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Abstract

We describe the isolation and characterization of a novel insect-specific flavivirus (ISFV), 

tentatively named Aripo virus (ARPV), that was isolated from Psorophora albipes mosquitoes 

collected in Trinidad. The ARPV genome was determined and phylogenetic analyses showed that 

it is a dual host associated ISFV, and clusters with the main mosquito-borne flaviviruses. ARPV 

antigen was significantly cross-reactive with Japanese encephalitis virus serogroup antisera, with 

significant cross-reactivity to Ilheus and West Nile virus (WNV). Results suggest that ARPV 

replication is limited to mosquitoes, as it did not replicate in the sandfly, culicoides or vertebrate 

cell lines tested. We also demonstrated that ARPV is endocytosed into vertebrate cells and is 

highly immunomodulatory, producing a robust innate immune response despite its inability to 

replicate in vertebrate systems. We show that prior infection or coinfection with ARPV limits 

WNV-induced disease in mouse models, likely the result of a robust ARPV-induced type I 

interferon response.

Keywords

insect-specific flavivirus; Aripo virus; West Nile virus; flavivirus infection; flavivirus 
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Introduction

The genus Flavivirus (family Flaviviridae) includes medically important pathogens such 

as dengue (DENV), yellow fever (YFV), West Nile (WNV), St. Louis encephalitis 

(SLEV), Japanese encephalitis (JEV), and tick-borne encephalitis (TBEV) viruses. Although 

the classification of many flaviviruses emphasizes nucleotide and deduced amino acid 

sequences, these viruses can also be classified based on their antigenic characteristics, vector 

association, host association, and ecological characteristics (Gould and Solomon, 2008; 

Kuno, 2004).

Flaviviruses have monopartite, positive (+) sense, single-stranded RNA (ssRNA) genomes 

of approximately 10 – 11,000 nt in length (Simmonds P, 2011), including a single 

uninterrupted open reading frame (ORF) that encodes three structural proteins and seven 

non-structural proteins. The single ORF is flanked by two non-coding regions, the 5’ 

untranslated region (UTR), which possesses a methylated cap that allows translation, and 

the 3’ UTR, which forms a complex stem-loop secondary structure that facilitates translation 

and replication (Simmonds P, 2011).

An area of interest to arbovirologists is the discovery and characterization of “insect­

specific” viruses, and their application as platforms for a variety of translational products 

such as vaccines and diagnostics (Erasmus et al., 2017; Erasmus et al., 2015; Erasmus et 

al., 2018; Hazlewood et al., 2020; Hobson-Peters et al., 2019; Vet et al., 2020). Unlike 

medically important mosquito- and tick-borne flaviviruses that alternately infect vertebrate 
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and invertebrate hosts, these mosquito-specific flaviviruses appear to replicate only in 

mosquitoes and mosquito cells. To date, ISFVs have been isolated from and/or detected 

in mosquitoes collected in Guatemala (Morales-Betoulle et al., 2008), Mexico (Farfan-Ale 

et al., 2009; Espinoza-Gomez et al., 2011), Finland (Huhtamo et al., 2012; Huhtamo et al., 

2009), Cote d’Ivoire (Junglen et al., 2009), Uganda (Cook et al., 2009), Puerto Rico (Cook 

et al., 2006), Spain (Vazquez et al., 2012), Portugal (Ferreira et al., 2013; Parreira et al., 

2012), Japan (Hoshino et al., 2009; Hoshino et al., 2007), China (An et al., 2012; Lee et 

al., 2013), Kenya (Sang et al., 2003), Peru (Evangelista et al., 2013), the USA (Bolling et 

al., 2012; Crabtree et al., 2003; Haddow et al., 2013; Tyler et al., 2011; Kim et al., 2009), 

Thailand (Yamanaka et al., 2013), Brazil (Kenney et al., 2014), Australia (Hobson-Peters 

et al., 2013; McLean et al., 2015), and Trinidad (Kim et al., 2009). These viruses cluster 

into two distinct monophyletic groups within the flavivirus phylogeny (Cook et al., 2012). 

One ISFV clade clusters together with mosquito-borne flaviviruses, and its members are 

termed dual host associated ISFVs (dhISFVs). The second and larger ISFV clade lies basal 

in the phylogeny to the vertebrate-infectious flaviviruses (VIFs) and forms two clades: one 

consisting of the Aedes and Mansonia-associated and the other Culex-associated viruses 

(Cook et al., 2012). This second clade is collectively termed the classical ISFVs (clISFVs).

Previous studies have shown experimentally (Bolling et al., 2012; Lutomiah et al., 2007) and 

indirectly through virus isolation from male mosquitoes and immature stages that ISFVs are 

vertically transmitted in nature (Bolling et al., 2012; Cook et al., 2006; Haddow et al., 2013; 

Hoshino et al., 2009; Hoshino et al., 2007; Saiyasombat et al., 2011; Sang et al., 2003). 

Other laboratory studies have demonstrated both horizontal and venereal transmission of 

Culex flavivirus (CxFV) in Culex pipiens mosquitoes (Bolling et al., 2012; Saiyasombat et 

al., 2011), indicating that ISFVs may use alternative modes of infection and transmission for 

natural maintenance, eliminating (or never developing) the need for a vertebrate host.

Although ISFVs are abundant in nature, little is known about their ecological niche, their 

position in the evolutionary history of flaviviruses, genetic determinants that render them 

unable to replicate in vertebrate cells, or to what extent they can affect the transmission 

of VIFs in nature. Previous studies show ISFVs and insect-specific alphaviruses are host­

restricted in vertebrate systems at multiple levels, including entry and replication (Colmant 

et al., 2017; Junglen et al., 2017; Nasar et al., 2015; Piyasena et al., 2017; Tangudu, 2021).

Herein, we report the detection and characterization of a novel ISFV (tentatively named 

Aripo virus; ARPV) from a pool of Psorophora albipes mosquitoes collected in Trinidad 

in 2008. We describe its genetic and serological characteristics and show experimentally 

that ARPV is vertically transmitted in Aedes aegypti mosquitoes. Finally, we explore 

ARPV’s host restriction and show that ARPV undergoes clathrin-mediated endocytosis into 

vertebrate cells, and is immunomodulatory, inducing a robust innate immune response in 

vertebrate systems, even in the absence of replication.
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Methods

Mosquito collection and virus isolation

Between 2007 and 2009, more than 185,000 mosquitoes representing 46 species were 

collected at three locations in Trinidad (Auguste et al., 2010; Auguste et al., 2009). 

Mosquitoes were sorted into pools, ranging in size from 1 to 50, by species, sex, date and 

collection site, and frozen at −80°C for subsequent testing for arboviruses by culture in Vero 

cells, as described previously (Auguste et al., 2009). For the current study, a random sample 

of 300 unscreened mosquito pools, and pools that failed to produce cytopathic effects (CPE) 

on Vero cells, were also inoculated onto the Aedes albopictus cell line C6/36 (Igarashi, 

1978) for detection of insect-specific viruses.

Briefly, 100 μL of each mosquito pool homogenate were inoculated onto C6/36 cell 

monolayers in a 24-well plate format, incubated at 28°C for one hour and then 1 mL of 

overlay medium [5% FBS, penicillin (100 U/ml), streptomycin (100 μg/ml), 1% tryptose 

phosphate broth solution and amphotericin B (5.6 μg/ml)] was added. Cells were then 

observed daily for CPE for up to 10 days. If CPE were observed, a sample of the original 

homogenate was then inoculated onto a monolayer of C6/36 cells in a 12.5 cm2 plastic 

culture flask for confirmation.

Hemagglutination inhibition assays

The ability of ARPV to agglutinate goose erythrocytes was tested on supernatants obtained 

from infected and sham-infected control C6/36 cells that were subsequently acetone 

extracted. Once agglutination was confirmed, the optimal pH was determined to be 6.2, 

where the C6/36 cell Aripo antigen agglutinated goose erythrocytes up to a 1:512 dilution. 

This antigen was then subjected to hemagglutination inhibition (HI) tests at pH 6.2 

according to Beaty et al., (1989) (Beaty B.J., 1989) with selected mouse immune ascitic 

fluids representative of various flavivirus serogroups. All flavivirus immune ascitic fluids 

were obtained from the World Reference Center for Emerging Viruses and Arboviruses 

(WRCEVA) at the University of Texas Medical Branch (UTMB).

Transmission electron microscopy

Infected C6/36 monolayers were fixed in 2.5% formaldehyde/0.1% glutaraldehyde in 0.05 

M cacodylate buffer pH 7.3 containing 0.03% trinitrophenol and 0.03% CaCl2 for at 

least 1 hour at room temperature. Monolayers were then washed in 0.1 M cacodylate 

buffer, scraped and pelleted by centrifugation. Pellets were post-fixed in 1% OsO4, 0.1 M 

cacodylate buffer, pH 7.3, washed with distilled water, en bloc stained with 2% aqueous 

uranyl acetate for 20 minutes at 60°C, then dehydrated in graded series of ethanol and 

embedded in Poly/Bed 812 (Polysciences, Warrington, PA). Ultrathin sections were cut on 

Leica EM UC7 ultramicrotome (Leica Microsystems, Buffalo Grove, IL), stained with lead 

citrate, and examined in a Philips (Eindhoven, Netherlands) 201 electron microscope at 60 

KV.

To visualize ARPV entry into vertebrate cells, Vero cells were infected (MOI 10 genome 

copies/cell) with ARPV and incubated on ice for 1 hour. Cells were removed from the ice 
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and incubated at 37°C for 15 seconds, 1 minute, or 5 minutes before being fixed in 2.5% 

formaldehyde/0.1% glutaraldehyde in 0.05 M cacodylate buffer pH 7.3 containing 0.03% 

trinitrophenol and 0.03% CaCl2 for 1 hour at room temperature. Monolayers were processed 

for microscopy similarly to C6/36 monolayers as above.

Virus purification and nucleic acid extraction

Virus from the original mosquito homogenate was inoculated onto 80% confluent C6/36 cell 

monolayers, and culture medium collected six days later and centrifuged at 1,860 × g to 

pellet cell debris. Polyethylene glycol was added at 7% w/v and held at 4°C for 48 hours 

prior to centrifugation at 3,100 × g for 40 min as previously described (Auguste et al., 2015). 

The pellet was resuspended in 250 μl of TEN buffer [10mM Tris-HCl, pH 7.5; 1mM EDTA, 

pH8.0; and 0.1M NaCl] by repeated pipetting. RNA was then extracted using Trizol LS 

(Life Technologies, Carlsbad, CA) according to the manufacturer’s instructions.

Sequencing

Viral RNA was fragmented by incubation at 94°C for eight (8) minutes in 19.5 μl of 

fragmentation buffer (Illumina Inc., San Diego, CA). First and second strand synthesis, 

adapter ligation and amplification of the library were performed using the Illumina TruSeq 

RNA Sample Preparation kit v2 under conditions prescribed by the manufacturer (Illumina 

Inc., San Diego, CA).

Cluster formation of the library DNA templates was performed using the TruSeq PE 

Cluster Kit v3 (Illumina Inc., San Diego, CA) and the Illumina cBot workstation using 

conditions recommended by the manufacturer. Paired-end 50 base sequencing by synthesis 

was performed using TruSeq SBS kit v3 (Illumina Inc., San Diego, CA) on an Illumina 

HiSeq 1000 using protocols defined by the manufacturer. Cluster density per lane was 820–

940 k/mm2, and post-filter reads ranged from 148–218 million per lane. Base call conversion 

to sequence reads was performed using CASAVA-1.8.2. Reads were filtered for quality and 

adapter sequences were removed, then viral contigs were assembled de novo using AbySS 

software (Simpson et al., 2009). Assembled contigs were checked using bowtie2 to align 

reads to the contigs (Langmead and Salzberg, 2012), followed by visualization using the 

integrative genomics viewer (Robinson et al., 2011).

Sequence analysis

Predicted viral UTR folding patterns were inferred with RNAfold (Gruber et al., 

2008) (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi) and Mfold (Zuker, 2003) (http://

mfold.rna.albany.edu/?q=mfold) programs at both 29°C and 37°C. The NetNGlyc 1.0 

server was used to determine potential N-glycosylation sites within the ARPV ORF 

using a threshold value of 0.5 (http://www.cbs.dtu.dk/services/NetNGlyc/). Polyprotein 

cleavage sites were identified by visual inspection under comparison with 20 additional 

flaviviruses. Sequence identities were calculated using GENEIOUS v5.6 (Auckland, New 

Zealand). Codon usage patterns were estimated for the complete polyprotein sequences for 

ARPV (MZ358890), WNV (MT968030), CxFV (KU726615) and Modoc virus (MODV; 

AJ242984) using the codon usage analyzer available at the sequence manipulation suite 

(Stothard, 2000). Because vertebrates underutilize CG dinucleotides, and flaviviruses that 
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persist in a single host cycle are known to have codon usage patterns similar to their hosts 

rather than related flaviviruses (Lobo et al., 2009), we estimated codon usage frequencies for 

threonine, proline, and arginine (i.e. CG dinucleotide containing codons).

Phylogenetic analysis

Representative flavivirus NS5 nucleotide sequences were downloaded from GenBank, 

aligned with the ARPV NS5 gene sequence using the translation align in the software 

package GENEIOUS v5.6 (Auckland, New Zealand), and then manually adjusted. A 

maximum likelihood (ML) phylogenetic tree was then constructed using the general time 

reversible (GTR + Γ4 + I) model that was identified among the best-fit models of 

nucleotide substitution using Modeltest (Posada, 2008). Bootstrapping was used to assess 

the robustness of tree topologies using 1000 replicate neighbor-joining (NJ) trees under the 

ML substitution model. All analyses were performed with PAUP* version 4.0b (Sinauer 

Associates, Inc., Sunderland, MA, USA).

In vitro culture of Aripo virus

A variety of vertebrate and insect cell lines derived from monkey (Vero), hamster (BHK), 

human (MRC5), mosquitoes (Aedes albopictus, Culex tarsalis, Anopheles stephensi, and 

Toxorhynchites amboinensis), sandflies (Lutzomyia longipalpis), and midges (Culicoides 
variipennis), obtained from the WRCEVA, was inoculated with ARPV at an MOI of 1 

genome copy/cell using cell culture supernatant from infected C6/36 cells as the inoculum. 

Cultures were observed for CPE for seven days.

In each of the mammalian cell lines, virus was additionally serially blind-passaged three 

times, using 100ul of supernatant from the previous passage as the inoculum. Cells 

were observed for CPE and the third passage supernatant screened for ARPV infection 

by reverse transcriptase PCRs, using primers based on the ARPV envelope (Env-978F 

– ATGGAACCCAATGCTTAGACG and Env-1981R – TGTGTACGCCACGACCAGAA) 

and the NS5 (NS5–8754F – GCGTGTGTATGACGGATACCA and NS5–9610R – 

TTCAGCTTGCCTTATCAGCT) regions. One-step RT-PCRs were performed with the Titan 

one-step RT-PCR kit (Roche Diagnostics, Indianapolis, Indiana) and cycling conditions 

were: 45°C for 50 min, 95 °C for 2 min followed by 40 cycles of 95°C × 10 sec, 50°C × 40 

sec, and 68°C × 1 min 15 sec, and a final extension of 68°C for 5 min was used.

To confirm whether ARPV could replicate in the Anopheles stephensi or mammalian 

cell lines (in which it does not cause observable cytopathic effects), a real-time Taqman 

assay was developed to assess ARPV’s replication kinetics. Taqman primers (7562F – 

CGGTGTTCATTGAGGATGAC; 7714R - TGATACGTCCAGGTTCGGTA) and a probe 

(7680F-P - CGCTGCCTCATGGCAATTCG) were designed based on the NS5 gene. 

Subsequently, a PCR amplicon was generated, purified using the QiaQuick Gel extraction 

kit (Qiagen, Inc., Valencia, CA), and cloned into a vector using the TOPO TA cloning kit 

(Invitrogen, Life Technologies, Carlsbad, CA). Purified plasmid DNA was quantified and 

serially diluted from 108 genome copies/ml to 1 genome copy/ml, and a standard curve was 

generated. Aedes albopictus (C6/36), A. stephensi, BHK, and Vero cells were infected at 

an MOI of 1 genome copy/cell, and replication kinetics were assessed at 24 hr time points 
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for seven days. qRT-PCRs were performed with the TaqMan® RNA-to-CT ™ 1-Step Kit 

(Applied Biosystems, Life Technologies, Carlsbad, CA) in a 96-well plate using the ABI 

7900 HT sequence detection system (Applied Biosystems, Life Technologies, Carlsbad, CA) 

under the following conditions: 48°C × 30 min, 95°C × 10 min, followed by 40 cycles of 

95°C × 15 sec and 60°C × 1 min. Results were collected after the elongation step.

Electroporation of Aripo virus and West Nile virus

To determine if the ARPV host restriction occurs at entry, we evaluated ARPV replication 

kinetics after electroporating ARPV RNA directly into cells. WNV (strain NY99) and 

ARPV RNA were concentrated and purified as described above, and 6 μg of total RNA were 

electroporated into Vero cells as previously described (Gorchakov et al., 2012). C7/10 cells 

were prepared using the same method, but the following electroporation conditions were 

used: 5 pulses, 99 μsec in length, at 680V with 200 msec periods between pulses. Aliquots 

were taken to assess replication kinetics at 24 hr time points for seven days. Virus titers were 

estimated by qRT-PCR as described above.

Intracellular and Extracellular Viral Replication Kinetics

Vero cells were cultured in plates and inoculated (MOI 0.1 genome copy / cell) in 

triplicate with either ARPV, ZIKV (strain DakAr D 41524), or culture media as a negative 

control. After infection, cells were washed three-five times with phosphate buffered saline 

(PBS) before adding maintenance media (culture media with 2% fetal bovine serum). For 

extraction and quantification of extracellular viral RNA, aliquots of culture supernatant were 

removed and replaced with an equivalent volume of fresh media at 0, 3, 6, 12, 24, 48, 72, 96, 

120, 144, and 168 hours post-infection. To extract intracellular RNAs, cell monolayers were 

washed five times with PBS, then lysis buffer was applied directly to the cells and incubated 

for 10 minutes with continuous rocking before continuing with RNA extraction as described 

above. Viral titers were quantified by RT-qPCR as described above.

Three-dimensional protein modeling

The initial search and template selection was achieved by submitting the ARPV E protein 

sequence to the universal protein database in an attempt to identify the most similar 3-D 

protein structure. The template selected was the JEV E crystal structure (PDB ID#: 3p54), 

which we then used to predict the structure of the ARPV E protein) with the SWISS­

MODEL software package (Arnold et al., 2006). Visualization, manipulation, and further 

comparisons of the final 3-D structure were made using Swiss-PDB Viewer v4.1 (Guex and 

Peitsch, 1997).

Vertical transmission in A. aegypti

To determine if ARPV is transmitted vertically in mosquitoes, experimental infections were 

performed using a laboratory colony of A. aegypti established from eggs collected in 2004 

from Mae Sot Province, Thailand (Higgs et al., 2006). Mosquitoes were reared at 28°C, 

~80% relative humidity, with a photoperiod of 16h:8h (light:dark). One hundred adult 

females, 3–5 days post-emergence, were cold-anesthetized and intrathoracically inoculated 

with 4 log10 genome copies of ARPV in 0.3μl of inoculum. Inoculated mosquitoes 
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were transferred to an environmental chamber at 28°C, and at various time points post­

inoculation, mosquitoes were removed to test for virus infection by RT-PCR. At seven 

days post-inoculation, mosquitoes were offered an artificial blood meal, using a membrane 

feeding system (Hemotek Ltd, Accrington, United Kingdom), in order to stimulate egg 

production. Eggs were collected five days later, allowed seven days to embryonate, then 

hatched in plastic pans. The F1 and F2 progeny were reared to adulthood, and freshly 

emerged adults were tested for ARPV infection by qRT-PCR. The colony was prescreened 

using ARPV primers and probes to confirm the absence of potentially cross-reactive ISFVS.

Macrophage Infection and Differentially Expressed Gene Studies:

Bone marrow cells were isolated from naïve C57BL/6 mice (Jackson Laboratory) and 

differentiated into macrophages as previously described (Adam et al., 2021). A total of 

5 × 105 cells was then seeded into 96-well plates. Cells were infected in triplicate with 

one of the following agents: ARPV, UV-inactivated ARPV, ZIKV (strain PRVABC59), UV­

inactivated ZIKV (strain PRVABC59), or mock-infected to serve as negative controls. Six 

and twenty-four hours post-infection, supernatants were collected for analysis of cytokine 

production using Bioplex (Erasmus et al., 2017) and ELISA (Wang et al., 2004) assays as 

previously described.

Six hours post-infection, cells were also harvested and RNA was extracted using the 

miRNeasy Mini kit (QIAGEN) according to the manufacturer’s instructions. RNA was 

sequenced on an Illumina Novaseq 6000 instrument using a 200 cycle 100bp paired-end 

read run. After sequencing, adaptors were trimmed, and the data collated. The mouse 

reference genome and gene sequences and annotation (mm10) were downloaded from 

UCSC (genome.ucsc.edu). Raw reads were quality controlled and filtered with FastqMcf 

(Aronesty, 2013). The clean reads were mapped to the gene reference using BWA (Li and 

Durbin, 2009) with default parameters. The differential expression of genes was calculated 

using the edgeR package (Robinson et al., 2010) in R software (http://www.r-project.org/), 

with Benjamini–Hochberg adjusted P-values of 0.05 considered to be significant. Ingenuity 

Pathways Analysis (IPA) software was then used to analyze the array data.

Animal experiments

All experiments and procedures involving animals were performed according to Virginia 

Tech approved IACUC protocols. ARPV, YFV 17D, and WNV (strain NY99) inocula used 

in animal experiments were prepared from infected C6/36 cell cultures. ARPV inocula were 

concentrated from a 150 cm2 flask by PEG precipitation as previously described (Erasmus 

et al., 2017). Inocula were diluted with PBS to achieve the desired dosage, and titers were 

assessed after inoculation by plaque assay on VERO 76 cells for WNV or RT-qPCR for 

ARPV as described above.

Intracranial inoculation of CD-1 suckling mice

To confirm ARPV’s host restriction and further explore its vertebrate pathogenicity, we 

intracranially inoculated outbred suckling mice. Gestational age E17 pregnant dams were 

purchased from Charles River Laboratories (Wilmington, MA, USA). Dams were divided 

into three groups, including ARPV, WNV, and PBS (unchallenged healthy controls), and 
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allowed to acclimatize and birth pups. Two days after birth, pups were intracranially 

inoculated with 7 log10 genome copies of ARPV, 3 log10 plaque-forming units (PFU) of 

WNV, and PBS diluent. Mice were monitored daily for weight loss and signs of disease for 

14 days. Sick or moribund animals were euthanized immediately.

CD-1 mouse protection study

Given the immunogenic nature of ARPV in vitro, we sought to explore the effects of ARPV 

on WNV pathogenicity in murine models using pre- and co-infection studies. Six-week-old 

CD-1 mice from Charles River labs were randomly divided into nine (9) groups, each 

with six animals (n=6). Mice were subcutaneously inoculated seven days before or one 

day before the WNV challenge with ARPV (7 Log10 genome copies), YFV 17D (7 Log10 

genome copies), PBS, or C6/36 culture media. One group was also co-inoculated with WNV 

and ARPV at the time of infection. Mice were challenged subcutaneously with a lethal dose 

(103 PFU) of WNV. Mice were monitored daily for weight loss and signs of disease for 

21 days post-challenge. Mice were immediately euthanized when moribund or lost 20% or 

more of their original day 0 bodyweight. Six-week-old CD-1 mice (n=5 per group) were 

also inoculated with ARPV (7 Log10 genome copies) and C6/36 culture media as a control. 

Four weeks post-inoculation, mice were euthanized and bled by cardiac puncture. Sera were 

collected and screened for the presence of WNV-neutralizing antibodies against strain NY99 

by plaque reduction neutralization tests (PRNTs) on Vero cells as previously described 

(Webb et al., 2019).

Ifnar1−/− mouse protection study

To further explore the role of innate immunity, and particularly type I interferons in 

the protection observed in the CD-1 mouse studies, we performed a similarly designed 

study in Ifnar1−/− mice (i.e. interferon alpha and beta receptor knockout). Six-week-old 

Ifnar1−/− mice from Jackson Labs (Bar Harbor, ME, USA) were randomly divided into 

four (4) groups, each consisting of six mice. Mice were subcutaneously inoculated one day 

before the WNV challenge with ARPV (7 Log10 genome copies) or PBS diluent. Other 

groups included ARPV (i.e. to evaluate any ARPV pathological effects in these immune­

compromised mice) and PBS controls (i.e. healthy controls) with no WNV challenge. As 

above, mice were challenged subcutaneously with a lethal dose (103 PFU) of WNV and 

monitored daily for weight loss and signs of disease for seven days post-challenge and 

euthanized.

Results

Virus isolation on C6/36 cells

A novel ISFV tentatively named ARPV was isolated from a single pool of Psorophora 
albipes collected on Dec 3rd, 2008. In the initial screen, ARPV-associated CPE was observed 

on the fifth day after inoculation. On subsequent passages, the virus caused CPE (syncytia 

formation followed by significant cell lysis and detachment from the plastic surface) within 

three days. Despite screening five other P. albipes pools (119 mosquitoes) from the same 

trap from which ARPV was derived, and 17 P. albipes pools from 6 other traps set on the 
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same day (Dec 3rd, 2008) along the same transect, ARPV was not detected in these or other 

pools from Trinidad.

Sequence analyses

The ARPV genome was determined to be 10,823 nt in length, with the ORF being 10,347 

nt (longest reported for a flavivirus); the 5′UTR was 106 nt, and the 3′UTR was 369 

nt long. Table S1 shows the ARPV genome organization and the lengths (nucleotide and 

amino acid) of the 3′ UTR, 5′ UTR, and the ten genes within the ORF as well as putative 

glycosylation sites in the predicted proteins. Nucleotide and amino acid sequence identities 

were compared between ARPV and ten genetically diverse flaviviruses (Table S2). These 

results show the greatest nucleotide similarity with Chaoyang and Donggang viruses (mean 

identity of 50% for the structural genes and 60% for nonstructural genes), followed by 

culex-borne flavivirus vertebrate pathogens such as WNV and SLEV, and then the aedes­

borne flavivirus pathogens. ARPV shared the least sequence identity with the no known 

vector, tick-borne and basal insect-specific Culex flavivirus groups, in that order. NS1, NS3, 

and NS5 consistently had the highest sequence identities.

As expected, given the estimated sequence identities, a maximum likelihood phylogeny 

grouped ARPV with dhISFVs in the mosquito-borne flavivirus clade (100% bootstrap 

support) (Fig. 1A). The node supporting the ARPV branch was well supported (100% 

bootstrap), which, together with the high sequence divergence between ARPV and its closest 

relatives, suggests that ARPV likely represents a distinct species in the genus.

Transmission electron microscopy of ARPV in C6/36 cells

Electron micrographs of ultrathin sections of ARPV-infected C6/36 cells demonstrated 

spherical virions of ~ 40 nm in diameter with typical flavivirus morphology (Fig. 1B). 

Virions were mainly distributed inside the cisternae of the granular endoplasmic reticulum 

and alongside tubular and vesicular smooth membrane structures (Fig. 1C).

Hemagglutination inhibition assays

ARPV antigen agglutinated goose erythrocytes optimally at pH 6.2 to a dilution of 1:512. 

ARPV antigen cross-reacted with the Japanese encephalitis serogroup antisera (ILHV, WNV, 

JEV, ROCV, and SLEV) and to a lesser extent with the dengue, Spondweni, and yellow 

fever serogroup antisera (Table 1). ARPV showed the most cross-reactivity with ILHV and 

WNV. Additionally, ARPV reacted very strongly with the polyvalent flavivirus antisera 

used, agglutinating erythrocytes to a dilution of 1:2560.

ARPV host range studies

Table 2 summarizes the replication characteristics of ARPV in insect and mammalian cell 

lines. Figure 2 shows the typical CPE as observed in A. albopictus, C. tarsalis, and T. 
amboinensis cells. CPE were apparent by day-3 post-infection in all of the mosquito cell 

lines except A. stephensi, where there was very limited replication detected by qPCR (Fig. 

3A). Despite the significant ARPV-induced cytopathic effects observed in C6/36 and C7/10 

cell cultures, all attempts to quantify ARPV using conventional plaque assays on these 

cells were unsuccessful. ARPV did not produce CPE and was not detected by RT-PCR 
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in the Lutzyomyia or Culicoides cells tested. Likewise, there was no evidence of ARPV 

replication in any of the mammalian cells tested (Table 2, Fig. 3A,S1). Detailed studies 

on ARPV replication in Vero cell-infected extra- and intra-cellular fractions showed that 

ARPV successfully attached to Vero cells, and could be detected within the intra-cellular 

fraction for up to seven days post-infection (Fig. S1). This study further supports an ARPV 

replication defect, as no evidence of replication was detected in either fraction (Fig. S1). 

Although ARPV was blind-passaged three times in Vero and BHK cells to allow an 

opportunity for adaptation, no CPE were observed, and no viral RNA was present after 

the third passage. Furthermore, none of the intracranially-inoculated suckling mice showed 

signs of illness or disease over the 14 days that they were monitored.

WNV and ARPV replication kinetics post-electroporation

To determine whether the block to ARPV replication in vertebrate cells is at the level of 

entry or post-entry, we electroporated WNV and ARPV RNA extracted from purified virus 

into Vero and C7/10 cells and assessed their replication kinetics by qPCR. WNV readily 

replicated to high titers (108 genome copies/ml) in both cell lines (Fig. 3B) and ARPV 

replicated efficiently in C7/10 cells achieving titers of 107 genome copies/ml but showed no 

replication in Vero cells (Fig. 3B).

Transmission electron microscopy of ARPV in Vero cells

ARPV demonstrated a unique phenotype unlike other insect-specific viruses (Colmant et al., 

2017; Junglen et al., 2017; Nasar et al., 2015; Tangudu, 2021); it was capable of vertebrate 

cell entry via receptor mediated endocytosis as observed in Vero cells using transmission 

electron microscopy (Fig. 3c–e). Results showed that ARPV is associated with the cell 

membrane upon infection and enters via clathrin-mediated endocytosis within minutes of 

infection.

Vertical transmission of ARPV in A. aegypti

ARPV was detected by RT-PCR in 100% (n=12) of intrathoracically inoculated female A. 
aegypti (Thailand) mosquitoes tested on days 2, 5 or 15 post-inoculation. Infection rates in 

the F1 and F2 progeny (reared to adulthood) were 100% and 80% respectively, indicating 

efficient vertical transmission.

ARPV sequence characteristics

Figure S2 shows the inferred folding pattern for the 5′ and 3′ ARPV UTRs. These patterns 

were similar to those inferred by Parreira et al., (2012) (Parreira et al., 2012) for C. theileri 
flavivirus. However, that study did not determine the complete sequence of both UTRs, 

resulting in fewer stem-loop (SL) structures than in our predicted ARPV structures. The 

5′ SL structure (Fig. S2) also included the viral AUG translation initiation start codon, 

supporting Parreira’s suggestion that this UTR may play a role in initiating translation 

(Parreira et al., 2012).

Table S3 shows the inferred polyprotein cleavage sites, which were similar to those of 

other flaviviruses. The predicted cleavage sites for ARPV’s serine protease included virC/

CTHD, NS2A/NS2B, NS2B/NS3, NS3/NS4A, NS4A/2K, and NS4B/NS5 junctions. They 
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typically occurred after C-terminal residues such as KR, RR, or QR and immediately before 

short-chain amino acids such as G or S. Sites cleaved by host signalase include VirC-CTHD/

preM, Pr/M, M/E, E/NS1, NS1/NS2A, 2K/NS4B.

Eleven potential glycosylation sites were detected, including one each in the PrM and 

E protein, five in the NS1 protein, and one each in the NS2A, NS3, NS4B, and NS5 

proteins. ARPV has the most potential glycosylation sites (5) identified to date in NS1; 

other flaviviruses usually have 2/3 glycosylation sites in this protein, with the exception of 

CFAV (Crabtree et al., 2003) and LAMV (Huhtamo et al., 2009), which have four sites. It is 

unlikely that the cytoplasmic proteins are glycosylated.

Codon usage analysis of CG-containing dinucleotide codons for proline, arginine and 

threonine from ARPV, WNV, CxFV and MODV showed a significantly reduced bias against 

encoded CG dinucleotide codons for ARPV, WNV and CxFV in comparison to MODV. 

As expected, MODV showed significant bias against CG dinucleotide codons (CCG, CGT, 

CGC, CGA, CGG, and ACG), ranging between 5 and 9 percent usage frequencies. ARPV 

showed similar CG codon usage frequencies to WNV and CxFV, and greater similarity to 

WNV. Overall codon usage frequencies ranged between 25–65% for ARPV, 11–45% for 

WNV, and 30–80% for CxFV among the proline, arginine and threonine residues evaluated.

3-D protein modeling

The 3-D structure of the ARPV E protein was predicted based on the previously published 

JEV envelope structure (PDB # 3p54A) (Luca et al., 2012). The inferred structure had 

a mean Z-score of −3.79. Figure S3 shows the predicted 3-D ARPV and JEV envelope 

protein structures and highlights the differences observed among the major cellular receptor 

binding sites. Table S4 shows the results of the amino acid comparisons between the heparin 

sulfate-binding region and antigenic sites among six envelope proteins including JEV (PDB 

# 3p54A), SLEV (PDB # 4FG0) (Luca et al., 2013), DENV (PDB # 3J27) (Zhang et al., 

2013), WNV (PDB # 2I69) (Kanai et al., 2006) and the predicted ARPV and Lammi virus 

(LAMV) structures. A total of 8 amino acid changes were observed between ARPV and the 

VIFs tested, including three antigenic sites and five sites within the heparin-binding region.

Mouse monocyte-derived macrophage infections with ARPV

Bone marrow-derived macrophages from C57BL/6 mice infected with media (mock), 

ARPV, ZIKV, and UV-inactivated virus controls were analyzed for differential gene 

expression, and corresponding pathways analyzed using Ingenuity Pathway Analysis (IPA). 

Figure 4A shows volcano plots of the differentially expressed genes among representative 

comparisons of the various groups studied. Correlation among replicates was >0.97 in all 

cases showing strong consistency. Our data show that ARPV infection induces an antiviral 

response, including a significant (z score > 4) interferon response (Fig. 4B). ARPV infection 

significantly upregulated cell recruitment pathways and pattern recognition receptors (PRR) 

cascades, the latter of which correlated with robust induction of MYD88 and DDX58 

pathways. Upregulated downstream cascades included STAT1, STAT2, IRF3, IRF7, and 

IRF9. These cascades are associated with increased cytokine and interferon signaling, such 

as IL-17, IL-1ß, IFN-γ, IFN-α, and IFN-ß.
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To confirm the differentially expressed gene (DEG) data, a separate study was performed 

to assess cytokine production after infection of murine bone marrow-derived macrophages. 

We observed robust inflammatory and anti-inflammatory cytokine generation at 6 and/or 

24 hours post-infection with significant production of IFN-γ, TNF-α, IL-6, IL-12, IL-10, 

and IL-17 (Fig. 5). ARPV-infected macrophages also resulted in robust type I IFN (IFN-α, 

IFN-ß) production at 24 and 96 hours post-infection (Fig. S4)

ARPV exposure limits WNV-induced disease in murine models

Given our observation that ARPV induces a potent anti-viral state, we explored the 

potential for ARPV to limit WNV disease in pre-infection and co-infection scenarios using 

immune-competent mice. Our data show that ARPV administered one day before challenge 

completely protected mice from WNV disease and mortality (Fig. 6A,6B). When ARPV 

was administered simultaneously at the time of challenge, co-infected mice showed reduced 

mortality and morbidity in contrast to WNV-only infected controls. YFV 17D pre-infected 

controls did not yield any detectable protective effects against WNV-induced disease or 

death (Fig. 6A,6B).

Since ARPV pre-infection only protected mice when administered 1-day prior but not 

earlier, we sought to determine if this protection is mediated by type-1 interferon signaling. 

Ifnar1−/− mice pre-inoculated with ARPV 1-day prior to challenge showed no protection 

from WNV-induced weight loss or mortality (Fig. 6C,6D). ARPV inoculated, and WNV 

unchallenged mice showed no weight loss or mortality. WNV-only infected mice showed 

significant weight loss and 100% mortality 4 DPI, similar to the ARPV pre-inoculated 

mice (Fig. 6C,6D). CD-1 mice inoculated with ARPV showed no detectable WNV-cross­

neutralizing antibodies by PRNT or HI assays at 7- or 28-days post-infection.

Discussion

The isolation of ARPV from Psorophora mosquitoes represents the first detection of an 

ISFV from this important genus that is known to be a bridge vector of several arbovirus 

pathogens (Laporta et al., 2012; Pitzer et al., 2009; Turell et al., 1999; Turell et al., 

2006; Turell et al., 2000; Unlu et al., 2010). In the flavivirus phylogeny, insect-specific 

viruses typically cluster with other viruses from the same mosquito genus and, as such, are 

generally described as Aedes- or Culex-flaviviruses. Although this nomenclature suggests a 

narrow mosquito host range, ARPV is now the third example of an insect-specific flavivirus 

isolated from non-Aedes and non-Culex species. The other two include Nakiwogo virus 

from Mansonia sp. mosquitoes (Cook et al., 2009), and Nounane virus from Uranotaenia 
sp. (Junglen et al., 2009). In addition to demonstrating efficient vertical transmission in A. 
aegypti mosquitoes, our in vitro results show that ARPV can replicate in Aedes, Culex, 

Anopheles, and Toxorhynchites cell cultures. However, it failed to replicate in the midge 

(Culicoides) and sandfly (Lutzyomyia) cell lines, suggesting its invertebrate host range may 

be limited to mosquitoes only. It remains to be seen whether the broad mosquito host range 

demonstrated in vitro reflects its transmission potential in nature, but we did not detect 

ARPV in mosquito pools of any other species despite continued surveillance.
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ARPV antigen showed strong cross-reactivity with other flavivirus antibodies by HI tests, 

with the strongest reaction against JE serogroup viruses. Of these, it reacted most strongly 

with WNV antibodies (Ht/Ho titer of 2560/5120) and those induced by ILHV (Ht/Ho titer 

of 160/160), indicating a close antigenic relationship. Most ISFVs identified to date are 

phylogenetically distinct from the mosquito-borne flavivirus pathogens of vertebrates and 

form a distinct basal grouping within the genus (i.e., clISFVs). In contrast, ARPV is among 

a smaller group of dhISFVs that cluster within the main mosquito-borne VIFs clade and thus 

share a more recent evolutionary history with the medically important flaviviruses. While 

ARPV falls within the same lineage, it is phylogenetically (mean nucleotide divergence 

50%; 100% bootstrap support) and serologically distinct and thus may represent a new 

species.

With regard to mammalian hosts, ARPV did not cause CPE in vitro, nor did it replicate in 

either the interferon-deficient or -competent mammalian cells tested. It also did not cause 

any detectable illness in intracranially inoculated suckling mice. The CPE assays, PCR and 

inoculation of suckling mice used here and previously (Haddow et al., 2013; Huhtamo et 

al., 2009; Junglen et al., 2009; Kim et al., 2009) cannot rule out low-level replication of 

ISFVs. However, given that we used a sensitive real-time Taqman assay (limit of detection 

= 100 genome copies/ml) and mammalian cells that are among the most permissive for 

flavivirus replication, our results suggest an inability of ARPV to replicate in mammalian 

cells at 37°C. The small increase detected in the number of genome copies/ml observed at 

the 24 hr time point in the vertebrate cells tested may reflect previously bound virus that 

later detached and was released into the supernatant, suggesting inefficient attachment and 

entry into vertebrate cells. Furthermore, ARPV was serially blind-passaged to provide an 

opportunity for adaptation to BHK and Vero cells, and no viral RNA was detected after these 

passages.

Electroporation of concentrated WNV RNA into both C7/10 and Vero cells resulted 

in efficient replication. ARPV RNA also replicated after electroporation into C7/10 but 

not Vero cells indicating a fundamental block in RNA replication and/or genomic RNA 

translation in vertebrate cells. This replication defect is further supported by the absence 

of detectable replication in intracellular and extracellular fractions of ARPV-infected Vero 

cells, despite detection of genomic RNA in both fractions for up to 7 days post-infection 

(Fig. S1). Insect-specific alphaviruses and flaviviruses have previously been shown to be 

host restricted at the RNA replication level (Colmant et al., 2017; Junglen et al., 2017; 

Nasar et al., 2015; Piyasena et al., 2017; Tangudu, 2021). Scrutiny of the ARPV replication 

machinery may lead to new approaches to attenuate pathogenic flaviviruses. Results also 

show that ARPV is not temperature-restricted in vertebrate cells, as it did not replicate 

in Vero or BHK cells maintained at 29°C after infection (data not shown). The recently 

characterized Rabensburg virus (Aliota et al., 2012) represents an intermediate between 

mosquito-specific and VIFs, and was shown to be temperature restricted in vertebrate cells 

(Aliota and Kramer, 2012), but this virus is more similar genetically and phenotypically to 

WNV than are dhISFVs.

Although previous studies show that ISFVs are incapable of vertebrate cell entry (Colmant 

et al., 2017; Junglen et al., 2017; Nasar et al., 2015; Piyasena et al., 2017; Tangudu, 2021), 
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ARPV shows evidence of vertebrate attachment, entry, and induces a robust innate immune 

response to infection. Previous studies revolved around clISFVs, which are exceptionally 

genetically divergent and likely originate from a different ancestor that has never been 

associated with vertebrate cell infection, unlike dhISFVs that have likely lost the ability 

to replicate in these cells. Our DEG studies show a significant interferon response, which 

was further supported by cytokine expression analysis and mouse infection studies. It is 

unlikely that this interferon response restricts ARPV replication, as no replication was 

detected in BHK or Vero (i.e., interferon defective) cells, and no RNAemia was detected in 

ARPV-inoculated Ifnar1−/− mice. The inability of ARPV to suppress interferon production, 

a trait common to VIFs is indeed interesting. This may suggest that ARPV lost or never 

acquired the ability to evade vertebrate responses. Future studies are needed to explore if 

ARPV employs any vertebrate immune response evasive strategies, which will provide a 

better understanding of the evolutionary history of dhISFVs. Nonetheless, we hypothesize 

that mosquito-borne flaviviruses are derived from a common ancestor that was restricted 

to mosquitoes, and subsequently acquired the ability for amplification in vertebrates. 

We propose that dhISFVs subsequently lost the ability to replicate in vertebrates, while 

acquiring an adaptation for a competitive advantage in vector transmission, such as vertical 

transmission. Our data on CG codon usage frequencies for ARPV, a dhISFV, support this 

hypothesis, and suggest that ARPV likely lost the ability to replicate in vertebrates given the 

similarities to WNV. Alternatively, ARPV may utilize a non-arthropod host with altered CG 

codon usage frequencies from those observed in vertebrates.

Our data indicating that ARPV and WNV co-infection results in reduced WNV disease and 

death are also interesting. Further studies are needed to explore whether or not co-infected 

mosquitoes that transmit VIFs to vertebrates show reduced arbovirus vector competence 

or altered pathogenesis, especially for those VIFs that show increased susceptibility to 

interferon.

ARPV provided complete protection from a lethal WNV challenge when administered 

one day prior to infection. Although YFV is a potent agonist of the innate immune 

response (Hacker et al., 1998; Querec et al., 2006; Sinigaglia et al., 2018), YFV-inoculated 

control mice were not protected from WNV infection, suggesting that the inclusion of an 

interferon inducer such as polyI:C is needed to more accurately compare the observed 

protection. Ifnar1−/− mice pre-inoculated with ARPV 1 day prior to challenge showed no 

protection from WNV disease. Furthermore, mice inoculated with ARPV 7 days prior to 

WNV challenge were not protected from WNV-induced morbidity or mortality, further 

supporting the role of innate immunity, in particular type I interferons in protection. CD-1 

mice inoculated with ARPV showed no detectable WNV cross-neutralizing antibodies by 

PRNT or HI assays at 7- or 28-days post-infection, suggesting protection is unlikely to be 

antibody-mediated.

Our in vitro binding assays show that ARPV is less efficient at binding and entry into 

Vero cells than ZIKV (Fig. S1). Comparison of the predicted 3-D structure of the ARPV 

E-glycoprotein with previously published VIFs revealed a number of important epitope 

features that could potentially account for ARPV’s less efficient attachment and entry into 

mammalian cells: (i) a change from lysine to the more hydrophobic alanine at the antigenic 
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site at position 138 resulted in internalization and loss of this binding site. This site has 

been previously shown in JEV to be important for attachment and penetration into BHK-21 

cells (Liu et al., 2004); (ii) an aspartate to glycine change at position 390. A mutation from 

aspartate to histidine at the equivalent site in dengue virus type 2 has been shown to increase 

mouse neurovirulence, while aspartate to asparagine resulted in attenuated neurovirulence 

(Sanchez and Ruiz, 1996); (iii) five (5) changes in the heparin-sulfate binding region 

that could potentially affect receptor binding. Of these, two resulted in small changes in 

hydrophobicity, two resulted in a loss of positive charge and one in a loss of negative charge. 

Site-directed mutagenesis studies are needed to determine if these or other residues in the 

ARPV E protein reduce the efficacy of this virus’ attachment and entry.

The predicted 5′ and 3′ RNA structures for ARPV are the first to be reported for a 

dhISFV. The predicted structures (Fig. S2) are similar to those described by Parreira et al. 
(2012) (Parreira et al., 2012) for Cx. theileri flavivirus, but with additional SL structures. 

The folding patterns for ARPV were identical at both 29°C and 37°C, suggesting that 

temperature may not be an important factor in determining ARPV replication, at least 

pertaining to the UTR’s influence on replication. The conserved pentanucleotide sequence 

5′-CACAG-3′ found in tick- and mosquito-borne viruses is also conserved within ARPV. 

Translation reporter assays employing ARPV UTRs are needed to determine if these 

sequences are incapable of translation in vertebrate cells.

In summary, the isolation and characterization of ARPV broaden our knowledge and 

understanding of flavivirus diversity, distribution, host range, transmission dynamics, and 

genomic characteristics. ARPV’s vertebrate host restriction likely occurs at the level of RNA 

replication and/or translation, but its ability to enter vertebrate cells results in robust innate 

immune responses that may influence the transmission and pathogenesis of VIFs.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Aripo virus is a novel dual host insect-specific flavivirus isolated from 

Trinidad.

• Aripo virus antigen shows strong cross-reactivity with Japanese encephalitis 

virus serogroup antisera.

• Aripo virus infection generates a robust innate immune response despite an 

inability to replicate in vertebrate systems.

• Prior infection or coinfection with Aripo virus limits West Nile virus-induced 

disease in mouse models
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Figure 1: 
A maximum likelihood (ML) tree was constructed using NS5 gene sequences of 

representative members of the flavivirus genus (a). The ML phylogeny shows that ARPV 

clusters together with dual host ISFVs which show a close evolutionary relationship with 

vertebrate-infectious flaviviruses within the mosquito-borne flavivirus clade. Values at nodes 

indicate percent bootstrap values. The arrow indicates ARPV and the vertical line indicates 

vertebrate-infectious flaviviruses, and the red shaded box shows representative dual host 

associated ISFVs. Taxon labels include virus species name, virus species abbreviation and 

accession number. The scale bar represents percent nucleotide divergence. Transmission 

electron micrographs of ARPV in infected C6/36 cells showing (b) a cluster of virus 

particles inside an expanded vacuole; (c) virus particles are indicated with arrows and 

smooth membrane structures in the granular endoplasmic reticulum cisterns. Scale bars = 

100 nm.
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Figure 2: 
Phase-contrast micrographs showing the cytopathic effects of ARPV in representative cell 

lines; (a) negative control for C7/10, (b) C7/10 cells infected with ARPV, (c) negative 

control for Cx. tarsalis, (d) Cx. tarsalis cells infected with ARPV; (e) negative control for T. 
ambionensis, and (f) T. ambionensis cells infected with ARPV. Images were taken three days 

post-infection. Scale bars = 200 μm.
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Figure 3: 
Replication kinetics of ARPV in representative mosquito and vertebrate cell lines post­

infection (A) and post-electroporation (B). Monolayers were inoculated with an MOI of 

~0.1. Data points represent the mean number of genome copies/ml for duplicate infections 

titrated in triplicate using qPCR tests in (3A) and triplicate infections titrated in triplicate 

in (3B). Error bars indicate the standard deviation of the mean. Transmission electron 

micrographs of ARPV-infected Vero cells show that ARPV enters by clathrin-mediated 

endocytosis by 15 sec (c), 1 min (d), and 5 mins (e) post-infection. An ARPV virion is 

localized at the surface of the cellular plasma membrane (c). A clathrin-coated pit is formed, 

and endocytosis is initialized after viral protein-host cell receptor binding (d) prior to ARPV 

entry via endocytosis (e). Scale bar (100 nm) is shown in the bottom left of each micrograph.
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Figure 4: 
ARPV infection of macrophages results in robust expression of interferon-associated gene 

responses. Bone-marrow-derived macrophages from naïve C57BL/6 mice were inoculated 

with ARPV, UV-inactivated ARPV, ZIKV, or culture media as a negative control. RNA 

was harvested six hours post-infection for DEG analysis. Gene expression data from each 

of the experimental groups were analyzed using edgeR to generate (a) volcano plots of 

differential gene expression and using Ingenuity Pathway Analysis (IPA) to generate (b) 

a heatmap schematic to illustrate signaling pathways identified as significantly up- or 

down-regulated following ARPV infection relative to controls. Color intensity represents 

the respective z-score range provided by IPA. Green squares represent up-regulated, and red 

squares represent down-regulated pathways. Significant pathways identified were grouped 
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and displayed as either upstream regulators, canonical pathways activated or predicted 

biological functions impacted by ARPV infection.
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Figure 5: 
ARPV infection of macrophages results in robust cytokine production. Bone-marrow­

derived macrophages from naïve C57BL/6 mice were inoculated with ARPV or 

culture media as a negative control (mock). Cytokine levels in cell culture supernatant 

were determined by bead-based Bioplex immunoassay. Infected macrophages produced 

significant levels of cytokines (a) TNF-α, (b) IL-6 and (c) IL-12, (d) IFN-γ, (e) IL-10, 

and (f) IL-17 at both 6- and 24-hours post-infection. Data points represent mean values, 

and error bars indicate standard deviation of the mean for triplicate infections. Significance 

was determined by two-way ANOVA with ad hoc Tukey’s test. Statistically significant 

differences are denoted by * p<0.05.
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Figure 6: 
ARPV limits WNV disease in mice due to a robust innate immune response. Six-week­

old CD-1 mice were divided into nine (9) groups of n=6 and subcutaneously inoculated 

seven days before or one day before the WNV challenge with ARPV, YFV 17D, PBS, 

or C6/36 culture media. One group was also simultaneously co-inoculated with WNV and 

ARPV. Mice were then challenged with 103 PFU of WNV and were monitored daily for 

weight loss (a) and survival (b) for 21 days post-challenge. Six-week-old Ifnar1−/− mice 

were also divided into groups of n=6 and subcutaneously inoculated one day before the 

WNV challenge with ARPV or PBS. Mice were then challenged with 103 PFU of WNV 

and monitored daily for weight loss (c) and survival (d) for five days post-challenge. 

Data points indicate mean values, and error bars indicate standard deviation of the mean. 

Significance was determined by two-way ANOVA (a,c) and by log-rank (Mantel-Cox) test 

(b,d). Statistically significant values are denoted by * p<0.05.
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Table 1:

Hemagglutination inhibition antibody titers showing Aripo virus cross-reactivity with several flavivirus 

antisera.

Serogroup Virus Antigen TR9096 Antibody Ht/Ho*

Dengue

DENV-1 7.24.70 20/640 (32)

DENV-2 4.5.95 80/640 (8)

DENV-3 8.2.67 80/640 (8)

DENV-4 5.75 20/640 (32)

Japanese encephalitis

ILHV PE-163615 160/160 (1)

WNV T-34875 2560/5120 (2)

JEV T-36921 320/5120 (16)

ROCV T-36783 160/640 (4)

SLEV T-36388 320/5120 (16)

Spondweni ZIKV 8.31.65 20/640 (32)

Yellow fever WESV 8.12.65 20/640 (32)

YFV T-30906 20/640 (32)

Polyvalent Flavivirus T-37219 2560

*
Heterologous divided by homologous titer. Fold Difference is shown in parentheses.
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Table 2:

Replication characteristics of Aripo virus in various cell lines.

Type Cell line CPE (day +) RT-PCR positive by day 7

Invertebrate

Aedes. albopictus Yes (3+) Yes

C6/36 and C7/10

Culex tarsalis Yes (3+) Yes

Culex Yes (3+) Yes

quinquefasciatus

Toxorynchites Yes (3+) Yes

ambionensis

Anopheles stephensi No Yes

Lutzyomyia sp. No No

Culicoides sp. No No

Vertebrate

Vero-E6*1 No No

BHK-S*2 No No

MRC5*3 No No

*
Tested after three blind serial passages.

1
African green monkey kidney cells;

2
Baby hamster kidney cells;

3
Human lung fibroblasts
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