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Abstract

Background: Extracellular vesicles (EVs) are small membrane vesicles secreted by the cells that mediate
intercellular transfer of molecules and contribute to transduction of various signals. Viral infection and action
of pro-inflammatory cytokines has been shown to alter molecular composition of EV content. Transfer of
antiviral proteins by EVs is thought to contribute to the development of inflammation and antiviral state.
Altered incorporation of selected host RNAs into EVs in response to infection has also been demonstrated for
several viruses, but not for WNV. Considering the medical significance of flaviviruses and the importance of
deeper knowledge about the mechanisms of flavivirus-host interactions we assessed the ability of West Nile
virus (WNV) and type | interferon (IFN), the main cytokine regulating antiviral response to WNV, to alter the
composition of EV RNA cargo.

Results: We employed next generation sequencing to perform transcriptome-wide profiling of RNA cargo in
EVs produced by cells infected with WNV or exposed to IFN-alpha. RNA profile of EVs secreted by uninfected
cells was also determined and used as a reference. We found that WNV infection significantly changed the
levels of certain host microRNAs (miRNAs), small noncoding RNAs (sncRNAs) and mRNAs incorporated into
EVs. Treatment with IFN-alpha also altered miRNA and mRNA profiles in EV but had less profound effect on
sncRNAs. Functional classification of RNAs differentially incorporated into EVs upon infection and in response
to IFN-alpha treatment demonstrated association of enriched in EVs mRNAs and miRNAs with viral processes
and pro-inflammatory pathways. Further analysis revealed that WNV infection and IFN-alpha treatment
changed the levels of common and unique mRNAs and miRNAs in EVs and that IFN-dependent and IFN-
independent processes are involved in regulation of RNA sorting into EVs during infection.

Conclusions: WNV infection and IFN-alpha treatment alter the spectrum and the levels of mRNAs, miRNAs
and sncRNAs in EVs. Differentially incorporated mRNAs and miRNAs in EVs produced in response to WNV
infection and to IFN-alpha treatment are associated with viral processes and host response to infection. WNV
infection affects composition of RNA cargo in EVs via IFN-dependent and IFN-independent mechanisms.
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Background

West Nile virus (WNV) is a member of Japanese en-
cephalitis serogroup of Flavivirus genus, family Flaviviri-
dae, which is distributed globally across temperate and
tropical climates [1]. This is a small enveloped virus with
ssRNA genome of positive polarity, which is capped, but
not polyadenylated [2]. Viral genomic RNA encodes for
3 structural, 7 non-structural proteins and viral noncod-
ing RNA (reviewed in [2—4]). WNYV circulates between
Culex Sp. mosquitos and birds but can also be transmit-
ted to humans and horses that are the dead-end hosts
[5]. WNV doesn’t have a specific tissue tropism in verte-
brate host and can infect wide range of cells. After a
mosquito bite virus first infects keratinocytes and Lang-
erhans cells of skin. The later then migrate to lymph
nodes, which are the sites of the initial virus replication.
Infection then spreads systemically to visceral organs,
where a second round of replication occurs primarily in
epithelial cells. In some cases, WNV can cross the
blood-brain barrier and infect neurons and glial cells [6].
WNV neuroinfection in humans results in encephalitis,
meningitis and acute flaccid paralysis. In some cases, es-
pecially in aged and immunocompromised patients,
WNYV infection can be fatal or develop into serious
long-term neurological abnormalities such as tandem
gait, hearing loss, abnormal reflexes, and muscle weak-
ness [7]. To date, no effective WNV therapies or vac-
cines are clinically available, and many facets of WNV
molecular pathology remain uncharacterised [8].

Upon infection of the susceptible cells WNV activates a
potent antiviral response that acts to prevent virus replica-
tion and spread to the neighbouring cells [9]. In vertebrate
host it is triggered by pattern recognition receptors
(PRRs), including retinoic-acid inducible gene-1 (RIG-I)-
like receptors (RLR), Toll-like receptors (TLR), and the
nucleotide oligomerization domain (Nod)-like receptors
(NLR) [10]. They recognise molecular signatures of WNV
infection such as dsRNA and activate transcription factors
IRF3, IRF7, and NF-xB via the multicomponent signalling
pathways. These factors activate expression of the genes
encoding for pro-inflammatory cytokines and type I inter-
ferons (IFN-o/f) [11]. Once produced, IFN-ao/p are se-
creted from the cells and can be transferred with blood
flow. On the surface of acceptor cells [FN-o/f bind to the
IFN-a/p receptor (IFNAR) and activate the JAK/STAT sig-
nalling cascade, which leads to transcriptional activation
of hundreds of IFN-stimulated genes (ISGs) involved in
establishing the innate antiviral immune response in in-
fected and adjacent cells (reviewed in [12]).

For a long time, cell-to-cell signalling in response to
WNV infection have been thought to be mediated by se-
creted type I IFN [13]. However, in the last decades, a
novel mechanism of intercellular communication has
been identified that involves intercellular signal
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transduction by extracellular vesicles (EVs) [14-17].
Extracellular vesicles are membrane-covered small vesi-
cles secreted by the cells. They include apoptotic bodies
produced by dying cells, microvesicles that result from
shedding of plasma membrane and exosomes [18]. Exo-
somes are formed in the late endosomal compartment
following inward budding of the endosomal membranes,
which generates intracellular multivesicular bodies (MVB)
. MVBs contain large numbers of exosomes and release
them following fusion of the MVB with the cellular
plasma membrane [19]. Different types of extracellular
vesicles can be distinguished by their size as exosomes
have a diameter of 40-100 nm, microvesicles are 150-1000
nm in size and apoptotic bodies are 800-5000 nm being
the largest extracellular vesicles [20, 21]. Exosomes can be
also identified by specific biochemical markers associated
with MVB such as CD9, CD63, CD81 and Hsp70, whereas
microvesicles (MVs) can contain virtually any cellular pro-
tein [22]. Both exosomes [23] and MVs [24—28] can trans-
fer their cargo to other cells and induce significant
changes in their molecular processes. Molecular content
of exosomes and MVs includes proteins [26, 29], mRNAs
[24, 30] and miRNAs [23, 31-34]. Exosomes has been also
reported to contain DNA [35, 36], circular RNA [37] and
other types of noncoding RNAs [38]. It is believed that
molecular cargo is sorted into exosomes in highly selective
manner, whereas content of MVs represents a molecular
“snapshot” of the cytoplasm [18].

Recent studies have highlighted the role of exosomes
and MVs in the life cycle and pathogenesis of several
RNA viruses (reviewed in [39, 40]), including transfer of
the full-length genomic RNA of hepatitis C and hepatitis
G viruses (Chivero et al. [41]; Dreux et al. [30]; Bukong
et al. [42]; Ramakrishnaiah et al. [43]; Longatti et al.
[44]), HIV-derived miRNAs [45], and antiviral protein
APOBEC3G [46]. The role of EVs in infection with arbo-
viruses, and particularly the members of flavivirus genus
has not been investigated until recently, when exosomes
produced by Dengue virus (DENV) infected cells were
shown to transfer antiviral proteins IFITM3 and STING
to promote antiviral response in neighbouring unin-
fected cells [17]. In addition, exosomes derived from
Langat Virus (LGTV)-infected tick and human cells have
been shown to transfer infectious viral RNA and non-
structural proteins to uninfected cells [15]. Curiously,
miRNAs and mRNAs related to antiviral response have
been recently found in exosomes secreted by DENV-
infected dendritic cells [47], however the effect of other
flaviviruses on RNA profiles of EVs and the role of host-
derived EV RNAs in flavivirus infection has not yet been
investigated.

In order to fill this gap in knowledge we used next
generation sequencing to characterize RNA content of
EVs secreted by WNV-infected cells and found that



Slonchak et al. BMC Genomics (2019) 20:474

infection significantly altered the composition of EV
RNA cargo. Considering the role of IEN in regulation of
antiviral signalling, we also assessed the ability of type I
IFN to alter the levels of RNAs in EVs. We performed
functional classification of mRNAs and miRNAs that ex-
hibited the increased level in EVs and demonstrated
their association with pro-inflammatory pathways and
viral processes. In addition, we compared the effect of
type I IEN treatment and of WNV infection on the RNA
profiles of EVs and assessed the ability of WNV infection
to alter incorporation of host RNAs into EVs in IFN-
deficient cells. These analyses revealed that WNV-
induced changes in profiles of RNAs in EVs are achieved
via the combination of IFN-dependent and IFN-
independent mechanisms.

Results

Elimination of WNV virions and RNA by heating and
RNase treatment yields EV preparations free of infectious
virus and viral RNA

Prior to RNA profiling, EVs free of cellular and viral ma-
terial have to be isolated from culture fluid of infected
cells. Isolation of EVs usually involves removal of cell
debris and apoptotic bodies by centrifugation at 1000-
4000 x g [48] followed by purification of EVs using ultra-
centrifugation, density gradient centrifugation, polyethyl-
ene glycol (PEG) precipitation, immunoaffinity binding,
size exclusion chromatography or microfluidics sorting
[49]. All these methods can more or less efficiently con-
centrate EVs and separate them from other components
of the culture fluids such as serum and released cellular
molecules [50]. However, due to the similar nature and
biophysical properties of EVs and virions of enveloped
viruses [51] removal of viral particles poses a significant
challenge [52]. High-yield robust methods of EV isola-
tion including ultracentrifugation and precipitation with
PEG-based crowding agents have been reported to result
in co-purification of viral particles. Gradient centrifuga-
tion and affinity purification of exosomes on antibody-
coupled beads was shown to result in efficient virus-EVs
separation, but application of these methods are limited
due to a low yield of purified EV and lack of universal
EV marker [20, 52].

Taking into consideration that virions of larger viruses
e.g. retroviruses [53] and poxviruses [54] have been re-
ported to incorporate host miRNAs, presence of viral
particles in EV preparations can potentially affect the re-
sults of RNA profiling. Although flaviviruses have very
densely packed virions [55, 56] of significantly smaller
size (50nm WNV vs 100nm of HIV or 200x300nm of
poxvirus) and therefore unlikely to have a capacity for
carrying host RNAs, we attempted to obtain prepar-
ation of EVs that are free of viral particles. To over-
come the issues and limitations associated with
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gradient centrifugation and affinity purification, we
devised the approach that employs different thermal
stability of viral particles and EVs to eliminate virus
and viral RNAs from the culture fluids prior to isola-
tion of EVs by PEG precipitation.

Heating to 65°C has been previously reported to com-
pletely inactivate hepatitis C virus (HCV) virions within
8 min [57] and heating for 30 min at 40°C has been
shown to disintegrate dengue virus (DEN) virions caus-
ing them to physically burst and release their content
[58]. EVs, however, are remarkably stable and physical
challenges including heating, treatment with moderate
concentrations of ethanol or pH changes has no effect
on their integrity and content [59]. Therefore, heating of
culture fluids should eliminate viral particles, while pre-
serving EVs, which can then be purified by precipitation
with PEG-based reagent.

To test if the exposure to the high temperature can se-
lectively eliminate the virus, culture fluids from A459
cells infected with WNV at multiplicity of infection
(MOI) = 1 were harvested at 24h post infection. Samples
were centrifuged to remove cell debris and apoptotic
bodies and cleared supernatants were incubated at 56°C
for 30 min or at 4°C. The temperature was selected to
be between the values used to inactivate DENV and
HCV [57]. After the heat treatment samples were sub-
jected to the additional round of centrifugation to re-
move potentially precipitated denatured serum proteins,
and extracellular vesicles were then isolated from super-
natants using ExoQuick TC reagent (PEG-based). PEG-
based precipitation method was chosen for isolation of
EVs because it is more reproducible than ultracentrifu-
gation and gives higher yields [49, 50, 60]. EV-pellets
and culture fluids before and after (supernatants in Fig.
la, b) EV precipitation were tested for infectious virus
by plaque-assay, which demonstrated that heating effect-
ively removed infectious virus from the culture fluid and
from the EV preparation (Fig. 1a). In addition, RNA was
isolated from the collected material and analysed for the
presence of viral genomic RNA by RT-PCR. The results
showed presence of trace amounts of viral RNA in EV
preparations after heating (Fig. 1b). To determine if this
residual RNA represented RNA leaked from disinte-
grated virions or RNA contained within the viral parti-
cles that resisted incubation at high temperature, the
ability of membrane vesicles to protect their RNA con-
tent from degradation by RNases [61, 62] was employed.
Incubation of heat-treated culture fluids with RNase
should eliminate extravesicular RNA, while having no ef-
fect of RNA contained within EVs and/or viral particles.
Therefore, we performed heat treatment of EVs in the
presence of RNaseA followed by RNA isolation and RT-
PCR detection of viral RNA. RT-PCR analysis did not
detect any viral RNA in EV pellets isolated from culture
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Fig. 1 Isolation and characterization of extracellular vesicles. WNV titres (a) and detection of viral RNA by RT-PCR (b) in EV preparations before and
after heat-inactivation and RNase A treatment. Culture fluids from WNV-infected were centrifuged to remove cell debris and incubated for 30min at
56°C with or without 1U/ml of RNaseA. EVs were then isolated from treated and untreated culture fluids using and analysed for the presence of
infectious viral particles by plaque-assay on BHK-21 cells. b RT-PCR for viral RNA on sample of culture fluids and EV preparations ¢ Transmission
electron microscopy of EV preparations. d Western-blot analysis of EV lysates for the presence of exosomal markers. @ Confocal microscopy analysis of
A549 cells treated with Mock or WNV EVs containing fluorescently stained RNA cargo. Bright green fluorescence corresponds to SYTO RNASelect-
stained EV RNA, blue fluorescence corresponds to DAPI-stained DNA. e Values in a represent the means of 4 biological replicates £5D

fluid following heat and RNase treatments (Fig. 1b), dem-  yielded EVs that did not contain detectable amounts of
onstrating that the residual RNA detected after heat treat-  WNV infectious particles and viral RNA.

ment was indeed extravesicular and was completely To determine if EVs remained intact after heat and
removed by RNase digestion. Therefore, combination of RNaseA treatment, the EV preparations were first ana-
heat and RNase treatment followed by PEG-precipitation  lysed by transmission electron microscopy (TEM) and
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were found to contain vesicles with visually undamaged
membranes (Fig. 1c). They were ~100 nm in diameter,
which is the characteristic size of exosomes [20]. Vesi-
cles of bigger size could not be detected by TEM, which
suggest that EV preparation do not contain apoptotic
bodies.

To further analyse the composition of EV prepara-
tions, lysates of EVs were subjected to Western blotting
with antibodies specific to the exosomal markers. West-
ern blot analysis demonstrated that EV preparations
were positive for CD69, CD9 and Hsp70 and thus con-
tained exosomes (Fig. 1d). However, we could not assess
whether or not EV preparation contain MVs as they vary
significantly in size and protein content and no specific
biochemical markers have been so far assigned to MVs
[20, 21]. Taking into consideration that all cell types
tested to date were shown to secrete MVs and that they
can co-purify with exosomes in PEG-precipitation [63],
it is possible that our EV preparation could contain MVs
in addition to exosomes and therefore we refer to the
isolated particles using more general term “extacellular
vesicles” or EVs to avoid confusion.

To assess if isolated EVs retained their RNA cargo,
RNA content of extracellular vesicles isolated from cul-
ture fluids of WNV-infected and mock-infected cells
was fluorescently labelled by RNA-specific dye SYTO
RNASelect. Stained EVs were then used to treat unin-
fected A549 cells. At 24h after treatment cells were fixed
and analysed by confocal microscopy. Bright green fluor-
escence of SYTO RNASelect-stained EV RNA was ob-
served in cells treated with both, mock and WNV EVs
(Fig. le), indicating that EV retained their RNA cargo
after isolation procedure and can deliver it into acceptor
cells.

Therefore, we established the procedure for isolation
of the EVs from culture fluid of WNV-infected cells,
which yielded intact EVs and preserved their RNA cargo,
but eliminated infectious virions and viral RNA. This
procedure was further used in the study to obtain EVs
for the next generation sequencing analysis.

WNYV infection and IFN-alpha treatment alter levels of
coding and noncoding host RNAs in extracellular vesicles
To investigate the effect of WNV infection on RNA pro-
files of EVs, A549 human alveolar carcinoma cells were
infected with Kunjin strain of WNV at multiplicity of in-
fection (MOI)=1. A549 cells were selected for the study
because they are (i) of human origin, (ii) susceptible to
infection with WNYV and (iii) have been reported to de-
velop a competent antiviral response [64]. After incuba-
tion with virus inoculum cells were washed and then
maintained in exosomes-free culture media. Uninfected
cells kept under the same conditions were used as a con-
trol. Taking into account that host response to WNV is
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most active at the early time point with the IFN secre-
tion peaking around 24h post infection [65], culture
fluids for isolation of EVs were harvested at 24h after in-
fection to ensure that they contain the vesicles released
during active phase of antiviral activity. In parallel we
also sequenced and analysed RNA content of EVs iso-
lated from culture fluids of A549 cells treated with IFN-
alpha. Type I IFN has been shown to trigger incorpor-
ation of antiviral proteins into exosomes [46, 66] and we
previously showed secretion of IFNa/b by A549 cells in-
fected with WNV [67]. To ensure the consistency be-
tween studied conditions, Mock and IFN-treated cells
were also allowed to release exosomes into culture
media for 24h prior to collection of culture fluid. EVs
were then purified from harvested culture fluids follow-
ing the developed isolation protocol and used for RNA
extraction. Although culture fluids from Mock-infected
and IFN-treated cells do not contain viral particles, the
same procedure with heating and RNase treatment was
also used to isolate EVs from these samples to avoid the
potential bias related to different sample processing.
Enriched small and long RNA fractions were then iso-
lated from EVs and used to prepare cDNA libraries that
were subsequently sequenced using I[llumina NGS plat-
form. High quality RNA-Seq reads were then mapped to
human genome and levels of corresponding miRNAs,
sncRNAs and mRNAs were quantified. The data quality
control test showed high consistency between biological
replicates in library compositions and abundance of each
individual RNA for all samples except sncRNAs, that
were somewhat more variable, but still within the confi-
dence range for subsequent analysis (Additional file 1:
Figure S1). After the quality test data exploration was
performed on all datasets by multidimensional scaling
(MDS) analysis and hierarchical clustering (Fig. 2). MDS
analysis demonstrated that Mock, WNV and IFN EVs
have different miRNA, sncRNAs and mRNAs content.
Notably, a higher distance in dimension 1 was estimated
for EV miRNAs between IFN-treated and Mock samples
than between WNV-infected and Mock samples (Fig.
2a), suggesting that IFN treatment induces more pro-
found changes in levels of miRNAs in EVs than WNV
infection. However, for sncRNAs and mRNAs, larger
distance was computed between WNV and Mock EV
samples compared to that between IFN-treated and
Mock EV samples, suggesting that WNV infection in-
duces more profound changes in abundance of these
RNAs in EVs than treatment with IFN (Fig. 2b, c). In
addition, we noticed some separation between the bio-
logical replicates of sncRNA in IFN EVs, which explains
variations previously observed in data quality analysis.
All other biological replicates were positioned very close
to each other on MDS plots indicating high consistency
between replicates. In hierarchical clustering analysis,
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Fig. 2 WNV infection and IFN-alpha treatment alter the profiles of coding and noncoding RNAs in EVs. Multi-dimensional scaling analysis (MDS)
plots with two principal components based on the profiles of miRNAs (a), sncRNAs (b) and mRNAs (c) from EVs show distance between the
samples. Hierarchical clustering and heat maps on RNA-Seq data reads mapped to human genome showing variations in the content of the top
100 most variable miRNAs (d), sncRNAs (e) and mRNAs (f) between the groups and biological replicates

IFN-treated and WNV-infected samples of EV miRNAs
were clustered together in a separate cluster from mock
(Fig. 2d). This indicates that both treatments altered the
profiles of miRNAs in EVs although IFN treatment al-
tered miRNA levels to higher extend according to the
MDS analysis. In line with the MDS results, hierarchical
clustering revealed that WNV infection induced more
pronounced changes in sncRNAs and mRNAs profiles
compared to IFN treatment as IFN and Mock samples
were clustered separately from WNYV samples for these
RNAs (Fig. 2e, f). Therefore, the results of data explor-
ation suggest that WNV infection and IFN-alpha treat-
ment induce distinctive changes in the spectrum and the
levels of coding and noncoding RNAs in EVs.

WNYV infection and IFN-alpha treatment alter secretion in
EVs of miRNAs that regulate host genes associated with
viral processes and pro-inflammatory pathways
Regulatory small RNAs and particularly miRNAs have
been previously shown to play a major role in cell-to-
cell signal transduction by EVs in processes such as can-
cer progression and cells differentiation [68]. Recent

studies also highlighted the role of EV-incorporated
miRNAs in virus-host interactions and modulation of
antiviral response (reviewed in [52, 69]).

To determine which miRNAs have different abundance
in EVs secreted by WNV-infected and [FN-alpha treated
cells, RNA-Seq data were subjected to the statistical ana-
lysis for differential miRNA expression. The analysis dem-
onstrated that WNV infection significantly (FDR<0.05,
Log2 fold change (LogFC) > 1) altered levels of 73 miR-
NAs (Fig. 3a, Additional file 4: Table S1). Amongst miR-
NAs with altered levels in WNV-infected EV samples 56
miRNAs had increased abundance and 17 had diminished
levels compared to mock (Fig. 3a, Additional file 4: Table
S1). All but one of the decreased miRNAs exhibited mod-
erate changes in abundance (1-2 logFC) and were at the
borderline of statistical significance, whereas increased
miRNAs demonstrated up to 8 logFC increment (Fig. 3a)
with high significance (FDR<0.001). IFN-alpha treatment
changed the abundance of 115 miRNA (Fig. 3b, Add-
itional file 4: Table S2). Levels of 72 miRNAs were in-
creased in EVs secreted by IFN-treated cells, while levels
of 53 miRNAs were decreased (Fig. 3b, Additional file 4:
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(See figure on previous page.)

Fig. 3 Analysis of small RNAs incorporated into EVs secreted by WNV-infected and IFN-treated cells. a and b Volcano plots demonstrating significance
and fold change in abundance of individual miRNAs in EVs secreted from WNV-infected (a) and IFN-treated (b) A549 cells compared to mock. ¢ and d
Bar plots showing KEGG-pathways significantly enriched in genes targeted by miRNAs with increased abundance in EVs secreted from WNV-infected (c)
or IFN-alpha-treated (d) cells. Pathways related to virus infection are shown in yellow; numbers at the right indicate the number of pathway-associated

and P<0.01, logFC>2 for sncRNAs)

genes annotated as targets of EV miRNAs. e and f. Significance and logFC of sncRNAs in EVs from WNV-infected (e) and IFN-treated (f) A549 cells
compared to mock is represented by the volcano plots. In (a, b, e and f) red colour indicates for RNAs exhibiting logFC>1, orange shows RNAs with
FDR-adjusted P-values <0.05 and green indicates for RNAs with logFC>1 and P-Value<0.05 (selected for further analyses and functional annotation).
RNAs with increased abundance are located on the right side ((+) LogFC values) and RNAs with decreased abundance are located on the left side ((-)
LogFC values). Gene names are indicated for RNAs that exhibited the highest change in response to treatment/infection (P<0.001, logFC>2 for miRNAs

Table S2). The trend in direction of changes in EVs
miRNA abundance after IFN treatment was similar to that
observed after WNV infection — increased miRNAs had
notably higher logFC (up to 8 log) than those that were
decreased, which mostly showed less than 2 logFC (Fig.
3a, b). These results show that WNV infection and IFN
treatment predominantly stimulate, rather than inhibit in-
corporation of specific host miRNAs into EVs.

MicroRNAs regulate the expression of target genes pre-
dominantly by binding to the complementary sites in
3'UTRs of mRNAs [70]. This usually results in transla-
tional repression [71], but can also lead to degradation of
target mRNAs [72] or even stabilization of mRNAs [73]
or up-regulation of their translation [74]. Therefore, iden-
tification of mRNAs that are targeted by miRNAs is re-
quired for prediction of miRNA functions. Thus, to
determine the biological implication of miRNAs that
showed increased abundance in EVs secreted by WNV-
infected and IFN-treated cells, identification and func-
tional classification of their mRNA targets was performed.
For this analysis the lists of targets for all miRNAs with
significant >1 log2 increase in WNV and IFN EVs were
extracted from the curated database of experimentally
validated miRNA targets. These lists were filtered for
high-confidence interactions and used to reconstruct
miRNA-mRNA networks. The association between the
targets of miRNAs and KEGG pathways and relative
weight of the targets (depends on number of interacting
miRNAs) were then used to calculate the enrichment of
miRNA targets in the biological pathways. The network
analysis revealed that miRNAs with increased abundance
in EVs secreted from WNV-infected and IFN-alpha-
treated cells can regulate a number of genes involved in
viral processes and pro-inflammatory pathways (Fig. 3c, d)
. A total of 121 and 249 genes associated with these path-
ways were annotated as targets of miRNAs enriched in
EVs from WNV-infected and IFN-alpha-treated cells, re-
spectively (Additional file 2: Figure S2).

Therefore, bioinformatics analysis of miRNA targets
demonstrated that WNV infection and exposure to IFN-
alpha increase levels in EVs of miRNAs capable of regu-
lating host genes involved in virus-host interactions, in-
flammation and innate immune response.

Levels of specific sncRNAs increase in EVs secreted by
WNV-infected cells

Small RNA cargo of EVs is not limited to miRNAs; other
classes of host small noncoding RNAs could also be in-
corporated and transferred by EVs [37]. Therefore, we
analysed the levels of small noncoding RNAs in EVs se-
creted from WNV-infected and IFN-alpha-treated cells.

We found that 41 sncRNAs (Fig. 3e, Additional file 4:
Table S3) exhibited increased levels in EVs secreted by
WNV infected cells and 30 sncRNAs were increased in
EVs from IFN-treated cells (Fig. 3f, Additional file 4:
Table S4). Similar to miRNAs, very few sncRNAs had
decreased levels in EVs secreted by WNV-infected cells
with only two RNAs decreasing significantly by more
than 2-fold (Fig. 3e). In EVs secreted by IFN treated cells
14 sncRNAs were significantly decreased. However, the
changes in their levels as well as changes in the levels of
IFN-induced EV sncRNAs were very moderate and in
most cases lower than 2 log2-fold (Fig. 3f). Together
with some variation in sncRNA content observed be-
tween biological replicates in EVs from IFN treated cells
these data suggest that IFN has rather inconsistent and
not very profound effect on incorporation of sncRNAs
into EVs.

Thereafter, RNASeq data indicate that WNV infection
highly increases secretion in EVs of certain sncRNA,
whereas treatment with IFN only slightly alters sncRNA
profile of EVs.

Extracellular vesicles secreted by WNV-infected and IFN-
alpha-treated cells contain increased levels of mRNAs
coding for antiviral proteins
RNASeq analysis revealed that WNV infection and IFN-
alpha treatment also alter secretion of mRNAs in EVs.
In EVs from WNV infected cells, 1182 mRNAs had in-
creased level compared to mock and levels of 161
mRNAs were decreased (Fig. 4a, Additional file 4: Table
S5). In EVs secreted by IFN-treated cells, 1356 increased
and 72 decreased mRNAs were identified (Fig. 4b. Add-
itional file 4: Table S6).

Notably, some increased EV mRNAs code for well-
known components of the antiviral response including
IEN-B, ISG15, IFIT2, IFNL2, OAS1, NF-kB1, MDAS5, etc.
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Fig. 4 WNV infection and IFN treatment increase secretion of mRNAs associated with antiviral response in EVs. a and b Volcano plots demonstrate
significance and fold change in abundance of mRNAs in EVs secreted from WNV-infected (a) and IFN-treated (b) A549 cells compared to mock. Red
colour highlights mRNAs exhibiting logFC>1, orange indicates mRNAs showing FDR-adjusted P-values <0.05 and green indicates mRNAs with logFC>1
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(Fig 3a,b, Additional file 4: Table S5, S6). To obtain dee-
per insights into the biological functions of EV mRNAs
affected by WNV infection and IFN-alpha treatment, we
identified biological processes associated with EV
mRNAs by performing Gene Ontology (GO) enrichment
analysis on elevated EV mRNAs. The analysis showed
that WNV-induced EV mRNAs were significantly (Ben-
jamini corrected P-Value <0.05) enriched in GO categor-
ies related to antiviral response (Fig. 4c). In particular,
GO analysis identified WNV-induced EV mRNAs to be
significantly associated with defence response to virus,
Wnt signalling, type I IFN signalling pathway, Jak/STAT
cascade and T cell receptor signalling pathway (Fig 4c).
IFN-induced EV  mRNAs were assigned to the same
pathways, processes and networks as WNV-induced EV
mRNAs, except for the JAK/STAT signalling and T cell
receptor signalling (Fig. 4d). Host mRNAs with de-
creased levels in either WNV or IFN EVs were not asso-
ciated with any GO categories related to antiviral
response or RNA virus infection (Additional file 4: Table
S7, S8). Thus, gene ontology analysis demonstrated that
EVs from WNV-infected and IFN-alpha-treated cells
carry increased amounts of mRNAs coding for various
components of antiviral response pathways.

To identify the exact components of the antiviral path-
ways encoded by mRNAs selectively incorporated into
EVs secreted from WNV-infected cells and their place in
virus-induced signalling cascades, the network of regula-
tory and direct interactions between proteins encoded
by these mRNAs was reconstructed. A filter, which re-
tains only genes associated with significantly enriched
GO categories related to viral infections and antiviral
response identified in GO analysis was then applied to
the resulted large network to extract the subnetwork re-
lated to antiviral signalling. The filtered network (Add-
itional file 3: Figure S3A) contained well-known pattern-
recognition receptors (RIG-I, MDA-5), cytokines (e.g.
IFN-b, IL28A/B, IL28, etc), ISGs (ISG15, ISG54, OAS,
etc.), positive regulators of type I IFN production (e.g.
TRIM25, TRIM56, DDX60, DDX1, etc.), and transcrip-
tion factors that have specific antiviral functions (e.g.
AP-1, IRF-9, IRF-2, IkB). The network also contained
proteins with more generic functions (e.g. Hsp90, Actin,
G-proteins, etc.), which are shared between different
stress response pathways. In general, this network con-
tained the key components of the defence response to
RNA viruses.

The same major components of the antiviral response
were also identified in the network reconstructed from
mRNAs increased in EVs secreted from IFN-alpha-treated
cells (Additional file 3: Figure S3B). However, this network
was generally smaller (43 vs 78 components) and con-
tained only 29 nods present in the network reconstructed
from WNV-induced mRNAs (Additional file 3: Figure
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S3C). Nonetheless, the mRNAs increased in EVs secreted
from IFN-alpha-treated cells coded for well-characterized
key components of the antiviral response such as RIG-],
MDAS5, IRF1, IRF9, STAT2, ISG15, ISG54 and OAS (Add-
itional file 3: Figure S3B). Moreover, these components
contributed to the core part of the antiviral pathways asso-
ciated with mRNAs increased in EVs secreted from
WNV-induced cells as evident by superimposing the net-
works reconstructed from mRNAs increased in EVs se-
creted from WNV-infected cells and from IFN-alpha-
treated cells (Additional file 3: Figure S3D).

Thus, our analysis indicates that EVs secreted from
WNV-infected or IFN-treated cells contain mRNAs cod-
ing the critical components of antiviral response.

Altered incorporation of host RNAs into EVs in response
to WNV infection is triggered by combination of IFN-
dependent and IFN-independent mechanisms

Our results demonstrated that both, WNV infection and
exposure to type I IFN, trigger significant changes in
RNA profiles of the secreted EVs. We also found a par-
tial overlap between the sets of mRNAs that code for
antiviral proteins with increased incorporation into EVs
secreted by WNV infected and IFN alpha treated cells.
Taking into account that type I [FNs are the major medi-
ators of the defence response to flaviviruses in verte-
brates [75] we hypothesised that IEN signalling can be
responsible, at least in part, for the infection-induced
changes in composition of EV RNA cargo. If so, there
should be a large overlap in the patterns of RNAs that
exhibit altered levels in EVs produced after each of the
treatments. To elucidate the extend of the similarity be-
tween the effect of WNV infection and IFN-alpha treat-
ment on EV RNA profiles we compared the EV RNAs
altered in response to WNYV infection and to IFN-alpha
treatment. The comparison revealed partial overlap in
the analysed sets of RNAs. Specifically, 26 common miR-
NAs (Fig. 5a), 6 common sncRNAs (Fig. 5b) and 482
common mRNAs (Fig. 5c) had elevated levels in EVs
after both, WNV infection and IFN-alpha treatment.
However, 28 miRNAs, 32 sncRNAs, and 689 mRNAs
were uniquely elevated in EVs secreted from WNV-
infected cells, while 46 miRNAs, 10 sncRNAs, and 151
mRNAs were uniquely elevated in EVs secreted in re-
sponse to IFN-alpha treatment (Fig. 5a-c). For EV RNAs
with decreased levels, no considerable overlap was found
between the responses to IFN-alpha treatment and to
WNV infection, as only 6 miRNAs, 1 sncRNA and 22
mRNAs were common (Fig. 5a-c). At the same time,
WNYV infection led to decreased levels of 11 unique
miRNAs, 1 unique sncRNA, and 137 unique mRNAs,
while IFN-alpha treatment led to decreased levels of 35
unique miRNAs, 12 unique sncRNAs, and 38 unique
mRNAs (Fig. 5a-c).
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Fig. 5 Effect of WNV infection on composition of EVs RNA cargo involves IFN-dependent and IFN-independent mechanisms. Venn diagrams (a-c)
representing common and unique differentially expressed miRNAs (a), sncRNAs (b) and mRNAs (c) identified in EVs secreted by WNV-infected and IFN-
treated cells. Bar plots (d-f) demonstrate the effect of WNV infection on abundance of mRNAs (d), sncRNAs (e) and mRNAs (f) in EVs secreted by IFN-
competent (WT A549) and IFN-deficient (A549/BVDV-Npro) cells. RNA abundance was determined by qRT-PCR. Fold change was calculated relative to
RNA levels in EVs from mock-treated A549 or A549/BVDV-Npro cells with normalisation to miR-30 (d) or SNORD37(e, f). Values in (d-f) are the means of

3 biological replicates £SD. Dash line indicates RNA levels in EVs from mock-treated cells

Therefore, we found that although IFN-alpha treat-
ment and WNYV infection commonly increased accumu-
lation of certain coding and noncoding RNAs in EVs, a
substantial number of RNAs that showed altered abun-
dance in EVs secreted from WNV-infected cells did not
overlap with those induced by IFN-alpha treatment and
vice versa. To further investigate the role of IFN signal-
ling in WNV-induced changes of EVs RNA levels we in-
fected A549/BVDV-NPro cells that are deficient in
production of type I IFN. These cells stably express N-
terminal domain of bovine viral diarrhoea virus (BVDV)
protease (BVDV-NPro). BVDV-NPro binds to transcrip-
tion factors IRF3 and IRF7 that are essential for tran-
scription of IFN genes and induces their ubiquitination
with subsequent degradation, rendering the cells incap-
able of IFN production [76]. We then used qRT-PCR to
compare the levels of several miRNAs (Fig. 5d),
sncRNAs (Fig. 5e) and mRNAs (Fig. 5f) in EVs secreted
by WNV-infected A549/BVDV-NPro cells and wild type
(WT) A549 cells. For this analysis host RNAs uniquely
increased in EVs from WNYV infected cells (miR-27a,
U97, ACA31, DDX58) as well as RNAs commonly in-
creased in WNV and IFN EVs (miR-3614, miR-664a, U3,
IFIT2, IFIH1) were selected. The results of qRT-PCR
demonstrated that WNV infection of WT A549 cells

increased levels in EVs of all selected RNAs (Fig. 5e-f)
thus confirming the results of RNA-Seq. In IFN-
deficient cells the levels of all selected miRNAs in-
creased upon infection, whereas the levels of mRNAs
and sncRNAs remained unchanged. Curiously, miR-664a
and miR-3614 exhibited elevated levels in EVs produced
by both, WNV-infected and IFN-treated cells, according
to RNA-Seq data (Fig. 3a,b), while qRT-PCR data indi-
cates that their induction in EVs by infection also oc-
curred in the absence of IFN. This indicates that WNV
and IFN can independently increase incorporation of
these miRNAs into EVs and that in WNV infection it
can occur in IFN-dependent and IFN-independent man-
ner. In contrast to miRNAs, increased incorporation into
EVs of selected for qRT-PCR analysis sncRNAs (U97,
ACA31, and U3) as well as mRNAs coding for ISG15,
DDX58, and IFIH1 appeared to be IFN-dependent as it
was not observed in IFN-deficient cells (Fig. 5e,f). How-
ever, the results of RNASeq profiling demonstrated that
IFN treatment did not lead to increased incorporation
into EVs of U97 and ACA31 sncRNAs or DDX58 mRNA
and had very modest effect on levels of all sncRNAs.
Therefore, IFN treatment is required, but not sufficient
to increase incorporation of certain sncRNAs and
mRNAs into EVs.
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Thus, our results suggest that a complex combination
of IFN-dependent and IFN-independent pathways act in
WNV-infected cells to increase incorporation into EVs
of certain coding and noncoding RNAs in EVs.

Small RNAs incorporated into EVs secreted by WNV-
infected cells have immunostimulatory activity
To elucidate if RNA from WNV EVs can stimulate in-
nate immune response in acceptor cells, the ability of
EV RNA to induce expression of antiviral genes was
tested. The enriched fractions of long (>300nt) and small
(<300nt) RNAs were isolated from mock and WNV EVs
and transfected into A549 cells. At 24h after treatment,
cells transfected with long RNAs from EVs showed se-
vere cytotoxic effect and were not suitable for further
analysis. Cells transfected with small RNAs displayed
normal morphology and were used to determine the ex-
pression of selected antiviral genes. Expression of IFNB1,
[FNL2, RIG-I, MDA5, TRIM25 and ISG15, which are
the well-characterized components of the antiviral re-
sponse to WNV, was determined by qRT-PCR. Expres-
sion of IFNBI1, IFNL2, OAS1 and RIG-I showed no
difference between cells transfected with small RNA
from mock and WNV EVs (Fig. 6). However, expression
of MDAS5, TRIM25 and ISG15 in cells transfected with
small RNAs from WNV EVs was significantly increased
compared to those transfected with small RNA from
mock EVs (Fig. 6).

These results demonstrate the ability of small RNAs
incorporated into WNV EVs to induce expression of
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Fig. 6 Expression of antiviral genes in A549 cells transfected with small
RNA isolated from EVs produced by WNV-infected cells. A549 cells were
transfected with small RNA isolated from EVs secreted by WNV-infected
or uninfected (mock) cells and gene expression was determined at 24h
post transfection by gRT-PCR. Gene expression was calculated by AACt
method relative to the cells transfected with small RNAs from mock EVs
and using expression level of housekeeping gene TBP as a reference.
Values are the means of 3 biological replicates +SD. Dash line indicates
RNA levels in cells transfected with mock EVs RNA. Statistics analysis
was performed using multiple t-tests with Bonferroni correction.
**P<0.001, **P<0.01
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several genes involved in innate immune response
against RNA viruses, suggesting the immunostimulatory
properties of small RNAs incorporated into EVs secreted
by WNV-infected cells.

Discussion

Extracellular vesicles are small membrane-covered
spherical vesicles that transfer their RNA and protein
cargo between the cells of the multicellular organism
[21]. Several studies have previously demonstrated that
EVs are involved in virus-host interactions particularly
by transferring infectious viral RNA [43, 44] and virus
virulence factors [77-79], antiviral proteins APOBEC3G
[46], antiviral miRNAs [80-82] and mRNAs encoding
for antiviral proteins [83]. In flavivirus infection, exo-
somes secreted by DENV-infected cells have been shown
to contain proteins, miRNAs and mRNAs associated
with antiviral response and transfer antiviral activity to
the recipient cells [17, 47]. Here we have shown that in-
fection with WNV also induces significant changes in se-
cretion of coding and noncoding RNAs in EVs and these
RNAs are associated with antiviral response.

A number of studies have reported differential incorp-
oration of miRNAs into EVs and the ability of EV miR-
NAs to alter expression of their targets in recipient cells,
modulating various regulatory pathways including anti-
viral response (reviewed in [39]). In addition, miRNAs
are well-known regulators of host response to flavi-
viruses, including WNV [84—88]. The ability of extracel-
lular vesicles to transfer miRNAs that modulate viral
infection was first described in HIV infection. Exosomes
produced by primary alveolar macrophages infected with
HIV were shown to contribute to chronic immune acti-
vation in HIV-infection as they contain viral microRNAs
vmiR88 and vmiR99 responsible for stimulation of TNFa
release in human macrophages [45]. In addition, expres-
sion of HIV Nef protein in macrophage-like cells was
shown to recruit 47 host miRNAs into exosomes [77].
TLR3-activated macrophages have been shown to release
EVs that contain members of miR-29 family and inhibi-
tory effect of EV miR-29 on replication oh HCV in hepa-
tocytes has been demonstrated [80]. Considering the
profound role of exosomal miRNAs in modulation of
host response to viruses, we first analyzed levels of miR-
NAs in EVs secreted by WNV-infected cells.

To determine the levels of miRNAs in EVs we
employed next generation sequencing of RNA (RNASeq)
. This was conducted in two biological replicates be-
cause, considering that genetically homogenous cell line
grown under standardized conditions was used as an ex-
perimental model, we did not expect a high degree of
variability between independent experiments. This as-
sumption was confirmed by multidimensional scaling
analysis, which demonstrated that all replicates except
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sncRNAs from IFN-treated cells had high degree of
similarity as indicated by close positioning of replicates
in Fig. 2a-c. In addition, the majority of RNAs with ex-
pression levels higher than 5 cpm had very low bio-
logical coefficients of variations (Additional file 1: Figure
S1). We also employed generalised linear model with
quasi-likelihood F-test as a method for statistical ana-
lysis, which is known to produce reliable results with
small numbers of biological replicates [89]. Although we
can’t exclude that limitation may apply to interpretation
of RNA-Seq results from experiment with small number
of replicates, particularly for low abundance transcripts,
computational data exploration (Fig. 2, Additional file 1:
Figure S1) have thus demonstrated that for the vast ma-
jority of the transcripts we have likely obtained confident
expression data.

We identified 56 miRNAs that were enriched in EVs
secreted from WNV-infected cells. Five of these miR-
NAs (miR-148a, miR-494, miR-708, miR-483 and miR-
29b) were previously found to be significantly enriched
in exosomes from HIV Nef-expressing macrophages
[77]. This indicates that incorporation of these miRNAs
into EVs may represent a general and conservative
mechanism of antiviral response and suggests their im-
portance in EV-mediated signalling in viral infection.
Notably, IFN-alpha treatment also resulted in increased
levels of 72 miRNAs in EVs.

Interestingly, more miRNAs were significantly
enriched in EVs secreted from WNV-infected and IFN-
alpha-treated cells than miRNAs that were decreased. In
addition, miRNAs enriched in EVs from WNV-infected
and IFN-alpha-treated cells exhibited much higher dif-
ference in abundance compared to EVs secreted from
Mock cells, than miRNAs that were decreased. This ob-
servation was consistent with data on EVs from HIV
Nef-expressing cells, in which levels of decreased miR-
NAs were changed by not more than 0.6-fold [77]. This
suggest that cellular response to infection more likely re-
lies on increased incorporation of miRNAs into EVs ra-
ther than on their retention in cells and supports the
signalling model in which infection leads to the appear-
ance of the new signal rather than decrease of some
basal stimuli in EVs.

Some of the enriched EV miRNAs identified in our
study were previously reported to regulate genes in-
volved in antiviral response. Particularly, miR-29b is
known to target tumour necrosis factor-induced protein
3 in response to JEV infection and is thought to be re-
quired for JEV-induced microglia activation [90]. This
miRNA has also been found responsible for exosomal
transfer from activated macrophages to hepatocytes of
antiviral activity against HCV [80]. Human miR-27a has
an inhibitory effect on HCV [91], EV71 [92] and adeno-
virus [93], and regulates antiviral response via TRIM27
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[94]. MicroRNA miR-34c was shown to induce apoptosis
in hepatitis B infected cells [95]. MicroRNA miR-26a
suppresses replication of porcine reproductive syndrome
virus [96] and is also down-regulated by influenza A
virus to reduce production of type I IFN [97].

To obtain a complete picture of relationships between
miRNA enriched in EVs, and their targets, we recon-
structed the miRNA-target networks based on the list of
experimentally validated targets for enriched miRNAs in
EVs produced by WNV-infection and IFN-alpha-
treatment. The resulted networks contained numerous in-
teractions between miRNAs enriched in WNV infection-
induced EVs and the host genes involved in multiple viral
processes. This analysis demonstrated strong association
between regulation of virus-host interactions and miRNAs
miR-26a, miR-29, miR-3929, miR-215, miR-520a, miR-24.
These results together with currently known antiviral role
of above-mentioned infection-induced EV miRNAs are in-
triguing as they suggest that EVs produced upon WNV in-
fection may potentially transfer the antiviral or pro-
inflammatory signal.

The wide range of targets associated with viral infec-
tion was also identified for miRNAs enriched in EVs se-
creted from IFN-alpha-treated cells, suggesting that
previously described role of EVs in transduction of IFN-
induced pro-inflammatory signal [14, 46, 69] may not be
limited to the transfer of antiviral proteins.

In addition, we have found that WNV infection in-
creased levels in EVs of a number of host small noncod-
ing RNA, primarily small nucleolar RNAs (snoRNAs).
Similar to miRNAs, the majority of sncRNAs were
enriched rather than depleted in EVs. This suggests that
they are actively sorted into EVs and could potentially
contribute to the transfer of antiviral signal. However,
their potential role in WNV infection is puzzling as
sncRNAs are less well-studied than miRNAs and very
little is known about their role in virus-host interactions.
One study demonstrated that a broad range of snoRNAs
can activate antiviral enzyme PKR [98]. In addition, pro-
cessing of snoRNAs into miRNAs [99] and piRNAs
[100] has also been reported. Further experiments are
required to determine the biological significance of the
altered levels of sncRNAs in EVs and their role in virus-
host interactions.

Interestingly, we found that transfection of small
RNAs isolated from EVs secreted by WNV infected cells
results in increased expression of genes encoding for
MDAS5 and TRIM25, which are involved in viral RNA
sensing [101, 102] as well as ISG15, which is a known
antiviral effector protein [103]. This indicates that small
RNAs incorporated into EVs can have immunostimnula-
tory effect. However, they appear not to induce complete
antiviral response pathway in target cells as we could
not detect activation of other genes essential for virus
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elimination including INFs and OAS. We hypothesise
that delivery of small RNAs by EVs secreted from in-
fected cells may “precondition” neighbouring cells for
faster antiviral response without activation of the anti-
viral response to its full capacity as the later can poten-
tially result in cell death. However, this hypothesis as
well as the identity of small RNAs responsible for the
observed effect requires extensive further validation.

We also demonstrated that WNV infection increased
abundance of mRNAs encoding for the components of
antiviral pathways in EVs. EVs from both, WNV-infected
and IFN-treated cells contained increased levels of
mRNAs encoding for pattern recognition receptors,
transcription factors regulating inflammation and anti-
viral signalling, cytokines, their receptors and effectors
of antiviral pathway. One of this mRNA, encoding for
DDX58, was previously reported to incorporate into EVs
secreted by DENV-infected dendritic cells [47]. In our
study DDX58 mRNA was found to be increased in EVs
from WNV-infected and IFN-treated cells and was also
confirmed in WNV EVs by qRT-PCR. Some EV-
transferred mRNAs have been previously shown to be
translated in recipient cells altering their signalling path-
ways [23], however the role of EV-incorporated host
mRNAs in viral infection remains elusive. The role of
exosomal mRNA delivery in regulation of antiviral re-
sponse has been recently suggested, when exosomes
with anti-HIV activity were isolated from human semen
and demonstrated to contain mRNAs encoding for anti-
viral factors, however this assumption was primarily
based on indirect evidences [83]. Unfortunately, due to
cytotoxicity we were unable to test if mRNAs from EVs
secreted by WNV-infected cells can alter the antiviral
state of the target cells and thus cannot conclusively
claim the role of EV-derived mRNAs in infection. We
can, however, speculate that mRNAs secreted in EVs
from WNV-infected cells may become translated upon
delivery to the target cells and modulate their antiviral
state. Alternatively, EVs can be employed to remove ex-
cess mRNAs transcribed from the antiviral genes in in-
fected cells or products of their incomplete degradation
to prevent overload of the translation machinery or ac-
cumulation of waste products within the cells. Removal
of cellular waste was the first function suggested for EVs
[19] and it is possible that mRNAs accumulated in EVs
secreted by infected cells reflect the role of EVs related
to the homeostasis of maternal cells and not to altering
the pathways of target cells. Therefore, further studies
are required to dissect functions of EVs in transport of
mRNAs and their role in viral infection.

Our study has also demonstrated that WNV infection
and treatment with IFN induce common and unique
changes in RNA profiles of EVs. In addition, we found
that IFN-alpha treatment increased levels in EVs of
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larger number of miRNAs that target wider network of
genes associated with viral processes than WNYV infec-
tion. However, three miRNAs that we tested for incorp-
oration into EVs in IFN-deficient cells, responded to
infection in the same way as in WT cells. These observa-
tions can be explained by suggesting that IFN-alpha can
induce incorporation of miRNAs into EVs, but there is a
redundancy in the pathways that control EV levels of
miRNAs so they can also be activated in response to in-
fection in IFN-independent manner. The more profound
effect of IFN on miRNAs levels in EVs compared to
WNV infection can therefore be explained by possible
suppression of antiviral pathways in infected cells by
viral proteins or noncoding RNA [3, 104, 105].

Intriguingly none of tested 3 sncRNAs and 3 mRNAs,
including those that were uniquely increased in EVs
from WNV infected and not from IFN-treated cells, ex-
hibited increased levels upon WNV infection of IFN-
deficient cells. This indicates that secretion in EVs of
these RNAs requires activation of IFN-inducible path-
ways. However, IFN-treatment alone is not always suffi-
cient to trigger incorporation of mRNAs and scnRNAs
into EVs as increased levels of some infection-induced
RNAs have not been observed in EVs from IFN-treated
cells. Thus their secretion in EVs requires activation of
the infection-induced IFN-independent pathway in
addition to IFN-induced pathway.

Therefore, our data indicate that levels of host RNAs
in EVs secreted by the infected cells depend on the com-
plex combination of IFN-dependent and IFN-
independent pathways that have some degree of redun-
dancy, particularly in the control of EV-incorporated
miRNA levels. The demonstrated here ability of small
RNAs from EVs to induce expression of certain antiviral
factors in transfected cells suggest their likely biological
importance in flavivirus-host interactions. However, fur-
ther studies are required to identify which specific small
RNAs are involved in the induction of antiviral response
as well as whether EV-incorporated mRNAs can also
contribute to antiviral signalling.

Conclusions

We have shown that WNV infection and treatment with
IFN-alpha alters the levels of various host RNAs in EVs.
Host miRNAs that exhibit increased levels in EVs se-
creted from WNV-infected and IFN-treated cells are
known regulators of viral processes and antiviral re-
sponse while EV-incorporated mRNAs code for known
antiviral proteins. Increase in EVs levels of host RNAs is
controlled by a combination of partially interconnected
IFN-dependent and IFN-independent pathways. Our
study provides the first comprehensive profiling of host
RNAs incorporated into EVs secreted by flavivirus-
infected cells, demonstrates the role of type I IFN-
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dependent and independent pathways in regulating
levels of these host RNAs in EVs during infection, and
predicts functional associations of these host RNAs with
antiviral processes in acceptor cells.

Methods

Cell culture

Human lung carcinoma cells (A549) [ATCC CCL-185]
and A549/BVDV-NPro cells [76] were cultured in F12K
medium supplemented with 10% heat-inactivated FBS.
Green monkey kidney cells Vero and hamster kidney
cells BHK-21 were maintained in Dulbecco’s Modified
Eagle Medium supplemented with 5% heat-inactivated
FBS. All cell culture media contained 100 units penicillin
ml™, 100 pg streptomycin ml™', 0.29 mg l-glutamine
ml™' (Gibco) and 1 mM sodium pyruvate. All cells were
maintained at 37 °C in CO, incubator. FBS was from
SAFC Biosciences (Australia), other cell culture reagents
were from Gibco, Life Technologies Inc. (USA).

Virus infection and IFN-alpha treatment

West Nile virus Kunjin strain was obtained from the
full-length ¢cDNA clone as described previously [106].
Virus was then amplified in Vero cells and titres were
determined by plaque-assay in BHK-21 cells: serial dilu-
tions of culture fluids were prepared, and 200 pl of each
dilution was used to infect BHK-21 cells grown in 6-well
plates, followed by incubation for 2 h and overlaying
with DMEM supplemented with 0.5% low-melting-point
agarose (Rio-Rad, USA) and 2% FBS. At 72 h after infec-
tion, cells were fixed with 4% formaldehyde in PBS and
stained with 0.2% crystal violet solution. Plaques were
then counted, and titres were calculated based on the di-
lution factor and infected volume.

All infections were performed at multiplicity of infec-
tion (MOI) = 1 by incubation of cells with 45 pl of in-
oculum per cm? of growth area for 2h at 37°C. After
inoculum was removed, the cells were washed twice with
PBS, and fresh medium was added. Human interferon
alpha 2a (Roche, USA) was added to cells at final con-
centration of 300u/ml for 24h. Infected and IFN-treated
cells were maintained in F12K medium supplemented
with 2% FBS.

Isolation of extracellular vesicles (EVs)

A549 (infected, IFN-treated and mock) cells grown in
monolayers in T175 flasks at ~80% confluence were
washed 3 times with PBS and then 20ml F12K medium
supplemented with 2% exosomes free FBS (Gibco, USA)
were added to the monolayer. Cells were allowed to se-
crete EVs for 24h, then culture fluids were collected.
Culture fluids from 2xT175 flasks (~4x10” cells) were
combined and subjected to centrifugation at 5000xg for
1h at 4°C to remove cell debris and apoptotic bodies. To
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inactivate and remove contaminating virus particles
prior to exosome extraction, lu/ml RNaseA (Sigma,
USA) was added to the conditioned media followed by
heating at 56°C for 1 hour and centrifugation for 15 min
at 3000 x g, 4°C. EVs were then isolated from condi-
tioned media using ExoQuick-TC (Systems Bioscience,
Mountain View, CA) according to the manufacturer’s
protocol.

Western Blotting

Pelleted EVs were re-suspended in RIPA buffer (Sigma,
USA) supplemented with Complete Proteinase Inhibitor
Cocktail (Roche, Switzerland) and protein concentration
in lysates was determined using BCA Protein Assay
(Pierce, USA). Proteins (25 ug/sample) were denatured
by heating for 5 min at 95°C in Bolt LDS Sample Buffer
(Thermo Scientific, USA) supplemented with 1x Redu-
cing Agent (Thermo Scientific, USA) and then separated
in 4-12% Bolt Bis-Tris Plus Gel (Thermo Scientific,
USA). Electrophoresis was performed for 45 min in Bolt
MES Running buffer (Thermo Scientific, USA) at 200V.
Proteins were electroblotted onto nitrocellulose mem-
brane (Millipore, USA) for 1h at 400mA in Tris-Gly-
SDS buffer with 20% methanol using Mini Trans-Blot
Cell (BioRad, USA). Membrane was blocked with 3%
non-fat dry milk (NFDM) in TBS for 30 min and then
incubated O/N at 40C with antibodies specific to CD9
(#13174, Cell Signaling Technologies, USA) diluted 1:
500, CD63 (#310628D, Thermo Scientific, USA) diluted
1:250, or Hsp70 (sc-24, Santa Cruz Biotech., USA) di-
luted 1:100. All antibodies were diluted in TBST. Mem-
branes were then washed 4 x 5min with TBST and
incubated for 1h at room temperature with anti-rabbit
or anti-mouse HRP-conjugated antibody (Cell Signaling
Technologies, USA) diluted 1:5000 in 3% NFDM in TBS.
After 4 washes with TBST, signal was developed using
ECL Plus Reagent (Thermo Scientific, USA) and visual-
ized on AI600 imager (GE Healthcare, USA).

Electron microscopy

Sample was absorbed onto carbon-coated copper grid
for 2 mins at room temperature. Samples were rinsed
with PBS, then washed 4x5min in PBS and 1x5min with
dH2O. Samples were contrasted with 1.8% methyl cellu-
lose/ 0.4% uranyl acetate on ice, 5 mins then looped out
and dried. The sections were viewed on a JOEL 1010
transmission electron microscope, and images were cap-
tured using a MegaView III CCD camera (Soft Imaging
Systems, USA).

Fluorescent labelling of EV RNA and confocal microscopy

Fluorescent labelling of EV RNA was performed by incu-
bating EVs (1 pg in 160 ul) with 1.6 ul of 1 uM SYTO
RNASelect reagent (Thermo Scientific, USA) according
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to manufacturer’s instructions. Unincorporated dye was
removed using MW3000 exosome purification spin col-
umns (Thermo Scientific, USA). Suspension of labelled
EVs (100 ng) was added to culture media of A549 cells
growing on cover slips in wells of 24-well plate and in-
cubated for 16h. Culture media was then removed, cells
were washed twice with cold PBS and fixed for 15 min
with cold 4% PFA in PBS followed by two washes with
cold PBS. Cover slips were mounted on glass sides and
nuclei were counter-stained with DAPI using ProLong
Diamond Antifade Mountant (Thermo Scientific, USA).
Fluorescent signal in the cells was visualized on ZEISS
LSM 510 META Confocal Microscope.

RNA isolation

Enriched small and long RNA fractions from EVs were
isolated using mirVana miRNA Isolation Kit (Ambion,
USA). Viral RNA from EVs and culture fluids was iso-
lated using NucleoSpin RNA Virus Kit (Macherey-Nagel,
Germany). Total RNA for qRT-PCR was isolated from
EVs pellets or cultured A549 cells using TRI Reagent
(Sigma-Aldrich, USA). Concentration of RNA was deter-
mined on Nanodrop ND-1000 (Thermo Scientific, USA)
. The ratios of ODy60/ODggy and ODyg0/OD4y3y were
used to assess the purity of RNA preparations. If pre-
pared for RNA-Seq analysis, RNA was analysed and
quantified on 2100 Bioanalyzer Instrument (Agilent
Technologies, USA).

RNA transfection

A549 cells (10°) were transfected in suspension with
500ng of small or long RNA isolated from EVs using
12.5 pl of Lipofectamine 2000 as described previously
[84]. Total RNA was isolated from transfected cells at
24h after transfection.

RT-PCR

RNA (5ul) was subjected to RT-PCR using SSIII One-
Step RT-PCR Kit with Platinum Taq (Invitrogen USA)
under the following conditions: 60°C — 15min, 95°C —
5min, followed by 35 cycles of 95°C — 15", 600C — 30",
680C — 15" and final extension at 68°C for 5 min with
10pmole of each primer (Additional file 4: Table S9).

Quantitative RT-PCR

Total cellular RNA (1pg) was used for cDNA synthesis
with qScript cDNA SuperMix (Quantabio, USA) accord-
ing to manufacturer’s instruction. cDNA was diluted 1:
10 and 3 pl of cDNA solution were used as template for
qRT-PCR using SYBR Green PCR Master Mix (Applied
Biosystems, USA). PCR was performed in 20 pl of reac-
tion mix containing 10 pmoles of forward and reverse
PCR primers for each gene. Reactions were performed
under the following cycling conditions: 95°C for 5 min
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and 40 cycles of 95°C for 15 s and 60°C for 1 min,
followed by melting-curve analysis.

For the analysis of EV miRNAs total EV RNA was used
for cDNA synthesis using stem loop RT primers [107] and
TagMan MicroRNA Reverse Transcription Kit (Thermo
Fisher Scientific, USA). Each RNA sample was subjected
to the reaction with a pool of RT primers for all analysed
miRNAs. Each 40ul reaction contained 100ng RNA,
1pmole of each primer 400u MultiScribe Reverse Tran-
scriptase, 10u RNase Inhibitor, 2mM dNTPs and 1x RT
buffer. Reaction was incubated at 16°C for 30 min,
followed by 30 min at 42°C and 5 min at 85°C.

For the analysis of EV mRNAs and sncRNAs total ER
RNA (100ng) was used as a template for cDNA synthesis
using qScript cDNA SuperMix (Quantabio, USA). Reac-
tion was performed according to the manufacturer’s
instructions.

To enable amplification of the multiple targets using
small amount of starting RNA material, cDNA for qRT-
PCR of EVs miRNAs, mRNAs and sncRNAs was pre-
amplified according to the published protocol [108].
Each c¢cDNA sample (5ul) was used as a template for
PCR with a pool of all relevant primers (0.5 pmole each)
and Taq Master Mix (NEB, USA) in 50ul volume. Pre-
amplification was performed by incubation at 95°C for
10 min followed by 14 cycles of 15 sec at 95°C and 4
min at 60°C. Enzyme was inactivated by heating at 99°C
for 10min, cDNA was diluted 1:4 with water and 5ul
(miRNAs) or 3ul (mRNAs, sncRNAs) of diluted DNA
were used as a template for qRT-PCR.

Quantitative RT-PCR was conducted in 20 ul (miR-
NAs) or 10ul (mRNAs, sncRNAs) of reaction mix con-
taining 10 pmole of each primer and QuantaNova SYBR
Green PCR Master Mix (Quiagen, USA). Reactions were
performed under the following cycling conditions: 95°C
for 2 min and 40 cycles of 95°C for 5 s and 60°C for
20sec, followed by melting-curve analysis.

All qRT-PCR reactions were performed using Quant-
Studio 6 Flex Real Time PCR Instrument (Applied Bio-
systems, USA). Gene expression analysis was performed
by the AAC7 method using QuantStudio software (Ap-
plied Biosystems, USA). Gene expression in RNA trans-
fection experiments was normalized to the TATA-
binding protein (TBP) mRNA level and compared to
samples of Mock EVs RNA transfection. In EVs profiling
experiments data were normalised to miR-32 (miRNA)
or SNORD37 (mRNA, sncRNA). Reference genes were
selected based on their uniform expression between the
samples according to RNAseq data, snoRNA was used
as a reference for mRNA analysis as mRNAs of typical
housekeeping genes (GAPDH, TBP, etc) was not de-
tected in EVs at considerable levels.

For each experiment, RNA from 3 biological replicates
was used and PCR amplification of each cDNA sample
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was done in technical triplicate. Negative controls were
included for each set of primers.

Next generation sequencing

For RNA-Seq profiling, RNA was isolated from EVs, DNase
treated using RQ DNasel (Promega, USA) and purified by
phenol:chlorophorm extraction and ethanol precipitation.
c¢DNA libraries from small RNAs were prepared using
TrueSeq Small RNA Library Preparation Kit (Illumina Inc.,
USA), mRNA libraries were prepared using a TruSeq RNA
Library Prep Kit (v2) (Illumina Inc., USA). cDNA libraries
were sequenced (50 bp single end reads) using the Illumina
MiSeq Sequencer (Illumina Inc.). The primary sequence
data was generated using the Illumina CASAVA1.8.2 pipe-
line and stored in FASTQ format. Library preparation and
sequencing was performed by Australian Genome Research
Facility (Melbourne, Australia).

Ilumina adapters were trimmed, PCR primers, con-
taminants, low quality reads and reads under 15 nts in
length were removed from primary data using Trimmo-
matic v0.36 with settings ILLUMINACLIP: TruSeq3-SE:
2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:
4:15 MINLEN:15. Quality of remaining reads was
assessed using FastQC v0.11.5 (http://www.bioinformat-
ics.babraham.ac.uk/projects/fastqc/). Reads were then
mapped to human genome assembly hg38 using STAR
v2.5.2 [109] allowing 1 mismatch and stored in BAM
files. The counts of reads mapping to each known gene
were determined at transcript level using the HTSeq
v0.7.0 [110] using union model and counting to “exon”
feature. For counting the RNA transcripts and small
noncoding RNAs from EVs, gene feature format (GFF)
files were obtained from UCSC genome browser (assem-
bly GRCh38/hg38, Dec. 2013). GFF files with coordi-
nates of miRNAs were obtained from miRBase (release
21). The read counts were used to determine gene ex-
pression and identify differentially expressed genes
(DEGs) using R package ‘edgeR’ v3.10.5 [111]. Low
count transcripts (<1 rpm (reds per million) for miRNAs
and <0.5 rpm form mRNAs) were omitted from the ana-
lysis and remaining counts were normalized to the library
size using TMM normalization method of edgeR. The
GLM model was used to perform differential expression
comparison between the groups by quasi likelihood F-test.
Differentially expressed genes were considered significant
if the FDR value was < 0.05. Sequencing experiments were
performed with two biological replicates.

Raw data of next generation sequencing are available
in GEO database (GSE114008).

Identification and Analysis of miRNA targets

Visualization and functional annotation of miRNA-
mRNA interactions was performed using miRNet soft-
ware [112]. Lists of experimentally validated mRNA-
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miRNA interactions were extracted from miRNet data-
base, then mRNAs targeted by<2 miRNAs and miRNAs
targeting <2 mRNAs were removed from the list by ap-
plying the filter with “degree cut-off” =1 in miRNet soft-
ware. The resulted interactions were used to reconstruct
the network miRNA-target networks. The networks
were subjected to functional exploration in which
enriched KEGG pathways associated with the network
components were identified (A, B, E, F) and subnet-
works associated with KEGG pathways related to virus-
host interactions were extracted (C, D, G-I).

Functional Classification of differentially expressed genes
and network modelling

GO analysis and functional classification of differential
WNV EV RNAs was performed using DAVID v6.8 [113].
Lists of differentially expressed genes were submitted to
the tool and GO enrichment analysis was performed with
following settings: GO category — GOTERM_BP_DIR-
ECT, Thresholds: counts=5, EASE=0.1, correction for
multiple comparisons was Benjamini. Output table from
DAVID was combined with gene expression levels using R
package GOplot [114], which was then used to perform
gene set analysis and plot the result with overlap reduction
value set to 0.75. Network reconstruction was performed
using GeneGo MetaCore Softaware (Thomson Reuters,
USA). List of differentially incorporated mRNAs with
log2-fold change values and P-values was submitted to
MetaCore and network reconstruction was performed
using “direct interactions” algorithm, which assigns net-
work edges to the experimentally validated interactions
between the genes present in manually curated MetaCore
database. Then MetaCore filter was applied to the resulted
large network, which allows selection of GeneGo terms
from the list of terms significantly associated with the
genes present in the network. Terms related to antiviral
response and sensing of viral RNA were selected from the
list and genes that are not assigned to these terms were
hidden from the network.

Statistical analysis

Statistical testing for differentially expressed genes in
RNA-Seq experiments was performed using edgeR. Ana-
lysis of qRT-PCR was performed by multiple t-tests with
Bonferroni correction using Prism v8.0 (GraphPad,
USA).

Additional files

Additional file 1: Figure S1. Characterization of RNASeq datasets. Box
plots represent abundance distribution for all RNAs in datasets before
and after normalisation and BCV plots show variations between the
biological replicates after normalisation for EV miRNAs (A), sncRNAs (B)
and mRNAs (C). (PDF 296 kb)
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Additional file 2: Figure S2. Targets of miRNAs differentially
incorporated into EVs from WNV-infected (A) and IFN-treated (B) A549
cells associated with virus-related pathways. To obtain the networks lists
of experimentally validated mRNA-miRNA interactions for each miRNA
dataset were extracted from miRNet database, then mRNAs targeted by<
2 miRNAs and miRNAs targeting <2 mRNAs were removed from the list
by applying the filter with “degree cut-off" =1 in miRNet software. The
resulted interactions were used to reconstruct the networks, which then
were subjected to functional exploration in which enriched KEGG
pathways associated with the network components were identified and
subnetworks associated with KEGG pathways related to virus-host
interactions were extracted. (TIF 6758 kb)

Additional file 3: Figure S3. Comparison of the antiviral pathway-
associated networks reconstructed from mRNAs with increased abundance
in EVs from WNV-infected or IFN-alpha-treated cells. (A, B) Simulated
networks of the components of antiviral pathways encoded by mRNAs
increased in EVs secreted from WNV-infected (A) or IFN-alpha-treated (B)
cells. (C) Numbers of unique and common network nods associated with
antiviral response that are enriched in EVs secreted from WNV-infected and
IFN-alpha-treated cells. (D) Results of superimposing (B) to (A) indicating
which of WNV-induced EV mRNAs and antiviral pathways overlap with
those induced by IFN-alpha treatment. Red (induction) and blue (repression)
circles near the nods indicate the changes in mRNA level in WNV EVs (A) or
IFN-alpha EVs (B, D) with the intensity of the colouring indicating the level
of change. Red edges indicate inhibitory and green edges indicate
stimulatory interactions between network components, grey edges indicate
that the effect of interaction is not known; symbols of the nods indicate
functional category of the network component (https://portal.genego.com/
legends/MetaCoreQuickReferenceGuide.pdf). To reconstruct the networks,
list of the differentially incorporated mRNAs with log2-fold change values
and P-values were submitted to MetaCore software and network
reconstruction was performed using “direct interactions” algorithm, which
assigns network edges to the experimentally validated interactions between
the genes present in manually curated MetaCore database. Then MetaCore
filters were applied to the resulted large networks, which allows selection of
GeneGo terms from the lists of terms significantly associated with the genes
present in the network. Terms related to antiviral response and sensing of
viral RNA were selected from the list and genes that are not assigned to
these terms were hidden from the network. The resulted simplified
networks, which only contains components directly associated with antiviral
activity, are shown in the figure. (TIF 3701 kb)

Additional file 4: Table S1. EV miRNAs significantly (FDR<0.05,

logFC>1) altered in response to WNV infection comparing to mock EVs.
Table S2. EV miRNAs significantly (FDR<0.05, logFC>1) altered in
response to IFN-alpha treatment comparing to mock EVs. Table S3. EV
sncRNAs significantly (FDR<0.05, logFC>1) altered in response to WNV
infection comparing to mock EVs. Table S4. EV sncRNAs significantly
(FDR<0.05, logFC>1) altered in response to IFN-alpha treatment
comparing to mock EVs. Table S5. EV mRNAs significantly (FDR<0.05,
logFC>1) altered in response to WNV infection comparing to mock EVs.
Table S6. EV mRNAs significantly (FDR<0.05, logFC>1) altered in response
to IFN-alpha treatment comparing to mock EVs. Table S7. GO terms
associated with mRNAs exhibiting decreased levels in EVs secreted by
WNV infected A549 cells. Table S8. GO terms associated with mRNAs
exhibiting decreased levels in EVs secreted by IFN-alpha treated A549 cell.
Table S9. PCR primers used in the study. (XLSX 349 kb)
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