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Abstract

Like most non-enveloped viruses, CVB1 mainly uses cell lysis to spread. Details of a nonlytic virus transmission
remain unclear. Extracellular Vesicles (EVs) transfer biomolecules between cells. We show that CVB1 entry into
Hela cells results in apoptosis and release of CVB1-induced ‘medium-sized’ EVs (CVB1i-mEVSs). These mEVs (100-
300 nm) harbour CVB1 as shown by immunoblotting with anti-CVB1-antibody; viral capsids were detected by
transmission electron microscopy and RT-PCR revealed CVB1 RNA. The percentage of mEVs released from CVB1-
infected Hela cells harbouring virus was estimated from TEM at 34%. Inhibition of CVB1i-mEV production, with
calpeptin or siRNA knockdown of CAPNSI1 in Hela cells limited spread of CVB1 suggesting these vesicles
disseminate CVB1 virions to new host cells by a nonlytic EV-to-cell mechanism. This was confirmed by detecting
CVB1 virions inside Hela cells after co-culture with CVB1i-mEVs; EV release may also prevent apoptosis of
infected cells whilst spreading apoptosis to secondary sites of infection.
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Introduction

Coxsackievirus B1 (CVB1) is a non-enveloped, single-stranded RNA enterovirus of the Picornaviridae family and
is associated with a broad spectrum of human diseases including myocarditis, meningoencephalitis, pancreatitis
and paralytic myelitis [1],[2]. Early during infection, in the gastrointestinal tract, Group B coxsackieviruses (CVB)
encounter the polarized epithelium. To initiate an infection in vivo, CVB cross the intestinal mucosa, which is
lined by polarised, epithelial cells. Infection of these cells requires interaction with the apically located decay-
accelerating factor (DAF) [3-5]. This mediates attachment before the virus is transported to the basolaterally
located coxsackie adenovirus receptor (CAR) where entry occurs by endocytosis [3-5]. Viral replication occurs in
the mucosa followed by lysis of epithelial cells and subsequent viremia. However, CVB may also infect non-
polarised cells such as Hela, in which although DAF is expressed, viral interaction, mediated through DAF, is not
necessary.

Many viruses manipulate their host cell death pathways to avoid premature death which would otherwise
terminate viral replication. CVB4 for example utilises protein 2BC, which by association with caspase-3 inhibits
its apoptotic role [6]. Other viruses such as CVB3 inhibit host cell apoptosis by preventing Bax and Bak-mediated
permeabilization of mitochondrial membranes, and subsequent cytochrome c release, and pro-caspase-3
activation, through blocking with viral Bcl-2-like proteins (homologues of their mammalian counterparts) [7].
Once pro-caspase-3 is activated, however, apoptosis, is inevitable.

In the case of measles virus, infected monocytes induce apoptosis of uninfected T cells indirectly, through
surface protein interactions [8]. Such bystander apoptosis where neighbouring (uninfected) cells undergo
apoptosis is also an important part of the pathogenesis of infection with neurotropic cytomegalovirus, CMV [9].
Interestingly, some studies have suggested that CVB1-induced apoptosis of neighbouring cells does not
exclusively occur by a lytic egress of enteroviruses and their spread [10, 11]. Indeed, this was suggested by earlier
work showing intercellular spread of poliovirus in the CNS [12]. Similarly, work using CVB3 showed the virus to
induce cellular protrusions which were believed to constitute a nonlytic (or prelytic) means of intercellular
transmission [13].

Extracellular Vesicle (EV) subtypes include ‘exosomes’ of endosomal origin, plasma-membrane derived
‘microvesicles’ and apoptotic bodies. In the absence of knowledge of the specific biogenesis pathway,
operational terms to subdivide EVs are based on size: small, medium and large EVs. Small EVs (sEVs) are 30-100
nm (expressing tetraspannins), medium EVs (mEVs) 100-200 nm and large EVs (>200 nm). To define sEVs as
‘exosomes,’ requires purification through a density gradient, recovering the sample at 1.13-1.19 g/mL and
confirmation of various exosome markers [14] as there is an overlap with the size of medium EVs (mEVs).
Exosomes are derived from endocytosis and intraluminal budding within endosomes and are released upon
fusion of multivesicular endosomes with the plasma membrane [15]. Microvesicles are released by budding off
the plasma membrane upon activation with extracellular stimuli such as sublytic complement, their release
under the control of neutral sphinogomyelinases [16]. The release of vesicles is preceded by an increase of
intracellular calcium ([Ca?']) [17]. This leads to activation of aminophospholipid translocases (flippase and
floppase) [18] and calpain, as well as of peptidylarginine deiminases resulting respectively in: (i) loss of lipid
asymmetry in the plasma membrane [18], (ii) depolymerization of the actin cytoskeleton and (iii) citrullination
of actin [19]. mEV biogenesis also involves RhoA-mediated regulation of cytoskeletal rearrangements via the
RhoA-cofilin pathway [20] and together with RacA this can switch between mEV release and extension of
invadopodia [21-23]. Large EVs (300-1000 nm) include apoptotic bodies [14].

EVs in general participate in intercellular communication by carrying numerous proteins, miRNA, mRNA and
INRNA between cells [24, 25]. The release is also a way of shedding deleterious substances from cells such as
misfolded proteins [26, 27] as well as chemotherapeutic drugs from tumour cells [28-30]. EVs may also play a
role in autoimmune diseases by inhibiting the phagocytosis of apoptotic cells [31, 32]. Others have shown that



EVs can act as vehicles ofimmunosuppression [33], participating in cancer progression [34-36] and inflammatory
responses [37] and they may furthermore spread apoptotic signals, as with monocyte-derived EVs able to induce
apoptosis of vascular smooth muscle cells [38] via EV-borne caspase-1. Monocyte EVs may even play a role
during monocyte terminal differentiation [39, 40]. Furthermore, EVs may participate in host-parasite
interactions, leading to infectious disease [41] and plasma EV levels are raised by intracellular parasites such as
T. cruzi [42] and in malaria infection [43].

The roles that mEV release play in the normal physiological processes of the cell are only slowly being unravelled
[17, 44, 45]. We are also learning that this process is exploited by intracellular pathogens to enter host cells.
Notably, we demonstrated recently that T. cruzi metacyclics induce host cell mEV release and that they are able
to evade host complement-mediated lysis by fusing with such blood cell-derived mEVs [42, 46] and that mEVs
from complement resistant parasites can transfer an invasive phenotype to wild type T. cruzi [47]. Conversely,
the intestinal parasite Giardia intestinalis uses its own mEVs to help attach the trophozoite forms to Caco-2
intestinal epithelial cells and to increase activation and allostimulation of immature dendritic cells [48].

Picornaviruses disrupt the host cytoskeleton in the early phase of infection [49, 50] but also do so later on to
facilitate virus release [51]. Disruption of the host cytoskeleton, as a result of depolymerization or maybe
reorganization, also results in release of EVs [52-54]. As EVs are able to induce apoptosis of neighbouring healthy
cells [38, 55, 56], this prompted us to investigate CVB1-mediated release of EVs from host cells and the role of
these vesicles in the spread of CVB1-induced apoptosis. This study aimed initially to assess how CVB1 induces
EV release from Hela cells. We showed that CVB1 requires a calcium-mediated activation of calpain and
disruption of the host cytoskeleton, during CVB1-mediated EV release, and for infection. Upon entry, CVB1
causes further release of CVB1-induced Hela EVs (CVB1i-mEVs) from infected cells. Following on from our
original findings into the role of host EVs in CVB1 infection [57-59], we investigated whether virally infected cells
release EVs able to induce apoptosis. We hypothesized that while EV release from infected cells may spread
apoptosis to uninfected host cells and so limit virus spread, viruses may also use this pathway for active
dissemination. By better understanding the mEV-mediated mEV-to-cell means of viral transmission, and its
relative contribution to overall viral transmission, it may be possible to focus on novel strategies to inhibit viral
spread between cells.



Materials and Methods

Cell culture

Hela cells (ECACC, 93021013) were maintained at 37 °C (5% CO2 humidified conditions) in DMEM supplemented
with 10% EV-free FBS, 2 mM L-glutamine, 1% non-essential amino acids, 100 U/ml penicillin, and 100 mg/ml
streptomycin (complete growth medium, CGM). The FBS in CGM was substituted for Extracellular Vesicle- (EV-)
free FBS (centrifuged at 100,000 xg for 18 h) [17, 28], 18 h before the EV collection period. The Hela cells used
were routinely screened for Mycoplasma using the MycoProbe Mycoplasma Detection Kit (R&D Systems) and
found to be free of contamination. Exponentially growing cells were counted and viability determined using the
Guava ViaCount Reagent by flow cytometry (ViaCount assay; EMD Millipore) as described before [19, 60]. After
three days in culture, cells were routinely split 1:4 at about 80% confluence, and only cultures with at least 95%
viability were used in experiments.

CVB1 propagation, purification and EV depletion

Coxsackievirus B1 (CVB1) (Batch No: NCPV 231) was obtained from the Health Protection Agency (HPA, UK) and
expanded by infecting Hela cells (not exceeding a passage number of 30) to prepare viral stocks. Confluent
cultures of Hela cells were infected at an MOI (multiplicity-of-infection) of 10 and after overnight incubation at
37 °C harvested by adding 0.1% v/v Tween 80 in PBS and by three freeze/thaw cycles. Cell debris was then
removed by centrifugation of the supernatant at 1,000 xg for 15 min, and further centrifugation of the
supernatant at 11,000 xg for 30 min was followed by filtration through a 0.22 um pore size filter. The virus was
purified by pelleting at 65,000 xg for 18 h through a 30% sucrose cushion (prepared in SM buffer; 50 mM Tris,
pH 7.4, 100 mM NaCl, 10 mM MgS0a) and stored at -80 °C. When EV-depleted CVB1 was required, such as where
CVB1 provided the stimulus for macropinocytosis, naked CVB1 virions were depleted of EVs by incubating with
0.1% triton, prior to density gradient centrifugation using a 10-25% sucrose gradient (40,000 xg for 90 min; SW-
41 rotor) followed by fractionation. Peak VP1-containing fractions, ascertained by western blotting (Fig. S1) were
pooled and either centrifuged at 100,000 xg for 2 h or precipitated using trichloroacetic acid, pellets being
resuspended in PBS buffer. Sucrose gradients were similarly used to isolate mEVs free of virus.

CVBI1 plaque assay on Hela cells

Titres of purified CVB1 were determined using an agar overlay plaque assay on Hela cells. Hela cells
(5%x10%cells/well) were seeded into 12-well plates and incubated at 37 °C, 5% humidified CO2 for 24 h. Cells were
washed twice with RPMI and resuspended in CGM. The CVB1 stock was serially diluted in 10-fold steps and
added to the 90-95 % confluent cell monolayer; cells were also sham-infected with PBS as a negative control.
After incubation at 37 °C, 5% CO2for 4 h, cells were overlaid with 0.6% agarose and then incubated for 5 days
(37 °C, 5% CO2). The overlay medium was removed carefully, and the cells fixed by resuspending in 4%
paraformaldehyde (15 min, RT). After washing with PBS, cells were stained using 0.2 % crystal violet (1h at RT),
washed twice with tap water and plaques then counted. The virus of known titre (calculated in PFU/ml) was
stored at -80 °C. For infection, cells were inoculated with CVB1 at an MOI of 5 and kept at 37 °C until fixation for
flow cytometry or for performing immunofluorescence assays.

Antibodies and chemicals

CVB1 was detected using mouse anti-CVB1 monoclonal antibody (mAb) MAB944 (clone 334-4A-8F-3F),
(Chemicon Int. Inc., CA, USA). Flow cytometry analysis of cell associated viral proteins was carried out with anti-
CVB1 mAb (MAB944) followed by Alexafluor 488-conjugated anti-mouse IgG (Life Technologies Ltd, Paisley, UK)
referred together as ‘anti-CVB1 Alexafluor 488’ antibody. Antibodies to CD9 and CD81 were from R&D Systems
and for TSG101 and syntenin-1 from Invitrogen (Thermo Fisher, UK). The B-actin monoclonal antibody was
obtained from Sigma-Aldrich (Haverhill, UK) as was the anti-CAPNS1 mAb; B-tubulin was from Invitrogen
(Thermo Fisher Scientific Cat# # 32-2600, RRID: AB_2533072). The rabbit anti-active caspase-3 monoclonal
antibody (A5-32015) and rabbit monoclonal against procaspase-3 (MA5-32027) were both from Thermo Fisher.
Mouse anti-CAR (clone RmcB, Upstate®) and the isotype control, mouse IgG1, were purchased from Sigma-



Aldrich. Neutralizing mouse anti-CVB1 (as opposed to that used for detection, above) was obtained from Merck
& Co. (mouse anti-CVB1 mAB, MAB944) and used at 62.5 pug/ml in in vitro infection experiments. Calpeptin was
from Merck Biosciences (Germany).

Isolation of mEVs from Hela cells upon stimulation with CVB1

To ascertain whether CVB1 could stimulate mEV release, semiconfluent Hela cells seeded at 5x10* cells/well in
12-well plates were serum-starved overnight (0.1% v/v EV-free FBS), washed (3X in serum-free medium (SFM))
and were then infected with CVB1 (MOI 5; 5 PFU/cell) at 37 °C in SFM to eliminate contamination with bovine
EVs for 2 or 12 h. Where necessary, cells were pretreated with calpeptin or BAPTA-AM or the pan-caspase
inhibitor, Z-VAD-fluoromethyl ketone (zZVAD) all at 20 uM for 45 min. Cells were then washed with DMEM three
times to remove any unbound virus, resuspended in CGM (prepared using EV-free FBS (centrifuged at 100,000
xg for 18 h) as described under ‘cell culture’) and incubated at 37 °C, 5% CO:for 2 or 12 h. Conditioned medium
from infected cells was collected after 2 h and 12 h, but with hourly removal and re-supplementation with EV-
free CGM (between 2 and 12 h). EVs were isolated and quantified by first centrifuging at 160 xg for 5 min to
pellet cells. The supernatant was further centrifuged twice at 4,000 xg for 30 min to remove cell debris. The
resultant supernatant was then centrifuged at 11,000 xg for 60 min to pellet mEVs. Pelleted mEVs were
resuspended in sterile EV-free PBS [19] and washed twice by further centrifugation at 11,000 xg for 60 min.
Finally, isolated mEVs were resuspended in sterile EV-free PBS and quantified using nanosight tracking analysis
as described before [61], and below. These mEVs (CVB1i-mEVs) released from CVB1-induced Hela cells were also
used in further infection experiments. For isolation of SEVs (‘exosomes’), the resultant supernatant was
centrifuged at 100,000 xg for 1h. Exposure of phosphatidylserine (PtdSer) was monitored by determining binding
of AnV-FITC to EVs. This was carried out as described before [19].

Particle size distribution using Nanoparticle Tracking Analysis (NTA) of mEVs and sEVs released from Hela cells
The m/sEV samples were diluted 1/1500 using EV-free RPMI, and the size distribution and concentration then
determined by nanoparticle tracking analysis (NTA) using a Nanosight NS300 (Nanosight, U.K.) as described
before [19, 43, 60, 62]. The particles were quantified for size and number and represented on a frequency size
distribution graph.

Measuring intracellular Ca?* concentrations and membrane permeabilization

This was carried out as described previously using the cell permeant, high affinity calcium indicator Fura 2-AM
(Sigma-Aldrich) [45]. Essentially Hela cells were loaded with Fura 2-AM in HEPES buffer (Ca?*-free) and infected
at MOI 10 and fluorescence readings taken. Any real-time alteration in plasma membrane permeability due to
the cytotoxic action of BAPTA-AM (in experiments to measure intracellular calcium) was assessed using the
intercalating agent propidium iodide (120 pM) (Sigma Aldrich). Propidium iodide in complex with DNA/RNA was
detected at an emission of 610 nm under excitation of 539 nm. These experiments were carried out in triplicate.

Knockdown of CAPNS1 by small interfering RNA (siRNA) transfection

GeneSolution siRNA sequences targeted to four different sites in CAPNSI mRNA (GenBank Accession No.
X04106.1) and negative control siRNA (Qiagen, Crawley, UK) were reconstituted in sterile RNase-free water at a
final concentration of 10 uM. For CVB1 infection experiments, Hela cells (5x10* cells/well in triplicate) were
transfected with 50 nM siRNA, using HiPerfect transfection reagent (HPP, Qiagen) for 48 h, prior to performing
experiments. The sequence for the human CAPNS1 siRNAs were: siRNA#1, 5’-CAC CTG AAT GAG CAT CTC TAT -
3’; siRNA#3,5 -AAG GTG GCA GGC CATATA CAA -3’; siRNA#5, 5’ -CAG CGC CACAGA ACT CAT GAA -3’; siRNA#6,
5’ -TCC GAC GCT ACT CAG ATG AAA -3'. Negative control siRNA was: 5" -AAT TCT CCG AAC GTG TCA CGT-3.
Consistent reduction of CAPNS1 expression was observed with siRNA#6, and so siRNA#6 was used to assess the
effects of decreasing CAPNS1 levels on the sensitivity of Hela cells to CVB1 induction of CVB1i-mEVs and
apoptosis.



In vitro apoptosis assay

For all infection experiments with CVB1, Hela cells were first plated at 37 °C for 48 hin CGM (as prepared above).
For studying apoptosis induced by CVB1 or CVB1-induced Hela EVs (CVB1i-mEVs), semiconfluent Hela cells were
washed prior to addition of CVB1 or CVB1i-mEVs. To investigate the role of calpain, calpeptin (20 uM) was added
for 45 min prior to addition of CVB1. Hela cells were also pre-treated with zZVAD (20 uM for 45 min). Hela cells
were inoculated with CVB1 (MOI 5, throughout) or CVB1i-mEVs at 1:1, 5:1 or 10:1 (EVs-to-cell ratios) (1h/37 °C
to allow virus or EV adsorption) and incubated at 37 °C for 12 h with hourly removal of growth medium. In some
experiments, Hela cells (5x10* cells/well) were washed in serum-free DMEM and then seeded in 12-well plates
and resuspended in complete medium; the cells at semi-confluence were co-cultured with ‘DEX-mEVs,” EVs
released from cells treated with dexamethasone (DEX) (Sigma-Aldrich) at 1 mM for 3 h at 37 °C to induce
apoptosis. After 24 h apoptosis was determined by staining cells with Guava Nexin® reagent (which used annexin
V-PE to detect externalised phosphatidylserine and 7-Aminoactinomycin D (7-AAD), a cell-impermeant dye to
indicate late apoptosis) as described before [31]. After incubation for 30 min with mixing, the cells were analysed
on a Guava EasyCyte 8HT flow cytometer. Induction of apoptosis was also confirmed by immunoblotting lysates
of Hela cells prepared as described below for the presence of activated caspase-3 and pro-caspase-3. Following
CVBL1 infection, Hela cells were also examined for morphological changes by phase contrast microscopy.

Immunoblotting analysis

For detection of intravesicular virus. Hela cells were pre-treated with 0.075% trypsin for 30 min at 37 °C to
remove any surface bound virus, followed by three washes with cold EV-free PBS. Control or CAPNS1 knocked
down Hela cells, and purified EVs were lysed with lysis buffer (100 mM HEPES/KOH, 2 mM CaCly, 0.5% Triton X-
100) containing protease inhibitor cocktail (Sigma-Aldrich, Haverhill, UK). The protein concentration of lysates
was measured using the BCA assay kit (Pierce Biosciences, UK) and 20 pg (an equal loading of different sV or
mEV samples as well as cell lysates) was resolved by SDS-PAGE on a 12% polyacrylamide gel. Immunoblotting
was carried out as described before [63] by transferring proteins to nitrocellulose membrane (Amersham
Biosciences, GE Healthcare, Buckinghamshire, UK) at 100 mA, constant current for 1 h using the semidry transfer
system (BioRad, UK). Blots were blocked overnight at 4 °C in 6% non-fat milk dissolved in PBS, and then incubated
with the murine monoclonal antibodies anti-CVB1 (EMD Millipore, UK), anti-B-actin (Sigma-Aldrich, Haverhill,
UK), or anti-calpain small subunit 1 (CAPNS1) (Sigma-Aldrich, Haverhill, UK), diluted 1/500 in PBST (PBS with 0.1%
(v/v) Tween 20). Blots were washed six times in PBST for 10 min each time, and membranes were then probed
with the secondary antibodies, anti-mouse-HRP (or anti-rabbit-HRP) (1/1000). After 1 h at room temperature
(RT) with shaking, blots were washed six times in PBST for 10 min each. Protein bands were visualised using the
LumiGOLD ECL western Blotting Detection kit (SignaGen Laboratories, Rockville, MD 20850), and the
chemiluminescence signal detected using the ChemiDoc-It Imaging System (UVP, LLC, Cambridge, UK). When
western blotting was carried out to distinguish mEVs and sEVs, the primary antibodies used were against: CD9
and CD81 (R&D Systems, UK), TSG101 and syntenin-1 (Invitrogen [Thermo Fisher] UK) and B-actin (Sigma Aldrich,
Haverhill, UK). To detect apoptosis of Hela cells in infection experiments, a rabbit monoclonal anti-active
caspase-3 antibody and anti-procaspase-3 antibody (both at 1:1,000 from Thermo Fisher) were used. For
westerns probed with more than one antibody, after rinsing the nitrocellulose in water, it was incubated in
stripping buffer (62 nM Tris.HCI (pH 6.8); 2% SDS and 0.8%v/v B-mercaptoethanol) with gentle mixing (50 °C/30
min, washed in PBST (x6, 10 min each), blocked and reprobed. CVB1 (VP1) protein (34 kDa) and activated (or
cleaved) caspase-3 protein levels (17 kDa) as well as those of pro-caspase-3 (32 kDa) were analysed and
guantified densitometrically using ImageJ software [64]. The relative levels of CVB1 (VP1) and activated caspase-
3 were normalised to [B-actin, all western blotting experiments being carried out in duplicate. When probing
mEV proteins in a western blot, instead of using B-actin as a loading control, total proteins were stained with
MemCode (Thermo Fisher) according to the manufacturer’s instructions.



Immunofluorescence detection of CVB1

For flow cytometry analysis, Hela cells (5x10* cells/well) were plated into 12-well dishes 48 h prior to infection.
Cells, when 80-90% confluent, were washed and then infected at an MOI of 5, incubating at 37 °C for 1h, for
virus adsorption. After removal of any residual virus by washing, cells were incubated at 37 °C for 12 h, with
hourly replacement of cell culture supernatant; cells were then washed, treated gently with trypsin, fixed and
then permeabilised using the Fix and Perm Cell Permeabilization kit (ADG, Germany) according to the
manufacturer’sinstructions. During permeabilization, cells were incubated with anti-CVB1 antibody (5 pug/ml) at
RT for 30 min with shaking, in the dark. Cells were washed three times (400 xg, 5 min) with cold PBS and stained
with mouse anti-lgG-FITC (1/200) diluted in PBS with 3% BSA, for 30 min at RT, with shaking. After washing three
times with PBS, cells were analyzed by flow cytometry using a Guava EasyCyte 8HT with GuavaSoft™ 3.3
software, to determine intracellular viruses.

For fluorescence microscopy, Hela cells were seeded overnight in 12-well plates containing 18 mm coverslips.
Semiconfluent cells were inoculated with CVB1 at an MOI of 5 and incubated at 37 °C for 1 h, washed to remove
residual virus and then incubated at 37 °C for 12 h, with hourly replacement of cell culture supernatant; cells
were fixed and permeabilised as described above and labelled at RT for 30 min with anti-CVB1 antibody (10
pg/ml) diluted in 3% BSA in PBS. After washing three times with PBS, cells were resuspended in 3% BSA in PBS
containing Alexafluor 488 anti-IgG antibody (1/200) and incubated at RT for 1 h with shaking. Plates were washed
three times and coverslips inverted on to microscope slides using DAPI-Vectashield (Vector Laboratories,
Burlingame, CA). Images were captured using a fluorescent microscope (IX81 motorized inverted fluorescent
microscope, Olympus). Where necessary, bright field and fluorescent images were overlayed using Fiji software
(ImageJ, NIH, version ImagelJ 1.5.3) [64].

Transmission electron microscopy (TEM) (negative staining and cross-sectional TEM)

EVs isolated by differential centrifugation were stained with 2% phosphotungstic acid (pH 6.8) or aqueous uranyl
acetate, together with aqueous bacitracin. The sEV or mEV samples were then transferred to a 400-mesh copper
grid (Agar Scientific) with a Pioloform support film (Agar Scientific) where they were treated with aqueous Alcian
blue 8GX (1%) for 10 min. The sections were examined using a Hitachi H-7100 Transmission Electron Microscope
(Olympus, Tokyo, Japan) and digital images were then acquired with an AMT digital camera.

CVB1-stimulated sV uptake in Hela cells was visualised by cross-sectional TEM. Here, cells were fixed by
incubating in 3% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.2) for 1 h at RT and then incubated
for 1 h at 0 °C in osmium tetroxide (1:1 mixture of 2% osmium tetroxide and 0.2 M sodium cacodylate). After
block staining in 1% uranyl acetate, samples in 1% hot agarose were dehydrated in an ascending ethanol series
(70% to absolute ethanol) and then washed in propylene oxide. After infiltration with a 1:1 mixture of
propylene oxide:agar resin, left rocking for 16 h at RT, samples were embedded in capsules and polymerised
(24 h at 60 °C). After cutting sections on a Leica ultramicrotome and staining in Reynolds lead citrate, they
were examined by TEM using a JEOL JEM-1200 EX |l electron microscope (JEOL, Peabody, MA).

Viral RNA extraction, Reverse Transcription and RT-PCR

To obtain RNA complex-free EVs or cells, they were treated with proteinase | (50 ng/ul; 15 min/37 °C). The
reaction was then stopped with PMSF (5 mM; 10 min/RT, then 5 min/90 °C) before adding RNase | (500 ng/uL;
20 min/37 °C). RNA was then extracted using TRI Reagent (Sigma-Aldrich, UK) according to the manufacturer’s
instructions. Essentially, EVs were lysed using 1 ml of TRI Reagent. Samples were left standing for 5 min at RT.
Subsequently, 0.2 ml of chloroform, for each ml of TRI Reagent used, was added to each sample. The samples
were shaken vigorously for 15 s, and allowed to stand for 8 min at RT. The resulting mixture was separated at
11,000 xg for 15 min at 4 °C to induce separation of the mixture into three phases: a red organic phase
(containing protein), an interphase (containing DNA), and a colourless upper aqueous phase (containing RNA).
The aqueous phase was transferred to a fresh tube containing 0.5 ml of isopropanol per ml of TRI Reagent used.



The samples were mixed and allowed to stand for 6 min at RT and then centrifuged at 11,000 xg for 10 min at 4
°C. The precipitated RNA was washed in 75% ethanol at 11,000 xg for 5 min at 4 °C and dissolved in 50 ul of
diethylpyrocarbonate-treated water. The purity and concentration of RNA of each sample was assessed at 260
and 280 nm using a nanodrop. RNA was considered pure when the ratio of absorbance readings at 260 and 280
nm was in the range of 1.7-2.1. Additionally, RNA purity was detected by gel electrophoresis.

2ugof RNAwas converted to cDNA, using MultiScribe TM reverse transcriptase, in 20 pl reaction volumes,
according to the instructions of the high capacity cDNA reverse transcription kit (Invitrogen, UK). PCR reactions
were set up in 25 ul reaction volumes using Crimson Taq Reaction buffer (5 ul) (Biolabs, U.K.), 10 mM dNTPs (0.5
ul), 10 uM Forward/Reverse primers (0.5 pl each), Crimson Taq DNA polymerase, (0.125 ul), up to 25 pl with
nuclease-free water. The primers used were: SET2, Forward EVF3 5’-CCCTGAATGCGGCTAATCC-3’, Reverse KS2
5-TTCAAGCCAGTCTCATGTGC-3’ and SET3, Forward EVF3 5’-CCCTGAATGCGGCTAATCC-3’ and Reverse EV2 5’-
ATTGTCACCATAAGCAGCCA-3'. The PCR conditionsfor SET2 were: 95 °C, 30, [denaturation 95 °C, 30s; annealing
54 °C, 45 s; extension 68 °C, 60 s] x40; 68 °C, 5 min; 4 °C, «. A second PCR (from SET2) was run as follows: PCR
products were diluted 1:100 and 1 pl was added to the master mix (prepared as previously explained). The PCR
conditions for SET3 were: 95 °C, 30 s followed by [denaturation 95 °C, 30 s; annealing 50 °C, 45 s; extension 72
°C, 60 s] x40; 68 °C, 5 min; 4 °C, «. Each RT-PCR analysis included two positive controls consisting of cDNA from
RNA extracted from CVB1 and infected Hela cells. To verify the absence of contamination, RT-PCR analysis also
included a negative control of amplification consisting of 5 ul of sterile water, which was added in place of test
sample.

Detection of RT-PCR amplicon

An aliquot of amplified RT-PCR product (10 ul) was subjected to electrophoresis at 80 V in a 2% agarose gel
containing 0.05 pl/ml of 10 mg/ml ethidium bromide (Sigma-Aldrich, UK) and a 100 bp DNA Ladder (Fisher
BioReagents, UK) was used as a molecular-weight marker. DNA bands were observed under ultraviolet
illumination (UVP, LLC).

PKH67 labelling of mEVs

Washed mEVs (equivalent to 100 pg protein) and as a control a sample lacking mEVs, were labelled with PKH67
(Sigma-Aldrich) (diluted 1:1, v/v with Diluent C) for 45 min at 37°C and the reaction quenched with EV-free FBS.
The sample was then washed once (15,000 xg / 60 min) a second time through an OptiPrep™ density gradient,
and a final wash in EV-free PBS, as before, to remove unincorporated dye, finally being suspended in 100 pl PBS.

Assay for macropinocytosis of PKH67-labelled mEVs in Hela cells

The macropinocytosis assay for monitoring the uptake of fluid or mEVs, was based on protocols to quantitatively
assess macropinocytosis in cell lines [65, 66]. Firstly, HelLa cells at 65-70% sub-confluency, growing in 24-well
dishes on poly-L-lysine-coated circular coverslips were prepared. To stimulate macropinocytosis, 2,000 cells/well
were washed in serum-free medium and then exposed to EV-free CVB1 (prepared as described under ‘CVB1
propagation, purification and EV depletion’) at an MOI of 50, for 60 min at 4 °C. Sham treated cells were given
growth medium alone. After washing off unbound virus, the cells were incubated with 1 mg/ml Dextran-FITC to
visualise macropinosomes (MPs); this was taken as t = 0. After specified periods at 37 °C, cells were fixed with
4% paraformaldehyde (PFA) in 0.25 M HEPES (5 min/20 °C) and images taken using an LSM5 Pascal, Carl Zeiss
laser scanning confocal microscope. In some experiments cells (2,000 cells/well), that had been serum-starved
for 30 min to minimise any basal macropinocytosis, were exposed to: (i) PKH67-mEVs (5 x 108) and 100 pg/ml
Dextran-Texas Red (70 kDa) for up to 15 min for experiments to co-localize PKH67-mEVs (10 pg protein) to
macropinosomes or MPs (Dextran-Texas Red-labelled intracellular vesicles near the surface) and (ii) for up to 60
min to localise endocytosed PKH67-mEVs or MPs (Dextran-FITC) along the endocytic pathway with 50 nM
LysoTracker™ Red DND-99, henceforth termed Lysotracker (Thermo Fisher). Any unattached mEVs were



removed by washing the cells in cold PBS which were then fixed for 5 min with 4% PFA in 0.25 M HEPES at the
time points indicated in the results.

In some experiments, uptake of PKH67-mEVs and of Dextran-FITC of Hela cells pre-stimulated and then washed
to remove unbound CVB1, was monitored by flow cytometry. The mean fluorescence index (MFI) was obtained
using a Guava EasyCyte 8HT flow cytometer for at least 10,000 cells and the percentage uptake of mEVs in cells
was normalised to values obtained for control, untreated cells. Macropinocytosis assays were also carried out
at 4 °C to account for mEVs not taken up but remaining on the cell surface and to therefore more accurately
calculate uptake. Where looking to inhibit macropinocytosis, cells were exposed to the following inhibitors (all
from Sigma-Aldrich) for 30 min at 37 °C: trypsin (0.2% w/v); unlabelled An-V (150 ug/ml); MBCD (5 mM);
amiloride (1 mM); 5-(N-ethyl-N-isopropyl)amiloride (EIPA) (1 mM); dynasore (80 uM); bisindolylmaleimide (10
UM); cytochalisin D (2 uM) or nocodazole (10 pg/ml).

Image processing and analysis
For Pearson’s colocalization coefficient (rp) [67], confocal fluorescent images were analyzed with JACoP [68], a
plugin in ImageJ [64]. Each data point represents the analysis of 25 cells.

Statistical analysis

GraphPad Prism software, version 7.0 (GraphPad Software, San Diego, CA) was used in performing all statistical
analysis. Data are presented as standard deviation (SD) based on experiments carried out 2 or 3 times (N=2 or
3), with triplicate readings (n=3). Unless otherwise stated, P values were 2-sided. Significance values: ns (non-
significant), P > 0.05. The following were considered statistically significant differences: * P < 0.05; ** P < 0.01,
*** P <(0.001 and **** P.<0.0001. Where multiple groups were compared, one-way ANOVA was used followed
by Bonferroni’s post-hoc.



Results

CVB1 induces a calcium-mediated release of mEVs from Hela

It is now well established that physical and chemical insults on cells, can result in a calcium-mediated release of
EVs. Examples of stimuli include deposition of sublytic levels of membrane attack complex pores (C5b-9), ATP-
mediated activation of P2X7 receptors, calcium ionophore treatment of cells, infection with intracellular
protozoan parasites such as Trypanosoma cruzi or Plasmodium falciparum, intracellular bacteria (Salmonella
enterica serovar Typhimurium), by exposure to Extremely Low Frequency Magnetic Fields and by conditions of
hypoxia and acidosis [19, 24, 42, 43, 69-71]. In the present study, we wanted initially to ascertain whether cells
undergoing infection with CVB1 would release EVs.

We found that CVB1 induced the release of mEVs from Hela cells (Fig. 1A) 2 h post infection (p.i.) and at non-
significantly higher levels 12 h p.i., and that this release up to 2 h could be reduced to basal levels by prior
incubation with calpeptin (CP). BAPTA-AM, the intracellular calcium chelator, also abrogated mEV release
without any cytopathic effect on the Hela cells (neither causing apoptosis after 2 h, Fig. 1B), nor inducing cell
membrane permeabilization as detected by a lack of change of intracellular fluorescence with propidium iodide
(dotted line in Fig. 1C). We did not assess whether CP-mediated inhibition of mEV release was specific to virus-
induced release (as opposed for example to low pH/hypoxia-mediated mEV release). To ensure that the
observed mEV release was not due to cellular proteins released during preparation of virus, a lysate of Hela cells
prepared by freeze-thawing, but lacking virus, was unable to stimulate mEV release from Hela cells (Fig. 1A).

We also showed that the CVB1-induced release of mEVs (CVB1i-mEVs) accompanied an increase of intracellular
calcium in Hela cells (Fig. 1C). Measured using Fura 2-AM, [Ca%]ireached 350 nM at 2 min, and could be reduced
by chelation of intracellular calcium with BAPTA-AM (Fig. 1C). We were able to confirm, according to nanosight
tracking analysis (NTA), representative plot shown in Fig. S2A, that mEVs (11,000 xg centrifugation) lay in the
size range 50 - 350 nm with modal peaks at 180 and 250 nm (Fig. S2A). Exosomes or small EVs (sEVs), (100,000
xg, having removed the 11,000 xg mEV pellet), and purified by sucrose density gradient centrifugation as
described before [42], were collected for comparison (Fig. S2B) and lay in the narrower 30 - 150 nm range, with
a modal peak of 90 nm. Exosomal markers (TSG101, syntenin-1, CD81 and CD9) were crucially absent in the
mEVs (collected at 11,000 xg), Fig. S2C. B-actin has been found by others to be in mEVs [72, 73] but not in
exosomes [73-76] as might be expected given the importance of cytoskeletal remodelling in mEV biogenesis [29,
52]. Its absence in the exosomal preparation also points to the sample being relatively devoid of cellular debris.
AnV binding was also higher in mEVs indicating a high exposition of phosphatidylserine (Fig. S2D) [73] and
electron microscopy (Fig. S2D) confirmed the sizes noted above by NTA.

Downregulation of calpain expression inhibits mEV production, CVB1 entry infection and virus-elicited apoptosis
in Hela cells

Activation of calpain plays a role in viral egress and entry. Previous reports have described an increase in calpain
activity prior to reovirus-induced apoptosis and shown that inhibiting calpain protects against virus-induced
myocardial cell death [77], whilst preventing release of virus progeny post-infection [78]. As well as playing a
role in viral egress, activation of calpain plays a role in virus entry, the first step of infection in the viral life cycle.
Other work has described the role Cai**-activated calpain remodelling of the actin cytoskeleton might play during
host cell infection by CVBs [3].

We wanted therefore to understand the role of calpain during CVB1 infection and subsequent CVB1i-mEV release
from infected cells, as well as during virus-triggered apoptosis in target cells. To this aim we performed infection
assays on Hela cells knocked down for u- and m-calpain isoforms using calpain small-subunit 1 small interfering
RNA (CAPNSI siRNA). Silencing effectiveness was confirmed by immunoblotting (Fig. S3A), flow cytometry
analysis (Fig. S3B and C) and immunofluorescence microscopy (Fig. S3D). Calpeptin-mediated inhibition of
calpain and knockdown of CAPNS1 led to a noticeable decrease in CVB1-induced mEV release over
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12 h (Fig. 1D, spotted green bars) and of CVB1-induced apoptosis within 24 h (Fig. 1E, spotted green bars) as
opposed to untreated (No HPP [HiPerfect transfection reagent]) or control siRNA-treated Hela cells. Having thus
confirmed the role of calpain in mEV production and virus-elicited apoptosis, we sought to confirm the
importance of calpain and associated mEV production in CVB1 infection. Notably, knockdown of CAPNS1 and
calpeptin treatment (which both led to abrogation of CVB1i-mEV production (Fig. 1D)), resulted in a dramatic
reduction of CVB1 infection (anti-CVB1 fluorescence by flow cytometry reduced from 33% to 17.6% and 17.3%,
respectively) (Fig. 1F); the immunofluorescent detection of CVB1 by microscopy was also significantly diminished
(Fig. 1F). At this point however it was still not clear whether decreased CVB1 infection was due to decreased
mEV release and/or other calpain-mediated processes.

Infection levels with naked CVBI1 virions together with CVB1-carrying mEVs are significantly reduced with
calpeptin

The enhanced levels of apoptosis measured during CVB infection cannot always be attributed to induction of
apoptosis by lytic viruses [13]. Taking care, following infection, to exclude reinfection with any released free
virus, apoptotic bodies or released EVs, by hourly removal of cell culture supernatants, we carried out the
following experiments: essentially, we examined the possibility that CVB1i-mEVs released from CVB1-infected
Hela cells (unlike mEVs constitutively released from uninfected Hela cells [c-mEVs]), may themselves induce
early apoptosis. We first carried out a time-course to monitor apoptosis levels induced by CVB1 (Fig. S4A). This
showed 24.1% total apoptosis after 24 h and 56.3% after 48 h. In further experiments, we found that 24 h after
incubation with CVB1i-mEVs (just as with naked CVB1) the apoptosis in Hela cells that was induced (Fig. 2A, red
bars), was reduced after pre-treating cells with calpeptin (CP) (Fig. 2A, blue bars). Apoptosis of healthy cells,
whether induced by CVB1 or CVB1i-mEVs was also significantly reduced in the presence of the pan-caspase
inhibitor, zZVAD or in combination with CP (Fig. 2A, black bars).

To investigate the presence of CVB1 in mEVs, semiconfluent Hela cells were co-cultured with CVB1 or CVB1i-
mEVs (red bars in Fig. 2B), the latter collected over 12 h. CVB1 and CVB1i-mEVs were also added to cells
pretreated with calpeptin (CP) (blue bars in Fig. 2B)). Consistency of viral load for CVB1 (MOI of 5) and CVB1i-
mEVs (10 EVs/cell) was estimated as follows: the infections with 10 CVB1i-mEVs/cell (34% of which were
estimated to be CVB1+ from electron microscopy, Fig. 3K) were thus considered equivalent to 3 CVB1 virions/cell
(MQI 3.4). As a control, Hela cells were treated with mEVs constitutively released from untreated cells (c-mEVs)
or sham-infected. Every hour, after the initial infection had commenced, cell culture supernatant was removed
to prevent any CVB1i-mEVs, released (free) CVB1, or apoptotic bodies, from re-infecting host cells. Using
immunofluorescence staining, in these CVB1i-mEV-infected cells, punctate fluorescence confirmed the presence
of CVB1 viral capsid antigen 30 min p.i. (Fig. S5A). The presence of CVB1 VP1 antigen 24 h p.i. (Fig. S5B) represents
newly produced virions (not virus entering the cell) as reinfection was prevented by removal of medium.
Representative images also show CVB1 infection 24 h p.i. (Fig. S4C), which was reduced in the presence of
calpeptin (Fig. S4D). Flow cytometry analysis using anti-CVB1 Alexafluor 488, confirmed presence of virions
within infected Hela cells after 12 h co-incubation with CVB1 (~*33%), or CVB1i-mEVs (~22%) (Fig. 2B, red bars).
Whilst neutralising anti-CVB1 was able to significantly reduce infection with naked CVB1, it had little impact on
infection with mEVs from Hela cells infected with CVB1 (CVB1i-mEVs) (Fig. 2B, pink bars). Similarly, we found
that CVB1i-mEVs (but not CVB1) pretreated with neutralizing antibody could still also infect Hela pretreated with
increasing neutralizing antibody (Fig. S4E and C, respectively). Additionally, anti-CAR, whilst only marginally
reducing infection with CVB1i-mEVs, was able to block entry of naked CVB1 (Fig. 2B, green bars). Reduced anti-
CVBL1 staining was detected in cells pre-treated with calpeptin before co-culturing with CVB1 (15%) or CVB1;-
mEVs (8%) (Fig. 2B, blue bars). By contrast, no anti-CVB1-Alexafluor fluorescence was detected in sham-infected
cells, or in cells co-cultured with c-mEVs (Fig. 2C, white bars). Of note, cells co-infected with CVB1 (MOI 5) and
CVB1i-mEVs (10 EVs/cell) stained significantly more for anti-CVB1 (~42%) (black bar) than with CVB1 alone. This
suggested presence of virus in CVB1i-mEVs. The anti-CVB1 fluorescence level was reduced to 18% with calpeptin
pre-treatment.
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Immunoblotting with anti-CVB1 confirmed CVB1 (VP1 protein) in CVB1i-mEVs (Fig. 3A), purified by sucrose
gradient. Lysates of CVB1-infected Hela cells were also VP1-positive (Fig. 3A)., and corresponding mEVs released
(Fig. 4A), were shown to carry CVB1, detected as viral capsid protein VP1, by immunoblotting with anti-CVB1.
Further analysis of the same CVB1i-mEVs collected 12 h p.i. also revealed the presence of activated caspase-3
(Fig. 3A), (which could also therefore be a factor in the apoptosis observed upon treatment of Hela cells with
CVB1i-mEVs). Activated caspase-3 began to be detected in increasing amounts in the parent cells from 8-12 h
p.i. (Fig. S6A and B) and in dexamethasone-treated, control cells and released mEVs (Fig. S6C). We also carried
out hemi-nested PCR (hnPCR) on RNA complex-free sucrose gradient-purified mEVs, confirming presence of
CVB1 in CVB1i-mEVs released from infected cells (Fig. 3B). Electron microscopy confirmed the presence of an
icosahedral viral capsid, ~30 nm in diameter, in CVB1i-mEVs collected 12 h p.i. (Fig. 3C-H), but not in mEVs
collected only 2 h p.i. (Fig. 3l and J). mEVs harbouring 2 or 3 virions were also observed (not shown) but none
with multiple viral particles as for poliovirus [79]. Although it is likely that virions could attach to the surface of
mEVs, especially where mEVs express surface virus receptors, this was not observed. To quantify the number of
mEVs harbouring CVB1 virions released from CVB1-infected Hela cells, TEM images were analysed. Five TEM
fields of view (37,805x magnification) were quantified noting electron-dense virions of ~30 nm diameter as
shown in Fig. 3D (60 nm EV) and F (100 nm EV). In total we found 37/108 (34%) of mEVs to harbour CVB1 (Fig.
3K). We also found that mEVs released from infected cells (CVB1i-mEVs) and those constitutively released from
uninfected cells (c-mEVs) had different morphologies manifest as scatter changes by flow cytometry (Fig. 3L).
Specifically, CVB1i-mEVs had a higher side scatter (SSC), which correlates with granularity and/or cell/EV density,
than for c-mEVs, reminiscent of such changes seen in the later stages of apoptosis [80].

The data so far implied that CVB1 requires calpain activation for infection and subsequent induction of CVB1;-
mEVs. CVB1i-mEVs carrying CVB1 virions, released by a non-lytic mechanism, are then able to deliver CVB1 to
recipient cells which, in vivo, could thus have the potential to cause infection at secondary sites.

mEVs are taken up by CVB1-stimulated macropinocytosis in non-phagocytic, non-polarized Hela cells and locate
to late endosomes/lysosomes

To investigate whether PKH67-labelled mEVs upon CVB1-mediated uptake into the cell associate with early
macropinosomes we first carried out a pulse-chase experiment using fluorescent dextran. Eight minutes after
having stimulated pulse labelled Dextran-FITC Hela cells with EV-depleted CVB1, dextran-FITC uptake was
located within cells near the surface, indicating new macropinosome (MP) formation, as opposed to endosomes
(Fig. 4A). By 15 min p.i., the signal indicating MPs had further increased (Fig. 4A). There was also evidence of
ruffle formation (TEM in Fig. 4A) in the CVB1-stimulated cells. PKH67-mEVs in pulse labelled Dextran-Texas Red
Hela cells 15 min p.i. showed these Dextran-Texas Red MPs to contain PKH67-mEVs (Fig. 4C). Sham infected
cells showed no appearance of MPs even 15 min p.i. (Fig. 4B) and no ruffle formation (Fig. 4B).

Within the cells treated with CVB1 in the presence of total EVs (30 pg), we could see by electron microscopy
(Fig. S7A), large vacuoles (typically 0.2-5 um in diameter) which were near the surface and lacking any sign of
‘cellsurface’structures (suchas protein atthe ‘cytoplasmicface’)andthus suggestive of macropinosomes (MPs).
These MPs were found to carry vesicles ranging from 50 nm to 500 nm in diameter (Fig. S7A), and were distinct
from multivesicular bodies (MVBs), 250-1000 nm in size carrying an homogenous population of intraluminal
vesicles (ILVs)/sEVs (~50 nm) (Fig. S7B, C).

To ascertain the fate of endocytosed mEVs within the cytoplasm we looked at the distribution of PKH67-labelled
mEVs within cells. Specifically, we looked for the PKH67-labelled mEVs at certain key structures within the
cytoplasm that constitute the endocytic pathway. To this end, we focused on late endosomes and lysosomes,
by using LysoTracker, a red fluorescent dye to label acidic organelles. pKH67-mEVs and Dextran-FITC in Hela
cells pulse labelled with Lysotracker (60 min p.i.) showed a partial colocalization of PKH67-mEVs with Lysotracker
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(Fig. 4D and quantification, r,=0.45) and a strong colcocalization of Dextran-FITC with Lysotracker (Fig. 4E and
quantification, rp=0.58) the latter as a positive control for detection of material taken up and being located to
late endosomes/lysosomes. This indicated that mEVs, following uptake by macropinocytosis, here stimulated by
CVB1, in non-phagocytic Hela cells, may follow the endosomal pathway leading to lysosomes. This is however
in contrast to what has been described before in terms of a recycling fate for macropinosomes in Hela cells [81].
This means that either a degradative or recycling pathway for mEVs taken up into MPs is likely, although what
may stimulate any specific pathway, which may also depend on the MP contents, remains for now unclear.

Uptake of mEVs in epithelial cells by CVB1-stimulated macropinocytosis is inhibited by Na*/H* ion exchange pump
inhibitors

We first demonstrated that uptake of mEVs or Dextran could be competitively inhibited with unlabelled mEVs
(Fig. 4F) or Dextran (Fig. 4G). This ruled out the possible transfer to the cells of unincorporated PKH67 or FITC
label from the mEVs or dextran, respectively. Removal of surface protein from Hela cells with trypsin also
provided a partial reduction of mEV uptake (Fig. 4F) suggesting a role for protein interaction. This is unlikely to
be PtdSer/PtdSer-Receptor mediated, there being a negligible reduction in mEV uptake by blocking exposed
PtdSer on mEVs with unlabelled An-V (Fig. 4F). Macropinocytosis occurs in cholesterol-rich domains of the
plasma membrane [82] and so as expected disruption of lipid rafts by methyl-B-cyclodextrin (MBCD), which
extracts cholesterol from membranes, resulted in an almost 50% reduction in mEV uptake (Fig. 4F). Treatment
with amiloride, an inhibitor of the Na*/H" ion exchange pump, which affects the intracellular pH, thus blocking
macropinocytosis, resulted in a 65% reduction in mEV entry (Fig. 4F). An amiloride analogue, 5-(N-ethyl-N-
isopropyl)amiloride (EIPA), was slightly more potent. Inhibition of dynamin 2 GTPase with dynasore (Dyna) also
reduced mEV uptake (although this inhibitor blocks clathrin- and caveolae-mediated endocytosis in Hela [83].
Inhibition of protein kinase C, which caninduce ruffling and is activated downstream of aV integrins, with the
inhibitor bisindolylmaleimide (Bis), also reduced mEV uptake. In macropinocytosis, the membrane ruffling and
appearance of lamellipodia or blebs is due to activation of actin and as expected we found Cytochalasin D (Cyt
D) which depolymerises actin, and would therefore reduce membrane ruffling, a prerequisite for MP formation,
to reduce uptake by macropinocytosis. Inhibition of microtubules with nocodazole also prevented
macropinocytosis which with all the previous data, is consistent with an uptake by macropinocytosis [84], in this
case of mEVs. Similar results were obtained for the uptake of Dextran-FITC (Fig. 4G). It was noted that none of
the inhibitors tested had any deleterious effect on cell viability in these experiments (Fig. 4H). Interestingly, in
the absence of decomplemented serum (NHS), uptake of mEVs by Hela cells was approximately half that
obtained in the presence of serum (Fig. S7D). Whether some opsonic effect on the mEVs enabling them to bind
was promoting their uptake by macropinocytosis can only be conjectured upon at this stage.

mEVs from CVBIl-infected Hela cells, carrying CVB1 virions, elicit further production of mEVs, that dose-
dependently induce a calpain-dependent apoptosis

Given the presence of CVB1 virions inside CVB1i-mEVs, we sought to determine whether they could elicit the
further release of CVB1-carrying mEVs, as did CVB1 alone. This could offer an explanation as to the role of CVB1;-
mEVs in the rapid dissemination of CVB1 (and likely of mEVs disseminating other non-enveloped virus
pathogens) to neighbouring cells. We co-cultured Hela cells with CVB1i-mEVs isolated from CVB1-infected Hela
cells in increasing amounts or with constitutively released mEVs from unstimulated, uninfected cells (c-mEVs).
As for sham-infected cells, those treated with c-mEVs, failed to induce further release of mEVs (Fig. 5A, white
bars) collected after 12 h. Conversely, CVB1i-mEVs stimulated a significant release of more mEVs, albeit not in a
dose-dependent manner (Fig. 5A, pink bars). mEVs released from cells treated with dexamethasone (DEX), (DEX-
mEVs) (Fig. 5A, green bar) which stimulated further production of mEVs were not affected by calpeptin (Fig. 5A,
green spotted bar). Conversely, CVB1i-mEV-elicited release of mEVs was significantly reduced when cells were
pre-treated with calpeptin (Fig. 5A, spotted deep pink bar). This further suggested that the release of EVs was
mediated by virus (in this case associated with the CVB1i-mEV) and much less so by ‘apoptotic mEVs,’ (released
from DEX-treated cells) which lacked virus.
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Further analysis confirmed the induction of apoptosis in Hela cells co-cultured with CVB1i-mEVs 24 h p.i.,in a
dose-dependent manner (Fig. 5B, pink bars), that was reduced upon pre-treatment with calpeptin (Fig. 5B,
spotted pink bars); apoptosis in the treated Hela cells was confirmed by detection of active caspase-3 by western
blotting (Fig. 5B, inset). The CVB1i-mEVs were also cytopathic as detected by plaque assay (Fig. 5C) showing cell
shrinkage, rounding, cytoplasmic blebbing and detachment and at increased levels in combination with CVB1
(Fig. 5E). As expected, there was no apoptosis induced by c-mEVs from sham-infected cells. This further implies
presence of CVB1 virions inside CVB1i-mEVs. As with the lytic counterpart, CVB1 alone, the results show that
CVB1 encapsulated within CVB1i-mEVs are able to disseminate virus particles to new cells by a non-lytic mEV-
to-cell mechanism. This requires calpain activation and depolymerization of the host cytoskeleton for infection
and enhancement of CVB1i-mEV production; furthermore, there is a reduced cytopathic effect when cells are
treated with calpeptin.
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Discussion

Many infectious pathogens have developed strategies to subvert host epithelial or endothelial barriers, thereby
invading and spreading to secondary sites of infection. Recent studies have established that CVBs enter polarized
cells, such as Caco-2 (intestinal epithelial cells) by an endocytic mechanism that at first was likened to a hybrid
of macropinocytosis and caveolar-mediated endocytosis [85] and that was later shown to require the activation
of specific signalling molecules including the Src family of tyrosine kinases [3, 86]. By contrast CVB3 enters non-
polarised Hela cells by clathrin-mediated endocytosis [5], later studies showing a dependence on dynamin and
lipid rafts [4]. Whilst we know that spread of viral progeny to secondary sites during infection is not exclusively
achieved by cell lysis [10, 11], the exact mechanism(s) remain unclear. Studies such as the demonstration of a
non-lytic cell-to-cell strategy that involves CVB3 induction of cellular protrusions [13] suggested an alternative.
This work showed CVB3 to translocate (in a manner sensitive to cytochalasin) through microtubule-containing
cellular protrusions between green monkey kidney cells. We observed similar structures containing CVB1
between Hela cell (Fig. S8) Whilst there is no mention of EVs, their release, in addition to the formation of
membranous cellular protrusions from CVB3-infected cells, would seem likely. Indeed, close inspection of the
time lapse work [13] suggests that mEV-like vesicles are released. In the later stages of CVB infection, after viral
replication, to facilitate release of viral progeny, the virus induces apoptosis in infected host cells [7]. As infected
cells die, virions may be found within apoptotic bodies as for adenovirus [87] which may then be distributed by
phagocytosis. Work to understand the mechanism for nonlytic viral spread and how viral progeny disseminate
to more distant regions to infect new cells is ongoing. This study has investigated the nonlytic mechanism of
infection involving mEVs, that are released upon CVB1 infection of cells. This describes CVB1 virions
encapsulated within mEVs (CVB1i-mEVs) which can be disseminated (potentially to secondary sites) to infect
new cells. We are further able to postulate novel ways of controlling viral cell-to-cell spread.

As we and others have reviewed, mEV release is an important mechanism, by which cells communicate and is
being shown to be increasingly important in numerous disease states [24, 27, 88, 89]. Fusion of mEVs with target
cells [39, 90], means they can deliver a range of intravesicular and surface molecules to recipient cells [91].
Whether virus still encapsulated within mEVs would be delivered by fusion which would mean bypassing the
normal receptor (DAF and/or CAR) interactions, depending on the cell, and result in a complete viral life cycle, is
not yet clear. As a precedent for mEV delivery of encapsulated virus by membrane fusion, we and others already
showed likely fusion (or hemifusion) of octadecyl rhodamine labelled mEVs to cells by a lipid mixing assay [39,
92]. Following fusion of CVB1-containing mEVs with target cells, which would likely not allow for conventional
viral uncoating, as would occur in an acidified endosome, mEV-delivered cytosolic CVB1 may egress rapidly within
mEVs. This would occur before significant apoptosis is induced later in the viral life cycle, 24-48 h (Fig. S4A) for
CVB1 and CVB3 (24-55% apoptosis; 24-42 h p.i.) [93]. Such virus-carrying mEVs may in turn themselves stimulate
further mEV release.

The uptake of intact mEVs, by endocytosis [94], and delivery of surface macromolecules but also of intravesicular
cargo to recipient cells has been well described [92, 95, 96]. As CVB1 virions egress infected cells there are also
likely to be CVB1-containing mEVs (by uptake of nascent virus into mEVs). Mechanisms of packaging of virions
into EVs, of all subtypes, varies between viruses and is still an area of much investigation. Although beyond the
scope of this study, descriptions of packaging of virus in EVs still lack full mechanistic details: (i) some non-
enveloped picornaviridae that are packaged in autophagosomes, are prevented from undergoing a SNARE-
mediated fusion with lysosomes, instead fusing with the plasma membrane to release virus-encapsulated EVs
[97-100]. (ii) Norovirus is spread within exosomes, virions being taken up into MVBs [101]. (iii) Rotavirus is shed
in larger EVs released from the budding plasma membrane [101].

mEVs carrying virus may in turn be taken up by non-receptor mediated endocytosis (macropinocytosis) a process

which for CVB3 and the epithelial cell tight junction protein, occludin, occurs 60-90 min p.i. [86]. Where virus is
delivered by fusion of CVB1i-mEVs with target cell, and not likely to be uncoated, then a nonlytic egress of non-
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nascentvirions in < 2h, before cell lysis, and before any neighbouring cells receive apoptotic-inducing signals,
would be more likely. Although the in vivo half-life of mEVs remains uncertain, the protection they may afford
non-enveloped viruses against immune effector mechanisms is clear. If the CVB-encapsulated mEV releases virus
before reaching any potential secondary site of infection, this would enable a more typical uptake by receptor-
mediated endocytosis.

Recently, CVBs were reported to specifically exploit Ca?*-mediated signalling events to facilitate their entry into
polarized endothelial cells [3]. Using different cells, and CVB1 rather than CVB3, we found maximal increase in
[Ca 2*]i within 100 s of cells being exposed to virus. An increase in [Ca?*]i also results in a calpain-mediated
depolymerization of the cytoskeleton and deimination of actin, mediated by peptidylarginine deiminases [19].
This enzymatic disassembly of the actin cytoskeleton in turn causes a release of EVs [52, 102]. This may be as a
result of signal transduction initiated, at least in tumor cells, by ADP-ribosylation factor 6 [103]. We found the
mechanism of CVB1-triggered mEV release to be dependent on [Ca?*];, as it was sensitive to BAPTA-AM (Fig. 1A).
CVB1i-mEVs, themselves carrying CVB1 protein components or virions, were able to induce release of mEVs
(CVB1i-mEVs) (Fig. 5A) a process which could be abrogated by inhibition of calpain, using the cell-permeant
calpeptin (Fig. 5A). In addition, knockdown of CAPNS1 severely reduced CVB1 induction of mEV release and
apoptosis (Fig. 1D and E, respectively). CVB1i-mEVs also dose-dependently induced apoptosis in target cells that
could be inhibited with calpeptin (Fig. 5B). Although CVB3-RD variant and CVB4 were shown previously [3] to
release intracellular calcium in polarized endothelial cells, in a manner mediated through DAF, it would be
interesting to see whether CVB1 also mediates Cai®* release through interaction with cellular DAF [104].
However, it would be unlikely that any viral capsid residues would be exposed on the CVB1i-mEV surface, to
interact with DAF (as has been shown in detail for naked CVB3 [105, 106]). This data therefore implies that
beyond CVB1 utilising host mEV production for its initial infection by the proposed mEV-to-cell route, released
CVB1i-mEVs then potentially enable further viral spread to new cells. It should be noted that the mEV-to-cell
route could also be mediated by transfer of viral RNAs.

Viral dissemination via the mEV-to-cell mechanism may offer a unique advantage to the virus, over the cell-to-
cell strategy. As for viruses inside cells, viral progeny inside mEVs would also be protected against host-mediated
immune attack by host neutralising antibodies and complement. Furthermore, mEVs themselves able to
participate in intercellular communication, could potentially deliver (non-enveloped) viruses closer to secondary
sites of infection, possibly broadening the tissue tropism of such viruses, and helping establish this nonlytic mEV-
to-cell means of infection. Besides polarized epithelial cells, CVBs are able to subvert polarized endothelial
barriers [3]. To reach the known secondary sites of infection, the heart and CNS, on egressing the endothelium,
CVBs would need to survive passage through the circulation and it would be here that the protection mEVs
would afford CVBs, would be most effective. As well as facilitating rapid dissemination of virus, our results may
explain the enhanced induction of apoptosis observed in neighbouring cells during CVB1 infection. At the same
time, removal of activated caspase-3 from cells, in released CVB1i-mEVs, is probably advantageous to the
infecting CVBL1, if this protects the cell from apoptosis [107] during the early phase of infection.

Just as adenovirus within apoptotic bodies may be distributed by phagocytosis [3], CVB1i-mEVs, with exposed
PtdSer, may also be phagocytosed and thereby distributed similarly. However, the relative contribution of the
mEV-to-cell means of infection to the in vivo transmission of non-enveloped virus remains unknown. It was
noteworthy that the level of CVB1 detected by immunofluorescence microscopy was 53% greater upon infection
with CVB1 (MOI 5 or 5 PFU/cell) than CVB1i-mEVs (10 EVs/cell) alone (Fig. 2B). However, with only 34% of CVB1;-
HelLa mEVs being CVB1* (Fig. 3K), the 10 CVB1i-mEVs/cell used in infection experiments only really equated to 3
CVB1* CVB1i-mEVs/cell, meaning there were ~67% more naked CVBL1 virions than EV-encapsulated virions, per
cell.
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We found mEV uptake by epithelial cells stimulated with CVB1, to be a process dependent on lipid rafts, Na*/H*
ion exchanger, activation of actin, microtubules, dynamin and PKC activity, thus conducive with
macropinocytosis [108]. This is a process known to be stimulated by CVB itself [109]. This is especially supported
by the evidence of mEVs in MPs from confocal (and electron) microscopy, as well as that showing Dextran and
labelled mEVs co-localizing to late endosomes/lysosomes. If macropinocytosis stimulated by apoptotic mimicry,
whether from a microorganism, apoptotic body [61] or EVs, is dependent on PtdSer interaction with cellular
receptor, then the paucity of PtdSer receptors on Hela cells would suggest an alternative. Receptors, such as
aVB3, calreticulin or Axl on recipient cells could interact with PtdSer via bridge molecule(s). These may be found
in serum, [110], and may include MRG-E8 (ligand for aV33), C1q (ligand for calreticulin) or protein S (ligand for
Axl ) [111, 112]. Indeed, we showed such a bridge molecule, protein S, to bind to mEVs released from stimulated
cells, so called sMVs or s-mEVs carrying higher levels of PtdSer than those released constitutively, cMVs or c-
mEVs [17]. Of note, a macropinocytosis that was serum-mediated or enhanced, as we also suggested in this
study (Fig. S7D), was described for viral uptake through macropinocytosis [113] and of platelet mEVs by
endothelial cells [94]. It should also be noted that PtdSer receptors as found on macrophages may in certain
cases be expressed even in epithelial cells, and may also contribute to macropinocytosis, as they do to
phagocytosis, in particular in the case of mammary alveolar epithelial cells. These cells, to cope with massive
apoptosis during weaning of the mammary gland following lactation, have been shown to acquire phagocytic
capabilities [114]. Macropinocytosis of mEVs may also be stimulated by chemokines or growth factors delivered
by the mEVs themselves. Platelet-derived growth factor (PDGF) which is expressed on Hela [115] for example
stimulates macropinocytsois in fibroblasts [116]. Importantly, any specificity of uptake by macropinocytosis of
mEVs is likely to be brought about by the specific combination of receptors on the recipient cell and growth
factors/chemokines carried on the mEV and therefore not as unspecific as might be expected. We have
demonstrated in Hela cells, the uptake of mEVs stimulated by CVB1, to be by macropinocytosis. Whilst we have
found mEVs to then locate to late endosomes/lysosomes, other potential fates, which may depend on the
stimulus, and be cell-type specific, could involve recycling or maybe back-fusion with the MP membrane to still
allow release of luminal contents of internalised mEVs.

It is generally accepted that many non-enveloped viruses including enteroviruses, such as CVB1, have to induce
lysis of host cells in order to release progeny and spread infection [117]. mEV-to-cell transmission may be an
alternative to direct cell-to-cell spread which has also been implied in another picornavirus, Ljungen virus [118]
as well as the non-enveloped Rice dwarf virus, belonging to the Reoviridae, for which cell-to-cell transfer is
mediated by actin-mediated protrusions [119-121]. More recently, other work showing viral transmission by a
non-lytic, EV-mediated pathway has also been described [99, 122]. This study provides a platform, through
modulation of mEV release, for limiting the spread of non-enveloped viruses. This will require further elucidation
of pathways of mEV biogenesis which we have been actively pursuing [19, 60] leading to discovery of specific
pharmacological inhibitors of mEV release [19, 60, 62, 123]. In this study we described calpeptin inhibiting
infection levels of CVB1 in Hela cells treated with CVB1, CVB1i-mEVs or in combination. Calpeptin, inhibits mEV
release. As non-enveloped CVB1 and other enteroviruses can be released in mEVs, inhibition of mEV release
should be further studied as it likely describes another means by which calpeptin can limit viral infection. Indeed
calpeptin is known to inhibit viral infections at various point of the virus life cycle [124-126].

Finally, as we recently reviewed, we are now moving into an era that will see the development of EV-based drug
delivery systems [15, 127]. However, as this study and others have highlighted, mEVs may themselves be
potential carriers of deliverable non-enveloped viruses. Such information will become increasingly important as
new quality control measures are drawn up for the transition of EV-based therapies into the clinic.
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Figure Legends

Fig. 1 CVB1 infection and CVB1-mediated mEV release and apoptosis of Hela cells is inhibited upon
downregulation of calpain (A), Semi-confluent Hela cells were infected with CVB1 (MOI 5) for 1 h; after washing,
cells were resuspended in serum-free medium for 2 h or 12 h, having been pre-treated or not with calpeptin (CP)
or BAPTA-AM (both at 20 uM, 37 °C for 45 min) for 1 h. Where mEV release was monitored over 12 h,
supernatants were collected hourly, to minimise the chance of any released mEVs or virus from interacting with
the infected cells. mEVs (in the 50 to 650 nm diameter size range) were quantified by Nanosight Tracking Analysis
(NTA). BAPTA-AM, which abrogated mEV release did not induce apoptosis (AnV*/7-AAD*) (B), nor induce
permeabilization (no Pl fluorescence) (C). Intracellular calcium was monitored using Fura-2-AM in Hela cells
infected with CVB1 over 2.5 min (C). In (D), sham-infected Hela cells (‘Sham’ or ‘No HPP’) or siRNA-treated cells
(to downregulate calpain) or calpeptin pre-treated cells were co-cultured with CVB1 (MOI 5) for 12 h and
released CVB1i-mEVs isolated and quantified by NTA. (E), to analyse the effect of calpain knockdown on virus-
induced early apoptosis, siRNA-treated Hela cells infected with CVB1 were assessed for staining with AnV-FITC
by flow cytometry after 24 h. Data presented is the mean + SD of three separate experiments performed in
triplicate. ** P<0.01 and *** P<0.001 were considered statistically significant using Student’s t-test. (F), Flow
cytometry analysis of intracellular CVB1 (12 h) after siRNA or calpeptin treatment of Hela cells to knock down
expression or inhibit calpain. Sham-infected cells or CAPNS1 siRNA-treated Hela cells infected with CVB1 were
fixed and permeabilised prior to staining with anti-CVB1 conjugated with Alexafluor 488-lgG antibody.
Representative data are of two independent experiments performed in triplicate. Immunostaining of CVB1
inside infected Hela cells after siRNA treatment for 12 h or calpeptin pre-treatment (20 uM/45 min/37 °C), as
assessed by fluorescent microscopy.

Fig. 2 Target cell infection and apoptosis induced by CVB1-infected HeLa mEVs (CVB1i-mEVs) can be reduced
by modulation of calpain (A), Early apoptosis of Hela cells (AnV-FITC*) after 12 h, induced by CVB1 particles
(MOI 5) or CVB1-induced HeLa mEVs collected at t=12 h (10 CVB1i-mEVs per cell), both in presence or absence
of calpeptin (cells pre-incubated with 20 uM for 45 min at 37 °C) and/or the pan-caspase inhibitor zVAD (pre-
incubated with 20 uM for 30 min at 37 °C). HeLa c-mEVs (constitutively released mEVs from uninfected cells)
collected after 24 h, were also added as a control. (B), Flow cytometry analysis of intracellular CVB1 fluorescence
after co-culture of CVB1 particles (MOI 5) with Hela cells for 12 h, or co-incubation with mEVs from various cells
(from non-infected cells [c-mEVs, constitutively released] or from infected cells collected at t=12 h [CVB1i-mEVs];
10 mEVs/cell). To monitor the effect of calpeptin, cells were pre-treated (as for apoptosis experiments in (A)),
prior to addition of CVB1 particles or CVB1i-mEVs and incubated at 37 °C for 12 h. Where necessary, cells were
also treated with a 1:50 dilution of blocking anti-CAR antibody (20 pg/ml) or isotype control, 90 min before
introducing CVB1. CVB1 or CVB1i-mEVs were also incubated for 90 min before infection with neutralising anti-
CVB1 antibodies (62.5 ug/ml, see Materials and Methods). Data presented is the mean * SEM of three
independent experiments performed in triplicate. **P <0.01, ***P <0.001 were considered statistically
significant.

Fig. 3 CVB1i-mEVs carry the non-enveloped Coxsackie virus B1 (A), western blotting analysis of Hela cell or mEV
lysates (purified through a sucrose gradient) isolated from sham-infected (-) or CVB1-infected (+) cells after 12
h. As loading controls, cellular proteins were probed with anti-B-actin (1/500) and for EVs, total proteins
analysed determined by staining with MemCode. Proteins were probed with anti-CVB1, anti-procaspase-3 and
anti-active procaspase-3 (all at 1/500). (B), hemi-nested PCR was carried out to reveal CVB1 RNA within mEVs
released from infected cells (CVB1i-mEVs) after 12 h, but not c-mEVs (constitutively released mEVs) released
from non-infected cells. Transmission electron microscopy (TEM) (C-J), was performed on CVB1i-mEVs, collected
12 h p.i., to reveal an electron dense viral capsid (~¥30 nm in diameter). White arrows indicate viral capsid
detected within an mEV, the black arrow shows a virus-free mEV and the red asterisks indicate non-encapsulated
virus. mEVs isolated from conditioned medium of infected Hela cells after 2 h (I and J) reveal no sign of viral
capsids. (K), Analysis of 5 TEM fields (37,805x magnification) of released mEVs from CVB1-infected Hela revealed
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34% of mEVs harbouring CVB1. (L), Forward/side scatter dot plots for mEVs released from CVB1-infected Hela
cells (CVB1i-mEVs) or constitutively released from uninfected cells (HeLa c-mEVs).

Fig. 4 Uptake of PKH67-labelled mEVs by CVB1-stimulated macropinocytosis in Hela cells

Cells stimulated with CVB1 (30 pg) showed the appearance of macropinosomes (MPs) (Dextran-FITC containing
vacuoles near the cell surface) within 8 min p.i. and with increased numbers by 15 min p.i., (A). CVB1 stimulation
also resulted in a ruffled appearance on the cell surface with protrusions of lamellipodia, 15 min p.i., (A). By
contrast, sham infected HelLa showed no Dextran-FITC MPs and no ruffled appearance of the cell surface (B). To
locate PKH67-labelled mEVs after 15 min endocytosis, cells were co-labelled with Dextran-Texas Red to identify
macropinososomes (MPs) (C). Confocal analysis was used 60 min after endocytosis of mEVs to ascertain whether
PKH67-mEVs as well as Dextran-FITC (as a positive control for uptake by macropinocytosis) co-localize with late
endosomes/lysosomes using Lysotracker. This indeed showed co-localization of both PKH67 mEVs (D) and
Dextran-FITC (E) with late endosomes/lysosomes after 60 min. Colocalization between either PKH67-mEVs or
Dextran-FITC and LysoTracker was quantified using 25 cells to calculate the Pearson’s colocalization coefficient,
ro. Uptake of PKH67-mEVs (after pre-stimulation with mEV-depleted CVB1) or of Dextran-FITC was monitored by
flow cytometry in the presence of potent inhibitors of macropinocytosis, MBCD, amiloride, EIPA, dynasore,
bisindolylmaleimide, cytochalisin D and nocodozole, (F and G). The effect of protein removal (using trypsin) from
the acceptor cell was also monitored as was the effect of blocking phosphatidylserine with An-V, (F and G).
Percentage viability was maintained throughout (H). The data represent the mean * S.E.M. for three
independent experiments (ns, not significant; *P<0.05, **P<0.01, ***P<0.001).

Fig. 5 Hela cells treated with CVB1i-mEVs elicit a further release of CVB1i-mEVs able to induce apoptosis in
target cells (A), Hela cells were treated with CVB1-induced HeLa mEVs (CVB1i-mEVs), in increasing amounts (1,
5 and 10 mEVs/cell), for 12 h and as a control with mEVs constitutively released from semi-confluent uninfected
cells (c-mEVs); mEVs from Hela cells treated for 12 h with 1 mM dexamethasone (DEX-mEVs) (or ‘apoptotic
mEVs,’ (a-mEVs)) were also added with or without calpeptin (CP). CVB1-infected Hela cells (at MOI 5) were also
included for comparison of mEV release (CVB1 gave a 67 % increased level of mEV release from Hela cells
compared to CVB1li-mEVs (at 10 mEVs/cell)). (B), Flow cytometry analysis of early apoptosis in sham-infected
Hela cells or Hela co-cultured with c-mEVs or Hela cell-derived CVB1i-mEVs (1, 5 and 10 mEVs/cell) in presence
or absence of calpeptin (CP) after 24 h at 37 °C. mEVs from DEX-treated (1 mM for 12 h) Hela cells were also
added to show induction of apoptosis of target cells. Apoptosis levels induced from CVB1-infected Hela cells (at
MOI 5) was also included for comparison (giving a 40% increased level of apoptosis compared to CVB1i-mEVs (at
10 mEVs/cell)). Apoptosis was assessed by staining with AnV-FITC and 7-AAD according to the manufacturer’'s
instructions. Western blotting (inset) shows detection of activated caspase-3 upon addition of 10 CVB1i-
mEVs/cell but not in the presence of calpeptin. Data represents the mean + SD of two separate experiments
performed in triplicate. **P <0.01, ***P <0.001 were considered statistically significant. (C-H) Microscopy images
of Hela cells infected with CVB1i-mEVs (10 mEVs/cell), or CVB1 (MOI 5) in the presence or absence of calpeptin
after 24 h. Scale bar = 100 um. Images are representative of duplicate experiments performed in triplicate.
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Fig. S1

Top Bottom
10

1 2 3 4 5 6 7 g 9
34kDa NI GG W Py

Fig. $1 Sucrose density gradient purification of CVB1. CVB1 was centrifuged through a 10-
25% sucrose gradient (40,000 xg /90 min) and fractionated into 0.5 ml fractions from the top.
Fractions 5-8 were pooled and further centrifuged or precipitated with trichloroacetic acid as
described in Materials and Methods.
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Fig. S2 mEV (microvesicle) and sEV (exosome) characterisation. (A) NTA
analysis shows the size distribution of mEVs (11,000 xg) isolated from infected
Hela after 12 h (100 — 650 nm) compared to the profile (30 - 240 nm) obtained
from an exosome preparation (100,000 =g minus 11,000 g), (B). Immunoblotting
of 11 K and 100 - 11 K pellets (20 pug each lane), shows classic exosome
markers in the small EV, sEV (‘exosome’ pellet) which are absent from the mEV
(11,000 xg) pellet, (C). mEVs showing greater binding with annexin V-FITC than
sEVs, was assessed by flow cytometry (mean £SEM of 3 separate experiments,
in triplicate ***P<0.001), and Transmission Electron Microscopy confirms sEV
(exosome) and mEV (microvesicle) size difference, Bar = 50 nm, (D).
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Fig. S3 Silencing of calpain in HeLa cells. Semiconfluent HelLa cells were not transfected (No
HiPerfect transfection reagent (HPP)) or transfected with 50 nM of control (ctrl) siRNA or CAPNS1 siRNA
for 12 h. Effective knockdown was assessed by western blotting using 30 pg of protein per lane (A). (B
and C), flow cytometry analysis of CAPNS1 knockdown in siRNA treated cells. (D) Immunostaining of

CAPNS1 in HeLa cells transfected or not with control siRNA or CAPNS1 siRNA for 12 h, as analysed by
fluorescent microscopy.
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Fig. S4 Time course for CVB1-induced early/late apoptosis in HeLa and during
infection with CVB1,-mEV, blocking of any free CVB1-mediated uptake with
neutralising anti-CVB1 antibody. (A), Temporal Analysis over 48 h of early (AnV*) and
late (AnV* and 7-AAD?*) induction of apoptosis by CVB1 (MOI 5.0) in HeLa cells. (B), CVB1
infection of HelLa (detected as VP1 expression) is blocked when Hela is incubated with
increasing neutralising anti-CVB1 antibody. When additionally, CVB1 is incubated with
neutralising antibody (C), there is no VP1 expression when CVB1 is incubated even at the
lowest concentration of neutralising antibody. In (D) and (E), CVB1-mEVs infect HelLa in the
presence of neutralising antibody against HeLa only (D) or both HeLa and CVB1 (E).
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Fig. SS mEVs released from CVB1-infected HelLa cells (CVB1,-mEVs) can deliver CVB1 to recipient HeLa
cells. (A) Fluorescence microscopy images indicating CVB1 in semiconfluent HelLa cells incubated with CVB1,-
mEVs at a ratio of 10 mEVs/cell 30 min p.i. (A) and 24 h p.i. (B). Cells were fixed and permeabilised prior to
labelling with mouse anti-CVB1 Alexafluor 488. Nuclei were visualised with DAPI (blue). Images were collected
using an Olympus IX81 inverted fluorescence microscope (Olympus Corp, Germany). Scale bar = 10 pm.
Representative images are from triplicate experiments.
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Fig. S6 Increasing levels of activated caspase-3 and resulting apoptosis after CVB1 infection.
Western analysis showed increased levels of activated caspase-3 (A and B) in HeLa cells 8-12 h p.i.,
as levels of CVB1 (VP1 protein) increase (B). Activated caspase-3 levels were quantified by
densitometry using Image J software, relative levels being normalised to actin and expression levels
expressed as arhitrary units. In C, apoptosis was induced in HeLa with dexamethasone (DEX) (1
mM; 3 h). Western analysis showed increased expression of activated caspase-3 (and decreased
expression of pro-caspase 3) in both DEX-treated cells and in their released mEVs.
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Fig. §7 CVB1-stimulated macropinocytosis and bystander uptake of mEVs. (A),
Macropinosome (MP) visualised in HelLa cells by TEM, delineated by red arrows, showing MP
(2 pm in diameter) containing EVs (IEVs and likely sEVs and mEVs). In contrast, (B) and (C)
show a smaller multi-vesicular body (MVB) (~800 nm in diameter) containing intraluminal
vesicles (ILVs) (~ 80 nm in diameter), later released as sEVs upon MVB fusion with plasma
membrane; in (C) an electron dense lysosome can also be seen. (D), Uptake in HelLa cells by
CVB1-stimulated macropinocytosis of PKH67-mEVs (CVB1-depleted) measured as mean
fluorescence index (MFI) was reduced almost 2-fold in the absence of normal human serum
(NHS).
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Fig. S8

Fig. S7 Intercellular protrusions between Hela cells with associated CVB1. (A),
fluorescent microscopy 24 h p.i. of HelLa cells infected with CVB1-mEVs. Fixed and
permeabilised cells were labelled with anti-CVB1 Alexafluor 488, nuclei counterstained with
DAPI and visualised on an Olympus 1X81 inverted fluorescence microscope (Olympus Corp,
Germany). In (B), an intercellular protrusion connecting two cells is seen which has stained for
CVB1. Scale bar = 5 ym. Representative images are from duplicate experiments.
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