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Ebolavirus (EBOV) is the etiological agent of a severe hemorrhagic fever with a high mortality rate. The
spike glycoprotein (GP) is believed to be one of the major determinants of virus pathogenicity. In this study,
we demonstrated the molecular mechanism responsible for the downregulation of surface markers caused by
EBOV GP expression. We showed that expression of mature GP on the plasma membrane results in the
masking of cellular surface proteins, including major histocompatibility complex class I. Overexpression of GP
also results in the masking of certain antigenic epitopes on GP itself, causing an illusory effect of disappearance

from the plasma membrane.

Ebolavirus (EBOV) and Marburgvirus form the family Filo-
viridae, a group of enveloped, negative-strand RNA viruses
responsible for severe hemorrhagic fevers in humans. The
EBOYV genome is about 19 kb long and codes for seven struc-
tural proteins and at least two nonstructural proteins (17). A
single spike glycoprotein (GP) of EBOV is responsible for cell
targeting and virus entry (8, 15). GP bears a signal peptide at the
N terminus, which targets the protein to the endoplasmic reticu-
lum (GPer). Glycosylation in the endoplasmic reticulum (ER)
and later in the Golgi apparatus contributes to approximately half
of the mass of GP, with O-linked glycans conferring a mucin-like
property to the C terminus of the GP; subunit (5, 17). Mature GP
represents a complex of the disulfide-linked subunits GP, and
GP, (19).

Transient expression of EBOV GP causes cytotoxicity and
modifications in the surface expression of cellular proteins (2,
6, 13, 14, 22). The cytotoxicity caused by GP has been proposed
to play a major role in the high-level pathogenicity of EBOV
(13). An increased endosomal uptake induced by the interac-
tion of GP with cellular dynamin was suggested as a mecha-
nism for the downregulation of surface proteins. Interestingly,
the same mechanism was proposed to play a role in the simul-
taneous disappearance of GP, namely GP self-downregulation
(14). The importance of a mucin-like domain for these cyto-
toxic properties has been emphasized in several publications
(13, 14). Since moderate levels of GP expression, as occur in
cells stably expressing GP or during natural EBOV infection,
do not cause early cell rounding, the role of GP cytotoxicity in
EBOV pathogenesis remains unclear (1).

In this study, we first investigated GP downregulation by
using a bank of 87 anti-GP monoclonal antibodies. The recog-
nition pattern of antibodies was assessed by Western blot anal-
ysis of cells expressing GP (Fig. 1A). The antibody panel was
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divided into two major groups based on the patterns of GP
recognition. Figure 1A shows one example of each group.
Antibodies from group A recognized exclusively the GP, sub-
unit (approximately 140 kDa), and antibodies from group B
recognized GP, and GPer (approximately 110 kDa) (19).

To investigate the nature of GP self-downregulation,
HEK293T cells were transfected with pIRES2-EBOVGP/
GFP, a bicistronic vector that allows the expression of both GP
and green fluorescent protein (GFP) from the same mRNA by
using an internal ribosome entry site sequence. The expression
of GP was estimated at 20 h posttransfection by using anti-GP
antibodies and GFP fluorescence by flow cytometry (Fig. 1B).
Staining of the cells was performed at +4°C without any pre-
treatment. A decrease in the level of surface GP (in cells with
high levels of GFP synthesis), a benchmark for GP self-down-
regulation, was seen with a number of monoclonal antibodies,
confirming previous observations (Fig. 1B, panels 3 and 4) (14,
23). However, the antibodies appeared to differ in the levels of
GP downregulation even though the same batch of GP-ex-
pressing cells was used. Strikingly, several anti-GP antibodies
did not reveal any evidence of a self-downregulation pattern.
Indeed, the highest level of surface GP expression correlates
here with the highest level of GFP expression (Fig. 1B, panels
1 and 2). These results clearly indicate that GP self-downregu-
lation cannot be explained by a decrease in its presence on the
cell surface. We thus speculate that some epitopes on the GP
are masked when a certain concentration of the protein is
reached at the plasma membrane.

To further investigate the phenomenon of GP self-down-
regulation, we sorted the cells expressing GP by fluorescence-
activated cell sorter using GFP expression. Four groups of
cells, each corresponding to a different level of GFP, were
selected (Fig. 2A). Equal amounts of cells (5 X 10°) from each
group were lysed in hypotonic lysis buffer, and after Potter
homogenization, the cell lysates were subjected to isopycnic
flotation in iodixanol gradients (10 to 20 to 30%) (7, 9). Cen-
trifugation was performed in a SW60 Ti rotor in a Beckman
LX100 centrifuge for 3 h at 250,000 X g. The fractions were
analyzed by Western blotting using a mixture of monoclonal
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FIG. 1. Analysis of EBOV GP expression by using a panel of monoclonal antibodies (Mab). (A) Western blot analysis. HEK293T cells were
transfected with pIRES2-EBOVGP/GFP, collected 20 h posttransfection, and lysed, and samples were treated with endoglycosidases endo-B-N-
acetylglucosaminidase H (endo Hp) or peptide N-glycosidase F (PNGase F), followed by Western blot analysis using monoclonal antibodies from
group A (Mab 63) and group B (Mab 36). GP, and GPer are indicated. GP, and GPer digested with endoglycosidases are indicated with asterisks.
(B) Flow cytometry. The cells were incubated unfixed with different anti-GP antibodies at +4°C and then with secondary polyclonal goat
anti-mouse PE immunoglobulins. The data presented represent at least three independent experiments.

anti-GP antibodies from groups A and B (Fig. 2A). Three
major GP-containing fractions were distinguished. Mature
plasma membrane GP was found on the top of the 10% io-
dixanol gradient. The interface between 10% and 20% iodixa-
nol contained mature GP present in Golgi vesicles. These
fractions also contained GPer precursor present in the ER.
The interface between 20% and 30% iodixanol contained pre-
dominantly GPer. When samples containing plasma mem-
branes were compared, the highest amount of mature GP was
found in the cells with the highest level of GFP expression (Fig.
2A, lower-right panel), thus confirming our observations. “Dis-
appearance” of GP from the plasma membrane observed with
some antibodies is likely to be explained by the loss of the
ability to recognize corresponding epitopes shielded by neigh-
boring GP molecules. Because of the high degree of GP gly-
cosylation, including N- and O-linked sugars and the fact that
surface GP is a trimer, the masking of surface epitopes on GP
seems to be a very likely phenomenon. We thus speculate that
the antibodies with a downregulation pattern recognize
epitopes adjacent to the plasma membrane which are hidden
by overexpressed GP. Antibodies that showed no GP down-
regulation, on the contrary, likely recognize epitopes located at
the top surface of the GP. This hypothesis is reinforced by the
recent findings that the epitope for KZ52, a human anti-GP
neutralizing monoclonal antibody (11) which belongs to group
B (1), maps to the base of the GP spike (10). Moreover, we
also demonstrate that antibodies from group A do not recog-
nize GP with the mucin domain deleted (GPAmuc) (data not
shown). This domain maps to the top of the GP spike (10).
GPAmuc, which was generated as previously described (13),
showed no GP self-downregulation and only a minor down-
regulation of major histocompatibility complex class I

(MHC-I) and integrin B molecules in comparison to full-length
GP (Fig. 2B).

The ability of GP to shield its own epitopes raises the ques-
tion of whether the same phenomenon can explain the down-
regulation of cellular proteins. The implication of EBOV GP
in the downregulation of cell surface molecules, including in-
tegrins and MHC-I, has been postulated in numerous publica-
tions (13, 14, 16, 22, 23). In this study, we have focused on the
analysis of the surface expression of MHC-I and integrin 1
molecules in cells transfected with phCMVGP. We used two
assays, flow cytometry and isopycnic flotation in iodixanol gra-
dients, followed by Western blot analysis. HEK293T cells were
transfected with phCMVGP or phCMVGPAmuc, and 24 h
posttransfection, the cells were collected and incubated with an
anti-GP antibody (group A) and an anti-MHC-I-phycoerythrin
(PE) or an anti-CD29-PE antibody (Pharmingen). In control
experiments, the cells were transfected with empty phCMV
plasmid. As shown in Fig. 2B, cytometry analysis revealed
MHC-I, CD29, and GP downregulation patterns in GP-ex-
pressing cells similar to what has been described in previous
publications (6, 13, 14). Expression of GPAmuc resulted only
in a minor reduction of surface markers expression, while the
downregulation of GP itself was not observed at all. On the
contrary, analysis of MHC-I and integrin B1 surface expression
by using a fractionation assay showed no sign of protein
downregulation at the plasma membrane, as phCMVGP-,
phCMVGPAmuc-, and mock-transfected cells showed the
same amounts of MHC-I and integrin B1 in the plasma mem-
brane fractions (Fig. 2C).

Finally, in order to confirm that GP has a masking effect on
cellular surface proteins, we used the nerve growth factor re-
ceptor TrkA-GFP, a membrane protein coupled to GFP at the
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FIG. 2. Isopycnic fractionation in iodixanol gradients. (A) HEK293T cells were transfected by pIRES2-EBOVGP/GFP and then sorted by fluorescence-
activated cell sorter (BD FACS Aria) into four groups (a, b, ¢, and d) according to the level of GFP expression (left graph). (Upper-right panel) Each group of
cells was subjected to subcellular fractionation, and fractions were analyzed for GP expression by Western blotting (equal numbers of cells per each group were
analyzed). The data presented represent three independent experiments. (Lower-right panel) Western blot analysis of fractions containing plasma membranes
for each group of sorted cells (a, b, ¢, and d). GP, and GPer are indicated. Mab, monoclonal antibody. (B) Flow cytometry. HEK293T cells were transfected
with phCMV empty vector, phCMVGP, or phCMVGPAmuc and collected 24 h posttransfection. The cells were incubated unfixed at 4°C with anti-GP
antibodies (group B), then with secondary polyclonal donkey anti-mouse Alexa-488, and finally with anti-MHC-I-PE or anti-CD29-PE (integrin 31). (C) West-
ern blot analysis of fractions collected upon fractionation of cell lysates on iodixanol isopycnic gradients. Mouse anti-MHC-I (Abcam), goat anti-integrin 31
(R&D Systems), mouse anti-Rab9a (Santa Cruz Biotechnology), and mouse anti-lamp1 (Becton Dickinson) antibodies were used for Western blot analysis

together with species-specific secondary antibodies labeled with horseradish peroxidase (Dako).

9598



VoL. 83, 2009 NOTES 9599

A "2 0.4% 0.4% 24 67.8% 31.1% o
'21 (-;_‘
< o1 Q21 :
£ pCML TrkA-GFP
«f% . "o o phCMV Empty
62.8% =3 59. 3.6%
o e i i I L e
< s r i Tl

L i T T T
o 10 10° 0 10%
OFP-A

«f21.8% ] 12.9%
= 1 ~
w| = wl| = 3| =
213, QR ol § pCML TrkA-GFP
af 3 al 3. x| =
Ol ] O 3 phCMV GPAmuc
O =344d5% O| = 43.1% g
P 3 T Te SESE T ! - 4/
o B P T D S R
OFP-A Alexa B47-A {
e 17.8% = 208% 13% 5l =
o K :'s-
b2 o pCML TrkA-GFP
E phCMV GP
=163.7% 11.2%
7

TrkA-GFP aTrkA/Alexa 647 TrkA-GFP

aTrkA TrkA-GFP a GP

pCML TrkA-GFP
phCMV GP

pCML TrkA-GFP
phCMV GPAmuc

MHC-1/CD29 MHC-1/CD29

FIG. 3. EBOV GP masks cellular surface proteins. (A) Flow cytometry analysis. HEK293T cells were transfected with pCML-TrkA-GFP and
phCMVGP or phCMVGPAmuc and were collected 16 h posttransfection and stained unfixed for TrkA and GP at +4°C. Cells were fixed in 3%
paraformaldehyde prior to analysis. Flow cytometry analysis was performed on a Becton-Dickinson Canto machine. The data presented represent
at least three independent experiments. (B) Confocal immunofluorescence analysis. Aliquots of the cells used in flow cytometry were analyzed by
confocal microscopy using a Leica SP5 confocal microscope. Light blue staining corresponds to surface TrkA, green staining corresponds to
TrkA-GFP, and red straining corresponds to GP. A red arrow shows the cell with a disappearance of surface TrkA staining in the presence of
EBOV GP. The white arrow shows the surface staining of TrkA in GP-negative cells. The data presented represent four independent experiments.
(C) Schematic representation of a model of EBOV GP masking both its own epitopes and the presence of cellular proteins on the plasma
membrane. Type A antibodies do not show the GP self-downregulation pattern, whereas this effect is observed with type B antibodies. Mab,
monoclonal antibody.
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intracellular domain. Using antibodies against the extracellular
part of the protein and GFP fluorescence, we were able to
efficiently monitor its surface expression through visualization
of both extracellular and intracellular parts of the fusion pro-
tein (Fig. 3A and B). TrkA is not naturally expressed in
HEK293T cells, and thus, this avoids possible problems related
to background staining. The cells were transfected with pCML-
TrkA-GFP and cotransfected with phCMVGP, phCMVGP
Amuc, or the empty vector. Cells were collected 16 h posttrans-
fection and stained with anti-GP antibodies (group A) and
anti-TrkA antibodies at +4°C. Goat anti-mouse PE (Dako)
and donkey anti-rabbit Alexa-647 (Invitrogen) antibodies were
used for detection by flow cytometry. After being stained, the
cells were fixed in 3% paraformaldehyde. Aliquots of the cells
were also analyzed by confocal microscopy after they were
spread on glass slides using cytospin. In cells transfected with
pCML-TrkA-GFP alone, flow cytometry analysis (Fig. 3A)
demonstrated that the presence of TrkA at the cell surface
correlated well with GFP expression (upper-right graph). Ap-
proximately half of the cells which expressed GP and were
positive for GFP (TrkA-GFP) showed an absence of surface
staining or low-level surface staining of TrkA (Fig. 3A, lower-
right graph). Therefore, the use of TrkA-GFP as an example of
proteins with a downregulation pattern is justified. As ex-
pected, GPAmuc did not show such effect (Fig. 3A, middle-
right graph). In an attempt to visualize the ability of GP to
mask cellular proteins, we used confocal microscopy (Fig. 3B).
The cells with a high level of GP expression showed a very low
level of staining for surface TrkA, if any. The same cells,
however, showed no evidence of TrkA-GFP disappearance
from the plasma membrane. Cells expressing no GP and, even
more important, those expressing GP at a moderate level did
not show any disappearance of extracellular TrkA. As ex-
pected, GPAmuc-expressing cells showed no sign of TrkA
masking. These experiments strongly support our predictions
that masking of cellular surface proteins by overexpressed GP
prevents antibody recognition. Overexpression of highly glyco-
sylated protein plays a key role in the downregulation of sur-
face markers observed in cells transfected with EBOV GP.
However, in virus-infected cells, the overexpression of GP is
less likely, especially at early stages of infection. Indeed, sev-
eral mechanisms are involved in the control of GP expression.
Transcriptional RNA editing that is required for GP appear-
ance reduces the level of GP mRNA synthesis (18, 20). Shed-
ding of surface GP by TACE removes a portion of GP from the
cell surface (4). Moreover, budding of virus particles obviously
reduces the amounts of GP present on the cell surface during
infection.

Importantly, masking, as a mechanism of downregulation,
correlates with data from other publications demonstrating
that the GP mucin-like domain plays a key role in the cytotox-
icity of this protein (14, 24). Cellular proteins containing mu-
cin-like domains have also been shown to be involved in cell
detachment through modification of integrin function (21).
Indeed, transmembrane proteins with mucin-like domains
have a common property: masking other cell surface molecules
through steric hindrance. For instance, it has been proposed
that masking of MHC molecules by epiglycanin results in a
reduced immune response against cells expressing this protein
3, 12).

J. VIROL.

In conclusion, we have demonstrated (Fig. 3C), at least in
part, that overexpression of mature GP on the plasma mem-
brane results in the masking of antigenic epitopes on GP itself
and the shielding of MHC-I and integrin 3. This suggests that
shielding may impact other surface proteins. This function of
GP may play an important role in the evasion of antiviral
immunity. We speculate that masking of surface proteins may
result in the inhibition of receptor-ligand interactions and sig-
naling and thus contribute to a functional destabilization of
virus-infected cells.
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