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The glycoproteins (GP) of enveloped viruses facilitate entry into
the host cell by interacting with specific cellular receptors. Despite
extensive study, a cellular receptor for the deadly filoviruses Ebo-
lavirus and Marburgvirus has yet to be identified and character-
ized. Here, we show that T-cell lg and mucin domain 1 (TIM-1)
binds to the receptor binding domain of the Zaire Ebola virus
(EBOV) glycoprotein, and ectopic TIM-1 expression in poorly per-
missive cells enhances EBOV infection by 10- to 30-fold. Con-
versely, reduction of cell-surface expression of TIM-1 by RNAi
decreased infection of highly permissive Vero cells. TIM-1 expres-
sion within the human body is broader than previously appreci-
ated, with expression on mucosal epithelia from the trachea,
cornea, and conjunctiva—tissues believed to be important during
in vivo transmission of filoviruses. Recognition that TIM-1 serves
as a receptor for filoviruses on these mucosal epithelial surfaces
provides a mechanistic understanding of routes of entry into the
human body via inhalation of aerosol particles or hand-to-eye
contact. ARD5, a monoclonal antibody against the IgV domain of
TIM-1, blocked EBOV binding and infection, suggesting that anti-
bodies or small molecules directed against this cellular receptor
may provide effective filovirus antivirals.

viral entry | viral receptor | virion internalization

he Filoviridae family of viruses is composed of two genera,

Ebolavirus and Marburgvirus, which cause hemorrhagic fever in
humans and nonhuman primates. Infection with some strains of
filoviruses causes fatality in 50-90% of human cases (1). The viral
glycoprotein (GP) of Ebolavirus, which consists of surface-
exposed subunit GP1 attached to membrane-bound subunit GP2
by a disulfide bond (2), mediates binding to, penetration of, and
fusion with host-cell membranes (3, 4). Pseudovirions bearing
Ebolavirus GP transduce a broad range of cells through inter-
actions that require the GP1 receptor-binding domain (RBD)
(5-8). Upon internalization into low-pH endosomes, the filovirus
GP1 is proteolyzed by cathepsins B and L, leading to GP2-
dependent fusion of the viral and host membranes (9-12). Several
proteins enhance filovirus entry in host cells, including the C-type
lectins L-SIGN, DC-SIGN, and hMGL, as well as RhoB/C,
integrin a5p1, folate receptor-a, and the tyrosine kinase receptor
Axl (13-26); however, because none of these molecules has been
shown to interact with the RBD of the filovirus GP1, it is unlikely
that any of these proteins serve as a receptor for this family of
viruses. Thus, we used gene correlation analysis to search for ad-
ditional potential receptors. Here, we identify T-cell Ig and mucin
domain 1 (TIM-1), which interacts with Zaire ebolavirus (EBOV)
GP and enhances EBOV infection by 10- to 30-fold upon ex-
pression, providing strong evidence that TIM-1 serves as a re-
ceptor for EBOV. As we found that TIM-1 is expressed on a
number of mucosal epithelial surfaces, we propose that TIM-1/
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EBOV interactions may serve as a conduit for filovirus entry into
the human body.

Results

Correlation of TIM-1 Gene Expression with EBOV GP-Dependent Trans-
duction. An innovative bioinformatics approach, comparative
genetics analysis (CGA), was used to identify candidate genes
involved in EBOV entry. This technique differs from previous
gene discovery approaches as it correlates cellular gene expres-
sion with virus transduction efficiency across a panel of human
tumor lines (27, 28). Although EBOV is a biosafety level 4 (BSL-
4) pathogen, we performed our transduction screen under BSL2
conditions using a green fluorescent protein-expressing vesicular
stomatitis virus (VSVAG-eGFP) pseudotyped with either EBOV
GP or VSV G (3). The EBOV GP that was used lacked the GP1
mucin domain (EBOV GP AO), as this form of GP confers the
same tropism as full-length GP, contains the complete putative
RBD, and produces higher pseudovirion titers (23, 29, 30). Fifty-
four lines from the NCI-60 panel of human tumor cells were
evaluated for permissiveness to both EBOV GP and VSV G-
dependent transduction (Fig. 1 A and B). EBOV GP pseudovi-
rions most effectively transduced renal, central nervous system,
and non-small-cell lung carcinoma cell lines, with limited trans-
duction of leukocyte lines. The EBOV transduction profile of the
54 cell populations served as a seed file for comparison with
known gene expression patterns via the COMPARE algorithm
available on the Developmental Therapeutic Program (NCI)
Web site (http://www.dtp.nci.nih.gov/docs/compare/compare.html),
with the goal of identifying potential cellular receptors for this
virus. Candidate EBOV cellular receptors identified by this corre-
lation analysis were prioritized according to the following criteria:
() genes with an expression profile that highly correlated with
EBOV GP pseudovirion transduction, as determined by a Pearson
correlation coefficient (PCC); (ii) genes positively correlated with
EBOV pseudovirion transduction but not with VSV G pseudo-
virion transduction; and (iii) genes encoding a cell surface-
associated protein.
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Fig. 1.

TIM-1 expression positively correlates with EBOV GP-dependent transduction, but not with VSV G-dependent transduction in a gene correlation assay.

Relative transduction efficiency of (A) EBOV GP- or (B) VSV G-mediated transduction into the same NCI-60 cell lines. (C) Relative TIM-1 expression in the same
54 cell lines of the NCI-60 panel assessed by gene array analysis. Results of gene array studies of cells in the NCI-60 panel are available on the NCI-DTP website

at http://dtp.nci.nih.gov/docs/compare/compare.html (GC185412).

Expression of the T-cell Ig and mucin domain 1 (7IM-1, also
known as Kim-1 or HAVcrl) gene correlated with EBOV GP AO
transduction (PCC = 0.601; P < 0.00003) but did not correlate
with VSV G-dependent transduction (Fig. 1). Whereas expres-
sion of a previously characterized entry factor, Axl (24), also
correlated with EBOV GP transduction in our screen (PCC =
0.501), the correlation was stronger between TIM-I and virus
transduction. TIM-1 was not expressed in all permissive cell lines,
suggesting that additional, currently unidentified cellular proteins
may also enhance filovirus entry. TIM-1 is a type 1 trans-
membrane protein composed of an extracellular Ig variable (IgV)
domain, a mucin-like domain, a transmembrane domain, and a
cytoplasmic tail (31, 32). The protein is expressed on dividing
cells of the kidney epithelium and on activated Th2 cells (32), and
binds to phosphatidylserine (PS) as well as family member TIM-
4, resulting in the clearance of apoptotic cells and activation of
T-cell proliferation, respectively (33-36). Previous work also
identified TIM-1 as a receptor for hepatitis A virus (37).

Cell Surface TIM-1 Enhances EBOV GP-Dependent Entry. The monkey
kidney cell line Vero, which has been extensively used to in-
vestigate EBOV infection (9, 11, 12, 26, 38, 39), expresses TIM-1
on its plasma membrane (Fig. 24, Left). We investigated whether
EBOV transduction requires endogenous TIM-1 by transfecting
Vero cells with siRNAs targeting TIM-1 or luciferase. Cell-surface
expression of TIM-1 was abundant on Vero cells transfected with
the luciferase siRNA, but was reduced in cells transfected with the
TIM-1 siRNA (Fig. 24, Left). Susceptibility of Vero cells to EBOV
GP AO, but not VSV-G, pseudovirion transduction was greatly
decreased when cells were depleted of cell surface TIM-1 (Fig.
2A, Right).

The human embryonic kidney cell line HEK 293T does not
express TIM-1 and is less permissive than Vero cells to replication
of an infectious VSV/eGFP containing EBOV GP AO in place of
VSV-G (Fig. 2B, Left, and Fig. S1). Transient transfection of in-
creasing amounts of a human TIM-1-expressing plasmid resulted
in a dose-dependent enhancement of EBOV GP transduction
compared with cells transfected with a control plasmid (Fig. 2B,
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Right). In contrast, EBOV GP transduction was unaffected by
expression of TIM family member TIM-3 (Fig. S2 4 and B). This
increase in transduction was specific for EBOV GP, as expression
of TIM-1 had no effect on transduction of Lassa fever virus (LFV)
pseudovirions.

We further evaluated the ability of ectopic TIM-1 expression to
mediate EBOV infection in another TIM-1"" cell line NCI-H522
that is poorly permissive for EBOV infection (NSCLCline 9 in the
NCI-60; Fig. 1 and Fig. S1). Transient transfection of a TIM-1-
expressing plasmid into these cells resulted in TIM-1 surface ex-
pression in about 55% of the population (Fig. S2E). Using our
replication competent EBOV GP VSV, we found that TIM-1-
expressing NCI-H522 cells supported significantly greater virus
replication than NCI-H522 cells transfected with empty vector
(Fig. 2C). Thus, in both poorly (NCI-H522) and moderately (293T)
permissive TIM-1"!! cells, expression of TIM-1 significantly and
specifically increased EBOV GP-dependent entry.

Stable as well as transient expression of TIM-1 in HEK 293T
cells led to enhanced EBOV GP/VSV infection, but not wild-type
VSV (Indiana), (Fig. S2 C and D). The TIM-1" line H3 and the
TIM-1""line M2 were used to assess the importance of EBOV GP
RBD residues in TIM-1-dependent transduction. The EBOV GP
RBD mutant K114A/K115A that has reduced binding and trans-
duction of host cells (5, 7, 40) was transduced into M2 and H3 cells.
TIM-1-mediated transduction of mutant K114A/K115A virions
was reduced by 86% compared with wild-type EBOV GP pseu-
dovirions, indicating that residues within the EBOV GP RBD are
critical for TIM-1-dependent virus transduction (Fig. 2D).

H3 cells were also used to evaluate the ability of a TIM-1/Fc-
expressing plasmid to inhibit transduction of EBOV GP VSV
pseudovirions (Fig. S3). Transfection of either TIM-1/Fc or
soluble EBOV GP led to an incomplete but significant reduction
of EBOV GP-dependent transduction, demonstrating the ability
of either of these ectodomains to compete for virus entry.

TIM-1 and EBOV GP Interact. To determine if EBOV GP and TIM-
1 interact, we assessed binding using several different assays.
Initial studies demonstrated binding of soluble TIM-1/Fc to
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Fig. 2. TIM-1 serves as a receptor for EBOV. (A) Reduced plasma membrane-associated TIM-1 decreases EBOV GP pseudovirion transduction. Vero cells were
transfected with either luciferase or TIM-1 siRNA. (Left) TIM-1 surface expression at 48 h following transfection as assessed by flow cytometry (filled black
histogram represents TIM-1 RNAi-transfected cells immunostained with an isotype control antibody; unfilled black histogram shows TIM-1 expression in luc
siRNA-transfected cells immunostained with anti-TIM-1 mAb ARDS5; gray histogram demonstrates TIM-1 expression in TIM-1 siRNA-transfected cells incubated
with anti-TIM-1 mAb ARD5). (Right) EBOV transduction of transfected Vero cells. Cells were transduced with VSV pseudotyped with either EBOV GP AO or
VSV G GP (MOI = 0.05). (B and C) Ectopic expression of TIM-1 enhances EBOV transduction. (B Left) Surface TIM-1 expression at 48 h following transfection.
HEK 293T cells were transfected with 3 pg of empty plasmid (filled black histogram) or increasing amounts of hTIM-1 (gray, 3 ng; black dashed, 30 ng; gray
dashed, 300 ng; black, 3 ug). (Right) Transduction of the transfected cells by EBOV GP AO (filled bars) or Lassa fever virus GP (unfilled bars) pseudotyped VSV
at 48 h following transfection. Data are fold increase in entry over cells transfected with empty vector (MOI = 0.01). Data are representative of three in-
dependent replicates. (C) NCI-H522 cells were transfected with empty vector or TIM-1. Cells were infected with 0.1 or 1 pL of replication competent EBOV GP
AO VSV (MOI = 2.5 x 103 or 2.5 x 10* as assessed in Vero cells). (D) Transduction of EBOV GP RBD mutant K114A/K115A is minimally enhanced by TIM-1
expression. TIM-1""' M2 or TIM-1* H3 cells were transduced with reverse transcriptase normalized FIV pseudotyped with either wild-type EBOV GP AO (WT) or
EBOV GP AO-KK. (E) EBOV GP expression on the surface of HEK 293T cells enhances soluble TIM-1 binding. HEK 293T cells transfected with an empty plasmid
(black filled histogram), a plasmid expressing EBOV GP AO (gray unfilled histogram), or a plasmid expressing TIM-4 (black unfilled histogram) were incubated
with TIM-1/Fc for 1 h at 4 °C. Binding was analyzed by flow cytometry. (F) EBOV pseudovirions bind to soluble TIM-1. Human Ig or TIM-1/Fc bound Protein A
beads were incubated with EBOV AO GP or LFVGP pseudotyped FIV for 1 h at 37 °C. Beads were washed to remove unbound virus (letter U) and virion binding
to beads (letter B). Binding was evaluated by immunoblotting for FIV capsid. (G) Ability of thermolysin-cleaved, wild-type EBOV GP to bind to TIM-1* H3 cells,
but not thermolysin-cleaved EBOV GP K114A/K115A. The purified, trimerized EBOV GPs were treated with thermolysin to generate the 19-kDa form con-
taining the RBD. The processed GPs were incubated with H3 cells, washed, and lysed. H3 cell actin levels are also shown. (H) Ability of TIM-1/Fc, but not the

isotype control, to coimmunoprecipitate soluble, thermolysin-cleaved EBOV GP. *P < 0.05, ***P < 0.0001.

HEK 293T cells that were transfected with plasmids expressing
EBOV GP AO (41) or family member TIM-4. Previous studies
have demonstrated that TIM-1 and TIM-4 interact (35). Soluble
TIM-1 bound to both the TIM-4—expressing cells and EBOV GP-
expressing cells, but not to cells transfected with empty plasmid
(Fig. 2E). In addition, soluble TIM-1/Fc immunoprecipitated
pseudovirions containing EBOV GP AO, but not LFV GP (Fig.
2F). To examine this interaction further, soluble, trimerized
EBOV GP was treated with thermolysin to generate the RBD-
containing, 19-kDa processed form of GP1. We found that EBOV
GP RBD bound more efficiently to TIM-1" H3 cells than a
thermolysin-cleaved RBD binding mutant K114A/K115A (Fig.
2G) and pulled-down purified TIM-1/Fc (Fig. 2H) (35). This data
demonstrates a direct interaction between EBOV GP and TIM-1
that is dependent on the RBD domain.

TIM-1 Is Expressed on Human Airway and Eye Mucosal Epithelium.
One established route of infection for Ebolavirus is the inhalation
of aerosolized particles (42). Consistent with this route of in-
fection, EBOV pseudovirions have been demonstrated to trans-
duce well-differentiated primary human airway epithelia via the
apical mucosal surface (23). TIM-1 expression in the airway had
not been previously reported, but we observed abundant expres-
sion of TIM-1 on the apical surface of well-differentiated primary
cultures of human airway epithelial cells where it colocalized ex-
tensively with the cilia marker p-tubulin (Fig. 3 A-D). Not only
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TIM-1, but also family member TIM-3, was detected on the cilia
of these airway epithelial cultures; in contrast, family member
TIM-4 was not evident on these cells (Fig. 3 G-J).

Our observation that the apical surface of the airway epithelium
expresses TIM-1 led us to examine additional mucosal epithelial
surfaces for its expression. As in the case of well-differentiated
airway epithelia, fixed sections of human conjunctiva, cornea,
trachea, and kidney tubules also expressed TIM-1 (Fig. S4); ex-
pression in the kidney tubules was consistent with previous reports
(34). Whereas TIM-1 was apically located on the tracheal epi-
thelium, in the corneal and conjunctival epithelium robust ex-
pression was limited to the basal layer, suggesting that a break in
the epithelial surface would be required for TIM-1 to interact with
EBOV GP in these tissues.

TIM-1 Is Expressed on a Broad Range of Epithelial Cells in Vitro. TIM-
1 also was found on the cell surface of a variety of human epi-
thelial lines known to be highly permissive for EBOV. For in-
stance, TIM-1 was robustly expressed on the surface of seven of
the eight renal cell lines of the NCI-60 panel, consistent with TTM-
1 mRNA expression on the microarray (Fig. S5). These same
seven lines were highly permissive for EBOV GP AO pseudovi-
rion transduction (Fig. 14). Only one renal line (SN12C, no. 6 in
the NCI-60 renal cell panel; Fig. 1) did not express surface TIM-1,
and it was poorly permissive for EBOV. In addition, TIM-1 was
expressed on the surface of the hepatoma line Huh-7. Notably,
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Fig. 3. TIM-1 is expressed on cilia of human airway epithelia. (A) Detection of TIM-1 expression on the surface of well-differentiated human airway epithelial
cultures using goat anti-TIM-1 antisera and Alexa 488-conjugated rabbit anti-goat antisera (green). (B) Immunostaining of p-tubulin within epithelial cilia
using a mouse anti-tubulin monoclonal antibody and Cy3-conjugated goat anti-mouse (red). (C) Merged image of A and B. (D) Vertical section of merged
image. To-Pro-3 (blue) identifies the nuclei. (E) Vero cells and (F) HEK293T cells stained with anti-TIM-1 antisera and Alexa 488-conjugated secondary (green).
(G) A well-differentiated human airway epithelial culture stained for TIM-3 (green) and B-tubulin (red). (H) Vertical section of G. (/) Human airway epithelia
stained for TIM-4 (green) and f-tubulin (red). (J) Vertical section of /. (K) Human airway epithelia immunostained with normal goat sera (green) and mouse

anti—B-tubulin (red). (L) Vertical section of K. (Scale bar = 20 pM.)

TIM-1 expression was not observed in cells of nonepithelial ori-
gin, such as the neuroblastoma line SNB-19 that we previously
demonstrated to be highly permissive for EBOV (5). Though
these studies indicate that TIM-1 enhances EBOV in epithelial
populations, they also provide evidence that additional cell-
surface proteins must mediate productive entry of EBOV GP,
because some cell types relevant to in vivo infection (such as
macrophages) do not express TIM-1 (34), and EBOV trans-
duction of some highly permissive cell lines investigated in our
studies (e.g., SNB-19 cells) was independent of TIM-1 expression.

Monoclonal Antibodies Directed Against the TIM-1 IlgV Domain Block
EBOV Infection. Five monoclonal antibodies (mAbs) against the
TIM-1 ectodomain were assessed for their ability to inhibit EBOV
GP AO pseudovirion binding to Vero cells. The epitope for each
has been partially mapped, with AKG7 binding to the mucin do-
main and the other four binding to the IgV domain (41, 43). Of the
anti-TIM-1 antibodies, ARDS was able to completely block EBOV
pseudovirion binding to Vero cells (Fig. 44) and, over a range of
ARDS concentrations, inhibition of EBOV binding was dose de-
pendent (Fig. S6). Consistent with the binding studies, ARDS
abrogated EBOV GP-dependent transduction, although all five
mAbs decreased EBOV GP pseudovirion transduction to some
extent (Fig. 4B). None of the mAbs affected VSV G-dependent
entry. ARDS was also highly efficacious at blocking replication of
infectious EBOV GP AO VSV in the TIM-1* H3 clonal line over
a 4-d infection (Fig. 4C). The IgV epitope for ARDS is outside of
the TIM-1 PS binding pocket, whereas A6G2, which was much less
effective in blocking transduction, prevents TIM-1 binding of PS
(41). Thus, regions of the IgV domain other than the PS-binding
pocket appear to be important for EBOV GP interactions.

The ability of ARDS to block EBOV pseudovirion transduc-
tion was evaluated in an additional series of cells (Fig. 4D).
ARDS inhibited EBOV GP AO pseudovirion transduction in all
cell lines expressing surface TIM-1, but not in lines that do not
express TIM-1 (e.g., SN12C, SNB-19, HEK 293T). ARDS in-
hibition of EBOV transduction of TIM-1-expressing Vero cells
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was time sensitive (Fig. S74), with the inhibition being reduced as
the mAb was added at later time points during virus transduction.
ARDS also inhibited both Marburgvirus GP (MARYV) and full-
length EBOV GP pseudovirion transduction into Vero cells with
a similar dose-response curve, implicating TIM-1 in the entry of
both filoviruses into epithelial cells (Fig. S7B).

We assessed the ability of ARDS to block EBOV transduction
of cells that are potentially relevant to filovirus transmission in
vivo. ARDS decreased EBOV GP AO pseudovirion entry into
well-differentiated human and porcine airway cultures (Fig. 4F),
suggesting that the TIM-1 residues responsible for EBOV GP
interactions must be evolutionarily conserved. Conservation of
the IgV domain is consistent with the wide host range reported
for filoviruses. As the gastrointestinal tract has also been impli-
cated as a route of EBOV transmission (44), we evaluated EBOV
GP AO pseudovirion transduction of the TIM-1-expressing in-
testinal epithelial cell line Caco-2. Loss of availability of TIM-1
on the surface of Caco-2 cells as a consequence of either ARDS
application or TIM-1 siRNA treatment reduced EBOV trans-
duction (Fig. S8). Supporting a role for TIM-1 in filovirus entry
into a broad range of epithelial cells within the body, ARD5 and
TIM-1 siRNA also reduced EBOV transduction into the hepa-
tocellular carcinoma line Huh-7 (Fig. 4D).

ARD5 mAb Inhibits Infectious EBOV. Our previous experiments were
performed with either EBOV GP pseudovirions or recombinant,
infectious EBOV GP VSV. Importantly, we also assessed whether
ARDS blocked infectious EBOV replication. Preincubation of
Vero E6 cells with ARDS decreased infection of infectious, rep-
lication-competent EBOV by 90% during a 28-h replication pe-
riod, but had no effect on replication of wild-type VSV (Fig. 4F).

Discussion

The lack of a characterized cellular receptor is a major roadblock
to understanding the pathogenesis of EBOV and MARY, and to
developing antiviral therapies. This study was designed to overcome
the deficiency. Here, we show that human TIM-1 serves as a re-
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shifted to 37 °C and transduced with VSV pseudotyped with either EBOV GP AO or VSV G (MOI= 0.01). (C) ARD5 inhibits recombinant, infectious EBOV GP VSV
infection of H3 cells. M2 (TIM-17) or H3 (TIM-1%) HEK 293T cells were plated and H3 cells preincubated with ARD5. Cells were then infected with EBOV GP VSV
(MOI = 25 as assessed in Vero cells). (D) Ability of ARD5 to inhibit EBOV GP-dependent transduction of permissive cell lines. Equal numbers of each cell line
were preincubated with ARD5 for 1 h at 4 °C. Cells were shifted to 37 °C and transduced with VSV pseudotyped with EBOV GP AO (MOI = 0.05). Findings are
shown as percent inhibition compared with isotype control populations. (E) ARD5 inhibits EBOV GP-mediated entry into well-differentiated human and
porcine airway epithelial cultures. Cells were incubated with ARD5 or isotype control and then transduced with EBOV GP AO pseudotyped FIV at an MOI of 5.
(F) ARD5 treatment inhibits EBOV infection. Vero cells were treated for 30 min with ARD5 or isotype control and then challenged with either a replication-

competent EBOV or VSV that express eGFP upon infection. *P < 0.05, **P < 0.001, ***P < 0.0001.

ceptor for filovirus infection of epithelial cells and cell lines from
a broad range of tissues. A siRNA that reduced cell surface TIM-1
expression specifically decreased EBOV entry into a highly per-
missive cell line. Consistent with this finding, incubation of TIM-1—
expressing cells with the TIM-1 mAb ARDS decreased both EBOV
binding and infection. Conversely, ectopic expression of TIM-1, but
not family member TIM-3, significantly increased EBOV GP-
mediated transduction and infection of poorly permissive cell lines.
The ectodomain of TIM-1 interacted with EBOV GP RBD, and
mutations in the RBD that are known to decrease binding to per-
missive cells significantly decreased TIM-1-dependent entry, in-
dicating the importance of RBD residues for TIM-1 interactions.

Before this study, TIM-1 expression had been appreciated on
two disparate cell types: Th2 cells and kidney epithelium (32). Our
studies demonstrate that a much broader range of mucosal epi-
thelium expresses TIM-1. These mucosal populations include the
trachea, conjunctiva, and cornea. As experimental EBOV infection
via aerosolization and ocular inoculation has been demonstrated
(42, 45), these TIM-17 cells may be some of the first cells infected
by the virus and are likely to serve as routes of filovirus infection
following hand-eye or hand-nose contact, or after droplet exposure.

All TIM-1* cells investigated were readily infected with
EBOV and, uniformly, EBOV infection of TIM-1-expressing
cells was at least partially and in some cases fully inhibited by the
TIM-1 mAb ARDS. This finding demonstrates the importance of
TIM-1 expression for filovirus infection of these target cells.
Because the epitope for ARDS5 has been mapped to the IgV
residues residing outside of the PS binding pocket (43), we
propose that EBOV GP interacts with TIM-1 through IgV amino
acids that have not been previously implicated as functionally
important in ligand interactions.

Not all permissive cells were found to be TIM-1*. Nonepithelial
cells, such as the neuroblastoma line SNB-19, do not express TIM-
1, and, not surprisingly, EBOV infection of these cells was not
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inhibited by ARDS5. As macrophages and dendritic cells are
thought to be major targets of filoviruses (46, 47), but do not ex-
press TIM-1 (33), additional functional receptors for filoviruses
remain to be identified.

Depending on the virus, cell-surface expression of a receptor
can enhance virus infectivity from several fold to10*-fold or more.
For instance, hepatitis C virus (HCV) is appreciated to interact
with at least four different human cell-surface proteins, leading to
virus entry (48). Expression of any one of these proteins results in
a modest two- to fivefold increase in virus infection, and combined
expression of these proteins enhances HCV infection by 12- to 50-
fold (48). In contrast to this example, where multiple surface
proteins are required for optimal virus entry, ACE2 or SCARB2
expression yield more than 10*-fold increase in SARS or entero-
virus 71 infections, respectively (49-51), suggesting that each of
these surface proteins is not only necessary but sufficient for virus
entry. TIM-1 expression leads to a 10- to 30-fold increase in EBOV
infectivity of poorly permissive cells, suggesting the possibility that
TIM-1 acts in concert with other plasma membrane-associated
proteins, such as previously described C-type lectins or Axl, to
mediate productive uptake of filoviruses.

The ability of ARDS5 to block EBOV and MARY infections of
TIM-17 cells provides a potentially efficacious and broad-spectrum
antiviral therapy for this group of viruses. This monoclonal anti-
body or other agents that bind to the same TIM-1 residues may
prove effective at prophylactically interfering with filovirus entry
into the body. Furthermore, such antivirals that target cellular
rather than viral proteins may decrease the rapid evolution of virus
antiviral resistance to therapeutic agents.

Materials and Methods

Correlation of Transduction with Microarray Gene Expression Pattern. Cells (4 x
10% of each NCI-60 cell line were plated and transduced with equivalent
quantities of VSVAG/eGFP pseudotyped with either VSV G or EBOV GP AO
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[multiplicity of infection (MOI) = ~1 in the highly permissive SNB-19 cell line].
Viral transduction efficiency was assessed 24 h post transduction by flow
cytometry-based analysis of EGFP expression. The average percentage of eGFP-
expressing cells from three independent assays was used as a seed file for COM-
PARE analysis performed at http:/dtp.nci.nih.gov/compare/. Statistical analysis of
these correlation findings was performed using the SAS software package
(SAS Institute).

TIM-1 Immunoprecipitations. A total of 2.5 pg of TIM-1/Fc or human Ig was
incubated with immobilized Protein A agarose beads overnight at 4 °C
(Thermo Scientific). Unbound protein was washed away with PBS. Equal
quantities of EBOV GP pseudotyped FIV were incubated with beads for 1 h
at 37 °C. Unbound virus was washed away using IP buffer (1x PBS, 0.1%
Nonidet P-40). Bound virus was denatured in 1% SDS and immunoblotted
for the presence of FIV capsid. TIM-1/Fc interactions with soluble GP were
evaluated using a trimerized, thermolysin-cleaved EBOV GP-His construct.

Virus Transduction. Cells (4 x 10%) of the cell population of interest were
seeded in a 48-well plate. Cells were transduced with either vesicular sto-
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matitis virus or feline immunodeficiency virus pseudotyped particles at an

MOI of 0.01. Viral entry was assayed 24 or 48 h after transduction by

quantifying the number of eGFP- or p-gal-expressing cells, respectively.
Detailed materials and methods can be found in S/ Materials and Methods.
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