have yet to understand how specific salivary proteins, such as NIH435-24, interact with virions 

or other salivary proteins at a physiological concentration in whole saliva before and during 

transmission. Although the components of saliva may be present together in the mosquito, 

effects on mammalian cells will only be observed during transmission. 
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Figure 3.4. NIH435-24 and SAAG-4 Modulate CHIKV Replication Kinetics in Human Skin Fibroblast-
Like Cells. Schematic diagram showing in-vitro CHIKV kinetics more closely following physiological 
transmission. 1) Infected Ae. aegypti deliver between 103-105 virions to a bite site of an unknown 
number of cells. Infection at 0.1 MOI reflects the ratio of virions to skin cells at the bite site. 2) 
Mosquitoes contain 1-3µg of protein in their total saliva content and deliver approximately half or most 
of this content into a mammalian host. To mimic physiological conditions, we chose a low (1µg) and a 
high (10µg) concentration of individual proteins to mimic a small or large portion of mosquito salivation 
in the host. 3) virus and recombinant proteins or SGE were incubated at arthropod physiological 
temperature 27°C for 1h. 4) virus and protein aliquots were added to human skin fibroblast-like cells for 
2h to mimic infection with virus delivered with salivary proteins. Cells were incubated at 37°C to mimic 
human physiological temperature. 5) unbound virus was removed, and cell monolayers were washed 
with 1x PBS. 6) protein content was replenished as salivary proteins remain present after virus 
endocytosis. 7) aliquots of culture media were harvested at 24h time intervals for CHIKV RNA 
quantification. 
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Figure 3.5. NIH435-24 and SAAG-4 Modulate CHIKV Replication Kinetics in Human Skin Fibroblast-
Like Cells. HFF-1 human skin foreskin fibroblast-like cells seeded in 24-well plates were infected with 
CHIKV at 0.1 MOI after being pre-incubated with 1µg (left column) or 10µg (right column) of SGE (A), or 
recombinant proteins (B, C, and D). After virus adsorption (2h) and washing cell monolayers, additional 
protein, either 1µg or 10µg, was added to each replicate (n=6/group) according to their respective 
group. Culture media aliquots were taken at 0h, 24, 48h, and 72h post infection and quantified using 
qRT-PCR and CHIKV-specific primer probe set and quantified according to a standard curve of a 
known titer stock. FFUs were normalized to mass of RNA in each reaction with significance determined 
using a 2-way ANOVA with Šidák’s multiple comparisons test in GraphPad Prism 9.1.2. 
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Interestingly, NIH435-24 also referred to as NeSt1, is known to be immunogenic and 

relevant during ZIKV transmission by recruiting neutrophils to the site of infection (Hastings et 

al., 2019). Mosquito bites normally recruit myeloid cells to the area of infection by inducing mast 

cell degranulation, influx, and activation of neutrophils leading to the recruitment of monocytes, 

a flavivirus susceptible cell type (Demeure et al., 2005; Fontoura et al., 2021; Pingen et al., 

2017). NIH435-24 (NeSt1) induces IL-1β, CCL2, and CXCL2 in mouse neutrophils eliciting a 

pro-inflammatory response and recruitment of monocytes to the site of infection (Hastings et al., 

2019). NIH435-24 (NeSt1) has yet to be studied in alphavirus infection; however, this salivary 

protein may exhibit a similar effect on skin cell populations since monocytes and macrophages 

are also susceptible to CHIKV infection (Kafai et al., 2022). Despite the increased CHIKV 

replication by NIH435-24 (NeSt1), NIH435-22 did not affect CHIKV replication in culture on 

human fibroblast-like cells. Further investigation is necessary to determine if either protein 

interacts with other mammalian CHIKV susceptible cell types in the skin.  

Study Limitations 

Several caveats are necessary to address within this study. First, studying salivary 

proteins in vitro requires several steps to imitate a dynamic in vivo process accurately. When 

assessing the impact of recombinantly expressed salivary proteins on CHIKV replication, our 

study design allowed exposure of the virus to proteins to imitate potential physiological 

interactions. Although specific interactions between salivary proteins (SAAG-4, NIH435-24 

[NeSt1], and NIH435-22) and CHIKV virions are not yet characterized, the virus resides in saliva 

and replicates in salivary gland cells for days prior to transmission to a mammalian host. During 

the transmission event, mosquitoes deliver 103-105 PFU of a virus into the bite site (Cox et al., 

2012; Styer et al., 2007); however, this infectious dose is delivered to an unknown number of 

cells at the bite site. Although we can quantify the number of cells in a small biopsy or in a 

culture dish, the number of cells exposed to mosquito saliva during probing is a gap in our 
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understanding of VBD transmission. Since the skin is a three-dimensional system and the 

number of cells at the bite site is greater than the amount of virus delivered, we infected skin 

fibroblasts at a 0.1 multiplicity of infection. High concentrations (10µg) of NIH435-24 and SAAG-

4 modulated CHIKV replication in a fibroblast culture. Increased replication at 24h post-infection 

with NIH435-24 suggests an interaction with virions which may aid infection. SAAG-4 

substantially inhibited replication of CHIKV at 24h and 48h post-infection compared to untreated 

and BSA-treated control groups.  

Secondly, CHIKV detection was performed through RNA isolation of culture media 

aliquots of the respective cohorts at each time point post-infection. Although this accurately 

detects newly synthesized CHIKV genomes from virions shed into the culture media, specifically 

sense strands, this methodology does not account for virions synthesized in the cell yet to be 

released via cell lysis. An alternative to this detection method would be to isolate total RNA from 

cells and media of each replicate in the group to perform the same CHIKV detection. Although 

this would substantially increase the total number of cells, total protein for each replicate, and 

SGE necessary for the assay to be performed, this would give us a good indication of the  

 Lastly, studying these salivary proteins individually only provides a glimpse into the 

physiological context in which these proteins operate. A method to validate the discovered 

impact of a single protein would be to use a knock-down RNAi approach specific to the gene of 

interest. For example, dsRNA injections specific for NIH435-24(NeSt1) into Ae. aegypti would 

knock down the expression of its target. It would be possible to isolate SGE from RNAi-treated 

mosquitoes and not only verify efficient knockdown but also utilize SGE from dsRNA-treated 

mosquitoes compared to WT SGE to determine if the knockdown approach diminishes the 

effect of SGE-dependent CHIKV replication enhancement.  

Conclusion 
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Despite these caveats within the study, our data shows the dynamic ability of mosquito salivary 

proteins to modulate CHIKV replication. Although our proteins SAAG-4 and NIH435-24(NeSt1) 

modulate CHIKV replication in opposite ways, more investigation is necessary to understand 

how the proteins influence arbovirus infection and dissemination in vivo. Continued research 

into the mechanisms of salivary protein interactions will allow us to understand arbovirus 

transmission biology and formulate novel countermeasures.  
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Table 3.1. Ae. aegypti salivary protein candidates used for assessing impact on CHIKV 
replication 

 

 

 

 

 

 

 

 

 

  

Proteins of 

Interest 
Gene Loci 

GenBank 

Identification 
Description 

MW 

(kDa) 

SAAG-4 AAEL010228 AF466608.1 30kDa allergen-like protein 30 

NIH435-22 AAEL003107 EAT45636.1 Gsg5 Type mucin 42 

NIH435-24 AAEL003601 AAL76018.1 
Putative 34kDa secreted 

protein – allergen related 
34 
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Supplementary Figure S3.1. (A) Signal peptide Prediction and Sequence Truncation of 
SAAG-4. SignalP 5.0 software was used to predict the secretion signal peptide cleavage site 
for SAAG-4. Signal sequence was predicted to end at amino acid 20-21 (R-P). Therefore, 
we truncated the SAAG-4 DNA sequence (B) to remove the secretion signal peptide (yellow) 
and express the remaining coding sequence (green) in insect cells. 
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Supplemental Figure S3.2. PCR Verification of SAAG-4 Positive Clones in pFastBac/NT-TOPO 
Vector as a Donor Plasmid. PCR products of crude colony PCR using insertion primers designed to 
amplify plasmid regions flanking the SAAG-4 insertion. PCR products were ran on a 1.2% agarose gel 
at 100V for 83 minutes. Bands at ~850bp denote positive transformant and lanes with red arrows 
denote candidates which were used for overnight culture.   
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Supplementary Figure S3.3 Sanger Sequencing of Recombinant SAAG-4 in Donor 
Plasmid pFastBac/NT-TOPO. The expected coding sequence (red bar) was matched by 
sanger sequence using forward and reverse primers to polyhedrin and SV40 sites in the 
plasmid. Sanger results (lower blue chromatograms) overlap coding sequence and show 
expected coverage of proper sequence insertion. Analysis was performed using Geneious 
Prime Software version 2022.2.1.  
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Supplementary Figure S3.4. PCR Verification of Proper Bacmid Insertion Using M13 
Primer Set. PCR amplicons ran on a 1.2% agarose gel using pUC/M13 Forward and 
pUC/M13 Reverse primers after bacmid transformation. Primers simplify a specific region in 
the recombinant bacmid DNA that includes the gene insert. Amplicon is expected to be 
~2440 plus SAAG-4 (721bp) (3161bp total). Lanes 1 and 2 show amplicons from colony 
PCR after DH10Bac transformation and proper SAAG-4 insertion.  
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Supplementary Figure S3.5. CHIKV Growth Kinetics in HFF-1 Cells with 10µg of Bovine 
Serum Albumin.  HFF-1 human skin foreskin fibroblast-like cells seeded in 24-well plates 
were infected with CHIKV at 0.1 MOI after being pre-incubated with 10µg BSA. After virus 
adsorption (2h) and washing cell monolayers, additional protein (10µg) was added to each 
replicate (n=6). Culture media aliquots were taken at 0h, 24, 48h, and 72h post infection and 
quantified using qRT-PCR and CHIKV-specific primer probe set and quantified according to 
a standard curve of a known titer stock. FFUs were normalized to mass of RNA in each 
reaction with significance determined using a 2-way ANOVA with Šidák’s multiple 
comparisons test in GraphPad Prism 9.1.2. 
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Chapter Introduction 

This chapter contributes to the thesis aim of investigating the presence of small non-

coding siRNAs in CHIKV-infected Ae. aegypti saliva. The presence of miRNAs in CHIKV-

infected Ae. aegypti saliva is understood, yet siRNAs in saliva are yet to be investigated. Our 

findings demonstrate the existence of 21-nt siRNAs in Ae. aegypti saliva, their targeted 

positions on the CHIKV genome, and modulation of replication of CHIKV in vitro. This discovery 

raises exciting implications for mosquito biology and the maintenance of arboviruses in 

mosquito salivary glands. 

Statement of Acknowledgement 

 The following work requires credit to the following individuals for their contribution to the 

study: Jahnavi R. Bhasker, Brandon Marzullo, Ivona Petzlova, and Drs. Payal D. Maharaj, 

Steven G. Widen, Jing Huang, Thomas G. Wood, Donald Yergeau, and Saravanan 

Thangamani.  

Introduction 

 Gene repression or silencing through interfering RNA (RNAi) is a process accomplished 

by three major classes of small RNAs, short interfering RNAs (siRNAs), microRNAs (miRNAs), 

and PIWI-interacting RNAs (piRNAs) (Miesen et al., 2016). These small non-coding RNAs are 

generated by a specific group of enzymes and differentiated predominately by length (K. J. 

Lucas et al., 2013). In insects, piRNAs are generated from distinct loci termed piRNA clusters, 

also known as hotspots (Czech et al., 2018; Miesen et al., 2016). piRNA precursors, also known 

as primary piRNAs, are processed through a mechanism independent of Dicer (Dcr) RNase 

enzymes to form 24-30nt segments that play a role in antiviral defense (S. W. Ding & Lu, 2011; 

Hess et al., 2011; K. J. Lucas et al., 2013). miRNAs are generated through a multi-step 

transcription process initiated by RNA pol II transcribing miRNA genes resulting in the 
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generation of primary miRNAs (pri-miRNAs). Processing by Drosha and Pasha, an RNase III 

enzyme and dsRNA binding protein, respectively, yield precursor miRNAs (pre-miRNAs) which 

are chaperoned into the cytoplasm (K. J. Lucas et al., 2013). Cleavage by Dcr-1 leads to the 

formation of mature 22-24nt miRNAs that are loaded onto the RNA-induced silencing complex 

(RISC) with Ago-1 for guided translational repression of complementary mRNAs with partial 

mismatches (Czech et al., 2008; K. J. Lucas et al., 2013; Merkling & van Rij, 2013). Shorter 21nt 

siRNAs are generated by cleavage of exogenous or endogenous dsRNA in the cell by the 

RNase III enzyme Dcr-2, typically accomplished in the cytoplasm. siRNA segments are 

incorporated into the RISC with the Ago-2 for guided mRNA recognition of fully complementary 

mRNAs for translational repression or degradation (K. J. Lucas et al., 2013).  

siRNAs play a critical role in insect antiviral defense as these invertebrates contain no 

type of adaptive memory. Exogenous sources of dsRNA include replicative intermediates of 

RNA viruses such as CHIKV. Several studies have demonstrated arbovirus infection results in 

the production of virus-derived siRNAs, termed vsiRNAs, by Samuel and colleagues (Léger et 

al., 2013; Myles et al., 2009; Samuel et al., 2018; Schnettler et al., 2013). Removal of Dicer 

proteins or suppression of the RNA silencing pathway results in decreased vsiRNA levels 

leading to increased viral loads and increased pathogenicity and mortality in insects, including 

mosquitoes (K. J. Lucas et al., 2013; Morazzani et al., 2012; Myles et al., 2008, 2009). Thus, it 

has been proposed that vsiRNAs regulate viral RNA levels in the mosquito host cells, allowing 

for continued viral transmission and maintenance of viral replication cycles in nature (K. J. 

Lucas et al., 2013; Myles et al., 2009). 

CHIKV transmitted by mosquitoes is delivered to the mammalian host with saliva at the 

bite site. The role of mosquito salivary proteins in modulating host immune responses and virus 

transmission has been well documented and the focus of the previous chapter (Boppana et al., 

2009; Bryden et al., 2020; Lefteri et al., 2021; McCracken, Christofferson, Chisenhall, et al., 
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2014; Pingen et al., 2016, 2017; Styer et al., 2006; Thangamani et al., 2010). Furthermore, 

small RNAs, including specific novel miRNAs detected in CHIKV-infected Ae. aegypti and Ae. 

albopictus saliva and in vitro silencing studies in both mosquito and mammalian cells 

demonstrated the modulatory effects of select miRNAs on CHIKV replication (Maharaj et al., 

2015).  

In this chapter, we report the unique identification of vsiRNAs from the saliva of CHIKV-

infected Ae. aegypti mosquitoes, the primary vector for CHIKV transmission to humans. Next-

generation sequencing of small RNA libraries from CHIKV-infected Ae. aegypti saliva revealed 

the presence of 21nt vsiRNAs spanning the entire CHIKV genome, with high expression of 

vsiRNAs in specific loci. Inhibition of highly expressed vsiRNAs resulted in attenuated viral 

replication in mosquito and mammalian cells, suggesting an essential role for these saliva 

vsiRNAs in regulating CHIKV replication and transmission in the vertebrate host. 

Materials and Methods 

Cells and Viruses 

Vero cells (ATCC CCL-81), Vero E6 cells (ATCC CRL-1586), and L cells (ATCC CRL-

2648) were cultured in Dulbecco’s modified eagle medium (DMEM) supplemented with 10% HI-

FBS 1% penicillin-streptomycin in a humidified incubator set to 37°C with 5% CO2. The C6/36 

(Ae. albopictus) cell line was maintained in Leibowitz’s media (Invitrogen) supplemented with 

10% FBS and 1% penicillin-streptomycin at 28°C without CO2. AAG2 Ae. aegypti cells were 

grown in Schneider’s Drosophila media supplemented with 10% FBS and 1% penicillin-

streptomycin inside a 27°C humidified incubator without CO2, while C6/36 cells were cultured in 

Leibovitz L-15 media supplemented with 10% FBS and 1% penicillin-streptomycin and 

incubated in the same environmental conditions. A CHIKV LR2006 OPY1 infectious clone 

expressing 5’-GFP, provided by Dr. Stephen Higgs(K. Tsetsarkin et al., 2006), was cultured for 
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four passages in Vero vells and then twice on C6/36 cells. Virus titers were obtained on Vero E6 

cells.   

Mosquito Rearing, Infection, and Saliva Collection 

Aedes aegypti (La Réunion strain) were maintained at 28°C at a 14:10 h (Light: Dark) 

photoperiod with a 10% sucrose solution to feed ad libitum. One hundred 3-to-5-day-old female 

mosquitoes were cold-anesthetized and intra-thoracically inoculated with approximately 0.1µL 

inoculum containing CHIKV at 4.6 TCID50/mL. Mosquitoes were separated based on the 

presence of GFP fluorescence in the thorax after injection and maintained at 28°C with 10% 

sucrose supplied ad libitum at a 16:8 (L:D) photoperiod. Uninfected controls were injected with 

uninfected DMEM media supplemented with 2% FBS and 1% penicillin-streptomycin. At 10 

days post-inoculation (d.p.i), 50 infected and 50 uninfected control mosquitoes from each 

species were cold-anesthetized, and saliva was collected by inserting the proboscis into a 

capillary tube containing 10µL of immersion oil as previously described (Anderson et al., 2010). 

Mosquitoes were allowed to salivate for 30 minutes at room temperature. Mosquito saliva was 

pooled according to mosquito species and testing group, mixed with 250µL of DMEM 

supplemented with 20% HI-FBS and 1% penicillin/streptomycin (100U/mL and 100µg/mL, 

respectively), and stored at -80°C until further processing.  

Small RNA extractions  

Small RNAs from the pooled mosquito saliva were isolated using a combination of 

Qiazol Lysis Reagent (Qiagen #79306) and a miRNeasy Kit (Qiagen #217004). Briefly, 250µL of 

Qiazol (Qiagen) was added to the pooled mosquito saliva samples and stored at -20°C until 

further use. Samples were thawed, and 150µL of chloroform was added to each sample and 

shaken vigorously for 30 seconds. The samples were then centrifuged for 15 minutes at 12,500 

x g at 4°C, after which the aqueous top layer was transferred to spin columns for miRNA 
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extraction per the manufacturer’s protocol. The miRNAs were eluted from the spin columns by 

adding 14µL of nuclease-free water.  

Small RNA sequencing  

The Illumina TruSeq SmallRNA kit was used to prepare libraries of the microRNA 

samples. Briefly, unique short adaptors were ligated to the 5’ and 3’ ends of short RNAs. 

Reverse-transcription and PCR were used to add the full-length adaptors required for Illumina 

sequencing, followed by gel purification of the size-specific templates. Samples were tracked 

using “index tags” incorporated into the adapters. Library quality was evaluated using an Agilent 

DNA-1000 chip on an Agilent 2100 Bioanalyzer. The library DNA template was quantified using 

qPCR and a known-size reference standard. Cluster formation of the library DNA templates was 

performed using the TruSeq PE Cluster Kit v3 (Illumina) and the Illumina cBot workstation using 

conditions recommended by the manufacturer. Template input was adjusted to obtain a cluster 

density of 700-850 K/mm2. Fifty base sequencing by synthesis was performed using TruSeq 

SBS kit v3 (Illumina) on an Illumina HiSeq 1000 using protocols defined by the manufacturer. 

The miRDeep2 software package was used for the initial processing of the small RNA reads 

(Friedländer et al., 2012). Briefly, adapter sequences were removed from the 3’ ends of the 

reads, and any trimmed reads under 18 nucleotides long were discarded. Reads were mapped 

to the reference (CHIKV genome, accession number DQ443354) using the short-read aligner 

Bowtie2 (Langmead & Salzberg, 2012). Mapped reads were filtered and quantified by size using 

in-house scripts. 

CHIKV Growth Kinetics in Human and Mosquito Cells Using Specific vsiRNA Inhibitors  

Small RNA inhibitors have been used by other groups as a method of complementary 

binding of small RNAs to silence or knock down the effects of small RNAs in vitro (Hussain et 

al., 2012; Siu et al., 2011). Anti-vsiRNA oligos (inhibitors) were designed to reverse complement 



94 
 

sequences of the hotspot vsiRNAs, VIR-161, VIR-2492, VIR-7451, VIR-10412 and VIR-11742 

(Table 2) to investigate the role of vsiRNAs on CHIKV replication. These vsiRNAs were selected 

as they had the highest read counts indicating hotspots along the CHIKV genome and based on 

their targeting of specific nonstructural proteins important for CHIKV replication (Table 2). A 

control oligo (Scramble) with a random sequence was designed based on a previous study 

(Hussain & Asgari, 2014). The commercially synthesized oligos (Integrated DNA Technologies) 

included a 2’ O-methylation in the design to ensure more efficient binding of the synthetic 

vsiRNAs with their intended targets.  

Both Ae. aegypti-derived AAG2 cells and mammalian subcutaneous fibroblast-like cells 

were seeded in 24-well plates sub confluency and transfected in triplicate with 100 nanograms 

of each anti-vsiRNA sponge using Cellfectin or Lipofectamine 3000 lipid transfection reagents, 

respectively. The control group was transfected with the Scramble sequence control. Cells were 

re-transfected 24 hours later and infected with CHIKV at 0.01 MOI 72 hours post the first 

transfection. After 1-hour of virus adsorption and a single wash with 1x PBS, the total volume 

was brought to 0.5 mL and incubated at either 27°C or 37°C for AAG2 cells or L cells, 

respectively. An aliquot of 50 µL was collected daily from each replicate, and added to 150 µL 

Trizol LS reagent stored at -80°C until further processing.  

qRT-PCR Detection of CHIKV 

CHIKV detection was performed using forward primer CHIKV 6856 5’-

TCACTCCCTGTTGGACTTG ATAGA-3’, reverse primer CHIKV 6981 5’-

TTGACGAACAGAGTTAGGAACATACC-3’, and CHIKV probe CHIKV 6919 5’-FAM-

AGGTACGCGCTTCAAGTTCGGCG-Black Hole Quencher-3’ as previously established 

(Lanciotti et al., 2007). BioRad iTaq Universal Probe Kits (BioRad# 1725141) were used 

according to the manufacturer’s specification with the following cycling parameters 10 min at 

50°C reverse transcriptase reaction, 3 min at 95°C polymerase activation and denaturation, then 
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40 cycles of 15-sec denaturation at 95°C, 30-sec annealing, and extension at 60°C with a plate 

read step. Relative genome equivalents were calculated based on a standard curve from a 

stock of CHIKV with a known titer as performed previously (Esterly et al., 2022a). PCR 

efficiency was measured at ~93% (slope: -3.5) with a trendline coefficient of correlation to be 

0.9998. Statistical significance was determined by 2-way ANOVA using GraphPad Prism 9.1.2. 

Results 

Detection of CHIKV-Derived Small RNAs in Ae. aegypti Saliva  

To investigate small RNA populations in the saliva of CHIKV-infected and uninfected Ae. 

aegypti, next-generation sequencing was performed on small RNA (>200nt) extracted with total 

RNA from mosquito saliva. Small RNA libraries were aligned with the CHIKV genome to identify 

potential virus-derived small noncoding RNAs (vsiRNAs). Less than 1% of the Ae. aegypti small 

RNA library aligned with the CHIKV genome with 23710 (Table 1). The 21nt vsiRNAs were most 

abundant and constituted 59% of the CHIKV Ae. aegypti library (Figure 4.1A) with the positive 

sense vsiRNAs showing higher frequency than negative sense vsiRNAs. In Ae. aegypti saliva, 

approximately 61% of the vsiRNAs aligned to the positive sense strand while 39% matched the 

negative sense strand (Figure 4.1b). Small RNA reads from uninfected saliva did not align with 

the CHIKV genome, indicating that the CHIKV-derived exogenous small RNAs in saliva were 

not an artifact (data not shown). CHIKV-derived small noncoding RNAs were distributed 

throughout the genome (Figure 4.2); however, the frequency of negative sense vsiRNAs was 

slightly lower and less densely distributed compared to the positive sense vsiRNAs (Figure 

4.2b,c). The vsiRNA hotspots from Ae. aegypti saliva mapped to the NSP1 (25%), NSP2 (29%), 

E1 (5%), and NSP4 (4%), genes followed by the 3’UTR (4%) of the CHIKV genome library 

(Figure 4.2a). Interestingly, the highest expressing vsiRNA in NSP1, for both mosquito species, 

was a negative sense vsiRNA at position 161. The NSP2 also had a highly expressed negative 

sense  
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Figure 4.1. Size and Strand Distribution of Chikungunya virus-derived siRNAs (vsiRNAs) in 
Ae. aegypti saliva. Small RNA libraries from CHIKV-infected mosquito saliva collected at 10 
days post-infection were mapped to the CHIKV genome. (A) Of the mapped reads, a high 
proportion were 21nt in length. (B) Reads were separated based on strand specificity and 
showing both sense and antisense 21nt mapped reads.  

A 

B 
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Figure 4.2. CHIKV-Derived vsiRNAs Map to Distributed Positions Across the Virus Genome. 
(A) CHIKV derived vsiRNAs mapped across the viral protein and untranslated regions with 
most of the reads mapping to viral protein nsP1 and nsP2. (B) Sense strand mapped reads 
showing abundance of reads to individual hotspot on the virus genome. (C) Antisense strand 
mapped reads showing abundance of reads to individual hotspots on the virus genome.  
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vsiRNA at position 2492. Highly expressed positive sense vsiRNAs aligned to CHIKV genomic 

positions 7451, 10412, and 11742, which belong in the noncoding junction region, the E1 gene, 

and the 3’ UTR, respectively (Table 4.1). 

CHIKV-Derived Small RNAs Modulate CHIKV Replication  

Anti-vsiRNA oligos were transfected into mammalian skin fibroblast-like cells (Figure 4.3, 

4.4) and mosquito-derived cells (Figure 4.5, 4.6) to investigate the effect of saliva vsiRNAs on 

CHIKV replication over time in both the invertebrate and mammalian host. In both cell lines, 

there were no significant differences in CHIKV titers among CHIKV only, mock-transfected + 

CHIKV, and Scramble-control cells (data not shown). Therefore, CHIKV replication in the 

presence of vsiRNA inhibitors was compared to CHIKV with the Scramble control oligo. vsiRNA 

inhibitors transfected into mosquito cells showed that vsiRNA-7451 inhibitor decreased the 

CHIKV titer from 106
 to 105 FFU equivalents (Figure 4.5) by 48h post-infection. Other transfected 

inhibitors did not modulate CHIKV titers at any other timepoint relative to Scramble transfected 

controls. No differences in CHIKV replication were seen using the mammalian fibroblasts-like 

cell line indicating these vsiRNAs likely only exert an effect on CHIKV replication in mosquito 

cells (Figure 4.3, 4.4).  

Under normal physiological conditions, vsiRNAs are present in combination in saliva during 

CHIKV infection. With this in mind, we transfected different combinations of vsiRNA inhibitors 

into each cell line at equal molarities to determine if a combination of vsiRNAs influenced 

CHIKV replication rather than any single. When using a combination of inhibitors for vsiRNA-

161, -2459, -7451, and -10412, we observed a similar decrease in CHIKV replication as seen 

previously with vsiRNA-7451. Other pools using the inhibitor for vsiRNA-7451 showed a similar 

trend yet did not have a statistically significant difference (Table 4.2).   
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Figure 4.3. CHIKV Growth Kinetics Using Specific vsiRNA Inhibitors in Mammalian Cells. 
Mammalian skin fibroblast-like cells were seeded in 24-well plates transfected with equimolar 
vsiRNA inhibitors and infected with CHIKV at 0.1 MOI. Culture aliquots were taken at 24h 
intervals beginning at t=0. Graphs show qRT-PCR data of focus forming units normalized to 
mass of RNA per reaction based on a standard curve generated from a known titer stock of 
CHIKV. Control group with Scrambled sequence control (orange) was compared to specific 
inhibitors (black) to determine significance using a two-way ANOVA with Šidák’s multiple 
comparisons test in GraphPad Prism 9.1.2.  
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Figure 4.4. CHIKV Growth Kinetics Using Specific vsiRNA Inhibitor Pools in Mammalian 
Cells. Mammalian skin fibroblast-like cells were seeded in 24-well plates transfected with 
equimolar vsiRNA inhibitors and infected with CHIKV at 0.1 MOI. Culture aliquots were 
taken at 24h intervals beginning at t=0. Graphs show qRT-PCR data of focus forming units 
normalized to mass of RNA per reaction based on a standard curve generated from a known 
titer stock of CHIKV. Pool#1 contains vsiRNA-161, -2492. Pool #2 contains vsiRNA-161, -
2492, -7451. Pool #3 contains vsiRNA-161, -2492, -7451, -10412. Pool #4 contains vsiRNA-
161, -2492, -7451, -10412, -11742. Control group with Scrambled sequence control (orange) 
was compared to specific inhibitors (black) to determine significance using a two-way 
ANOVA with Šidák’s multiple comparisons test in GraphPad Prism 9.1.2. 
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Figure 4.5. CHIKV Growth Kinetics Using Specific vsiRNA Inhibitors in Mosquito Cells. 
Mosquito cells were seeded in 24-well plates transfected with equimolar vsiRNA inhibitors 
and infected with CHIKV at 0.1 MOI. Culture aliquots were taken at 24h intervals beginning 
at t=0. Graphs show qRT-PCR data of focus forming units normalized to mass of RNA per 
reaction based on a standard curve generated from a known titer stock of CHIKV. Control 
group with Scrambled sequence control (orange) was compared to specific inhibitors (black) 
to determine significance using a two-way ANOVA with Šidák’s multiple comparisons test in 
GraphPad Prism 9.1.2.  
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Figure 4.6. CHIKV Growth Kinetics Using Specific vsiRNA Inhibitor Pools in Mosquito Cells. 
Mosquito cells were seeded in 24-well plates transfected with equimolar vsiRNA inhibitors and 
infected with CHIKV at 0.1 MOI. Culture aliquots were taken at 24h intervals beginning at t=0. 
Graphs show qRT-PCR data of focus forming units normalized to mass of RNA per reaction 
based on a standard curve generated from a known titer stock of CHIKV. Pool#1 contains 
vsiRNA-161, -2492. Pool #2 contains vsiRNA-161, -2492, -7451. Pool #3 contains vsiRNA-
161, -2492, -7451, -10412. Pool #4 contains vsiRNA-161, -2492, -7451, -10412, -11742. 
Control group with Scrambled sequence control (orange) was compared to specific inhibitors 
(black) to determine significance using a two-way ANOVA with Šidák’s multiple comparisons 
test in GraphPad Prism 9.1.2. 
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Discussion 

In the present study, CHIKV vsiRNAs were identified in the saliva of Ae. aegypti 

mosquitoes. Several factors confirmed the presence of vsiRNAs in this study. First, the CHIKV 

vsiRNA expression pattern in this study corresponded with vsiRNA patterns in CHIKV infected 

mosquito cells and mosquito tissues (Morazzani et al., 2012) and SINV infected Ae. aegypti 

(Myles et al., 2008) and DENV-infected AAG-2 cells (Scott et al., 2010). Secondly, the relative 

abundance of 21nt vsiRNAs in Ae. aegypti saliva indicated that the vsiRNAs were most likely 

the result of an exogenous siRNA pathway and Dcr-2 cleavage (Samuel et al., 2018; Scott et 

al., 2010). The vsiRNAs were predominantly 21mers and were distributed along the CHIKV 

genome targeting both positive-sense to negative-sense strands. Positive sense RNA viruses, 

including CHIKV, have both positive and negative strand intermediate where the ratio of positive 

to negative strands is asymmetrical during the replication process (K. J. Lucas et al., 2013; 

Parameswaran et al., 2010; Samuel et al., 2018).  

While the 21nt vsiRNAs were distributed across the CHIKV genome, several hotspots 

with high expression of specific vsiRNAs mapped to CHIKV-specific genes (Table 4.1). vsiRNA-

161, vsiRNA-2492, and vsiRNA-7451 mapped to non-structural proteins nsP1, nsP2, and nsP4, 

respectively. All three CHIKV proteins are involved in the replicase complex with a specific 

function during alphavirus replication. As described in Chapter 1, nsP1 protects nascent strand 

RNA by adding a 5’ cap. nsP2 contains a helicase domain, primes the nascent RNA for the 5’ 

cap reaction performed by nsP1, and facilitates host cell translational shut-off, while nsP4 is an 

RdRp (Rupp et al., 2015). vsiRNA-10412 and vsiRNA-11742 target the E1 protein and 3’ UTR, 

respectively, neither of which modulated CHIKV growth kinetics in either mosquito or 

mammalian skin fibroblast-like cells in our hands. Only the inhibitor to vsiRNA-7451 showed a 

modulatory effect on CHIKV replication in mosquito AAG2 cells. At 48h post-CHIKV infection, 

cells double transfected with inhibitors for vsiRNA-7451 had reduced accumulated CHIKV 
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genomes compared to Scramble transfected controls. In our case, it is apparent that CHIKV 

replication decreased after a specific vsiRNA was suppressed. 

CHIKV nsP1 and nsP2 are relatively large coding regions and make up over 30% of the 

genome. The presence of CHIKV hotspots in our study could be attributed to the possibility that 

these areas of the genome are more accessible to Dcr-2 cleavage or other RNAi pathway 

components (Brackney et al., 2009), in combination with the prevalence of available genome. 

Another explanation could be that these hotspots target specific regions of the CHIKV genome 

or the replicative intermediates for degradation by the host cell.  

Mosquitoes generate siRNAs against viruses as an antiviral immunity mechanism (K. J. 

Lucas et al., 2013; Samuel et al., 2018). An emerging field of study, with emphasis on the 

vector-pathogen interface, is the study of viral suppressors of RNA silencing. With a constant 

arms race between pathogens and their hosts, mammalian and invertebrate hosts, studies 

indicate viruses have evolved mechanisms of overcoming RNAi-based silencing in arthropods 

(Samuel et al., 2018). Transmission of error-prone and highly mutagenic arboviruses requires 

mosquito infections to be nonpathogenic or, at a minimum, not reduce the fitness or fecundity of 

the mosquito vector. Therefore, insect RNAi systems exert immense evolutionary pressure on 

replicating arboviruses to overcome insect defense. Compact genomes of mosquito-borne 

viruses, ~11.7kb in the case of CHIKV, encode very few proteins, many of which are 

multifactorial and contain different domains for specific functions. One function common to 

arbovirus proteins is the binding of RNA. However, these viral proteins must efficiently 

antagonize both highly sophisticated mammalian and insect immune pathways, including RNAi 

responses, to maintain replication levels and preserve virus viability and disseminate within the 

arthropod to continue transmission. As an example of virus suppression of RNAi, DENV 

infection in mammalian cells down-regulates mRNA levels of Dicer, Drosha, Ago1, and Ago2, 

while targeted silencing of these genes increased DENV replication (Kakumani et al., 2013), 
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indicating the importance of RNAi machinery but also an ability of DENV to inhibit an RNAi 

response.  

Further investigation showed that DENV nonstructural protein 4B (NS4B), from all four 

DENV serotypes, suppresses RNAi responses using its middle and C-terminal domains to 

interact with Dicer proteins, a way to suppress the biogenesis of siRNAs (Kakumani et al., 

2013). In this case, DENV NS4B acts as a viral suppressor of RNAi to increase replication titers 

and inhibit IFN expression (Muñoz-Jordán et al., 2003), further highlighting the multifactorial 

roles of arbovirus proteins. Another hypothesis of arbovirus evasion of RNAi is that non-coding 

sequences of the replicating genome act as decoys of antagonistic molecular sponges that 

competitively bind Dicer enzymes which prevent robust siRNA production against important viral 

proteins (Samuel et al., 2018; Schnettler et al., 2012). Our data shows ~4 to 5% of reads 

mapping to the 3’ UTR (Figure 4.2a) and suggests a potential role of these vsiRNAs as decoys.  

Study Limitations 

Although the percentage of vsiRNAs detected and mapped to CHIKV in this study was 

less than 1%, these vsiRNAs were extracted from the pooled saliva of fifty mosquitoes ensuring 

a sufficient RNA yield. A contributing factor to the low level of vsiRNAs could be our stringent 

focus on reads with a 100% match and disqualifying reads with slight mismatches to the CHIKV 

genome (Brackney et al., 2009; Myles et al., 2008). Despite these drawbacks, several studies 

demonstrate similar levels of vsiRNA populations from both mosquito cell culture and mosquito 

tissue, which supports the findings in this study (Brackney et al., 2009; Campbell et al., 2014; 

Hess et al., 2011; Hussain & Asgari, 2014; K. J. Lucas et al., 2013; Morazzani et al., 2012; 

Myles et al., 2008, 2009; Samuel et al., 2018; Schirtzinger et al., 2015). 
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Conclusion 

These results suggest that vsiRNAs are targeting the viral genome to regulate viral 

replication in mosquitoes, likely to preserve arthropod physiological fitness and reduce any 

pathological effect that may prevent CHIKV transmission. Despite this suggested function, and 

given that these vsiRNAs in this study were detected in mosquito saliva, the question of their 

potential role of vsiRNAs at the mammalian host bite site arises. Our in vitro assay in 

mammalian subcutaneous fibroblast-like cells did not significantly change CHIKV replication 

titers over time. It is possible for vsiRNAs to target host anti-viral mechanisms. Hussain and 

colleagues (Hussain et al., 2012) identified a WNV-encoded small RNA (Kun-miR-1) that is 

complementary to the stem-loop of the WNV (Kunjin strain) 3’ UTR, that targets and regulates 

levels of transcription factor GATA4. Furthermore, they found the precursor for Kun-miR-1in 

mosquito cells, lending some support to the idea of alternative binding sites of vsiRNAs in the 

mammalian host (Hussain et al., 2012). Further mechanistic studies of these saliva vsiRNAs in 

other skin cell types are required to investigate potential binding sites and to elucidate their 

respective roles in CHIKV replication in the mosquito and establishment in the mammalian 

host.To our knowledge, this is the first description of vsiRNAs in Ae. aegypti saliva. The results 

presented herein, demonstrate the potential significance of vsiRNA biogenesis and vsiRNA 

hotspots in the mosquito, raise questions about CHIKV transmission and pathogenesis, 

including, the sophistication of CHIKV proteins that may antagonize RNAi responses. 
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Table 4.1. Highly Expressed CHIKV vsiRNAs Mapped to Specific Genomic Regions 

 

 

 

 

Table 4.2. Summary of CHIKV Growth Kinetics Using vsiRNA Inhibitors  

  

Viral-derived siRNA Location on CHIKV Genome 
(nt) CHIKV Genome Region 

vsiRNA-161 161-182 nsP1 

vsiRNA-2492 2492-2513 nsP2 

vsiRNA-7451 7451-7472 nsP4 

vsiRNA-10412 10412-10433 E1 

vsiRNA-11742 11742-11763 3’ UTR 

Viral-derived siRNA Sequence 5’-3’ Modulation CHIKV 
Kinetics 

Mosquito or 
Mammalian Cell 

vsiRNA-161 AACCAAGGCAGGTCACACCGAA None --- 

vsiRNA-2492 CCAAGGCAGAAAGTTGTACTT None --- 

vsiRNA-7451 TTCGAGAAGCTCAGAGGACCC 48h Mosquito 

vsiRNA-10412 ATAACATCACTGTAACTGCCT None --- 

vsiRNA-11742 ATACCGAACTCTTCCACGATT None --- 

SCRAMBLE Control TCTACTCTTTCTAGGAGGTTGTGA --- --- 
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Chapter Introduction 

 This chapter contributes to future projects in the laboratory based on the previous work 

identifying small RNAs in CHIKV-infected mosquito saliva described in Chapter 4 and previously 

published (Maharaj et al., 2015). With the previously identified small RNA species in Ae. aegypti 

saliva, questions naturally arise such as the mechanism behind how intracellular molecules, 

such as small RNAs, are found in an extracellular environment such as saliva. Through several 

major discoveries in the field, we now know extracellular vesicles, including exosomes 

specifically, are involved in vector-borne pathogen transmission. This chapter introduces new 

techniques within the lab with a focus on describing the function and relevance of EVs to CHIKV 

transmission biology.  

Statement of Acknowledgement 

 The following work requires credit to the following individuals for their contribution to the 

study: Jahnavi R. Bhasker, Brandon Marzullo, Donald Yergeau, and Saravanan Thangamani.  

Introduction 

 Extracellular vesicles (EVs) are lipid-bound vesicles produced by cells and released into 

the extracellular space (Kalluri & LeBleu, 2020; Nicolas & Goodwin, 2019). Several EV 

populations exist, including microvesicles (MVs), exosomes, and apoptotic bodies, which vary in 

size, function, content, and their pathway of origin or biogenesis (Nicolas & Goodwin, 2019). 

Contents of these EVs include a variety of molecules such as nucleic acids, lipids, and various 

proteins involved with cytosolic, metabolic, or plasma membrane function (Kalluri & LeBleu, 

2020; Kowal et al., 2014; Nicolas & Goodwin, 2019; Pegtel et al., 2010). Increasing evidence 

demonstrates the roles of EVs and exosomes specifically in disease pathogenesis (Altan-

Bonnet, 2016; Altan-Bonnet & Chen, 2015; Kerviel et al., 2021). Exosomes are secreted by all 

cell types and found in biological fluids such as plasma, serum, urine, and cerebral spinal fluid, 
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among others but more relevant to our studies, exosomes are also found in saliva (Kalluri & 

LeBleu, 2020; Kowal et al., 2014; Q. Li et al., 2019; Nicolas & Goodwin, 2019). The diversity in 

exosome cargo is achieved by cell membrane invagination that engulfing extracellular contents 

into an early endosome. Intracellular, early endosomes give rise to late endosomes and can 

undergo a second membrane invagination producing exosomes, also known as intraluminal 

vesicles, enveloped with a newly formed multivesicular body (MVB). MVBs release exosomes 

into the extracellular environment via exocytosis (Kalluri & LeBleu, 2020). Our focus is to 

determine the presence, cargo, and potential impact of these released EVs during CHIKV 

transmission.  

 Pioneering studying into the role of EVs in arbovirus transmission using Langat virus 

(LGTV), a tick-borne flavivirus typically used as a surrogate for Tick-Borne Encephalitis virus 

(TBEV) as it does not cause human infection, show LGTV-infected tick cells not only secrete 

exosomes with appropriate size range and surface markers but also harbor LGTV RNA and viral 

E and NS1 proteins (Zhou et al., 2018). Exosomes isolated from infected tick cells or mouse 

cortical neurons cause LGTV infection in naïve cultures and are an apparent mediator of virus 

transmission (Zhou et al., 2018). A similar study found that ZIKV-infected mouse cortical 

neurons utilize exosomes as a means of virus transmission between neuronal cells (Zhou et al., 

2019). ZIKV modulates the production and release of exosomes to facilitate infection and 

transmission to surrounding neurons suggesting neuronal cell death. Therefore, the neurological 

manifestations seen after ZIKV infection are partly due to exosome-mediated transmission 

(Zhou et al., 2019). More recently, tick EVs were found to be involved with blood feeding and 

promote distinct outcomes of infection with rickettsial agent Anaplasma phagocytophilum or a 

more lethal Francisella tularensis (Oliva Chávez et al., 2021). More importantly, Chavez and 

colleagues demonstrate an ability of tick EVs to dendritic epidermal T cells in the skin, 

suggesting EVs from infected arthropods have an immunomodulatory role in addition to their 
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function to act as a vehicle for virus transmission (Oliva Chávez et al., 2021). In this study, we 

seek to investigate the role of Ae. aegypti-derived EVs during CHIKV transmission. 

 A potential difficulty in obtaining mosquito salivary EVs is the volume of saliva necessary 

to extract EVs. We utilized in vitro organ cultures that have proven extremely useful for several 

fields of study, including vector-borne disease (Al-Lamki et al., 2017; de Souza, 2017; Esterly et 

al., 2022b). Organ cultures provide a more normal tissue environment than two-dimensional 

cultures and overcome organoid spontaneous cell organization on synthetic matrices (Al-Lamki 

et al., 2017). Organ cultures also more accurately represent disease-associated changes 

elicited after pathogen insult, which can be extremely useful in the case of VBDs. Tick salivary 

gland organ cultures introduced a new methodology for studying virus infection in tick salivary 

glands (Grabowski et al., 2017, 2019; Kendall et al., 2020). More importantly, arthropod salivary 

gland cultures have measurable metabolic activity, show replication of virus over time 

(Grabowski et al., 2017), and shed isolatable extracellular vesicles and exosomes into culture 

media, providing optimal vesicle isolation compared to saliva collection (Oliva Chávez et al., 

2021). Therefore, to investigate the role of EVs from mosquito salivary glands, we adopted an 

arthropod salivary gland culture and used the EVs from CHIKV infected salivary glands to 

determine infectivity, cargo, and, therefore, relevance in CHIKV transmission. We demonstrate 

CHIKV-infected Ae. aegypti salivary glands secrete EVs that contain small RNAs identified in 

Chapter 4 and previously in the field (Maharaj et al., 2015). Further investigation is necessary to 

determine the capacity of these EVs to carry CHIKV RNA, viral proteins, or complete virions.  

Materials and Methods 

Cell and Viruses 

Vero and Vero E6 cells were purchased from ATCC (CCL-81, CRL-1586) and cultured in 

DMEM with 10% heat-inactivated fetal bovine serum (FBS) with 1% antibiotics 
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(penicillin/streptomycin). CHIKV LR2006 OPY1 strain was obtained from the World Reference 

Center for Emerging Viruses and Arboviruses (WRCEVA, University of Texas Medical Branch, 

Galveston, Texas). CHIKV LR was cultured in Vero cells in DMEM containing 2% FBS for 3d 

with a substantial cytopathic effect. Passage 3 was used for mosquito infections and the 

generation of a standard curve. Focus forming assays (FFA) were used to obtain virus titers or 

quantify titers in tissues or blood meals (Rossi et al., 2012). 

Focus Forming Assays and Immunostaining 

Infectious assays to determine the infectivity of isolated EVs and to generate a standard 

curve were performed using focus forming assays (Rossi et al., 2012) on Vero E6 monolayers in 

24-well plates seeded to confluency. Ten-fold serial dilutions were prepared from samples and 

used to infect monolayers with 150µL infection volume for 1h incubated at 37°C. Cells were 

washed with 1x PBS and overlayed with 0.8% Methylcellulose containing 1% penicillin-

streptomycin, and 1% L-glutamine, then incubated for 2 days at 37°C + 5% CO2. The 

methylcellulose overlay was aspirated, and cell monolayers were washed with 1x PBS, followed 

by a methanol and acetone (1:1) fixation. Plates were allowed to air dry for 30min to 1h 

incubation at room temperature. Cell monolayers were permeabilized with 0.5% Triton X-100 in 

1x PBS and then washed three times with PBS with 0.05% Tween20 (PBST). Endogenous 

antigen was blocked using 5% goat serum diluted in PBST supplemented with 1% bovine serum 

albumin. Monolayers were incubated with CHIKV-specific murine hyperimmune ascites fluid to 

detect CHIKV antigen, followed by a goat anti-mouse IgG HRP conjugated secondary antibody 

(Biorad #1721011). Immunostaining was performed using the ImmPACT AMEC Red Substrate, 

Peroxidase (HRP) kit (Vector Laboratories #SK-4285), and foci were counted using a backlit 

light box and a light microscope. 

Mosquito Rearing, Infections, and Organ Culture 
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A colony of Ae. aegypti mosquitoes (isolated initially from Orlando, FL) was reared in 

humidified insect growth chambers at 27-28°C with a 14:10 L:D photoperiod. A 10% sucrose 

solution was supplemented with the mosquitoes as a carbohydrate source. Nine hundred 

female mosquitoes were separated into pint-size cartons when 3 to 5 days old. Infections were 

performed over a 3d period. Each infection consisted of 450 mosquitoes divided into triplicate 

cohorts for either a mock-infected or CHIKV-infected blood meal. Mosquitoes were starved 

overnight and subsequently fed using a Hemotek artificial blood feeding system using food-

grade sausage casing as a feeding membrane. Defibrinated sheep’s blood (Colorado Serum 

Company) was mixed with the virus at a 2:1 ratio (blood: virus or uninfected media). Mosquitoes 

were allowed to feed for 1h at room temperature, cold anesthetized, then separated based on 

feeding status. Only mosquitoes that fed to repletion were kept for the study.  

After the extrinsic incubation period, mosquito salivary glands were dissected, placed in 

L-15 Leibovitz media, and incubated for 24h at 27°C. After a 24h incubation, EVs were isolated 

from the media containing pooled salivary glands while the remaining salivary glands were 

homogenized and used for RNA isolation.  

Extracellular Vesicle Isolations, RNA Extractions, and small RNA Sequencing 

 EVs were isolated using a CapturEM Extracellular Vesicle Isolation Kit (Takara Bio 

#635741), which uses a lectin-based binding compound to isolate EVs from samples selectively. 

A second isolation was performed from an additional mosquito rearing and infection for small 

RNA isolation from EVs. Isolated EVs or dissected salivary glands were added to Qiazol for 

RNA extraction through Qiagen miRNeasy kits used according to the manufacturer’s 

specifications. RNA was eluted using 14µL RNase-free water for sequencing library preparation 

using an NEB Small RNA Library Preparation Kit (New England Bio Labs #E7330S).  
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Sequencing was performed on an Illumina NextSeq 550 using a NextSeq 500/550 High 

Output Kit v2 for 75 cycles generating 10 million reads per sample via single-read sequencing at 

the University of Buffalo Sequencing Core. Data were analyzed by the University of Buffalo 

Genomics and Bioinformatics Core.  

Bioinformatic Analysis 

Per-cycle basecall (BCL) files generated by the Illumina NextSeq 500 were converted to 

per-read FASTQ files using bcl2fastq version 2.20.0.422 using default parameters. The quality 

of the sequencing was reviewed using FastQC version 0.11.9. Detection of potential 

contamination was done using FastQ Screen version 0.14.1. FastQC and FastQ Screen quality 

reports were summarized using MultiQC version 1.9. The Illumina universal adapter sequences 

were detected, so adapter trimming was performed.  Trimming was performed using 

Trim_Galore version 0.6.6 and cutadapt 3.5. The target sequence was AGATCGGAAGAG. As 

the sequencing was performed on the NextSeq, which uses two-color chemistry, quality filtering 

was done using --nextseq-trim=20. Genomic alignments were performed to the reference 

AaegL1 using bowtie2 version 2.4.2 using the preset option –very-sensitive-local. This is based 

on a comparison of multiple aligners using a variety of presets. Sequence alignments were 

compressed and sorted into binary alignment (BAM) files using samtools version 1.12.  

Counting of mapped reads for genomic features was using Subread featureCounts 

version 2.0.0 using the parameters "featureCounts" "-T" "12" "-s" "1" "-t" "miRNA" "-g" "Name" "-

a" “MirBase-v22/aae.gff3" "-Q" "30". The annotation file specified with -a was the miRBase 

annotation aae.gff3. Alignment statistics and feature assignment statistics were summarized 

and reviewed using MultiQC. Differentially expressed small RNAs were detected using the 

Bioconductor package DESeq2 version 1.34.0. Statistical significance was assigned to those 

miRNAs with BH adjusted p-values <= 0.10. DESeq2 tests for differential expression using 

negative binomial generalized linear models, dispersion estimates, and logarithmic fold 
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changes. DESeq2 calculates log2 fold changes and Wald test p values as well as performs 

independent filtering and adjusts for multiple testing using the Benjamini-Hochberg procedure to 

control the false discovery rate (FDR). 

Detection and Quantification of CHIKV 

Absolute quantification of viral loads was performed using quantitative reverse 

transcriptase PCR (qRT-PCR) using a BioRad CFX96. Viral genomes were amplified with the 

BioRad One-Step Universal Probes kit using primers: CHIKV 6856 5’-TCACTCCCTGT-

TGGACTTATAGA-3’, reverse primer CHIKV 6981 5’-TTGACGAACAGAGTTAGGAACATACC-

3’, and CHIKV probe CHIKV 6919 5’-FAM-AGGTACGCGCTTCAAGTTCGGCG-Black Hole 

Quencher-3’ as previously established (Lanciotti et al., 2007). Cycling parameters were adjusted 

to the manufacturer’s recommendations as follows, 10 min at 50°C reverse transcriptase 

reaction, 3 min at 95°C polymerase activation and denaturation, then 40 cycles of 15-sec 

denaturation at 95°C, 30-sec annealing, and extension at 60°C with a plate read step. Relative 

genome equivalents were calculated based on a standard curve from a stock of CHIKV with a 

known titer (Thangamani et al., 2010). PCR efficiency was measured at ~93% (slope: -3.5) with 

a trendline coefficient of correlation (R2) of 0.9998. Statistical significance was determined by 2-

way ANOVA using GraphPad Prism 9.1.2. 

Electron Microscopy 

All electron microscopy sample preparation was performed at the electron microscopy 

core facility at the University of Texas Medical Branch facility by V. Popov as previously 

described in detail (Popov et al., 1995, 1998). 

miRNA PCR Detection of Small RNAs 

 Qiagen miScript miRNA PCR Arrays were used according to the manufacturer’s 

specifications to determine the presence of specific miRNAs in salivary gland-derived EVs. 
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(Table 5.1). miScript II RT kit (Qiagen #218161) was used for the reverse transcriptase reaction, 

followed by expression profiling using RT-PCR with the miScript SYBR Green PCR kit (Qiagen 

#218075) with the HiSpec buffer and RNU6B/RNU6-2 control to determine relative 

quantification levels of small RNAs using the ΔΔCt method.  

Results  

Mosquito Saliva Contains Exosomes 

 Before culturing mosquito salivary organs, we elected to salivate mosquitoes and verify 

the presence of EVs. Saliva was collected from 100 four- to six-day-old mosquitoes used for EV 

isolation (Anderson et al., 2010). Transmission electron microscopy was performed on the 

eluted EV population, and lipid spheres within the 30-200nm size range were found in the eluant 

(Figure 5.1a). Saliva was collected from one hundred uninfected Ae. aegypti to determine the 

presence of exosome-specific markers as previously described (Anderson et al., 2010). 

Immunoblot analysis showed the presence of exosome-specific tetraspanins marker CD81 in 

Ae. aegypti saliva with whole mosquito lysate as a positive control (Figure 5.1b). By verifying the 

existence of EVs in saliva, we justified the organ culture to isolate a larger volume of EVs.   

EVs from CHIKV-Infected Mosquito Salivary Glands Contain Previously Identified Small RNAs.  

Human small RNAs, including miRNAs, are packaged within exosomes and shed in 

various bodily fluids, including saliva (Gallo et al., 2012; Kalluri & LeBleu, 2020; Pegtel et al., 

2010). Based on previous findings (Chapter 4) (Maharaj et al., 2015) of small RNAs in CHIKV-

infected saliva, we sought to investigate how naturally intracellular RNAs were isolated from an 

extracellular-type fluid such as saliva and by what mechanism these small RNAs protected in 

such an environment. To determine if CHIKV-infected mosquito salivary EVs contain previously 

identified miRNAs, 900 Ae. aegypti female mosquitoes were separated into two cohorts to be  
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α-CD81 

Figure 5.1. Transmission Electron Micrograph (TEM) and Immunodetection of Exosomes in 
Ae. aegypti Saliva. (A) TEM image of a vesicle isolated from Ae. aegypti saliva. (B) 
Detection of CD81 tetraspanin marker in homogenized whole mosquitoes and saliva isolated 
from Ae. aegypti.  

A B 
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Figure 5.2. Experimental Design of Salivary Gland Ex vivo Culture. Nine hundred female Ae. 
aegypti mosquitoes were separated into cohorts of 450 mosquitoes each. Each cohort was 
subdivided into three pools of 150 mosquitoes each representing three biological replicates. 
Mosquito cohorts were fed a mixture of defibrinated sheep’s blood and uninfected DMEM 
culture media or purified CHIKV in DMEM culture media. Mosquitoes that fed to repletion 
were kept in the study and incubated for 10d to allow CHIKV dissemination to the salivary 
glands (SGs). SGs were dissected and cultures in mosquito cell culture media for 24h prior 
to extracellular vesicle isolation.  
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mock- or CHIKV-infected. Artificial blood meals were spiked with either uninfected DMEM media 

(mock) or purified CHIKV cultured in DMEM media at a 2:1 ratio. Each cohort of 450 mosquitoes 

was separated into three biological replicates made up of 150 mosquitoes. Biological replicates 

of salivary glands were incubated for 24h in mosquito cell culture media supplemented with FBS 

depleted of exosomes to not introduce unwanted exosomes into the assay as performed 

previously (Oliva Chávez et al., 2021). EVs were isolated from both mock- and CHIKV-infected 

samples, while salivary glands were homogenized for downstream analysis. RT-PCR performed 

on RNA extracted from both eluted EVs, and homogenized salivary gland lysate showed 

miRNAs aae-miR-12, aae-miR375, and aae-mir-2940 to be increased in expression after CHIKV 

infection. miRNAs aae-miR-125 and aae-miR-184 were less of an apparent fold increase after 

CHIKV infection with variation between biological replicates. vsiRNAs previously identified were 

also present in RNA extracted from the EV eluant. vsiRNA-184, -7451, -10412, and -11742 

were all upregulated in expression, which mirrors data presented in Chapter 4.  

 To further confirm the presence of small RNAs in isolated EVs, small RNA sequencing 

was performed on RNA previously extracted from isolated EVs. Several miRNAs (Table 5.2) 

were found in the EV samples that were also found previously (Maharaj et al., 2015), further 

supporting the presence of CHIKV-induced miRNAs in Ae. aegypti saliva, but also that these 

miRNAs are likely packaged in EVs. Despite these findings, miRNA read abundance was quite 

low in EV samples. A substantially higher amount of biological sample is likely necessary to 

make more robust inferences about the small RNA cargo within EVs and their potential role. 

EVs from Salivary Gland Cultures Likely do not Carry CHIKV Virions 

A separate experiment was performed using 900 female Ae. aegypti separated into two 

cohorts to be fed a blood meal spiked with CHIKV or a mock-infected blood meal spiked with 

uninfected DMEM media. Dissected salivary glands were cultured ex vivo in mosquito cell 

growth media supplemented with FBS previously depleted of exosomes to 
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avoid the unintended introduction of exosomes to the culture. Due to the isolation method, we 

refer to the isolated extracellular vesicle population as EVs rather than exosomes, as we cannot 

rule out the presence of vesicles other than exosomes. RNA isolated from CHIVK-infected 

salivary glands and isolated EV population showed the presence of CHIKV RNA (Figure 5.4a). 

Logically we needed to determine whether EV eluant was infectious or not. Focus forming 

assays on both mock- and CHIKV-infected eluants showed that only EVs from CHIKV-infected 

salivary glands were infectious, carrying 1.3 x 103 FFU/mL of virus (Figure 5.4b, c).  

Since our isolation method does not use antibody-based isolation of EVs, it is possible 

that 70nm CHIKV virions may interfere with size exclusion or lectin-based substrate binding 

steps used during EV isolation. To this end, we incubated EV eluant with CHIKV-neutralizing 

murine immune ascites fluid (MIAF). We performed a focus neutralization assay to neutralize 

potential virions contaminating the EV eluant (Figure 5.4g). A CHIKV stock used as the positive 

control showed neutralization using a 1:40 MIAF dilution (Figure 5.4e). The EV eluant showed 

neutralization using MIAF dilutions 1:160 (not shown) and 1:40 (Figure 5.4g), indicating an 

inability of our EV isolation method to exclusively isolate EVs in the presence of virions with a 

similar size range. A re-evaluation of the infectivity of EVs derived from CHIKV-infected salivary 

glands will need to be performed with alternative techniques to truly determine the capacity of 

EVs to carry CHIKV virions.  

Discussion 

Transmission of RNA viruses within EV populations has been well demonstrated in 

recent years (Y. H. Chen et al., 2015; Ghosh et al., 2020; Santiana et al., 2018; Zhou et al., 

2018, 2019). A working hypothesis currently exists that EVs carrying viruses, or viral genomes, 

delivered to a naïve cell can introduce a higher number of viral genomes compared to a single 

virion, can lead to viral cooperation among quasispecies to establish infection, and can lead to 

enhanced replicative fitness by multiple genomes sharing viral machinery for translation (Altan-
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Bonnet, 2016; Altan-Bonnet & Chen, 2015; Kerviel et al., 2021). EVs delivering infectious cargo 

increase the viral MOI delivered to a cell while avoiding immune detection in the extracellular 

environment (Kerviel et al., 2021). EVs carrying viruses as an infectious unit shifts our 

knowledge about VBD transmission and how pathogens and arthropods have evolved to utilize 

a normal vesicular process to benefit the survival and transmission of pathogens. 

Our work demonstrates the presence of exosomes in mosquitoes and saliva isolated 

from mosquitoes. Specific tetraspanin markers such as CD9, CD63, and CD81 are common to 

exosomes (Kalluri & LeBleu, 2020) and present in Ae. aegypti saliva (Figure 5.1a). Despite this 

finding, we adopted a tick organ culture (Grabowski et al., 2017, 2019; Kendall et al., 2020; 

Oliva Chávez et al., 2021) to investigate the presence and contents of mosquito salivary gland 

exosomes to generate a higher yield of exosomes than salivating individual mosquitoes. We 

confirmed the presence of previously identified small RNAs within EV populations by RT-PCR 

followed by small RNA sequencing. This finding adds to our knowledge of how VBD 

transmission occurs at the mosquito-pathogen-host interface and sheds new light on areas of 

research not previously explored in the field.  

Study Limitations 

Although there is some debate over the most efficient EV isolation techniques, all 

methods offer particular advantages and drawbacks. Ultracentrifugation considered the 

standard, often takes long spin times, damages EVs due to shear stress, and can lead to 

confounding results for our work since CHIK virions are 70nm in size. In addition, our biosafety  
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Figure 5.3. qPCR Detection of miRNAs and vsiRNAs in Isolated Exosomes from CHIKV-Infected 
Salivary Glands. Isolated EVs from CHIKV infected salivary glands were subject to qPCR detection of 
(A) previously identified miRNAs and (B) newly identified vsiRNAs. Graphs show fold change of small 
RNAs in CHIKV infected EV isolations relative to uninfected EV eluants.  
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facility does not currently offer an ultracentrifuge capable of spinning infectious samples at the 

necessary speeds in containment. Precipitation methodologies have produced samples with 

high impurity levels from mosquito salivary secretions. Therefore, we elected to utilize lectin-

based isolation which binds carbohydrates on lipid vesicles. This methodology proved to be an 

advantage by allowing us to perform EV isolations in containment to maintain the safety of the 

samples and personnel and remove our need for an ultracentrifuge. However, this proved to be 

less than optimal as this isolation method was unable to separate EVs from virions when in the 

same sample. By incubating neutralizing MIAF with EVs isolated from CHIKV-infected samples, 

we neutralized the ability of EV eluant to infect cell monolayers in vitro, suggesting effects 

observed (Figure 5.4c) were likely due to virions co-eluting with EVs and not virions encased 

within EVs. An alternative methodology would be to utilize a pull-down method targeting 

phosphatidylserines on EV membranes for EV isolation (Santiana et al., 2018).  

Conclusion 

Further questions arise as to the protein contents of these salivary gland EVs. Are 

identified salivary proteins delivered within EVs, and do these EVs influence skin immunity to 

aid in virus infection or dissemination? While the present study needs further investigation to 

confirm the viral-related contents of EVs, taking the potential of EVs to be present and 

considering them an additional factor in arthropod saliva are important aspects of studying 

arbovirus transmission. in summary, these findings bring new research questions to study within 

the intricate process of CHIKV transmission and have identified a mechanism of transport of 

small RNAs identified in CHIKV-infected saliva.  
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EVs-CHIKV 

EVs-CHIKV 
+ anti-CHIKV 

MIAF 1:40 

Figure 5.4. Isolated Exosomes from CHIKV-Infected Salivary Glands Likely Do Not Carry 
Virus. Total RNA isolated from EV eluants was assayed for presence of CHIKV by (A) qRT-
PCR using CHIKV-specific primers. (A) Graph shows Log10 Focus forming unit equivalents in 
salivary glands (SGs) from Mock and CHIKV-infected tissues along with CHIKV detection in 
EVs isolated from either mock or CHIKV-infected tissues. Based on RNA presence, EV 
eluants were used in infectious assays to determine infectivity. (B,C) EVs from CHIKV-
infected tissues show infectivity compared to (B) mock and (D) CHIKV stock controls. Murine 
immune ascites fluid (MIAF) was used at a CHIKV-neutralizing dilution (1:40) (E) to assess if 
virions co-elute with EVs (G).  
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Table 5.1. Primers to Detect Small RNAs in EV Eluants 

 

 

 

 

 

 

 

Small RNA Primer Sequence 5'-3' 

aae-miR-12 ccagtacctgatgtaatactca 

aae-miR-375 taactcgagccaaacgaacaaa 

aae-miR-125 tccaagttagggtctcaggga 

aae-miR-184 gcccttatcagttctccgtcca 

aae-miR-2940 agtgatttatctccctgtcgac 

vsiRNA-2492 aagtacaactttctgccttgg 

vsiRNA-7451 gggtcctctgagcttctcgaa 

vsiRNA-10412 aggcagttacagtgatgttat 

vsiRNA-11742 aatcgtggaagagttcggtat 
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Table 5.2. miRNAs Found in EVs After RNAseq Analysis 

miRNA Sequence 

aae-bantam-3p ugagaucauuuugaaagcugau 

aae-bantam-5p ccgguuuucauuuucgaucugac 

aae-miR-1 uggaauguaaagaaguauggag 

aae-miR-10 acccuguagauccgaauuuguu 

aae-miR-100 aacccguagauccgaacuugug 

aae-miR-11-3p caucacagucugaguucuugcu 

aae-miR-11-5p agaacuccggcugugaccugug 

aae-miR-1174 ucagaucuacuuaauacccau 

aae-miR-1175-5p aaguggaguaguggucucaucg 

aae-miR-124 uaaggcacgcggugaaugc 

aae-miR-125-5p ucccugagacccuaacuuguga 

aae-miR-133 uugguccccuucaaccagcugu 

aae-miR-13-3p uaucacagccauuuugacgaguu 

aae-miR-14 ucagucuuuuucucucuccuau 

aae-miR-184 uggacggagaacugauaagggc 

aae-miR-1889-5p uaaucucaaauuguaacagugg 

aae-miR-190 agauauguuugauauucuugguug 

aae-miR-252-5p uaaguacuagugccgcaggag 

aae-miR-263a-3p cguguucuggcaguggcauccc 

aae-miR-263a-5p aauggcacuggaagaauucacgg 

aae-miR-263b-5p cuuggcacugggagaauucacag 

aae-miR-275-3p ucagguaccugaaguagcgc 

aae-miR-275-5p cgcgcuaagcaggaaccgagac 

aae-miR-276-3p uaggaacuucauaccgugcuc 
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aae-miR-277-3p uaaaugcacuaucugguacgac 

aae-miR-278-3p ucggugggacuuucguccguuu 

aae-miR-279 ugacuagauccacacucauuaa 

aae-miR-281-3p ugucauggaauugcucucuuua 

aae-miR-281-5p aagagagcuauccgucgac 

aae-miR-283 caauaucagcugguaauucugggc 

aae-miR-2940-3p gucgacagggagauaaaucacu 

aae-miR-2940-5p ugguuuaucuuaucugucgaggc 

aae-miR-305-5p auuguacuucaucaggugcucugg 

aae-miR-306-5p ucagguacugagugacucucag 

aae-miR-315-5p uuuugauuguugcucagaaagc 

aae-miR-317 ugaacacagcuggugguaucu 

aae-miR-34-5p uggcagugugguuagcugguug 

aae-miR-375 uuuguucguuuggcucgaguua 

aae-miR-7 uggaagacuagugauuuuguugu 

aae-miR-71-3p ucucacuaccuugucuuucaug 

aae-miR-8-3p uaauacugucagguaaagauguc 

aae-miR-8-5p caucuuaccgggcagcauuaga 

aae-miR-87 gugagcaaauuuucaggugugu 

aae-miR-999 uguuaacuguaagacugugucu 

aae-miR-9a ucuuugguuaucuagcuguauga 
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These studies have expanded our understanding of the salivary factors present during 

CHIKV transmission from Ae. aegypti to the mammalian host. Although several aspects of 

mosquito-borne virus transmission to mammals are characterized, we have yet to understand 

many complex physiological interactions between the mosquito and pathogen prior to its 

delivery and how those salivary factors influence cutaneous immunity. Many challenges arise 

when modeling VBD transmission due to the difficulty the vector presents in scientific rigor. Very 

often, the quantity of biological material is a significant challenge when studying products of 

salivary glands in small insects. Despite these challenges, we performed experiments to 

investigate specific salivary gland molecules derived from CHIKV-infected Ae. aegypti 

mosquitoes to determine their impact on CHIKV replication. We developed a skin model of 

disease to circumvent the challenges and shortcomings of animal models of arbovirus 

transmission. We showed that two protein candidates, NIH435-24 and SAAG-4, modulate 

CHIKV replication in skin fibroblast-like cells demonstrating the ability of mosquito salivary 

proteins to interact with either CHIKV virions, or the target skin cell, in such a way to perpetuate 

or antagonize CHIKV replication. In addition, small RNAs in saliva map to the CHIKV genome 

suggesting mosquito vsiRNAs regulate CHIKV replication to prevent mosquito pathology. 

Furthermore, detection of vsiRNAs and miRNAs in extracellular vesicles from infected salivary 

glands highlights a new aspect of CHIKV transmission. Thus far, our findings implicate two 

proteins in modulating CHIKV replication at the mammalian bite site and introduce vesicle 

packaged small RNAs in CHIKV-infected saliva, a novel aspect of disease transmission yet to 

be studied.  

Chapter 2: A Human Skin Model of Arbovirus Transmission 

 The work presented in Chapter 2 contributes a methodology to understand the impact of 

individual salivary factors in a physiologically relevant system with a higher throughput capacity 

than an animal model. Animal models present a unique challenge to many mosquito-borne 
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viruses, including CHIKV. To avoid timed-pregnant mice and neonatal infections or 

immunocompromised mice lacking a capacity for antiviral signaling, we utilized human skin as a 

model of arbovirus infection. We showed both an epidemic flavivirus (ZIKV) and emerging 

alphavirus (MAYV) could replicate in human skin and shed into culture media. Viral antigen was 

present in skin tissue for both viruses at 4d post-infection. To understand antiviral cytokine 

production after infection, we performed a Bioplex assay targeting 17 different inflammatory 

cytokines and chemokines, which did not yield fruitful results (data not shown). This limitation is 

likely due to the lack of a circulatory system supplying the detached tissue. We, therefore, 

utilized qPCR to detect antiviral and proinflammatory gene expression from skin cell populations 

present in the tissue itself. We observed typical inflammatory and chemoattract signals to be 

elevated after viral infection as expected.  

Thus, we developed a model of infection for our subsequent studies. Unfortunately, this 

did not come to fruition as our supply of tissue, and other reagents were negatively affected by 

the COVID-19 pandemic. Based on the cancelation of elective surgeries by state officials and 

other unforeseen challenges, we elected to proceed with in vitro assays in a timely manner 

which provided the results for Chapters 3 and 4. Based on tissue availability, we plan to utilize 

this model in the future investigation of mosquito salivary factors.  

Chapter 3: Aedes aegypti Salivary Proteins Modulate CHIKV Replication 

 The studies presented in Chapter 3 provide us with unique perspectives into the 

transmission biology of CHIKV. This study provided salivary gland expression data from CHIKV 

infected tissues of encoded proteins that are upregulated during CHIKV infection and likely play 

a role in pathogen transmission. Additionally, our findings have paralleled other studies showing 

upregulation of similar and identical proteins (Chowdhury et al., 2021; Tchankouo-Nguetcheu et 

al., 2012). Based on these proteins identified, we sought to determine if these proteins would 

facilitate or antagonize CHIKV replication in skin fibroblast-like cells. Based on an in vitro assay 
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that closely replicated the process of mosquito-driven transmission (Figure 3.4), we found 

NIH435-24(NeSt1) increases virus replication in skin fibroblast-like cells. The specific 

mechanism in which this increase is achieved has yet to be determined but will be the focus of 

future investigation. 

In contrast, SAAG-4 prohibited CHIKV from replicating to CHIKV control levels. The role 

of SAAG-4 in pathogen transmission has yet to be fully determined; however, SAAG-4 does 

elicit an anti-inflammatory phenotype by inducing higher levels of IL-10 and IL-4 production in 

mouse skin tissue (Boppana et al., 2009). Further investigation is required to understand the 

dynamic exchange between salivary factors, pathogens, and mammalian cells. Despite these 

findings, our study highlights not only the dynamic interaction of insect proteins during 

transmission but also the complexity of studying such interactions.  

 This study would be improved by the following experiments. First, binding assays, such 

as ELISAs or surface plasmon resonance assays, to determine the binding capacity of proteins 

to viral envelope proteins would greatly benefit our findings. Second, a titration of protein levels 

to determine what specific concentration we see a change in CHIKV replication would allow us 

to represent physiological conditions with utmost accurately. Third, a repeat kinetics experiment 

with narrower timepoints (i.e., 0h, 6h, 12h, 18h, and 24h) would give us indication as to how 

early in the infection process these proteins exert their effect on skin cell populations. These 

straightforward experiments would provide us with greater insight into the functional role of 

these proteins.  

Chapter 4: Virus-Derived Small RNAs in Ae. aegypti Saliva and Their Impact on CHIKV 

Replication In Vitro  

 The study summarized in Chapter 4 is unique and contributes novel findings to 

studying mosquito salivary factors and transmission biology. To our knowledge, this is the first 
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description of viral-derived siRNAs (vsiRNAs) to be identified in Ae. aegypti saliva. First, we 

identified vsiRNAs that mapped to both the positive and negative sense strands of CHIKV. A 

high proportion of the reads mapped the positive sense strand, which is likely due to a higher 

abundance of positive sense CHIKV RNA in the cell. Each negative or antisense strand can be 

used to replicate multiple copies of the positive sense CHIKV genome. Secondly, we mapped 

the reads to specific hotspots on the viral genome. Highly expressed vsiRNAs from across the 

genome were used to assess the impact on CHIKV replication if these vsiRNAs were inhibited. 

Third, we demonstrated that inhibition of vsiRNA-7451 decreased CHIKV replication titers at 

48h post-infection (Figure 4.5). Based on these findings, we hypothesize these vsiRNAs are 

part of the mosquito RNAi-based defense against CHIKV to prevent any pathological effect from 

CHIKV infection. vsiRNAs mapped to specific CHIKV protein loci, specifically nsP1, nsP2, and 

nsP4 (Figure 4.2a), that work in concert as parts of the alphavirus replicase complex to copy 

viral genomes during infection. The presence of vsiRNAs in saliva specifically may be the result 

of salivary gland cells producing large amounts of regulatory RNAi. Normal endocytosis of the 

cellular contents may be carrying vsiRNAs into saliva.  

Despite these findings, and based on the presence of vsiRNAs in saliva, it is still 

possible that vsiRNAs influence mammalian immunity in some way to aid virus replication. In 

addition, CHIKV proteins may play a significant role in combatting RNAi-based defenses in the 

mosquito. An interesting aspect of mosquito-virus interactions is viral suppressors of RNAi. 

Although no current evidence shows CHIKV proteins specifically binding 21nt small RNAs, the 

presence of vsiRNAs suggests a regulatory element of viral replication. Literature supports the 

possibility of such events based on previous findings (Kakumani et al., 2013; Muñoz-Jordán et 

al., 2003; Samuel et al., 2018). In this case, viral proteins may prevent the inhibitory action of 

vsiRNAs by binding 21nt RNAs and inhibiting their association with RISC or binding longer RNA 

segments in such a way as to disrupt Dicer enzymes. Both mechanisms are utilized by plant 
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RNA viruses as previously described (Samuel et al., 2018). Additionally, the majority of arboviral 

proteins have multifunctional domains, and likely all can bind RNA in some capacity, further 

bolstering support for this hypothesis. Further investigation, including in-silico target analysis, is 

necessary to understand the role of vsiRNAs in response to arthropod infection and their 

potential role in modulating mammalian immunity.  

Chapter 5: Exploring the Role of Ae. aegypti Extracellular Vesicles in CHIKV 

Transmission Biology 

 The study summarized in Chapter 5 is an exploratory effort into extracellular vesicles 

and their role in CHIKV transmission. Based on literature findings, EVs play a role in modulating 

infection outcomes (Oliva Chávez et al., 2021), delivery of infectious RNA (Lu et al., 2018; Zhou 

et al., 2019), and even packaging of whole virions (Altan-Bonnet, 2016; Kerviel et al., 2021). 

First, we demonstrated Ae. aegypti mosquitoes do carry exosomes via CD81 immunoblot and 

transmission electron microscopy. Based on these findings, we pursued isolating a larger 

number of exosomes for cargo analysis. Previous studies show arthropod organ cultures are 

susceptible to infection and metabolically active for several days ex vivo (Grabowski et al., 

2017, 2019; Kendall et al., 2020). As these organ cultures can be utilized for EV isolations 

(Oliva Chávez et al., 2021), we elected to adopt a salivary gland organ culture to allow EV 

release from mosquito salivary glands and subsequent EV isolation. Multiple large-scale 

mosquito infections (900 per experiment) were used to isolate EV from CHIKV-infected tissues 

to determine the nucleic acid cargo and infectivity of EV eluants.  

 We demonstrated through qPCR, and small RNAseq that CHIKV-infected EVs carry 

small RNA populations consistent with vsiRNAs discovered in Chapter 4 and miRNAs 

previously identified during CHIKV infection (Figure 5.3, Table 5.2) (Maharaj et al., 2015). We 

then pursued the possibility that EVs from CHIKV-infected tissues may carry infectious cargo. 

We detected CHIKV RNA in EV eluants and showed infectious particles on focus forming assay 
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monolayers; however, we could not rule out the possibility that 70nm CHIKV virions can co-elute 

with 50-200nm vesicles. By incubating EV eluants with neutralizing dilutions of anti-CHIKV 

MIAF, we found that previously identified infectivity of EVs isolated from CHIKV-infected tissues 

was neutralized; therefore, it is likely CHIKV virions co-eluted with EV populations and were not 

packaged within vesicle populations. To further these investigations, a different EV isolation 

approach is necessary to determine the infectivity of EVs from infected mosquitoes. Studying 

EVs from infected arthropods opens new avenues of research questions only recently coming to 

light as technology for studying extracellular vesicle biology has improved.  

Significance of this Dissertation 

 The studies described herein represent a small portion of the total physiological event 

during virus transmission. First, our analysis to develop a model arbovirus infection in human 

skin brings greater relevance to studying complex skin cell interactions compared to two-

dimensional cell culture assays or random assemblage of organoid tissues. Although infiltrating 

immune cell populations cannot influx into tissues, we can determine inflammatory signaling of 

the resident skin cells and any effect induced by virus or salivary proteins.  

 Second, the identification of proteins upregulated by CHIKV infection in Ae. aegypti 

brings to light new candidate proteins for studying immunomodulation by arthropods. The 

CHIVK replication kinetics data coupled with future studies into the innate immune mechanisms 

induced at the bite site will aid in the development of viral or even arthropod-based 

countermeasures. A further understanding of transmission could benefit our knowledge to help 

predict clinical outcomes, vaccine development, or even aid in developing novel arthropod 

abatement strategies.  

Third, our discovery of vsiRNAs provides a new avenue of mosquito-pathogen research, 

likely influencing CHIKV transmission to the human host. Although we have yet to determine 
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potential binding sites in the mammalian skin, previous work with DENV showing a similar result 

prevents us from ruling out the possibility of vsiRNAs interacting with mammalian factors.  

Fourth, discovering that small RNAs are transported to the mammalian host via EVs 

provides a new direction of research within VBD transmission. To our knowledge, these are the 

first studies to describe small RNAs carried by EVs in infected mosquitoes and raise an 

abundance of research questions for future experiments.  

Altogether, our studies highlight the complexity of vector-borne disease transmission and 

how that complexity is compounded by arthropod factors, viral factors, and ultimately how those, 

in combination, interact with the mammalian immune system to allow infection and 

dissemination. The work described in this dissertation expands our knowledge of how 

mosquitoes have evolved to become highly efficient at transmitting viruses to humans and the 

challenges presented to the human population.  
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