Cell adhesion-dependent membrane trafficking of
a binding partner for the ebolavirus glycoprotein
is a determinant of viral entry

Derek Dube®, Kathryn L. Schornberg®, Charles J. Shoemaker®, Sue E. Delos®, Tzanko S. Stantchev<,
Kathleen A. Clouse®, Christopher C. Broder<, and Judith M. White**"’

Departments of 2Microbiology and PCell Biology, University of Virginia, Charlottesville, VA 22908; “Department of Microbiology and Immunology, Uniformed
Services University, Bethesda, MD 20814; and “Division of Monoclonal Antibodies, Center for Drug Evaluation and Research, US Food and Drug

Administration, Bethesda, MD 20892

Edited by Robert A. Lamb, Northwestern University, Evanston, IL, and approved August 10, 2010 (received for review June 15, 2010)

Ebolavirus is a hemorrhagic fever virus associated with high mortal-
ity. Although much has been learned about the viral lifecycle and
pathogenesis, many questions remain about virus entry. We recently
showed that binding of the receptor binding region (RBR) of the
ebolavirus glycoprotein (GP) and infection by GP pseudovirions
increase on cell adhesion independently of mRNA or protein synthe-
sis. One model to explain these observations is that, on cell adhesion,
an RBR binding partner translocates from an intracellular vesicle to
the cell surface. Here, we provide evidence for this model by showing
that suspension 293F cells contain an RBR binding site within
a membrane-bound compartment associated with the trans-Golgi
network and microtubule-organizing center. Consistently, trafficking
of the RBR binding partner to the cell surface depends on micro-
tubules, and the RBR binding partner is internalized when adherent
cells are placed in suspension. Based on these observations, we re-
examined the claim that lymphocytes, which are critical for ebolavirus
pathogenesis, are refractory to infection because they lack an RBR
binding partner. We found that both cultured and primary human
lymphocytes (in suspension) contain an intracellular pool of an RBR
binding partner. Moreover, we identified two adherent primate lym-
phocytic cell lines that bind RBR at their surface and strikingly, support
GP-mediated entry and infection. In summary, our results reveal
amode of determining viral entry by a membrane-trafficking event
that translocates an RBR binding partner to the cell surface, and
they suggest that this process may be operative in cells important
for ebolavirus pathogenesis (e.g., lymphocytes and macrophages).
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bolavirus (EBOV), a class A priority pathogen that causes

hemorrhagic fever with extremely high mortality rates, is
a negative-strand RNA virus of the family Filoviridae. Its genome
encodes eight proteins, including one glycoprotein (GP) that is
both necessary and sufficient for host-cell binding and entry (1-3).
GP is a heavily glycosylated protein consisting of a receptor binding
subunit (GP1) and a class I fusion subunit (GP2). GP1 contains
a mucin-like domain that is dispensable for in vitro infection and
a receptor binding region (RBR; residues 57-149) (3-6). Four ly-
sine residues within the RBR (K95, K114, K115, and K140) are
important for receptor binding and infection (3, 6). RBR binding to
the surface of permissive cells is saturable and protease-sensitive,
and it correlates with the ability to be infected (6), supporting the
notion that permissive cells express a proteinaceous RBR receptor
(2). Although several cell-surface proteins enhance infection,
a definitive RBR receptor has not yet been identified.

EBOV infects a wide array of cell types, with the notable
exceptions of B and T lymphocytes, natural killer cells, and neu-
trophils (1, 2, 7). This tropism has been hypothesized to be caused
by expression of a receptor(s) in permissive, but not in non-
permissive, cells (1, 4, 6). In support of this proposal, none of the
cultured lymphocytes that have been analyzed bind RBR at their
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surface (4, 6), and they are not infected by particles bearing EBOV
GP (1, 2, 4, 6). However, all of the cultured lymphocytes that have
been analyzed grow in suspension, and we recently presented evi-
dence that suspension cells in general bind only low levels of RBR
at the cell surface and are poorly infected by EBOV pseudovirions.
Both 293F (epithelial-derived) and THP1 (monocyte/macrophage-
like) cells grown in suspension bind less RBR at the cell surface and
are less efficiently infected than when they are grown as adherent
cells. The acquisition of RBR binding to the cell surface occurs in
parallel with cell adhesion and spreading (within hours of plating),
and it does not require mRNA or protein synthesis (8). Hence,
there is a strong relationship between binding of the RBR of
EBOV GP to the cell surface and susceptibility to infection.
There are at least two hypotheses to explain the adhesion-de-
pendent increase in RBR binding to the cell surface. One is that
suspension cells contain an internal store of an RBR binding
partner (hereafter referred to as RBR receptor) that is translocated
to the cell surface on adhesion. A second is that adhesion induces
a posttranslational modification of an RBR receptor already at the
cell surface to a form that is competent to bind RBR. In this study,
we provide evidence for the translocation model for the cell ad-
hesion-dependent increase in ebolavirus GP binding and entry in
epithelial and monocyte/macrophage cells. We then provide evi-
dence that, contrary to current thinking, lymphocytes contain an
RBR receptor and moreover, that adherent lymphocytes (i.e., as
they would be in tissues) display the RBR receptor at the cell
surface and can be infected by particles bearing ebolavirus GP.

Results

There Is an Intracellular Pool of RBR Receptor in 293F Cells Grown in
Suspension. If 293F cells cultured in suspension are allowed to
adhere to tissue-culture dishes, they acquire the ability to bind 3-
to 5-fold more RBR at their surface without the need for new
mRNA or protein synthesis (8). As described above, one of two
major hypotheses to explain these observations is that a pool of
RBR receptor is held internally when the cells are in suspension
but traffics to the cell surface on adhesion. To begin to test this
hypothesis, we asked whether 293F cells in suspension contain an
intracellular pool of RBR receptor. Cells were either left intact or
treated with saponin (to permeabilize all cellular membranes) and
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then monitored by immunofluorescence for binding of a wild-type
(WT) RBR-Fc construct (6). A binding-deficient mutant RBR-Fc
construct (4mer RBR; mutated at the four critical lysine residues
described above and in ref. 6) was used as a negative control.
Consistent with our flow-cytometry analysis (8), adherent, but not
suspension, 293F cells bound WT RBR at the cell surface (Fig. 1).
However, permeabilization of the cells revealed the presence of
an intracellular RBR binding site in the suspension 293F cells. No
significant binding was detected in any of the samples with the
binding-defective 4mer RBR mutant.

Given the importance of macrophages to EBOV pathogene-
sis, we extended our analysis to monocytes (macrophage progen-
itors) and macrophages. Consistent with our flow-cytometry
analysis (8), THP1 cells grown in suspension (monocyte-like) did
not bind RBR at the cell surface when analyzed by immunofluo-
rescence (Fig. S1). However, as seen for suspension 293F cells,
intracellular RBR binding was observed when the suspension
(monocyte-like) THP1 cells were permeabilized. In contrast,
phorbol-12-myristate 13-acetate-(PMA-)-treated THP1 cells
(adherent and macrophage-like) bound WT RBR at the cell sur-
face as well as intracellularly (Fig. S1). In complete concordance,
primary human monocytes (which are suspension cells) only dis-
played intracellular RBR binding, whereas primary human mac-
rophages (which are adherent) bound RBR at the cell surface as
well as intracellularly (Fig. S1).

Intracellular RBR Binding Site Faces the Lumen of a Membrane-Bound
Compartment Associated with the Trans-Golgi Network. The most
likely route for an internal pool of RBR receptor to traffic to the cell
surface on adhesion would be through exocytic fusion of a mem-
brane-bound vesicle with the plasma membrane. In this manner,
the interior of the vesicle would be exposed at the cell surface, and
if, as we hypothesize, the receptor is membrane-associated with
alumenally disposed binding site, the RBR binding site would then
be exposed at the cell surface. To test this hypothesis, we used
differential membrane permeabilization. Although saponin per-
meabilizes all cellular membranes, digitonin, when used at a proper
concentration, only permeabilizes the plasma membrane (9, 10). If
the RBR binding site was lumenally disposed, it would be rendered
accessible by saponin but not by digitonin. Consistent with our
hypothesis, RBR binding was only seen in saponin-permeabilized
samples of suspension 293F cells (Fig. 24). The selectivity of dif-
ferential permeabilization was confirmed using antibodies against
specific cellular markers (Fig. S24). Examination of the samples at

Non-permeabilized Permeabilized

WT RBR 4mer RBR 4mer RBR
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Fig. 1. There is a pool of an RBR receptor inside suspension 293F cells. Ad-
herent and suspension 293F cells were fixed, and their plasma membranes
were labeled with DiD (red); they were either left intact (nonpermeabilized)
or permeabilized with saponin and then incubated with Fc-conjugated WT or
binding-deficient (4mer mutant) RBR (500 nM) followed by protein A, Alexa
Fluor 488 (green). Fluorescent images were captured on a Nikon Eclipse
TE2000 confocal microscope using a 100x objective, and the figure was pro-
duced as described in Materials and Methods.
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lower laser intensity revealed a distinct punctum of RBR binding in
each saponin-permeabilized cell (Fig. 24, RBR-low).

To localize the compartment that contains the bulk of the
RBR receptor in suspension 293F cells, we assessed colocaliza-
tion of the RBR binding site with markers for specific in-
tracellular organelles. There was no significant colocalization
with early endosomes, late endosomes, lysosomes, or recycling
endosomes (Fig. S2B). In contrast, the RBR binding site was
found near the cis-Golgi and closely associated with the micro-
tubule-organizing center (MTOC) and two trans-Golgi network
(TGN) markers, TGN46 and Golgin97 (Fig. 2B). Collectively,
these results indicate that suspension 293F cells contain an in-
tracellular pool of an RBR receptor whose binding site faces the
interior of membrane-bound vesicles associated with the TGN.

Translocation of RBR Receptor to the Cell Surface on Adhesion
Depends on Microtubules and Internalization of RBR Receptor on
Detachment Depends on Actin Filaments. Several proteins traffic
from the TGN to the cell surface in a regulated manner (11-13),
and most do so along microtubules (14, 15). Because the in-
tracellular pool of RBR receptor was found near the MTOC (Fig.
2B), we asked if the increase in RBR binding to the cell surface seen
when 293F cells transition from suspension to adherent growth
depends on microtubules. To assess this, suspension 293F cells
were treated with nocodazole (Noc), which depolymerizes micro-
tubules, and were then allowed to adhere to fibronectin-coated
tissue-culture plates for 1 h (Fig. S34) or 3 h (Fig. 34) in the con-
tinued presence of Noc. As seen in Fig. 34 and Fig. S34, Noc
prevented the adhesion-dependent increase in RBR binding to the
cell surface. These results strongly suggest that, on cell adhesion,
vesicles carrying RBR receptor move along microtubules and then
fuse with the plasma membrane, thereby delivering more RBR
receptor to the cell surface. We next asked if the RBR receptor is
internalized from the cell surface on cellular detachment. To ex-
amine this possibility, 293F cells which were taken from suspension
culture and allowed to adhere for 18 h (Fig. S3B) or 293T cells,
which are adherent (Fig. 3B), were analyzed for RBR binding to the
cell surface after the cells were detached and held for various times
in suspension at 37 °C. For both cell lines, we observed a time-de-
pendent decrease in RBR binding to the cell surface, resulting in
~60% less surface binding after 30 min in suspension. In-
ternalization of RBR receptor from the cell surface on cellular
detachment was prevented by treatment with latrunculin A (Fig.
3C), and thus it seems to be more dependent on the actin cyto-
skeleton than on the integrity of microtubules. Together, the results
in Figs. 1-3 strongly support a model in which binding of RBR to
the cell surface (and susceptibility to infection) is modulated by
adhesion-dependent membrane trafficking of an RBR receptor.

Suspension Lymphocytes Contain a Similar Intracellular Pool of RBR
Receptor. Given that suspension 293F cells (Fig. 1) and (suspen-
sion) monocytes (Fig. S1) contain an intracellular pool of RBR
receptor, we next asked if suspension lymphocytes do as well. As
seen in Fig. 44, there is an intracellular pool of RBR receptor in
suspension T (Jurkat) and B (Daudi) lymphocytes, cultured cells
that are resistant to EBOV GP-mediated infection (1, 4, 8) and
unable to bind RBR at the cell surface (4, 6, 8). As seen in sus-
pension 293F cells, the RBR binding site within suspension Jurkat
T lymphocytes is associated with the TGN and MTOC (Fig. S4).
In a separate experiment, we identified an internal pool of RBR
receptor in human primary blood lymphocytes (PBLs) (Fig. 4B).
These results suggest that the block to EBOV binding in sus-
pension lymphocytes is not because of the lack of an RBR re-
ceptor but rather to its sequestration inside the cells.

Adherent B Lymphocytes Bind RBR at the Cell Surface and Are

Susceptible to EBOV GP-Mediated Entry and Infection. We next
tested the ability of two lines of adherent B lymphocytes, a mar-
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Fig. 2. The RBR binding site in suspension 293F cells faces the lumen of a membrane-bound compartment. (A) Suspension 293F cells were fixed, and their
plasma membranes were labeled with DiD (pseudocolored blue). Cells were examined for RBR binding under three conditions: intact (nonpermeabilized),
permeabilized with saponin (permeabilizes all membranes), or permeabilized with 1 pM digitonin (permeabilizes only the plasma membrane; intracellular
membranes remain intact). RBR binding (green) was examined at both high (RBR-high) and low (RBR-low) laser intensity, the latter to focus on the brightest
staining. Controls for selective permeabilization from the same experiment are shown in Fig. S2A. (B) Suspension 293F cells were fixed, permeabilized with
saponin, and incubated with Fc-conjugated RBR (500 nM) and anti-rabbit Fab 488 (green) and the indicated marker antibody (red). RBR binding was analyzed at
low laser intensity to focus on the area of brightest staining. Lower shows a 5x enlarged view of a single (boxed) cell from the panel directly above. Fluorescent
images were captured and processed as in Fig. 1. Images represent findings from multiple experiments in which at least five fields were examined per sample.
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moset B lymphoblastoid line (B95a cells) and a human B lym-
phoblastoid line (JY cells), to bind RBR at the cell surface. As
shown in Fig. 5 4 and B, both adherent B lymphocytic cell lines
bound significantly more RBR at the cell surface than suspension
Daudi B lymphocytes. Fig. S54 shows RBR binding to the surface
of JY cells using immunofluorescence. We, therefore, asked if JY
or B95a (adherent) B lymphocytes are susceptible to EBOV GP-
mediated entry and infection. In a first experiment, 293T, Daudi,
and JY cells were incubated with vesicular stomatitis virus (VSV)
pseudovirions bearing either VSV G, a mucin domain-deleted
version of EBOV GP (GPA), or a proteolytically primed version
of EBOV GP (19 kDa GP) (6, 16, 17); particles with 19 kDa GP
are less dependent on endosomal cathepsins for entry than par-
ticles bearing GP or GPA (5, 16, 17). As seen in Fig. 5C, although
all of the cells analyzed were infected by pseudovirions bearing
VSV G (albeit to varying levels), only 293T cells were infected by

pseudovirions bearing GPA. Interestingly, JY cells were infected
by pseudovirions bearing the primed 19-kDa form of GP (~59%
of the level seen with pseudovirions bearing VSV G), whereas
Daudi cells were resistant (<0.3% of that seen with pseudovirions
bearing VSV G).

The observation that JY cells were infected by pseudovirions
bearing the primed 19-kDa form of GP but not with pseudovi-
rions bearing GPA suggested that the JY cells can bind and in-
ternalize GP-bearing particles but have insufficient cathepsins to
prime GP (18). Because (adherent) B95a B lymphocytes contain
a higher level of cathepsins B+L activity than JY cells (Fig. S5B),
we asked if B95a cells are susceptible to entry mediated by GPA.
To do this, we used EBOV viral-like particles (VLPs) bearing
GPA and containing VP40 tagged with B-lactamase (19). The
VLPs are more analogous, morphologically, to bona fide EBOV
than the smaller VSV pseudovirions (20, 21). As seen in Fig. 5D,
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Fig. 3. The cell adhesion-dependent differential of RBR binding to the cell surface depends on microtubules and actin filaments. (A) Suspension 293F cells
were mock treated or treated with nocodazole (Noc; 10 uM) for 1 h and then examined under three conditions: continued growth in suspension or plated for
3 h on fibronectin-coated dishes in the presence or absence of 10 uM nocodazole. Cells were then chilled, lifted by pipetting with cold PBS**, and assessed for
RBR binding as described previously (assay done at 4 °C) (6, 8). Data bars represent the average of triplicate samples from one experiment. Statistical sig-
nificance compared with the suspension mock-treated sample was determined by Student t test (*P < 0.004). (B) Adherent 293T cells were lifted as in A at 4 °C
and then incubated at 37 °C (to allow membrane trafficking). At the indicated times, cells were chilled and then examined for RBR binding as described in A.
(C) Adherent 293T cells were left untreated or treated with 10 uM Noc or 1 uM latrunculin A (LatA) for 1 h. All samples were then lifted at 4 °C and either kept
at 4 °C (cold) or incubated at 37 °C for 30 min (warm) in the presence or absence of inhibitor. Cells were then examined for RBR binding as above. In B and C,
data points represent the averages of at least three experiments (performed in duplicate) normalized to the level of RBR binding to the surface of cells kept
on ice for the duration of the experiment (labeled 0 min in B and cold in C). Error bars represent SD of the normalized data. Statistical significance compared
with the 0 min/cold sample was determined by Student t test (*P < 0.05).
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Fig. 4. There is an internal pool of RBR receptor in suspension lymphocytes.
(A) Jurkat T and Daudi B lymphocytes, which grow in suspension, were fixed,
their plasma membranes were labeled with DiD (red) and either left intact
(nonpermeabilized) or permeabilized with saponin, and then were incubated
with Fc-conjugated RBR (500 nM) and anti-rabbit Fab 488 (green). Images
were captured and processed as in Fig.1. (B) Human primary blood lympho-
cytes (PBLs) and Jurkat cells were processed as in A except that the y level of
the green channel was increased to 1.3 (for all images in B) to compensate for
lower laser intensity settings on the microscope (percent laser power and
gain). Findings represent results from two or more experiments examining at
least five fields per sample.

VLPs bearing VSV G entered all of the cell types examined.
Consistent with the VSV pseudovirion experiments (Fig. 5C),
VLPs bearing EBOV GPA did not enter the nonpermissive
(suspension) Daudi B lymphocytes (<1% of cells). Interestingly,
however, VLPs bearing GPA entered the adherent B95a B
lymphocytes (~65% of the level seen with VLPs bearing VSV
G). A similar ratio of infectivity between VLPs bearing GPA and
those bearing VSV G was seen for (permissive and adherent)
SNB19 cells. The results in Fig. 5 indicate that, contrary to
current notions, particles bearing EBOV GP can bind to, enter,
and infect lymphocytes, as long as the lymphocytes are adherent
and contain the requisite fusion-activation machinery.

Discussion

It was previously thought that lymphocytes lack a receptor for
ebolavirus (1, 2, 4, 6). Based on our studies showing enhanced
binding of the RBR of EBOV GP to the cell surface and en-
hanced infection of adherent compared with suspension 293F
(epithelial derived) and THP1 (monocyte/macrophage-like) cells
(8), we hypothesized that suspension cells, including lymphocytes
and monocytes, contain an intracellular pool of RBR receptor
that translocates to the cell surface on cell adhesion. Indeed, in
this study, we identified an internal pool of RBR receptor in all
suspension cells analyzed, including cultured and primary mon-
ocytes and lymphocytes. Using 293F cells, we showed that, on
adhesion, the internal pool of RBR receptor translocates to the
cell surface, and that, reciprocally, when adherent cells are de-
tached and held in suspension, surface RBR receptor is in-
ternalized. Finally, we documented, contrary to expectations, that
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Fig. 5. Adherent B lymphocytes bind RBR at the cell surface and are sus-
ceptible to EBOV-GP mediated entry and infection. (A) Adherent 293T and JY
cells were lifted by pipetting with cold PBS**, whereas suspension Daudi cells
were collected and chilled to 4 °C. Cells were then incubated with Fc-conju-
gated RBR (200 nM) followed by anti-rabbit Fab 488. Rabbit Fc was used as
a negative control. Cell-surface binding was analyzed by flow cytometry. (B)
293T, Daudi, and B95a cells were examined for RBR cell-surface binding as in
A. Data bars in A and B represent the average percent of cells showing RBR
binding at their surface from three independent experiments (each with
duplicate samples). Error bars represent SD. Statistical significance compared
with RBR binding to the surface of Daudi cells was determined by Student t
test (*P < 0.015). (C) 293T, Daudi, and JY cells were infected with VSV pseu-
dovirions bearing either VSV G, EBOV GPA, or EBOV 19-kDa GP (6, 16). The
average percent of cells infected with pseudovirions bearing VSV G, EBOV
GPA, and EBOV 19-kDa GP were, respectively: 293T: 21%, 51%, and 53%;
Daudi: 12%, 0%, and 0%; JY: 19%, 0%, and 10%. B95a cells are resistant to
WT VSV infection (Fig. S5C) and thus, could not be examined in this experi-
ment. (D) SNB19 (SNB), Daudi, and B95a cells were spinoculated with VLPs
bearing VSV G or EBOV GPA as described in Materials and Methods. The av-
erage percent of cells showing entry with VLPs bearing VSV G and EBOV GPA
were, respectively: SNB19:91% and 75%; Daudi: 33% and 0%; B95a: 24% and
15%. JY cells could not be examined in this experiment because of high levels
of background signal (Fig. S5D). In C and D, bars represent the average per-
cent of cells infected (C) or showing entry (D) normalized to infection or entry
by particles bearing VSV G in the same cell type from at least three experi-
ments each with duplicate samples. Error bars represent SD of the normalized
data. Statistical significance compared with infection or entry in Daudi cells
was determined by Student t test (*P < 0.03; **P < 0.0002).

adherent lymphocytes are susceptible to EBOV GP-mediated
entry. Our findings introduce a means of determining viral entry
by cell adhesion-dependent membrane-trafficking, and indicate
that EBOV can bind to and enter adherent lymphocytes, a finding
that may bear on the pathogenesis of this deadly virus.

Control of EBOV Entry by RBR Receptor Translocation. Our results
reveal a means of controlling viral entry wherein a cell can express
an entry receptor but be refractory to infection if the receptor is
sequestered intracellularly. We found that all suspension cells
analyzed contain a pool of RBR receptor (associated with the
TGN and MTOC) and that this pool can translocate to the cell
surface on cell adhesion. Our findings with 293F cells are most
consistent with a model in which cell adhesion-dependent trans-
location of an RBR receptor occurs through microtubule-de-
pendent movement of vesicles containing a lumenally oriented
RBR binding site from the TGN region to the plasma membrane.
On exocytic fusion, RBR binding sites are exposed at the cell
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surface. Conversely, when adherent cells are detached and held in
suspension, the pool of RBR receptor is rapidly internalized from
the surface through an actin-dependent process. Lipid rafts
(plasma-membrane microdomains marked by cholera toxin B and
aerolysin) undergo similar adhesion- and microtubule-dependent
cell surface exposure and reciprocally, detachment- and actin-
dependent internalization from the cell surface (22). One differ-
ence is that lipid rafts are associated with Rab11-positive recycling
endosomes in cells in suspension (22), whereas we did not see
colocalization of RBR binding sites with Rabl1. Like several
other proteins (11-13), the RBR receptor may, instead, traffic
directly from the TGN to the cell surface.

The process that we have uncovered of adhesion-/deadhesion-
dependent RBR receptor trafficking to and from the cell surface
likely plays a role in EBOV pathogenesis. During live EBOV in-
fections, macrophages are one of the first cell types infected.
Although there have been reports that monocytes (macrophage
progenitors) can be infected by ebolavirus (23, 24), neither the
precise differentiation status of the infected cells nor the extent of
their infection compared with tissue macrophages was directly
ascertained. Moreover, one study found that the levels of ebola-
virus entry were markedly higher in primary macrophages com-
pared with primary monocytes derived from the same donors (25).
We observed that primary (adherent) human macrophages bind
more RBR at their surface than freshly isolated primary human
monocytes and that PMA-treated (adherent) THP1 macrophage-
like cells bind more RBR and are more robustly infected than
untreated (monocyte-like) THP1 cells. These findings suggest
that monocyte differentiation and the accompanying acquisition
of adhesive characteristics result in increased levels of RBR re-
ceptor at the cell surface and that this process contributes to the
high susceptibility of macrophages to EBOV infection.

Adherent B Lymphocytes Are Susceptible to GP-Mediated Entry and
Infection. To date, there is no convincing evidence for replication
of EBOV in lymphocytes. Correspondingly, we (and others) have
reported that suspension lymphocytes do not bind EBOV RBR at
the cell surface efficiently and are refractory to EBOV GP-me-
diated entry and infection (1, 2, 4, 6, 8). In contrast, we report in
this study that adherent lymphocytes bind significant levels of
RBR at the cell surface and importantly, are susceptible to EBOV
GP-mediated entry. A trademark of lymphocytes is their high
degree of flexibility in terms of cell adhesion. In vivo unstimulated
lymphocytes are nonadherent. However, in response to specific
cytokines and chemokines, lymphocytes increase the cell-surface
expression and activation status of adhesion molecules (e.g.,
integrins), leading to adhesion with neighboring cells and extra-
cellular matrix components (26). Interestingly, EBOV-infected
macrophages, primary targets of EBOV infection, produce many
of the cytokines and chemokines that promote the adhesiveness of
lymphocytes (23, 27). Lymphocytes also become adhesive when
they form immunological synapses with antigen-presenting cells
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such as macrophages and dendritic cells (28). Our findings suggest
that adherent lymphocytes may present a receptor for the RBR of
EBOV GP at the cell surface, which would provide a means for
EBOV to interact with lymphocytes in tissues.

During early stages of primate infections by EBOV, large
numbers of lymphocytes undergo apoptosis (7, 24, 29). The mech-
anism for this massive bystander apoptosis is not well-understood.
Several studies have implicated factors secreted by EBOV-infec-
ted dendritic cells and macrophages (7, 23, 24, 27, 29), suggesting
an indirect effect of the virus. Alternatively, it has been suggested
that there is a more direct role for EBOV in the induction of
lymphocyte apoptosis (7, 30). We recognize three ways in which
our observations may contribute to lymphocyte apoptosis. In one
scenario, binding of EBOV GP (or shed GP) to a receptor on the
surface of adherent lymphocytes may trigger apoptosis. Consistent
with this, a 17-residue synthetic peptide from the immunosup-
pressive region in GP2 has been shown to trigger apoptosis of
primary lymphocytes in culture (30). In a second scenario, EBOV
may not only bind to adherent lymphocytes, but it may also enter
them, consistent with our observation that EBOV VLPs can enter
an adherent lymphocytic line. In this case, delivery of the EBOV
core to the cytoplasm might ignite a signaling cascade that pro-
motes apoptosis. In a third scenario, it is possible that EBOV
particles not only enter but also initiate a low level of replication in
certain adherent lymphocytes. These cells may then undergo ap-
optosis before replication can be detected, perhaps because of
impaired antiapoptotic mechanisms.

In summary, this study introduces a mode of determining viral
entry: by a cell adhesion-dependent membrane-trafficking event
that increases the level of a viral receptor at the cell surface.
Moreover, our studies suggest that this mechanism may be in play
in cell types such as macrophages and lymphocytes, which are
critical to the pathogenesis and fatal-disease progression of
ebolavirus infections.

Materials and Methods

SI Materials and Methods describes sources of reagents and details. RBR-Fc
binding to (intact) cells was measured by flow cytometry essentially as de-
scribed previously (4, 6, 8). RBR-Fc binding was monitored by immunofluo-
rescence (to intact cells or cells permeabilized with either saponin or dig-
itonin) as described in S/ Materials and Methods . Production of VSV pseu-
dovirions (bearing VSV G or EBOV GP, GPA, or 19-kDa GP) and their use to
infect cells was as described previously (2, 6, 16). EBOV viral-like particles
containing VP40-B-lactamase were produced as described in refs. 19 and 31
and were used to infect cells as described in S/ Materials and Methods.
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