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Abstract: The genus Flavivirus contains pathogenic vertebrate-infecting flaviviruses (VIFs) and in-
sect-specific flaviviruses (ISF). ISF transmission to vertebrates is inhibited at multiple stages of the
cellular infection cycle, via yet to be elucidated specific antiviral responses. The Zinc-finger anti-
viral protein (ZAP) in vertebrate cells can bind CpG dinucleotides in viral RNA, limiting virus rep-
lication. Interestingly, the genomes of ISFs contain more CpG dinucleotides compared to VIFs. In
this study, we investigated whether ZAP prevents two recently discovered lineage II ISFs, Binjari
(BinJV) and Hidden Valley viruses (HVV) from replicating in vertebrate cells.

Citation: Insect-specific flavivirus BinJV protein and dsRNA replication intermediates were readily observed in human ZAP knockout
replication in mammalian cells is in- cells when cultured at 34 °C. In ZAP expressing cells, inhibition of the interferon response via inter-
hibited by physiological temperature feron response factors 3/7 did not improve BinJV protein expression, whereas treatment with kinase
inhibitor C16, known to reduce ZAP’s antiviral function, did. Importantly, at 34 °C both Bin]V and

HVYV successfully completed the infection cycle in human ZAP knockout cells evident from infec-

and the zinc-finger antiviral protein.
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tious progeny virus in the cell culture supernatant. Therefore, we identify vertebrate ZAP as an

important barrier that protects vertebrate cells from ISF infection This provides new insights into
flavivirus evolution and the mechanisms associated with host switching.
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1. Introduction

The genus Flavivirus (family Flaviviridae) contains many vertebrate-infecting fla-
viviruses (VIF), including severe human pathogens such as the dengue viruses, Zika vi-
rus, yellow fever virus, Japanese encephalitis virus and West Nile virus (WNV). Most VIFs
are transmitted between vertebrate hosts by arthropod vectors (e.g. mosquitoes or ticks),
however for a subset of VIFs termed the no known vector flaviviruses (NKVF), replication
in arthropod vectors has not been observed. In addition to the VIFs, the Flavivirus genus
includes many insect-specific flaviviruses (ISF). These viruses have been isolated from
mosquitoes and empirical evidence suggests these exclusively replicate in cells of inver-
tebrate origin (reviewed in [1]). Phylogenetic analysis clusters the ISFs in two separate
clades. Lineage I ISFs (or classical ISFs) are a clearly distinct group that is relatively diver-
gent from VIFs, while lineage II ISFs (also called dual-host affiliated ISFs) cluster with
VIFs [1-4]. Novel ISFs are still being discovered in mosquitoes and multiple studies have
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now provided convincing experimental evidence that despite their close relation to VIFs,
lineage II ISFs replicate exclusively in invertebrate cells [3, 5-9]. Replication of lineage I
ISFs in vertebrate cells is inhibited at multiple stages of the cellular infection cycle includ-
ing viral entry, initiation of viral RNA replication and virus assembly and release from
the cell [10, 11]. Extensive studies with the recently discovered lineage II ISF Binjari virus
(Bin]JV) revealed that Bin]JV structural proteins allowed the relatively inefficient entry of
virus particles into vertebrate cells. However, BinJV was unable to subsequently initiate
viral RNA replication and produce progeny infectious virus. Only when temperatures
were reduced from 37 °C to 34 "C, mouse embryonic fibroblasts (MEF) with the interferon
receptor (IFNAR) or endonuclease RNase L knocked out and RIG-I deficient BSR cells
displayed low levels of BinJV protein expression [3, 12]. Together this indicates that ISF
replication in vertebrate cells is restricted at multiple stages of infection and suggests that
vertebrate antiviral pathways may additionally limit lineage II ISF RNA replication inside
the vertebrate cell.

The flavivirus genome is a single-strand positive-sense RNA molecule of approxi-
mately 11 kilobases in length. The RNA is capped at the 5'-end and is translated into a
single polyprotein. This polyprotein is proteolytically processed by cellular and viral pro-
teases which yields three structural proteins; capsid (C), membrane precursor (prM) and
envelope (E) and seven nonstructural proteins (NS) [13]. Although the general genetic
make-up is similar for all members of the Flavivirus genus, ISFs do contain molecular fea-
tures that are distinct from VIFs. One of the most notable differences between VIFs and
ISFs lies in their genome composition, specifically in their CpG dinucleotide usage. Most
viruses with RNA genomes have evolved to mirror the dinucleotide usage of their host’s
mRNA [14, 15]. In vertebrate animals, the cytosine of a CpG dinucleotide is prone to meth-
ylation, which can cause it to deaminate and mutate into a thymine [16, 17]. In contrast,
the genome of most invertebrates contains largely unbiased frequencies of CpG dinucle-
otides, reflecting greatly reduced DNA methylation activity [18]. CpGs in viral RNA are
not subjected to the same methylation and mutation pressure that acts on vertebrate host
DNA. Vertebrate cells express the zinc-finger antiviral protein (ZAP) which specifically
binds CpG dinucleotides in (viral) single-stranded RNA [19-22]. Detection by ZAP can
effectively attenuate virus replication and a growing number of viruses have been ex-
posed to the ZAP-mediated antiviral responses by experimentally increasing CpG dinu-
cleotide frequencies [19, 23-26]. The genome composition of VIFs resembles that of the
vertebrate host with suppressed CpG dinucleotide frequencies, whereas the genomes of
ISFs display less suppression of CpG dinucleotides and more closely resembles the CpG
usage of their invertebrate host [1, 27]. Here we investigate whether the vertebrate ZAP
protein acts as a barrier which senses CpG-high, non-self RNA to protect vertebrate cells
from lineage II ISF infection.

2. Materials and Methods

Cells and viruses

Human lung carcinoma A549 cells, A549 ZAP knockout cells and A549 NPro cells
[20] were cultured in Dulbecco modified Eagle medium (DMEM) with 10% fetal bovine
serum (FBS), penicillin (100 U/ml) and streptomycin (100 pg/ml) and maintained as a
monolayer in T25 cell culture flasks at 37 °C with 5% CO2. Aedes albopictus C6/36 mos-
quito cells were cultured in Leibovitz L-15 medium (Gibco) supplemented with 10% fetal
bovine serum (FBS) (Gibco), 2% tryptose phosphate broth (Gibco), 1% nonessential amino
acids (Gibco) and streptomycin (100 g/ml; Sigma-Aldrich) or Roswell Park Memorial In-
stitute medium (RPMI) with 5% FBS, penicillin (50 U/ml), streptomycin (50 pg/ml) and
2mmol/L L-glutamine and maintained as a monolayer in cell culture flasks at 28°C.

Passage 5 USUV stock, the Netherland 2016, black bird isolate (lineage Africa 3, Gen-
Bank accession no. MH891847.1) was grown and titrated on Vero E6 cells. WNV Kunjin
(strain MRM61C GenBank accession no. KX394398.1 unknown passage number), lineage


https://doi.org/10.20944/preprints202102.0215.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 February 2021 d0i:10.20944/preprints202102.0215.v1

IT ISFs BinJV (GenBank accession no. MG587038.1, passage 2) and Hidden Valley virus
(HVV) (GenBank accession no. MN954647.1, passage 3) stocks were propagated on C6/36
cells.

In silico analysis

Flavivirus genome sequences were selected per flavivirus species and classified as
tick-borne, mosquito-borne or NKVF VIF or lineage I / II ISFs. Accession numbers tick-
borne VIFs: DQ235145, AY323490, AF331718, AF253419, NC_001809, DQ235152,
DQ235151, DQ235153, AY323489, L06436, DQ235149, TEU27495, KU761576, 140361,
DQ235144, DQ235150, DQ235148, DQ235146, mosquito-borne VIFs: KF917535, AY632536,
AY632538, KF917538, DVU88536, U88536, M19197, M93130, AF326573, LN849009,
M18370, EU082200, AY898809, AF161266, DQ525916, AY453411 (USUV), D00246
(WNVKUN), M12294, AF013413, NC_009029, MF380434, NC_009028, MF461639,
K(C734552, NC_018705, KF192951, DQ859059, DQ859063, DQ859058, X03700, NKVF VIFs:
NC_008718, NC_026624, NC_005039, AF160193, NC_026620, AJ242984, AJ299445,
KJ469370, NC_034007, AF144692, lineage I ISFs: NC_005064, JQ268258, NC_024299,
NC_027817, NC_001564, GQ165809, NC_012932, KC505248 (PCV), NC_012671,
HES574574, NC_008604, KX669689, DQ400858, NC_033694, lineage II ISFs: NC_024017,
MF139576, NC_017086, NC_016997, KC692068, KC496020, MF139575, NC_024805,
EU159426, MG587038 (BinJV), MN954647 (HVV). Dinucleotide frequencies were calcu-
lated with a composition scan using SSE software (v.1.4) [28].

Immunofluorescence

Cells were seeded in an 8 well Lab-Tek™ II Chambered Coverglass system (Nunc)
and left to attach overnight. Cells were infected with either USUV or BinJV at MOI 10 and
where indicated cells were infected in the presence of 2 uM C16 (Sigma) in DMSO or solely
DMSO. Four days post infection, the cells were fixed with 4% paraformaldehyde solution
in PBS for 10 min at room temperature (RT) and subsequently permeabilized with 0.1%
SDS in PBS for 10 min at RT. The monolayers were incubated with monoclonal antibodies
diluted in a solution of 0.5% skimmed milk powder (Nutricia) in PBS for 1 h at 37°C. Fla-
vivirus envelope protein was detected with previously described monoclonal antibody
BJ-6E6 (hybridoma supernatant diluted 1:3) and dsRNA replication intermediates with
either 3G1 (hybridoma supernatant diluted 1:10) or J2 (Scicons) (diluted 1:100) [3]. Sam-
ples were washed three times with PBS and stained with secondary goat anti-mouse Alexa
488 (A-11001; Abcam) diluted 1:2,000 in a solution of 0.5% ELK in PBS for 1 h at 37°C, and
the nuclei were stained with a solution of 10 ng/ml Hoechst 33258 in PBS for 2 min at RT.
The cells were visualized by fluorescence microscopy using an Axio Observer Zlm in-
verted microscope (Zeiss, Jena, Germany) in combination with an X-Cite 120 series lamp.

Viral replication assays

For the viral replication kinetics analysis with USUV and Bin]V, three biological re-
peat experiments were performed in which cells were infected in a 24-wells format with
MOI 1 at 28 °C or 34 °C for mosquito and human cells, respectively. After two hours, the
inoculum was removed and cells were washed with PBS before adding fresh cell culture
medium. The 50% tissue culture infectious doses (TCID50) of cell culture supernatant
samples was determined using end-point dilution assays on C6/36 cells. C6/36 monolay-
ers were detached from their plates and diluted tenfold in Leibovitz L-15 cell culture me-
dium. In 96-well plate format, 10-fold serial dilutions of samples were mixed with 90 pL
of the C6/36 cell suspension. Five days post-infection, plates were scored based on cyto-
pathic effects (CPE) and by an enzyme-linked immunosorbent assay (ELISA) using BJ-6E6
(BinJV and USUV). For ELISA, cells were fixed by 4% paraformaldehyde in PBS on ice for
10 minutes and permeabilised by 0.1% SDS in PBS at RT for 10 minutes. Samples were
subsequently blocked with 0.5% ELK in PBS for 1 hour at RT. Primary antibody 6E6 was
diluted in blocking buffer incubated for 1 hour at 37°C. Samples were washed four times
with PBS-Tween (0.05%) and incubated with secondary antibody conjugate (Dako goat
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anti-mouse HRP) diluted 1:2,000 in blocking buffer for 1 hour at 37°C. Plates were subse-
quently washed 6 times with PBS-Tween. ABTS substrate was added and incubated at RT
for 1 hour in the dark before the TCID50 was determined.

For the virus infections with Bin]V, HVV, WNV and the chimeric viruses, cells were
inoculated with virus in triplicates in 24-well plates at a MOI 0.1, 1 or 10 with 250 pL of
inoculum, rocked at RT for 30 minutes then incubated at 28 °C, 34 °C or 37 °C for one
hour. The inoculum was removed, and the cells washed three times with sterile PBS,
topped up with 2-5% FBS growth media and incubated at 28 °C, 34 °C or 37 °C for five
days. The cell culture supernatants were harvested and stored at -80 °C, then titrated on
C6/36 cells in 96 well plates, with 4 wells per ten-fold dilution per triplicate. The titration
plates were incubated for 5 days at 28 °C, cells were fixed in 20% acetone, 0.02% BSA in
PBS and replication was assessed by fixed-cell ELISA. Fixed cells were blocked for 30
minutes at RT in blocking buffer (0.05 M Tris/HCI (pH 8.0), 1 mM EDTA, 0.15 M NaCl,
0.05% (v/v) Tween-20, 0.2% w/v casein). Primary flavivirus NS1-reactive monoclonal an-
tibody (mAb) 4G4 was added to each well after removing the blocking buffer and incu-
bated at 37°C for one hour [29]. Plates were washed with PBS containing 0.05% Tween-20
four times and secondary HRP-conjugated antibody (goat anti-mouse, Dako) was added
1:2,000 in blocking buffer and incubated at 37°C for one hour. Plates were washed six
times with PBS-Tween and ABTS based substrate (1mM 2,2’-azino-bis(3-ethylbenzothia-
zoline-6-sulphonic acid)) with 3 mM hydrogen peroxide in a 0.1 M citrate / 0.2M Na2PO4
buffer pH 4.2) was added and left to develop in the dark at RT for one hour. Finally, the
absorbance of each well was measured by an automated 96-well spectrophotometer at 405
nm. The titre obtained was determined using Reed and Muench’s guidelines [30].

3. Results

3.1. Flavivirus CpG dinucleotide usage

To determine the genome composition of recently discovered ISFs and illustrate to
what extent lineage I and II ISFs suppress genomic CpG dinucleotides, the mono- and
dinucleotide frequencies present in flavivirus genome sequences were analysed. The ob-
served CpG dinucleotide frequency was normalised to the expected frequency based on
mononucleotide availability (O / E). Flaviviruses were grouped as lineage I or II ISFs, and
as mosquito-borne, tick-borne or NKV VIFs (Figure 1). The genomes of all ISFs clearly
display higher frequencies of CpG dinucleotides compared to VIFs. Both ISF lineages form
separate clusters with limited overlap between the two groups, indicative of distinct CpG
usage by both lineages, with the lineage I ISFs containing higher CpG dinucleotide fre-
quencies (average ratio 0.86, SD 0.07 O / E) compared to lineage II ISFs (ratio 0.66, SD 0.04
O/ E) (Figure 1). The open-reading frames of an example lineage I ISF, Palm Creek virus
(PCV) and the viruses used in this study were further analysed to directly compare their
CpG dinucleotide usage (Table 1). The lineage I ISF PCV contained most CpG dinucleo-
tides with a total of 534, whereas lineage II ISFs BinJV and Hidden Valley virus (HVV)
contained 452 and 405 CpG dinucleotides respectively. In comparison, the VIFs Usutu
virus (USUV) and close relative WNV (Kunjin) used in this study contained only 345 and
343 CpG dinucleotides respectively (Table 1).
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Figure 1. Genome composition of flaviviruses. Data points represent CpG ratio of flavivirus ge-
nomes normalised to the available mononucleotides with the expected unsuppressed frequency
set to 1.0. Viruses are grouped by host range, indicated by different colours.

Table 1. CpG dinucleotide frequencies of viruses used in this study.

Viruses Groupa Total bases G + C content (%) Cpr CpG O/E'
ORF prM-E ORF prM-E ORF prM-E ORF prM-E
PCV Lineage IISF 10092 N/A 50 N/A 534 N/A 089 N/A
BinJV Lineage II ISF 10299 2004 51 50 452 82 0.68  0.66
HVV Lineage II ISF 10299 N/A 50 N/A 405 N/A 063 N/A
usuv VIF 10302 N/A 51 N/A 345 N/A 051 N/A
WNV VIF 10299 2004 51 51 343 61 053 048
WNV/Bin]V-prME N/A 10299 2004 51 50 364 82 0.56  0.66
BINJV/WNV-prME N/A 10299 2004 51 51 431 61 064 048

2Groups based on phylogenetic diversity and host range, with insect-specific flaviruses (ISF) lineage 1 or 2 and
mosquito-borne vertebrate infecting flaviviruses (VIF).

bTotal CpG dinucleotides in the ORF or prM-E.

¢ CpG OJE refers to the ratio of observed / expected CpG frequency. Expected CpG frequency is based on the
mononucleotide availability
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3.2. Lineage II ISF protein expression and RNA replication in human cells is restricted by ZAP
and temperature

To investigate whether the vertebrate zinc-finger antiviral protein detects BinJV and
subsequently prevents viral protein expression post entry, we made use of a ZAP knock-
out cell line from adenocarcinoma human alveolar basal epithelial cells (A549) origin [20].
Aedes albopictus C6/36 mosquito cell-grown stocks of virus were inoculated at a high
multiplicity of infection (MOI 10) onto the wildtype (WT) and ZAP KO cell lines. Cells
were incubated at either 34 °C or 37 °C for four days before they were fixed and stained
for flavivirus envelope protein (E), using antibody BJ-6E6, which detects both VIFs and
Lineage I ISFs [3, 5]. The VIF USUV was used as a positive control. In mosquito cells, both
BinJV and USUYV readily expressed E protein throughout the cell monolayer (Figure 2A).
In human A549 cells, BinJV E protein expression was only observed when ZAP was
knocked out. Furthermore, at 37 °C only incidental single cells were positive for Bin]V E
protein, whereas at 34 °“C clusters of cells expressing BinJV E were more readily detected
(Figure 2B). In contrast, USUV replicated in the A549 WT and ZAP KO cells at both tem-
peratures (Figure 2B).
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Figure 2. Binjari virus protein expression in human ZAP ko cells. (a). C6/36 mosquito cells in-
fected with ISF Bin]V and VIF USUV and incubated at 28 °C. (b.) A549 human lung epithelial carci-
noma cells and CRISPR Cas9 ZAP knockout thereof infected with Bin]V or USUV and incubated at
the indicated temperatures. Four days post infection, cells were fixed and viral envelope proteins
were stained with cross reactive BJ-6E6 monoclonal antibodies that detect envelope (E) (green) and
nuclei stained with Hoechst 33342 (Blue). Micrographs are representative images from one of three
biological repeat experiments.

Next, dsRNA replication intermediates were stained to investigate whether Bin]V
protein expression in human ZAP knockout cells was accompanied by viral RNA
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replication. C6/36 mosquito cells, A549 and A549 ZAP knockout cells were infected either
with USUV or BinJV and incubated at 28 °C or 34 °C, respectively. Four days post infec-
tion, cells were fixed and stained for dsRNA replication intermediates. RNA replication
intermediates were detected for both viruses in mosquito cells (Figure 3A). USUV-infected
cells readily displayed cytoplasmic dsRNA both in the presence and absence of ZAP,
whereas BinJV dsRNA was only detected in ZAP knockout cells (Figure 3B). These results
confirm that BinJV can indeed enter vertebrate cells at 34 °C and identify ZAP as an anti-
viral host protein that subsequently limits viral protein expression and RNA replication.
C6/36

Hoechst

dsRNA merge

A549 A549 ZAP k/o
Hoechst dsRNA Hoechst

Figure 3. BinJV dsRNA replication intermediates in human ZAP knockout cells. (a) C6/36 mos-
quito cells and (b) A549 and ZAP knockout thereof infected with VIF USUV or ISF lin2 BinJV. Sam-
ples were stained for viral dsSRNA (green) and nuclei stained with Hoechst 33342 (Blue). Micro-
graphs are representative images from one of three biological repeat experiments.

3.3. Bin]V activity in human cells is independent of IRF-3/7 mediated type I IFN responses

In the absence of IFN stimulation base levels of ZAP are constitutively expressed and
detectable in A549 cells[31]. However, ZAP expression is increased upon induction with
type I IENs, which is particularly evident after IFN regulatory factor 3 (IRF-3) signaling
[31, 32]. To investigate whether the IRF-3/7 mediated IFN response limits Bin]V in verte-
brate cells, A549 cells modified to express bovine viral diarrhoea virus (BVDV, genus Pes-
tivirus) N-terminal protease fragment (NPro), were used, in addition to the wildtype A549
and ZAP knockout cells. The expression of BVDV NPro inhibits the activity of IRF-3 and
IRE-7 [33, 34]. Cells were infected with Bin]JV at 34 "C and stained for E protein expression.
BinJV E protein was only detected in the ZAP knockout cells (Figure 4, left panel), sug-
gesting that inhibition of IRF-3/7 signalling does not sufficiently reduce ZAP expression
and other relevant antiviral responses to allow protein expression from the Bin]JV RNA.
The antiviral activity of ZAP is additionally dependent on phosphorylation by cellular
glycogen synthase kinase 33 (GSK3) [35]. Kinase inhibitor C16 inhibits the phosphoryla-
tion of ZAP and rescues replication of CpG-high viruses that are otherwise attenuated [20,
24, 36]. Indeed, treatment with C16 resulted in low levels of Bin]V E protein expression in
both parental A549 and A549 NPro expressing cell lines (Figure 4, right panel) that was
not observed in mock (DMSO) treated samples (Figure 4, left panel). Together, these re-
sults indicate that a functional ZAP-mediated antiviral response is the primary barrier
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that inhibits BinJV replication in human cells independent of IRF3/7-mediated type I IFN

responses.
Cl16
E E! Hoechst
-
.

Figure 4. BinJV envelope expression in human cells can be established by kinase inhibitor C16
and not IRF3/7 degradation. A549 cells, ZAP k/o cells and A549 Npro expressing cells infected with
BinJV and either treated with kinase inhibitor C16 or DMSO as a control. Cells were fixed and
stained for Bin]V envelope (E) with BJ-6E6 monoclonal antibodies (green).

DMSO control
E/Hoechst

A549
A549

A549 Npro
A549 Npro

A549 ZAP k/o
A549 ZAP k/o

3.4. Bin]V produces infectious progeny in human ZAP knock out cells

To investigate whether Bin]V protein translation and RNA replication in the absence
of ZAP can lead to the assembly of new virus particles that successfully bud from the
infected cell, we quantified progeny virus from cell culture supernatant. Cell lines were
infected with USUV or BinJV at 28 °C (C6/36) or 34 °C (A549) at MOI 1. After two hours,
the inoculum was removed, cells were washed, and cell culture supernatant was sampled
at 24-hour intervals. All samples were titrated on permissive C6/36 mosquito cells. As
expected, USUV readily produced progeny virus in all cell types tested, albeit at a slower
rate in mosquito cells compared to human cells, which is expected for this virus (Figure
5A) [37]. Bin]V replicated to high titres in mosquito cells, while infectious virus titres rap-
idly declined in the cell culture supernatant of wildtype A549 cells or A549 NPro cells,
indicative of a lack of replication in these cells. However, infectious virus titres increased
in the supernatant from ZAP KO cells at two days post infection compared to the previous
day. Bin]V titres reached an average tissue culture infectious dose 50% (TCID50) of 2.7 x
103 TCID50 / ml (SEM + 1.8 x 103) and 2.2 x 103 TCID50 / ml (SEM + 8.9 x 102) on day 2
and 3 post infection, respectively (Figure 5B).
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Figure 5. Bin]V replication in ZAP k/o cells. Growth curves of USUV (a) and BinJV (b) in C6/36
mosquito cells (black diamonds), human A549 cells (black circles), A549 ZAP k/o cells (open circles)
and A549 Npro cells (gray circles). Data points represent the average of independent biological ex-
periments and error bars represent one standard error of the mean. Dotted line indicates the detec-
tion limit.

Next we investigated whether other lineage II ISFs are similarly able to infect verte-
brate host cells. As a second lineage II ISF we employed the recently discovered HVV. In
addition, chimeric viruses were used to disentangle limitations in virus entry from intra-
cellular virus replication. These chimeric viruses were constructed previously by circular
polymerase extension reaction (CPER) [5], and either contained the structural genes (prM-
E) from BinJV in a VIF WNV Kunjin backbone or vice versa; WNV prM-E in a Bin]V back-
bone (see Table 1 for CpG usage). Cells were infected with three different MOIs and the
presence of progeny virus in the cell culture supernatant was assessed five days post in-
oculation. All viruses grew to high titres on mosquito cells (>108 TCID50 / ml), except
WNV/Bin]V-prME which produced approximately 10-fold lower titres of progeny virus
compared to both WT BinJV and WNV (Figure 6A). At 37 °C, WNV titres reached 104 —
105 TCID50 / ml in both WT and ZAP KO A549 cells. At this temperature, only minute
quantities of the WNV/BinJV-prME chimera were detected during some of the experi-
mental repeats in the supernatant of human A549 cells (Figure 6B, left). In contrast, infec-
tious progeny virus from WNV/Bin]JV-prME was consistently detected in the wildtype
A549 cells at 34 °C indicating that particles with Bin]V prM-E more effectively infect hu-
man cells at temperatures below 37 °C (Figure 6B, right). Slightly higher WNV/Bin]JV-
prME progeny virus titres were detected in A549 ZAP KO cells at 37 °C compared to
wildtype A549 cells (Figure 6C, left). Importantly, progeny virus was detected at 34 °C for
all viruses in A549 ZAP knockout cells (Figure 6C, right). Inoculation with high MOI im-
proved infection of A549 ZAP knockout cells with Bin]V and HVV, while both chimeras
produced relatively high titres after infection at low MOI (0.1) (Figure 6C). Together, these
results indicate that lineage II ISF replication in vertebrate cells is inhibited by ZAP and
that both virus entry and subsequent RNA replication are strongly temperature depend-
ent. This section may be divided by subheadings. It should provide a concise and precise
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description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

a 10
EE)
~ 8
a7
= 1g
2 = W MOI 10
g g°
5 2 B MOI 1.0
s 3
g 2 O MOl 0.1
o
0

BinJV  HVV  BinJV/ WNV/ WNV
WNV-prME BinJV-prME

37°C 34°C

5
4 4
2
1
0 0

Bin)V.  HVV  Bin)V/ WNV/ WNV BinJV VW  BinlV/ WNV/ WNV
WNV-prME BinJV-prME WNV-prME BinJV-prME

4 5
ple

3

£2

21

0 0

BinJv HVV BinJV/ WNV/ WNV BinJV BinJV/ WNV/ WNV
WNV-prME BinJV-prME WNV prME BinJV-prME

N

A549
Virus titre (Log;o TCIDso / ml)
[ w

Virus titre (Log;o TCIDs / ml)
w

N

A549 ZAP knockout
Virus titre (Logy TCIDs, / ml)
[ w

Virus titre (Logy TCIDsg / ml)

Figure 6. Lineage II ISF replication in human cells is regulated by ZAP and temperature at mul-
tiple stages of infection. C6/36 mosquito cells (a), human A549 cells (b), or A549 ZAP knockout
cells (c) were infected with indicated multiplicity of infections (MOI). After five days of incubation
at the indicated temperatures infectious virus titres in the cell culture supernatant was measured.
Bars represent average values of triplicate samples and error bars one standard deviation of the
mean.

4. Discussion

Vertebrate cells are protected from infection by insect-specific flaviviruses by barriers and
incompatibilities that block ISF replication at multiple stages of the cellular infection cycle.
This is particularly apparent for lineage I ISFs [10, 11]. However, the close phylogenetic
relationship between lineage Il ISFs and VIFs suggests that lineage II ISFs are better suited
to infect vertebrate cells than the more distant lineage I ISFs. Indeed, BinJV structural
genes prM-E allow entry into vertebrate cells [3]. The lack of productive lineage II ISF
replication in vertebrate cells suggests that additional barriers inhibit subsequent steps in
the infection cycle, potentially by the activation of antiviral responses [3]. Here we showed
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for the first time that lineage II ISFs can successfully produce infectious progeny in human
cells and identify ZAP as one of the main antiviral protein responsible.

4.1. ZAP senses non-self RNA

Vertebrate ZAP is involved in the detection of CpG dinucleotides in (viral) RNA [19-22].
ZAP can directly influence translation initiation of RNA through the sequestration of eu-
karyotic translation initiation factor 4A (eIF4A) [38], or via its interaction with stress gran-
ule and processing body components and the 3’-5” exosomal and the 5'-3" XRN1-mediated
RNA degradation pathways [39-42]. Artificially increasing CpG dinucleotides in verte-
brate viruses consistently results in attenuated virus replication [19, 24, 26]. Attenuation
of Echovirus 7 (E7) (family Picornaviridae, genus Enterovirus) was shown to occur immedi-
ately post viral entry. The degree of attenuation correlated to the total number of CpG
dinucleotides that were introduced to the point where virus replication was no longer
observed [36]. Similarly, the chimeric virus with Bin]V-prME and a WNV backbone was
able to replicate in wildtype A549 cells, specifically at 34 "C. However, replication of this
chimeric virus was significantly improved in ZAP knockout cells (Figure 6), suggesting
that the additional 21 CpG dinucleotides in the prM-E RNA sequence of BinJV compared
to WNV (Table 1) may result in detection by ZAP and attenuated replication in wildtype
A549 cells. This supports our initial hypothesis that the relatively high CpG dinucleotide
frequencies in the genomes of ISFs restrict virus replication in vertebrate cells. However,
we acknowledge that the experiments presented here do not provide direct evidence of a
causal relationship between the observed ZAP-mediated restriction of Bin]V and HVV
and their genomic CpG dinucleotide frequencies.

4.2. Antiviral responses

The antiviral activity of ZAP is enhanced by the IFN response [31, 43] and is additionally
associated with a number of recently identified host cell proteins, including RNase L [20,
44, 45]. Here we report that the ZAP-mediated immune response is an important barrier
that inhibits BinJV replication in human cells independent of IRF3/7-mediated type I IFN
responses (Figures 4 and 5). In a previous study, infections in MEF cells with either IFINAR
or RNase L knocked out displayed some Bin]JV protein expression [3]. This suggests that
the antiviral activity of ZAP against ISFs may be enhanced by IFN induced responses such
as the RNase L pathway similar to what was observed in previous experiments with E7
[20]. In addition to the absence of ZAP, the observed influence of temperature on the re-
quirements for replication of Bin]V, HVV and the two chimeras suggests that both attach-
ment and/or entry of particles with Bin]V prM-E and subsequent virus replication are
more efficient at temperatures below that of most warm-blooded vertebrates (<37 °C) (Fig-
ures 2 and 6). Additionally, the functionality of cellular antiviral proteins other than ZAP
is reduced at lower temperatures [46], which may contribute to allow ISF replication in
the absence of ZAP.

4.3. Lineage II ISFs

Co-evolution of virus and host fuels the arms-race between host antiviral responses and
viral counter defence strategies [47]. VIFs alternately infect evolutionary distant vertebrate
hosts and invertebrate vectors, which suggests that VIFs encounter distinct evolutionary
pressures that together constrain their diversity [27, 48]. The low vertebrate-like CpG di-
nucleotide frequencies of VIFs (Figure 1) and the strong antiviral activity of ZAP against
BinJV and HVV (Figures 2-6) suggests reduced CpG frequencies are required for fla-
viviruses to successfully infect vertebrate cells. In a recent study we experimentally
demonstrated opposing selection pressures on CpG dinucleotide usage in flavivirus ge-
nomes exist between the vertebrate host and invertebrate vector. CpG-high synonymous
mutants of the VIF Zika virus were attenuated in vertebrate cells and mice, whereas the
same mutant viruses replicated to higher titres in mosquito cells and displayed more
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effective dissemination in live mosquito vectors compared to wildtype Zika virus [49].
This may also explain why BinJV-WNV prME chimeras grow to higher titres in mosquito
cells in comparison to WNV [5]. Thus, repeated replication in the invertebrate may drive
the accumulation of CpG dinucleotides, which gives rise to a genome more suitable for an
insect-specific host-range. A relatively recent evolutionary split from a common VIF an-
cestor has been suggested [1] and can explain both the close phylogenetic relationship
between VIFs and lineage II ISFs and the relatively mild suppression of CpG dinucleotides
that is still observed in lineage II ISFs (Figure 1).

The diverse and largely unknown virome present in invertebrates and their sometimes
close relationship with vertebrate-infecting viruses inevitably raises the question whether
insect-specific viruses, here specifically ISFs, can make the jump into mammals and evolve
to become VIFs [50]. For the genus Flavivirus this seems highly unlikely as the complete
absence of ISF replication in vertebrate cells would require multiple adaptations to re-
solve. Adaptations that enable infections at higher temperatures (i.e. 37 “C) have been
shown to occur relatively quickly for some flaviviruses under experimental conditions
[51, 52]. However, even lineage II ISFs would additionally need to evolve to either avoid
or inhibit ZAP-mediated immunity. In recent years there has been an increasing interest
in ISFs for their close relationship to pathogenic VIFs and potential to interfere with VIFs
[53] or to be used as vaccine platforms [5]. The observation that ZAP is a strong barrier for
lineage II ISF replication in vertebrate cells provides additional rationale for the safe use
of chimeric viruses with an ISF backbone to express VIF structural proteins as part of a
vaccine platform.
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