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Background. Ebola virus (EBOV) mainly targets myeloid cells; however, extensive death of T cells is often observed in lethal
infections. We have previously shown that EBOV VP40 in exosomes causes recipient immune cell death.

Methods. Using VP40-producing clones, we analyzed donor cell cycle, extracellular vesicle (EV) biogenesis, and recipient
immune cell death. Transcription of cyclin D1 and nuclear localization of VP40 were examined via kinase and chromatin immu-
noprecipitation assays. Extracellular vesicle contents were characterized by mass spectrometry, cytokine array, and western blot.
Biosafety level-4 facilities were used for wild-type Ebola virus infection studies.

Results. VP40 EVs induced apoptosis in recipient T cells and monocytes. VP40 clones were accelerated in growth due to cyclin
D1 upregulation, and nuclear VP40 was found bound to the cyclin D1 promoter. Accelerated cell cycling was related to EV bio-
genesis, resulting in fewer but larger EVs. VP40 EV contents were enriched in ribonucleic acid-binding proteins and cytokines
(interleukin-15, transforming growth factor-p1, and interferon-y). Finally, EBOV-infected cell and animal EVs contained VP40,

nucleoprotein, and glycoprotein.
Conclusions.

Nuclear VP40 upregulates cyclin D1 levels, resulting in dysregulated cell cycle and EV biogenesis. Packaging of

cytokines and EBOV proteins into EVs from infected cells may be responsible for the decimation of immune cells during EBOV

pathogenesis.
Keywords.

apoptosis; cell cycle; Ebola virus; extracellular vesicles; VP40.

Ebola virus (EBOV) is a negative sense, single-stranded ribonu-
cleic acid (RNA) virus capable of causing severe hemorrhagic
fever in humans and nonhuman primates (NHPs). Until 2013,
EBOV was responsible for approximately 1600 deaths; how-
ever, the most recent outbreak in Western Africa (Sierra Leone,
Guinea, and Liberia), leading to eventual spread to Europe
and the United States, resulted in over 28 600 cases and 11300
deaths as of April 2016 [1, 2]. The progression of EBOV dis-
ease (EVD) within infected individuals involves nonspecific
influenza-like symptoms, cytokine storm, and potential hem-
orrhagic manifestations including coagulopathy, leaky blood
vessels, and multiorgan failure. Ebola virus mainly targets host
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cells of the myeloid lineage (monocytes, macrophages, and den-
dritic cells), but it does not productively infect T cells. Despite
this targeting, lethal infections are accompanied by extensive
cell death of CD4 and CD8 T-lymphocytes [3-10]. There are
several proposed mechanisms for the induction of apoptosis in
bystander lymphocytes during EBOV pathogenesis, including
the following: Fas/Fas ligand and tumor necrosis factor (TNF)-
TNF-related apoptosis-inducing ligand (TRAIL) interactions,
impaired dendritic cell/T-cell contacts, and nitric oxide or
viral glycoprotein (GP)-induced apoptosis [5, 9-11]. Likewise,
we have recently proposed an additional potential mechanism
for the induction of bystander T-cell death in the form of the
EBOV matrix protein transferred to recipient cells via exosomes
[12, 13]. However, the extent to which each of these mecha-
nisms may contribute to bystander lymphocyte apoptosis and
EBOV pathogenesis is not well characterized. Nevertheless, the
loss of circulating T-cell populations in infected individuals
may contribute to unchecked replication of the virus, poten-
tially correlating with poor patient prognosis [13, 14].

In recent years, it has become clear that exosomes—small
(~50-120 nm in diameter), membrane-bound extracellular
vesicles (EVs) produced from the late endosomal pathway—
are important for intercellular communication, particularly
during disease [15-18]. Various specific tetraspanin proteins
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such as CD63, CD81, and CD9 mark the surface of exosomes
and can be used to distinguish them from other EVs [19]. The
content of exosomes can vary based upon cell type and envi-
ronment; however, the selective packaging of cargo into exo-
somes is largely regulated by the Endosomal Sorting Complexes
Required for Transport (ESCRT) proteins. The ESCRT proteins
can be classified as ESCRT-], -II, -III complex components and
VPS4, which sequentially act to recognize cargo, package it into
nascent vesicles, and pinch off the membrane while recycling
the machinery back for future cargo packaging [20]. During
infection, various viral proteins and nucleic acids can become
integrated into exosomes, often by utilizing the ESCRT path-
way [21-25]. Exosomes originating from infected cells can then
induce proviral effects in recipient cells [12, 13, 16, 17, 21-28].
In addition to exosomes, other EVs such as exosome-like ves-
icles, microvesicles, and apoptotic bodies are produced from
host cells by various mechanisms. Microvesicles, sometimes
called ectosomes, are typically larger (100-1000 nm) in diame-
ter and differ from exosomes mainly in that they arise from the
direct outward budding and fission of the plasma membrane,
or ectocytosis [29-31]. Microvesicles do not contain tetraspan-
ins CD9 or CD81, and they have a similar lipid composition
as the plasma membrane from which they budd [28, 29, 32].
Apoptotic bodies, unlike the other secreted vesicles, are formed
only during programmed cell death. They are generally larger
(500-4000 nm in diameter) than microvesicles and may contain
deoxyribonucleic acid (DNA) and histones [28, 33, 34].

The EBOV matrix protein VP40 is one of the most abundant
viral proteins, and, therefore, it is commonly used as a diagnos-
tic marker for patients [35]. Alone or in conjunction with the
GP and nucleoprotein (NP) of EBOV, VP40 can independently
bud from cells to form virion-like particles (VLPs) that are
morphologically similar to infectious virions [36-41]. Recently,
we found the first evidence that VP40 is also able to exit cells
by becoming packaged into exosomes [12, 13]. This finding is
consistent with previous studies that have shown filoviral VP40
concentrating in late endosomal compartments and multivesic-
ular exosomal bodies [42, 43]. Another study by Steele et al [44]
showed that in EBOV-infected NHP and guinea pig models,
VP40 antigen alone is concentrated in renal tubule epithelial
cells, indicating that VP40 can exist outside of the virion (ie,
potentially in exosomes) [45].

In the current study, we focused on (1) the mechanisms
involved in the packaging of EBOV VP40 into exosomes and
other EVs and, (2) the characterization of these vesicles. We
have found that VP40 was able to affect cell cycle through cyclin
D1 (which binds to cdk4 or cdk6) modulation to regulate the
synthesis of EVs in donor cells. This regulation was done by
the translocation of VP40 into the nucleus to stimulate over-
transcription of cyclin D1 at its promoter, thus producing an
activated phenotype in VP40-producing cells. We tested the
efficacy of cdk4/6 inhibitors for their ability to hinder donor

cell EV production and found that Fascaplysin and Ribociclib
(Ribociclib is US Food and Drug Administration [FDA]-
approved) may impact the biogenesis of EVs. In previous stud-
ies, we showed that VP40 was secreted in exosomes [12, 13],
and here we additionally found that VP40 and other viral pro-
teins (ie, NP and GP) were associated with EV's from wild-type
EBOV-infected cells and macaques. Finally, mass spectrometry
(MS) and cytokine analysis showed that exosomes originating
from VP40-producing cells were enriched in several RNA-
binding proteins and cytokines, which may play a pivotal role
in recipient cell outcome.

MATERIALS AND METHODS

Cell Culture and Reagents

U937, CEM, and Jurkat cells were obtained from ATCC
(Manassas, VA) and maintained in Roswell Park Memorial
Institute (RPMI) 1640 media containing 10% heat-inactivated
fetal bovine serum (FBS), 1% r-glutamine, and 1% streptomy-
cin/penicillin (Quality Biological, Gaithersburg, MD). 293T
cells, VP40 clones, and HeLa cells were sustained in Dulbecco's
modified Eagle medium (DMEM) containing 10% heat-in-
activated fetal bovine serum (FBS), 1% L-glutamine, and 1%
streptomycin/penicillin (Quality Biological). Peripheral blood
mononuclear cells (PBMCs) were maintained in RPMI 1640
media containing 20% FBS, 1% L-glutamine, and 1% strepto-
mycin/penicillin. The PBMCs were also maintained with 50
IU/mL human recombinant interleukin (IL)-2 (Sigma) before
transfections, but they were incubated in the absence of exoge-
nous growth factors once transfected. All cells were incubated at
37°C with 5% CO,,. For antibiotic selection of transfected 293T
cells, hygromycin B (Invitrogen) was added to the culture the
next day. Cdk4/6 inhibitors Fascaplysin (0.1-1 uM; Abcam) and
Ribociclib (LEEO11; 0.1-10.0 pM; MedChemExpress) were
used for the treatment of 293T and VP40 clone cell cultures
for the analysis of cyclin D1 inhibition, cell viability, and EV
production.

Plasmids, Transfections, and Generation of Resistant Clones

EBOV Mayinga VP40 isolate was expressed from a plasmid
(Invitrogen) with cytomegalovirus (CMV) promoter and specific
antibiotic selection marker (pcDNA3.1/Hygro). Twenty micro-
grams of Escherichia coli-purified DNA was transfected into
293T cells using electroporation as previously described [46].
Transfected cells were treated the next day with hygromycin B
(200-400 pg/mL) for plasmid selection. To generate resistant
clones, transfected cells were cultured for >3 weeks, followed by
isolation of surviving colonies and multiple passages under spe-
cific antibiotic selection. A total of 21 new resistant clones were
generated, which produced varying amounts of VP40 (select
clones are shown in Supplementary Figure 1). Two clones, an
intermediate and a high VP40-producing clone, were selected
to complement an existing low VP40-producing clone that we
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previously published (EVTR2C) [12]. For clarity, we renamed
this clone V2CL (VP40 293T Clone Low), whereas we desig-
nated the medium and high clones V2CI (VP40 293T Clone
Intermediate) and V2CH (VP40 293T Clone High), respec-
tively. All resistant clones were kept under constant hygromycin
B (200 pg/mL for V2CL; 400 pg/mL for V2CI and V2CH) anti-
biotic selection.

Transfections of U937 cells, HeLa cells, and PBMCs were per-
formed with log-phase cells and attractene reagent (QIAGEN)
according to the manufacturer’s instructions. In brief, 1.65 x 10°
log-phase cells were incubated with transfection complexes
formed from 1.5 pug of VP40-producing plasmid DNA and
1.5 uL attractene reagent in serum-free media. Cells and com-
plexes were incubated for 3 days in 100 uL, followed by analysis
of cell viability by CellTiter-Glo assay.

Capture of Extracellular Vesicles, Virus-Like Particles, and Proteins With
Nanotrap Particles
The Nanotrap (NT) particles we used here were provided by
Ceres Nanosciences, Inc. and have been described in detail
previously [47]. In brief, NT particles are highly porous, mul-
tifunctional hydrogel particles, approximately 700-800 nm in
diameter and are composed of high-affinity aromatic dye com-
pounds covalently linked to an interior hydrogel particle struc-
ture. The 2 particles used frequently by our laboratory include
NT80 particles (Ceres no. CN1030), which contain a Reactive
Red 120 core bait, and NT82 particles (Ceres no. CN2010),
which have Cibacron Blue F3GA. Both particle types have a
NIPAm-Bis-AA matrix with a shell lacking vinyl sulfonic acid
[47]. For the capture and isolation of EVs from cell culture
supernatants, a 30-uL slurry (30%) of 1:1 NT80 and NT82 par-
ticles (Ceres Nanosciences) was incubated with 1 mL cell-free,
filtered (0.22 um) supernatant. Samples were bound at 4°C for
24-72 hours. The NT pellets were isolated and washed with
500 pL of sterile 1x phosphate-buffered saline (PBS) without
calcium and magnesium, followed by preparation for down-
stream assays. For western blot analysis, washed NT pellets
were resuspended in 10 pL of Laemmli buffer and then loaded
onto a 4-20% Tris-glycine sodium dodecyl sulfate (SDS) gel.
For the analysis and characterization of VLP, VLPs containing
EBOV VP40, NP, and GP produced in Sf9 insect cells through
recombinant baculovirus infection were used (obtained from
IBT Bioservices). For analysis of VLP passage through 0.22-um
filters, 5 ug of VLP was spiked into 1 mL of sterile 1x PBS, fol-
lowed by filtration (through 0.22 pm) alongside a PBS control.
The resulting filtrate was then incubated with 30 pL of NT80/82
particles (30% slurry) overnight at 4°C. NT pellets were used the
next day for SDS-polyacrylamide gel electrophoresis (PAGE)
and western blot analysis for presence of EBOV proteins. For
the analysis of VLP in comparison to EV distribution upon
passage through size exclusion fractionation before and after
filtration, 10 pug of VLP was spiked into 10 mL of 5-day V2CH

supernatants produced in exosome-free media. Supernatants
were either filtered (through 0.22 um filter) or directly incu-
bated with ExoMAX Opti Enhancer (1:1 reagent/filtered super-
natant; Systems Biosciences) overnight at 4°C to concentrate
EVs. Extracellular vesicles were pelleted, resuspended in 0.5 mL
of sterile 1x PBS, and loaded onto qEVoriginal size exclusion
columns (IZON) according to the manufacturer’s instructions.
Fraction numbers 2-11 (0.5 mL each) were collected and incu-
bated with 30 uL of NT80/82 30% slurry overnight at 4°C. The
resulting NT pellets were then resuspended in Laemmli buffer
for SDS-PAGE and western blot analysis of EBOV protein and
exosomal marker levels.

Extracellular vesicles were obtained from EBOV-infected
cell cultures under biosafety level (BSL)-4 conditions. Human
umbilical vein endothelial cells (HUVECs) were infected with
EBOV H.sapiens-tc/COD/1995/Kikwit (multiplicity of infec-
tion [MOI] of 1) and incubated for 3 days. Two milliliters of
supernatants were harvested, passed through a 0.22-um filter,
and incubated with ExoMAX (1:1 reagent/filtered supernatant)
reagent overnight at 4°C to concentrate EVs. Extracellular vesi-
cles were pelleted, resuspended in 0.5 mL of sterile 1x PBS, and
loaded onto qEVoriginal size exclusion columns according to
the manufacturer’ instructions. Purified vesicles were collected
as 0.5-mL fraction numbers 7-10. Each fraction was incubated
with 30 pL of NT80/82 (30% slurry) at room temperature for 1
hour. Extracellular vesicle-bound NTs were then washed once
with 1x PBS and resuspended in 10 pL of 2x NuPAGE LDS
sample buffer (Thermo Fisher) for SDS-PAGE and western blot
analysis of EBOV protein levels. Samples were heated at 95°C
for 10 minutes twice before electrophoresis.

For the capture and isolation of EV's from inactivated (gamma
irradiation) rhesus monkey (Macaca mulatta) serum samples
(obtained from US Army Medical Research Institute of Infectious
Diseases), 100 pL of serum from each animal (n = 3; 2 EBOV+,
1 EBOV-) were diluted in 400 pL of sterile 1x PBS without cal-
cium or magnesium and passed through a 0.22-pum filter. Samples
were incubated with 25 pL of NT80/82 30% slurry for 48 hours
at 4°C. The NT pellets were washed with sterile 1x PBS without
calcium and magnesium and resuspended in 10 uL Laemmli
buffer for western blot analysis of exosomal markers and VP40
protein. Nonhuman primate details are as follows: NHP 1
(EBOV-) = day 0 prebleed serum; NHP 2 (EBOV+) = pooled
serum from days 4 to 5 postinfection (pi), animal died on day 7;
NHP 3 (EBOV+) = pooled serum from days 8 to 11 pi, animal
died on day 12. All experiments involving NHPs and inactivated
EBOV samples were carried out under the Institutional Biosafety
Committee-approved institutional biosafety guidelines and were
performed at BSL-2/2+ level.

Cell Cycle Analysis
The 293T, V2CL, or V2CH cells were either plated in 0.1% FBS
DMEM, blocked with hydroxyurea for 2-5 days, or preblocked
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with hydroxyurea for 18 hours (20 mM final concentration;
Sigma). Cells were placed in fresh DMEM for 1 hour, followed
by addition of nocodazole (50 ng/mL; Sigma) for 2-5 days. After
the block, the cells were either (1) imaged with EVOS XL Core
Imaging System (Life Technologies) and subsequently assayed
for cell viability or (2) harvested, lysed, and used for down-
stream western blot analysis. Extracellular vesicles from blocked
cells were obtained after 5 days of incubation in exosome-free
media and isolated with N'T80/82 particles. Extracellular vesi-
cle-bound particles were then used for either western blot, ace-
tylcholinesterase (AChE) assay, or ZetaView analysis.

Cell Treatment and Viability Assay

Cells were seeded into 96-well plates at 50 000 cells per well in
fresh media followed by treatment. All wells were plated and
treated in triplicate. For treatment of CEM, Jurkat, U937, and
293T cells with cell culture supernatants, control cells or resis-
tant clones were cultured for 5 days in exosome-free media to
maximize EV concentration within the media, as previously
described [26]. Media were then harvested from the cells, cen-
trifuged for 10 minutes at 20800 xg to remove cells and cellu-
lar debris, and filtered (0.22 pum). Seeded cells in fresh media
(50 pL total) were then treated with 50 uL of supernatant. All
treatments of CEM, Jurkat, U937, and 293T cells were incu-
bated for 5 days, followed by measurement of cell viability
using CellTiter-Glo Cell Luminescence Viability kit (Promega,
Madison, WI) as per manufacturers instructions. In brief,
100 uL of CellTiter-Glo reagent were added to the wells (1:1
reagent/cell suspension). The plate was shaken for 2 minutes,
incubated at room temperature for 10 minutes, and followed by
detection of luminescence using the GloMax Explorer multide-
tection system (Promega). For the viability analysis of cell cycle
blocks, 293T, V2CL, and V2CH cells were seeded as described
above. Starvation wells were plated in fresh 0.1% FBS DMEM,
whereas all others were in 10% FBS DMEM. Cells were then
treated with either hydroxyurea (20 mM) or nocodazole (50 ng/
mL). Cells receiving nocodazole treatment were pretreated for
18 hours with hydroxyurea (20 mM). It should be noted that
hydroxyurea is normally used at 1-2 mM to block cells, but here
we have tested higher concentrations to block cells without cell
death. Cells were incubated for 5 days followed by measurement
of cell viability using CellTiter-Glo assay as described above.

Preparation of Whole-Cell Extracts and Western Blot Analysis

Cell pellets were harvested, washed twice with 1x PBS with-
out calcium and magnesium, and resuspended in lysis buffer
(50 mM Tris-HCI [pH 7.5], 120 mM NaCl, 5 mM EDTA, 0.5%
Nonidet P-40, 50 mM NaF, 0.2 mM Na,VO,, I mM dithio-
threitol [DTT], and 1 complete protease inhibitor mixture
table/50 mL [Roche Applied Science]). The suspension was
incubated on ice for 20 minutes with gentle vortexing every 5
minutes, followed by centrifugation at 10000 xg at 4°C for 10

minutes. Protein concentration from the lysate supernatant was
quantified using Bradford protein assay according to the manu-
facturer’s instructions (Bio-Rad).

Preparation of EBOV-infected HUVEC lysates was per-
formed as previously described [48]. Infected HUVECs were
fixed in 10% neutral-buffer formalin at 4°C in 6-well plates.
Fixed HUVEC monolayers were washed in PBS, a solution of
300 mM of Tris pH 8.0 containing 2% SDS was added, and
cells were scraped off and transferred to polypropylene tubes.
Samples were heated at 100°C for 30 minutes, then 60°C for 2
hours. Excess SDS was dialyzed using spin filtration, and pro-
tein content was determined by BCA assay.

For western blot analysis, whole-cell extracts (10-30 pg)
were resuspended in 10 puL of Laemmli buffer, heated at 95°C
for 3 minutes, and loaded onto a 4-20% Tris-glycine SDS gel.
NT particle pellets were resuspended in 10 pL of Laemmli buf-
fer, heated at 95°C for 3 minutes, and vortexed 3 times until
fully resuspended. The eluted material was then loaded onto
a 4-20% Tris-glycine gel. Gels were run at a maximum 150 V
and wet-transferred overnight at 50 mA onto polyvinylidene
difluoride (PVDF) membranes. Membranes were blocked in
5% milk in 1x PBS containing 0.1% Tween 20 for 1 hour at 4°C,
then incubated overnight at 4°C with appropriate primary anti-
body: a-Caspase 3, a-poly(ADP-ribose)polymerase-1 (PARP-
1), a-Alix, a-VPS4, a-CHMP6, a-TSG101, a-EAP20, a-EAP45,
a-cyclin D1, a-cyclin E, a-cyclin A, a-cdk2, a-cdk4, a-cdkeé,
a-cdc2 p34 (a-cdkl), a- histone deacetylase 1 ((HDACI1] Santa
Cruz Biotechnology); a-B-actin (Abcam); a-CD63, a-CD81,
a-CD9 (Systems Biosciences); a-cyclin B1 (Cell Signaling);
and a-GP, a-NP, and a-VP40 (IBT Bioservices). Extracellular
vesicles from EBOV-infected HUVECs and lysates from EBOV-
infected cells were dry-transferred to PVDF membranes with
the iBlot system (Thermo Fisher). VP40 and NP were detected as
described above, whereas GP was detected with murine mono-
clonal EBOV GP-specific antibody 6D8 [49]. Membranes were
then incubated with the appropriate horseradish peroxidase
(HRP)-conjugated secondary antibody for 2 hours at 4°C and
developed using Clarity or Clarity Max Western ECL Substrate
(Bio-Rad). Luminescence was visualized on a ChemiDoc Touch
Imaging System (Bio-Rad).

Isolation of Exosomes for Characterization and Functional Assays

Our laboratory has substantial experience in the isolation and
preparation of exosomes and EV's for characterization and func-
tional analysis, particularly in the context of viral infection [12,
21,22, 26,27, 50-52]. For the experiments used here, 293T cells
and VP40 clones were grown in exosome-free DMEM contain-
ing 10% heat-inactivated FBS (ultracentrifuged at 100000 xg
for 90 minutes to remove vesicles), 1% L-glutamine, and 1%
streptomycin/penicillin (Quality Biological). Exosome prepa-
rations were made from exosome-free cell culture supernatant
(filtered; 0.22 pum) produced from fully confluent cells grown
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for 5 days. For isolation of exosomes for western blot analysis
and AChE assay, NT80/82 particles were used as described
above. For the characterization of exosomes by gradient sepa-
ration and western blot, 10 mL of unfiltered cell culture super-
natant was incubated with 10 mL of ExoMAX Opti Enhancer at
4°C overnight. The vesicle pellet was spun down at 1500 xg for
30 minutes and resuspended in 300 pL sterile 1x PBS without
calcium or magnesium. Resuspended vesicles were then placed
on top of iodixanol (OptiPrep; Sigma) gradients prepared in 1x
PBS in 1.2% increments ranging from 6% to 18%. The gradient
was ultracentrifuged for 90 minutes at 100000 xg in a SW41
Ti rotor (Beckman). Gradient fractions were collected from the
top of the gradient in 1-mL increments and transferred to ster-
ile 1.5-mL microcentrifuge tubes. Separated iodixanol fractions
were incubated with 30 uL of NT80/82 30% slurry at 4°C over-
night, followed by processing for western blot or MS analysis.
Alternatively, select iodixanol fractions were pooled and resus-
pended in sterile 1x PBS, followed by ultracentrifugation for 90
minutes at 100000 xg in a Ti-70 rotor (Beckman) to pellet EVs
for the removal of iodixanol for downstream functional assays.
Direct isolation of EVs from small volumes of cell-free super-
natants from 293T and V2CH cells (grown in exosome-free
media) was completed by ultracentrifugation for 90 minutes
at 100000 xg in a TL-100 rotor (Beckman). Resulting EV pel-
lets were resuspended in 40 uL of sterile 1x PBS and used for
ZetaView analysis and subsequent functional assays.

Acetylcholinesterase Assay

ACHE protein levels of the exosomes were determined with
the FLUOROCET Ultrasensitive Exosome Quantitation
Assay Kit (Systems Biosciences) following the manufacturer’s
instructions. In brief, a negative control containing buffer solu-
tion (exosome negative) and standard curve were prepared.
Nanoparticle pellet samples (from filtered cell culture media)
were plated and treated. Fluorescence corresponding to AChE
activity was measured with a GloMax Explorer multidetection
system (Promega). The number of exosomes was calculated
using the standard curve.

ZetaView Nanoparticle Tracking Analysis

Nanoparticle tracking analysis (NTA) was performed using
the ZetaView Z-NTA (Particle Metrix) and its corresponding
software (ZetaView 8.04.02). One hundred nanometer poly-
styrene nanostandard particles (Applied Microspheres) were
used to calibrate the instrument before sample readings at a
sensitivity of 65 and a minimum brightness of 20. Automated
quality control measurements including, but not limited to, cell
quality check and instrument alignment and focus were also
performed before the use of the ZetaView for sample measure-
ments. For each measurement, the instrument preacquisition
parameters were set to a temperature of 23°C, a sensitivity of
85, a frame rate of 30 frames per second, and a shutter speed of

250. For each sample, 1 mL of the sample, diluted in deionized
water, was loaded into the cell, and the instrument measured
each sample at 11 different positions throughout the cell, with
3 cycles of readings at each position. After automated analysis
and removal of any outliers from the 11 positions, the mean,
median, and mode (indicated as diameter) sizes and the con-
centration of the sample were calculated by the machine soft-
ware. Measurement data from the ZetaView were analyzed
using the corresponding software, ZetaView 8.04.02, and
Microsoft Excel 2016. We selected the mode, defined as the size
of the most abundant particles, as the measurement for size in
our analysis.

Cytoplasmic Versus Nuclear Isolation

Cytoplasmic and nuclear compartments were isolated and
extracted using the NE-PER Nuclear and Cytoplasmic
Extraction Reagent kit (Thermo Fisher Scientific) according to
the manufacturer’s instructions. In brief, log-phase 293T and
V2CH cells (1 x 10°) were harvested, washed once in 1x PBS,
and incubated with ice cold CER I (100 uL). Samples were vor-
texed for 15 seconds and incubated on ice for 10 minutes. Next,
ice cold CER II was added (5.5 pL) to each sample, vortexed for
5 seconds, and incubated on ice for 1 minute. Tubes were then
vortexed, spun for 5 minutes at 16000 xg, followed by trans-
fer of cytoplasmic fractions to clean prechilled tubes. Insoluble
nuclei pellets were suspended in ice cold NER (50 uL), vortexed
for 15 seconds, and incubated on ice for 40 minutes with addi-
tional vortexing every 10 minutes. Samples were centrifuged for
10 minutes at 16000 xg, and resulting nuclear fractions were
transferred to clean prechilled tubes. Resulting fractions were
analyzed for protein concentration by Bradford assay (Bio-Rad)
and used for SDS-PAGE and subsequent western blot analysis.

Kinase Assay

Peptide kinase assays were performed as described pre-
viously [12]. In brief, immunoprecipitation (IP) was per-
formed by incubation of 500 pg of 293T or V2CH whole-cell
extracts with 10 pg of appropriate primary antibody (a-cyclin
D1, a-normal rabbit immnunoglobulin [Ig]G; Santa Cruz
Biotechnology) and 1 mL of TNE50 + 0.1% NP-40 for 24
hours at 4°C. The next day, complexes were precipitated with
50 pL of a 30% slurry of A/G beads (Calbiochem) for 2 hours
at 4°C and washed twice with TNE50 + 0.1% NP-40 and once
with kinase buffer. Phosphorylation reactions were performed
with IPed material (15 pL), 50 pg of appropriate peptide (780S
[7SRPPTLSPIPHIPR’®], ~ 780A  [”’RPPTLAPIPHIPR’®]
[ABclonal Science]), and [y-3*P] ATP (2 uL) as substrates
in TTK kinase buffer containing 50 mM HEPES (pH 7.9),
10 mM MgCl,, 6 mM EGTA, and 2.5 mM DTT. Some sam-
ples were also incubated with cdk4/6 inhibitor Fascaplysin
(I uM; Abcam). The reaction mixtures contained the follow-
ing final concentrations: 40 mM B-glycerophosphate (pH 7.4),
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7.5 mM MgCl, 7.5mM EGTA, 5% glycerol, [y-**P] adenosine
triphosphate (ATP) (0.4 mM, 1 uCi), 50 mM NaF, 1 mM ortho-
vanadate, and 0.1% (v/v) B-mercaptoethanol. Reactions were
incubated at 37°C for 1 hour, and samples (10 pL) were dotted
onto Whatman glass microfiber filters, dried for 30 minutes,
and subsequently submerged in 1x TE buffer with gentle agita-
tion for 48 hours. Samples were quantified using a scintillation
counter (QuantaSmart CPM assay count).

Chromatin Immunoprecipitation and Quantitative Polymearse Chain
Reaction for Cyclin D1 Promoter DNA

Log-phase 293T and V2CH cells (3 x 10° cells) were harvested
and processed for chromatin IP (ChIP) and cyclin D1 pro-
moter PCR using the Imprint Chromatin Immunoprecipitation
Kit (Sigma) according to the manufacturer’s instructions. In
brief, samples were cross-linked using 1% formaldehyde and
incubated for 1 hour, followed by quenching with 1.25 M gly-
cine (9:1 cell suspension/glycine). Samples were sonicated and
used for IP with 1 pg of a-RNA Pol I, a-p300 (Santa Cruz), or
a-VP40 (IBT Bioservices) at 4°C overnight. The next day, a 30%
slurry of A/G beads (Calbiochem) was added and incubated
for 2 hours at 4°C. The samples were washed once with each
TNE300 + 0.1% NP40, TNE150 + 0.1% NP40, TNE50 + 0.1%
NP40, and IP Wash Buffer (Sigma) before the addition of pro-
teinase K (800 units/mL). After a 15-minute incubation at 65°C,
Reversing Solution (Sigma) was added, and samples were incu-
bated at 65°C for an additional 90 minutes. The DNA was puri-
fied, and quantitative PCR analysis was performed with 2 pL
of undiluted aliquots of DNA using SYBR Green (Bio-Rad) with
the following pair of primers that amplify the cyclin D1 pro-
moter region containing the RNA Pol II start site (+1): cyclin
DI1-Reverse (-180), (5-CAC TTC GCA GCA CAG GAG-3,
Tm = 56.3°C); and cyclin D1-Forward (+238), (5-CGG ACT
ACA GGG GCA ACT-3’, Tm = 57.0°C). Serial dilutions of DNA
from 293T cells were used as quantitative standards. The PCR
conditions were as follows: 1 cycle at 50°C for 2 minutes, fol-
lowed by 1 cycle at 95°C for 2 minutes, and 42 cycles at 95°C
for 15 seconds and 48.7°C for 40 seconds. The absolute quan-
tification of the samples was determined based on the cycle
threshold value relative to the standard curve. Quantitative PCR
reactions were carried out in triplicate using the CFX96 Real
Time System (Bio-Rad).

Mass Spectrometry

The EVs from NT80/82 NT particle-processed 10.8 and 12.0
iodixanol fractions (as described above) were treated with 8 M
of urea with 0.00005% DTT to lyse the vesicles. The samples
were reduced with 10 mM of DTT and alkylated with 50 mM
of iodoacetamide. The samples were next diluted by a solu-
tion of equal parts water and 500 mM of NH,HCO,, followed
by trypsin (Promega) digestion for 4 hours at 37°C. Samples
were then centrifuged at 12000 xg at room temperature for 10

minutes, and supernatants were collected into a microcentri-
fuge tube. ZipTip was then used to collect the peptide samples,
which were dried and resuspended in 10 uL of 0.1% trifluo-
roacetic acid solution before loading into an Orbitrap Fusion
mass spectrometer. Bioinformatic searches from Swiss-Prot
were used to identify peptides, and a label-free precursor ion
detection method (Proteome Discoverer, version 1.3; Thermo
Fisher Scientific) was used for accurate mass measurements on
proteins and peptides with specific retention times on precur-
sors and fragments.

Cytokine Analysis and Densitometry

293T and V2CH cells were cultured in exosome-free DMEM for
5 days, followed by harvesting and filtering (0.22 um) of super-
natants. Ten milliliters of supernatant samples were incubated
1:1 with ExoMAX at 4°C overnight, spun down, resuspended,
and separated on an OptiPrep iodixanol gradient, as described
above. The 10.8 and 12.0 iodixanol fractions for each cell type
were combined and used side-by-side with unprocessed cell
supernatants (filtered; 0.22 um). For analysis of cytokine pro-
files in whole supernatant versus in association with exosomes,
human cytokine array membranes (Abcam) were used accord-
ing to the manufacturer’s instructions. In brief, membranes
were blocked at room temperature for 30 minutes, followed by
incubation with sample overnight at 4°C with gentle rocking.
The next day, samples were aspirated, and membranes were
washed and then subsequently incubated overnight at 4°C with
biotin-conjugated a-cytokines. Membranes were then washed,
incubated with HRP-conjugated streptavidin for 2 hours at
room temperature, and washed again. Detection of chemilum-
inescence was accomplished via ChemiDoc Touch Imaging
System (Bio-Rad). Raw densitometry counts were obtained
using Image] software. Exposures were matched between
cytokine membranes according to positive control signals.
Densitometry data were normalized by subtracting the back-
ground represented by the negative control on each membrane.

Statistical Analysis

Standard deviation was calculated in all quantitative exper-
iments done in triplicate. All P values were calculated using
2-tailed Student’s ¢ tests (Microsoft Excel) and were considered
statistically significant when P < .05.

RESULTS

Cells Producing VP40 Are Dysregulated in Their Cell Cycle

In our previous work, we used a stably transfected VP40-
producing clone cell line that we named V2CL (EVTR2C [12];
see Methods) to show that VP40 can be packaged into exosomes
and thereby impact recipient cells. To further verify our find-
ings, we transfected a new series of 293T cells with EBOV VP40
plasmid (pcDNA3.1/Hygro) and treated them with hygromycin
B for plasmid selection. After >3 weeks culture under constant
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antibiotic selection, surviving colonies (total of 21 clones) were
isolated and cultured for 5 days. EV's by NT80/82 particle incu-
bation and western blot analysis for VP40 levels and exosomal
markers. Results in Supplementary Figure 1 show a representa-
tive panel of 6 of the resulting clones: V2C1-4, V2CI, and V2CH.
Most of the V2C lines (19 of 21) produced similar levels of VP40
in EV western blot analysis. However, 2 lines, V2CI and V2CH,
produced lower and higher levels of VP40, respectively, in com-
parison to the rest of the clones, while still exhibiting higher
levels of exosomal marker Alix and Actin. This finding indicates
that these 2 clones may produce higher levels of EVs with dif-
ferential amounts of VP40 packaged. Compared side-by-side to
the pre-existing V2CL line, which produced very low levels of
extracellular VP40, V2CI produced intermediate levels, whereas
V2CH released high levels of VP40 in EVs (data not shown).
For this reason, we chose these 2 lines to utilize in future exper-
iments to determine dose dependency of VP40 on donor and
recipient cell responses.

In the process of generating these clones, we observed a
notably accelerated growth in cells producing VP40 (data not
shown). It is well documented for many viruses, including
human immunodeficiency virus type 1 (HIV-1), human cyto-
megalovirus, human T-cell leukemia virus type 1 (HTLV-1),
Epstein-Barr virus (EBV), human papillomaviruses (HPVs),
Kaposi sarcoma herpesvirus, hepatitis B virus, hepatitis C virus,
adenoviruses, influenza viruses, and infectious bronchitis virus,
that infected cells are altered in their cell cycle to benefit viral
replication [53-56]. Therefore, we asked whether a similar phe-
notype occurred within VP40 clones. To address this question,
we blocked control 293T, V2CL, and V2CH cells at the G, G//S,
and G,/M stages of the cell cycle for either 2 or 5 days to observe
changes in cell morphology and viability (Figure 1). Data in
Figure 1A show that after 2 days of cell cycle blocks, all cell types
had the expected morphology with minimal cell death. More
specifically, G cells appeared adherent and stretched, G,/S cells
were adherent and enlarged, whereas G,/M cells were smaller
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Figure 1. Cell cycle analysis of VP40 clones. 293T, V2CL, and V2CH cells were seeded in a 96-well plate at 5 x 10° cells in 100 uL of fresh media. Cells were blocked at G,

(starvation; 0.1% fetal bovine serum DMEM), G,/S (20 mM of hydroxyurea), and G,/M (18-hour 20 mM of hydroxyurea pretreatment, followed by release for 1 hour, and sub-
sequent treatment with 50 ng/mL of nocodazole) for 2 days. Blocked cells were then imaged (A) and assayed for cell viability with CellTiter-Glo (B). The same experiment was
repeated; however, cells were allowed to incubate for 5 days after blocking. Cells were subsequently imaged (C) and assayed for cell viability via CellTiter-Glo (D). Statistical
analysis by Student's 2-tailed t test compares V2CL and V2CH cell cycle-blocked groups with corresponding 293T groups (t, P< .05; 1, P<.01; 11, P< .001). Additional
Student’s 2-tailed ttest compares cell cycle-blocked groups with controls of their own cell type (**, P<.01; ***, P<.001).
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and rounded. Results from the corresponding 2-day cell viabil-
ity assay (Figure 1B) indicated that all blocked cells had reduced
viability, as would also be expected with functioning cell cycle
blocks. After 5 days, a different pattern between cell types was
observed. Control 293T cells retained similar phenotypes at
5 days compared with 2 days. However, it should be noted that
significant cell death was observed for 293T cells at both G,/S
and G,/M after 5 days (Figure 1C and D). In contrast, VP40
donor cells expressed greater cell viability at G,/S and G,/M, in
line with increasing amounts of VP40 produced (Figure 1D).
Strikingly, with increased levels of VP40 produced, V2C cells
adhered less to the expected phenotype exhibited by 293T cells.
At G, after 5 days, V2C cells were more viable compared with
293T cells and had clumped together to form structures that
closely resembled viral synapses (Figure 1C), similar to those
seen with viruses such as HIV-1, Japanese encephalitis virus,
influenza A virus, and HTLV-1 [57-61]. It is possible that these
clumped structures may represent a potential synaptic mecha-
nism used by EBOV in epithelial cell infection when nutrients
are depleted and cell cycling is hindered. In addition, V2C cells
at G,/S and G,/M continued to “slip through” cell cycle blocks,
especially in V2CH cells, as demonstrated by many rounded
cells (G,/M) present in G,/S-blocked cultures and many adher-
ent cells (G,/S) in G,/M-blocked cultures (Figure 1C). This pat-
tern was further demonstrated by an increase in cell viability of
V2C cells compared with 293T at G,/S and G,/M (Figure 1D).
Finally, regardless of the length of incubation, there was a
VP40 production level-dependent increase in the number and
viability of V2C control cells compared with 293T, support-
ing our previous observation of an increased growth rate in
VP40-producing cells. Taken together, these results indicate
that cells producing VP40 may have accelerated rates of growth
directly proportional to the amount of VP40 being produced.
Furthermore, VP40-producing cells may potentially be able
to push past cell cycle blocks imposed by external or internal
influences, indicating a dysregulation of cell cycle checkpoints
and resulting in increased survival under various environmen-
tal stresses.

VP40 Increases Functional Cyclin D1 Levels in Donor Cells

As V2C cells had been observed to have accelerated growth, we
next explored the effect of VP40 production on levels of cyclin
and cdk proteins. Western blot analysis of cyclin and cdk lev-
els in 293T, V2CL, V2CI, and V2CH cells showed that levels of
cdkl increased in all V2C cells, whereas cdk2, -4, -6, and cyclin
E showed only a small upregulation with increasing VP40 pro-
duced (Figure 2A). Cyclins A and B1 were initially increased
with low levels of VP40 but then decreased in a dose-dependent
manner with increasing levels of VP40 produced. On the other
hand, cyclin D1 increased in a VP40 dose-dependent manner.
Increased levels of cyclin D1 have previously been shown to
result in accelerated cell cycling and many types of oncogenic

phenotypes [62-64]. In addition, several viruses, including
HTLV-1, HPV, EBV, human neurotropic JC virus, and human
respiratory syncytial virus, have previously been shown to influ-
ence the levels of cyclin D in infected cells to aid in their viral
life cycle [65-70].

Cyclin DI’s primary role during cell cycle is to bind to its
cdk partner(s), cdk4 or cdké, to activate its kinase activity,
and thereby phosphorylate its substrate Rb to induce cell cycle
progression from G, to S phase [62]. Therefore, we investi-
gated the ability of cyclin D1 from V2C cells to initiate phos-
phorylation of its substrate Rb at the Serine-780 residue. Two
13-mer peptides were generated: one 780S peptide mapping
to a cyclin D1/cdk4 phosphorylation site of Rb, and one 780A
peptide (S780A point mutation) [71]. Control 293T and V2CH
whole-cell extracts were immunoprecipitated with a-cyclin D1
or IgG. Precipitated complexes were incubated with either 780S
or 780A peptide, and some were incubated with Fascaplysin
(cdk4/6 inhibitor). In vitro kinase assays were then performed
using [y-**P] ATP. Results in Figure 2B show that in 293T cells,
active cyclin D1 complexes phosphorylated the 780S peptide
as expected, whereas the 780A peptide and the 780S peptide
incubated with Fascaplysin had only minimal background
levels of phosphorylation. It is interesting to note that V2CH
cells had an increased level of phosphorylation of 780S by IPed
cyclin D1 compared with 293T cells. Moreover, incubation with
Fascaplysin did not completely ameliorate the cyclin D1 activity
on the 780S peptide. Taken together, these results indicate that
cyclin D1 has a higher level of activity in V2CH cells compared
with 293T cells, and that inhibition of active cyclin D1/cdk4/6
complexes in V2CH cells by Fascaplysin is less effective. This
finding could perhaps be due to an overall greater amount of
cyclin D1 present in V2CH cells, and therefore a higher concen-
tration of Fascaplysin may be needed to prevent kinase activity.

VP40 Is Present in the Nucleus and Binds the Cyclin D1 Promoter

Based upon our observations of accelerated growth and
increased levels of cyclin D1 in cells producing VP40, we next
wished to investigate potential factors contributing to cyclin
D1 transcription. Previous studies have shown the intriguing
presence of EBOV VP40 within the nucleus, especially at early
time points in infection [72-74]. To confirm VP40 presence
in the nuclear compartment of our VP40 clones, cytoplasm
and nuclear fractions of 293T and V2CH cells were isolated
by NE-PER Nuclear and Cytoplasmic Extraction kit. CHMP6
(cytoplasmic protein; ESCRT-III component) and HDACI1
(nuclear protein involved in chromatin remodeling) were used
as controls for cytoplasmic and nuclear compartments, respec-
tively. Actin was also used to measure even loading of samples,
because Actin has been shown to be abundantly present in both
the cytoplasm and the nucleus [75, 76]. Results in Figure 2C
show that VP40 protein was present in both the cytoplasm and
the nucleus of V2CH cells. We were surprised to find that the
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Figure 2.  Effect of nuclear VP40 on cyclin and cdk regulation and activity. (A) Log phase 293T, V2CL, V2CI, and V2CH cells were harvested, lysed, and subjected to SDS/
PAGE for western blot analysis of cyclin D1 (CycD1), cyclin E (CycE), cyclin A (CycA), cyclin BT (CycB1), cdk4, cdk6, cdk2, cdk1, and actin levels. (B) Five hundred micrograms
of 293T or V2CH whole-cell extracts were used for IP with 10 ug of either normal rabbit immunoglobulin G (IgG) or a-CycD1. IPed material was incubated with 50 ulL 30%
of Protein A/G for 2 hours, followed by two 1x PBS washes and 1 kinase buffer wash. Pellets were resuspended in kinase buffer, and 15 ulL samples were incubated with
50 ng of either no peptide, 780S, or 780A peptide, along with 2 uL of [y-3?P] ATP. Some samples were also treated with Fascaplysin ([Fascap.] 1 uM). All samples incubated
for 1 hour, followed by dotting onto Whatman glass microfiber filters and drying for 30 minutes. Filters were incubated in 1x TE buffer with gentle agitation for 2 days, dried,
and then quantified with a scintillation counter. Background levels of CycD1 kinase activity (o-CycD1 IP with 780A peptide substrate) are indicated by black bar. (C) Log phase
293T and V2CH cells were harvested for separation of cytoplasmic (Cyt) and nuclear (Nuc) compartments with the NE-PER Nuclear and Cytoplasmic Extraction Reagent Kit
(Thermo Fisher Scientific). Western blot analysis for levels of VP40, CHMP6, HDAC1, and Actin was performed. (D) Log phase 293T and V2CH cells (3 x 10°) were harvested
and cross-linked with 1% formaldehyde for 1 hour followed by quenching with 1.25 glycine (9:1 cell suspension/glycine). Samples were sonicated, and 100 L of each sample
(corresponding to approximately 5 x 10° cells) was used for IP with 1 ng of anti-Pol Il, a-p300, or a-VP40 at 4°C overnight. The next day, Protein A/G (30% slurry) was added
and incubated for 2 hours at 4°C. Complexes were washed once with each TNE300 + 0.1% NP40, TNE150 + 0.1% NP40, TNE50 + 0.1% NP40, and IP wash buffer before
the addition of proteinase K (800 units/mL). Samples were incubated for 15 minutes at 65°C, reversing solution was added, and samples were incubated for an additional
90 minutes at 65°C. DNA was purified, and qPCR was performed with 2 plL of undiluted DNA with primers for the CycD1 promoter region (spanning 180 to +238 from the
messenger RNA start site at +1). The absolute quantification of the samples was determined based on the cycle threshold value relative to the standard curve generated from
serial dilutions of DNA from 293T cells. Data are presented as percentage (%) of the input (DNA purified from sonicated samples before IP with specific antibodies). Student’s
2-tailed t test compares V2CH ChIPed DNA with corresponding 293T ChiP samples (**, P<.01).

levels of VP40 in the nuclear fraction were nearly equivalent  of host cells. RNA Polymerase II (Pol II) is found on the pro-
with those seen in the cytoplasmic compartment, representing ~ moters of actively transcribed genes, and p300 has previously
a much higher proportion of nuclear VP40 than we had antic-  been shown to be involved in the activation of transcription
ipated. Therefore, we hypothesized that VP40 may potentially  of cyclin D1 and other mitogen-induced genes involved in cell
act as a transcription factor for the cyclin D1 promoter to elicit ~ growth and differentiation [77, 78]. Along these lines, to ascer-
increased levels of cyclin D1, thereby accelerating the growth tain whether Pol II, p300, or VP40 were potentially involved
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in the transcriptional upregulation of cyclin D1, we performed
ChIP analysis of the cyclin D1 promoter in both 293T and
V2CH cells. Data in Figure 2D show that in 293T cells, back-
ground levels of Pol II, p300, and VP40 were <3% of the DNA
input (2.8%, 2.6%, and 2.7%, respectively). The background lev-
els of these, particularly VP40, may be partially attributed to
nonspecific binding of proteins during the IP procedure during
ChIP. Interestingly, Pol IT on the cyclin D1 promoter more than
doubled to 5.9%, whereas p300 increased more than 4-fold to
11.11% of DNA input in V2CH cells. Even more surprising,
VP40 was present on the cyclin D1 promoter in V2CH cells
at an astounding 38.4% of DNA input. Collectively, these data
suggest that VP40, Pol II, and p300 are present at elevated lev-
els on the cyclin D1 promoter in cells producing VP40, which
may result in the upregulated transcription of cyclin D1. This
in turn may be responsible for the accelerated cell cycling of
VP40-producing cells. Additional consequences of this abun-
dance of nuclear VP40 are likely, which should be the focus of
future studies.

Altered Growth Dynamics Occur in Other Cell Types Producing VP40

To determine whether production of VP40 resulted in upreg-
ulated growth in other cell types, we transfected U937 mono-
cytes and HeLa cells with VP40-producing plasmid using
attractene reagent alongside attractene-treated controls (no
plasmid) for 3 days. Cells were then analyzed for differences in
viability. Data in Figure 3A show that transfection with VP40
had little effect on U937 cells, whereas HeLa cells were signifi-
cantly increased in viability. Next, to explore the effect of VP40
production in primary cells, PBMCs were transfected with
CMV-VP40 for 3 days with attractene reagent, followed by
analysis of cell viability. Results in Figure 3B show one repre-
sentative PBMC sample, as well as the pooled data for PBMCs
tested in biological triplicate (PBMC x3). For all PBMC:s tested,
an increase in cellular viability was observed upon transfec-
tion with VP40 in comparison with control-treated cells.
Collectively, these data point to an increased rate of growth in
some cell types other than 293T, including primary cells, and
thereby potentially indicating a cell type-dependent effect of
VP40 on growth regulation.

VP40 Alters Exosome Biogenesis in a Cell Cycle-Dependent Manner

We previously showed that exosomes from V2CL cells are
enriched in specific markers CD63 and Alix, whereas donor
cells contain higher levels of ESCRT proteins [12, 13]. Therefore,
we asked whether the altered cell cycle dynamics in VP40 donor
cells could impact EV production. Control 293T and V2CL cells
were blocked at G, G,/S, and G,/M stages of the cell cycle and
analyzed for levels of ESCRT proteins and exosomal markers
(Figure 4A). Side-by-side analyses of EV contents and AChE
activity of the exosomes produced from cell cycle blocked cells
were likewise performed (Figure 4B and C). Data in Figure 4A
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Figure 3. Alteration of cell viability by VP40 in multiple cell types. Cells including
(A) U937, Hela, and (B) 3 peripheral blood mononuclear cells (PBMCs) log-phase
cultures (~1.65 x 10° cells) were transfected with attractene and 1.5 pg of cyto-
megalovirus-VP40 plasmid. The PBMCs received a 1-time treatment of 50 1U/mL
of interleukin-2 the day before transfection. Control cells received attractene treat-
ment alone. Cell viability was assayed 3 days post-transfection. Statistical analysis
by Student’s 2-tailed ¢ test compares control cells with transfected cells (¥, P< .05;
** P<.01).

show that, interestingly, unsynchronized control V2CL cells had
drastic differences in ESCRT protein levels compared with con-
trol 293T cells (Figure 4A, compare lane 5 vs 1). Consistent with
our previous findings [12], levels of TSG101 and Alix were also
increased in unsynchronized V2CL cells. In addition, V2CL
cells had a greater abundance of a modified form of EAP45
(EAP45 B) and glycosylated CD63 when unsynchronized.
Moreover, control V2CL cells contained a distinct pattern of
VPS4 bands between 50 and 70 kDa (VPS4A-C) that resembled
293T cells at the G,/S or G,/M phases. The functional signif-
icance of these larger forms of EAP45 and VPS4 is currently
uncertain. Changes at G, were also present, with increased
levels of TSG101, CHMP6, EAP20, Alix, and CD63 in V2CL
compared with 293T cells (Figure 4A, compare lanes 6 vs 2).
Changes between 293T and V2CL cells at G,/S or G,/M phases
were less drastic with only minor differences. Collectively, these
data indicate that V2CL cells may have a different cell cycle
dynamic compared with 293T control cells, particularly at G,
resulting in altered patterns of ESCRT proteins and exosomal
markers.
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Figure 4. Differential biogenesis of exosomes at different phases of the cell cycle. 293T and V2CL cells were blocked at G, (starvation; 0.1% fetal bovine serum DMEM),
G,/S (20 mM of hydroxyurea), and G,/M (18-hour 20 mM of hydroxyurea pretreatment, followed by release for 1 hour and subsequent treatment with 50 ng/mL of nocodazole)
for 5 days. Control (unsynchronized) cells were also incubated for 5 days. Black arrows point to bands of noticeable difference between V2CL and 293T cells. (A) Blocked cells
and controls were harvested, washed twice in 1x PBS, and lysed. Samples were run on a 4-20% Tris-glycine gel and analyzed by western blot for the presence of ESCRT
pathway proteins (VPS4, EAP45, TSG101, CHMP6, and EAP20), exosomal markers (Alix and CD63), and Actin. (B) Cell-free supernatants from blocked cells were harvested
and passed through a 0.22-um filter. One milliliter of filtered supernatant was incubated with 30 L of NT80/82 particles overnight at 4°C. The next day, the NT pellet was
washed once in 1x PBS and resuspended in 10 puL Laemmli buffer, followed by SDS/PAGE and western blot analysis for VP40 protein, exosomal markers CD63 and Alix, and
Actin. (C) One milliliter of filtered supernatant from blocked and control cells was incubated with 30 L of NT80/82 particles overnight at 4°C. The next day, the NT pellets
were isolated, washed, and subjected to AChE assay for quantification of exosomes. Statistical analysis was completed by Student's 2-tailed ttest (¥, P<.05; ***, P<.001).

Analysis of exosomal markers from cell cycle-blocked
V2CL cell EVs revealed an increase in all forms of CD63
at G, compared with 293T cells (Figure 4B). When test-
ing for AChE activity (indicative of exosomal abundance),
the total number of exosomes from unsynchronized (con-
trol) 293T vs V2CL cells was not significantly different
(Figure 4C). However, it was interesting to note that at G,
the number of exosomes was reduced by >1 log compared
with unsynchronized control exosomes for both cell types.
This finding was corroborated by the distinct reduction of
most ESCRT (Figure 4A) and exosomal proteins at G, com-
pared with levels at G,/S and G,/M phases (Figure 4A and B).
Both cell types had similar levels of exosomes produced when
blocked at G,/S compared with unsynchronized (control) cells;
however, V2CL cells produced significantly more exosomes at
G,/M compared with control, whereas 293T cells did not. In
addition, V2CL cells produced significantly fewer exosomes at
G, and at G,/S phases compared with 293T cells at the same

phases (Figure 4C). Together, these results suggest that exo-
somes and EV's are produced in a cell cycle-dependent manner,
with cells at G, phase producing significantly fewer vesicles.
Moreover, cells producing VP40 may have an altered pattern
of cell cycle-driven exosomal production, as demonstrated by
differential patterns of ESCRT and exosomal marker protein
expression.

Next, we wished to more closely examine the effects of cell
cycle blocks on EV production in cells producing VP40 at low
and high levels. 293T, V2CL, and V2CH cells were blocked
at G, G,/S, and G,/M phases for 5 days, followed by har-
vesting of the cell culture supernatants, filtration (through
0.22 um), and analysis of the resulting EVs by ZetaView.
Data in Figure 5A display the peak diameter size (mode) of
vesicles released. V2CL cells had significantly larger vesicles
produced at G, compared with 293T cells, whereas V2CH
cells had larger EVs when not only blocked at G,/S and
G,/M phases, but also in untreated cultures when compared
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Figure 5. Extracellular vesicles released by VP40-producing cells at different phases of the cell cycle. 293T, V2CL, and V2CH cells were blocked at G, (starvation; 0.1%
fetal bovine serum DMEM), G,/S (20 mM of hydroxyurea), and G,/M (18-hour 20 mM of hydroxyurea pretreatment, followed by release for 1 hour and subsequent treatment
with 50 ng/mL of nocodazole) for 5 days. Supernatants were harvested, filtered (0.22 um), and analyzed by ZetaView for size (peak [mode] diameter) (A) and concentration of
particles (B). Statistical analysis by Student's 2-tailed ¢ test compares V2CL and V2CH cell cycle-blocked groups with corresponding 293T groups (f, P<.05; 1, P<.01; T11,
P<.001). Additional Student's 2-tailed ¢ test compares cell cycle-blocked groups with controls of their own cell type (¥, P<.05; **, P<.01; *** P<.001).

with 293T cells. In addition, larger vesicles were produced
from all 3 cell types at G, in comparison with untreated con-
trols, although this difference was not consistently significant.
The overall trend regarding EV concentration was that vesi-
cles from V2C cells decreased in number in a VP40 level-de-
pendent manner when compared against 293T cell groups
(Figure 5B). Furthermore, amongst all cell types, the number
of EVs present at G, phase were significantly reduced from
unsynchronized (control) cultures. This finding supports
our earlier conclusions that exosomes may be produced at
lower levels when cells are resting at G, (Figure 4B and C).
It should be noted that ZetaView analysis detects the total
number of vesicles or large particles present, with exosomes
comprising only a fraction of these. Therefore, to determine the
distribution of true exosomes containing VP40, we used our
previously published strategy of exosome characterization by
density gradient ultracentrifugation [50]. Through this meth-
odology, we have shown that it is possible to clearly separate
out exosomes from potentially contaminating viral particles,
thus making more detailed characterizations of specific EV
populations possible. Here, we grew control 293T and V2CI
cells for 5 days, harvested the supernatants, and incubated the
unfiltered supernatants in ExoMAX, followed by separation of
resulting extracellular material through iodixanol density gra-
dient fractionation. Fractions were subjected to western blot
analysis for exosomal marker proteins and VP40. Results in
Figure 6A show that in 293T cells, CD63*CD9*CD81" (exo-
some) fractions fell into 3 distinct categories. First, fractions
8.4-12.0 contained high levels of CD63 and moderate levels
of CD9 and CD81. Previous publications have classified this
group as true exosomes, distinct from viral particles and

apoptotic bodies [16, 50, 79]. Second, in fractions 14.4-15.6,
CD63 was present in moderate amounts, whereas levels of
CD9 and CD81 increased. This population was also consistent
with an exosomal category containing viral particles demon-
strated in previous publications [16, 50, 79], although, in our
case, this group is likely to be exosomes that are larger in size
or more dense than the smaller ones seen in fractions 8.4-12.0.
Finally, the 16.8-18.0 fractions showed a distinct reduction of
CD63 but a drastic increase in CD9, CD81, and Actin. It is
likely that these larger or denser vesicles are not true exosomes
but either microvesicles or apoptotic bodies. In contrast,
V2CI cells had a noticeably different distribution of exoso-
mal markers, although 3 distinct populations were still pres-
ent (Figure 6B). Fractions 8.4-9.6 were almost absent in CD9
and CD81, although CD63 was still present in higher amounts
compared with background. In addition, a shift to the right
of the major CD63*CD9*CD81* population from fractions
10.8-12.0 in 293T EVs to fractions 12.0-14.4 was observed.
Finally, a population with high levels of CD9 and CD81 and
low levels of CD63 was seen from fractions 15.6-18.0, similar
to 293T cells. VP40 protein, although present in all fractions
to various extents, was seen to be enriched in each of the 3 ves-
icle populations, especially in fraction 18.0. This abundance
of VP40 in fraction 18.0 is likely to be due to the presence
of VLPs, beecause there was no filtration through 0.22 um of
the supernatants before vesicle enrichment and fractionation
in this experiment. Altogether, these results suggest that cells
producing VP40 release fewer EVs that are slightly larger
in size, and that these cells in general release significantly
fewer (although larger) exosomes at G,. Furthermore, out-
side of VLPs and virions, VP40 is released in EVs (primarily
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Figure 6. lodixanol gradient separation of extracellular vesicles (EVs) from 293T
and VP40-producing cells. 293T and V2Cl cells were grown in exosome-free media
for 5 days, followed by harvesting of the supernatant and incubation with ExaMAX
(1:1 reagent/filtered supernatant) reagent overnight at 4°C. The EVs were pelleted,
resuspended in 300 pl of sterile 1x PBS, and loaded onto a 6-18% iodixanol den-
sity gradient (1.2% increments). Samples were ultracentrifuged for 90 minutes at
100000 xg, followed by harvesting and isolation of each fraction, and incubation
with 30 pL of NT80/82 particles overnight at 4°C. The NT pellets were washed in
1x PBS, resuspended in 12 plL of Laemmli buffer, and loaded onto a 4-20% Tris-
glycine gel. Western blot of 293T (A) and V2CI (B) fractions were analyzed for levels
of VP40, CD63, CD81, CDY, and Actin. Major groups of EVs or exosome type are
indicated by black boxes.

exosomes) consistent with our previous observations [12, 13],
but it may also be released in other larger vesicles and poten-
tially as free protein or within protein complexes.

Filtration Effectively Removes Virion Particles From Samples, Leaving
Viral Protein-Containing Extracellular Vesicles

Our rationale for utilizing 0.22-um filters in our experiments
was based upon the knowledge that Ebola virions and VLPs
are commonly 1-2 um in size or larger, are rarely straight,
and therefore should not be able to effectively pass through
a 0.22-um filter [36, 37, 39, 42, 80]. In fact, Beniac et al [80]
previously showed that approximately 53% of infectious viri-
ons were 982 = 79 nm in length, with all other virions occur-
ring in multiples of that size. No smaller virions containing

complete genomes were observed in their investigation of over
2000 virions by electron microscopy. On the other hand, EVs
and exosomes below 220 nm in diameter will be able to pass
through 0.22-pm filtration for downstream analysis. To test this
concept, we used VLPs containing VP40, NP, and GP EBOV
proteins. A simple filtration (0.22 pm) of VLPs spiked into 1 mL
PBS is shown in Supplementary Figure 2A, alongside filtered
PBS alone (mock) and unfiltered VLP controls. Filtered sam-
ples were incubated with NT80/82 particles and processed for
western blot analysis of EBOV proteins. The results indicate that
filtration of VLPs in small volumes drastically reduced the levels
of EBOV proteins present to undetectable levels.

Next, to further characterize the distribution of VLPs in
comparison to EVs by size, we spiked 10 pg of VLPs into
10 mL of V2CH supernatants. VLP-spiked supernatants were
then either filtered (0.22 pm) or left unfiltered and incubated
with a vesicle-enrichment agent (ExoMAX). The resulting
material was then loaded on top of qEV (IZON) size exclu-
sion columns, and fractions were collected corresponding to
the column void volume (fraction nos. 2-6) and those known
to contain vesicles larger than 70 nm in diameter (fraction
nos. 7-11). Fractions were next incubated with NT80/82 par-
ticles to concentrate material, followed by western blot analy-
sis for viral proteins, exosomal markers, and Actin. Results in
Supplementary Figure 2B show that, unsurprisingly, proteins
originating from unfiltered VLPs mostly appeared in the first
fraction after the void volume of the column (fraction no. 7),
with some overlap into the next 1-2 fractions. This was shown
by the strong presence of NP and GP, particularly the larger
glycosylated form of GP, and the low levels of Actin, which
we have not observed to be present in our control VLP but
is present in EVs (Supplementary Figure 2B, compare lane
1 to lanes 9-12). However, upon filtration through 0.22 pm,
approximately all EBOV proteins vanished from fraction
number 7, and there was a sizeable reduction in the levels of
GP and NP in fraction numbers 8 and 9. Notably, not all NPs
and GPs , (originating from VLPs) were eliminated from the
fractions after filtration.

Another interesting observation centered around the visi-
ble forms of GP. Specifically, in the unfiltered fractions, with
the higher fraction numbers (corresponding to smaller vesi-
cles), the larger glycosylated form of GP decreased while the
levels of lower molecular weight forms of GP increased. In the
filtered fractions, the glycosylated larger form of GP was pres-
ent only at very low levels, whereas lower molecular weight
GP levels were relatively high. In comparison to the VLP con-
trol (lane 1), the predominant form of GP present was the
glycosylated form. Together, these results suggest that glyco-
sylated GPs may be the principal form within VLPs, whereas
the lower molecular weight forms of GP may be more likely to
be associated with EVs. Collectively, these data may indicate
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that VLPs appear mainly in the larger fraction number 7 and
to a lesser extent in fraction numbers 8 and 9, whereas EVs
and true exosomes will be present in fraction numbers 8-11.

VP40 Is Present at Varying Levels in Extracellular Vesicles In Vitro and

In Vivo

We have previously shown that exosomes from VP40-producing
transfected cells contain VP40 in vitro [12, 13], but, to our
knowledge, VP40 has never been shown to be present in EVs
in the context of full viral infection. To address this, we infected
HUVECs with EBOV/Kik (MOI of 1) under BSL-4 contain-
ment for 3 days, followed by harvesting of the supernatants,
filtration through 0.22 pm, and incubation with ExoMAX.
Enriched vesicles were then loaded onto qEV size exclusion col-
umns. Fraction numbers 7-10 were then collected, incubated
with NT80/82 particles, and analyzed by western blot for EBOV
proteins VP40, NP, and GP, and Actin. Results in Figure 7A
demonstrate that VP40, NP, and GP were all present in the
EVs concentrated from EBOV-infected cells. In addition, all 3
EBOV proteins were observed to be most highly concentrated
in fraction number 8, followed closely by fraction number 9,
which we had shown to be the fractions where most EVs and
exosomes appear (Supplementary Figure 2B). VP40 and NP
were also present in fraction number 7, whereas GP was present
at very low levels in this fraction. It is possible that this fraction
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Figure 7. The presence of VP40 in exosomes in in vitroand in vivo EBOV-infected
cells. (A) HUVECs were cultured and infected with EBOV (MOl of 1) and incubated
for 3 days under BSL-4 containment. Two milliliters supernatant were harvested,
passed through a 0.22-um filter, and incubated with ExoMAX (1:1 reagent/filtered
supernatant) reagent overnight at 4°C. EVs were pelleted, resuspended in 0.5 mL
1x PBS, and loaded on gEV columns. Fraction numbers 7-10 (0.5 mL each) were
collected and separately incubated with 30 uL NT80/82 at room temperature for
1 hour. The EV-bound NTs were washed with 1x PBS, followed by resuspension in
10 plL 2x NuPAGE LDS sample buffer, heating at 95°C for 10 minutes, and loading
onto a 4-12% Tris-glycine gel for subsequent western blot analysis for VP40, GP,
NP, and Actin levels. Negative control (Null) samples consisted of purified exosomes
from uninfected HUVECs. (B) Gamma-irradiated and inactivated NHP (rhesus mon-
key) serum samples were obtained. NHP 1: day 0 prebleed sample. NHP 2: pool of
day 4 and day 5 postinfection (pi); NHP 2 died on day 7 post-EBOV infection. NHP
3: pool of day 8-11 pi; NHP 3 died on day 12 post-EBOV infection. One hundred
microliters of serum were diluted with 400 pL sterile 1x PBS and filtered (0.22 pm).
Twenty-five microliters NT80/82 particles were incubated with the filtered samples
at 4°C overnight. The next day, NT pellets were washed once in 1x PBS, resus-
pended in 12 pL Laemmli buffer, run on 4-20% SDS/PAGE, and analyzed by west-
ern blot for VP40 protein and exosomal markers CD81 and CD9.

may represent slightly larger vesicles that do not incorporate
GP. All 3 proteins were much less abundant in fraction number
10, which contained smaller vesicles. Actin followed a similar
trend, with the most Actin present in fraction numbers 8-9,
and little to no detectable protein present in fraction numbers
7 or 10. Collectively, these results indicate that not only VP40
but GP and NP are also packaged into vesicles in cells actively
infected with EBOV.

To take this one step further, we next used inactivated NHP
serum samples from 2 infected macaques and 1 uninfected
prebleed animal. Inactivated samples were filtered (0.22 um),
EVs were concentrated with N'T80/82 particles, and samples
were analyzed by western blot for levels of VP40 and exoso-
mal proteins. Data in Figure 7B show that exosomes from all
3 NHP serum samples were concentrated, as demonstrated
by the presence of CD81 and CD9 tetraspanins. In addition,
VP40 appeared at fairly high levels in the 2 serum samples
from infected animals. Quantitative densitometry was used
to calculate the approximate amounts of VP40 present in our
V2CH cell EVs and how much was released from infected
NHP samples. V2CH cells released approximately 13.7 ng of
EV-associated VP40/mL, whereas NHP 2 and NHP 3 released
~319 and ~206.5 ng of EV-associated VP40/mL serum,
respectively. In addition, we determined that VP40 composed
on average approximately 55.8% of purified VLPs (containing
GP, NP, and VP40; data not shown). It is interesting to note
that more VP40 was present from NHP 2 serum, which suc-
cumbed to infection sooner (day 7 vs day 12) and whose serum
was collected at earlier time points in infection in comparison
with NHP 3 (days 4-5 vs days 8-11). Therefore, these results
indicate that VP40 is present in EVs from in vivo EBOV infec-
tion, with higher levels potentially being prevalent during
earlier time points or with more robust infection. Although
western blot confirmed the presence of captured exosomes, we
cannot be certain that we did not capture other EVs or free
proteins in our analysis of NHP samples. Therefore, it cannot
be ruled out that VP40 may be present in not only exosomes,
but also a combination of EVs and/or as a free protein in vivo.
Taken together, these results indicate that relatively high levels
of VP40, NP, and GP, , are present in EVs from cells infected
with EBOV both in vitro and in vivo.

VP40 in Extracellular Vesicles Induces Apoptosis in Recipient T Cells and
Monocytes

During EVD, bystander T cells mainly die by apoptosis,
whereas monocytes/macrophages appear to die by necrosis
[5, 7, 9, 10, 81-83]. We have previously shown that EVs from
V2CL cells can induce death in recipient immune cells [12, 13].
Therefore, to test the ability of recipient cells to withstand low
versus high levels of EV-associated VP40, we incubated CEM,
Jurkat, U937, and 293T cells with 5-day filtered supernatants
from 293T, V2CL, and V2CH cells, followed by measurement
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Figure 8. Recipient monocyte and T-cell apoptosis. (A) Supernatants from 293T (Control), V2CL, and V2CH cells (5 days, 0.22 pm filtered, in exosome-free media) were used
to treat CEM, Jurkat, U937, and 293T recipient cells. Recipient cells were seeded in a 96-well plate at 5 x 10° cells in 50 L of fresh media, treated with 50 pl of filtered
supernatants, and incubated 5 days, followed by analysis by CellTiter-Glo for cell viability. Statistical analysis by Student's 2-tailed ttest compares supernatant-treated groups
with control cells of the same type (*, P<.05; **, P<.01; ***, P<.001). 293T, V2CL, CEM, Jurkat, and U937 cells were grown in exosome-free media for 5 days, followed
by harvesting and filtering (0.22 pm) of the supematant. Log-phase CEM, Jurkat, and U937 cells were plated at a density of 1 x 10 cells/mL and treated with increasing
concentrations (100, 250, and 500 pL) of supernatant from either 293T, V2CL, or their own cell type. Cells were incubated for 5 days, followed by harvesting of the cells and
lysis. Lysates of CEM (B), Jurkat (C), and U937 (D) cells were then run on a 4-20% Tris-glycine gel and subjected to western blot analysis for apoptotic markers procaspase

3 and PARP-1 and their cleaved forms, and Actin.

of cell viability 5 days later. Results in Figure 8A show that CEM
and Jurkat T cells had a similar reduction in cellular viability
from treatment with supernatants from both V2CL and V2CH
cells. However, treatment of U937 monocytes with supernatants
from these 2 lines showed a dose-dependent reduction in cel-
lular viability. These data suggest that the T cells were equally
sensitive to both low and high levels of extracellular VP40,
whereas monocytes were more sensitive to higher doses of
EV-associated VP40. It is interesting to note that when 293T
cells were incubated with supernatants from VP40-expressing
cells, 293T cells showed a significant increase in viability, poten-
tially indicating a cell-type dependent mechanism of cell death
induction by EV-associated VP40.

The mechanism of cell death under these conditions has
not been previously explored. Along these lines, we incubated
recipient CEM and Jurkat T cells and U937 monocytes with
increasing concentrations of EVs from V2CL cells, EVs from
control 293T cells, and EVs from their own cell type that were
produced in the absence of VP40. Western blots were performed
for cell death markers including Caspase 3 and PARP-1. Data in
Figure 8B-D show that treatment with increasing concentra-
tions of EVs from V2CL cells induced cell death by apoptosis, as
shown by cleavage of Caspase 3 and PARP-1, in recipient T cells

and monocytes. This phenotype was not observed with 293T
cell EV treatment or EVs from the same cell type. It should be
noted that very high levels of EVs from 293T cells stimulated
some low levels of PARP-1 cleavage in all cell types; however,
there was no cleavage of Caspase 3 detected. Together, these
data indicate that EVs from VP40-producing cells cause death
by apoptosis in recipient T cells and monocytes.

Because our V2C cells were kept under constant anti-
biotic selection, we wished to verify that induction of cell
death in recipient cells was not due to residual hygromycin
B within the 5-day supernatants. Therefore, 293T and V2CH
cells were grown for 5 days in exosome-free media, followed
by harvesting of the supernatants, filtration (0.22 pm), and
ultracentrifugation. The resulting EV pellets were then resus-
pended in sterile PBS and used to treat recipient CEM cells
in increasing concentrations. Cells were treated for 3 days
followed by analysis of cell viability. Data in Figure 9A show
that in comparison with CEM cells treated with the highest
concentration of 293T EVs (75000 particles/cell), there was
a significant dose-dependent decrease in recipient cell via-
bility when treated with purified EVs from V2CH cells. This
finding further verifies that EVs from V2C cells negatively
impact recipient immune cells.
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Figure 9. Induction of recipient T-cell death by purified VP40 EVs. (A) 293T and
V2CH cells were grown in exosome-free media for 5 days, followed by harvest-
ing of cell-free supernatants and filtration through 0.22 um. Supernatants were
then spun at 100000 xg for 90 minutes to pellet EVs, followed by resuspension in
sterile 1x PBS. Concentrations of resulting ultracentrifuged EVs were determined
with ZetaView analysis, followed by treatment of CEM cells with increasing con-
centrations of EVs (10000, 25000, or 75000 particles/cell) from V2CH cell type.
Controls included CEM cells that were left untreated and CEM cells that received
a treatment of the highest concentration of 293T cells (75000 particles/cell). Cells
were incubated for 3 days followed by analysis of cell viability by CellTiter-Glo.
(B) 293T and V2Cl cells were grown in exosome-free media for 5 days. Cell-free
supernatants were harvested and incubated with equal volumes of ExoMAX over-
night at 4°C. The EVs were pelleted, resuspended in 400 ul sterile 1x PBS, and
loaded onto a 6-18% iodixanol density gradient (1.2% increments). Samples were
ultracentrifuged for 90 minutes at 100000 xg, followed by harvesting and isolation
of each fraction. Select fractions (13.2 + 14.4 and 16.8 + 18.0) were pooled and
subjected to a second ultracentrifuge spin for 90 minutes at 100000 xg diluted
in 1x PBS to pellet the EVs away from residual iodixanol. Resulting EV pellets
were resuspended in 100 pl sterile 1x PBS and used to treat recipient CEM cells
at a concentration of 10000 particles per cell (concentrations determined by
ZetaView analysis). Cells were incubated for 5 days followed by analysis of viabil-
ity by CellTiter-Glo assay. Statistical analysis by Student’s 2-tailed ¢ test compares
groups treated with EVs from V2C cells to those treated with EVs from 293T cells
(*, P<.05; ***, P<.001).

Given our previous characterization of EVs from V2CI cells
in comparison with 293T cells (Figure 6), we next wished to
determine which EV fractions were responsible for the induc-
tion of cell death in recipient cells. Supernatants from 293T and

V2CI cells were harvested and separated through an iodixanol
gradient, followed by pooling of select fractions from each cell
type. Pooling of fractions 13.2 + 14.4 and 16.8 + 18.0 were cho-
sen because, in V2CI cells, these were the 2 groups with the
highest levels of VP40 and exosomal markers. Pooled fractions
were then diluted in sterile PBS and subjected to a second ultra-
centrifuge spin to isolate the EVs away from residual iodixa-
nol. The resulting EV pellets were then resuspended in PBS and
used to treat recipient CEM cells at a concentration of 10000
particles/cell for 5 days, followed by analysis of cell viability.
Treatment with EVs from the 13.2 + 14.4 fractions from V2CI
cells resulted in a significant decrease in viability in CEM cells
in comparison with those treated with 293T EV's from the same
fractions (Figure 9B). On the other hand, T cells treated with
the 16.8 + 18.0 fractions from either cell type did not differ in
their viability. Collectively, these data may signify that the EV's
within the 13.2 and 14.4 fractions from V2C cells can induce
cell death in recipient immune cells.

Cdk4/6 Inhibitor Treatment of VP40-Producing Cells Affects Extracellular
Vesicle Release

Our data showed that EVs from VP40-producing cells were
capable of causing apoptosis in recipient immune cells (Figure 8)
and that the biogenesis of these EVs was potentially tied to reg-
ulation of the cell cycle (Figures 4 and 5). Furthermore, we
demonstrated that accelerated cell cycle was potentially driven
by the upregulation of cyclin D1 by nuclear VP40 (Figure 2).
Therefore, we next investigated the utility of cdk4/6 inhibitors
Fascaplysin and Ribociclib (LEE011; FDA-approved) in reduc-
ing EV production from 293T and V2CH cells. Cells were treated
for 5 days with increasing concentrations of Fascaplysin (0.1, 0.5,
and 1.0 uM) and Ribociclib (0.1, 1.0, and 10.0 uM), followed by
analysis of cell viability and EV concentration. When 293T cells
were treated with low levels of either inhibitor, the number of
EVs released significantly decreased. However, with increasing
concentrations of drugs, the production of vesicles increased
in a dose-dependent manner (Figure 10A). These results may
be due to the toxicity of the drugs at high levels, as the viability
of both 293T and V2CH cells were significantly decreased with
increased doses of either drug (Figure 10B). More specifically,
low levels of cdk4/6 inhibitors in 293T cells may result in the
blocking of cell cycle at G, and thereby result in lower levels of
EVs released, whereas higher levels of the drugs may become
toxic, and result in the increased release of vesicles. In contrast,
V2CH cells showed significantly decreased levels of EV pro-
duction with all doses of Fascaplysin, although with the highest
dose EV production decreased less significantly in comparison
to the lowest dose tested (Figure 10A). These EV reductions
occurred despite significant decreases in cell viability in V2CH
cells (Figure 10B). Ribociclib treatment of V2CH cells showed
less significant results compared with Fascaplysin treatment,
with only the highest dose resulting in any significant reduction
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Figure 10.

Effect of cdk4/6 inhibitors on VP40-producing cell viability and extracellular vesicle biogenesis. 293T and V2CH cells were treated with low, medium, and high

concentrations of Fascaplysin (0.1, 0.5, 1.0 nM) or Ribociclib (0.1, 1.0, 10.0 uM) for 5 days. DMSO was also used at a final concentration of 1%. (A) Supernatants were
harvested, filtered (0.22 pm), and analyzed by ZetaView for concentration of particles. (B) Cell viability was also measured by CellTiter-Glo. Statistical analysis by Student's
2-tailed t test compares drug-treated groups to untreated controls of their own cell type (*, P<.05; **, P<.01; ***, P<.001).

of EV numbers or cellular viability (Figure 10A and B). Together,
these results suggest that Fascaplysin treatment results in fewer
EVs from V2CH cells compared with 293T cells with higher
doses, although high doses also result in significant decreases in
viability in both cell types. In addition, Ribociclib treatment may
impact the cell viability and EV biogenesis of VP40-producing
cells less than 293T cells. The indication that 293T cells react to
both cdk4/6 inhibitors in a similar way, but V2CH cells do not,
hints that these drugs may impact cell cycle regulation and EV
biogenesis pathways in distinctly different ways. Although the
mechanism of action for Fascaplysin is currently uncharacter-
ized, Ribociclib is known to interact directly with cdk4 and cdké
molecules at their ATP pocket [84, 85]. Future study into the

divergent mechanisms used by these drugs and how they may
interact with pathways modulated by VP40 may potentially be
advantageous to determine the potential therapeutic utility of
cdk4/6 inhibitors in infection.

Extracellular Vesicles From VP40 Donor Cells Contain Cytokines
Associated With Ebola Virus Disease Pathogenesis

We previously showed that exosomes from VP40-producing cells
are capable of inducing cell death in recipient T cells and mono-
cytes [12, 13]. We also confirmed here that the mechanism of cell
death is by apoptosis (Figure 8). Along these lines, we attempted
to gain insight into proteins contained in VP40 exosomes that
may potentially point to a mechanism for the induction of
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cell death in recipient cells. 293T, V2CL, and V2CH cells were
cultured for 5 days in exosome-free media. Supernatants were
harvested, filtered (0.22 pm), and incubated with ExoMAX
to enrich for EVs. Samples were then loaded onto a 6%-18%
OptiPrep iodixanol gradient, and 10.8 and 12.0 fractions were
harvested for use. We chose the 10.8 and 12.0 fractions because
previous publications have shown that these fractions are spe-
cifically enriched for exosomes, with fewer contaminating ves-
icles or viral particles [16, 79]. Fractions were then incubated
with N'T80/82 particles and processed for analysis of tandem
mass spectra. The data presented in Supplementary Table 1 show
the proteins significantly upregulated in V2C EVs, with protein
scores from 10.8 and 12.0 fractions for each cell type summated.
Overall, there was an interesting trend gleaned from the number
of proteins identified from each sample. The 10.8 fractions from
293T, V2CL, and V2CH cells had 826, 537, and 261 detected
proteins, respectively, potentially showing an overall decrease
in the number of proteins present with increase in VP40 pro-
duction levels (data not shown). However, for the 12.0 fraction,
the opposite trend was seen: 293T, V2CL, and V2CH EVs had
387, 1393, and 1680 proteins identified, respectively (data not
shown). These results could potentially indicate that the total
number of EVs had shifted from the 10.8 fraction more towards
the 12.0 fraction for V2C cells, whereas 293T cells possibly pos-
sessed more EVs in the 10.8 fraction in comparison to the 12.0.

These data support our previous conclusions that the EVs
from V2C cells are shifted more towards the right (ie, are more
dense; Figure 6), and therefore they may contain a greater and
more diverse quantity of cargo. The presence of heat shock
protein (HSP)90, HSP70, and heat shock cognate 71 seen in
abundance across all 3 cell types was indicative of all samples
containing exosomes. A large increase in the number of pro-
teins related to RNA binding was seen with increasing levels of
VP40. Specifically, numerous RNA binding proteins, including
heterogeneous nuclear ribonucleoproteins, were found in EVs
from V2C cells, whereas only 1 was detected in 293T cell EVs.
In addition, several DEAD-box protein (DDX)-type helicases
were shown to be upregulated in EVs from VP40-producing
cells. Other categories of interest that were upregulated with the
presence of VP40 included additional vesicle-associated, trans-
lation-associated, nuclear or transcription-associated, protea-
some or cell death-related, protein transport, and RNA splicing
proteins. Of particular interest, 3 cytokines (vascular endothe-
lial growth factor [VEGF], transforming growth factor beta-1
[TGF-P1] precursor, and insulin-like growth factor II [IGF-II])
and 2 corresponding binding proteins (latent-transforming
growth factor beta-binding protein 1 precursor and insulin-like
growth factor-binding protein 4 precursor) were found to be
present in the EVs.

It has been well documented that an eruption of cyto-
kines, or a “cytokine storm,” often accompanies fatal cases
of EBOV infection [6, 8, 86, 87]. Specifically, cytokines

including granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF), growth-regulated oncogene (GRO)-a, IL-1,
IL-2, IL-6, IL-8, IL-10, IL-15, IL-18, interferon (IFN)-a, -P,
and -y, IFN-inducible protein-10 (IP10), Eotaxin, monocyte
chemoattractant protein (MCP)-1, macrophage-inflammatory
protein (MIP)-la and -1, macrophage colony-stimulating
factor (MCSF), RANTES, TGF-B1, TNF-qa, and VEGF have all
been implicated as differentially up- or downregulated during
EBOV pathogenesis [8, 86-89]. This led us to question whether
additional cytokines could potentially be present or upregulated
in VP40 exosomes or EVs. To this end, filtered 5-day superna-
tants and pooled 10.8-12.0 exosome fractions from 293T and
V2CH cells were run side-by-side on human cytokine arrays.
Filtered exosome-free DMEM media was also used as control.
Densitometry was then performed, and cytokine counts above
the DMEM background levels were graphed in Supplementary
Figure 3. In the supernatants, some cytokines (ENA-78, IL-12,
IL-15, RANTES, TNF-a, TNF-B, epidermal growth factor
[EGF], IGF-1, and Oncostatin M) were present at higher lev-
els in V2CH cells compared with 293T cells (Supplementary
Figure 3A). In contrast, 293T cell supernatants were slightly
more enriched in several different cytokines (GRO, GRO-a,
1-309, IL-1a, IL-1pB, and IFN-y). However, when cytokines from
the enriched exosomal fractions were analyzed, an increase in
almost all cytokine levels was observed compared with those
seen in whole supernatants (Supplementary Figure 3B vs A). In
particular, V2CH exosomes possessed higher levels of ENA-78,
GRO, IL-12,1L-15,IFN-y, MCP-1, MCSE, MIG, TARC, TGF-f1,
TNF-p, EGF, and Oncostatin M and lower amounts of MIP-1 §
and leptin compared with 293T exosomes. Additional cytokines
that were undetectable in whole supernatants that were found
in exosomal samples included IL-2, IL-3, IL-4, IL-5, MCP-1, -2,
and -3, MCSE, macrophage-derived chemokine (MDC), stem
cell factor (SCF), angiogenin, platelet-derived growth factor
(PDGF) BB, and leptin. This finding could potentially be due to
our selective enrichment workflow, such that concentrations of
cytokine-associated exosomes were much higher than those in
whole supernatant samples and therefore more easily detected
by the assay. Cytokines such as granulocyte colony-stimulating
factor (GCSF), GM-CSE, GRO-q, 1-309, IL-1a, IL-1p, IL-2, IL-3,
IL-4, IL-5, IL-8, IL-10, IL-13, MCP-2, MCP-3, MDC, RANTES,
SCE, SDF-1, TNF-q, IGF-1, angiogenin, thrombopoietin, VEGE,
and PDGF BB were present in both 293T and V2CH exosomes
at similar levels. It is interesting to note that exosomes from
both cell types were shown to possess VEGFE, TGF-f1, and IGF-
1, further supporting our MS results (Supplementary Table 1).
Collectively, these data indicate that EVs, specifically exosomes,
from VP40-producing cells may contain a diverse set of unique
or upregulated proteins. In addition, a plethora of cytokines
are associated with vesicles released from virally affected and
healthy host cells. Moreover, specific cytokines may be con-
centrated within EVs from cells producing VP40, which may
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potentially play a role in the cytokine storm associated with
the pathogenesis of EBOV, induction of cell death in recipient
immune cells, and poor outcome of infected individuals.

DISCUSSION

We previously showed that EBOV VP40 can become incorpo-
rated into exosomes and thereby negatively impact recipient T
cells and monocytes [12, 13]. In line with this, we have addi-
tionally shown here that VP40-containing vesicles can induce
cell death by apoptosis in these recipient cells (Figure 8). This
cell death was more exacerbated in monocytes treated with EV's
from cells that produced higher levels of VP40. On the other
hand, EVs from cells that produced both low and high levels
of VP40 were equally destructive to T cells. Bystander T-cell
death by apoptosis is one of the hallmarks of EVD, especially
fatal cases [5, 7, 9, 10, 81-83]. Furthermore, we determined
that VP40 EVs that sediment within the 13.2 and 14.4 fractions
of iodixanol density gradients are able to significantly reduce
recipient T-cell death, but EVs that fall in the 16.8 and 18.0
fractions do not (Figure 9B). This finding may be noteworthy,
because we believe the 16.8 + 18.0 fractions mainly contain
apoptotic bodies, large microvesicles, and VLPs in the case of
V2C cells, thus potentially indicating that these other extracel-
lular particles may not be a significant contributor to the overall
decreased health of recipient immune cells. Therefore, VP40
EVs of intermediate density may comprise a potential mecha-
nism of bystander immune cell apoptosis in EVD. Interestingly,
in contrast to immune cells, 293T (human embryonic kidney
epithelial) cells that were treated with EVs from both low and
high V2C cells showed an increased cell viability. This could
potentially be due to a cell type-dependent mechanism of action
on recipient cells by VP40-associated vesicles. In addition,
293T cells may be altogether resistant to VP40 EV components
responsible for cell death in immune cells and may conversely
be positively stimulated by the vesicles. Further study into the
specific components responsible for these phenotypes in recip-
ient cells is needed, but the resistance of certain cell types could
be quite significant in the context of infection. Monocytes or
macrophages and dendritic cells are the first sustained target
of EBOV, and T cells die relatively early in infection; however,
epithelial and endothelial cells are also productively infected by
the virus, albeit at later time points in infection [3-10]. If these
uninfected nonimmune cells (endothelial and epithelial) are
bombarded with vesicles containing viral components such as
VP40 during early infection, it is possible that the recipient cells
may be stimulated and primed for future infection. This type of
mechanism has been seen before in the case of HIV-1 TAR, in
which exosomes containing this viral RNA predisposed recipi-
ent cells to be more receptive to infection [26]. Should this type
of pathogenic process take place, inhibition of vesicle biogenesis

from infected cells should be further explored to determine
potential benefits in recipient cells.

To determine pathways contributing to EV biogenesis in
donor cells, we investigated the cell cycle of VP40-producing
cells. Our rationale for doing these experiments was that when
cells contained VP40, they replicated faster than control cells,
leading us to ask whether cell cycle patterns were affected.
While exploring differences in cell cycle dynamics with the
VP40-producing clones, it is important to note that although
our vectors have SV40 origin of replication and cells contain
T-antigen, it is possible that over time few copies of the plasmid
can be integrated into the host genome because these cells are
Rec+ and allow recombination. However, we have not observed
any differences between these clones that cannot be attributed
to a dose response of VP40 production and cell cycle effects.
Here, V2C cells were observed to be altered in a cell cycle-de-
pendent manner in not only their exosomal biogenesis pathway
components (ESCRT proteins), but also in their morphology,
growth patterns, and EV content and abundance (Figures 1,
4, 5, and 6). Moreover, V2C cells exhibited increased levels of
cyclin D1 protein and activity (Figure 2). Cyclin D1 is a well
described cell cycle regulator and a potential oncogene known
to be upregulated in several cancers [62-64]. In addition, cyclin
D1 was previously shown to be produced at elevated levels as a
result of many viral infections, especially those known to cause
cancers [65-70]. Although EBOV has not been shown to result
in higher incidences of cancer in survivors, it is possible that
this phenotype may be a transient one and only in effect for
a brief time before other virulence factors and the replication
of the virus results in the infected cells’ death. Because EBOV
has been shown to best thrive in actively growing cells [90],
upregulation of cyclin D1 may simply be a strategy used by the
virus to aid its own replication. However, larger proportions
of recurrent, persistent, and asymptomatic EBOV infections
have come to light with study of the increasing numbers of
EBOV survivors, which is a significant topic of concern, as this
can potentially lead to transmission of virus and future out-
breaks [91-100]. How the virus manages to remain long term
within human and NHP hosts has not yet been conclusively
determined; however, viral persistence and replication within
CD68" monocyte or macrophage cell types has been detected
within the brain, eyes, and testes of NHP survivors of infection
[101]. If these central nervous system-resident myeloid cells
are also dysregulated in cell cycle, this could potentially repre-
sent a method used by EBOV to counteract its own cytotoxicity
to support prolonged viral replication or latency.

Previous studies have shown VP40 to be transiently present
in the nucleus of infected cells at early time points [72-74].
Here, we have shown that VP40 is present at relatively high
levels within the nucleus of stably transfected cells, and that
VP40 is found on a large proportion of cyclin D1 promoters
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(Figure 2C and D). It may be possible that early in infection,
VP40 translocation into the nucleus may serve a role in tran-
scriptional regulation of host genes to best benefit the virus. In
all likelihood, nuclear VP40 action as a transcriptional regulator
is not limited to the cyclin D1 gene. Investigation into the direct
interactions and far-reaching effects of VP40 in the nucleus
could be vitally important for elucidating the molecular basis of
EBOV pathogenesis in host cells.

Cell cycle dysregulation of VP40-producing cells also
resulted in an altered pattern of EV biogenesis (Figures 4 and 5).
It is interesting that all cells tested at G, produced significantly
fewer EVs that were also larger than unsynchronized con-
trols. Because many eukaryotic cells are quiescent in normal,
healthy, in vivo environments, this could represent an import-
ant trend that inherently differentiates EVs from cells that are
not frequently dividing versus actively replicating or cancer
cells. Our results also showed that EVs from VP40-producing
cells were generally fewer in number but denser and larger in
size (Figures 5 and 6). Larger vesicles of higher density would
imply an enrichment of cargo within VP40 EVs, which was
supported by a greater abundance of proteins detected by MS
analysis (Supplementary Table 1). The increased numbers and
diversity of proteins found in EVs from VP40-producing cells
could influence the outcomes of recipient cells, particularly
if those proteins were associated with nucleic acids. A collec-
tion of RNA-binding proteins was found from MS analysis
of EVs from V2C cells, and although we do not yet know the
RNAs associated with these proteins, they may be important
for activities in recipient cells. An assortment of cytokines was
also found, with an upregulation of IFN-y, IL-15, MCP-1, and
TGE-B1 seen in VP40 EVs (Supplementary Figure 3). That we
were able to detect these cytokines at elevated levels in exoso-
mal preparations from VP40-producing cells may indicate that
VP40 stimulates the production of some of these, potentially as
other direct or indirect targets of nuclear VP40 transcriptional
regulation. Moreover, the fact that we were able to detect cyto-
kines in exosomal preps in all cell types is a significant finding
in and of itself. In our study, the majority of cytokines tested
were enriched in exosomes compared with whole supernatants.
If this is the case in vivo, vesicles heavily laden with cytokines
originating from infected cells could act as a “cytokine bomb”
on recipient immune cells. In this way, a few EVs from a sin-
gle diseased cell would be able to enact devastating effects on
a recipient cell. This may also be of substantial importance for
many other viral or inflammatory diseases in which cytokines
play an inflammatory or damaging role.

Due to the observed upregulation of cyclin D1 protein
and activity, we also explored the ability of Ribociclib and
Fascaplysin to inhibit cdk4/6 activity and thereby slow the
release of vesicles in a cell cycle-driven manner from VP40 cells
(Figure 10). Results showed that Fascaplysin was able to sig-
nificantly decrease the number of vesicles produced from both

293T and V2CH cells with low, nontoxic doses. In contrast,
Ribociclib was only able to decrease levels of EVs produced
from 293T cells at doses that did not affect cell viability. The dif-
ferences between 293T and V2CH cell responses to the inhibi-
tors suggest that VP40-producing cells may be less susceptible
to the effects of Ribociclib. Future mechanistic studies into the
molecular action of these drugs in connection with VP40 may
elucidate potential therapeutic utility or other more directed
drug targets.

We previously showed that EBOV VP40 is packaged into
exosomes in VP40-transfected cells [12, 13]. Here, we show
that VP40 is found within EVs isolated from both in vitro
and in vivo wild-type EBOV infection (Figure 7A and B).
Furthermore, EVs from EBOV-infected cells contained both
NP and GP proteins of the virus. NP is responsible for encapsi-
dating the RNA genome of the virus as soon as it is synthesized
and for formation of the nucleocapsid (in conjunction with
other viral proteins) [102]. Because NP is the main viral protein
responsible for binding of the RNA genome (each NP is bound
to 6 bases of RNA [103]), the presence of NP within EVs could
also potentially hint at the presence of bound viral RNA within
EVs as well. On the other hand, GP is the sole surface protein
of EBOV and is important for both viral entry and egress [104].
GP has also been implicated in pathogenesis, because GP itself
has shown cytotoxic effects in infected cells. Furthermore, sol-
uble GP is found in large quantities in the blood of infected
patients, and it has been proposed to potentially play a role
in immune evasion by absorption of neutralizing antibodies
[105, 106]. Our experiments involving filtration of VLPs fol-
lowed by size exclusion separation of extracellular materials
showed that VLPs were able to be removed from samples by
filtration, whereas smaller vesicles in the VLP preparations that
contained EBOV proteins were able to pass through 0.22-um
filtration (Supplementary Figure 2B). These results also inter-
estingly hinted towards a potential role for GP in EVs, as unfil-
tered VLPs showed enrichment of primarily glycosylated GP
in the fractions corresponding to larger vesicles (fraction num-
ber 7), whereas filtered VLPs showed mainly lower molecular
weight forms of GP, which colocalized with exosomal markers.
Therefore, if EVs are studded with GP proteins, this could form
an additional previously unknown source of immune subver-
sion and viral masking used by EBOV. Presence of other viral
proteins or RNAs in EVs were not explored here and will be
analyzed in future studies.

CONCLUSIONS

In conclusion, we show that VP40 dysregulated the cell cycle
in donor cells through translocation to the nucleus and upreg-
ulation of functional cyclin D1 protein. In turn, cell cycle was
shown to be a regulator of EV biogenesis. Extracellular vesi-
cles from VP40 cells were also altered in their content, which
included RNA-binding proteins and cytokines important for
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EBOV pathogenesis. In addition, NP and GP proteins were
detected within EVs from EBOV-infected cells. Collectively,
the cell cycle-related effects of VP40 within donor cells may
have repercussions on the virulence and replication efficiency
of EBOV, the upregulation and packaging of proteins into
EVs, and the overall outcome of EV-recipient cells in infected
individuals.
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Supplementary materials are available at The Journal of Infectious Diseases
online. Consisting of data provided by the authors to benefit the reader, the
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ing author.
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