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Virus entry into host cells is the first step of infection and a crucial determinant of pathogenicity. Here we show
that Ebola virus-like particles (EBOV-VLPs) composed of the glycoprotein GP; , and the matrix protein VP40
use macropinocytosis and clathrin-mediated endocytosis to enter cells. EBOV-VLPs applied to host cells
induced actin-driven ruffling and enhanced FITC-dextran uptake, which indicated macropinocytosis as the
main entry mechanism. This was further supported by inhibition of entry through inhibitors of actin
polymerization (latrunculin A), Na*/H " -exchanger (EIPA), and PI3-kinase (wortmannin). A fraction of EBOV-
VLPs, however, colocalized with clathrin heavy chain (CHC), and VLP uptake was reduced by CHC small
interfering RNA transfection and expression of the dominant negative dynamin II-K44A mutant. In contrast,
we found no evidence that EBOV-VLPs enter cells via caveolae. This work identifies macropinocytosis as the
major, and clathrin-dependent endocytosis as an alternative, entry route for EBOV particles. Therefore, EBOV

seems to utilize different entry pathways depending on both cell type and virus particle size.

Ebola viruses (EBOVs), belonging to the family
Filoviridae, are enveloped, nonsegmented, negative-
stranded RNA viruses that can cause severe viral
hemorrhagic fevers in human and nonhuman primates
with case fatality rates for humans of up to 90% [1].
Many cell types seem to be susceptible to EBOV
infection, but lymphocytes are known to be resistant
[2, 3]. Free access of circulating virus to monocytes/
macrophages, dendritic cells, and hepatocytes may
be a key factor in defining primary target cells and
subsequently target organs for EBOV [4].

EBOV particles acquire their envelope from the host
cell plasma membrane during the budding process.
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Particles possess a single trimeric transmembrane gly-
coprotein (GP;,) that mediates virus uptake through
receptor binding and subsequent fusion [5]. Certain
cellular molecules have been identified to enhance
EBOV infection such as B1 integrins [6], dendritic cell-
specific ICAM-3 grabbing nonintegrin (DC-SIGN) and
its homologue DC-SIGNR (7], and Axl receptor tyrosine
kinase [8]. In addition, the asialoglycoprotein receptor
(ASGP-R) has been identified as a potential receptor for
Marburg virus (MARV) [9]. However, none of these
molecules is essential for EBOV and MARV entry, and
no receptor for filoviruses has been identified yet.
Since EBOV, like other viruses, is an obligatory in-
tracellular parasite, its replication cycle critically de-
pends on host cell functions and requires delivery of the
viral genome into target cells. Uptake of virus particles
can occur via different types of cell-dependent endocy-
totic mechanisms (for a review, see [10]). Eukaryotic
endocytotic processes range from highly specific uptake
of soluble ligands via clathrin-coated pits to uptake
of large particles including apoptotic cells via macro-
pinocytosis or phagocytosis [11]. Several attempts were
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made to identify the mechanism of EBOV uptake. Human im-
munodeficiency virus (HIV) particles pseudotyped with EBOV-
GP, , were shown to colocalize with caveolin-1, and their entry
was dependent on clathrin and membrane lipid composition, as
removal or clustering of cholesterol affected infection [12, 13].
Infection of EBOV-pseudotyped lentivirus particles and EBOV
was also impaired by inhibitors of clathrin-mediated endocytosis
and several other endocytotic pathways [14, 15]. Recent reports
show that actin-dynamics, intact microtubules, and the in-
volvement of the class I phosphatidylinositol-3 kinase (PI3K)-Akt
pathway are critical for EBOV uptake [13, 15, 16]. However, the
size of EBOV particles, which have a uniform diameter of 80 nm,
varies dramatically in length ranging from 600 to 1400 nm,

and peak infectivity is associated with 805-nm particles [17].
Thus, the morphology of EBOV particles argues against host cell
entry by caveolae (typical for particle sizes ranging from 50 to 100
nm) [18] or “canonical” clathrin-coated pits (typical for particle
sizes <200 nm) [19].

We propose that EBOV entry occurs mainly by macro-
pinocytosis, an endocytotic mechanism that allows the uptake
of large particles. To address this hypothesis, we utilized 2
surrogate systems for infectious EBOV, EBOV-like particles
(EBOV-VLPs) [20, 21] and the advanced “infectious” VLPs
(EBOV-iVLPs) [22]. Using immunofluorescence, small in-
terfering RNA (siRNA) silencing, and inhibition of specific
host cell signaling and cytoskeleton rearrangement, we dem-
onstrated that EBOV particle entry into host cells mainly
followed the characteristics of macropinocytosis. In addition,
we found that a smaller fraction of particles entered via
clathrin-mediated endocytosis.

MATERIALS AND METHODS

Materials

Latrunculin A and wortmannin were obtained from Calbio-
chem; 5-(N-Ethyl-N-isopropyl)-amiloride (EIPA) from Alexis
Biochemicals; and phorbol 12-myristate 13-acetate (PMA),
phalloidin-TRITC, phalloidin—fluorescein isothiocyanate (FITC),
and 4.2 kDa FITC-dextran from Sigma-Aldrich. Dextran-FITC
70 kDa, human transferrin—Alexa Fluor 546, FITC, and cholera
toxin B—Alexa Fluor 488 were purchased from Invitrogen.
Cy5-NHS ester was purchased from GE Healthcare, and plastic
dishes for microscopy were from Ibidi. Fugene 6 was obtained
from Roche, and TurboFect from Fermentas. The rabbit
polyclonal antibody against caveolin-1 was purchased from
Santa Cruz Biotechnology, and mouse monoclonal antibodies
against clathrin heavy chain (CHC) and early endosome antigen
1 (EEA1) were purchased from BD Transduction. The mouse
monoclonal antibody against o-tubulin was obtained from
Sigma-Aldrich, and the rabbit polyclonal antibody against dy-
namin II from Abcam. The goat polyclonal antibody against
the enhanced green fluorescent protein (EGFP) was generated

in the Antibody Facility of the Max Planck Institute of Cell
Biology and Genetics. The mouse monoclonal antibody against
EBOV glycoprotein (GP) and the rabbit polyclonal antibody
against EBOV VP40 were provided by Dr Yoshihiro Kawaoka,
University of Wisconsin. Stock solutions (1000 X) of all the
drugs were dissolved in endotoxin-free dimethyl sulfoxide
(DMSO) (Sigma-Aldrich). Control cells were treated with
medium containing 0.1% DMSO.

Cell Culture and Immunofluorescence Experiments

HeLa, 293T, and Vero E6 cells were cultured in Dulbecco’s
modified Eagle’s medium-GlutaMAX (Invitrogen) supple-
mented with 10% fetal calf serum, penicillin (100 U/mL), and
streptomycin (100 pg/mL) under standard culture conditions
at 37°C and 7.5% CO,. For immunofluorescence (IF) analysis,
cells were grown on glass-bottom dishes (house-made) coated
with cross-linked gelatin or on plastic culture dishes, fixed
with either 2% or 4% formaldehyde, permeabilized with 0.1%
Triton X-100 at 4°C, washed with phosophate-buffered saline
(PBS), blocked with 1% bovine serum albumin (BSA) for 1
hour, and subsequently incubated with the respective primary
and secondary antibodies and mounted in mounting medium
(60% glycerol, 40% water, N-propyl gallate) as described
elsewhere [23]. DAPI (0.2 ug/mL) or phalloidin-TRITC or
phalloidin-FITC (0.4 pg/mL) was applied to the cells during
incubation with the secondary antibody.

Drug Treatment

HeLa and Vero E6 cells were pretreated in serum-free medium
with 0.5uM latrunculin A (actin polymerization inhibitor) for
90 minutes, 100 nM wortmannin (PI3K inhibitor) for 60 minutes,
and 25-200 uM EIPA (5-(N-Ethyl-N-isopropyl)-amiloride, an
inhibitor of the Na+/H+—exchanger [NHE]) for 30 minutes,
followed by infection with either EBOV-iVLPs or Zaire ebolavirus
expressing enhanced green fluorescent protein (ZEBOV-EGFP).
For determination of luciferase activity, EBOV-iVLPs were left on
the cells for 90 minutes followed by replacement with 5% FCS-
containing medium. Wortmannin and latrunculin A were still
present in the medium for another 4 hours to avoid EBOV-iVLP
entry after drug removal.

Generation of EBOV-VLPs, EBOV-iVLPs, and ZEBOV-EGFP
EBOV-VLPs were generated through expression of ZEBOV GP, ,
and VP40 as described previously [21]. EBOV-iVLPs containing
all structural ZEBOV proteins and a minigenome expressing
Renilla luciferase were generated as described elsewhere [22].
ZEBOV-EGFP was produced as described before [24].

Labeling EBOV-VLPs or EBOV-iVLPs With FITC or Cy5

Particle labeling was performed as described by Helenius et al
[25] with modifications. In brief, VLPs were suspended in
0.1 bicarbonate buffer pH 8.3 at a concentration of 0.5 mg/mL
protein and labeled for 1 hour with a fluorescent dye at room
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temperature. The unbound dye was removed by dialysis against
PBS using Slide-A-Lyser dialysis cassette (Thermo Scientific).

Cloning of Caveolin-1-mCherry and Caveolin-1-EGFP Into

a Lentiviral Vector and Gene Transduction

Human caveolin-1-mCherry WT was amplified using forward
primer TAG CTA GCC ACC ATG TCT GGG GGC AAA TAC
GTA and reverse primer GGC GGT ACC ACT ATT TCT TTC
TGC AAG TTG ATG CG, and inserted into the pmCherry-N1
plasmid (Clontech Laboratories) using Nhel and Kpnl re-
striction sites. The plasmid, caveolin-1-EGFP, was described
previously [26]. Both versions of caveolin-1 were cloned into the
lentiviral vector pPFUGW (kindly provided by Yvan Arsenijevic,
Lausanne, Switzerland), and lentiviruses were produced and
gene transfer was performed as described previously [27, 28].

siRNA Transfection

Dynamin II-WT (wild-type) and dynamin II-K44A fused
with mCherry were kindly provided by A. Helenius (Zuerich,
Switzerland) [29]. HeLa cells were transfected with dynamin II
constructs using TurboFect according to the manufacturer’s
instructions (Fermentas) and cultured for 40 hours prior to
treatment. Downregulation of CHC was performed by siGE-
NOME SMARTpool siRNA nucleotides. Nontargeting siRNA
Pool #1 (Dharmacon) was used as a negative control. A mixture
of siRNA sequences consisting of (1) GAA AGA AUC UGU
AGA GAA A, (2) GCA AUG AGC UGU UUG AAG A, (3) UGA
CAA AGG UGG AUA AAU U, and (4) GGA AAU GGA UCU
CUU UGA A targeting the CHC was applied to the cells at
a final concentration of 50 pg/well in a 12-well plate.

Fluorescence-Activated Cell Sorting

For FACS analysis, cells were trypsinized, kept on ice in buffer
(5% FCS, 2 mM EDTA, PBS), and subsequently analyzed using
a FACSCalibur (Becton Dickinson). For positive controls, cells
were treated with 200 mM PMA during the entire experiment.
Mean fluorescence intensity was measured in each sample, and
results were normalized to the negative control.

Internalization Assays for VLPs, Transferrin, and FITC-Dextran

Serum-starved HeLa or Vero cells were cooled to 4°C and in-
cubated for 1 hour with EBOV-VLPs, EBOV-iVLPs, or EBOV-
iVLP-Cy5. A temperature shift to 37°C was performed after
washing with PBS using prewarmed (37°C) serum-free medium
containing 0.2% BSA for the indicated time intervals, and cells
were further processed for immunofluorescence or FACS anal-
ysis. For transferrin uptake, cells were exposed to transferrin—
Alexa Fluor 546 at 37°C 15 minutes before fixation, washed
with glycin buffer (0.1 M glycin, 0.1 M NaCl, pH 3.0), and
further processed for immunofluorescence analyses. For fluid-
phase uptake, cells were exposed to either 0.5 mg/mL 4.2 kDa
FITC-dextran for the last 10 minutes or 1 mg/mL 70 kDa FITC-
dextran for the last 5 minutes at 37°C before collection at in-
dicated time points. Cells were placed on ice and washed with

PBS, and surface-bound FITC-dextran was bleached by low pH
buffer (0.1 M sodium acetate, 0.05 M NaCl, pH 5.5) prior to
processing for IF or FACS analysis.

EBOV-iVLP Assay

For determination of luciferase activity expressed by EBOV-
iVLPs, serum-starved cells (for 4 hours) were infected with
EBOV-iVLPs in serum-free medium for 90 minutes followed by
the addition of medium containing 5% FCS and incubated for
a further 70 hours. Luciferase activity was determined using the
Renilla Luciferase assay kit according to the manufacturer’s in-
structions (Promega).

Live Cell Imaging

HelLa cells were cultured for 48 hours and incubated with either
EBOV-VLPs-FITC or EBOV-VLPs-Cy5 for 1 hour at 4°C,
washed with PBS at 4°C, and investigated by live cell imaging at
37°C. Time lapse recording was performed 3-dimensionally for
up to 1 hour using a Leica TC SP5 microscope equipped with
a 40X /1.2 water immersion objective.

Infection of Cells With ZEBOV-EGFP

ZEBOV-EGFP infection was performed with a multiplicity of
infection (MOI) of 1 for 1 hour followed by replacement with
fresh medium containing 5% FCS. After 24 hours’ incubation
at 37°C and 5% CO,, the number of GFP-positive cells was
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Figure 1. Ebola viruses (EBOVs) and Ebola virus-like particles (EBOV-

VLPs). A, A scheme of EBOV and EBOV-VLPs illustrating the overall
organization. The minimal components of EBOV-VLPs are the glycoprotein
GP, , on the surface and the matrix protein VP40, which is needed for
particle formation. B, Western blot analysis of EBOV-VLPs showing the
presence of GP,, the larger cleavage fragment, and VP40. C, EBOV-VLPs
stained for EBOV-GP; 5. EBOV-VLPs are similar in morphology to infectious
EBOV. Scale bar: 2 um.
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Figure 2.

Ebola virus-like particles (EBOV-VLPs) and Zaire ebolavirus (ZEBOV) induce formation of actin ruffles and macropinosomes. A-C, Hela cells

were exposed to EBOV-VLPs or phosphate-buffered saline (control) for 30 minutes, and fixed with formaldehyde. Actin filaments were labeled with
phalloidin-TRITC (red) and EBOV-VLPs with a GP, ,-specific antibody (green). Higher magnification of the boxed area reveals actin ruffles (arrowheads)
and macropinosomes (arrows) with and without EBOV-VLPs. D-F, Formaldehyde-fixed Hela cells, 15 minutes after exposure to ZEBOV (multiplicity of
infection = 1), were stained for filamentous actin with phalloidin—fluorescein isothiocyanate (FITC) (green) and for EBOV with antibody against EBOV-
VP40 (magenta). Higher magnification of the boxed area reveals virus particles engulfed by actin ruffles and inside macropinosomes. Experiments were

repeated 3 times with similar results.

determined by FACS analysis. For immunofluorescence studies,
serum-starved Vero E6 cells were exposed to infectious ZEBOV
(MOI of 1) at 4°C and incubated for 1 hour. The temperature
shift was performed after washing with PBS using prewarmed
(37°C) serum-free medium containing 0.2% BSA for the in-
dicated time intervals. Cells were fixed and inactivated with 4%
paraformaldehyde according to standard operating procedures
for Biosafety Level 4 approved by the Institutional Biosafety
Committee (National Institute of Allergy and Infectious Dis-
eases, National Institutes of Health, Rocky Mountain Labora-
tories, Hamilton, Montana).

Image Acquisition and Analysis

Images were acquired using a laser scanning confocal micro-
scope (Zeiss LSM 510), equipped with a Plan Apochromat
63X/1.4 oil immersion objective. Images used in the manu-
script were processed using Fiji [30]. For colocalization
analysis at each time point, 3-5 fields per sample were ran-
domly selected with 2-5 cells per visual field. Object-based
colocalization of EBOV-VLPs and respective endocytotic
structures was quantified using Motion Tracker software [31]
on unprocessed images. In brief, the fluorescent-labeled
structures were recognized as objects and their overlap by
more than 50% was scored as a positive result. The percentage
of VLPs that colocalized with endocytotic structures was
quantified in at least 3 independent experiments.

RESULTS

To test whether EBOV-VLPs use macropinocytosis as an
entry route into target cells, we used different experimental
approaches. Macropinocytosis is characterized by formation of
macropinosomes, which are structures of eukaryotic plasma
membranes ranging in size from 0.2 to 10 um. It occurs spon-
taneously or in response to stimulation by growth factors or by
PMA-mediated protein kinase C activation to engulf extracel-
lular fluid for cellular uptake [11]. This process requires actin-
driven ruffle formation, PI3K activation, and NHE activity [11].

EBOV-VLPs Induce Actin-Driven Ruffling and Increased Fluid
Uptake

EBOV-VLPs were generated by transfection of 293 T cells with
plasmids encoding for the EBOV- GP; , and matrix protein VP40
[20, 21], resulting in particles of about 80 nm in diameter and
alength of up to 2 um [32], similar to authentic EBOV (Figure 1).
Western blot and immunofluorescence analyses confirmed the
presence of the basic components of purified EBOV-VLPs: GP; ,
and VP40 (Figure 1). Administration of EBOV-VLPs to HeLa
cells induced actin-driven membrane ruffling at the cell surface
leading to large vesicles (0.5 -3.5 pm in diameter) over the entire
cell body, many of which contained EBOV-VLPs (Figure 2).
This indicates that EBOV-VLPs stimulate membrane ruffling,
a process characteristic for macropinocytosis [10]. These
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Ebola virus-like particles (EBOV-VLPs) stimulate fluid-phase macropinocytosis in Vero and Hela cells. A, EBOV-VLPs were bound to Vero E6

cells on ice, shifted to 37°C for the indicated time periods, exposed for fluorescein isothiocyanate (FITC)—dextran during the last 10 minutes, and analyzed
by fluorescence-activated cell sorting. Phorbol 12-myristate 13-acetate (PMA) (200 nM) served as a positive control. EBOV-VLPs increased the FITC-
dextran uptake transiently. B—D, Addition of EBOV-VLPs-Cy5 (red) and FITC-dextran (green); or £~G, 200 nM PMA and FITC-dextran (green); or H-J, only
FITC-dextran (green) to Hela cells 30 minutes after temperature shift to 37°C. Both EBOV-VLPs-Cy5 and PMA (used as positive control) stimulate uptake
of fluid phase as indicated by FITC-dextran-positive macropinosomes. Dotted lines indicate cell borders. FITC-dextran (green); EBOV-VLP-Cy5 (red); nuclei
labeled with DAPI (blue). Experiment was repeated 4 times. Bars in A represent standard errors. Scale bar: 5 um.

results were confirmed in experiments with infectious EBOV,
in which many virus particles were surrounded by actin ruffles
and found within vesicles (Figure 2). To quantitatively de-
termine EBOV-VLP-induced macropinocytosis, the uptake of
fluid-phase marker FITC-dextran was measured by FACS
analysis. FITC-dextran uptake increased by 68% over consti-
tutive baseline level within 15 minutes after administration of
EBOV-VLPs, and returned to baseline within 30 minutes
(Figure 3). Administration of PMA (positive control) doubled

fluid-phase uptake over the treatment period (Figure 3). These
observations were further confirmed by visualization of dex-
tran-filled vesicles upon stimulation with Cy5-labeled EBOV-
VLPs (EBOV-VLP-Cy5). Application of EBOV-VLP-Cy5 in-
creased the number of vesicles in both Hela (Figure 3) and
VeroE6 cells (Supplementary Figure 1). EBOV-VLPs colo-
calized with FITC-dextran inside vesicles in both cell types.
PMA also increased the number of FITC-dextran—positive
vesicles (Figure 3), while untreated cells remained at baseline
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Figure 4. Inhibitors of macropinocytosis block Ebola infectious virus-like particle (EBOV-iVLP) infection and uptake of recombinant Ebola virus (EBOV).

Hela cells and Vero E6 cells were treated with 5-(N-Ethyl-N-isopropyl)-amiloride (EIPA) (up to 200 uM), latrunculin A (0.5 M), or 100 nM wortmannin
prior to infection. A, Hela cells exposed to EIPA were infected with EBOV-iVLPs leading to the expression of Renilla luciferase, which was dose-
dependently inhibited by EIPA. Band C, EIPA, latrunculin A, and wortmannin decreased EBOV-iVLP infection in both cell types. Dand E, Vero E6 cells were
treated with either EIPA or latrunculin as indicated and subsequently infected with infectious Zaire ebolavirus—green fluorescent protein (ZEBOV-GFP).
Inhibition of enhanced green fluorescent protein (EGFP) expression was seen for EIPA and latrunculin. Each experiment with EBOV-iVLPs was repeated 4—
7 times. Experiments with infectious EBOV-EGFP were repeated 3 times. Error bars represent standard errors. P values indicate significance. DMSO,

dimethyl sulfoxide.

levels (Figure 3). Taken together, these findings indicate that
attachment of EBOV-VLPs induces macropinocytosis over
a large portion of the cellular plasma membrane by actin-me-
diated ruffle formation.

Inhibitors of Macropinocytosis Block EBOV-iVLP Infection

To further confirm that macropinocytosis is an uptake pathway
for EBOV-VLPs, we investigated the impact of drugs that block
signaling and host cell mechanisms critical for macropinocytosis
on the uptake of EBOV-VLPs. The drugs tested included: (1)
latrunculin A, a sponge toxin that stoichiometrically binds
to actin monomers and blocks actin polymerization [33]; (2) 5-
(N-Ethyl-N-isopropyl)-amiloride, an inhibitor of the Na*/H"-
exchanger [34]; and (3) wortmannin, a fungal toxin that at low
concentrations specifically inhibits PI3-kinase [35]. To quanti-
tatively analyze the impact of these inhibitors on EBOV-VLP
uptake, we generated EBOV-iVLPs containing a minigenome
with a reporter gene encoding for Renilla luciferase [22]. EIPA
inhibited EBOV-iVLP—induced luciferase expression in HeLa
cells in a dose-dependent manner, and Vero E6 cells were also
sensitive to this inhibitor (Figure 4). Significant inhibitory ef-
fects on EBOV-iVLP uptake were also observed in HeLa and
Vero E6 cells treated with latrunculin A and wortmannin (Figure
4). To further confirm the drug inhibitory effects on EBOV

infectivity, we used recombinant ZEBOV-EGFP. Both EIPA and
latrunculin A inhibited GFP expression in Vero E6 cells induced
by ZEBOV-EGFP infection (Figure 4). Together, the data
identify macropinocytosis as an important pathway for EBOV
particle uptake.

Clathrin Contributes to EBOV-VLP Uptake

Viruses have been shown to use different pathways for en-
tering host cells, including clathrin-mediated endocytosis [10],
a mechanism that has also been suggested for EBOV [14, 15].
Therefore, we directly tested the impact of clathrin on EBOV-
iVLP uptake by siRNA-mediated downregulation of the CHC.
CHC-siRNA downregulated clathrin by 75% in HeLa cells, as
determined by quantitative Western blot analysis (Figure 5). In
clathrin-depleted cells, EBOV-iVLP infection was reduced as
indicated by a 25% reduction of luciferase reporter activity
(Figure 5). This effect is consistent with a transient colocalization
of EBOV-VLPs and clathrin (Figure 5) and the appearance of
EBOV-VLPs (~20%) in early endosomes 30 minutes after the
temperature shift from 4°C to 37°C as demonstrated by coloc-
alization with EEA1 (Figure 5). Transferrin, which served as
positive control for clathrin-mediated uptake (Figure 5), largely
colocalized with EEAL in the early endosome as well (Figure 5).
These results indicate that productive entry of EBOV-VLPs into
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Figure 5. Clathrin modulates Ebola infectious virus-like particle (EBOV-
iVLP) entry into Hela cells. A, Downregulation of clathrin heavy chain
(CHC) in Hela cells by small interfering RNA (siRNA), as shown by
Western blotting. B, Clathrin-depleted Hela cells and control cells were
infected with EBOV—iVLPs that mediate expression of Renilla luciferase,
which was used as readout for infectivity. Despite a 75% downregulated
CHC, the reduction of EBOV-iVLP infection was only 25%. C and D,
Virus-like particle (VLP) adsorption was performed for 1 hour at 4°C
followed by a 15-minute temperature shift to 37°C. Colocalization of VLPs
(stained with anti-EBOV-VP40 antibody) with either clathrin or early
endosome antigen 1 (EEA1), and transferrin with clathrin or EEA1 was
determined by immunofluorescence analysis. G, Quantification of VLPs
colocalized with clathrin, EEA1, or caveolin-1 at indicated time points.
Data are based on 3 independent experiments. Error bars represent
standard errors. Scale bar: 5 um.

host cells also depends on the clathrin-mediated endocytotic
pathway.

Caveolin-1 Does Not Colocalize With EBOV-VLP During Uptake

Caveolin-1 is the main scaffolding protein of caveolae, which
are small plasma membrane invaginations of about 80 nm in
diameter that have signaling functions for a wide variety of

cellular mechanisms including endocytotic processes [36]. Cav-
eolin-1 is a characteristic protein of cholesterol- and sphingoli-
pid-rich, detergent insoluble plasma membrane domains (rafts)
[36]. Because extraction and clustering of cholesterol had an
impact on EBOV uptake [37], we wondered if also caveolin-1
might be a critical molecule in this process. We expressed cav-
eolin-1-mCherry and caveolin-1-EGFP fusion proteins in cells
and performed live cell imaging to directly follow the fate of
EBOV-VLP-FITC or EBOV-VLP-Cy5. Both caveolin-1 fusion
proteins behaved similarly and showed colocalization with en-
dogenous caveolin-1 (Figure 6). Application of EBOV-VLP-Cy5
to cells expressing caveolin-1-EGFP resulted in uptake of VLPs
within 20-30 minutes, but colocalization was hardly detectable
over the recorded time period (Figure 6). This is consistent with
only limited colocalization of GP;, (a component of EBOV-
VLPs) with caveolin-1, as demonstrated by double im-
munostaining (Figure 6). These data indicate that at least in HeLa
cells, EBOV particle entry is independent on caveolin-1/caveolae.

Dynamin Il Has a Moderate Impact on EBOV-VLP Uptake
Dynamin II is a large GTPase essential for both clathrin-coated
pits and caveolae-mediated endocytosis that acts by pinching off
the preformed vesicles from the membrane. It also participates
in formation of podosomes and invadopodia [38], and has been
proposed to modulate Racl localization [39]. However, scission
of macropinosomes from the plasma membrane is supposed to
be largely dynamin II independent [40]. Expression of dynamin
II-WT and dynamin II-K44A, a dominant negative mutant, was
achieved by either classical transfection technology or by ade-
novirus gene transfer (for a review, see [41]). As a control we
used transferrin, which binds to the transferrin receptor and is
typically taken up by classical clathrin-mediated endocytosis
[42]. Dynamin II-K44A expression in HeLa cells downregulated
the EBOV-iVLP-mediated luciferase activity by 25% (Figure 7),
indicating a moderate role of dynamin II on particle entry.
Overexpression of dynamin II-WT in unmodified cells or cells
expressing dynamin WT showed transferrin-positive vesicles
after a temperature shift from 4°C to 37°C (Figure 7). In con-
trast, transferrin uptake was completely blocked in cells ex-
pressing the dominant negative mutant, demonstrating the
inhibitory effect of dynamin II-K44A (Figure 7). Coapplication
of EBOV-VLPs and transferrin to cells expressing dynamin II-
WT revealed that only 20% of EBOV-VLPs colocalized with
transferrin in large vesicles (Figure 7; Supplementary Figure 2).
Expression of dynamin II-K44A completely blocked trans-
ferrin uptake but not the uptake of EBOV-VLPs (Figure 7).
Together, the 20% colocalization of EBOV-VLPs with both
clathrin (Figure 5) and transferrin (Figure 7) and the 25%
inhibition of EBOV-VLP uptake after expression of dynamin
II-K44A mutant (Supplementary Figure 2) clearly indicate
that a portion of EBOV-VLPs uses clathrin-mediated endo-
cytosis as the uptake mechanism.
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Figure 6.

caveolin-1
CTx-B

Ebola virus-like particles (EBOV-VLPs) do not colocalize with caveolin-1 in Hela cells. A, Fluorescent caveolin-1-mCherry (red) was expressed

in Hela cells by lentiviral gene transfer. B, Caveolin-1 was labeled using an anti-caveolin-1 antibody and Alexa Fluor 488—conjugated secondary antibody
(green). C, The merged image shows colocalization of caveolin-1 and the additionally expressed caveolin-1-mCherry. D, Caveolin-1-enhanced green
fluorescent protein (EGFP)-expressing Hela cells were exposed to EBOV-VLPs-Cy5 at 4°C followed by a temperature shift to 37°C. Live cell imaging was
performed, and time-dependent 3-dimensional stacks were acquired followed by 3-dimensional reconstruction. No colocalization of EBOV-VLPs (red) or
caveolin-1-EGFP (green) was observed. £, Hela cells were exposed to EBOV-VLPs for 1 hour at 4°C followed by a 15-minute temperature shift to 37°C,
fixed, and stained for caveolin-1 and EBOV-VLPs using an antibody directed against GP; ;. Most of the VLPs were not colocalized (insert, red), but
a very few VLPs overlapped with cav-1 staining (insert, yellow) F, Cholera toxin B (CTx-B) served as a positive control and colocalized with caveolin-1.

Scale bar: 5 pm.

DISCUSSION

Viruses developed a number of strategies to enter target cells.
These include endocytosis via clathrin-coated pits, caveolae,
phagocytosis,
and macropinocytosis [10, 43]. The classical clathrin- or cav-

nonclathrin/noncaveolae-mediated  processes,

eolin-1 mediated endocytotic vesicles are commonly smaller
than 200 nm and 100 nm, respectively [18, 19]. Thus, it seems
reasonable to assume that the large EBOV particles use other
mechanisms for cellular entry, such as macropinocytosis. Mac-
ropinocytosis refers to formation of macropinosomes, which are
large endocytotic vesicles formed at specific locations of the
plasma membrane. This process is suited for uptake of extra-
cellular material such as fluid, antigens, or even large apoptotic
cells [11].
process as the critical mechanism for EBOV particle uptake into

Here we have identified a macropinocytosis-like

target cells. This discovery is consistent with findings in 2 very
recent reports that were performed concomitantly with our
work [44, 45].

In our study we could demonstrate that several hallmarks of
macropinocytosis, such as local actin polymerization leading

to ruffle formation, activation of the PI3-kinase pathway, and
the Na+/H+-exchanger activity, were associated with the
uptake of the majority of EBOV particles into cells (Figure 4).
In particular, the uptake was significantly reduced by the in-
hibition of the Na+/H+-exchanger activity, which is known
to be critical for macropinocytosis [10]. The finding that la-
trunculin A had a weaker effect on particle uptake might be
due to 2 phenomena. First, depolymerization of actin fila-
ments results in cell rounding and cell detachment [46]. In
order to avoid those processes, latrunculin A had to be used at
lower concentrations that only partially block actin poly-
merization and thus may still allow limited entry of particles.
Second, a smaller number of particles might enter the cells by
a different mechanism such as clathrin-mediated uptake as
identified here (Figure 5), a phenomenon that might be re-
lated to differences in particle size. Particle heterogeneity has
been shown for both infectious EBOV and noninfectious
EBOV-VLPs [1, 17, 20, 47]. Two modes of clathrin coat for-
mation have been described: the classical small clathrin-
coated pits, which form rapidly and mediate fast uptake, and
the larger coated plaques, which are longer-lived structures
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Dynamin Il modulates Ebola virus-like particle (EBOV-VLP) uptake in Hela cells. Dynamin II-WT (dynll WT) and a dynamin II-K44A mutant (dynll

K44A) were expressed in Hela cells to block both caveolin-1 and clathrin-mediated endocytosis, and subsequently tested for the ability to take up EBOV-
VLPs, or transferrin (positive control). A-D, Hela cells expressing either dynamin [I-WT or dynamin |I-K44A mutant were exposed to transferrin—Alexa
Fluor 546 at temperatures indicated. There was no transferrin uptake in cells expressing the dynamin Il K44A mutant. £, Hela cells expressing either
dynamin Il or dynamin I1-K44A were infected with EBOV-iVLPs and analyzed for Renilla luciferase activity after 70 hours. There was 25% downregulation
of luciferase activity in dynamin II-K44A—expressing cells. F—K; Hela cells expressing dynamin [I-WT (F—H) or dynamin || K44A mutant (/—K') were exposed
to EBOV-VLPs for 60 minutes and to transferrin—Alexa Fluor 546 for 15 minutes and fixed, and EBOV-VLPs (green) were stained for GP; ,. F~H, Some
EBOV-VLPs were found in exceptionally large transferrin-positive vesicles, while the bulk of EBOV-VLPs did not colocalize with transferrin. /—K, In
contrast, Hela cells expressing dynamin II-K44A were negative for the characteristic small transferrin-positive vesicles, but still showed the exceptionally
large EBOV-VLP—containing macropinosomes. Arrowheads indicate colocalized structures as indicated. Experiment was repeated 3 times. Error bars

represent standard errors. Scale bars: 5 pum.

depending on actin dynamics and differing in uptake velocity
and mechanisms [48]. Clathrin-mediated uptake of large
pathogens was previously described for Listeria monocytogenes
that use planar clathrin-coated plaques [49]. Therefore, the
uptake of some EBOV particles appears to be clathrin-medi-
ated but independent of the classical clathrin-mediated
pathway.

As with several other viruses, EBOV particles appear to be
internalized by more than 1 endocytotic pathway. Although
2 other studies showed that clathrin does not play a role in
EBOV entry of Vero cells, our data indicate that in HeLa cells
clathrin does contribute to particle internalization. Based on
published data and the results reported here, we assume that
the endocytotic pathways taken by EBOV particles may differ
depending on the cell type and origin. In addition, EBOV
particle size might determine the entry mechanism. The latter

might explain the results of studies using HIV particles
pseudotyped with EBOV-GP,, with an estimated size of
about 100 nm, which were internalized in a clathrin-de-
pendent fashion [14]. This is in accordance with recent re-
ports showing that chlorpromazine, a drug that alters a wide
variety of cellular mechanisms including certain types of en-
docytosis [50, 51], inhibited the uptake of infectious EBOV
[14]. The impact of clathrin on EBOV particle uptake is also
consistent with the inhibitory effect of the dynamin II-K44A
mutant, which is known to block clathrin- and caveolae-me-
diated endocytosis (Figure 7).

In summary, it appears that EBOV particle uptake occurs by
various pathways and depends among other factors on the host
cell and virus particle size. However, macropinocytosis and, to
a certain degree, clathrin-mediated endocytosis seem to be the
main mechanisms for particle uptake into cells.
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