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Autophagy-Associated Proteins Control Ebola Virus
Internalization Into Host Cells

Olena Shtanko,' Ann N. Reyes,' William T. Jackson,? and Robert A. Davey'

Department of Virology and Immunology, Texas Biomedical Research Institute, San Antonio; and 2Department of Microbiology and Immunology, University of Maryland School of
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Ebola virus (EBOV) enters host cells by macropinocytosis, a poorly understood process. Recent studies have suggested that cell factors
involved in autophagy, an evolutionally conserved pathway leading to the lysosomal degradation of protein aggregates and organelles
during cellular stress, also have roles in macropinocytosis. Here, we demonstrate that autophagy-associated proteins are required for traf-
ficking of EBOV into the cell body. Depleting cells of beclin 1, autophagy-related protein 7, or microtubule-associated protein 1A/B light
chain 3B (LC3B) abolished EBOV uptake, owing to a block in vesicle formation at the cell surface. Both LC3B-I and LC3B-II interacted
with macropinocytic structures. Our work indicates that, although various forms of LC3B possess an inherent ability to associate with
forming macropinosomes, LC3B-1II is critical for internalization of macropinocytic vesicles and, therefore, EBOV from the cell surface.
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Ebola virus (EBOV) is an emerging pathogen causing severe,
often lethal hemorrhagic fever in humans and nonhuman pri-
mates. Despite significant progress, there are no licensed ther-
apeutics to treat or prevent associated disease [1]. EBOV is a
filamentous enveloped virus belonging to the family Filoviridae.
The virion surface is studded with homotrimeric glycoprotein
complexes, which are the sole viral determinant of binding to
host cell receptors [2]. The majority of EBOV particles enter
cells through macropinocytosis and subsequently traffic through
endocytic compartments before release of the viral nucleocapsid
into the cytoplasm, where genome replication takes place [3, 4].

Macropinocytosis is initiated at the cell surface when membrane
extensions fold back onto themselves and fuse with the plasma
membrane, forming large vesicles termed “macropinosomes” [5,
6]. Despite being the earliest reported form of endocytosis, mac-
ropinocytosis remains poorly understood, particularly with regard
to early steps of macropinosome biogenesis. Formation of macropi-
nosomes depends on phosphoinositide 3 kinase (PI3K) signaling
and actin remodeling, which drive constitutive membrane ruffling.
Macropinocytic structures are associated with the Rab effector,
Ankfyl, a protein critical for macropinocytosis. Overexpression
of Ankfyl can increase macropinocytosis, whereas knockdown
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blocks endocytosis, although the molecular mechanism of Ankfy1l
function in macropinocytosis remains undetermined [7].
Recently, the macroautophagy (hereafter referred to as “auto-
phagy”) effector protein, microtubule-associated protein 1A/B
light chain 3B (LC3B), was seen to associate with mature mac-
ropinosomes, suggesting a possible role for autophagy proteins
in macropinocytosis [8]. Indeed, inhibition of function of several
autophagy proteins affected macropinocytosis, demonstrating a
close relationship between autophagy and macropinocytosis [9,
10]. Autophagy is a highly conserved, tightly regulated eukary-
otic cellular degradation process that, under conditions of cel-
lular stress, sequesters protein aggregates and organelles into
large, double-membrane-bound vesicles (ie, autophagosomes)
[11, 12]. LC3B posttranslational proteolytic cleavage generates
LC3B-1, and subsequent conjugation to phosphatidylethanol-
amine, generates LC3B-II. The processing of LC3B to LC3B-II
involves a cascade of multiprotein complexes and results in auto-
phagosome nucleation, expansion, and vesicle fusion [12, 13].
LC3B-II specifically associates with the autophagosome to play a
role in these processes [14, 15]. In this study, we investigated the
involvement of LC3B and upstream autophagy factors, beclin 1
(Becnl), a member of PI3K complex involved in vesicle nucle-
ation, and autophagy-related protein 7 (Atg7), a component of
LC3B lipidation machinery [12], in EBOV entry into the cell.

MATERIALS AND METHODS

Antibodies

Rabbit polyclonal antibody to Becnl, Atg3, Atg7, and myc
tag were from Cell Signaling Technology (Danvers, MA).
Other antibodies were rabbit polyclonal to green fluorescent
protein (GFP; Abcam, Cambridge, MA), mouse monoclonal
to GFP (Takara, Mountain View, CA), rabbit polyclonal to
LC3B (Sigma, St. Louis, MO), mouse monoclonal to EBOV
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glycoprotein (GP) clone 4F3 (IBT Bioservices, Gaithersburg,
MD), mouse monoclonal to EEA1 (BD Biosciences, Franklin
Lakes, NJ), and mouse monoclonal to GAPDH and rabbit poly-
clonal to Ankfyl (Thermo Fisher, Waltham, MA).

Cells and Viruses
Human cervical carcinoma (HeLa) cells, human embryonic kid-
ney 293 cells, and African green monkey (Vero) cells (ATCC,
Manassas, VA) were cultivated in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS). 293FT cells (Thermo Fisher) were cultivated in DMEM
supplemented with 10% FBS and 0.5 mg/mL G418 (Thermo
Fisher). All cells were maintained at 37°C with 5% CO,.
Experiments with EBOV were performed in a biosafety level 4
laboratory at Texas Biomedical Research Institute (San Antonio,
TX). Wild-type EBOV (National Center for Biotechnology
Information [NCBI] accession number NC_002549.1) and
recombinant EBOV expressing enhanced GFP (EBOV-eGFP;
NCBI accession number KF990213.1) were kindly provided by
the Texas Biomedical Research Institute and Heinz Feldmann
(National Institutes of Health, Hamilton, MT), respectively.
The virus stocks were amplified as described previously [16].
Recombinant vesicular stomatitis virus (VSV), containing a
substitution of VSV glycoprotein G (VSV-G) gene with a gene
encoding firefly luciferase (VSV-Luc), was kindly provided by
Sean Whelan (Harvard Medical School, Boston, MA). EBOV
GP-pseudotyped VSV encoding the Luc gene (VSV-EBOVGP-
Luc) was generated as described previously [17].

Plasmids

pcDNA3-VP40, pcDNA3-GP, p3E5E-Luc, pC-NP, pC-VP30,
pC-VP35, and pC-L constructs were described previously [16,
18-20]. pEYFP-C1 was purchased from Takara (Mountain
View, CA). pEYFP-Ankfyl was kindly provided by Marino
Zerial (Max-Planck Institute, Dresden, Germany) and
described previously [7]. pPCMV-myc-LC3 (Addgene plasmid
24919) plasmid was kindly provided by Toren Finkel (National
Heart, Lung, and Blood Institute, Bethesda, MD).

Small Interfering RNA (siRNA) and Immunoblotting

siRNA duplexes targeting human autophagy Becnl, Atg3,
Atg7, MAPILC3B (referred to hereafter as “LC3B”), and
Ankfyl genes and AllStar (nontargeting [N'T]) nonsilencing
siRNA were purchased from Qiagen (Germantown, MD).
Cells were transfected with siRNA duplexes to a final concen-
tration of 5 nM, using RNAIMAX (Thermo Fisher) accord-
ing to the manufacturer’s protocol. After another 24 hours,
medium was replaced, and the cells were retransfected and
incubated for another 24 hours. Two separate siRNAs per gene
target were tested in the EBOV infection assay. In subsequent
experiments, one siRNA was used. Protein depletion of auto-
phagy proteins was assessed by immunoblotting as described
previously [21].

Immunoprecipitation

siRNA-transfected HeLa cells grown in 100-mm dishes were
transfected with 3 pg of pCMV-myc-LC3 and 3 pg of either
pEYFP-Ankfyl or pEYFP-C1. After 24 hours, cells were lysed
in RIPA buffer. Proteins were precipitated using a rabbit anti-
eGFP antibody and Dynabeads protein G immunoprecipitation
kit (Thermo Fisher) according to the manufacturer’s proto-
col. Eluted proteins were resuspended in sodium dodecyl sul-
fate polyacrylamide gel electrophoresis sample buffer, boiled,
resolved on a gel, and subjected to immunoblotting analysis
with mouse anti-myc tag and anti-eGFP antibodies.

Minigenome Assay

p3E5E-Luc plasmid, encoding the firefly Luc reporter gene, was
kindly provided by Elke Muhlberger (Boston University, MA).
Minigenome RNA was synthesized and minigenome activity
measured as described previously [16].

EBOV Infection

siRNA-treated HeLa cells were collected 24 hours after the second
siRNA transfection. Fifteen thousand cells were plated into wells
of the 96-well plate in triplicate to be infected with EBOV-eGFP;
the remaining cells were plated either into new 60-mm dishes
(autophagy proteins) or into 8-chamber p-slides (ibidi, Munich,
Germany; Ankfyl) to be tested for gene silencing. After 24 hours,
virus was added to the cells at a multiplicity of infection (MOI) of
0.1 for 24 hours. The cells were then fixed and nuclei stained with
Hoechst 33342 dye. Infection efficiency was calculated as the ratio
of infected cells (expressing eGFP) to cell nuclei. The effect of siRNA
on gene expression was determined at the same time as infection.
Autophagy protein depletion was assessed by immunoblotting.
Depletion of Ankfy1 was verified by immunofluorescence. The cells
grown on slides were fixed, permeabilized with 0.1% Triton X-100
for 10 minutes, blocked with 5% goat serum (Thermo Fisher),
stained with anti-Ankfyl antibody overnight and then with Alexa
Fluor 546-conjugated anti-rabbit secondary antibody and HCS
CellMask blue stain (Thermo Fisher). Images were acquired using a
Nikon Ti-Eclipse microscope (Nikon, Tokyo, Japan).

Dextran Internalization

To assess macropinosome formation, dextran internalization
into cells was measured. Cells were prechilled at 14°C and then
incubated with Oregon Green 488-conjugated dextran (molec-
ular weight, 70000 kDa; Thermo Fisher), to a final concentra-
tion of 125 ug/mL. The samples were incubated at 37°C for 1
hour, fixed in 10% buffered formalin, and stained with HCS
CellMask blue stain to define cell boundaries. Cells were pho-
tographed using Nikon Ti-Eclipse microscope. The number of
dextran-positive vesicles was counted for 20 cells per treatment,
using Imaris software (Bitplane, Zurich, Switzerland).

Virus Binding
Cells grown in p-slides were preequilibrated to 14°C in a
water bath and then incubated with virus at an MOI of 5 at
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14°C for 1 hour. Cells were washed with cold phosphate-buft-
ered saline (PBS), fixed, and stained with a mouse anti-GP
antibody, followed by the Alexa Fluor 488-conjugated anti-
mouse secondary antibody and HCS CellMask blue stain. Z
stacks were acquired by immunofluorescence microscopy on
20 cells in each sample. 3D image reconstruction, counting,
and colocalization of virus particles were performed using
Imaris software after deconvolution by AutoQuant X3 software
(MediaCybernetics, Rockville, MD). Imaris software assigned
a virus particle on the basis of voxel intensity. Large aggregates
were excluded from the analysis.

Virus-like particles (VLPs) were generated as described pre-
viously [16]. For evaluation of VLP-LC3B colocalization, HeLa
cells were incubated with VLPs or left untreated for 10 minutes,
washed with PBS, fixed in 10% buffered formalin, and stained
with mouse anti-GP and rabbit anti-LC3B antibodies. Z-stack
imaging, deconvolution, and 3D reconstruction were done on
20 cells as described above.

EBOV Internalization

Virus particles were allowed to bind to cells as described above.
Subsequently, cells were washed with cold PBS, overlaid with
growth medium, and placed at 37°C for 10, 60, or 240 minutes.
To detect virus particles exposed on the outside of the cell mem-
brane, cells were fixed in 10% buffered formalin and stained
with mouse anti-GP antibody followed by Alexa Fluor 488-
conjugated secondary antibody. Then, cells were permeabilized
with 0.1% (v/v) Triton X-100 detergent and restained with the
anti-GP antibody and Alexa Fluor 633-conjugated secondary
antibody to detect all virus particles throughout the cell. Image
analysis was as described above. The percentage of internalized
virus was determined as a ratio of puncta positive only for Alexa
Fluor 633 signal to puncta positive for both Alexa Fluor 633 and
Alexa Fluor 488 signals.

To assess EBOV association with Ankfyl, treated cells
(as described above) were fixed, permeabilized with 0.1%
(v/v) Triton X-100 detergent, and stained with the anti-GP
antibody and rabbit anti-Ankfyl antibody at 1:200 dilution
overnight at 4°C. The secondary antibodies were Alexa Flour
488-conjugated anti-mouse and Alexa Fluor 633-conjugated
anti-rabbit antibodies. Cells were then imaged and analyzed
as described above.

Immunofluorescence

Twenty thousand siRNA-treated HeLa cells were transfected
with 0.2 pg of pEYFP-Ankfyl and 0.2 pg of pPCMV-myc-LC3B
and then plated into a p-slide. The next day, samples were fixed,
permeabilized, and stained with a rabbit anti-myc tag anti-
body at 1:1000 dilution for 1 hour and then with the anti-rab-
bit Alexa Fluor 633-conjugated secondary antibody and HCS
CellMask blue stain. Twenty cells were imaged and analyzed as
described above.

RESULTS

Autophagy Proteins Are Required for EBOV Entry

EBOV is known to use macropinocytosis for infection [3, 4].
Several studies have indicated a role for autophagy proteins in
macropinosome trafficking into cells and that macropinocyto-
sis and autophagy pathways are regulated by similar signaling
molecules [9, 10, 22]. To investigate whether autophagy-asso-
ciated proteins generally control macropinocytosis, we mea-
sured the impact of Becnl, Atg7, or LC3B depletion on uptake
of fluorescently labeled 70000-kDa dextran, which is taken up
exclusively in macropinosomes [23]. One hour after addition,
in NT-siRNA treated cells, dextran distribution appeared in
numerous vesicles throughout the cytoplasm (Supplementary
Figures 1 and 2A). Depletion of LC3B caused nearly com-
plete cessation of dextran uptake, while depletion of Becnl or
Atg7 resulted in a substantial drop in uptake, with the num-
ber of dextran-containing vesicles per cell decreasing by >80%
(P <.05; Supplementary Figure 2B). These findings indicate that
autophagy-associated proteins are directly required for dextran
uptake and therefore have important roles in macropinocytosis
and likely EBOV infection.

We tested whether autophagy proteins had a similar role in
EBOV cell entry. First, Becnl-, Atg7-, or LC3B-depleted cells
were tested for the ability to support virus infection. As seen
in Figure 1A, each siRNA reduced EBOV infection by at least
95%. The block of EBOV infection was not due to inhibition of
genome replication, as EBOV minigenome activity was unim-
paired (Figure 1B and Supplementary Figures 1 and 3) by any of
the siRNA tested, demonstrating that the block of infection was
likely to be during virus uptake.

Next, we confirmed that these autophagy proteins were
required for EBOV uptake into the cell. Cells depleted of Becnl,
Atg7, or LC3B were challenged with pseudotyped viruses com-
posing the core of VSV, bearing the EBOV GP and encod-
ing firefly Luc as a marker of infection (VSV-EBOVGP-Luc).
Depleting cells of LC3B or its processing proteins resulted in an
approximately 80% reduction in VSV-EBOVGP-Luc infection,
mirroring that observed for the wild-type EBOV (Figures 1A
and C). In contrast, a pseudotype bearing VSV G (VSV-VSVG-
Luc), known to enter cells through clathrin-mediated endocy-
tosis [24, 25], was not significantly affected (P > .05; Figure 1D),
suggesting that control of EBOV infection by the autophagy-as-
sociated proteins is dependent on EBOV GP and therefore
specific for EBOV entry and that the effects of the siRNA treat-
ments were not due to cytotoxicity.

Autophagy Proteins Control EBOV Internalization Into the Cell

Macropinocytosis is a multistage process consisting of mac-
ropinocytic cup formation and closure at the cell surface and
trafficking of the resulting endosome to fuse with lysosomes or
recycling back to the cell surface [26, 27]. Although our data
clearly demonstrate a requirement for autophagy proteins in
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Figure 1. Autophagy proteins are required for Ebola virus (EBOV) entry. A, Hela
cells were untreated (mock) or treated with nontargeting (NT) small interfering RNA
(siRNA) or siRNAs targeting beclin 1 (Becn1), autophagy-related protein 7 (Atg7),
or microtubule-associated protein 1A/B light chain 3B (LC3B). After 24 hours, the
treatment was repeated. After another 48 hours, cells were infected with EBOV
expressing enhanced green fluorescent protein (eGFP) at a multiplicity of infection
of 0.1. Cells were fixed 24 hours later, and nuclei were stained with Hoechst dye.
The numbers of nuclei and eGFP-positive foci (ie, infected cells) were counted using
CellProfiler software. Relative infection efficiencies for each sample were deter-
mined as the ratio of infected cells to nuclei. Mean infection efficiencies (+SDs)
from 3 independent experiments are shown. B, Autophagy pathway regulators do
not control EBOV transcription or replication. siRNA-treated 293 cells were trans-
fected with EBOV minigenome RNA encoding the firefly luciferase gene and plas-
mids encoding the virus genome replication complex proteins nucleoprotein, VP30,
VP35, and L. Luciferase activity (expressed in relative light units [RLUs]) was deter-
mined 16 hours after minigenome RNA transfection, and value were normalized
to values to mock-treated cells and are shown as means (+SDs) of 3 independent
experiments. C and [, Autophagy-associated proteins control EBOV uptake. siR-
NA-treated Hela cells were incubated with virus pseudotypes bearing the EBOV
glycoprotein (C) or VSV glycoprotein (D). Luciferase activity was measured 24 hours
after virus pseudotype challenge. Abbreviation: RLU, relative light unit.

EBOV cell entry, it was unclear which step of virus entry was
affected. Virus binding was synchronized by maintaining siR-
NA-treated cells at 14°C, a temperature known to block mem-
brane rearrangements, including endocytic uptake, while not
perturbing the cell cytoskeleton [28]. EBOV uptake was then
allowed to proceed for various periods by raising the tempera-
ture to 37°C. Cells were subsequently stained with an anti-GP
antibody before (to detect cell surface particles) and after per-
meabilization with nonionic detergent (to stain all particles).
The assay has a background of approximately 15% of particles
being scored as internalized at time 0. This is due to 14°C allow-
ing a low level of uptake and incomplete access of antibodies to
all particles. Binding to the cell surface was unaffected in cells
depleted of Becnl, Atg7, or LC3B, with a subset of particles
accumulating at limited sites on the cell periphery (Figure 2A
and 2B). In contrast, internalization of virus was significantly

abrogated, with comparable numbers of virions remaining on
the cell surface throughout the incubation, whereas cells treated
with nontargeting siRNA showed a progressive increase in the
number of internalized virus particles, with a 3-fold increase
after 240 minutes (P < .05; Figure 2A and 2C). Large virus
aggregates were also more pronounced in Becnl, Atg7, or
LC3B siRNA-treated cells, suggesting accumulation of particles
unable to enter cells, but these were not quantified. These results
demonstrate that proteins known to associate with the autoph-
agy pathway likely control an early step of EBOV uptake, close
to the cell surface.

Autophagy Proteins Are Dispensable for EBOV-Ankfy1 Association at the
Cell Surface

To test the effect of autophagy protein deficiency on macropi-
nosome biogenesis at the cell surface, association of EBOV
particles with endogenous Ankfyl was measured. Consistent
with the essential role of Ankfyl in macropinosome formation
[7], depletion of Ankfyl efficiently blocked EBOV infection
(P < .05; Figure 3A and 3B). In cells treated with NT siRNA, a
progressive association of virus and endogenous Ankfy1 peaked
at 60 minutes and then dropped to 50% of the peak level by
240 minutes (Figure 3C and 3D). This timing is consistent with
previous measurements of EBOV uptake into cells [3, 4, 29].
In contrast, twice as many virions associated with Ankfyl,
before endocytosis was allowed to proceed, in cells depleted
of the autophagy proteins. This finding suggests arrested inter-
nalization of Ankfyl and EBOV. Importantly, after only 10
minutes, the association plateaued, similar to that seen at 60
minutes with the nontargeting siRNA and remained at this level
throughout the incubation (Figure 3C and 3D), demonstrating
that, despite the lack of uptake, virus particles remained asso-
ciated with macropinosomes at the cell surface. These and pre-
vious data (Figure 2A and 2C) indicate that lack of expression
of autophagy regulators resulted in aberrant macropinosome
trafficking into cells, confirming that the arrest of macropino-
some formation and, therefore, EBOV uptake occurred at the
cell membrane.

LC3B-1 and LC3B-II Interact With Macropinosomes at the Cell Membrane

A recent study showed that LC3B associated with mature vesi-
cles, consistent with macropinosomes [8]. Because LC3B local-
ization to autophagosomes is necessary for the vesicle formation
[14, 15], we tested LC3B for the ability to localize to and facili-
tate formation of macropinocytic vesicles at the plasma mem-
brane. Cells overexpressing LC3B fused at its N-terminus to myc
tag (myc-LC3B) and Ankfyl fused to EYFP (EYFP-Ankfyl)
were stained with anti-myc antibody. The 2 signals colocal-
ized extensively inside the cell, indicating that LC3B associates
with macropinocytic vesicles, consistent with a previous report
[8]. Interestingly, a subset of LC3B-Ankfyl colocalization was
also observed close to the plasma membrane (Figure 4A). Our
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Figure 2. Autophagy proteins control internalization of Ebola virus (EBOV) into the cell. A, To determine whether autophagy regulators are required for EBOV cell binding
and/or internalization, EBOV virions were allowed to bind to small interfering RNA (siRNA)-treated Hela cells by incubation at 14°C for 30 minutes. EBOV-bound cells were
then transferred to 37°C for the indicated times to allow internalization. The samples were subsequently stained with an anti-glycoprotein antibody before (to detect cell
surface particles; green) and after (to stain all particles; red) permeabilization with Triton X-100 and with CellMask dye (gray) to define cell boundaries. Yellow staining indi-
cates virus stained by both secondary antibodies, on the outside of cells. Optical Z sections through the middle of the cell body are shown, and scale bars represent 7.5 pum.
Examples of internalized EBOV virions are shown in magnified insets of the indicated area. B, The average number of virions bound to each cell + SD was counted for 20
cells, using Imaris software. C, Internalization efficiency was calculated as the proportion of internalized virus particles among all particles and is reported as the average
percentage (+SD). Abbreviations: Atg7, autophagy-related protein 7; Becn1, beclin 1; LC3B, microtubule-associated protein 1A/B light chain 3B; NT, nontargeting.

observations that LC3B associates with the macropinocytic
marker, Ankfyl, and EBOV, which requires macropinocytosis
for cell infection, at the cell surface suggest that LC3B may have
a role in an early stage of macropinocytosis. However, because
both the anti-myc (Figure 4A) and the anti-LC3B (Figure 4B)
antibodies recognized the N-terminal domain of the protein, it
was unclear whether the unlipidated form, LC3B-1, and/or the
fully processed form, LC3B-II, was required for the association.

While LC3B-1I1, the product of LC3B cleavage and lipidation,
specifically associates with autophagosomes [14, 15], it was

unclear whether LC3B processing was also a prerequisite for
its association with macropinosomes. To test this, cells treated
with NT siRNA or siRNAs targeting Becnl or Atg7, proteins
important for LC3B processing [12], were transfected with
plasmids encoding myc-LC3B and EYFP-Ankfyl. Similar to
what was observed in untreated cells (Figure 4A), or NT-treated
cells, LC3B and Ankfyl colocalized both inside the cell and at
the cell surface (Figure 4C). Surprisingly, in cells depleted of
either Becnl or Atg7, LC3B was found exclusively near the cell
surface, at the Ankfyl-positive sites (Figure 4C). These data
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Figure 3. Autophagy proteins are dispensable for the association between Ebola virus (EBOV) and Ankfy1 at the cell surface. Aand B, Ankfy1 is required for EBOV infection.
Untreated Hela cells (mock) or those treated with nontargeting (NT) or specific small interfering RNAs (siRNAs) targeting Ankfy1 were challenged with EBOV expressing
enhanced green fluorescent protein (eGFP) at a multiplicity of infection of 0.01. After 24 hours, cells were fixed, and nuclei were stained with the Hoechst dye, photographed,
and analyzed as described in Figure 1A (A). The depletion of Ankfy1 was confirmed by staining cells with anti-Ankfy1 antibody (red; B). C, Uptake and colocalization of virions
with endogenous Ankfy1 was examined in siRNA-treated Hela cells preincubated with EBOV for 30 minutes at 14°C, transferred to 37°C for 0, 10, 60, or 240 minutes, and
stained with anti-EBOV glycoprotein (GP; red) and anti-Ankfy1 (green) antibodies and CellMask dye (magenta). The scale bars represent 7.5 um. D, The overlap between GP
and Ankfy1 puncta was analyzed by Imaris software, using 3D image sets. The percentage of GP staining that overlapped with Ankfy1 is shown as the mean (+SD) for 20 cells.

indicate that LC3B processing is not required for its association
with macropinosomes but instead is required for vesicle inter-
nalization from the cell surface.

The strong association seen between LC3B and Ankfy1 sug-
gested that the 2 proteins may physically interact. To test this,
cells treated with the NT siRNA or siRNA targeting Becnl,
Atg7, or Atg3 and subsequently transfected with plasmids
expressing myc-LC3B and either EYFP-Ankfyl or EYFP as
a control were subjected to coimmunoprecipitation. Atg3
acts downstream of Becnl and Atg7 and, similar to Atg7, is

involved in lipidation of LC3B-I on autophagic membranes
[30]. In NT-treated cells, both LC3B-I and LC3B-II copre-
cipitated with Ankfyl, but in cells depleted of either Becnl,
Atg3, or Atg7, only LC3B-I was detected and coprecipitated
(Figure 4D). These results, together with observations above
(Figure 4C), suggest that, although both LC3B-I and LC3B-II
have an inherent ability to associate with Ankfyl and, there-
fore, macropinosomes, the lipidated form appears to be indis-
pensable for macropinosome endocytosis and, therefore,
EBOV movement into the cell.
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(red) and CellMask dye (gray). Images are optical Z sections through the middle plane of the cell body, with 10-um scale bars. Arrowheads indicate examples of Ankfy1-
LC3B colocalization at the cell surface in magnified insets of the indicated area. B, EBOV localizes to LC3B-positive structures at the cell surface. Hela cells were incubated
with Ebola virus-like particles (VLPs) or phosphate-buffered saline for 10 minutes, and samples were stained with anti-EBOV glycoprotein antibody, anti-LC3B antibody, and
CellMask dye (gray). Optical Z sections through the middle of the cell are shown with 10-pum scale bars. Arrowheads indicate examples of VLP-LC3B colocalization in magni-
fied insets of the indicated area. C, To test whether autophagy-associated proteins are a prerequisite for its association with Ankfy1-positive sites, cells treated with indicated
siRNAs were transfected with plasmids encoding EYFP-Ankfy1 and myc-LC3B. Samples were then permeabilized and stained with anti-myc antibody (red) and CellMask dye
(gray). Optical Z sections through the middle of the cell are shown with 10-um scale bars. Arrowheads indicate examples of colocalization between Ankfy1 and LC3B in mag-
nified insets. D, Both LC3B-I and LC3B-II bind Ankfy1. siRNA-treated Hela cells were transfected with plasmids expressing myc-LC3B and either EYFP or EYFP-Ankfy1. After

24 hours, proteins were precipitated with Dynabeads/anti—enhanced green fluorescent protein (eGFP) antibody complexes and analyzed by immunoblotting with anti-eGFP
(top panels) and anti-myc (lower panels) antibodies. Abbreviation: IP, immunoprecipitation.

DISCUSSION macropinosome biogenesis at the cell surface and subsequent

trafficking into the cell (Supplementary Figure 4).
Autophagy-regulating proteins or the pathway itself play an

important role in the life cycle of numerous viruses by exerting

This study demonstrates a role for host proteins associated with
the autophagy pathway in EBOV infection. Our report is first
to show that these factors are essential for EBOV internaliza-

tion following virion binding to the plasma membrane. This
dependence is due to a requirement for processed LC3B in

either antiviral or proviral activity. The mechanistic details of
the autophagy-virus interaction appear to be extraordinarily
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complex and are usually unique for each virus [31]. Our results
show that, for EBOV, the autophagy pathway is essential to
establish infection in host cells. Silencing key pathway regula-
tors significantly blocked infection by the wild-type virus and
the pseudotype (Figure 1), demonstrating that autophagy-as-
sociated proteins control an entry step of EBOV. There have
been few studies reporting involvement of autophagy proteins
in virus entry, and those that do exist provide little information
about the mechanism(s), aside from the fact that most likely
it involves an intracellular trafficking step [32, 33]. We clearly
demonstrate that autophagy regulators control internalization
of EBOV from the plasma membrane (Figure 4). We also show
that virions recruited and colocalized with LC3B-positive struc-
tures at the plasma membrane.

LC3B strongly associated with EBOV and Ankfyl, a well-es-
tablished marker of the macropinocytic pathway, not only in
the cytoplasm, but also at the cell surface (Figures 3 and 4).
Since the majority of the current literature describes LC3B as
being either cytosolic when unprocessed or as associated with
intracellular phagocytic or autophagic membranes when lipi-
dated [34, 35], our observations of LC3B at the cell membrane
were somewhat unexpected. Investigation into the origin of
autophagosomal membranes identified the plasma membrane
as one likely source, where the autophagy regulator Atgl6L1
is commonly found [36]. Therefore, it is not unreasonable that
basal levels of LC3B can be found at the plasma membrane,
presumably in its lipidated form. Our data show that both pre-
cursor and processed forms of LC3B strongly interacted with
Ankfy1 in both colocalization and immunoprecipitation assays.
Since Ankfyl shows a strong association with macropinosomes
throughout the endocytic pathway, LC3B similarly has an affin-
ity for macropinocytic structures, including those at the cell
surface (Figure 4).

Over the past decade, numerous viruses, structurally and mor-
phologically distinct, have been demonstrated to use macropi-
nocytosis to invade cells [37]. It will be important to elucidate
whether other viruses that have macropinocytosis-dependent
infection mechanisms, such as filamentous forms of influenza
virus or respiratory syncytial virus, similarly depend on autopha-
gy-associated proteins for entry into cells. If, as expected, they do,
it may enable the development of broad-spectrum antiviral com-
pounds that interfere with macropinocytosis by inhibiting spe-
cific autophagy proteins. Although this approach may influence
essential host functions that involve macropinocytosis or autoph-
agy, such as the innate immune response, acute virus infections
should only require brief treatments and so could be tolerated.
Several specific inhibitors of autophagy proteins, including PI3K
and Atg7, have entered preclinical development for potential use
in cancer treatment [38]. If such indicators prove to be effective
and safe, they could be useful for treatment of infections by mac-
ropinocytic-dependent viruses and other pathogens.
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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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