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Role of the Phosphatidylserine Receptor TIM-1 in Enveloped-Virus
Entry
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The cell surface receptor T cell immunoglobulin mucin domain 1 (TIM-1) dramatically enhances filovirus infection of epithelial
cells. Here, we showed that key phosphatidylserine (PtdSer) binding residues of the TIM-1 IgV domain are critical for Ebola vi-
rus (EBOV) entry through direct interaction with PtdSer on the viral envelope. PtdSer liposomes but not phosphatidylcholine
liposomes competed with TIM-1 for EBOV pseudovirion binding and transduction. Further, annexin V (AnxV) substituted for
the TIM-1 IgV domain, supporting a PtdSer-dependent mechanism. Our findings suggest that TIM-1-dependent uptake of
EBOV occurs by apoptotic mimicry. Additionally, TIM-1 enhanced infection of a wide range of enveloped viruses, including al-
phaviruses and a baculovirus. As further evidence of the critical role of enveloped-virion-associated PtdSer in TIM-1-mediated
uptake, TIM-1 enhanced internalization of pseudovirions and virus-like proteins (VLPs) lacking a glycoprotein, providing evi-
dence that TIM-1 and PtdSer-binding receptors can mediate virus uptake independent of a glycoprotein. These results provide

evidence for a broad role of TIM-1 as a PtdSer-binding receptor that mediates enveloped-virus uptake. Utilization of PtdSer-
binding receptors may explain the wide tropism of many of these viruses and provide new avenues for controlling their

virulence.

bolavirus, along with Marburgvirus, isa member of the Filoviri-

dae family of enveloped, nonsegmented, negative-stranded
RNA viruses. Infection can cause hemorrhagic fever, with mortal-
ity rates as high as 90% (1). The virus targets a broad range of cells,
infecting monocytes, macrophages, and dendritic cells early
during infection, and spreads to a variety of cell types, includ-
ing epithelial cells, in the visceral organs (2, 3). Ebolaviruses
encode a viral class I glycoprotein (GP) that in the mature form
is composed of a trimer of disulfide-bonded GP1/GP2 het-
erodimers. GP1 contains the receptor-binding domain (RBD),
believed to interact with one or more cellular receptors, while
GP2 mediates virus/host membrane fusion events (4-7).

The complex steps of filovirus entry are currently being eluci-
dated. Ebolaviruses bind to the cell surface and are internalized
into endosomes, where low-pH-dependent cathepsins L and B
process the heavily glycosylated GP1 into a 17- to 19-kDa protein
that retains the RBD (8, 9). Processed GP1 interacts with the late
endosomal/lysosomal protein Neimann-Pick C1 (10-13). Subse-
quent poorly defined events lead to GP2-dependent fusion of en-
dosomal and viral membranes, resulting in release of the viral core
into the cytoplasm.

We and others have sought to identify cell surface receptors
that mediate filovirus uptake into endosomes (14-18). C-type lec-
tins may mediate this process in some cell types; however, these
proteins are not present on all permissive cells, indicating that
additional filovirus surface receptors also exist. Recently, we dem-
onstrated that T-cell immunoglobulin and mucin 1 (TIM-1) (also
called HAVCR-1, TIMD1, or KIM-1), expressed on many epithe-
lial cells, mast cells, B cells, and activated CD4" T cells (19-23),
serves as a receptor for filoviruses (20).

The TIM family members (TIM-1, TIM-3, and TIM-4 in hu-
mans) share a type I cell surface glycoprotein structure. The ecto-
domains of these proteins contain an amino-terminal immuno-
globulin variable (IgV)-like domain that is extended from the
plasma membrane by a heavily O-linked-glycosylated mucin-like
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domain (MLD) (24). TIM proteins also contain a transmem-
brane-spanning domain followed by a short cytoplasmic tail. The
CC’ and FG loops of the TIM IgV domains form a pocket that
binds phosphatidylserine (PtdSer) (see Fig. 1) (25-28). PtdSer on
the surface of apoptotic cells interacts with TIM-4 on macro-
phages, TIM-3 on several types of innate immune cells, and TIM-1
on kidney tubule cells, leading to engulfment of apoptotic bodies
(26, 29, 30). In addition to serving as a receptor for filoviruses,
human TIM-1 is reported to serve as a receptor for hepatitis A
virus (HAV) (31, 32) and, most recently, for a variety of flavivi-
ruses, alphaviruses, and arenaviruses (33, 34).

Here, we define the molecular interactions between TIM-1 and
Ebola virus (EBOV), formally Zaire ebolavirus. Residues located
in the PtdSer binding pocket of the TIM-1 IgV domain are critical
for infection. Further, contrary to our initial findings that TIM-1
and EBOV GP directly interact (20), we now show that PtdSer on
the virus surface directly interacts with TIM-1, resulting in virion
internalization. Additionally, TIM-1 enhances infection of mem-
bers of both the alphavirus and baculovirus families, indicating
the breadth of the importance of PtdSer binding receptors for
enveloped-virus entry.

MATERIALS AND METHODS

Cell lines. HEK 293T cells, a human embryonic kidney cell line, H3 cells,
293T cells, and Vero cells, an African green monkey kidney epithelial cell
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line, were maintained in Dulbecco’s modified Eagle medium (DMEM)
(Gibco BRL) with 5% fetal bovine serum (FBS) and 1% penicillin-strep-
tomycin (P/S). H3 cells are a clonal population of HEK 293T cells that
stably express TIM-1 due to integration of a transfected TIM-1 expression
plasmid (20).

Production and titer determination of pseudovirions and infectious
viruses. Feline immunodeficiency virus (FIV) and vesicular stomatitis
virus (VSV) pseudovirions were produced as previously described (4, 20,
35, 36). To produce VSVAG-EGFP pseudovirions, VSV (strain Indiana)
virions with genomes in which the G glycoprotein gene is replaced with
enhanced green fluorescent protein (EGFP), HEK 293T cells were trans-
fected with plasmids expressing either EBOV GP lacking the mucin do-
main of GP1, full-length EBOV GP (EBOV FL), Marburg virus (MARV)
GP, Sindbis virus (SINV) 2.2 1L1L env, Ross River virus (RRV) GP, GP64,
Chikungunya virus (CHIKV) env (OPY1), or Lassa virus (LASV) precur-
sor glycoprotein (GPC) and transduced 24 h later with VSVAG-EGFP
pseudovirions. After 4 h of virus uptake, the plates were washed, and
medium was repleted. Pseudotyped virions were collected in supernatant
48 and 72 h following transduction, pooled, and filtered through a
0.45-pm filter. MARV and EBOV FL pseudotyped virions were concen-
trated by centrifuging supernatants at 5,380 X g overnight at 4°C and
resuspending pellet in fresh medium to achieve higher-titer stocks. Virus
aliquots were stored at —80°C.

Fluorescein isothiocyanate (FITC)-labeled “No GP” and EBOV GP
pseudovirions were generated as described above, with No GP pseudovi-
rions generated in the absence of a glycoprotein-expressing plasmid.
Pseudovirions were concentrated by centrifuging supernatants overnight
at 5,380 X g at 4°C. The pellet was resuspended in 500 mM carbonate
buffer, pH 9.5 (~100-fold concentration of virus). Ten milligrams of
FITC “Isomer 1” (Invitrogen) was resuspended in 1 ml dimethyl sulfoxide
(DMSO). One microliter of FITC solution was added per 100 pl of reac-
tion buffer. Pseudovirions were incubated at 4°C for 1 h in the dark. The
reaction solution was dialyzed using 10,000-molecular-weight-cutoff
(MWCO) Slide-A-Lyzer dialysis cassettes (Thermo Scientific) in 1X
phosphate-buffered saline (PBS), 3 times for 2 h each at 4°C, and pro-
tected from light. Pseudovirions were purified through a 20% sucrose
cushion by centrifugation at 80,000 X g for 2 h at 4°C. Pellets were resus-
pended in 1X PBS, filtered through a 0.45-pm syringe filter, aliquoted,
and stored at —80°C.

No GP VP40-GFP VLPs were generated by transfecting HEK 293T
cells with a plasmid expressing EBOV VP40 fused to green fluorescent
protein (GFP) (37). EBOV GP-pseudotyped VLPs were generated using
EBOV GP plasmid at a 1:1 ratio with VP40-GFP plasmid. Supernatants
were collected 48 and 72 h after transfection. VLPs were concentrated by
centrifuging supernatants overnight at 5,380 X g at 4°C. Pellets were re-
suspendedin 1 X PBS and purified through a sucrose cushion as described
above. Pellets were resuspended in 1X PBS, filtered through a 0.45-pum
syringe filter, aliquoted, and stored at —80°C.

To produce FIV pseudovirions, HEK 293T cells were transfected with
three plasmids as previously described (20, 38). One plasmid expressed an
FIV reporter construct that contains a psi sequence and expressed (-
galactosidase (B-Gal). A second plasmid expressed the FIV gag and pol
genes, and a third plasmid expressed a viral glycoprotein gene of choice
(EBOV or LASV). Supernatants were collected 24, 48, and 72 h following
transfection, filtered, and either aliquoted or concentrated ~200-fold by
16-h centrifugation at 5,380 X gat4°C and resuspended in 1 X PBS. Virus
aliquots were stored at 80°C until use.

Recombinant, replication-competent VSV expressing the EBOV GP
with the mucin domain deleted and EGFP in place of the G glycoprotein
(EBOV GP-rVSV-EGFP) was produced as previously described (20).
Briefly, the EBOV GP gene was inserted upstream of an EGFP gene that
had replaced the G gene in the genome of a recombinant VSV (Indiana),
and infectious virus was produced using a multiplasmid transfection pro-
tocol as described previously (39). EBOV GP-rVSV-EGFP stocks were
produced in Vero cells using a low multiplicity of infection (MOI)
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(~0.001) of input virus and maintaining the infection for 3 days prior to
supernatant collection. Supernatants were filtered through a 0.45-pm fil-
ter and stored as aliquots at —80°C until use. Ross River virus was kindly
provided by David Sanders (Purdue University), and stocks were gener-
ated in Vero cells. Supernatants were collected and filtered through a
0.45-pm filter. Aliquots were stored at —80°C. Titers of EBOV GP-rVSV-
EGFP stocks were determined by endpoint dilution on Vero cells after a
2-day infection with visualization of EGFP. RRV titers were determined
by endpoint dilution on Vero cells after a 7-day infection with visualiza-
tion of cell death. The 50% tissue culture infective dose (TCID5,)/ml was
calculated by the Reed-Meunch method (www.med.yale.edu/micropath
/pdf/Infectivity%20calculator.xls).

Recombinant baculovirus expressing 3-Gal under the CMV-Z P6 pro-
moter was provided by Frederick Boyce (Harvard University). Titers of
virus were determined by endpoint dilution on HEK 293T cells, and 3-Gal
activity above the background level was assayed 2 days following infection
using a Galacto-Light (Applied Biosystems) detection kit as per the man-
ufacturer’s instructions.

Protein structures. The predicted TIM-1 IgV structures were gener-
ated by threading the TIM-1 amino acid sequence on the murine TIM-1
(mTIM-1) (20R8) (40), mTIM-3 (20YP) (41), or mTIM-4 (3B19) (28)
crystal structure using the protein homology/analogy recognition engine
2 (PHYRE2) service (42). Crystal structures were manipulated and ren-
dered using the PyMOL software program (43).

TIM-1 mutagenesis. TIM-1 point mutations were introduced by am-
plifying a cytomegalovirus (CMV) immediate early promoter-driven
TIM-1 expression plasmid (Origene) with primers containing targeted
nucleotide changes flanked by base pairs of identical sequence. Thermal
cycling was performed with PFU Turbo polymerase (Stratagene) using an
$1000 thermal cycler (Bio-Rad) for 17 cycles (95°C for 30 s, 55°C for 1
min, and 68°C for 14 min). PCR products were digested with Dpnl (New
England BioLabs) to remove parental plasmid. Bacteria were trans-
formed, and single-colony isolates were grown for plasmid purification.
All mutations were confirmed by DNA sequencing. Mutants that were
generated during the studies are shown in Table 1.

AnxVAIgV-TIM-1. The IgV domain of TIM-1 was replaced with an-
nexin V (AnxV) by first introducing an Nhel site between the hydropho-
bic signal sequence and first residues of the TIM-1 IgV domain. The IgV
domain was excised between this Nhel cut site and the naturally occurring
Mfel site located downstream of the IgV domain. The IgV domain was
replaced with a PCR product containing the annexin V coding sequence
and 14 nucleotides (nt) of the TIM-1 mucin domain lost with excision of
the IgV domain.

Analysis of monoclonal antibody binding and TIM expression. HEK
293T cells were transfected with TIM-1, mutant TIM-1, or empty-vector
expression plasmids using a polyethyleneimine (PEI) transfection proto-
col. Cells were detached 48 h later with 5 mM EDTA in PBS and washed
with PBS containing 5% FBS. Cells were incubated with 0.5 pg of ARDS5,
A6G2, AKG7, or A8ES5, previously characterized mouse anti-human
TIM-1 IgG2a monoclonal antibodies (MAbs) (20, 44, 45), or 0.5 pg of
mouse IgG1 or IgG2a controls in 100 wl of PBS with 5% FBS for 1 h onice.
Cells were washed and incubated with an anti-mouse Cy5 (Invitrogen)-,
DyLight 649 (Jackson ImmunoResearch)-, or FITC (Jackson Immuno-
Research)-conjugated secondary antiserum for 20 min on ice. Cells were
washed, and expression was assessed by measuring the percentage of pos-
itive cells in the FL-4 or FL-1 channel using a FACSCalibur flow cytometer
(BD Biosciences).

Transductions. Transfected HEK 293T cells were detached 24 h fol-
lowing transfection with trypsin, and a portion of the population was
reseeded in a 48-well plate format while the remaining cells were reseeded
in a 6-well format. Forty-eight hours after transfection, the cells in the
6-well plate were evaluated for cell surface TIM expression by flow cytom-
etry as described above. For transduction comparisons between HEK
293T cells and H3 cells, equal numbers of cells were directly seeded onto
48-well plates. Medium was removed from the cells and replaced with 300
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TABLE 1 TIM-1 IgV domain mutants

Mutation(s) Entry” Location Expression (%)°
K23A WT A B-strand >90
E27A WT A B-strand >90
G29A WT AB loop >90
T33A WT B B-strand >90
P35A WT BC loop >90
H37A WT BC loop >90
Y38A v BC loop >90
S39A WT BC loop >90
S44A WT BC loop >90
S51A WT CC' loop >90
S53A WT CC' loop >80
L54A WT CC' loop >70
F55A v CC' loop >90
T56A WT CC' loop >80
Q58A WT CC' loop >90
N59A WT CC' loop >90
T64A WT CC" loop >90
N65A WT C'C"loop >90
H68A WT C'C"loop >90
Y71A WT C" B-strand >90
R72A WT C"E loop >90
K73A WT C"E loop >70
D74A WT C"E loop >90
K78A WT C"E loop >90
L79A WT C"E loop >90
L80A WT C"E loop >90
D82A WT C"E loop >90
R85A WT C"E loop >70
R86A WT C"E loop >90
RR86AA/LL WT C"E loop >90, >90
D87A WT C"E loop >90

S89A WT C"E loop >90
T91A WT E B-strand >90
D99%A EF loop >90
R106A v F B-strand >90
E108A WT FG loop >90
H109A WT FG loop >70
R110A WT FG loop >90
GILIA v FG loop >90
WI1I12A v FG loop >90
F113A v FG loop >90
N114A/D/Q v FG loop >90, >90, >90
D115A/E/N v FG loop >50, >90, >90
ND115AA/DN v FG loop >60, >90
MI16A WT FG loop >90
K117A v G B-strand >90
E123A WT G B-strand >90

“ Entry is assessed by transduction into cells expressing mutant TIM-1 relative to
transduction into cells expressing WT TIM-1. “¥” indicates a decrease in transduction.
b Expression was determined by surface staining with mucin-like-domain-specific MAb
AKG7 and grouped into 10% increments.

! fresh medium containing VSV or FIV pseudovirions. If needed for
TIM-1 mutant studies, ARD5 was added concurrently with virus at a
concentration of 1.7 pg/ml.

For transductions of TIM-1 mutants, EBOV pseudovirions were used
at an MOI of 0.005 as determined from titers on HEK 293T cells (MOI =
0.8 as determined by titers on Vero cells). EBOV FL pseudovirions were
used at an MOI of 0.04 as determined from titers on HEK 293T cells, and
MARYV pseudovirions were used at an MOI of 0.002 as determined from
titers on HEK 293T cells. LASV pseudovirions were used atan MOI of 0.15
as determined from titers on HEK 293T cells (MOI = 0.30 as determined
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from titers on Vero cells). For comparison between efficiency of transduc-
tion into H3 cells or HEK 293T cells, pseudovirions were added at an MOI
0f0.01 or 0.03 as determined from titers on HEK 293T cells. Transduction
of VSV pseudovirions was assessed by lifting cells with Accumax solution
(Fisher) 24 h following transduction and detecting FL-1 intensity using a
FACSCalibur flow cytometer (BD Biosciences). Flow cytometry data were
analyzed using FlowJo cytometry analysis software.

A mammalian expression plasmid for receptor for advanced glycation
end products (RAGE) (Origene) was transfected into HEK 293T cells, and
cells were transduced as described above. Transductions were normalized
to transduction into TIM-1-transfected cells. Protein expression was de-
termined by immunoblotting with goat anti-TIM-1 antisera (R&D Sys-
tems) and RAGE antisera (Abcam) and developed using the SuperSignal
West Dura extended-duration substrate (Thermo/Fisher). Cell surface
expression was confirmed by flow cytometry (data not shown).

For transductions in the presence of EGTA, Vero cells were seeded into
48 wells. Medium on cells was replaced with 1X PBS-10% FBS supple-
mented with either 0, 0.25, 0.5, 1.0, or 2.0 mM EGTA and incubated for 1
h. EBOV and LASV VSVAG pseudovirions, diluted in respective EGTA
solutions, were added to cells for 4 h before medium was refreshed. Twen-
ty-four hours after transduction, EGFP expression was assessed by flow
cytometry. Sufficient quantities of pseudovirions were added to yield
~25% EGFP-positive cells in the absence of EGTA.

For transductions in the presence of MAbs, H3 cells were seeded in a
48-well format and transduced 24 h later with VSVAG pseudovirions as
described above in the presence of 0.5 pg/ml ARD5, A6G2, or A8E5 or no
antibody. Transduction was assessed 24 h later by flow cytometry.

Transductions with liposomes. L-a-Phosphatidylcholine (PtdChl)
and L-a-phosphatidyl-L-serine (PtdSer) (Sigma) liposomes were gener-
ated as previously described (26). Briefly, lipids were dissolved in chloro-
form, dried, resuspended in PBS, and sonicated for 5 min on ice. Lipo-
somes were aliquoted and stored at —80°C until use. H3 and HEK 293T
cells were seeded into a 48-well plate and transduced with pseudovirions
in the presence or absence of PtdChl or PtdSer liposomes at various con-
centrations.

Infections. HEK 293T cells were transfected with wild-type (WT)
TIM-1, mutant TIM-1, or empty vector and reseeded into 48-well and
6-well plates as described above. Forty-eight hours after transfection, ex-
pression of TIM-1 was assessed by surface staining as described above.
Cells in the 48-well format were infected with an MOI of 1 as determined
from titers on Vero cells with EBOV GP-rVSV-EGFP. Forty-eight hours
after infection, cells were detached and fixed in 3.7% formaldehyde,
washed with 1X PBS, and evaluated for EGFP expression by flow cytom-
etry. For RRV infections, WT TIM-1- and empty-vector-transfected cells
were reseeded into 6-well cluster plates pretreated with poly-L-lysine (In-
vitrogen). Cells were infected 48 h after transfection with an MOI 0f 0.001,
0.01, or 0.1 for 2 h at 37°C. After infection, cells were washed 3 X with 1X
PBS and refreshed with medium. Forty-eight hours after virus was added,
supernatant aliquots were collected and stored at —80°C. Infections with
Vero cells were performed similarly in the presence or absence of ARDS5 (1
pg/ml). ARDS5 was also added to fresh medium for wells infected in the
presence of ARD5. Titers of supernatants were determined by endpoint
dilution on Vero cells as described above.

Infection with WT EBOV. Vero E6 cells were grown to 70% conflu-
ence in 96-well plates. Cells were preincubated for 1 h with medium alone
or PtdChl or PtdSer liposomes suspended in DMEM with 2% FBS. Cells
were then transferred to biosafety level 4 (BSL4) and challenged with
replication-competent Zaire Ebola virus encoding GFP (46) at an MOI of
0.05 in the presence of the lipids. After 24 h, which is sufficient time for the
GFP to be expressed in infected cells, the cells were fixed in formalin and
cell nuclei were stained with Hoescht 33342. Cells were then imaged with
a Nikon Ti Eclipse microscope using the high-content-analysis software
package. Images were processed to detect total cells by counting nuclei
and infected cells by GFP expression using the Cell Profiler program
(Broad Institute, Massachusetts) using customized pipelines that are
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available from R. Davey upon request. Typically, more than 10,000 cells
were analyzed per image. Data are expressed as the percentage of infected
cells in the total cell population compare to that for untreated cells.

Infection with in vivo-derived virus. [FNAR1~/~ BALB/c mice lack-
ing a functional alpha/beta interferon (IFN-a/f) receptor were obtained
from Joan Durbin (New York University, New York, NY). A mouse was
infected intranasally with 2 X 107 infectious units of Ebola virus GP-VSV
in 1% methylcellulose. Four days after infection, the mouse was sacrificed,
and lung, spleen, and kidney were harvested. Organs were homogenized
in 1X PBS using a tissue tearer. Debris was pelleted, and supernatants
were filtered through a 0.45-pum syringe filter, aliquoted, and stored at
—80°C. Supernatants were serially diluted and incubated with or without
ARDS5 (2 pg/ml) on Vero cells. Forty-eight hours after infection, cells were
detached and fixed in 3.7% formaldehyde, washed with 1X PBS, and
evaluated for EGFP expression by flow cytometry. Mice were maintained
in the animal care facility at the University of Iowa. This protocol was
approved by the University of lowa Animal Care and Use Committee and
was carried out in strict accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the National Insti-
tutes of Health (NIH).

Baculovirus transductions. HEK 293T cells or H3 cells were seeded in
equal numbers into 24-well plates pretreated with poly-L-lysine. Virus was
added atan MOI 0f0.003, and 48 h later, cells were lysed and CMV-driven
B-Gal activity was assessed using a Galacto-Light (Applied Biosystems)
detection kit as per the manufacturer’s instructions.

ELISAs. Nunc MaxiSorp enzyme-linked immunosorbent assay
(ELISA) plates were precoated overnight with ~5.2 X 10° transducing
units (as determined from titers on Vero cells) of concentrated EBOV
pseudovirions or PtdSer or PtdChl liposomes (50 wM) diluted in 1X
TBS+ (150 mM NaCl, 25 mM Tris, and 10 mM CaCl,, pH 7.2). Plates
were blocked for 2 h at 4°C with 1X TBS+ with 2% bovine serum albumin
(BSA), incubated with supernatants or recombinant annexin V for 2 h,
probed with rabbit polyclonal anti-hemagglutinin (HA) antisera (Sigma)
for 1 h and horseradish peroxidase (HRP)-conjugated secondary anti-
rabbit antisera for 1 h, and developed using 3,3",5,5'-tetramethylbenzi-
dine (TMB) substrate (1-Step Ultra TMB-ELISA; Thermo). Plates were
washed thoroughly between steps with 1 X TBS+. Absorbance was read at
450 nm.

HA- and HIS-tagged recombinant annexin V was purified from DH5«
Escherichia coli cells transformed with a modified version of the expression
vector pProEx.Htb.annexin V obtained from Seamus Martin (Trinity
College) and using the protocol outlined by Logue et al. (47). We modified
the vector pProEx.Htb.annexin V by inserting a 3 X GS linker, HA tag, and
stop codon directly after the last aspartate of annexin V.

HA-tagged soluble proteins used in the ELISAs were generated by
transfecting expression plasmids into HEK 293T cells and collecting se-
creted proteins in Opti-MEM with 1% P/S medium without FBS. Super-
natants were collected 48 h after transfection, filtered through 0.2-pm
filters, aliquoted, and stored at —80°C. Expression of proteins in super-
natants was assessed by probing Western blots with rabbit polyclonal
anti-HA antisera and imaged using the Li-Core Odyssey CLx system. Sol-
uble HA-tagged TIM-1, TIM-4, and Axl were generated by replacing the
transmembrane and cytoplasmic domains with an HA tag sequence and
stop codon. The HA-Axl expression plasmid was created by Nicholas
Lennemann (University of Iowa). Soluble TIM-1 mutants were generated
by site-directed mutagenesis as described above. A murine serum amyloid
protein (mSAP) expression plasmid was kindly provided by Thomas Rut-
kowski (University of Iowa).

ELISAs using inhibitors of TIM-1 binding were performed as de-
scribed above using 1 pl of concentrated TIM-1 HA supernatants per well.
Supernatants were concentrated using Amicon Ultra 30-MWCO columns
(Millipore). TIM-1 was diluted in 1 X TBS+ and incubated with PtdSer or
PtdChl liposomes (100 or 10 pM), MAb ARD5 (2 pg/ml), or IgG2a (2
pg/ml) for 30 min before adding it to blocked ELISA plates. For binding in
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the presence of EGTA, TIM-1 was diluted in 1X PBS with 2 mM EGTA.
Binding in 1 X PBS was equivalent to that in 1X TBS+ (data not shown).

FITC-pseudovirion and VLP binding assay. Forty-eight hours after
transfection with TIM-1, empty vector, mutant TIM-1 ND115DN, or
AnxVAIgV-TIM-1, HEK 293T cells were incubated with FITC-labeled
EBOV GP- or No GP-VSV pseudovirions for 1 h on ice. EBOV GP pseu-
dovirions were added at an MOI of 2.25, as determined from titers on
Vero cells, and enough No GP pseudovirions were added to achieve sim-
ilar fluorescence (relatively 2.5-fold more matrix on dot blots). Cells were
washed 3 times with 1 X PBS plus 5% FBS, and cellular fluorescence was
determined by flow cytometry.

Internalization assay. Vero cells were incubated on ice for 1 hwith 1 X
Hanks’ balanced salt solution (HBSS) (plus CaCl,, plus MgCl,) (Gibco)
with 30 mM HEPES. ARDS5 (2 wg/ml) or PtdSer or PtdChl liposomes (25
wM) were also added as needed. VLPs or FITC-labeled VSV pseudoviri-
ons were bound for 1 h on ice. EBOV GP pseudovirions were added at an
MOI of ~6, and No GP pseudovirions were added to achieve approximate
binding mean fluorescence intensity (MFI) (relatively twice as much ma-
trix on dotblots). A ~0.36-pg amount of EBOV GP-VLPs and 0.48 ug No
GP-VLPs were added per 10,000 cells. VLP concentrations were deter-
mined by bicinchoninic acid (BCA) assay (Thermo). Some cells were
shifted to 37°C for 30 min to allow internalization, while remaining cells
were maintained on ice. After internalization, all cells were treated with
1X trypsin-EDTA (Gibco) for 10 min at room temperature and an addi-
tional 10 min at 37°C. Cells were washed twice with 1 X PBS and once with
1 X PBS plus 5% FBS. Fluorescence was determined by flow cytometry.

Statistics. Transductions for mutant TIM-1 construct-expressing
HEK 293T cells were normalized to WT transduction in the absence of
ARDS5 by dividing the sample mean obtained from replicates by the WT
mean from the same experiment. EBOV, full-length EBOV, and MARV
GP pseudovirion transductions into mutant TIM-1- and WT TIM-1-ex-
pressing HEK 293T cells in the absence of ARD5 were normalized to
TIM-1 expression by dividing by a ratio of mutant TIM-1 expression to
WT TIM-1 expression. Expression was determined by flow cytometry as
described above and measured as a percentage of antibody-positive cells.
For data that have been normalized to a control, one-sample t tests were
used to compare transductions and infections to 100, which represents
normalized WT transduction. Fold enhancement by TIM-1 or
AnxVAIgV-TIM-1 was compared to 1, which represents background
transduction of the empty vector. Comparisons between experimental
samples were done using two-sample # test with two tails and equal vari-
ance. Nonlinear curves were fitted to data from serial dilutions of infec-
tious EBOV GP-recombinant VSV (GP-rVSV) onto transfected HEK
293T cells and WT EBOV infection of Vero cells in the presence of lipo-
somes using the GraphPad Prism software program using one-site, spe-
cific binding for EBOV GP-rVSV and dissociation, one-phase exponential
decay for WT EBOV. The EBOV GP-rVSV curves had 1* values of 0.9708
(WT), 0.9577 (empty vector), 0.9889 (N114A construct), and 0.9737
(D115A construct). The 50% infective doses (ID,) (relative to the max-
imum percent infection of each curve [B,,,.]) for the WT, empty vector,
and N114A and D115A constructs were calculated from the fitted curve to
be 7.57 X 1077,8.10 X 10™*,3.42 X 10 %, and 4.25 X 10 *, respectively.
The PtdSer inhibition curve of WT EBOV had an r* value of 0.9834.

RESULTS

Modeling a human TIM-1 structure. Our previous study demon-
strated that in a poorly permissive cell line, HEK 293T, ectopic
TIM-1 expression enhances EBOV transduction, which is inhib-
ited by the anti-TIM-1 IgV MAbs ARD5, A6G2, and A8E5 (20).
This focused our initial studies on identifying TIM-1 IgV residues
important for EBOV entry. Since the inhibitory MAb A6G2 has
been shown to also block TIM-1 binding of PtdSer (45), we fo-
cused our attention on the PtdSer binding pocket. We aligned the
amino acid sequences of the human TIM IgV domains with mu-
rine TIM-1 (mTIM-1) IgV, revealing significant conservation of
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FIG 1 TIM-1 threaded on mTIM-1 crystal structure. (A) Amino acid sequences of TIM-1, mTIM-1, TIM-3, and TIM-4 IgV domains aligned using the Clustal
W software program. Residues in the TIM-1 PtdSer binding pocket that were mutated are shown in bold. B-Sheets are marked above the alignment with lines and
corresponding letters. Residue numbering is based on the TIM-1 sequence. (B) Structures of mTIM-1 IgV (20R8) (left) and a threaded model of TIM-1 IgV
(right). B-Sheets are labeled with their corresponding letters, assigned by Santiago et al. (40). (C) PtdSer binding residues of mTIM-1 (above) and TIM-1 (below)
are shown on each structure. (D) All residues in the TIM-1 IgV domain mutated in this study are highlighted in black.

residues (Fig. 1A). Since the crystal structures of the mTIM-1, -3,
and -4 IgV domains are similar (25, 28, 40, 41), we threaded hu-
man TIM-1 onto these structures using PHYRE2 (protein homol-
ogy/analogy recognition engine 2) (42). The human TIM-1 IgV
sequence threaded on the mTIM-1 structure strongly resembled
mTIM-1, with the PtdSer binding pockets being comparable (Fig.
1B) and key residues involved in the binding of PtdSer conserved
and positioned similarly (Fig. 1C). Alanine scanning mutagenesis
of human TIM-1 residues predicted to be surface exposed was
performed to identify residues important for EBOV entry. Adja-
cent residues and nonalanine residue substitutions were also in-
troduced after the initial screen. In total, 45 individual residues of
the IgV domain of TIM-1 were mutated (Table 1 and Fig. 1D).
PtdSer binding pocket residues are necessary for EBOV en-
try. HEK 293T cells were transfected with TIM-1 mutants in par-
allel with wild-type (WT) TIM-1 and an empty-vector control,
evaluated for TIM-1 surface expression by flow cytometry, and
transduced or infected 48 h after transfection. HEK 293T cells
were selected for these studies since these cells are readily trans-
fected, do not endogenously express any TIM family members,
and in the absence of ectopic TIM-1 expression poorly support
EBOV infection (20). All mutants but one had >70% of WT sur-
face expression as assessed by surface staining of transfected cells
with four different anti-TIM-1 MAbs, ARD5, A6G2, AKG7, and
AB8ES5 (20, 44, 45). Surface expression of the D115A construct was
~55% of WT expression, but Glu or Asn substitution rather than
Ala at this position yielded expression equivalent to that of the
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WT. The WT surface expression of our mutants and ability of
multiple IgV-specific MAbs to bind to mutants argues against an
impact of the mutations on the stability and/or expression of
TIM-1.

Transfected cells were transduced with vesicular stomatitis vi-
rus (VSV) pseudovirions that express EGFP as a reporter molecule
in place of native G (VSVAG). VSV was pseudotyped with either
EBOV GP that has a deleted mucin domain or, as a control, Lassa
virus (LASV) GPC. We used EBOV GP lacking the GP1 mucin
domain since this construct confers the same tropism as full-
length Ebola virus GP and produces higher pseudovirus titers (35,
48, 49). Ebola GP-VSVAG and LASV GPC-VSVAG transductions
were performed in parallel and analyzed for EGFP expression by
flow cytometry at 24 h following transduction.

A summary of the effects of TIM-1 IgV domain mutations on
EBOV transduction is shown in Table 1. Most TIM-1 mutations
had no deleterious effect on transduction, and none significantly
enhanced entry. Mutation of eight residues within and adjacent to
the PtdSer binding pocket inhibited EBOV transduction (Fig. 2A).
GI111A, N114A, or D115A resulted in the most profound effects.
EBOV transduction into cells expressing TIM-1 mutants re-
mained sensitive to ARD5 inhibition, suggesting that the inhibi-
tory effect of ARD5 is not due to direct binding competition. In
contrast, transduction of LASV pseudovirions was largely unaf-
fected by expression of WT or mutant TIM-1s or the presence of
ARDS5 (Fig. 2B). However, LASV pseudovirion transduction into
empty vector- and F113A construct-transfected cells was slightly
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reduced, and this difference was statistically significant. Nonethe-
less, the reduction was minor, and no significant changes were
observed in the presence of ARD5. Mutation of the TIM-1 PtdSer
binding pocket also reduced transduction of EBOV FL GP or
MARYV GP pseudovirions (Fig. 2C).

These same TIM-1 mutants were evaluated for their ability to
support a recombinant, infectious VSV/GFP (rVSV) that encodes
and expresses EBOV GP (EBOV GP/rVSV) (20). Findings from
these infections were similar to the transduction studies with
NI114A and D115A TIM-1 mutants, providing little to no in-
creased infection above that with the empty vector (Fig. 2D). Fur-
ther, dose-response curves with EBOV GP/rVSV demonstrated
that infection in the presence of the N114A and D115A mutants
was indistinguishable from that with the empty-vector control
(Fig. 2E). Since these mutants were expressed at WT levels but did
not support EBOV transduction, we propose that these PtdSer
binding pocket residues are influencing the ability of the mutants
to serve as an EBOV receptor.

Interestingly, mutagenesis of two additional residues, Y38 and
D99, not located near the PtdSer binding cleft also decreased
EBOV transduction but not surface expression of TIM-1 (Table
1). Our structural model predicts that Y38 and D99 are distal to
the PtdSer binding pocket and are not surface exposed, suggesting
that mutagenesis of these residues may alter the IgV domain struc-
ture without altering the overall stability of the protein. Consistent
with this possibility, mutations of surface-exposed residues adja-
cent to Y38 had no effect on transduction.

TIM-1-mediated uptake requires virion-associated PtdSer
binding. Residues critical for EBOV infection were located
within the PtdSer binding pocket, suggesting that virion-asso-
ciated PtdSer interactions with TIM-1 contribute to transduc-
tion. Others have reported that PtdSer is present on the surface
of enveloped viruses (34, 50). To assess the role of PtdSer in
TIM-1-dependent entry of EBOV, competition studies were
performed in H3 cells, a clonal population of HEK 293T cells
stably expressing TIM-1 (20), in the presence of increasing
concentrations of PtdSer or phosphatidylcholine (PtdChl) li-
posomes. Similar liposomes have been used previously to in-
hibit HIV-1 infection (51) and uptake of apoptotic cells and
virus by TIM-1 (26, 33). Transduction was inhibited in a dose-
dependent manner by the presence of PtdSer liposomes, with a
2.5 pM concentration abolishing transduction (Fig. 3A). Ptd-
Chlliposomes had a minimal effect. Since binding of PtdSer by
TIM-1 requires divalent cations and the presence of EGTA in-
hibits this interaction (30), we assessed the effect of increasing
concentrations of EGTA on EBOV entry in highly permissive,
TIM-1-expressing Vero cells. Transduction of EBOV was in-
hibited in dose-dependent manner by EGTA (Fig. 3B). Conser-

(B), MARV GP-VSVAG (C), or full-length EBOV-VSVAG (C) pseudovirions.
(A and B) Transductions were also done in the presence or absence of anti-
human TIM-1 MAb ARDS5 (1.7 pg/ml). EGFP expression was assessed 24 h
later. (D) EBOV GP/rVSV-EGFP infection mediated by TIM-1 constructs in
HEK 293T cells (MOI of 1 as determined from titers in Vero cells) relative to
WT TIM-1. (E) Serial dilution of EBOV GP/rVSV-EGFP on TIM-1-trans-
fected HEK293T cells. EGFP expression was assessed 24 (A to C) or 48 (D and
E) h later by flow cytometry. Data are shown as means = SEM for at least three
replicates. (A to D) Significance was calculated using one-sample t-test com-
parison to 100 (s, P < 0.001; *, P < 0.01). Significance for all ARD5 trans-
ductions for EBOV was defined as P < 0.001.
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vation of PtdSer binding among the human TIM family mem-
bers (Fig. 1A) suggests that other family members, such as
TIM-4, would also function as an EBOV receptor. Indeed,
upon transfection into HEK 293T cells, TIM-4 enhanced EBOV
entry equivalently to that with TIM-1 (Fig. 3C).

We previously showed that TIM-1 binds to EBOV pseudoviri-
ons (20). In order to determine if TIM-1 was binding to PtdSer on
virions, we initially determined if PtdSer was present in pseudo-
virion membranes by ELISA studies using purified recombinant
HA-tagged AnxV. AnxV is a cellular protein that binds to PtdSer
(52) and detects PtdSer on the surface of apoptotic cells (53).
AnxV bound to EBOV pseudovirion-coated ELISA plates in a
dose-dependent manner but not to plates lacking pseudovirions
(Fig. 3D). Similarly, HA-tagged soluble WT TIM-1 in HEK 293T
cell supernatants bound to virus and PtdSer liposomes, but the
N114D and D115N TIM-1 PtdSer binding pocket mutants did not
(Fig. 3E and F). Soluble, HA-tagged Axl and murine serum amy-
loid protein (mSAP) served as negative controls in the study and
did not bind virus. While Axl has been shown to enhance pseudo-
virus uptake, Axl cannot bind PtdSer without bridging by Gas6
(50). Consistent with our transduction studies, HA-tagged soluble
TIM-4 also bound to pseudovirions. It should be noted that our
virus preparations likely contain broken particles in addition to
intact virions, since a VSV matrix-specific antibody was able to
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bind to pseudovirions (data not shown), and we cannot rule out
that AnxV is also binding to the inner membrane.

The specificity of the TIM-1/EBOV pseudovirion interaction
was further examined by assessing the ability of inhibitors to in-
terfere with TIM-1 binding (Fig. 3G). These included the anti-
TIM-1 MAbs ARD5 and A6G2, PtdSer liposomes, and EGTA, all
of which dramatically inhibited TIM-1 binding. PtdChl liposomes
did not affect TIM-1 binding to pseudovirions. These findings
lend support for a model of PtdSer-dependent TIM-1-mediated
uptake of filoviruses.

Not all PtdSer receptors mediate filovirus entry. The ability
for TIM-1 and TIM-4 to bind pseudovirions and enhance EBOV
transduction might suggest that all PtdSer binding receptors may
enhance EBOV entry. However, we found that the receptor for
advance glycation end products (RAGE), a PtdSer receptor unre-
lated to the TIM family that also enhances apoptotic body uptake
upon transfection into HEK 293 cells (54, 55), did not enhance
EBOV transduction into HEK 293T cells (Fig. 4A), although ex-
pression was detected in lysates (Fig. 4B).

TIM-1 enhances entry of VSV pseudotyped with a wide range
of viral GPs. We hypothesized that if TIM-1 enhancement was
dependent on PtdSer binding and not on interaction with EBOV
GP, TIM-1 should enhance entry of VSVAG pseudotyped with
other viral GPs. VSVAG virions were pseudotyped with the alpha-
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FIG 4 Expression of RAGE does not increase transduction. (A) Transduction
of EBOV or LASV pseudovirions into HEK 293T cells transfected with an
empty vector (Empty) or a RAGE-expressing vector (RAGE) relative to results
with WT TIM-1. Cells were transduced at 48 h following transfection, and
EGFP expression was assessed 24 h following transduction by flow cytometry.
Data are shown as means = SEM for at least three replicates. Significance
compared to results for the WT was calculated using one-sample #-test com-
parison to 1 (#*, P < 0.001). Significance between Empty and RAGE results
was calculated using a two-sample ¢ test. (B) TIM-1 and RAGE expression for
three experiments, labeled 1 to 3, is shown by immunoblot analysis.

virus Ross River virus (RRV) GP or Chikungunya virus (CHIKV)
env or baculovirus Autographa californica nucleopolyhedrovirus
(AcMNPV) GP64. Transduction of these pseudoviruses into 293T
cells and TIM-1* H3 cells was evaluated in parallel with that of
EBOV GP and LASV GPC. In a manner similar to that of EBOV,
transduction of RRV or GP64 pseudovirions was enhanced by
TIM-1 expression (Fig. 5A). CHIKV entry was more modestly
enhanced, by about 3- to 5-fold. LASV GPC-dependent entry was
unaffected by TIM-1 expression. The PtdSer binding pocket mu-
tant ND115DN (N114D and D115N double mutant) did not in-
crease pseudovirion transduction, demonstrating that enhance-
ment was due to the PtdSer binding pocket of TIM-1 (Fig. 5B).
Further, TIM-1 IgV domain MAbs ARDS5, A6G2, and A8E5 inhib-
ited CHIKV, RRV, or GP64 pseudovirion transduction as effec-
tively as EBOV pseudovirion transduction (Fig. 5C). Consistent
with the possibility that virion-associated PtdSer enhances alpha-
virus and baculovirus entry, TIM-1-enhanced transduction of
RRV, GP64, and CHIKV pseudovirions was inhibited by PtdSer
liposomes, although inhibition of EBOV transduction was most
profound (Fig. 5D). Interestingly, LASV was partially inhibited in
both H3 and HEK 293T cells by PtdSer liposomes. Since transduc-
tion of LASV is unaffected by TIM-1 expression in HEK 293T cells
and the reduction is equal in the two cell types, this inhibition is
likely an off-target effect for LASV. The correlation between en-
hancement of transduction by TIM-1 expression and subsequent
inhibition by PtdSer liposomes was evident when these two data
sets were plotted, suggesting that TIM-1 binding of PtdSer is im-
portant for TIM-1-dependent enhancement of transduction (Fig.
5E). To exclude the possibility that our findings were specific to
the VSV pseudotyping system, we confirmed our results with FIV
pseudovirions, although EBOV GP FIV was more modestly en-
hanced by TIM-1 than EBOV GP VSV (Fig. 5F).

AnxV substitutes for the TIM-1 IgV domain. Our results im-
plicate the PtdSer binding activity of the TIM-1 IgV domain in
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mediating entry of a diverse group of enveloped viruses. In order
to rule out other functions of the IgV domain and verify the im-
portance of virus-associated PtdSer for the effect, we replaced the
IgV domain of TIM-1 with AnxV. The chimeric construct
(AnxVAIgV-TIM-1) was expressed in transfected cells at levels
equivalent to that of WT TIM-1 as detected by a TIM-1 polyclonal
antiserum, and AnxVAIgV-TIM-1 was detected on the surface of
cells by both the TIM-1 MLD-specific MAb AKG7 and an
AnxV-specific MAD (data not shown). However, the IgV do-
main-specific MAb ARD5 does not bind to AnxVAIgV-TIM-1.
AnxVAIgV-TIM-1 significantly increased transduction for all
of the pseudoviruses tested except LASV (Fig. 5G), albeit with
reduced efficiency compared to that of TIM-1.

Direct role of TIM-1 for internalization of virus. Since TIM-1
could enhance transduction by binding virus and either directly
mediating entry or acting as an attachment factor to concentrate
virus on the cell surface for internalization via an alternative re-
ceptor, we evaluated transduction of VSV pseudotyped with a
well-characterized Sindbis virus (SINV) envelope receptor bind-
ing domain mutant, 2.2 1L1L (56-58). This GP contains deletions
and mutations within E2 and E1 that diminish native receptor
binding activity, reducing interaction with a specific cell surface
receptor but still allowing fusion. TIM-1 enhanced SINV pseudo-
virion transduction through a PtdSer-dependent mechanism (Fig.
5A to G). The ability of TIM-1 to enhance transduction of pseudo-
virions lacking an intact RBD suggests that TIM-1-mediated en-
hancement is independent of receptor binding by the glycoprotein
RBD.

TIM-1 expression enhances virus binding and internaliza-
tion independent of glycoprotein. As a second approach to as-
sessing if TIM-1 is acting as an attachment factor or directly inter-
nalizing virus, we fluorescein isothiocyanate (FITC) labeled both
EBOV GP-VSV pseudovirions and VSV pseudovirions without an
envelope GP (No GP). We found that binding of both EBOV GP
and No GP pseudovirions to HEK 293T cells was enhanced by
exogenous expression of TIM-1 and AnxVAIgV-TIM-1, but bind-
ing of pseudovirions to a PtdSer-binding mutant TIM-1 was min-
imal (Fig. 6A). Because not all cells express the transgene after
transfection, only a portion of the population shifts. Additionally,
ARD?5 inhibited EBOV GP-VSV binding to TIM-1" cells but not
AnxVAIgV-TIM-1-expressing cells.

We then used a trypsin protection assay to assess virion inter-
nalization in the presence of endogenous TIM-1 in Vero cells.
Pseudovirions were bound to Vero cells on ice to prevent inter-
nalization. Subsequently, some cell populations were shifted to
37°C to allow internalization of virus. Virion internalization
would be predicted to protect virus from trypsin cleavage and
removal. Using these conditions, the fluorescence of cells pre-
bound with either EBOV GP-VSV or No GP pseudovirions was
assessed with or without virion internalization. In the absence of
the temperature shift to 37°C, bound virus was removed by tryp-
sin (Fig. 6B). However, after internalizing virus at 37°C and treat-
ing cells with trypsin, FITC-labeled EBOV GP and No GP pseu-
dovirions were readily detected, indicating that they were
effectively internalized (Fig. 6B). Internalization as detected by
mean fluorescence intensity (MFI) is quantified in Fig. 6C, dem-
onstrating similar internalization of both EBOV GP and No Env
pseudovirions. Additionally, ARD5 and PtdSer liposomes inhib-
ited internalization of both viruses, but PtdChl liposomes did not.
These results were confirmed using EBOV VP40-GFP virus-like
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#, P <0.01).

particles (VLPs) (37) (Fig. 6D and E) and demonstrate thatenvel- TIM-1 enhances entry of replication-competent WT EBOV,
oped virus is internalized into TIM-1-expressing cells in the ab- EBOV GP/rVSV, and dengue virus (DV) (20, 34), we were con-
sence of a viral glycoprotein. cerned that high levels of GP expression during pseudovirus pro-

TIM-1 enhances Ross River virus and AcMNPYV infection. duction could lead to PtdSer flipping to the outer leaflet, altering
Despite previous observations by our group and others that the pseudovirion envelope composition compared to virus pro-
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FIG 6 Virus binding and internalization occur independent of glycoprotein. (A) Binding of FITC-labeled EBOV and No GP VSV pseudovirions to HEK 293T
cells transfected with TIM-1, mutant TIM-1 ND115DN, or AnxVAIgV-TIM-1 in the presence or absence of ARD5 (2 wg/ml). (B to E) Internalization of
FITC-labeled EBOV and No GP pseudovirions (B and C) or VP40-GFP VLPs (D and E) into Vero cells. Virus was added at 4°C to Vero cells that were prebound
with or without ARD5 (2 pg/ml) or PtdChl or PtdSer liposomes (25 iM). As noted, some cells were shifted to 37°C for 30 min, whereas others remained on ice.
Identified cell populations were treated with trypsin and washed to remove excess virus. Fluorescence was determined by flow cytometry. Representative
histograms are shown in panels A, B, and D, with a filled gray line representing background cellular fluorescence and a black line representing virus fluorescence.
Histograms are quantified in panels C and E. Data are shown as means * SD for at least three replicates.

duced during an infection. Thus, we assessed if TIM-1 expression
enhances infection by the alphavirus RRV or the baculovirus Ac-
MNPV. For RRV experiments, a range of MOIs, as determined
from titers in Vero cells, were added to HEK 293T cells transfected
with an empty or TIM-1-expressing vector, and virus was col-
lected and titers determined on Vero cells by endpoint dilution at
48 h. RRYV titers were enhanced by TIM-1 at low MOIs, and this
effect was reduced with increasing MOIs (Fig. 7A). Consistent
with a role for TIM-1, RRV infection of TIM-1-positive Vero cells
for 24 h was inhibited by ARD5 (Fig. 7B). In a similar manner,
entry of AcMNPV into mammalian cells was enhanced by the
presence of TIM-1. While AcMNPV does not replicate in mam-
malian cells, use of an infectious AcCMNPYV that expresses 3-Gal
under a CMV promoter allowed assessment of virus entry, un-
coating, and transgene expression in either HEK 293T or H3 cells.
TIM-1 expression increased entry of this baculovirus by ~6-fold
(Fig. 7C). While we have already shown that WT EBOV infection
of Vero cells is inhibited by ARDS5 (20), we wanted to confirm that
WT EBOV infection is mediated through PtdSer binding. Vero
cells were infected with WT EBOV in the presence or absence of
PtdSer or PtdChl liposomes (Fig. 7D). EBOV infection was sensi-
tive to inhibition by PtdSer liposomes in a dose-dependent man-
ner but not to that by PtdChl liposomes. The ability of TIM-1 to
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mediate entry of a variety of viruses suggests a potential role as a
broad receptor for enveloped-virus uptake.

Production of PtdSer-containing virions in vivo. While we
have demonstrated that PtdSer-mediated entry occurs with both
transducing and infectious virus generated in tissue culture, we
also sought to determine if virus generated in vivo enters cells in
a TIM-1-dependent manner. Replication-competent EBOV
GP/rVSV was obtained from lung, spleen, and kidney homog-
enates of an interferon-a/ receptor (IFNAR) knockout
BALB/c mouse 4 days after intranasal infection. Virus collected
from homogenates was serially diluted onto Vero cells in the
presence or absence of ARD5 (2 pg/ml). ARD5 inhibited virus
infection at all dilutions, regardless of the organ of origin (Fig.
7E). These results suggest that the presence of PtdSer on virus
grown in tissue culture is representative of virus produced dur-
ing in vivo infection.

DISCUSSION

This study demonstrates that TIM-1 enhances infection of a vari-
ety of unrelated enveloped viruses by binding to virion-associated
PtdSer, leading to virus internalization. The virus families de-
scribed here include filoviruses, alphaviruses, and a baculovirus.
Other recent studies have also confirmed that TIM-1 enhances
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FIG 7 RRV and AcMNPV infection is enhanced by TIM-1 expression. (A)
Replication of RRV in TIM-1- or empty-vector-transfected cells at MOIs rang-
ing from 0.001 to 0.1. Supernatants were collected 48 h following infection,
and titers were determined by endpoint dilution on Vero cells. (B) Infection of
TIM-1" Vero cells with RRV in the presence or absence of MAb ARD5 (1
wg/ml). Supernatants were collected 48 h after infection and assessed for viral
titer by endpoint dilution on Vero cells. (C) Transduction of HEK 293T cells or
TIM-1" H3 cells with recombinant baculovirus expressing 3-Gal at an MOI of
0.003 as determined from titers on HEK 293T cells. After 48 h of incubation
with virus, cells were lysed and B-Gal activity was assessed using the Galacto-
Light system. (D) Impact of PtdSer on WT EBOV infection. Vero cells were
preincubated for 1 h with the indicated concentrations of PtdSer or PtdChl
liposomes or medium alone. Cells were then challenged in the presence of the
liposomes with replication-competent EBOV encoding GFP. After 24 h, at
which time the GFP from one round of infection can be detected, cells were
fixed and the proportion of infected cells in the total cell population was de-
termined (see Materials and Methods). The experiment was repeated 3 times
with similar outcomes (50% inhibitory concentration [ICs,], 5 = 1.5 uM),
and the means = SD for 4 replicates are shown from 1 experiment. (E) Infec-
tion with mouse organ-derived EBOV GP-rVSV of Vero cells in the absence
(black) or presence (gray) of ARD5. Virus obtained from lung, spleen, or
kidney homogenates was serially diluted on Vero cells, and after 48 h, infection
was assessed by EGFP expression. Data for RRV infections are shown as
means = SD, and AcMNPV and EBOV GP-rVSV data are shown as means *+
SEM for at least three replicates. Significance was calculated using two-sample
t-test comparison with equal variance (s, P < 0.001; *, P < 0.01).
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filoviruses, alphaviruses, flaviviruses, and some arenaviruses (33,
34). Here, we have provided a number of lines of evidence to
support this conclusion. First, PtdSer liposomes inhibit TIM-1
binding to virions and effectively eliminate TIM-1-dependent
transduction/infection. Second, mutations in the TIM-1 PtdSer-
binding pocket abrogate the enhanced transduction. Third,
TIM-1 MAbs that block PtdSer binding decrease TIM-1 binding
to pseudovirions and TIM-1-dependent transduction and infec-
tion. Fourth, the TIM family member TIM-4, which also has a
PtdSer binding pocket, functions to enhance virus transduction.
Fifth, pseudovirions or VLPs that lack a viral envelope glycopro-
tein are efficiently internalized into TIM-1-expressing cells. Fi-
nally, the PtdSer-binding protein AnxV effectively substitutes for
the TIM-1IgV domain on a chimeric TIM-1 receptor. These stud-
ies extend the number of virus families that use apoptotic mimicry
as a mechanism of virion uptake and support the idea that envel-
oped viruses can commandeer the use of cell surface PtdSer-bind-
ing receptors to mediate uptake.

Our mutagenesis studies initially focused on identifying TIM-1
residues that impact filovirus infection. We identified eight resi-
dues critical for EBOV infection that line and surround the PtdSer
binding pocket of the TIM IgV domain. These residues are gener-
ally conserved across the TIM family, and a mutagenesis study of
the mTIM-4 IgV domain identified a subset of these residues as
critical for PtdSer binding (28). The PtdSer pocket Asn and Asp
residues (N114 and D115 in TIM-1) are involved in intra- and
intermolecular interactions important for retaining a metal cation
required for PtdSer binding. The mTIM-4 crystal structure also
suggests that the backbone of the PtdSer pocket Gly (G111 in
TIM-1) also contributes to cation binding (28). Other pocket res-
idues contribute to PtdSer binding through hydrogen bonding to
the phosphate and serine moieties of PtdSer and maintaining the
spacing between the CC’ and FG loops. Consistent with the im-
portant role of this binding pocket in mediating virus entry,
W112, F113, N114, and D115 were recently identified as critical
for PtdSer-dependent uptake of several enveloped viruses by
TIM-1 (33, 34).

Since many of the TIM-1 residues found to be important for
EBOV infection are also important in PtdSer binding, we tested
if EBOV entry was mediated through the presence of PtdSer on
the surface of virions. We detected PtdSer on the surface of
EBOV GP pseudovirions with AnxV. Further, transduction of
VSV pseudotyped with a variety of other viral GPs and infection
of both RRV and AcMNPV at low, biologically relevant MOIs was
also increased by TIM-1 surface expression. Additionally, Jemiel-
ity et al. found that SINV, Tacaribe virus, and RRV infection is
enhanced by TIM-1 expression (33). Thus, TIM-1 mediates infec-
tion of a broader range of viruses than previously appreciated
through a PtdSer-dependent mechanism. Enhancement of
AcMNPV, flavivirus, and alphavirus entry also suggests a potential
role for TIM-1 in transmission of arthropod-borne viruses be-
tween mosquitoes and mammals. However, it should be noted
that notall pseudovirion data, such as those for CHIKV, have been
confirmed with WT virus.

The phenomenon of apoptotic mimicry, reviewed in reference
59, was first described for vaccinia virus, although no cellular
PtdSer receptor was implicated (60). Their study found that de-
pleting PtdSer from the surface of mature virions inhibited infec-
tivity, which was restored by PtdSer reconstitution. Recently, the
cell surface complex of Gas6 and Axl was identified to mediate
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PtdSer-dependent virus entry (50). The Gas6/Axl complex medi-
ates uptake of both vaccinia extracellular enveloped virus and DV
in HEK 293T and A549 cells (34, 50). Further, Axl enhances EBOV
entry in certain cell types, which may in part be due to Gas6/Axl
complexes (38, 61, 62). However, it should be noted that media-
tion of EBOV entry by Axl appears to be cell type dependent and
endogenous Axl expression in several cell lines does not enhance
EBOV uptake. Here, our findings, along with the TIM-1 studies by
Meertens et al. (34) and Jemielity et al. (33), provide strong evi-
dence that TIM-1 mediates virus uptake through binding of viri-
on-associated PtdSer, thereby identifying it as a second cellular
receptor that mediates virus entry in a PtdSer-dependent manner.
This new class of viral receptors we term phosphatidylserine-me-
diated virus entry enhancing receptors, or PVEERs.

The mechanism of PtdSer incorporation into viral envelopes
remains unclear. Apoptosis may contribute to the accumulation
of PtdSer on the surface of virions, since many viruses induce this
type of cell killing. For instance, CHIKV can induce apoptosis
during infection (63), contributing to spread of virus through
uptake of apoptotic blebs. Additionally, the natural surface expo-
sure of PtdSer by certain cell types or species may also contribute
to PtdSer presentation as seen with macrophages (64) and cell
lines (65). One possible association that we explored was between
viral GP expression on the cell surface and PtdSer flipping. How-
ever, enhancement of binding and internalization of No GP pseu-
dovirions and VLPs by TIM-1 suggests that PtdSer incorporation
is independent of GP expression.

Not all enveloped virions transduced more effectively with
TIM-1 expression. We found that LASV pseudovirion entry into
HEK 293T cells was not enhanced by TIM-1 expression, as others
also found with LASV and other viruses, including herpes simplex
virus 1, influenza A virus (H7N1), Oliveros virus, and severe acute
respiratory syndrome (SARS) coronavirus (33, 34). It is possible
that the affinity between the GPs of these viruses and their native
receptors may be sufficiently high that this interaction outcom-
petes TIM-1 for virus interactions. Additionally, these receptors
may be more accessible for interaction due to size; for example,
the LASV receptor, a-dystroglycan (aDG), is considerably larger
than TIM-1 (66). An alternative possibility, which is not mutually
exclusive, is that receptor expression on the cells under investiga-
tion is abundant, reducing the likelihood of virus/TIM-1 binding.
Recently, it has been shown that LASV entry can be enhanced by
expression of Axl, DC-SIGN, Tyro3, and LSECtin on cells that lack
aDG (67). We are able to detect PtdSer in LASV GPC pseudovi-
rions (data not shown), and TIM-1 ectopic expression on
aDG ™/~ cells may reveal that TIM-1 is able to enhance LASV
entry. However, contrary to these possible explanations, expres-
sion of TIM-1 did not enhance transduction of SARS coronavirus
isolates with reduced binding affinity for ACE2 (33). The mecha-
nism of PtdSer-dependent internalization may be compatible
with some glycoproteins but not with others. Additionally, mech-
anisms or a route(s) of endocytosis may differ between PtdSer
receptors, and this may explain why some PtdSer receptors, such
as RAGE and BAI1 (34), do not effectively enhance enveloped-
virus entry.

The identification and appreciation of the broad use by envel-
oped viruses of PVEERs may explain the wide tropism seen with
many of these viruses, such as the filoviruses and alphaviruses (this
study and that of Jemielity et al. [33]) and the flaviviruses (34). In
addition to expanding the host range, cell receptor interactions
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with virion-associated PtdSer would provide effective protection
against antibody neutralization, since exposure of GP RBD resi-
dues on the surface of extracellular virions would not be necessary.
Consistent with this possibility, the EBOV GP RBD has been
shown to be protected by a glycan cloud that is only removed once
the virus has internalized into endosomes (8, 9). Virus use of
PVEERs for internalization may relegate the role of the receptor
binding domain of the viral GP to endosomal functions. For filo-
viruses, these functions would include intracellular binding of
NPCI and subsequent fusion events (Fig. 8). For other enveloped
viruses, these functions may involve low-pH-dependent confor-
mational changes of GP leading directly to fusion events.

TIM-1 has been postulated to function as an attachment factor
(34). Alternatively, TIM-1/virion PtdSer interactions may directly
mediate virus internalization. Our studies demonstrate that
TIM-1 is able to enhance transduction of Sindbis virus env 2.2
1L1L pseudovirions with mutated RBDs, and we and others found
that TIM-1 enhances binding and internalization of No GP VLPs
and pseudovirions (33), supporting the idea that TIM-1 interac-
tion with virion-associated PtdSer mediates virus internalization.
Additionally, a recent study using VSV G found that protein-
aceous receptors are not necessary for fusion (68), suggesting
for some viruses that once virions are internalized, endosomal
conditions are sufficient to drive viral GP/cell membrane asso-
ciation and fusion. However, in these studies, we cannot com-
pletely rule out that TIM-1 acts as an attachment factor and
virus internalization is mediated by another as yet uncharac-
terized receptor(s). Nonetheless, internalization of enveloped
viruses independent of a GP would suggest that this second
receptor is also a PVEER.

With the elucidation that EBOV entry is mediated by con-
served residues of the TIM-1 PtdSer binding pocket, it is not sur-
prising that family member TIM-4 was found to be capable of
mediating transduction of EBOV. Since TIM-1 and TIM-4 are
found on differing populations of cells (19, 20, 25-27, 69, 70),
EBOV targeting of both receptors provides an expanded range of
permissive cells. Low-level expression of these receptors may con-
tribute to background transduction seen in otherwise mostly non-
permissive cells for many other viruses.

Future studies are needed to elucidate the in vivo relevance of
apoptotic mimicry for viral pathogenesis. While we found that in
vivo-derived virus is sensitive to ARDS5, the relative contribution
of PVEERS in vivo remains unclear. Interestingly, nonhuman pri-
mates do not serve as reservoirs for DV in South America as they
do in Africa (71), which may be related to TIM-1 mutations and
deletions that lead to TIM-1 loss of function in many New World
primate lineages (72). It is interesting to speculate that loss of
TIM-1 function in these species may be due to selective pressures
resulting from virus utilization of TIM-1 as a PVEER. However,
targeting PVEERs in humans may be an effective antiviral ap-
proach, since a study found that bavituximab, a chimera of mouse
MAD 3G4 that cross-links a phosphatidylserine binding protein,
B,GP1, to the cell surface, partially protected against lethal infec-
tion of guinea pigs with Pichinde virus and reduced the viral load
(73). Additionally, hepatitis A virus was recently shown to cloak
itself in host-derived membranes (74). The presence of PtdSer on
these membranes might explain the use of TIM-1 as a receptor for
hepatitis A virus. While these results implicate virion-associated
PtdSer in enveloped-virus pathogenesis, more research must be
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FIG 8 Model for phosphatidylserine-mediated virus entry enhancing receptor (or PVEER) uptake of virus. (A) Virus buds from cell surface after infection,
incorporating GP and PtdSer onto the viral envelope. The glycan cloud formed by extensive GP glycosylation events provides both stability of the GP in its
prefusion state and potential steric protection against immune responses to GP residues. (B) Uptake of virus by a neighboring cell. PtdSer on the viral envelope
interacts with PVEERs, such as the Gas6/Ax] complex and TIM family, which mediate virus internalization. (C) Conditions within the endosome promote
GP-dependent fusion events. Within the endosome, low-pH events can lead directly to GP conformational changes or, alternatively, protease processing of the
GP, thereby reducing energy barriers required for fusion. Additional factors, such as binding of NPC1 by filovirus GPs, may also be necessary.

done to determine the role PVEERs play and subsequently the
effectiveness of inhibitors of this process.
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