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Abstract 
Mosquitoes are constantly under threats of infections by different kinds of pathogens. Due to a 

lack of adaptive immune system unlike higher animals, they defend themselves by using their 

innate immune system. In our project, we assessed the implications of the two flaviviruses 

(named Lammi virus and Usutu virus) on the mosquitoes’ innate immune system as well as 

how these flaviviruses manipulated their innate immune system during infection. First, the 

mosquito cell lines were examined at five different time points to identify changes of cellular 

structure after USUV and LAMV infections. Then, the USUV infection was evaluated by using 

immunofluorescence Assay (IFA staining). In this present study, we also investigated the virus 

load from supernatant of single and double infections separately with the help of RT-qPCR. 

For immune gene studies, the transcript-levels of our selected twenty-three immune genes were 

analyzed by using the 2-ΔΔCq Livak method from single and double infected samples with 

three biological replicates. After examination of the cellular structure of infected cells, all 

characteristics of cytopathic effects were unclear compared with the mock infection. In the 

supernatant samples, the USUTU virus replication was decreased but Lammi virus load was 

higher in the double infection that was proven to be statistically significant at five different 

time points. After that, RT-qPCR data of infected cells demonstrated different expressions of 

certain immune genes due to the presence of USUV and LAMV in the single as well as double 

infections. Out of 23 genes, fold changes of nine genes’ expression were verified as statistically 

significant. For example, the fold changes of differentially expressed REL1A and 

unchar_ncRNA genes were significant in the LAMV infected U4.4 cells compared with the 

double infected cells (USUV and LAMV together). Concurrently, some genes were up-

regulated and some were down-regulated significantly in different infections at the 24 hr and 

48 hr time points compared with the mock infection. In conclusion, the mosquito cell line U4.4 

was infected by single (e.g. LAMV or USUV) and double infections (USUV and LAMV) 

separately to see the effects of these two flaviviruses and our selected immune genes revealed 

fold changes  of differential gene expressions in both single and double infections compared 

with the mock infection. Furthermore, this investigation demonstrates how mosquitoes’ 

immune signaling pathways were manipulated by these flavivirus infections. 
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Introduction 

What is an Arbovirus? 

Mosquito-borne viruses are an immense public health concern to cause different diseases due 

to transmitting viruses directly from mosquito species to humans and other animals in this 

world.  The World Health Organization has defined arthropod-borne viruses (arboviruses) as 

“viruses that share the characteristic of being naturally maintained through biological 

transmission between susceptible vertebrate hosts by hematophagous arthropods or 

transovarial transmission from infected female arthropods to her progeny” (WHO report; 

1985). Hence, arboviruses are important infectious agents transmitted to humans, wild animals, 

cattle and other vertebrates by insect vectors (Weaver et. al. 2010). Many of them are 

considered as potential causes for the epidemic emergence due to climate changes and 

increasing urbanization which help these arboviruses to spread drastically. 

Classification 

A wide variety of RNA virus taxa are classified as arboviruses and a few members of 

flaviviruses (genus Flavivirus and family Flaviviridae) are considered as arboviruses.  For 

example, some well-known mosquito-borne viruses are Dengue virus (DENV), West Nile virus 

(WNV) and Zika virus (ZIKV) (Pierson et. al. 2020). The outbreak of well-characterized 

flaviviruses have been documented as endemic and emerging from different areas of the world 

and their pathogenicity depends on many factors ranging from epidemiology to viral genetics.  

However, insect specific viruses (ISVs) are a group of viruses that infect mainly the insects 

(here, we focused on the mosquito species in our study) persistently. These ISVs belong to 

viral families such as Flaviviridae, Togaviridae and Peribunyaviridae (Öhlund et al. 2021; 

Marklewitz et al. 2015; Li et al. 2015). Insect specific flaviviruses (ISFVs) are further divided 

into two phylogenetically distinct subgroups: classical ISVs (cISVs) and dual affiliated ISFs 

(dISVs). Lammi virus (LAMV) is an example of dISVs isolated from Aedes cinereus 

mosquitoes (Huhtamo et al. 2009) and more genetically similar to the other mosquito-borne 

flavivirus pathogens such as West Nile Virus (WNV), Dengue, Zika and Japanese encephalitis 

virus (JEV) (Guzman et al. 2018). In addition, the USUTU virus (USUV), another arthropod-

borne flavivirus, is related to several human and animal pathogens including WNV and JEV. 

It maintains an enzootic cycle between certain bird species and the mosquitoes.  
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Genome organization of flaviviruses 

Flavivirus spp.,(belong to the family Flaviviridae) enveloped viruses, consist of a single-

stranded, positive-sense RNA genome of 11 kb  with 5’ and 3’ UTR as well as with methylated 

cap. This methylated cap allows direct translation of the ORF which encodes three structural 

proteins including capsid (C), membrane (M), envelope (E) and seven non-structural proteins 

including NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5 (Kenney et al. 2014). One of the 

novel ISVs, Lammi has the same type of genome organization as Ilomantsi virus (ILOV) has. 

ILOV and LAMV genome encodes long polyprotein sharing only 62.7% pairwise identity at 

the nucleotide level and 64% at the amino acid level demonstrating distinct features of virus 

species (Huhtamo et al. 2014; Huhtamo et al. 2009).  

USUV is a spherical and enveloped flavivirus with a 40-60 nm diameter. It has single stranded 

positive-sense RNA of 11 kb with 5’cap structure. Large open reading frame is found from 97 

nucleotides to 10401 nucleotides encoding distinct polyprotein of 3434 amino acids. The 

polyprotein is like for other flavivirus cleaved by host or viral proteases into the three structural 

proteins C, M, E, and seven non-structural proteins (Gaibani et al. 2013). 

Vector competence 

Vector competence is the inherent ability of a particular arthropod to transmit a specific virus 

(Weger-Lucarelli et. al. 2016; Conway et. al. 2014) such as arboviruses (e.g. Yellow fever virus, 

Dengue virus, Zika virus, Japanese encephalitis virus, West Nile virus, tick-borne Encephalitis 

virus, USUV). When a competent vector acquires viruses during blood feeding, viral replication 

starts in the midgut tissues and then the virus disseminates to secondary sites including to the 

salivary glands where the virus replicates more before being released through the salivary 

secretion (Rückert and Ebel, 2018). 

How the mosquito utilizes the physical and physiological 

barriers for combating pathogens  

The main reason of consuming blood by female mosquitoes is to obtain nutrients needed to 

develop their own eggs. During blood feeding, pathogens face many chemical and physical 

barriers when passing through the mosquito’s midgut or reproductive organs. After 

proliferation of the pathogens inside the mosquitoes’ midgut cells, they disseminate to the 

salivary glands and then transmits orally to other non-vertebrates or vertebrates (Zhou et. al. 
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2007; Abraham et. al. 2004; Gonzalez-Ceron et. al. 2007; Kato et. al. 2008; Dimopoulos et. al. 

2003; Salazar et. al. 2007). Once the mosquitoes consume a blood meal infected with a 

pathogen, a cascade of chemical reactions is activated to enhance downstream signaling 

pathways, modulation, as well as effectors of innate immune system (Bonizzoni et. al. 2011; 

Marinotti et. al. 2005; Perner et. al. 2016; Zhu et. al. 2017; Smartt et. al. 2016; Fukutani et. al. 

2017). Various sophisticated evolutionary conserved innate immune system have evolved in 

mosquito species to manage and minimize immune activation and to maintain a delicate 

balance for the survival of commensal microbes while combating pathogens.  

Overview of mosquito’s immune system 

Mosquitoes are constantly under threats of infections by different kinds of pathogens such as 

bacteria, parasites and viruses and they defend themselves by using their innate immune system 

comprising of cellular and humoral components. However, several features are observed, such 

as coagulation, melanization, hemocyte (main cellular component) degranulation or forming 

scar, when pathogens enter due to damage of outer shell of the mosquitoes. The purpose of this 

closed, hydrophobic outer cuticles is to protect themselves from the outside invaders, mainly 

from the invasion of microorganisms (Lai et. al. 2002; Strand et. al. 2008; Lai et. al. 2001). 

There are many soluble components found in mosquitoes to form humoral innate immunity 

such as pattern-recognition receptors (PRRs), antimicrobial peptides (AMPs) and components 

of the phenol oxidase cascade (Blandin et. al. 2004; Das et. al. 2009; Levashina et. al. 2001; 

Trammell and Goodman, 2021).  

In general, mosquitoes entirely depend on their physical barriers and innate immune system 

against pathogens due to a lack of adaptive immune system that vertebrates have (Houk et. al. 

1981; Kantor et. al. 2017; Passarelli et. al. 2011). Their humoral and cellular response in their 

three compartments such as hemocele, midgut and salivary glands help the mosquitoes to 

response quickly against pathogens before activating their innate immunity. Whenever the 

mosquito is infected with any pathogen after blood meal, soluble components such as pattern-

recognition receptors PRRs (e.g. found in the midgut and hemocele) interact with pathogens 

depending on the pathogen associated molecular patterns (PAMPs) (Das et. al. 2009). One of 

the protein families of PRRs named as thioester-containing proteins (TEPs), found mainly in 

hemolymph, was identified to be an important component of the anti-fungal response in Aedes 

mosquitoes (Volohonsky et al. 2010). These immune effector genes, conserved from insect to 
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mammals, act also as a phagocytosis enhancer (Levashina et. al. 2001) through a series of 

complement cascades against microbes after binding their motif to the target surfaces.  

Mosquitoes use different immune signaling pathways 

against pathogens 

It is important to know that, the mosquitoes use immune signaling pathways to protect from 

continuous exposure of invading pathogens and maintain delicate balance between 

opportunistic microbes as well as regulate commensal microbiota that was mentioned before. 

First, after recognition of foreign microbes by the PAMP receptors, pathogens’ propagation is 

being limited by constitutive effector mechanisms such as phagocytosis, melanization, and 

lysis during engagement of different signaling pathways that will be explained later. After that, 

the three major signaling pathways such as Toll pathway, IMD pathway and JAK-STAT 

pathway, induce the production of AMPs (antimicrobial peptides) and trigger effector 

molecules to deactivate the pathogens after invasion (Dong et. al. 2009; Dong et. al. 2006; 

Ramirez et. al. 2012; Xi et. al. 2008). 

 

Figure 1: Different signaling pathways of innate immune system in mosquitoes [reproduced and redrawn 

from Kumar et al. 2018; Ding et al. 2010] 
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The Spaetzle (Sptz) interacts with the Toll receptors and triggers the signals through variable 

adaptor proteins such as MyD88, Rel1 etc. For example, the Rel1 translocates into the nucleus 

for gene transcription regulated by the Toll pathway and this is how this Rel1 plays an 

important role by the activation of Toll pathway-regulated genes against any antifungal 

infection or septic injury (Kumar et. al. 2018; Shin et. al. 2005; Bian et. al. 2005; Barletta et. 

al. 2017). Another protein, the Rel2 enters the nucleus after degradation of the Cactus protein 

(negative regulator of the IMD pathway) as well as activation of the Dredd protein through the 

Rel2 phosphorylation. This step regulates the transcription of IMD-regulated genes responsible 

to produce different soluble AMPs through the IMD signaling pathway.  

In addition, the JAK-STAT pathway (Janus kinase/signal transducers and activators of 

transcription) has major components such as transmembrane protein receptor (Dome), JAK 

and STAT proteins (Fig 1). When the Dome proteins change their conformations, the 

phosphorylation of JAK-STAT proteins initiates that JAK-STAT receptor dimers translocate 

into the nucleus. This step triggers the transcription of the JAK-STAT regulated genes which 

are involved in the AMPs synthesis (Agaisse et. al. 2004; Gupta et. al. 2009; Paradkar et al. 

2012; Dostert et al. 2005; Zambon et al. 2005). In our project, we will look for 23 immune 

genes’ differential expressions connected with three signaling pathways including MyD88 

(Toll pathway), Rel1/2, Sptz, IMD (IMD pathway), Dome (Drosophila cytokine receptor 

Domeless), STAT (JAK-STAT pathway) and TEP (effectors, modulators, PRRs, other receptor 

proteins from different signaling pathways) etc.  

Another important group of proteins, different modulators help to induce different effector 

mechanisms to destroy the pathogen after invasion. One of the major modulators of immune 

system is the Serine Protease (SP) and that gene was also included in our experiment and its 

activity is to enhance a series of proteolytic cascades (Rawlings et. al. 1994). There are two 

major SPs which are antagonist to each other, the CLIPB (CLIP-domain serine proteases) 

which plays an important role in inducing melanization process through the cleavage of 

prophenoloxidase (PPO) into phenoloxidase (PO) upon the surface of the pathogens and 

Serpins (SRPN), a serine protease inhibitor, that manipulates mosquitoes’ immune system 

(Patston et. al. 2000; Chalk et al. 1995; Cho et. al. 1996; Lowenberger et. al. 1995; Xiao et. al. 

2014). Most of the effector proteins are produced in response to PRRs such as defensins, 

cecropins (cecA/D/E/F), gambicin, diptericin, and attacins. Like modulators, these effector 

proteins, such as AMPs (antimicrobial peptides), perform different antimicrobial activities 

against different types of pathogens after invasion.  
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In addition, viral infection activates another important pathway named as RNAi pathway (Fig 

1). This RNAi pathway is activated by the presence of dsRNA in the cytoplasm. When it is 

activated, the first step is to cleave the dsRNA with the help of the Dicer-2 protein. This Dicer 

gene will also be investigated in our experiment (Bellés et al. 2014). To clarify, the Dicer-2 is 

a protein of ribonuclease III family and during viral infection it is involved in processing viral 

dsRNA/RNAs intermediates leading to viral siRNA production (Ding et al. 2010). This siRNA 

binds to target mRNA as well as viral RNA genomes with the RISC complex containing guide 

strand leading to suppressing translation or degrading target mRNA after viral infection.   

Aims of this study 
Continuous insect cell lines are considered an important research tool to understand the vector-

viral interaction, how the vectors use their innate immune system against arboviruses as well 

as how the viruses evade vectors’ immune system. In this project, we will investigate the 

expression of antimicrobial peptides and different immune genes after mosquito cell lines are 

infected with two flaviviruses. In the mosquito cell-lines after infection, we look for pro-

viral/antiviral receptor proteins (e.g. PRRs and receptors from different signaling pathways) as 

well as different gene expressions in the mosquito vector. The main goal of our study is to 

investigate the effects of the two flaviviruses (LAMV and USUV) on the mosquito’s innate 

immune system. This study will help us to understand how the innate immune system of vectors 

control viral replication as well as to identify molecular targets for new vector control 

strategies.  

In this study, by using the mosquito cell-line culture we will evaluate the differences in vector 

response when it interacts with two different flaviviruses: LAMV (which is ISV) and USUV. 

In addition, we will investigate whether and how the LAMV triggers or changes the USUV 

infection on the mosquito cell line in case of double infection. This study will be divided into 

four steps described below:  

First, we will examine the USUTU viral infection through Immunofluorescence (IF) assay. 

Second, we will investigate the viral replication during five time points by quantitative RT-

PCR (using supernatant for viral RNA extraction) targeting USUV and LAMV respectively. 

Third, we will evaluate housekeeping genes as well as a number of potential immune genes 

(such as effectors, modulators, PRRs, receptors from different signaling pathways). 
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Finally, based on qPCR data analysis (such as fold changes after differential expressions of 

immune genes normalized with housekeeping gene expression), we will investigate different 

levels of immune genes’ expressions during two time points (e.g. 24 and 48 hr) as well as the 

effects of these viral infections. 

Method 

Cell Culture 

U4.4 immortalized insect cell line, embryonic cell type originated from Aedes albopictus, was 

maintained in Leibovitz’s L-15 media (Gibco, Paisley, UK) with supplements (10% FBS, Pen 

Strep (100 U penicillin/mL, 100 µg streptomycin/mL) and 10% tryptose phosphate broth). 

These cells were incubated at 28 ̊ C until 80% confluency investigated under light microscope 

(Fig 2). 

 

Figure 2: Pre-infection cell status (80% confluent U4.4 cells) 

IFA for USUTU virus infection 

On the day prior to infection, U4.4 cell line (~0.5 x 105 cells/well) was seeded in an 8 well 

chamber slide (8 wells, surface 0.69 ml, 0.3 ml) containing L-15 growth medium (300 µl/well) 

and incubated overnight under 28 ̊ C (Fig 3). Virus stock was used with 1x: 10x: 50x dilutions 

(by using dilution DMEM medium) for each Merula and Strix strain of USUTU virus. L-15 

medium was supplemented with 10% FBS, 10% L-Glut and Pen-Step as well as dilution 

medium DMEM was supplemented with 2% FBS, 10% L-Glut and Pen-Step. Before 

inoculation of virus, 80% confluency was confirmed under light microscope and even cell 

distribution. L-15 growth medium was removed from each chamber and this work was done 
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with two wells at a time to prevent drying that might damage the cell monolayer. Then, different 

concentrations of virus inoculum (300 µl/well) were added to each well including mock 

infection by adding infection medium. After that, the infected cells were incubated for 1 hr at 

28 ̊ C and gently shaken the chambers with a cross pattern for every 15 minutes. Afterwards, 

0.2 ml L-15 medium was added to each well to make total 500 µl in volume.  

 

Figure 3: After seeding cells, each 8 chamber slide well was infected with different concentrations of 

USUTU strains 

After 24 and 48 hours post infection, medium was removed and after incubation, the cells were 

fixed under room temperature with 0.4 ml 10% NBF (Formalin) solution for at least 1 hr. After 

incubation, 10% NBF solution was removed and the cells were washed 3 times for 5 minutes 

with 0.4 ml PBS. To permeabilize, 0.3 ml PBS containing 0.2% Triton X-100 was used for 30 

minutes and after that followed the washing steps like before. In addition, 0.3 ml blocking 

buffer (0.3 ml PBS) supplemented with 5% FBS was added for 1 hr at room temperature and 

then removed this solution immediately. 0.3 ml Primary antibody (Recombinant monoclonal 

antibody to Flavivirus group antigen [D1-4G2-4-15 (4G2)] with 1:200:500 dilution) was used 

and incubated for 2 hr at room temperature. Again, same washing steps was followed like 

before. 0.3 ml secondary antibody (anti-mouse IgG-FITC with 1:1000 dilution in PBS+5% 

FBS) was added and incubated at room temperature for 1 hr under dark condition. Afterwards 

following the same washing steps, the wells (upper part of the slide) were removed carefully 

and absorbed access water using paper from the side of each well to let the slide dry in the dark 

for a while. VECTASHIELD (containing 4′, 6-diamidino-2-phenylindole (DAPI)) mounting 
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medium drop was placed without bubbles to cover all specimens and incubated the slide in the 

dark for at least 1 hr. Finally normal fluorescent microscopy was used to confirm the infected 

cells after infection. 

In vitro virus infection 

Two flaviviruses LAMV and USUTU virus stocks were used here for in vitro virus infection. 

When, U4.4 cells reached at 75-80% confluency (~192000 cells per well) in each 24-well 

plates, cells were then ready for viral infection. For each five time points, triplicates were used 

for single, double (both LAMV and USUTU together) and mock (used as controls) infection. 

Per infection, 4.2 µl virus stock (46136 copies RNA/ µl) from LAMV was mixed with 295.8 

µl (for 300 µl total in volume) L-15 infection medium (containing 2% FBS and 10% TPB) to 

add in each respective wells. In the same way, 90 µl virus stock from USUTU mixed with 210 

µl (300 µl volume) L-15 infection solution was prepared for each respective. After one hour 

incubation with gently rocking every 15 minutes at 28 ̊ C, inoculum was discarded carefully 

and 500 µl L-15 medium (containing 5% FBS and 10% TPB) were added for incubation.  

Sample collection 

After virus infection, 200 µl supernatant was sampled carefully from each 24-well plates 

without any cell debris at every 24 hr until 120 hr post infection to quantify virus replication. 

Rest of the media was removed from these five time points. Afterwards, all cells were collected 

in each well by adding 300ul TRIzol™ to deactivate viruses and then transferred to an 

Eppendorf by filling up with TRIzol™ again (upto 750 ul) to investigate further immune gene 

expression by using qPCR. Finally, all samples were stored at -80 ̊ C until RNA extraction. 

RNA extraction and cDNA synthesis  

RNA was extracted from supernatant as well as cells with the help of a combined protocol 

using TRIzol™ (Thermo Fisher Scientific, Carlsbad, CA, USA) and Genejet RNA extraction 

kit (Thermo Fisher Scientific, Vilnius, Lithuania). In short, the cells were mixed with 750 µl 

TRIzol™ before (during sampling) and 150 µl chloroform later. After that, 15 min 

centrifugation step was performed at 4 ̊ C and the upper aqueous phase was transferred 

carefully to a new tube. The same volume of 70% ethanol was added and the solution was 

transferred to the column from the Genejet kit. The sample was bound to the filter through 

centrifugation and discarded the supernatant. After that RW1 and RW2 washing buffer were 

used. From cell, samples were treated with DNase I before washing with RW2 buffer. Empty 
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tubes bound with RNA inside the column were centrifuged to discard traces of the ethanol 

solution before eluted with 40 µl RNase free water (50 µl in case of cell treatment). Extracted 

RNA from both supernatant and cells was stored immediately at -80 ̊ C until further uses. 

Here, RNA was converted into first-strand cDNA using SuperScript™ III Reverse 

Transcription kit (Thermo Fisher Scientific, Carlsbad, CA, USA) with Random Hexamers 

(Thermo Fisher Scientific, Carlsbad, CA, USA) when supernatant was used as well as with 150 

ng oligo (dT) in case of using cell samples followed the manufacturer’s instructions with an 

input 5 µl RNA out of 20 µl per reaction volume. The protocol was slightly different in reagent 

and programs when using Random primers for RNA extracted from supernatant according to 

the manufacturer’s instructions. To clarify, if we used random primers, the master mix was 

incubated at 25 ̊ C for 5 min before incubation at 50 ̊ C for 30-60 min as well as inactivating 

the reaction by heating at 70 ̊ C for 15 min.   

qPCR for viral load and immune gene expression 

SYBR Green Master Mix using iTaq Universal SYBR® Green Supermix (Bio-Rad laboratories 

Inc., Hercules, CA, USA) was used for qPCR according to the amplification conditions 

consisting of an initial denaturation at 95 ̊ C for 30 s, followed by 40 cycles of denaturation at 

95 ̊ C for 7 s, and finally annealing/extension and plate reading at 60 ̊ C for 30 s.  A melt curve 

was generated starting at 60 ̊ C with a 0.5 ̊ C and increasing up to 96 ̊ C. 2 µL of template cDNA 

from each sample and 1 µl (0.5 µM) of each corresponding LAMV and USUTU specific virus 

primers for investigating virus replication as well as immune gene specific primer pairs for 

immune gene expression respectively were used. All primers of housekeeping genes (e.g. 

primer sequences collected from Dzaki and Azzam, 2018; Russell et al. 2021; Wei et al. 2021; 

Diop et al. 2019) (Table 1) and Immune genes (e.g. primer sequences were designed in house) 

specified amplicons were tested on the gel before using qPCR. Total 23 immune genes were 

included in our present study:TEP_22, TEP_3, Vago1, Vago2, unchar_1, unchar_3, 

unchar_Def, SRPN1, SRPN2, IMD, PPO10, PPO3, MYD88, CLIPB31, REL2, REL1A, 

CECA, unchar_ncRNA, domeless, Dicer-2, STAT, Vir-1 and TRAF-6 (in-house unpublished 

primers).  
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Table 1: List of primers of Housekeeping genes 

Housekeepin

g Gene 
Primer F Primer R 

Expected 

size 

Actin ACGCGAAAAGTCCAAAACGA CGCGGCTATCCAAAATCCAA 215 

RPS17 GAACGACAGCAGCGAAACTT GTCACGAAACCAGCGATCTT 192 

PP2A TGTGTACGACCTGTTCTTGAGG CACCCGATGAAGGACAGTCT 160 

eEF1-γ GGAAAGGTCCCCGCATT CGGCAGCAGTTCATTGTC 159 

RPL32 TATGACAAGCTTGCCCCCAA 
AGGAACTTCTTGAATCCGTTG

G 
146 

PGK1 TGGAAAATGTCCGATTCTACG GCCCATCATTGAACTGTGC 179 

ILK CTTTAGTCCATTGCACTGGTG TTGGCAGCGTTCACATCC 189 

STK 
TGCTATTAAGGTGATGCGCAAAT

C 
CACCATGTACTCCATCACCAG 166 

eIF2a TGAAGTTCACCAACGAGCAG GTTGCTCAGCAGCAGTTCCT 196 

ACT GCAAACGTGGTATCCTGAC GTCAGGAGAACTGGGTGCT 135 

Rps6 TACATGAAGATCCTGCACCTG CTTCTCCTTCTCCTTGTCGC 119 

 

LAMV and USUTU virus specific forward and reverse primers were used in case of 

investigating viral load from supernatants and our selected 23 immune genes’ primers were 

used to look for immune gene expression from each three biological replicates of infected cells 

compared with mock infection. The expression fold changes were calculated using 2-ΔΔCq 

method.  

Statistical analysis 

All qPCR data analysis was verified with t-test statistics. During investigating virus load from 

each replicate of supernatant samples, Cq values from single and double infections were 

verified as significant when p-value was <0.05. Fold change with p-value <0.05 of immune 

genes’ differential expressions from single and double infections were also considered as 
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significant. In addition, up- and down-regulated genes’ expressions were also evaluated with 

the t-test and confirmed as significantly regulated when p-value was <0.05. 

Results 

Evaluation of viral infection in mosquito cell-lines 

Cytopathic effects (CPE) were monitored under a light microscope. Virus-induced cellular 

changes were visible (Fig 4) regarding different five time-points. These changes might be 

similar like swelling, shrinkages of cells, formation of multinucleated giant cells (syncytia) 

after virus infection of the monolayer cells but here it was not confirmed further. The number 

of USUV infected cells were visualized through fluorescent antibodies after IFA staining. 

 

Figure 4:  Virus-induced cellular changes under a light microscope (some changes were noticeable) 

U4.4 cell lines were infected with the USUV for two time points that was confirmed by using 

IFA staining as well as compared with mock-infected cells. No biological replicates were 

assessed for each sample. Here, both infected and non-infected cells were treated with primary 

and secondary antibodies for immunofluorescence Assay (IFA) (Fig 5). 

 

Figure 5: IF Assay to evaluate USUTU viral infection of U4.4 cells after 24 and 48 hr post infections 

(Green color: infected cells; Blue color: Cell nuclei). 

IFA provided here clearer and more easily quantifiable results because of the specificity of the 

antibodies in a monolayer of U4.4 cells (Fig 5). 
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Viral growth quantification in the U4.4 cell line 
Supernatants from cells after single and double infection were assessed by qPCR at five 

different time points (24-120 hr). In case of double infections by both LAMV and USUV, low 

Cq values at the 24 hr time point represented higher Lammi virus replications in double 

infection that was proved as statistically significant. Other time points (48-120 hr) follows the 

same pattern non-significantly (Fig 6). In the single infection, the scenario was opposite. To 

elucidate here, the higher Cq mean from 24 hr to 120 hr time points indicated lower Lammi 

virus replication during single infection. 

 

Figure 6: Quantification of the LAMV replication in single and double infected cells during five time 

points. (* means significant) 

USUTU virus infection shows opposite scenario compared with LAMV in the single and 

double infection. In double infection, USUTU viral replication was lower and that was 

significantly noticeable at both 96 and 120 hr time points when the Cq mean values were quite 

higher in double infection compared with the single infection (Fig 7). Meanwhile, the higher 

Cq mean illustrates the lower USUV load in the single infection at each five different time 

points. 
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Figure 7: Quantification of the USUTU viral replication in Single and Double infected cells during five 

time points. (* means significant) 

Point to be noted here, ΔCq values with p-value <0.05 was considered as significant according 

to the t-test statistics. 

Evaluation of Housekeeping genes 

Here, non-infected and infected cells were used to evaluate different house-keeping genes by 

qPCR.  

 

Figure 8: Evaluation of housekeeping gene expression on control samples 

Each corresponding primer pair of housekeeping genes were used for qPCR and the qPCR 

product was confirmed after running gel electrophoresis (Fig 8). 
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Table 2: Evaluation of Housekeeping genes according to Cq values 

Housekeeping 

genes 
Samples Replicates Cq values 

RPS17 Control C24R1 17.01217 

RPS17 Control C24R1 17.532701 

RPS17 Control C24R1 17.391681 

RPS17 LAMV L24R1 18.058937 

RPS17 LAMV L24R1 17.290761 

RPS17 LAMV L24R1 17.72887 

RPS17 USUTU U24R1 16.953723 

RPS17 USUTU U24R1 17.034877 

RPS17 USUTU U24R1 18.308911 

RPS17 
Double 

Infection 
DBI24R1 18.105582 

RPS17 
Double 

Infection 
DBI24R1 17.591249 

RPS17 
Double 

Infection 
DBI24R1 16.576744 

RPS6 Control C24R1 17.614249 

RPS6 Control C24R1 17.56431 

RPS6 Control C24R1 17.576917 

RPS6 LAMV L24R1 16.715401 

RPS6 LAMV L24R1 17.602799 

RPS6 LAMV L24R1 18.857944 

RPS6 USUTU U24R1 0 

RPS6 USUTU U24R1 17.028842 

RPS6 USUTU U24R1 0 

RPS6 
Double 

Infection 
DBI24R1 25.594605 

RPS6 
Double 

Infection 
DBI24R1 25.102493 
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RPS6 
Double 

Infection 
DBI24R1 24.595726 

PGK1 Control C24R1 21.424161 

PGK1 Control C24R1 22.439017 

PGK1 Control C24R1 21.667126 

PGK1 LAMV L24R1 24.323095 

PGK1 LAMV L24R1 24.77888 

PGK1 LAMV L24R1 21.906033 

PGK1 USUTU U24R1 24.98871 

PGK1 USUTU U24R1 20.844719 

PGK1 USUTU U24R1 26.631528 

PGK1 
Double 

Infection 
DBI24R1 20.766502 

PGK1 
Double 

Infection 
DBI24R1 19.500388 

PGK1 
Double 

Infection 
DBI24R1 19.175053 

After that, RPS17 gene (Ribosomal Protein S17) was used as an ideal housekeeping gene here 

due to consistency of Cq values in different types of infections compared with Cq values from 

other housekeeping genes such as RPS6, PGK1, ILK, and Actin etc. (Table 2). 

Differential immune genes’ expression Analysis 
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Figure 9: Differential immune gene expression after infected U4.4 cells by the LAMV and double 

infection at 24 and 48 hr time points. (* means significant) 

Total 23 genes were evaluated for differential expression after single and double infection by 

LAMV and LAMV-USUTU together compared with mock infection at 24 and 48 hr time 

points. Average fold changes with p <0.05 were considered as significant. 22 genes, except 

TRAF-6 with no expression, show differential expressions regarding different infections. 

REL1A and uncharacterized_ncRNA showed significant difference in the fold change between 

24 hr and 48 hr post infection by LAMV as well as double infection (Fig 9).  

 

Figure 10: Differential immune gene expression after infected U4.4 cells by the USUV and double 

infection at 24 and 48 hr time points. (* means significant) 

Compared with the 24hr time point, IMD gene shows significantly differential expression after 

48 hr infection found in the cell lines infected by the USUV as well as double infection (Fig 

10). 

We also investigated differential expression (DE) of fold change comparing mock vs single as 

well as double infections at the two time points (Appendix Fig 11-12). The TEP_22 and IMD 

expressions were up-regulated significantly in the single infection by Lammi virus (Appendix 

Fig 11a) compared with mock infection at 24 hr time point. In single infection by USUV at 24 

hr time point, the expression of the REL1A gene was significantly downregulated here 

(Appendix Fig 11b). When the CECA gene was down-regulated in the double infection, the 

PPO3 gene was expressed opposite manner and both results were statistically significant (Table 

3; Appendix Fig 11c). Meanwhile, the PPO3 gene was over-expressed when cells were infected 

by Lammi virus at 48 hr time point (Appendix Fig 12a). The SRPN2 gene was significantly 

over-expressed during the single infection by USUV (Appendix Fig 12b) as well as in the 

double infection (Appendix Fig 12c) at the 48 hr time point. The IMD and Sptz_own both 
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genes were down-regulated in the double infection as well as the PPO10 and PPO3 genes were 

over-expressed compared with mock infection at the 48 hr time point (Appendix Fig 12 f). 

Table 3: Differential expressed immune genes of infected cells (both in the single and double infections) at 

the 24 and 48 hr time points compared with the mock infection. Here, n.s. Nonsignificantly expressed; 

L24RReplicates infected by Lammi at 24 hr time point; U24RReplicates infected by USUV at 24 hr 

time point; dbI48RReplicates infected by both viruses at 48 hr time point; 

 Log2Fold change at 24 hr  Log2Fold change at 48 hr 

Target L24R U24R DbI24R L48R U48R DbI48R 

TEP_22 Up (sig.) n.s n.s. n.s. n.s. n.s. 

SRPN2 n.s. n.s. n.s. n.s. Up (sig.) Up (sig.) 

IMD Up (sig.) n.s. n.s. n.s. n.s. Down 

(sig.) 

PPO10 n.s. n.s. n.s. n.s. n.s. Up (sig.) 

Sptz_own n.s. n.s. n.s. n.s. n.s. Down 

(sig.) 

REL1A n.s. Down 

(sig.) 

n.s. n.s. n.s. n.s. 

CECA n.s. n.s. Down 

(sig.) 

n.s. n.s. n.s. 

PPO3 n.s. n.s. Up (sig.) Up (sig.) n.s. Up (sig.) 

 

Discussion 
Unlike vertebrates, mosquitoes don’t have an adaptive immune system. They are completely 

dependent on their innate immune system to fight viruses using the RNAi system as well as 

other signaling pathways, through activating transcription of genes responsible for antiviral 

responses. In addition, many viruses can manipulate the host antiviral immune response 

through complex host-pathogen interactions, which results in the activation of genes acting as 

pro-viral responses in favor of viral replication. For example, the CLIPB13A (CLIP-domain 

serine proteases) knock-down showed that the CLIPB13A decreased ZIKV dissemination 

(here, acting as an antiviral) and increased DENV2 and CHIKV dissemination (here, the 

CLIPB13A acting as a pro-viral) into salivary glands in the mosquito species (Chowdhury et 

al. 2020). 
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In general, mosquitoes have major signaling pathways as follows: Toll, Immune Deficiency 

(IMD) and Janus-Kinase signal transducer and activator of transcription (JAK-STAT). These 

signaling pathways are activated mainly by the presence of bacteria, parasites, fungi and 

viruses. Different studies investigated that the Toll pathway involves different adaptor proteins  

(e.g. MYD88, NFkB-like transcription factors REL1), negative regulators (e.g. Cactus, serine-

protease inhibitors like Serpin) and the IMD pathway involves IMD, REL2, antimicrobial 

peptide defensin (Def) against bacteria and viruses in Aedes sp. (Shin et al. 2003; Antonova et 

al. 2009; Magalhaes et al. 2010; Zou et al. 2011; Garver et al. 2012; Lagueux et al. 2000; 

Agaisse et al. 2003; Souza-Neto et al. 2009; Dong et al. 2012). In addition, another previous 

study showed that the JAK-STAT pathway is activated by the DOME receptor and several 

genes like thioester-containing protein (TEP) describing having an antiviral role in Ae. Aegypti 

against the Dengue virus infection. This study also documented that the JAK-STAT pathway 

is activated by Dicer-2 dependent manner through the Vago (a single von Willebrand type C 

factor domain protein) secretion as well as up-regulation of the STAT-dependent virus-

inducible gene Vir-1 to restrict WNV infection in Culex cells (Paradkar et al. 2012).  

In this project, we designed our experiments to investigate the effects of two different flavivirus 

infections on the U4.4 mosquito cell line, as well as to evaluate different immune gene 

expressions in accordance with different signaling pathways. Before starting sampling, both 

the USUV and the LAMV infected cells were investigated under light microscope and no clear 

CPE was found at five different time points. All cell lines do not always show CPE after 

different flavivirus infections, which might be the reason for not finding a clear CPE here. In 

addition, the IFA staining was performed here to screen the infected cell line by USUV. The 

USUV infection during 24 hr and 48 hr time points was confirmed under the fluorescence 

microscope as more infected cells were found at the 48hr time point rather than at the 24hr time 

point.  

By using RT-qPCR, the virus load was estimated from the supernatant of each biological 

replicate and the result showed that the USUTU viral replication significantly decreased at 96-

120hr time points in the double infection due to the presence of two flaviviruses together 

compared with the single infection by the USUV. However, the LAMV infection showed the 

opposite result during the double infection. Therefore, we can hypothesize that in the double 

infection, the USUV replication might be reduced due to the implications of LAMV replication.  

In the present study, we investigated different host factors, effector soluble molecules and 

receptor molecules involved in the cellular responses after both single and double infections 
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separately on immune competent U4.4 mosquito cell line at five different time points. These 

results help us to understand the effect of two different flaviviruses between 24 hr and 48 hr 

post-infections (i.e.  LAMV/ USUTUV in the single infection and LAMV & USUTUV in the 

double infection) on this mosquito cell line. From the statistical analysis, REL1A and 

unchar_ncRNA genes’ expression was significant when the LAMV infected the U4.4 cells in 

both single and double infections. To clarify, these two genes were differentially expressed at 

the 24 hr time point compared to the threshold level at the 48 hr time point. In case of the 

USUV infection, only the IMD gene showed a significant result, and it was differentially 

expressed at the 48 hr time point comparing from the threshold level at the 24hr time point.  

Moreover, further statistical analysis was done to investigate our target genes that were 

significantly DE in both single and double infections compared to the mock infection at the 24 

hr and 48 hr time points respectively. For example, TEP_22, SRPN2, PPO10, PPO3 genes were 

up-regulated in different infections at two time points (24-48 hrs) compared with the mock 

infection. Meanwhile, Sptz_own, REL1A and CECA genes were down-regulated in different 

infections that were statistically proven (Table 3 and Appendix Fig 11-12). In addition, the 

IMD gene expression was up-regulated when cells were infected by only Lammi virus at the 

24 hr time point but its differential expression went down in the double infection at the 48 hr 

time point. In the double infection, the presence of USUV might negatively regulate the IMD 

gene’s expression subsequently which was triggered before in the single infection by LAMV. 

In this context, we can hypothesize that both up-regulated genes might act as antiviral genes in 

the single and double infections. Meanwhile, the down-regulated genes might be pro-viral 

genes to neutralize the flaviviruses in both single and double infections. This could be 

investigated by further experiments, such as in vitro gene knock-down technique. Therefore, 

our present study reveals that these up- and down-regulated genes are mainly involved in the 

manipulation of different signaling pathways due to the presence of LAMV/ USUV or both 

flaviviruses together. Due to the short-time frame we used only biological replicates instead of 

also doing technical replicates. Thus, our results might deviate from true findings. In addition, 

few replicates of some genes (out of 23 genes) showed technical errors that may also have 

affected the results. 

In conclusion, compared to the previous studies, our findings add more detail on possible 

antiviral immune genes for insects against different flavivirus infections and we identify pro-

viral genes which are essential for viral replication through manipulating the host immunity. 

In future, in vitro knock-down/over-expression of these selected immune gene targets will need 
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to be used for further validation and verification of our findings as well as for identifying the 

antiviral or pro-viral effects on the mosquitoes against these two different flavivirus infections. 
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11 c. 

 

Figure 11: Differential expression of immune genes at 24 hr time point. Up- and down-regulated gene 

expressions were found between Mock and Lammi infection (a); between Mock and USUV infection (b) 

and between Mock and double infections (c). Here, * denotes significantly expressed. 
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12 b.  

 

12 c. 

 

Figure 12: Differential expression of immune genes at 48 hr time point. Up- and down-regulated gene 

expressions were found between Mock and Lammi infection (a); between Mock and USUV infection (b) 

and between Mock and double infections (c). Here, * denotes significantly expressed. 

 

 


