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Abstract

Aedes mosquitoes are vectors for many pathogenic viruses. Cell culture systems facilitate the
investigation of virus growth in the mosquito vector. We found Zika virus (ZIKV) growth to be
consistent in A. albopictus cells but hypervariable in A. aegypti cell lines. As a potential
explanation of this variability, we tested the hypothesis that our cells harbored opportunistic
viruses. We screened Aedes cell lines for the presence of insect specific viruses (ISVs), Cell-
fusing agent virus (CFAV) and Phasi charoen-like virus (PCLV). PCLV was present in the ZIKV-
growth-variable A. aegypticell lines but absent in A. albopictus lines, suggesting that these 1ISVs
may interfere with ZIKV growth. In support of this hypothesis, PCLV infection of CFAV-positive
A. albopictus cells inhibited the growth of ZIKV, dengue virus and La Crosse virus. These data
suggest ISV infection of cell lines can impact arbovirus growth leading to significant changes in
cell permissivity to arbovirus infection.
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Introduction

Diseases caused by arboviruses are a global threat perpetuated by mosquito transmission.
Arboviruses are defined by their arthropod vector and capacity to cause disease in animals.
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Over ninety percent of arboviruses which cause human disease are specifically vectored by
mosquitoes (McGraw and O’Neill, 2013). Arboviruses that cause disease in humans include
both negative-sense and positive-sense RNA viruses spanning diverse families such as
Flaviviridae and Bunyaviridae (Cleton et al., 2012). Annual outbreaks of dengue virus
(DENV) (Flaviviridae) have been consistent in the Americas for over 20 years (Cafferata et
al., 2013; Donalisio et al., 2017). Meanwhile, Zika virus (ZIKV) has rapidly emerged as a
threat to human health in the Americas (Fauci and Morens, 2016). Negative-sense
arboviruses, such as La Crosse virus (LACV), which is a leading cause of pediatric
encephalitis in the United States (Bewick et al., 2016), have been circulating in the Americas
for a long time. The emergence and re-emergence of these arboviruses causes a global
disease burden and it is estimated that greater than half of the world’s population at risk of
infection (Fauci and Morens, 2016; Messina et al., 2014) demonstrating an urgent need for
novel arbovirus control.

DENYV, ZIKV, and LACYV are all transmitted by Aedes sp. mosquitoes and there is a
continuing effort to reduce infection through targeting the mosquito host. One approach is
the identification and application of ways to reduce arbovirus replication within the Aedes
mosquito vector. Initial efforts in this vein have encouraging results. Studies have identified
genetic modification of mosquito immunity (Jupatanakul et al., 2017) or modification of
mosquito symbionts (Jupatanakul et al., 2014) to efficiently reduce virus transmission.
Further, modification of mosquitoes (transgenesis) or their associated microorganisms
(paratransgenesis) have identified genetic modification as viable approaches to reduce the
insect capacity to transmit disease (Coutinho-Abreu et al., 2010; Ren et al., 2008).
Modification of the mosquito microbiome, including gut commensal bacteria or vertically
transmitted endosymbionts (e.g. Wolbachia) can reduce arbovirus replication within
mosquitoes (Bourtzis et al., 2014; Cirimotich et al.; Schultz et al., 2018). Furthermore, it has
been recently suggested that modulation of the insect virome may have important
implications for arbovirus control (Bolling et al., 2015a).

There are a limited number of cell lines commonly used to study the virus/vector
interactions. Many studies utilize C6/36 cells, an Aedes albopictus cell line. This cell line is
limited in application because C6/36 cells are defective in antiviral immunity (Brackney et
al., 2010). Innate immune competent cells such as the A. aegypti cell lines (Aag2 and
CCL-125s) represent additional cell lines but have shown variability in virus susceptibility
(Singh, 1967; Singh and Paul, 1968; Wikan et al., 2009). The issue of variability of virus
growth in A. aegypti cell permissibility has not been extensively studied but one hypothesis
is that opportunistic viruses in some cell culture lines may interfere with consistent virus
growth.

Insect-specific viruses (ISV) are viruses specific to insects which are unable to infect
mammalian cells. ISV infection of cell culture has been recognized for over 40 years. Cell
fusing agent virus (CFAV) was first identified in 1975 in A. aegypti cells, and was shown to
cause a cell fusing phenotype in A. albopictus cells (Stollar and Thomas, 1975). CFAV is a
positive-sense RNA virus of the family Flaviviridae and genus Flavivirus. Several ISVs have
been shown to interfere with arbovirus growth, reviewed by (Bolling et al., 2015a).
Sequencing has identified additional opportunistic viruses including Phasi Charoen like
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virus (PCLV) in cell lines and in mosquitoes (Bolling et al., 2015a; Bolling et al., 2015b;
Maringer et al., 2017). PCLV is a negative-sense segmented RNA virus of the family
Bunyaviridae and genus Phasivirus. RNA-sequencing has identified coinfection of CFAV
and PCLV infections in an Aag2 cell line stocks (Schnettler et al., 2016). This raises the
possibility that these two ISVs could interfere with the growth of arboviruses in the same
culture system (Bolling et al., 2015b), as this cell line demonstrates variable growth of
ZIKV.

We assessed the kinetics of ZIKV growth in two Aedes cells lines persistently infected with
CFAV alone or CFAV and PCLV. We screened A. aegypti and A. albopictus cells to assess
the prevalence of CFAV and PCLV infection in other mosquito cell lines. We then
determined the ability of various arboviruses to grow in the presence or absence of CFAV-
PCLV coinfection and if this ISV coinfection could interfere with arbovirus studies. We
hypothesize that the presence of coinfection of CFAV and PCLV in Aag? cells is responsible
for high variability in arbovirus growth. Supporting our hypothesis, we demonstrate that the
introduction of PCLV into A. albopictus cells to generate a CFAV-PCLV coinfection
interferes with the growth of two flaviviruses, ZIKV and DENV, and the bunyavirus, LACV.

Materials and methods

Insect cell culture

All insect cells were grown at 28°C with 5% CO». A. albopictus derived C710 cells from
Ann Fallon were cultured in E-5 media (Schultz et al., 2017) and subcultured 1:10 weekly.
A. albopictus derived C6/36 cells were cultured in minimal essential media with 10% fetal
bovine serum, 1X nonessential amino acids, and 2mM glutamine. C6/36 cells from the lab
of Sharon Isern and Scott Michael were subcultured weekly at a 1:10 dilution. A. albopictus
derived Aa23 cells were grown in Schneider’s media with 10% fetal bovine serum and
50ug/mL penicillin and 50ug/mL streptomycin.

A. aegypti Aag?2 cells were cultured in Schneider’s media with 10% fetal bovine serum and
50ug/mL penicillin and 50ug/mL streptomycin at 28°C with 5% CO,. Cells were
subcultured 1:10 weekly. A. aegypti CCL-125 cells were grown in minimal essential media
with 20% fetal bovine serum as recommended by ATCC. CCL-125 cells were subcultured at
a 1:5 dilution weekly. A. aegypti Aag2 cells were provided by Zhiyong Xi and Tonya
Colpitts. CCL-125 cell lines were obtained from Marshall Bloom and the ATCC.

Virus stocks

ZIKV strains MR766 and PRVABC59 were obtained from BEI Resources (Biological and
Emerging Infections Resources Program, NIAID). Virus was grown in C6/36 cells infected
at an MOI 0.01 and harvested after 7 days. Virus supernatant was spun at 4,000 RCF, filtered
and aliquoted. To concentrate virus for high MOI experiment, 8% polyethylene glycol 8000
was incubated with virus overnight at 4 °C. Virus was pelleted at 30,000 RCF and
resuspended in NTE (NaCl-Tris-EDTA) buffer. DENV serotype 2 strain NGC was obtained
from Scott Michael and Sharon Isern and grown in LLC-MK?2 cells as previously described
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(Nicholson et al., 2011). LACV H78 was grown at an MOI of 0.01 in Vero E6 cells for 24
hours. Supernatant was spun at 4,000 RCF, filtered, aliquoted, and stored at —80°C.

Mammalian cell culture

Macaca mulattakidney LLC-MK2 cells were cultured in Dulbecco’s Modified Eagle
Medium with 10% fetal bovine serum and 2mM glutamine. LLC-MK2 cells were
subcultured weekly at a 1:10 dilution.

ZIKV Growth kinetics in Aag2 and Aa23 cells

To determine growth kinetics, viral RNA from the supernatant of Aag2 and Aa23 cells was
assessed over one week after a low MOI infection. Aag2 and Aa23 cells were plated in a 24
well plate at 5x10% cells/well. One day post plating, cells were infected with ZIKV MR766
or PRVABCH59 at an MOI of 0.1 for 1 hour at 28°C in serum-free medium (Schneider’s
Drosophila media). Virus inoculum was removed and complete media was added to each
well. Cells were incubated at 28°C with 5% CO, and supernatant time points were taken
from a fresh well every day for 6 days. Supernatant RNA was extracted by Qiagen Viral
RNA extraction kit per manufacturer recommendations. Quantitative RT-PCR was carried
out with Roche One-Step SYBR green kit. ZIKV primers (ZIKV_For
AARTACACATACCARAACAAAGTGGT and ZIKV_Rev
TCCRCTCCCYCTYTGGTCTTG) were previously published (Faye et al., 2008).

To determine the production of infectious virions from Aag2 and Aa23 cells, viral
supernatant was assayed for infectious virus at day 6 post a low MOI infection. Aag2 and
Aa23 cells were plated in a 12 well plate at 1x10° cells/well. One day post plating, cells
were infected with ZIKV MR766 or PRVABC59 at an MOI of 0.1 for 1 hour at 28°C in
serum-free medium (Schneider’s Drosophila media). Virus inoculum was removed and
complete media was added to each well. Cells were incubated at 28°C with 5% CO, for 6
days. The supernatant was harvested and analyzed by focus forming assay on LLC-MK2
cells (described below).

Focus forming Assay (ZIKV and DENV-2)

Focus forming assay protocol was adapted from previously described (Paul et al., 2016).
Briefly, LLC-MK2 cells were incubated with dilutions of virus for 1 hour. Virus was
removed and cells were rinsed one time before adding 1% agar in Temin’s modified minimal
essential media with 10% fetal bovine serum. Plates were incubated for 72 hours, fixed with
10% formalin for 1 hour at room temperature, and permeabilized with 70% ethanol for 30
minutes. Cell were stained with cross-reactive ZIKV and DENV primary human anti-E
protein antibody D11C in PBS with 0.01% tween 20 and 5% NFDM followed by goat anti-
human HRP. Foci were developed with 0.5mg/mL diaminobenzidine in 25mM Tris-HCI, pH
7.2. Foci were counted and graphed in GraphPad Prism.

Generation of PCLV persistently infected Aa23 cells

PCLV containing supernatant from Aag2 cells was confirmed by sequencing of the full
genome from the supernatant of these cells. Sequencing primers are shown in Table 2. This
supernatant from confluent Aag2 cells was collected and centrifuged at maximum speed,
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filtered through a 0.2uM filter, and aliquoted. A. albopictus Aa23 cells were infected with
the PCLV stock at a 1:10 dilution. As a control for nutrient deprivation, PCLV-free Aa23
cells were incubated with 1:10 dilution of Aa23 spent media. Media was replaced at 24
hours post infection. Six days post infection, cells were observed for cytopathic effect and
plated in 12 well plates at 1x10°cells per well. One day post plating, PCLV and CFAV
infection was determined by RT PCR (below) in cells and supernatant.

Reverse transcription PCR

Cells (1.0 x10°) were collected for RNA extraction. RNA was extracted by Qiagen RNeasy
kit per manufacturer recommendations. RT-PCR was carried out with Superscript 111 One-
step Reverse transcription PCR kit per manufacturer’s recommendations. PCLV primers
were previously published: PCLV-N-FW: CAGTTAAAGCATTTAATCGTATGATAA,
PCLVN-RV: CACTAAGTGTTACAGCCCTTGGT (Schnettler et al., 2016). Rps6 primers
used target a conserved region of A. aegyptiand A. albopictus Rpsé gene: mRpS6_F
AGTTGAACGTAT CGTTTCCCGCTAC and mRpS6_R GAAGTGACGCAGCT
TGTGGTCGTCC (Lee et al., 2012). Products were visualized by SYBR green nucleic acid
dye after running on a 1% agarose gel in Tris-acetate EDTA (TAE).

PCLV Growth curve Quantitative Reverse transcription PCR

To determine PCLV growth kinetics in Aa23 cells, cells were infected with a 1:10, 1:1000,
or UV inactivated 1:10 dilution of PCLV from Aag2 supernatant. The 1:10 dilution of PCLV
stock was UV inactivated by UV-treatment at 100pJ/cm2 for 10 minutes rocking every 3.3
minutes to inactivate infectious virus. Virus was infected for 24 hours and then removed and
replaced with fresh media. From here, time points were collected every 24 hours up until
144 hours. Supernatant RNA was extracted by Qiagen Viral RNA extraction kit per
manufacturer recommendations. Quantitative RT-PCR was carried out with BioRad SYBR
green kit. PCLV primers were previously published: [PCLV-N-qRT-FW:
ATAGTGTGGGACGAGGAGGG, PCLV-N-gRT-RV: AGGTGCCAACAGGAAACACT]
(Schnettler et al., 2016). All reactions were annealed at 60°C.

Arbovirus infection of Aa23 with dual ISV infection

Post infection with PCLV or nutrient deprivation (above), Aa23 cells were infected at a low
(MOI 0.1) or high (MOI 10) of ZIKV PRVABC59, LACV H78, or DENV-2 NGC for 1 hour
at 28°C with 5% CO,. After incubation, cells were rinsed 1 time with PBS and 1mL of
complete media was added. Cells were incubated for 6 days at 28 °C with 5% CO,.
Supernatant was collected for focus forming or plaque assay to determine infectious virus.

LACV Plaque assays

Vero EG6 cells were incubated with dilutions of virus for 1 hour. Virus was removed and cells
were rinsed one time before adding 1.2% avicel in Temin’s modified minimal essential
media with 10% fetal bovine serum. Plates were incubated for 72 hours. Overlay was
removed and cells were fixed with 4% formaldehyde for 1 hour at room temperature. Cells
were then stained with 1% crystal violet for 10 minutes, rinsed, and plaques were counted.
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Results

Kinetics of Zika virus growth in Aedes albopictus Aa23 and Aedes aegypti Aag2 cells

We have previously shown that A. albopictus Aa23 cells produce high titers of infectious
ZIKV (Schultz et al., 2017). However, the kinetics of ZIKV growth in Aa23 cells has not yet
been shown. Since A. albopictus and A. aegypti are established vectors for ZIKV, we were
interested to determine the Kinetics of viral infection in our Aa23 (A. albopictus) and our
Aag2 (A. aegypti) cell lines. Cells were infected with the African ZIKV MR766 and Puerto
Rican ZIKV PRVABC59 strains at a low MOI (MOI 0.1) and incubated for six days.
Supernatant was collected for six days and ZIKV RNA was assessed by quantitative reverse
transcription polymerase chain reaction (qQRT-PCR). In Aa23 cells, ZIKV MR766 grew
along logistic curve peaking in viral RNA titer at six days post infection with greater than a
500 fold increase in viral RNA (Figure 1A). Likewise, in Aa23 ZIKV PRVABC59 replicated
to greater than a 500 fold increase along a similar growth trend (Figure 1B). In contrast
ZIKV MR766 (Figure 1A) and ZIKV PRVABCS59 (Figure 1B) viral RNA titer increased by
only 16 fold in Aag?2 cells suggesting that virus production was unsuccessful in Aag2 cells.

To determine viral RNA was representative of ZIKV infectious virus at the peak viral RNA
titer, viral growth in the supernatant was assessed by focus forming assay at six days post
infection in independent experiments. There was high variability of viral growth spanning
two logs variance for ZIKV MR766 and PRVABC59 in Aag2 cells (Figure 2C and 2D). In
two independent experiments, ZIKV MR766 growth in Aag?2 cells was below 1.0 x 104
FFU/mL (the initial inoculum of virus) indicating little to no virus production (Figure 2C).
Viral growth was consistently observed in Aa23 cells. ZIKV PRVABC 59 grew to higher
titers than ZIKV MR766 in Aa23 cells suggesting increased fitness in this cell type.

Phasi Charoen-like virus and Cell fusing agent virus broadly infect of Aedes cell lines

Following previous studies that have suggested ISV coinfection contributes to decreased
arbovirus production in mosquito (Hall-Mendelin et al., 2016; Hall et al., 2016) and the
recent identification of CFAV and PCLV as circulating insect viruses found in some cultured
insect cells (Schnettler et al., 2016), we screened A. aegypti (Aag2 and CCL-125) and A.
albopictus (C710, Aa23, C6/36) cell lines for CFAV and PCLV RNA. DNase treated RNA
was isolated from cell lysates. The presence of mosquito Rps6 transcripts confirmed
successful RNA extraction and reverse transcription polymerase chain reaction (RT PCR).
CFAV RNA was found in Aa23 and Aag?2 cells but not in CCL-125, C6/36, or C710 cells
(Figure 2). Primers designed to amplify the small (S) segment were used to probe for the
presence of PCLV RNA by RT PCR. A. aegypti cell lines Aag2 and CCL-125 each
independently obtained from two sources (Table 1) were positive for PCLV genome (Figure
2). Aag2 cells were screened at varying passages depending on source. The two sources of
CCL125 cells were screened at passage one after receipt. PCLV RNA was detected in
CCL-125 and Aag? cells over multiple cell passages. PCLV was not detected in A.
albopictus cell lines (C710, Aa23, and C6/36) (Figure 2). These results suggest that multiple
A. aegyptibut not A. albopictus cell line cultures contain PCLV.
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PCLV has previously been reported in A. aegypti mosquitoes in Thailand (Chandler et al.,
2014), Australia, and Brazil (Hall et al., 2016) but has not been reported in A. albopictus
mosquitoes, leaving open the question of whether A. albopictus cells are permissive to
PCLV infection. To test this, filtered cell culture media from PCLV RNA positive Aag2 cells
was diluted 1:10 and added to A. albopictus Aa23 cells. Six days post inoculation, PCLV
infection was determined by RT PCR in cell lysates and in cell culture media. PCLV was
detected in Aa23 cells treated with Aag2 supernatant and in Aag2 cells (Figure 3A). PCLV
was not detected in uninfected Aa23 cells which had been incubated with Aa23 spent media
as a control for nutrient deprivation (Figure 3A). RT PCR cannot discern RNA presence
from a productive RNA infection. Thus, we determined that PCLV grows in Aa23 cells by
infecting Aa23 cells with diluted 1:10, 1:1000, or UV inactivated PCLV from Aag?2
supernatant (Figure 3B). The 1:10 dilution of the PCLV stock from Aag2 cell supernatant
grew to greater than a 500 fold increase in viral RNA in the supernatant six days post
infection in three independent biological replicates (Figure 3B). The 1:1000 dilution of
PCLV grew to a 64 fold increase in viral RNA six days post infection. UV-inactivated PCLV
(1:10 dilution) did not lead to an increase in viral RNA (Figure 3B). No cytopathic effect
was observed in A. albopictus cells infected with PCLV. These data suggest that the PCLV in
Aag? cells is infectious and that Aa23 A. albopictus cells are permissive to PCLV.

Dual ISV infection impedes the growth of arboviruses

Upon identifying PCLV in some but not all of our cultured cells stocks we became interested
in how PCLV and CFAV coinfection might impact the replication of different arboviruses.
Since PCLV is consistently present in A. aegypti cell lines that are variable or non-
permissive to ZIKV and not in in the A. albopictus cell lines that are established as ZIKV
permissive (Aa23 (Schultz et al., 2017), C710 (Schultz et al., 2017), and C6/36 (Offerdahl et
al., 2017)), we hypothesized PCLV affects the growth of ZIKV. To test this hypothesis, we
established a persistent infection of PCLV in Aa23 cells and challenged cells with arbovirus
infection (Figure 4A). Aa23 cells are CFAV positive and PCLV negative and are permissive
to ZIKV infection (Schultz et al., 2017). We challenged Aa23 control cells without PCLV
(CFAV only) and PCLV-infected Aa23 cells (CFAV and PCLV) cells with a low MOI (MOI
0.1) of ZIKV PRVABC59 to determine if ISV coinfection confers resistance to ZIKV
infection and growth. Six days post infection, we observed a significant (p<0.05) 1 log
reduction (90%) in ZIKV growth in the dual infected (CFAV and PCLV) infected cells
assayed by focus forming assay (Figure 4B). When Aa23 CFAV only and Aa23 CFAV and
PCLV positive cells were infected with a high MOI (MOI 10) of ZIKV PRVABC59, we
observed a similar 1 log (90%) reduction in ZIKV titer in Aa23 CFAV and PCLV infected
cells compared to Aa23 CFAV only positive cells (Figure 4C). These data suggest dual virus
infection limits the growth of ZIKV.

We next wanted to determine if PCLV restriction of viral growth was specific to ZIKV. Aag2
cells are more frequently utilized for DENV virus studies (Walker et al., 2014) and CFAV
has previously been shown to promote DENV infection (Zhang et al., 2017) suggesting that
PCLV may have a more mild effect on DENV growth in a coinfection setting. We infected
Aa23 CFAV only and Aa23 CFAV and PCLV positive cells with DENV-2 at an MOI of 0.1
or 10 and assayed DENV-2 growth six or three days post infection, respectively, by focus
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forming assay. Consistent with ZIKV data, we observe a one log reduction (90%) of DENV
growth in persistently infected Aa23 CFAV and PCLYV positive cells infected at a low MOI
(Figure 4D). In contrast, a high multiplicity of DENV infection (MOI=10), overcame the
effect of PCLV on virus growth (Figure 4E).

Since viruses of the same family often require the same host resources, we hypothesizeda
dual ISV infection which includes a negative-sense segmented RNA virus may have a most
pronounced effect on arboviruses with similar genome structure to itself. PCLV is in the
Bunyaviridae family so we looked for a mosquito-transmitted Bunyaviridae family virus to
co-infect with PCLV in Aa23 cells. LACV is an arbovirus which can be transmitted by
Aedes sp. mosquitoes (Bara et al., 2016; Westhy et al., 2015) and grown in A. albopictus cell
lines (White, 1987). We infected Aa23 CFAV only and Aa23 CFAV and PCLV positive cells
lines to determine if LACV virus could grow in the presence of a PCLV co-infection. Cells
were infected at a low MOI of 0.1 and a high MOI of 10 with LACV followed by a six or
three day incubation, respectively, as depicted in Figure 4A. LACV virus growth was
undetectable in Aa23 CFAV and PCLV positive cells compared to Aa23 CFAV only cells
(Figure 5A) following a low MOI exposure. LACV infection was reduced by 1-3 log (90—
99.9%) following high MOI infection in Aa23 CFAV and PCLV positive cells (Figure 5B).
These results show a robust inhibition of LACV replication in mosquito cells with both
CFAV and PCLV.

Discussion

The data shown here has significant implications for arbovirus interactions with ISVs. A.
aeqypti cell lines, Aag2 and CCL-125, each originating from different mosquito isolation
approaches (Singh, 1971) and different sources were positive for PCLV infection. We
screened three different A. albopictus cell lines, C6/36, C710, and Aa23, and found PCLV
was not present in any of these cell lines, demonstrating that infection was not universal
within laboratory cell lines. This is not due to lack of permissivity, as Aa23 cells were
readily infected with PCLV present in Aag2 supernatants. We show that PCLV grows in
Aa23 cells consistent with previous findings that PCLV RNA produces protein in Aedes
cells (Maringer et al., 2017). Unlike other reports of ISV infection including CFAV (Stollar
and Thomas, 1975) and Kamiti River virus (Crabtree et al., 2003; Sang et al., 2003), we
observed no cytopathic effect in CFAV and PCLV co-infected cells explaining why co-
infection has remained undetected in most stocks.

Recreating the conditions of Aag2 dual ISV infection are imperfect yet highlight the
potential I1SV-arbovirus interference. PCLV alone from the supernatant of CCL-125s (which
contained PCLV and not CFAV) did not generate a productive PCLV infection in any A.
albopictus line tested. This limited our investigation to dual infection with CFAV and PCLV
rather than PCLV infection alone. We infected Aa23 cells which already had a persistent
CFAV infection with PCLV from Aag?2 supernatants. In this system, CFAV is a long
established symbiont of the cells and PCLV, although stable, was a relatively recent
introduction. Our findings demonstrate a reduction of arbovirus growth in dual ISV infected
Aa23 cells but do not recapitulate the high variability of ZIKV growth observed in Aag?2
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cells. This variability may be due to PCLV adaptation to Aag?2 cells or an alternative variable
not yet identified.

Our findings have relevance for ongoing cell culture work with arboviruses. Few A. aegypti
cell lines are broadly available. CCL-125 and Aag2 A. aegypti cells can be requested from
the ATCC (CCL-125 only) or other researchers (Walker et al., 2014). Recently, there has
been contradictory data about cell line support of arbovirus replication in the two A. aegypti
cell lines, CCL-125 and Aag2. A. aegypti cell line CCL-125 has been reported to be non-
permissive to ZIKV (Offerdahl et al., 2017). Separate reports have suggested A. aegypti
CCL-125 cells are (Wikan et al., 2009) and are not (Singh, 1971; Singh and Paul, 1968)
susceptible to DENV. ZIKV growth in Aag2 cells has variable growth with reported peak
titers ranging from 104 PFU/mL (Weger-Lucarelli et al., 2016) to 10 PFU/mL(Fulton et al.,
2017; Weger-Lucarelli et al., 2017). Further, peak DENV growth in Aag2 cells has been
published as low as 102 FFU/mL (Geoghegan et al., 2017) to 10* FFU/mL (Terradas et al.,
2017). The identification or generation of an A. aegypti mosquito cell line permissive to a
broad array of arboviruses with would benefit mechanistic studies of antiviral response in
the mosquito.

Our data suggest growth of flaviviruses in A. aegypti Aag? cell lines is variable and that co-
infection of ISVs reduces arbovirus growth. This suggests that the low virus growth noted
may be in part due to PCLV co-infection. Thus, the remaoval of PCLV or identification of a
PCLV-free A. aegypti cell line may improve the function of A. aegypti cell culture system
for arbovirus studies. It is unclear at this time if PCLV directly or simply the presence of
dual ISV infection is the causative agent limiting arbovirus growth. An alternative
hypothesis is that any two insect viruses persisting in cell culture exclude the infection of a
third infection by an arbovirus. Future studies are needed to delineate the exact role of PCLV
in this tripartite microbial infection.

Previous studies have also suggested that ISVs can limit the growth of arboviruses in a co-
infection scenario /n vitroand in vivo, reviewed by (Blitvich and Firth, 2015; Bolling et al.,
2015a; Bolling et al., 2015b). ISVs of the Flavivirus genus have been the primary ISVs
shown to limit the vector competence studies of other flaviviruses. Palm Creek virus restricts
the growth of West Nile Virus (WNV) and Murray Valley encephalitis virus /n vitro by
approximately 1-1.5 logs (Hobson-Peters et al., 2013). Nhumirim virus has been shown to
limit WNV, St Louis encephalitis virus, and Japanese encephalitis virus (Kenney et al.,
2014). Consistent with the repression caused by flavivirus ISVs, we show CFAV and PCLV
co-infection causes a repression of flaviviruses, ZIKV and DENV. Because CFAV has
previously been reported to be beneficial to DENV replication (Zhang et al., 2017), it is
likely that PCLV or a synergistic interaction between PCLV and CFAV causes the observed
block in flavivirus replication. Perhaps the most striking observation of these studies is the
almost complete inhibition of LACV replication by CFAV and PCLV coinfection. Since
PCLV and LACYV are both members of the Bunyaviridae family, we hypothesize this strong
repression of LACV replication in the presence of PCLV and CFAV coinfection is likely due
to similar genetics and lifecycles of LACV and PCLV.
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There are many hypotheses about potential mechanisms for arbovirus/ISV competition in
mosquito cells. One hypothesis, is that ISV mediated suppression is caused by
superinfection exclusion. Sindbis virus infection has been shown to prevent cell line
infection with other alphaviruses (Karpf et al., 1997). However, the underlying molecular
mechanism of this exclusion is unknown. Further, superinfection exclusion is thought to
drive exclusion of viruses within a family. CFAV and PCLV are in the Flaviviridae and
Bunyaviridae families, respectively. There is a limited availability of antibodies and other
molecular tools to investigate the exact mechanism of ISV suppression. Thus, expansion of
ISV tools would aid our understanding of 1SV-arbovirus competition.

ISVs have been suggested for the control of arbovirus transmission (Bolling et al., 2015a)
based on their inhibition of arboviruses and wide geographic distribution (Cook et al., 2012;
Farfan-Ale et al., 2009; Vasilakis et al., 2013; Vasilakis et al., 2014). They are stably
maintained in populations by a high incidence of vertical transmission (Bolling et al., 2011;
Haddow et al., 2013; Yamanaka et al., 2013). Our study is the first to report a negative-sense
segmented RNA ISV that shows the possibility of acting as a broad reaching tool for
arbovirus suppression. If the cell-culture inhibition observed is maintained /in vivo, PCLV
infection could be the basis of bunyavirus exclusion, expanding the tools for vector control
and arbovirus disease prevention strategies. PCLV circulation has been reported in Thailand
and Brazil but not in the United States where LACV cases are the highest and is a leading
cause of pediatric encephalitis (Bewick et al., 2016; Taber et al., 2017; Westby et al., 2015).
Further studies investigating the prevalence of PCLV and if this virus is co-circulating with
LACV would inform efforts to control LACV.

This study provides insight into /n vitro arbovirus growth variability potentially caused by
ISV contaminants. Here, we have surveyed the extent of cell line infection with two ISVs,
CFAV and PCLV, across A. aegyptiand A. albopictus cells showing that both are permissive
for PCLV, and A. aegypti cells are regularly infected with PCLV. To prevent confounding
data, we recommend screening for CFAV and PCLYV infection in future studies. The high
prevalence of PCLV in A. aegypti cell lines makes this virus an important consideration for
in vivo studies and arbovirus control through direct inhibition or as an agent for
paratransgenic approaches.
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Insect-specific viruses can be detected in an array of Aedes mosquito cell
lines.

Phasi Charoen-like virus is found in A. aegyptibut not A. albopictus cell
lines.

albopictus cell lines are permissive to Phasi Charoen-like virus.

Zika, dengue, and La crosse virus growth are hindered by insect virus
coinfection.
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Figure 1. Growth of ZIKV MR766 and PRVABC59 in Aag2 and Aa23 cells.
Aag2 and Aa23 cells infected with (A) ZIKV MR766 and (B) PRVABC59 (MOI 0.1).

Supernatant was assayed for viral RNA for up to 6 days post infection. Each line is an
independent biological replicate. Aa23 cells are depicted in purple. Aag2 cells are depicted
in green. Statistical difference of the mean of Aa23 extracellular ZIKV RNA and Aag?2
extracellular ZIKV RNA was compared at each day by a Student’s T test. P values are as
follows for (A) MR766: day 1 p<0.23, day 2 p<0.38, day 3 p<0.23, day 4 p<0.08, day 5
p<0.03, day 6 p<0.02 and (B) PRVABCS59: day 1 p<0.37, day 2 p<0.30, day 3 p<0.37, day 4
p<0.04, day 5 p<0.02, day 6 p<0.01. * indicates p value is less than 0.05 (C-D) Infectious
virus production in the supernatant was assayed after six days by focus forming assay. Each
individual dot is an independent experiment. Statistical significance was determined by an
unpaired, one-tailed Mann-Whitney test. C: p=0.10, D: p<0.03 Experiments in A/B were
conducted independent of experiments shown in C/D and thus cannot be correlated to
determine particle: PFU ratio.
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Rps6

Figure 2. Aedes cell lines are infected with an insect specific flavivirus and phasivirus.
A. aegypti (lanes 1-2) and A. albopictus (lanes 3-5) cell lines were screened for PCLV and

CFAV viral RNA by RT-PCR and visualized on a 1% agarose gel in TAE. PCLV and CFAV
bands were confirmed by Sanger sequencing of gel extracted amplicons.
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Figure 3. Aedes albopictus Aa23 cells are permissive to PCLV growth.
(A) Six days post infection with PCLV (1:10 dilution of Aag2 supernatant), Aa23 cells were

DNase treated, assayed for PCLV RNA by RT-PCR, and visualized on a 1% agarose gel in
TAE. No RNA was provided in the no input control lane. Aa23 are untreated cells serving as
a negative control for PCLV infection. Aa23 CP have been infected with CFAV and PCLV
from Aag?2 supernatant. Aag2 are untreated cells serving as positive control for PCLV
infection. (B) Growth curve of PCLV emulating from Aa23 infected cells. Aag2 supernatant
containing PCLV was diluted 1:10 or 1:1000 before infecting Aa23 cells. To confirm that
PCLV is infectious virus, a 1:10 dilution of supernatant was UV inactivated. Supernatant
from infected cells was collected at 24 hour intervals for 144 hours post infection. PCLV
growth was determined by viral RNA in the supernatant of cells relative to time 0 hours
(pre-infection).
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Figure 4. Dual ISV infection limits flavivirus growth in A. albopictus cells.
(A) Experimental design to investigate tri-infection of A. albopictus Aa23 cells. Aa23 cells

(CFAV positive) were infected with PCLV (1:10 dilution of Aag2 supernatant). PCLV was
allowed 6 days to grow in Aa23 cells. Cells were then plated and infected with either ZIKV
PRVABCS59 or DENV-2 NGC at a low (MOI=0.1) or high MOI (MOI=10). After 6 days
(low MOI) or 3 days (high MOI), supernatant was collected and the growth of ZIKV and
DENV was assayed by focus forming assay. (B) ZIKV MOI 0.1 (C) ZIKV MOI 10 (D)
DENV MOI 0.1 (E) DENV MOI 10. All data shown are the combined means and standard
deviation of at least three independent experiments. Statistical significance determined by
paired T Test one-tailed, alpha =0.05 on the natural log of FFU/mL accounting for non-
normal distribution. * indicates p<0.05. Statistical tests were calculated by GraphPad Prism.
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Figure 5: Dual ISV infection limits LACV growth in A. albopictus cells.
(A and B) LACV H78 was grown in Aa23 PCLV-free (CFAV only) or PCLV-infected (CFAV

& PCLV) cells at either a LACV MOI 0.1 (A) or LACV MOI 10 (B) by the schematic
depicted in Figure 4. All data shown are the combined means and standard deviation of at
least three independent experiments. Statistical significance determined by paired T Test
one-tailed, alpha =0.05 on the natural log of FFU/mL accounting for non-normal
distribution. * indicates p<0.05. N.D. indicates none detected. Statistical tests were
calculated by GraphPad Prism.
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Screening of CFAV and PCLYV in different Aedes cell populations.

Table 1

Page 21

Cells were screened for virus by RT PCR followed by agarose gel for visualization of amplicons. Numerical

distinction after each cell line indicates a different source of cells.

Cell line Species PCLV detected CFAV detected
CCL-1251 A. aegypti Yes No
CCL-1252 A. aeqypti Yes No

Aag2 1 A. aeqypti Yes Yes

Aag2 2 A. aegypti Yes Yes

Aa23 A. albopictus No Yes
C6/36 A. albopictus No No
C710 A. albopictus No No
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Primers were designed against PCLV Bristol Aag2 sequences (Accession numbers: KU936057.1,

Table 2

Page 22

Primers used to sequence the full genome of PCLV from the supernatant of Aag2 cells.

KU936056.1, and KU936055.1).

forward reverse
PCLV_A GTTGGACATGAAGCAGTGGC TTTCGCCAGTTCAGACTGCT
PCLV_B  AATTAAGATGTCCACTTTGCTCAAT TTCAGTTGCATCTTCTGGCA
PCLV_C AGCAGTCTGAACTGGCGAAA AGTGTGGATGCGTTTCTGGT
PCLV_D AACAAGCTGTTTGGAGGAGAGA ACTGAGCGCAAAAACATGAAGT
PCLV_E ACTTCATGTTTTTGCGCTCAGT TCCCTGCATCATTCCTGTGG
PCLV_F  GAGCAGGGAGCCCTTACATT CGCCATTCTTGGTCAACATTCA
PCLV_G ACCCATAACCCTGACAGATGC TCACTTTCTGATGCTGTGTGA
PCLV_H ACACTGATATCATGACTCCCCG AACCCAGCCCATGTTCTCAAT
PCLV_I ATTGAGAACATGGGCTGGGTT GTCTCCCCCAGCTAATTCACA
PCLV_J GTCGATTTCGAAGAAGTAGGTGC TGCTAAACAATACCCTTCTACGTT
PCLV_K  TGATATATGCAGCGGCGAGT AAGCCGTAATGAGAGTGAGC
PCLV_L  AAGAAACCATAGACCCGGAGTT TGTTTTCCCCTGGATGGAGC
PCLV_M CAACGGTGTTGACTGTGACAA TTCCCCTTACCATCGCTTCTG
PCLV_N  ACTGCAGGCTGATAGACGAAC GTGCAACCATGAAACCCTGC
PCLV_O GCCTGTCCCATCTGCGAATA GCACAGCCTCTCAGTTTCCT
PCLV_P  GGAAACTGAGAGGCTGTGCT AGCCCCACCATTGGAAAACA
PCLV_Q CAGAATTACTGCGCTCAGAAACATA TCACAAAGACCAGCCCCAAA
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