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ABSTRACT

Filoviruses, including both Ebola virus (EBOV) and Marburg virus (MARV), can infect humans and other animals, causing hem-
orrhagic fever with a high mortality rate. Entry of these viruses into the host is mediated by a single filoviral glycoprotein (GP).
GP is composed of two subunits: GP1, which is responsible for attachment and binding to receptor(s) on susceptible cells, and
GP2, which mediates viral and cell membrane fusion. Although numerous host factors have been implicated in the entry process,
the initial attachment receptor(s) has not been well defined. In this report, we demonstrate that exostosin 1 (EXT1), which is in-
volved in biosynthesis of heparan sulfate (HS), plays a role in filovirus entry. Expression knockdown of EXT1 by small interfer-
ing RNAs (siRNAs) impairs GP-mediated pseudoviral entry and that of infectious EBOV and MARYV in tissue cultured cells. Fur-
thermore, HS, heparin, and other related glycosaminoglycans (GAGs), to different extents, can bind to and block GP-mediated
viral entry and that of infectious filoviruses. These results strongly suggest that HS and other related GAGs are attachment recep-
tors that are utilized by filoviruses for entry and infection. These GAGs may have therapeutic potential in treating EBOV- and
MARV-infected patients.

IMPORTANCE

Infection by Ebola virus and Marburg virus can cause severe illness in humans, with a high mortality rate, and currently there is
no FDA-approved vaccine or therapeutic treatment available. The ongoing 2014 outbreak in West Africa underscores a lack of
our understanding in the infection and pathogenesis of these viruses and the urgency of drug discovery and development. In this
study, we provide several pieces of evidence that demonstrate that heparan sulfate and other closely related glycosaminoglycans
are the molecules that are used by filoviruses for initial attachment. Furthermore, we demonstrate that these glycosaminoglycans
can block entry of and infection by filoviruses. Thus, this work provides mechanistic insights on the early step of filoviral infec-

tion and suggests a possible therapeutic option for diseases caused by filovirus infection.

iloviruses, including Ebola virus (EBOV) and Marburg virus

(MARV), are long, filamentous enveloped viruses that cause
hemorrhagic fevers in humans and nonhuman primates. Out-
breaks of EBOV have occurred sporadically in Africa since the
1970s, with mortality rates of up to 90% (1). The ongoing and
unprecedented 2014 Ebola epidemic in West Africa underscores
the severity of the diseases associated with the infection and the
challenge of dealing with it globally. Although several potential
therapeutics were recently reported to be effective in treating non-
human primates (2, 3), there are currently no approved antivirals
or vaccines effective against filoviruses in humans, and treatments
are solely symptom based (4, 5). However, development of anti-
virals against EBOV and MARYV infection and diseases is ham-
pered by a lack of understanding of the fundamental principles
underlying the replication and pathogenesis of these viruses.

Infection by filoviruses is initiated by interactions of the viral
glycoprotein GP with host factors on target cells. EBOV and
MARYV GPs are synthesized as GP, precursors, with subsequent
proteolytic cleavage into GP1 and GP2, which are linked together
by disulfide bonds (1). A GP1-GP2 trimer on the virion surface
mediates binding to viral receptors on the host surface via GP1
interactions (6-8), which is followed by macropinocytosis of the
virion and virus-membrane fusion mediated by GP (9). Although
several host factors have been implicated in filoviral entry (10-13),
their cellular localization as well as inconsistencies in expression
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patterns suggests that other distinct attachment receptors have yet
to be defined. Finding such factors would have a great impact on
our understanding of filovirus entry and developing filovirus-spe-
cific antiviral treatments. To identify and characterize such host
factors that are involved in filovirus entry, we have performed a
genome-wide RNA interference (RNAi) screen against viral infec-
tion. In this report, we describe an important role of exostosin 1
(EXT1) and glycosaminoglycans (GAGs) in the initial attachment
during MARV and EBOV infection. Furthermore, the potential
therapeutic use of GAGs is discussed.
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MATERIALS AND METHODS

Cells. 293T and A549 cells were obtained from the American Type Cul-
ture Collection (ATCC CCL-185). They were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS)
and 1X penicillin-streptomycin (Pen-Strep) and maintained at 37°Cin a
5% CO, atmosphere. Primary human pulmonary artery endothelial cells
(HPAECs) were grown in EBM-2 medium (catalog number CC-3156;
Lonza, Basel, Switzerland) supplemented with EGM-2MYV growth factors
(catalog number CC-4147; Lonza).

Infectious viruses. EBOV and MARYV expressing a green fluorescent
protein (GFP) reporter were derived by reverse genetics as described by
Towner et al. (14). All infectious virus assays were performed at the U.S.
Army Medical Research Institute of Infectious Diseases at biosafety level 4.
Infection by virus was determined by measuring GFP intensity in a Gem-
ini EM spectrofluorometer (Molecular Devices, Sunnyvale, CA, USA).

Pseudovirus production. 293T cells were cotransfected with a repli-
cation-defective HIV vector (15) and the pcDNA 3.1+ encoding MARV
GP, EBOV Zaire GP (16), or hemagglutinin (HA; H5) from influenza
virus A/Viet Nam/1203/2004 and neuraminidase (NA; N1) from influ-
enza virus A/Puerto Rico/8/1934 (17) by using a polyethylenimine (PEI)-
based transfection protocol. Six hours posttransfection, the medium was
changed to phenol red-free DMEM with 10% FBS and Pen-Strep. Forty-
eight hours posttransfection, medium was collected, filtered through a
0.45-pm filter (Millipore, Billerica, MA, USA), and stored at 4°C.

RNAI screening. The Silencer Select Human Druggable Genome
siRNA Library V4, Human Druggable Genome siRNA Library V4 Exten-
sion Set, and Human Genome siRNA Library V4 Extension Set libraries
were purchased from Applied Biosystems (Grand Island, NY, USA). A549
cells (1,000 cells/well) were reverse transfected with 10 nM siRNAs and 0.1
pl Lipofectamine RNAIMAX (Invitrogen, Grand Island, NY, USA) in
384-well white Culturplates (PerkinElmer, Downers Grove, IL, USA) ac-
cording to the RNAIMAX manufacturer’s protocol with a Janus liquid
handling system (PerkinElmer). Forty-eight hours posttransfection, the
medium was removed and 30 pl of either Marburg or influenza pseu-
dotyped virus was added. The medium was changed 24 h postinfection,
and 48 h postinfection 15 pl of Neolite luciferase substrate (PerkinElmer)
was mixed in; the mixture was incubated for 5 min, and luciferase activity
was measured with a Envision plate reader (PerkinElmer).

siRNA transfection. Small interfering RNAs (siRNAs) targeting EXT1
or nontargeting control or firefly luciferase control were obtained from
Ambion (Grand Island, NY, USA). Reverse transfection of A549 cells with
10 nM siRNA and 0.3 pl Lipofectamine RNAIMAX was carried out in a
96-well plate according to the recommended protocol. Forty-eight hours
posttransfection, medium was removed and 50 .l of infectious EBOV or
MARV or 100 pl of pseudotyped virus was added. The medium was
changed 24 h postinfection, and luciferase activity or GFP was read at 48 h
postinfection.

Real-time PCR. Expressions of target genes were determined 48 or 96
h after siRNA transfection by quantitative reverse transcription-PCR
(qQRT-PCR). Samples were prepared by using the SYBR green Cells-to-Ct
kit (Ambion) according to the reccommended protocol, and qRT-PCR was
performed in the CFX96 real-time PCR system (Bio-Rad). GAPDH (glyc-
eraldehyde-3-phosphate dehydrogenase) was used as an internal control,
and samples were normalized to samples transfected with nontargeting
siRNA by using the AAC, method (where C is threshold cycle). Condi-
tions were optimized to primer efficiencies according to the Bio-Rad
CFX Manager software. Primer sequences were as follows: GAPDH, 5'-G
AAGGTGAAGGTCGGAGTC and 3'-GAAGATGGTGATGGGATTTG;
EXT1,5-GCTCTGCGCCCCTTCGTTCand 3'-TGCCTTTGTAGATGC
TGGAGTTGG.

Cotransfection and Western assay. 293T cells were transfected with
10 nM siRNA with Lipofectamine RNAIMAX in Opti-MEM (Gibco,
Grand Island, NY, USA). Twenty-four hours posttransfection, EXT1-c-
Myc plasmid was transfected with PEI in Opti-MEM at various concen-
trations. The medium was changed to complete medium 16 h after plas-
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mid transfection, and 48 h after plasmid transfection, cells were lysed and
samples were subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to a polyvinylidene difluo-
ride membrane. EXT1-c-Myc expression was probed by a monoclonal
antibody (MAb) against the Myc tag and then probed with a peroxidase-
conjugated secondary antibody. The bands were visualized by the chemi-
luminescence method according to the protocol of the supplier (Pierce,
Rockford, IL, USA). In these experiments, mouse anti-f-actin (1:10,000
dilution) monoclonal antibodies were used as indicators for the cell lysate
loading.

Compound blocking assay. Heparan sulfate (H7640), heparin
(H3393), chondroitin sulfate A (C9819), and chondroitin sulfate B
(C3788) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Cells
were seeded in a 96-well plate (A549 cells) or a 24-well plate (HPAECs)
prior to experiment. Virus (50 pl of infectious virus or 100 wl/500 pl
pseudovirus) was incubated with various concentrations of GAGs for 2 h
at37°C and added to cells in 96-well plates and 24-well plates, respectively.
After another 2 h of incubation, virus was removed and fresh medium
added. Luciferase activity or GFP was read 48 h postinfection.

ELISA and competition assays. Enzyme-linked immune sorbent as-
says (ELISAs) were performed in streptavidin-coated 384-well plates
(Pierce). Plates were incubated overnight with biotinylated heparin
(Sigma) at 1.6 pg/well. Pseudovirus-containing supernatant was layered
over a 30% sucrose-NTE (sodium Tris buffer with EDTA) cushion and
spun at 55,000 rpm for 1 h in a Beckman SW55 rotor at 4°C. Virus pellets
were resuspended in 200 pl Tris buffer. Concentrated virus was diluted in
phosphate-buffered saline (PBS) with 1% bovine serum albumin (BSA)
and incubated in plates overnight at 4°C. Wells were washed three times
with PBST (PBS, 0.1% Tween 20) and three times with PBS and then
blocked with PBS with 1% BSA for 2 h at 4°C. Plates were incubated with
primary antibody for 4 h at 4°C and washed again as described above.
Plates were incubated with horseradish peroxidase (HRP)-conjugated
secondary antibody and washed again. The reaction was visualized by
addition of 50 pl of Ultra TMB ELISA substrate (Pierce) for 20 min. The
reaction was stopped with 50 pl of stop solution made of 2 M sulfuric acid,
and absorbance at 450 nm was measured in an Envision plate reader
(PerkinElmer). For competition ELISAs, compounds were incubated
with resuspended virus for 1 h on ice before incubating in plates.

RESULTS

Knockdown of exostosin 1 expression impairs filoviral GP-me-
diated entry. To identify the host proteins that play a role in filo-
viral entry, we developed a parallel high-throughput siRNA
screening protocol (referred to as pHTS here) using an HIV-1-
based lentiviral pseudotyping entry assay (7). This surrogate sys-
tem consists of a replication-deficient HIV-1 core with a luciferase
reporter and the glycoprotein(s) of a highly pathogenic enveloped
virus such as Marburg virus, referred to as MARVpv here (8), or
avian influenza virus H5N1 (AIVpv here) (17). This screening
protocol (our unpublished data) was used to carry out a parallel
screening with siRNA libraries (Ambion human siRNA libraries
targeting 21,585 genes with three siRNAs for each gene). Briefly,
A549 cells were reverse transfected with individual siRNAs in a
384-well format, and 48 h posttransfection, they were infected
with AIVpv or MARVpv. Forty-eight hours postinfection, the lu-
ciferase activities of the infected cells were measured, and the data
were analyzed to identify the putative hits. These putative hits
(3,319) were further evaluated by confirmation screens to identify
the virus-specific host proteins that play a potential role either for
entry of avian influenza virus H5N1 or for entry of Marburg virus.
Based on these analyses, exostosin 1 (EXT1) was identified as a
host protein that plays a specific role in Marburg virus entry into
the host cells.
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FIG 1 Reductions in EXT1 mRNA and protein levels correlate with reduced infection of MARV and EBOV pseudotyped particles. (a) Introduction of siRNAs
of EXT1 resulted in reduced infection by MARVpv and EBOVpv. The siRNAs of EXT1 (labeled as siRNA #1 and #2) were transfected to A549 cells, and their
effects on pseudotyped Marburg virus (MARVpv), Ebola virus (EBOVpv), and influenza virus (AIVpv) were evaluated as described in Materials and Methods.
A siRNA of firefly luciferase was used as a control in the experiment, and the data were normalized to nontargeting siRNA (NT). Error bars represent standard
deviations. (b) Real-time PCR on cells transfected with EXT1 siRNAs showed mRNA knockdown of EXT1 at 48 and 96 h posttransfection, using NT siRNA as
a control. Error bars represent standard deviations. (c) The siRNAs of EXT1 reduced the protein level of EXT1 in the target cells. An EXT1-C-Myc plasmid and
EXT1 siRNAs were cotransfected to A549 cells, and the EXT1-C-Myc level in the cells was evaluated by Western analysis. In this experiment, different amounts

of EXT1-C-Myc plasmid DNA (0.2 to 0.8 j.g) were used. 3-Actin was used as a control.

To further investigate the role of EXT1 in filoviral GP-medi-
ated entry, two EXT1-specific siRNAs (labeled #1 and #2 in Fig. 1)
were individually transfected to A549 cells, and the transfected
cells were challenged with MARVpv, EBOVpv, or AIVpv to exam-
ine their effects on viral infection. While EXT1-specific siRNAs
had little or no effect on infection of AIVpv, MARVpv infection
was reduced by more than 60 to 70% of the nontargeting siRNA
control (Fig. 1a). One of the EXT1-specific siRNAs (#2) also mod-
erately reduced the infection by EBOVpv by ~50% (Fig. 1a).

To confirm that EXT1 mRNA expression level was efficiently
reduced by the EXT1-specific siRNAs, quantitative real-time PCR
(qPCR) was performed on A549 cells transfected with either the
EXT1-specific siRNAs or a nontargeting siRNA (as a control) at 48
and 96 h posttransfection. The level of EXT1 mRNA was reduced
by approximately 70 to 100% by the EXT1-specific siRNAs, mea-
sured at 48 h and 96 h posttransfection (Fig. 1b).

To demonstrate that the EXT1 siRNAs could reduce the level of
EXT1 protein expression in the cells, we first attempted to detect
EXT1 protein in A594 and 293T cells with several commercially
available antibodies but failed to detect EXT1 protein in these cells
(data not shown), suggesting that the EXT1 protein level is quite
low in these cells. Therefore, we devised an alternative protocol to
demonstrate the specific siRNA knockdown of EXT1 protein. A
plasmid containing the EXT1-C-myc-tagged version of EXT1
gene (18) was cotransfected with siRNAs to A549 cells, and the
expression of the tagged EXT1 protein was examined by Western
blotting. As shown in Fig. 1c, the EXT1-specific siRNAs 1 and 2
were able to effectively diminish the levels of EXT1-C-myec.
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Together, these results demonstrate that EXT1 plays a specific
role in Marburg virus GP-mediated (and to a lesser extent, in
Ebola virus GP-mediated) viral entry.

HS biosynthesis-deficient cell lines are resistant to Marburg
virus GP-mediated viral entry. EXT1 plays a crucial role in the
biosynthesis of heparan sulfate (HS), and it has been shown that
the loss of this gene function leads to the reduction of HS on the
cell surface (18, 19). A mouse cell line (L) and two L-cell-derived
mutant cell lines that are defective in the biosynthesis of HS and
other GAGs were challenged with MARVpv, and the infection was
quantified by the luciferase level of the infected cells. Figure 2
shows that both HS-deficient cell lines Sog9 and Gro2C were re-
sistant to the MARV GP-mediated viral entry in comparison to
their nondeficient parent cell line, consistent with the notion that
EXT1 (and GAGs) plays a role in MARYV entry to the target cells.

GAGs block GP-mediated entry. To further evaluate the role
of GAGs in filoviral entry, four types of GAGs were tested in their
ability to block GP-mediated viral entry: HS, heparin, chondroitin
sulfate A (CSA), and chondroitin sulfate B (CSB). The experiments
were performed as follows: the viral preparations of MARVpv,
EBOVpv, or AIVpv were first mixed with GAGs at different con-
centrations for 2 h, and the mixtures were added to A549 target
cells for an additional 2 h and then replaced with fresh medium.
Cells were lysed, and the luciferase levels of the target cells were
determined at 48 h postinfection. Infection of EBOVpv and
MARVpv showed a dose-dependent reduction in the presence of
HS, with approximately 60% of reduction for EBOVpv and 100%
for MARVpv at 40 pug/ml of HS. In contrast, AIVpv was minimally
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FIG 2 Heparan sulfate (HS) biosynthesis-deficient cell lines were resistant to
MARVpv infection. The parental mouse L cells (L) and two lines of HS bio-
synthesis-deficient cells (Sog9 and Gro2C, which were derived from L cells)
were challenged with MARVpv, and the infection was measured by the lucif-
erase level of the infected cells. Error bars represent standard deviations.

affected by increasing concentrations of HS, as expected (Fig. 3a).
Similar trends were observed for heparin, CSA, and CSB (Fig. 3b,
¢, and d, respectively).

To ensure that the blocking effect of GAGs was not an artifact
of a transformed cell line (A549 cells), each of the four GAGs was
tested for its ability to block infection in primary human pulmo-
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nary artery endothelial cells (HPAECs). As with A549 cells, the
greatest effect of the different GAGs was on blocking MARVpv
infection, and their inhibitory effects on EBOVpv were less pro-
nounced, while no or minimal effect was observed on AIVpv in-
fection (Fig. 4).

Based on these results, we conclude that HS and related GAGs
have specific anti-filoviral entry activity, implicating a direct in-
teraction of GAGs with the filoviral glycoproteins.

Glycoprotein binds to heparin and heparan sulfate. An
ELISA that was modified from a published protocol for measuring
binding of AIVpv particles to the receptor by us previously (20)
was developed and performed to determine if the GAGs bind to
GP. Briefly, plates were coated with biotinylated heparin, incu-
bated with MARVpv, EBOVpv, or AIVpv, and washed, and then
bound pseudovirions were detected with respective primary and
HRP-conjugated secondary antibodies, and absorbance at 450 nM
was measured. As expected, AIVpv did not show a dose-depen-
dent binding. In contrast, both MARVpv and EBOVpv displayed a
dose-dependent binding to heparin (Fig. 5a).

To further evaluate different GAGs in their ability to bind filo-
viral GPs, a competition ELISA was used. Here, GAGs at different
concentrations were first mixed with the pseudovirions and added
to the heparin-coated plates, and the aforementioned ELISA pro-
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FIG 3 GAGs blocked infection by MARVpv and EBOVpv in A549 cells. The pseudotyped viruses MARVpv, EBOVpv, and AIVpv were mixed with different
GAGs, HS (a), heparin (b), chondroitin sulfate A (c), and chondroitin sulfate B (d), at various concentrations; the mixtures were used to challenge A549 cells, and
the effects of different GAGs were evaluated as described in Materials and Methods. Error bars represent standard deviations.
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FIG 4 GAGs blocked infection of MARVpv and EBOVpv in primary human pulmonary artery endothelial cells (HPAECs). The pseudotyped viruses MARVpv,
EBOVpv, and AIVpv were mixed with different GAGs, HS (a), heparin (b), chondroitin sulfate A (c), and chondroitin sulfate B (d) at various concentrations; the
mixtures were used to challenge HPAECs, and the effects of different GAGs were evaluated as described in Materials and Methods. Error bars represent standard
deviations.

tocol was then followed. As shown in Fig. 5b, MARVpvbindingto  able to reduce binding by about 40%. In contrast, heparin had
the coated heparin was effectively blocked by unlabeled heparin, only a marginal effect on EBOVpv binding, reducing binding by
reducing the binding by approximately 80% even at the lowest roughly 30% at the highest concentration of heparin tested (0.16
concentration tested (0.01 wg/pl), while HS, at 0.16 pg/pl, was  wg/pl), while HS did not adversely affect binding. In addition, we
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FIG 5 MARVpv and EBOVpv were able to bind to heparin and HS. (a) An ELISA (described in Materials and Methods) was used to demonstrate specific binding of
MARVpv and EBOVpv to heparin and HS. AIVpv was used here as a specificity control. Error bars represent standard deviations. (b) An ELISA-based competition
experiment was used to demonstrate that “cold” heparin and HS can competitively block binding of MARVpv and EBOVpv to the heparin used to coat the plates. Error
bars represent standard deviations.
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FIG 6 Only high-molecular-weight heparin (HMWH) could block MARVpv
infection. Porcine heparin (HMWH, ~17 to 19 kDa) and heparin hexasaccha-
ride (LMWH, ~1.5 kDa), at the concentrations indicated, were first mixed
with MARVpv and then added to the target cells (A549), and infection by
MARVpv was determined 48 h postinfection. Error bars represent standard
deviations.

tested CSA and CSB in their ability to compete against binding of
MARVpv and EBOVpv to the heparin used to coat the plates, and
we did not observe any significant effect (data not shown).

Based on these observations, we conclude that HS and other
GAGs bind MARV GP and to a lesser extent EBOV GP. These
results are in general consistent with the data presented above,
implicating a role of HS and other GAGs in GP binding and filo-
viral infection.

Only HMWH is effective in blocking MARVpv infection. We
decided to further explore the effect of heparin in MARVpv infec-
tion since it is the most effective GAG to bind GP. We tested two
classes of heparin, high-molecular-weight heparin (HMWH) and
low-molecular-weight heparin (LMWH). It is well known that
LMWH is a class of anticoagulant medications. Porcine heparin
(HMWH, ~17 to 19 kDa) and heparin hexasaccharide (an
LMWH, ~1.5 kDa), at different concentrations, were first mixed
with MARVpv and then added to the target cells (A549), and
infection of MARVpv was determined 48 h postinfection. Heparin
hexasaccharide, with all the concentrations tested (5 to 40 pg/ml),
did not have any effect on blocking MARVpv infection, while
porcine heparin, even at the lowest concentration (5 pg/ml), was
able to completely block MARVpv infection (Fig. 6). These results
demonstrate that HMWH, but not LMWH, is effective in blocking
MARYV entry.

EXT1 and GAGs are involved in infection of infectious filo-
viruses. The results described above, which demonstrated a role of
EXT1 and GAGs in filoviral entry and infection, were from assays
performed with pseudoviral particles. To validate these findings,
infectious EBOV and MARV were used in the following experi-
ments. First, to confirm the role of EXT1 in viral infection, A549
cells were transfected with EXT1 or NT siRNAs and infected with
infectious MARV and EBOV carrying a GFP reporter. Introduc-
tion of siRNA 1 or 2 of EXT1 to A549 cells reduced MARYV infec-
tion by 85% or 60%, respectively, compared to the NT siRNA
control, while the same siRNAs reduced EBOV infection by 10%
or 60%, respectively. These results are in agreement with the data
above with the MARV and EBOV pseudovirions, demonstrating
the role of EXT1 in filoviral entry (Fig. 7a).

Next, we examined the effects of different GAGs on blocking
infectious MARV and EBOV infections. The most potent GAG to
block infection by infectious MARV was HMWH, and a near-
complete inhibition at all the concentrations tested (0.25 to 50
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FIG 7 EXT1 and GAGs are involved in infection by infectious MARV and
EBOV. (a) Knockdown expression of EXT1 by siRNAs reduced levels of infec-
tion by infectious MARV and EBOV. The EXT1 siRNAs were introduced to
A549 cells, and their effects on infection of infectious MARV and EBOV were
determined following a protocol as described in Materials and Methods. An
NT siRNA was used as the control in this experiment. Error bars represent
standard deviations. (b) Effects of different GAGs on blocking infectious
MARYV infection. Different GAGs, at different concentrations, were mixed
with infectious MARYV, and their effects on blocking MARYV infection on A549
cells were evaluated. Error bars represent standard deviations. (c) Effects of
different GAGs on blocking infectious EBOV infection. Error bars represent
standard deviations.

mg/ml) was observed, while other GAGs were less effective in
blocking MARV infection, although they did display a dose-de-
pendent inhibition on MARV (Fig. 7b). In contrast, these GAGs
were less effective in inhibiting infection by infectious EBOV (Fig.
7¢). Again, these results validated the data described above with
the pseudovirions.

Together, these results demonstrate that EXT1 plays a role in
filoviral infections, particularly infection by MARV, and that
GAGs, particularly heparin and HS, can block filoviral entry and
infection.
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DISCUSSION

Here we report that expression of EXT1, a glycosyltransferase that
is involved in the biosynthesis of heparan sulfate (HS) (18, 19), is
required for efficient entry of the filoviruses into the host cells. We
show that HS and heparin, a related glycosaminoglycan (GAG),
are able to bind GP. These and other related GAGs effectively
block MARYV, and to a lesser extent EBOV, infection in primary
cells and transformed cell lines. These results strongly suggest that
HS and related GAGs are involved in initial attachment of filovi-
ruses to the target cells and thus play an important role in medi-
ating filoviral entry.

Numerous host factors, including the asialoglycoprotein re-
ceptor, the folate receptor-a, the dendritic cell-specific or liver
lymph node-specific ICAM3-grabbing nonintegrins, human
macrophage galactose-specific and N-acetylgalactosamine-spe-
cific C-type lectins, cathepsin B and L, and the Tyro3 receptor
kinase family, have all been implicated in Ebola/Marburg virus
entry (21-26). Recently, T-cell immunoglobulin and mucin do-
main 1 (TIM1) and Niemann-Pick disease type C1 (NPC1) recep-
tors have been shown to be critical in EBOV/MARYV entry (10—
12). Nevertheless, the entry mechanism of filovirus is still poorly
understood. To identify the other host factors that are involved in
filoviral entry and infection, we performed a genome-wide siRNA
screen, and several host genes were identified as being critical for
filoviral entry, including NPC1 (data not shown) and EXT1 genes,
the latter of which is the focus of the current study. The results
presented here reveal a role of EXT1 and GAGs in mediating filo-
viral entry and infection. We have demonstrated that knockdown
of EXT1 expression by siRNAs reduced the GP-mediated filoviral
entry of MARV (and to a lesser extent, of EBOV) and that the
mouse cell lines that are defective in the biosynthesis of HS and
other related GAGs were impaired in MARV GP-mediated entry
(Fig. 1 and 2). Furthermore, we have demonstrated that HS, hep-
arin, and other related GAGs can block EBOV and MARV GP-
mediated viral entry in tissue cultured cells and primary human
cells (Fig. 3 and 4). In addition, we have demonstrated that EBOV
GP can bind HS and heparin directly (Fig. 5). Importantly, the
role of EXT1 and GAGs in filovirus infection has been validated
with infectious EBOV and MARV in tissue culture (Fig. 7). Since
HS and the related GAGs have been shown to be used by numer-
ous viruses, including both DNA viruses such as herpes simplex
viruses and human papillomavirus and RNA viruses such as respi-
ratory syncytial virus (RSV) and HIV (27-38), in the initial attach-
ment to the host cells, we hypothesize that HS and related GAGs
act as an early attachment factor to initiate internalization and
entry for filoviruses. This conclusion is generally consistent with a
recent report that demonstrated a role of HS and heparin in bind-
ing and entry of filoviruses (39). Furthermore, we believe that
EBOV and MARYV may preferentially utilize different but related
GAGs as the attachment receptors. This conclusion is based on
our observations that knockdown expression of EXT1 had a more
pronounced effect on MARV infection than on EBOV infection
and that heparin, HS, and the other related GAGs were more ef-
fective in blocking infection by MARYV than that by EBOV. These
facts may reflect the complex nature of filoviruses using GAGs as
the attachment receptors during the early stage of infection. Fur-
ther studies are needed to decipher the subtle distinction in GAG
usage as an attachment receptor between MARV and EBOV.

The 2014 West Africa Ebola outbreak underlines the global
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challenge of treating Ebola (and Marburg) virus infections since
there is no clinically approved treatment or vaccine for EBOV and
MARV. Thus, it is worthwhile to evaluate the therapeutic poten-
tial of heparin, HS, and the other related GAGs on anti-filovirus
infection based on the results presented here and reported by an-
other group.

Although it is known that EXT1 is involved in HS synthesis
(18) and that expression knockdown of EXT1 can impair the entry
of filoviruses, particularly of MARV (described in this study), we
observed that compared to HS, heparin shows substantially stron-
ger inhibition for both MARV and EBOV entry. Structurally, HS
and heparin share a very similar scaffold, with the main difference
being in the quantity of attached sulfate groups (40). Regarding
their expression, heparin is expressed sparingly in the body, being
found exclusively in mast cells, whereas HS is expressed ubiqui-
tously throughout the body and in the extracellular matrix. This
suggests that HS is likely utilized as the attachment receptors for
filoviruses due to its availability.

Another interesting aspect of the findings reported here is the
potential role of heparin as a therapeutic option against filoviral
infections and diseases. It is known that disseminated intravascu-
lar coagulation (DIC) is a common occurrence in the human and
nonhuman primate filovirus hemorrhagic fever (FHF) cases (27),
which may be caused by the tissue factors released due to filoviral
infection (41). Low-molecular-weight heparins (LMWHs) are
known to prevent blood coagulation and are used routinely in
clinical settings as an anticoagulant. Interestingly, there is an
anecdotal case study reported in 1975 in which three individuals
presented with FHF due to a Marburg virus outbreak in Africa.
The primary patient died, revealing extensive intravascular coag-
ulation. Heparin was administered prophylactically to the re-
maining two patients, who both survived (42). The use of heparin
to treat intravascular coagulation is debated, however, and this
case study alone is insufficient to make confident conclusions on
the extent of the effect of heparin. Nevertheless, it is an intriguing
prospect. However, since the results reported here demonstrated
that only high-molecular-weight heparin (HMWH), but not
LMWH, is effective in blocking MARV GP-mediated viral entry,
we speculate that LMWHs and HMWHs may be effective in pre-
venting MARYV infection and diseases via different mechanisms.
These findings along with the evidence presented above suggest
that heparin and related GAGs have the potential to be effective
and readily available antivirals for MARV and EBOV infections.
Their use as prophylactics for patients in outbreak scenarios or as
treatments for those in early stages of disease is an exciting concept
and should be pursued in further research.
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