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ABSTRACT

The glycoprotein of Ebola virus (EBOV GP), a member of the family Filoviridae, facilitates viral entry into target cells. In addi-
tion, EBOV GP antagonizes the antiviral activity of the host cell protein tetherin, which may otherwise restrict EBOV release
from infected cells. However, it is unclear how EBOV GP antagonizes tetherin, and it is unknown whether the GP of Lloviu virus
(LLOV), a filovirus found in dead bats in Northern Spain, also counteracts tetherin. Here, we show that LLOV GP antagonizes
tetherin, indicating that tetherin may not impede LLOV spread in human cells. Moreover, we demonstrate that appropriate pro-
cessing of N-glycans in tetherin/GP-coexpressing cells is required for tetherin counteraction by EBOV GP. Furthermore, we
show that an intact receptor-binding domain (RBD) in the GP1 subunit of EBOV GP is a prerequisite for tetherin counteraction.
In contrast, blockade of Niemann-Pick disease type C1 (NPC1), a cellular binding partner of the RBD, did not interfere with
tetherin antagonism. Finally, we provide evidence that an antibody directed against GP1, which protects mice from a lethal
EBOV challenge, may block GP-dependent tetherin antagonism. Our data, in conjunction with previous reports, indicate that
tetherin antagonism is conserved among the GPs of all known filoviruses and demonstrate that the GP1 subunit of EBOV GP
plays a central role in tetherin antagonism.

IMPORTANCE

Filoviruses are reemerging pathogens that constitute a public health threat. Understanding how Ebola virus (EBOV), a highly
pathogenic filovirus responsible for the 2013-2016 Ebola virus disease epidemic in western Africa, counteracts antiviral effectors
of the innate immune system might help to define novel targets for antiviral intervention. Similarly, determining whether Lloviu
virus (LLOV), a filovirus detected in bats in northern Spain, is inhibited by innate antiviral effectors in human cells might help to
determine whether the virus constitutes a threat to humans. The present study shows that LLOV, like EBOV, counteracts the
antiviral effector protein tetherin via its glycoprotein (GP), suggesting that tetherin does not pose a defense against LLOV spread
in humans. Moreover, our work identifies the GP1 subunit of EBOV GP, in particular an intact receptor-binding domain, as crit-
ical for tetherin counteraction and provides evidence that antibodies directed against GP1 can interfere with tetherin counterac-
tion.

Infection with Ebola virus (EBOV) (formerly Zaire ebolavirus), a
member of the genus Ebolavirus within the family Filoviridae,

causes severe and frequently fatal disease. The Ebola virus disease
(EVD) epidemic in Western Africa in 2013 to 2016 was associated
with 11,316 deaths and entailed secondary cases in the United
States and Spain (1, 2), indicating that EVD constitutes a global
public health threat. The interferon (IFN) system, an important
component of innate immunity, is a first-line defense against in-
fection by EBOV and other viruses (3, 4). Sensors of the IFN sys-
tem detect viral invaders and trigger the production and release of
IFN. Binding of IFN to receptors on neighboring cells, in turn,
induces the expression of roughly 300 to 400 proteins, many of
which exert antiviral activity (5). As a consequence, IFN-exposed
cells transit into an antiviral state. Understanding how IFN-in-
duced antiviral factors reduce EBOV infection and how the virus
evades this process might yield insights into viral pathogenesis and
might help to establish targets for intervention.

The IFN-induced antiviral factor tetherin (CD317, BST-2, or
HM1.24) restricts the release of progeny virions from infected

cells (6, 7). Tetherin’s particular membrane topology is pivotal to
this activity. The protein has an N-terminal transmembrane do-
main and a C-terminal glycosylphosphatidylinositol (GPI) an-
chor, which permit tetherin to simultaneously insert into the viral
and the plasma membranes. As a consequence, tetherin forms a
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physical tether between newly formed virus particles and the host
cell (8). Several viruses encode tetherin antagonists that allow ro-
bust viral spread in tetherin-positive target cells (9). The Vpu pro-
tein of HIV-1 is the prototype tetherin antagonist, and it is well
established that specific interactions between the transmembrane
domains of these proteins are required for tetherin antagonism
(10–13). Antagonism encompasses Vpu-dependent removal of
tetherin from the site of viral budding—the plasma membrane—
and rerouting of the protein for endosomal degradation (14–16).

The glycoprotein (GP) of filoviruses is inserted into the viral
envelope and facilitates viral entry into target cells, a process that
depends on the interactions of the receptor-binding domain
(RBD) in GP with the cellular protein Niemann-Pick disease type
C1 (NPC1) (17, 18). Moreover, EBOV GP counteracts tetherin
(19) by a novel mechanism (19–22), which might involve GP-
dependent inhibition of tetherin association with the viral matrix
protein VP40 (23). Tetherin antagonism by GP might be required
for efficient EBOV spread in the host, since macrophages, central
viral target cells (24), express tetherin (25, 26). In contrast, it is
unknown whether the GP of a related filovirus, Lloviu virus
(LLOV) (genus Cuevavirus) (27), counteracts tetherin. In addi-
tion, it is poorly understood which domains in EBOV GP contrib-
ute to tetherin counteraction. EBOV GP was found to interact
with tetherin via its transmembrane unit, GP2 (20), and evidence
was provided that the transmembrane domain (TM) within GP2
is necessary but not sufficient for tetherin counteraction (28, 29).
However, the EBOV GP TM mutant that was unable to counteract
tetherin was also defective in mediating viral entry (28) and thus
might have been partially misfolded. In addition, a separate study
revealed that EBOV GP counteracts an artificial tetherin molecule
(21), suggesting that GP binding to tetherin may not be required
for antagonism. More recent work indicated that deletion of the
glycan cap of EBOV GP, an N-glycosylated region displayed at the
top of GP, might be incompatible with tetherin antagonism (29),
but the underlying mechanism was not investigated. In sum, it is
at present unknown how EBOV GP antagonizes tetherin, and it is
incompletely understood which determinants in the viral GP con-
trol tetherin antagonism.

Here, we analyze whether LLOV GP antagonizes tetherin, and
we examine the role of the surface unit, GP1, of EBOV GP in
tetherin antagonism. We show that LLOV GP counteracts the an-
tiviral activity of tetherin, indicating that tetherin might not pose
an effective barrier against LLOV spread in human cells. More-
over, we demonstrate that appropriate processing of N-glycans, as
well as an intact RBD, is required for tetherin counteraction by
EBOV GP, although inhibition of the RBD interaction partner
NPC1 has no effect. Finally, we identified an antibody directed
against the GP1 subunit of EBOV GP that may block tetherin
antagonism. These results indicate a central role of the GP1 sub-
unit of EBOV GP in tetherin counteraction and suggest that anti-
bodies directed against this subunit can interfere with viral release
by blocking GP-dependent tetherin antagonism.

MATERIALS AND METHODS
Cell culture, plasmids, and antibodies. Human embryonal kidney 293T
(HEK293T) cells, N-acetylglucosamine transferase I-deficient (GnTI�)
HEK293S cells (30), and HeLa cells were maintained in Dulbecco’s mod-
ified Eagle medium (DMEM) (Invitrogen) supplemented with 10% fetal
bovine serum (FBS); 1% penicillin-streptomycin; and, in the case of
GnTI� cells, 10 �M sodium pyruvate. Mouse hybridoma cells secreting

anti-vesicular stomatitis virus glycoprotein (VSV G) antibody (I1-hybrid-
oma; CRL-2700; ATCC) were cultivated in DMEM supplemented with
20% FBS and 1% penicillin-streptomycin. The cells were cultured at 37°C
in a humidified atmosphere containing 5% CO2. Plasmids encoding the
following proteins were described previously: tetherin (31); EBOV GP
wild type (wt) and EBOV GP with mutations in the RBD (32), a deleted
mucin-like domain (MLD) (33), LLOV GP (35); HIV Vpu (20); VSV G
(36); murine leukemia virus (MLV) vector encoding luciferase (36); MLV
Gag-Pol (36); HIV-1 p55-Gag (28); and EBOV VP40 harboring a myc tag
(37). Tetherin with an N-terminal AU1 antigenic tag was generated by
PCR-based mutagenesis and inserted into plasmid pcDNA3.1 using
EcoRV and NheI restriction sites. The integrity of the PCR-amplified se-
quence was confirmed by automated sequence analysis. The following
antibodies have also been previously described: EBOV GP1-specific
monoclonal antibodies (38, 39), anti-Gag monoclonal antibody (40), and
a polyclonal rabbit antiserum raised against EBOV GP1 (41). The follow-
ing antibodies were purchased from commercial providers: monoclonal
anti-V5 antibody (Invitrogen), mouse anti-AU1 antibody (Covance),
monoclonal rabbit anti-tetherin antibody (Abcam), anti-tetherin mono-
clonal antibody (B02P; Abnova), polyclonal anti-�-actin antibody (Ab-
nova; Sigma), and horseradish peroxidase (HRP)-coupled secondary an-
tibodies directed against mouse and rabbit immunoglobulin (Dianova)
and fluorescein isothiocyanate (FITC)-coupled secondary antibodies
against mouse immunoglobulin (Dianova).

Analysis of viral glycoprotein-mediated transduction. Transduction
was analyzed as described previously (36). In brief, for the production of
MLV vectors bearing filovirus GPs, 293T control or GnTI� cells were
seeded in T25 cell culture flasks and cotransfected with plasmids encoding
MLV Gag-Pol, an MLV vector encoding firefly luciferase, and a viral
glycoprotein or empty plasmid, employing calcium phosphate as the
transfection reagent. At 16 h posttransfection, the cells were washed and
supplemented with fresh medium. At 48 h posttransfection, the culture
supernatants were collected, sterile filtered through a 0.45-�m filter, ali-
quoted, and stored at �80°C. For transduction of target cells, 293T cells
seeded in a 96-well plate were incubated with 50 �l/well of vector prepa-
ration for 6 h at 37°C. Thereafter, 50 �l/well of fresh DMEM culture
medium was added. At 72 h postransduction, the culture supernatants
were removed, the cells were lysed, and luciferase activity was measured in
the cell lysates by employing a commercially available kit (PJK) and the
Hidex Chameleon V luminometer with Microwin 2000 software.

For analysis of the antiviral activities of U18666A and cationic am-
phiphiles, VSV-based pseudotypes were used for consistency with previ-
ous work (42). The pseudotypes were generated and used for transduction
as described previously (43). In brief, 293T cells seeded in 6-well-plates
were calcium phosphate transfected with plasmids encoding VSV G or
EBOV GP or with empty plasmid (pCAGGS) as a negative control. At 18
h posttransfection, the cells were inoculated with VSV*�G-Luc (44, 45) at
a multiplicity of infection (MOI) of 3 for 1 h at 37°C. Thereafter, the cells
were washed with phosphate-buffered saline (PBS) and incubated for 1 h
at 37°C with a 1:1,000 dilution of hybridoma supernatant containing anti-
VSV G antibody in order to neutralize residual virus. Finally, fresh culture
medium was added to the cells, and the supernatants were collected at 18
to 20 h postransduction, clarified from the cell debris by centrifugation,
aliquoted, and stored at �80°C. To assess the blockade of viral entry by
cationic amphiphiles, 293T target cells seeded in 96-well plates were pre-
incubated with each compound or diluent for 3 h at 37°C. Subsequently,
the cells were inoculated with equal volumes of pseudotypes and incu-
bated for 18 h at 37°C in the presence of inhibitor. Finally, luciferase
activities in cell lysates were measured as described for cells transduced
with MLV pseudotypes.

Inhibition of virus-like-particle release by tetherin and tetherin an-
tagonism by filoviral glycoproteins. Release of virus-like particles (VLPs)
and its inhibition by tetherin were examined as described previously (20,
28). In brief, 293T control cells or GnTI� cells were seeded in 48-well
plates and cotransfected with plasmids encoding HIV-1 p55-Gag, teth-
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erin, and a potential tetherin antagonist or with empty plasmid, using the
calcium phosphate method. For experiments with EBOV VP40, a plasmid
encoding VP40 instead of HIV Gag was used. At 16 h posttransfection, the
transfection medium was replaced by fresh culture medium. For blockade
of EBOV GP-dependent tetherin antagonism, GP1-specific monoclonal
antibodies were added to the culture medium at a final concentration of
20 �g/ml, or cationic amphiphiles (U18666A, clomifene, and terconazole;
all purchased from Sigma) were added at the indicated concentrations. At
48 h posttransfection, the supernatants were collected, and the cells were
lysed in 50 �l of 2� SDS-containing lysis buffer (30 mM Tris [pH 6.8],
10% glycerol, 2% SDS, 5% �-mercaptoethanol, 0.1% bromphenol blue, 1
mM EDTA). The lysates were incubated at 95°C for 30 min. The super-
natants were cleared of remaining cell debris by centrifugation, and VLPs
were pelleted from the cleared supernatants by centrifugation through a
20% sucrose cushion. The concentrated VLPs were lysed in 30 �l 2� SDS
loading buffer and incubated at 95°C for 30 min. Subsequently, the cell
lysates and lysed supernatants were investigated for the presence of Gag or
VP40, respectively, employing Western blot analysis.

Immunoblotting. For immunoblotting, the proteins were separated
via SDS-polyacrylamide gel electrophoresis using a 12.5% polyacrylamide
gel and transferred onto nitrocellulose membranes (GE Lifesciences; 0.2
�m). The membranes were blocked in 5% milk powder in PBS with 0,1%
Tween 20, and Gag protein was detected using 1:100-diluted supernatants
of hybridoma cells secreting a mouse anti-Gag antibody. If murine anti-
bodies against EBOV GP were added to inhibit tetherin antagonism, Gag
expression was detected using a human monoclonal anti-Gag antibody at
a dilution of 1:5,000. VP40 was detected using 1:3-diluted supernatants of
a hybridoma cell line that secretes anti-myc antibody. Expression of
EBOV GP wt and mutants was detected by employing a GP1-specific
rabbit serum at a dilution of 1:1,000. For the detection of LLOV GP, a
V5-tagged version of the protein was employed, and its expression was
detected by employing an anti-V5 antibody at a dilution of 1:5,000. Ex-
pression of �-actin was detected after stripping the membranes (Tris-
HCl, SDS, and �-mercaptoethanol; 50°C; 30 min) employing anti-�-actin
antibodies at a dilution of 1:10,000. HRP-coupled anti-mouse, anti-rab-
bit, and anti-human secondary antibodies were used at a final concentra-
tion of 0.1 �g/ml. Bound secondary antibodies were detected using a
commercially available enhanced chemiluminescence (ECL) kit (GE
Healthcare), and signals were visualized using the ChemoCam imaging
system and ChemoStarProfessional software (Intas). For quantification of
the signal intensity, the program ImageJ was used (46). For normalization,
Gag/VP40 signals measured in culture supernatants were divided by the
respective signals detected in cell lysates.

Analysis of Ebola virus glycoprotein expression at the cell surface.
For analysis of the surface expression of EBOV GP and mutants, 293T cells
were transfected with the respective plasmids and washed and harvested
in PBS at 48 h posttransfection. Expression of EBOV GP at the cell surface
was detected by employing GP-specific mouse monoclonal antibody 5E6
and an FITC-conjugated anti-mouse secondary antibody. Staining of cells
fixed with 2% paraformaldehyde (PFA) was analyzed by employing an
LSR II flow cytometer (BD Biosciences) and FACS Diva software (BD
Biosiences). The data were further analyzed using FCS Express 4 Flow
research software (De Novo Software).

Coimmunoprecipitation. For the analysis of EBOV GP interactions
with tetherin by coimmunoprecipitation (co-IP), 293T cells were cotrans-
fected with plasmids encoding EBOV GP wt or EBOV GP with mutations
in the RBD and a plasmid encoding tetherin with an AU1 antigenic tag
added to the N terminus. In parallel, antibody-agarose conjugates for
immunoprecipitation were generated. For this, agarose beads (A/G Plus
Agarose; Santa Cruz) were washed two times with co-IP buffer (50 mM
Tris-HCl, pH 8, 150 mM NaCl, 5 mM EDTA, 0,5% IGEPAL), blocked
with cold-water fish gelatin at 4°C for 2 h on a rotating shaker, washed
again with co-IP buffer, and incubated with anti-AU1 antibody for 2 h at
4°C on a rotating shaker. At 48 h posttransfection, the 293T cells were
harvested, washed with PBS, and resuspended in co-IP buffer. After lysis

for 20 min at 4°C, the solutions were cleared from cellular debris by cen-
trifugation at 600 � g and aliquoted. The aliquots were stored for subse-
quent analysis by immunoblotting or were incubated with agarose-bound
anti-AU1 antibody for 20 min at room temperature. After washing eight
times with co-IP buffer, the agarose beads were resuspended in 20 �l of
2� SDS loading dye and analyzed by immunoblotting.

Proximity ligation assay. For analysis of EBOV GP interactions with
tetherin via proximity ligation assay (PLA), 100,000 HeLa cells per well
were seeded in 12-well plates containing coverslips and then transfected
with the indicated EBOV GP expression plasmids using Lipofectamine
2000 according to the manufacturer’s protocol (Thermo Fisher). At 24 h
posttransfection, the cells were fixed for 20 min with 2% PFA at 4°C,
permeabilized for 10 min with 1% saponin, and blocked for 1 h with 10%
fetal calf serum (FCS) at room temperature. The primary antibodies, an
anti-tetherin monoclonal antibody (B02P; Abnova) and a rabbit anti-
EBOV GP serum raised against the GP1 subunit (41), were diluted 1:100
and 1:500 in 1% FCS, respectively, and the cells were subsequently incu-
bated in the primary antibody solution for 1 h at room temperature.
Incubation with PLA probes, the ligation reaction, the amplification re-
action, and mounting of the coverslips were performed according to the
manufacturer’s protocol (Duolink; Sigma-Aldrich). Finally, staining was
analyzed, employing spinning-disc microscopy and image analysis as de-
scribed previously (47).

Sequence alignment. The alignment of a portion of the filovirus RBDs
was performed using Clustal Omega (http://www.ebi.ac.uk/Tools/msa
/clustalo/). Sequences were obtained from the NCBI (National Center for
Biotechnology Information) database, including consensus sequences for
Zaire ebolavirus (EBOV) (n � 172), Sudan ebolavirus (SUDV) (n � 20),
Bundibugyo ebolavirus (BDBV) (n � 8), Taï Forest ebolavirus (TAFV)
(n � 4), Reston ebolavirus (RESTV) (n � 13), and Marburg virus
(MARV) (n � 84). In contrast, only a single sequence was available for
LLOV.

Statistical analysis. Statistical significance was calculated using an un-
paired two-tailed t test employing GraphPad software.

RESULTS
The Lloviu virus glycoprotein is a tetherin antagonist. We em-
ployed a previously described HIV Gag-based VLP assay (20, 28)
to assess inhibition of viral budding by tetherin and its counterac-
tion by EBOV GP, EBOV GP mutants, and LLOV GP. HIV Gag
was chosen for this endeavor because expression of filovirus GPs
does not modulate release of Gag VLPs from tetherin-negative
cells. In contrast, release of EBOV VP40-based VLPs from teth-
erin-negative cells is augmented by EBOV GP (20), which com-
plicates the analysis of tetherin antagonism. Therefore, a VP40-
based assay was used only for confirmatory purposes.

We commenced our analysis by asking whether LLOV GP
counteracts tetherin. As a prerequisite to these studies, we deter-
mined LLOV GP expression and facilitation of viral entry. Analy-
sis of epitope-tagged proteins revealed that LLOV GP and EBOV
GP were appreciably expressed in transfected 293T cells (Fig. 1A),
with EBOV GP expression being more efficient. Moreover, both
proteins mediated host cell entry when incorporated into retrovi-
ral vectors (Fig. 1B), although EBOV GP-driven entry was more
robust than LLOV GP-mediated entry, in keeping with published
data (35). Thus, under the conditions chosen, LLOV GP was ex-
pressed and functional and could be examined for tetherin coun-
teraction. For this, HIV-1 Vpu and EBOV GP were employed as
positive controls, while transfection of cells with empty plasmid
served as a negative control. Tetherin expression reduced Gag VLP
release, and this effect was counteracted by EBOV GP and Vpu, as
expected, and by LLOV GP (Fig. 1C and D). This observation adds
LLOV GP to the list of viral tetherin antagonists and, jointly with
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previous work (19, 20), suggests that filoviruses of all three genera,
Ebolavirus, Marburgvirus, and Cuevavirus, can antagonize tetherin
via their GPs. In addition, this finding raises the question of which
features conserved between filovirus GPs control tetherin antag-
onism.

Processing of N-glycans is required for tetherin antagonism.
A hallmark of all filovirus glycoproteins is their extensive N-linked
glycosylation, raising the question of whether N-glycans contrib-
ute to tetherin counteraction. We employed 293S GnTI� cells, in
which processing of N-glycans is stalled at the high-mannose stage
(30), to examine whether appropriate N-glycosylation is a prereq-
uisite for tetherin counteraction by EBOV GP. Expression levels of
EBOV GP in transfected control and GnTI� cells were compara-
ble (Fig. 2A), and pseudotypes produced in both cell lines were
readily able to transduce target cells (Fig. 2B). Moreover, tetherin
expression restricted Gag-VLP release from both control and
GnTI� cells, with restriction in GnTI� cells being less effective
(Fig. 2C and D), potentially due to a modest accumulation of
tetherin in cytoplasmic compartments of these cells (data not
shown). Thus, tetherin and GP are expressed in biologically
active forms in control and GnTI�cells. However, EBOV GP
failed to rescue Gag VLP release from blockade by tetherin in
GnTI� cells, while tetherin counteraction by GP was efficient
in control cells and levels of tetherin antagonism by Vpu were
comparable in the two cell lines (Fig. 2C and D). Similar results
were obtained when release of VP40 VLPs was examined (Fig.
2E), indicating that adequate processing of N-glycans is a pre-
requisite for tetherin counteraction by EBOV GP.

An intact receptor-binding domain is required for tetherin
counteraction by the Ebola virus glycoprotein. We next investi-
gated whether two conserved elements in the GP1 subunit, the
MLD and the RBD, are required for tetherin antagonism. Deletion
of the MLD was compatible with robust GP expression (Fig. 3A)
and slightly increased GP-driven entry (Fig. 3B), in agreement
with published data (48). Moreover, the MLD was dispensable for
tetherin antagonism (Fig. 3C and D), in keeping with a previous
study (19). In order to determine the role of the RBD in tetherin

counteraction, we characterized four point mutations in the RBD,
three of which (F88A, L111A, and L122A) were previously re-
ported to abrogate GP-driven host cell entry (32), while the fourth
(W104A) was shown not to impede the entry process (50). The
three amino acid residues essential for entry are fully conserved
between members of the genera Ebolavirus and Cuevavirus, and
two out of three are also present in the RBD of marburgviruses
(the third was replaced by a conservative substitution, L111I) (Fig.
4A). All the mutants were comparably expressed in transfected
293T cells (Fig. 4B and Table 1), and F88A, L111A, and L122A
mutants indeed failed to mediate efficient entry into target cells,
while entry driven by the W104A mutant was robust (Fig. 4C).
Notably, the abilities of these mutants to drive host cell entry cor-
related with their capacities to antagonize tetherin: the F88A,
L111A, and L122A mutants exhibited strongly reduced tetherin
antagonism in the Gag VLP assay, while the W104A mutant was
active (Fig. 4D and E). Similar results were obtained in the VP40
VLP assay: F88A, L11A, and L122A mutants were unable to ap-
preciably counteract tetherin, while tetherin counteraction by the
W104A mutant was robust (Fig. 4F). Finally, expression of all the
mutants augmented release of VP40 VLPs from tetherin-negative
control cells (Fig. 4F), suggesting that augmentation of VLP re-
lease and tetherin antagonism can be genetically separated. In
sum, these results show that an intact RBD is required for tetherin
antagonism by EBOV GP.

Inhibition of NPC1 does not interfere with tetherin antago-
nism by the Ebola virus glycoprotein. During viral entry, proteo-
lytic processing of GP in endosomes exposes the RBD for subse-
quent binding to NPC1 (17, 18). A recent study reported evidence
for the presence of proteolytically processed GP on the surfaces of
293T cells transfected to express GP (51). Moreover, low levels of
endogenous NPC1 were detected at the plasma membranes of 293
cells (51). These observations suggest that NPC1 might be re-
quired not only for EBOV GP-driven host cell entry but also for
tetherin antagonism. To address this possibility, we employed the
compound U18666A, a cationic amphiphile (52). U18666A binds
to the sterol-sensing domain of U18666A (53), induces choles-

FIG 1 LLOV GP is a tetherin antagonist. (A) Plasmids encoding V5-tagged versions of the indicated glycoproteins were transiently transfected into 293T
cells. Transfection of empty plasmid (Mock) served as a negative control. Glycoprotein expression in cell lysates was detected by Western blotting, using
anti-V5 antibody. Detection of �-actin served as a loading control. The results were confirmed in two separate experiments. (B) MLV vectors bearing the
indicated glycoproteins were used to transduce 293T cells, and luciferase activities in cell lysates were measured at 72 h postransduction. Transduction
mediated by EBOV GP wt was set as 100%. The averages and standard errors of the mean (SEM) of five independent experiments are shown. (C) 293T cells
were transiently transfected with plasmids encoding HIV Gag, tetherin, and the indicated viral glycoproteins or with empty plasmid as a negative control
(Mock). HIV-1 Vpu served as a positive control for tetherin antagonism. The presence of Gag in supernatants and cell lysates was determined by Western
blotting using an anti-Gag antibody. Detection of �-actin in cell lysates served as a loading control. (D) Averages of four independent experiments
conducted as described for panel C and quantified via the ImageJ program. Release of Gag from cells coexpressing EBOV GP and tetherin was set
as 100%.
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terol accumulation in endosomes, and blocks EBOV entry (42).
The compound robustly inhibited EBOV GP- but not VSV G-
driven entry (Fig. 5A), as expected. A modest inhibition of VSV
G-dependent entry was observed in the presence of 20 �M
U18666A (Fig. 5A) and coincided with modestly reduced cell vi-
ability (33% reduction, as determined by a CellTiter-Glo Lumi-
nescent Cell Viability assay [Promega]) (data not shown), suggest-
ing that this effect was nonspecific. Despite efficient blockade of
GP-driven entry, U18666A treatment did not interfere with

tetherin antagonism by EBOV GP (Fig. 5B and C), indicating
that NPC1 functions required for viral entry are dispensable
for GP-mediated tetherin antagonism. Several cationic am-
phiphiles other than U18666A were also found to raise endo-
somal cholesterol levels and to block EBOV entry in an NPC1-
dependent fashion (42). Therefore, we asked whether two of
these compounds, clomifene and terconazole, interfere with
tetherin antagonism. Both compounds efficiently reduced viral
entry, as expected, but did not inhibit tetherin antagonism by

FIG 2 Processing of N-glycans is required for tetherin antagonism by EBOV GP, but not Vpu. (A) A plasmid encoding EBOV GP was transiently transfected into
control 293T or GnTI� cells. Transfection of empty plasmid (Mock) served as a negative control. Glycoprotein expression in cell lysates was detected by Western
blotting, using serum raised against the GP1 subunit of EBOV GP. Detection of �-actin served as a loading control. Three separate experiments yielded similar
results. (B) Equal volumes of MLV vectors produced in control or GnTI� cells and bearing the indicated viral glycoproteins were used to transduce 293T cells.
At 72 h postransduction, luciferase activities were measured in cell lysates. The results of a single representative experiment carried out with triplicate samples are
shown. The error bars indicate standard deviations (SD). Similar results were obtained in three separate experiments. c.p.s., counts per second. (C) GnTI� cells
were transfected with plasmids encoding HIV Gag, the indicated viral glycoproteins, and tetherin or with empty plasmid (Mock). HIV-1 Vpu served as a positive
control for tetherin antagonism. The presence of Gag protein in culture supernatants and cell lysates was determined by Western blotting. Detection of �-actin
in cell lysates served as a loading control. (D) Averages of five independent experiments with control and GnTI� cells conducted as described for panel C and
quantified via the ImageJ program. The release of Gag from cells expressing only Gag without any antagonist and without tetherin was set as 100%; the error bars
indicate SEM. (E) Control and GnTI� cells were transfected with plasmids encoding VP40 harboring a myc tag, the indicated viral glycoproteins, and tetherin
or with empty plasmid (Mock). HIV-1 Vpu served as a positive control for tetherin antagonism. The presence of VP40 in culture supernatants and cell lysates was
determined by Western blotting using an anti-myc antibody. The results of single blots are shown, from which irrelevant lanes were cut out. Detection of �-actin
in cell lysates served as a loading control. Similar results were obtained in three separate experiments.
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GP (Table 2), confirming that biological properties of NPC1
required for GP-driven cell entry are dispensable for tetherin
antagonism.

Mutations in the receptor-binding domain of the Ebola virus
glycoprotein that inhibit tetherin antagonism do not interfere
with tetherin binding. It has been reported that EBOV GP inter-
acts with tetherin (19). Therefore, we investigated whether muta-
tions in the RBD that inhibit tetherin antagonism also block teth-
erin binding. For this, we first employed coimmunoprecipitation.
Expression of EBOV GP wt, EBOV GP mutants, and tetherin was
readily detectable in cotransfected cells, and pulldown of tetherin
resulted in coprecipitation of wt EBOV GP (Fig. 6A), as expected.
Notably, wt EBOV GP and GP mutants with exchanges in the RBD
that inhibit tetherin antagonism were coprecipitated with compa-
rable efficiencies (Fig. 6A), suggesting that lack of tetherin antag-
onism by the RBD mutants tested was not due to lack of tetherin
binding. We next investigated whether differences in tetherin
binding of EBOV GP wt and RBD mutants became apparent when
endogenous tetherin expression was examined. For this, we trans-
fected HeLa cells, which constitutively express high levels of en-
dogenous tetherin, with plasmids encoding EBOV GP wt and mu-
tants and determined interactions with tetherin via a proximity
ligation assay. We observed comparable tetherin binding of wt
and mutant GPs (Fig. 6B and C), confirming that lack of tetherin
antagonism by the RBD mutants is not due to lack of tetherin
binding.

Evidence that an antibody directed against the GP1 subunit
can block tetherin counteraction by the Ebola virus glycopro-
tein. The results obtained so far pointed toward an important role
of the GP1 subunit in tetherin counteraction by EBOV GP. GP1 is
a central target for the humoral immune response, and thus, we
examined whether antibodies directed against GP1 might block
tetherin antagonism. For this, we made use of previously de-
scribed monoclonal antibodies that bind to the MLD in naive GP
and protect mice and guinea pigs from a lethal challenge with
EBOV (38, 39). We first assessed whether these antibodies inter-
fere with VLP release from control cells. Antibodies 4G7 and 5D2
did not impact VLP release, while antibody 5E6 modestly and

antibodies 7G4 and 7C9 strongly inhibited particle release (Fig. 7A
and B). Blockade of release might be due to cross-linking of GP on
the cell surface and GP on the virion surface, resulting in a teth-
erin-like restriction of particle release. When the antibodies were
tested on cells coexpressing tetherin and GP, similar results were
obtained, with the exception of antibody 5E6 (Fig. 7C and D). This
antibody had a modest impact on VLP release from tetherin-neg-
ative cells (Fig. 7A and B) but reduced particle release from teth-
erin-positive cells close to background level (Fig. 7D, dashed line),
indicating that it interferes with GP-mediated tetherin antago-
nism. Finally, it is noteworthy that none of the antibodies inhib-
ited VLP release from tetherin-positive or tetherin-negative cells
expressing GP without MLD (not shown), indicating that the
above-described effects were specific. In sum, our findings suggest
that antibody 5E6 can interfere with tetherin antagonism by GP,
although part of its release-restricting activity is tetherin indepen-
dent.

DISCUSSION

Tetherin is expressed in macrophages (25, 26) and mature den-
dritic cells (54), which are important filovirus targets (24, 55, 56),
and tetherin counteraction by GP might be essential for robust
viral spread in the host. However, it is largely unclear how GP
antagonizes tetherin and which domains in GP are required. The
present study shows that an intact RBD, as well as appropriate
N-glycosylation of GP, is essential for tetherin antagonism and
confirms that the MLD is dispensable. Moreover, we demonstrate
that an antibody against GP1, which protects against fatal EBOV
challenge in a mouse model (38), can block tetherin antagonism
by GP. These results indicate that the GP1 subunit plays a central
role in tetherin antagonism and suggest that blockade of GP-de-
pendent tetherin antagonism might contribute to the protective
activity of certain anti-GP1 antibodies.

Previous work demonstrated that EBOV GP (19) and the GPs
of other members of the genera Ebolavirus and Marburgvirus
counteract tetherin (20, 28), although these analyses were semi-
quantitative and subtle differences in the efficiency of tetherin
counteraction might have been missed. In contrast, it was un-

FIG 3 The MLD in EBOV GP is dispensable for tetherin antagonism. (A) Plasmids encoding the indicated viral glycoproteins were transiently transfected into
293T cells. Transfection of empty plasmid (Mock) served as a negative control. Glycoprotein expression in cell lysates was detected by Western blotting using
serum raised against the GP1 subunit of EBOV GP. Detection of �-actin served as a loading control. Three separate experiments yielded similar results. (B) Equal
volumes of MLV vectors bearing the indicated glycoproteins were used for transduction of 293T target cells. Luciferase activities in cell lysates were measured at
72 h postransduction. Transduction mediated by EBOV GP wt was set as 100%. The averages and SEM of five independent experiments are shown. (C) 293T cells
were transiently transfected with plasmids encoding HIV Gag, the indicated viral glycoproteins, and tetherin or with empty plasmid (Mock). HIV-1 Vpu served
as a positive control for tetherin antagonism. The presence of Gag protein in supernatants and cell lysates was determined by Western blotting using an anti-Gag
antibody. Detection of �-actin in cell lysates served as a loading control. (D) Averages of at least five independent experiments conducted as described for panel
C and quantified via the ImageJ program. The release of Gag from cells expressing GP and tetherin was set as 100%; the error bars indicate SEM. ***, P � 0.0001.
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known whether the GP of LLOV, which was detected in dead
Schreiber’s bats (Minioperus schreibersii) in Northern Spain (27),
also counteracts tetherin. Absence of tetherin counteraction by
LLOV GP would suggest that LLOV might not be able to spread
efficiently in the human host and that LLOV GP could potentially
be used as a tool for mutagenic analysis designed to identify do-
mains required for tetherin antagonism. However, the findings of

the present study indicate that LLOV GP robustly counteracts
tetherin, suggesting that tetherin antagonism is conserved among
all filoviruses known to date. This finding raises the question of
which determinants in filovirus GPs are required for tetherin an-
tagonism.

A conserved feature of all filovirus GPs is their extensive N- and
O-linked glycosylation. Several N-glycans are located in a surface-

FIG 4 EBOV GP requires an intact receptor-binding domain for tetherin antagonism. (A) Amino acid sequence alignment of portions (residues 85 to 125 in
EBOV GP) of filovirus RBDs that harbor the amino acid residues investigated for tetherin antagonism (green; numbering according to EBOV GP). *, positions
which have a single, fully conserved residue; :, conservation between groups of strongly similar properties (scoring 	0.5 in the Gonnet PAM 250 matrix); .,
conservation between groups of weakly similar properties (scoring �0.5 in the Gonnet PAM 250 matrix). (B) Plasmids encoding the indicated viral glycoproteins
were transiently transfected into 293T cells. Transfection of empty plasmid (Mock) served as a negative control. Glycoprotein expression in cell lysates was
detected by Western blotting, using serum raised against GP1 of EBOV GP. Detection of �-actin served as a loading control. Four independent experiments
yielded highly comparable results. (C) Equal volumes of MLV vectors bearing the indicated viral glycoproteins were used to transduce 293T cells. Luciferase
activity in cell lysates was measured at 72 h postransduction. Transduction mediated by EBOV GP wt was set as 100%. The averages and SEM of five independent
experiments are shown. (D) 293T cells were transfected with plasmids encoding HIV Gag, tetherin, and the indicated viral glycoproteins or empty plasmid
(Mock). HIV-1 Vpu served as a positive control for tetherin antagonism. The presence of HIV Gag in culture supernatants and cell lysates was determined by
Western blotting. Detection of �-actin served as a loading control. (E) Averages of at least five independent experiments conducted as described for panel C and
quantified via the ImageJ program. The release of Gag from cells coexpressing GP and tetherin was set as 100%; the error bars indicate SEM. (F) 293T cells were
transiently transfected with plasmids encoding VP40 harboring a myc tag, tetherin, and the indicated viral glycoproteins or with empty plasmid (Mock). HIV-1
Vpu served as a positive control for tetherin antagonism. The presence of VP40 in culture supernatants and cell lysates was determined by Western blotting.
Detection of �-actin in cell lysates served as a loading control. *, P � 0.05; ***, P � 0.0001.
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exposed area, the glycan cap (57), while the mucin-like domain is
extensively modified with O-linked and N-linked glycans. N-gly-
cans limit access to the RBD and are required for binding to cel-
lular lectins and for protection against antibodies (58, 59), since
glycans can shield underlying epitopes from binding of neutraliz-
ing antibodies. N-glycosylation of proteins starts in the endoplas-
mic reticulum (ER), where precursor glycans consisting mainly of
mannose residues are transferred en bloc onto certain asparagine
residues. Upon glycoprotein import into the Golgi apparatus,
these high-mannose-type N-glycans are processed into hybrid
and complex forms. Processing of N-glycans in the Golgi appara-
tus can be blocked by inactivating GnTI and results in the trapping
of N-glycans in their high-mannose form. The present study
shows that exclusive modification of GP with high-mannose N-
glycans is compatible with efficient GP expression and GP-driven
host cell entry, as expected from a previous analysis (60), but may
be incompatible with efficient tetherin antagonism. Such a sce-
nario would be in keeping with a recent study reporting that the
glycan cap is essential for tetherin antagonism (29), a finding that
was confirmed by the present analysis (not shown). However, the
possibility that the absence of tetherin antagonism by GP in
GnTI� cells is due to altered N-glycosylation of tetherin or a cel-
lular factor involved in tetherin antagonism (see below) rather
than inappropriate glycosylation of GP itself cannot be excluded.

Another hallmark of filovirus GPs, apart from their extensive
glycosylation, is the presence of an RBD, which binds to host cell
factors involved in viral entry (50, 61, 62). Our study shows that
mutations in the RBD that abrogate viral entry also inhibit teth-
erin antagonism. In contrast, an RBD mutation that did not inter-
fere with viral entry was compatible with tetherin antagonism. A
straightforward interpretation of these findings is that GP might
need to engage the same cellular factor for entry and tetherin
counteraction. The cholesterol transporter NPC1 has been iden-
tified as a receptor for filoviruses that is bound by the RBD and
that is essential for entry into cultured cells and for viral spread in
the host (17, 18, 42, 63). GP binds to NPC1 upon viral uptake into
host cell endosomes and processing of GP by the endosomal cys-
teine proteases cathepsin B and L (17, 18). It is thus not obvious
how NPC1 could contribute to tetherin antagonism by GP, which
probably occurs at the cell surface or during transport of tetherin
to the cell surface. However, a recent study provided evidence that
newly expressed GP can be proteolytically processed and trans-
ported to the cell surface (51). Moreover, small amounts of NPC1
were detected at the plasma membrane (51). As a consequence,
one can speculate that both GP-driven viral entry and tetherin

antagonism might depend on NPC1. However, inhibition studies
with U18666A and related cationic amphiphiles that induce cho-
lesterol accumulation in endosomes (all compounds) (42), bind
NPC1 (U18666A) (53), and block EBOV GP-driven entry in an
NPC1-dependent fashion (all compounds) (42) revealed that
blockade of NPC1 functions required for viral entry does not in-
terfere with tetherin antagonism. Notably, the RBD has initially

TABLE 1 Expression of the Ebola virus glycoprotein mutants analyzed

Glycoprotein

Expression (%)

Cell lysates
(Western blotting)a

Cell surface
(FACS)b

Wt 100 100
F88A 120.0 
 10.1 67.7 
 14.6
L111A 108.6 
 14.5 45.1 
 8.4
L122A 120.5 
 20.5 87.3 
 12.0
W104A 123.4 
 15.7 86.7 
 12.4
a Averages of three experiments; expression was analyzed with rabbit serum raised
against GP1.
b Averages of four experiments; expression was analyzed with antibody 5E6. FACS,
fluorescence-activated cell sorter.

FIG 5 U18666A does not block tetherin antagonism by the Ebola virus glyco-
protein. 293T cells were treated with the indicated concentrations of com-
pound, incubated with equal volumes of VSV pseudotypes bearing VSV G or
EBOV GP, and luciferase activities in the cell lysates were determined at 16 h
postransduction. The averages of two independent experiments performed
with triplicate samples are shown; the error bars indicate SEM. Transduction
in the absence of inhibitor was set as 100%. (B) 293T cells were cotransfected
with plasmids encoding HIV Gag, tetherin, and EBOV GP or with empty
plasmid (Mock). HIV-1 Vpu served as a positive control for tetherin antago-
nism. At 12 h posttransfection, the indicated concentrations of U18666A were
added to cultures expressing EBOV GP. The presence of HIV Gag in culture
supernatants and cell lysates was determined by Western blotting. Detection of
�-actin served as a loading control. (C) Averages of three independent exper-
iments conducted as described for panel B and quantified via the ImageJ pro-
gram. The release of Gag from untreated, tetherin-negative control cells was
set as 100%; the error bars indicate SEM.
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been identified as an element in GP1 that is required for efficient
binding of soluble GP1 to the surfaces of susceptible cells (62), a
process believed to be independent of NPC1, due to its predomi-
nantly endosomal localization. Subsequent studies provided evi-
dence that cell adherence and susceptibility to GP-driven entry are
correlated and that adherent (and thus susceptible) cells express
an RBD binding partner at the cell surface that is present only in
intracellular pools within nonadherent (and thus nonsusceptible)
cells (64, 65). Although the nature of this cellular factor is at pres-
ent unknown, it is tempting to speculate that it might be required
not only for viral entry, but also for tetherin antagonism.

Wild-type tetherin and artificial tetherin, which was designed
in silico, exhibit the same domain organization and exert antiviral
activity but share no sequence homology (8). Previous studies
reported that EBOV GP antagonizes the antiviral activities of both
proteins (21) and interacts with wt tetherin (19). One can specu-

late that EBOV GP may not bind to artificial tetherin, which sug-
gests that interactions of GP with tetherin might not be required
for tetherin antagonism. Alternatively, GP might bind wt and ar-
tificial tetherin, and these interactions might be necessary but not
sufficient for tetherin counteraction. Both scenarios are in agree-
ment with our finding that RBD mutants largely defective in teth-
erin counteraction still bind to transfected and endogenously ex-
pressed tetherin, as determined by coimmunoprecipitation and
proximity ligation assays.

The GP1 subunit is an important target for the antibody re-
sponse, and it is conceivable that antibody binding blocks GP-
dependent tetherin antagonism. Indeed, we obtained evidence
that one out of five GP1-directed antibodies, which were previ-
ously shown to protect mice from lethal EBOV infection (38, 39),
may inhibit tetherin antagonism by EBOV GP, suggesting that this
process occurs at the cell surface. However, analysis and interpre-
tation of the activity are complicated by the observation that the
antibody (and two others) also interferes with VLP release from
tetherin-negative GP-expressing cells. The release of Gag-based
VLPs is not modulated by GP; the finding that antibodies directed
against GP can block this process was therefore unexpected. One
explanation could be that these antibodies simultaneously bind to
GP on the particle and on the cell surface, resulting in a tetherin-
like restriction of particle release. Moreover, the antibody poten-
tially interfering with tetherin antagonism recognizes an epitope

TABLE 2 Inhibition of Ebola virus glycoprotein-driven entry and
tetherin antagonism by cationic amphiphiles

Inhibitor
Concn
(�M)

Cell
viabilitya

Entry
inhibitiona

Release
inhibitiona

Chlomifene 5 �� ��� �
Terconazole 9.4 ��� ��� �
U18666A 20 �� ��� �
a ���, �75%; ��, �50%; �, �25%.

FIG 6 Mutations in the receptor-binding domain of the Ebola virus glycoprotein that interfere with tetherin antagonism are compatible with tetherin binding.
(A) 293T cells were cotransfected with plasmids encoding tetherin with an N-terminal AU1 tag and EBOV GP wt or the indicated EBOV GP mutants.
Coimmunoprecipitation was performed with anti-AU1 antibody coupled to agarose beads, and proteins in cell lysates and in precipitates were detected by
Western blotting, employing rabbit serum raised against the GP1 subunit of EBOV GP and a rabbit monoclonal antibody directed against tetherin. The results
of a single representative experiment, confirmed in a separate experiment, are shown. (B and C) HeLa cells were transfected with plasmids encoding EBOV GP
or the indicated EBOV GP mutants or with empty plasmid as a control. For the PLA, the cells were stained with anti-tetherin and anti-EBOV GP primary
antibodies. The images were analyzed by automatically counting the red spots of 20 transfected cells per sample using Volocity software (version 6.3). (B)
Representative microscopy images. (C) Mean values and standard deviations of the relative numbers of PLA spots per cell (n � 20). The PLA spot count for cells
transfected with EBOV GP wt was set as 100%. DAPI, 4=,6-diamidino-2-phenylindole.
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in the MLD, a domain that is dispensable for tetherin antagonism.
Thus, one must postulate that its interference with tetherin antag-
onism is not due to the inhibition of MLD interactions with po-
tential cellular binding partners. Instead, the antibody might in-
hibit conformational changes in GP, which could be required
for tetherin counteraction, or might limit the accessibility of
epitopes located close to the MLD due to steric effects. Alter-
natively, the antibody might reduce GP stability, as has recently
been reported for an inhibitor targeting a cavity between GP1
and GP2 (66). In sum, our data suggest that antibodies gener-
ated against EBOV GP1 may interfere with tetherin antagonism
and/or inhibit particle release from tetherin-negative cells in a
GP-dependent manner.

Collectively, our study demonstrates a central role of the GP1
subunit, in particular the RBD, in tetherin counteraction and
identifies a GP1-specific antibody that may block this process. It
will be interesting to investigate whether GP1-specific antibodies
generated in EVD patients block tetherin antagonism and whether
a previously reported (62, 64, 65) but so far unidentified cellular
interaction partner of the RBD contributes to tetherin antago-
nism.
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