JOURNAL OF VIROLOGY, May 2010, p. 5140-5147
0022-538X/10/$12.00 doi:10.1128/JV1.02021-09

Vol. 84, No. 10

Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Different Potential of C-Type Lectin-Mediated Entry between
Marburg Virus Strains"

Keita Matsuno,' Noriko Kishida,? Katsuaki Usami,” Manabu Igarashi,’ Reiko Yoshida,'
Eri Nakayama,' Masayuki Shimojima,* Heinz Feldmann,’} Tatsuro Irimura,’
Yoshihiro Kawaoka,* and Ayato Takada'*
Department of Global Epidemiology, Hokkaido University Research Center for Zoonosis Control, Sapporo, Japan'; Laboratory of

Influenza Virus Surveillance, Center for Influenza Virus Research, National Institute of Infectious Diseases, Tokyo, Japan®;
Graduate School of Pharmaceutical Science, University of Tokyo, Tokyo, Japan®; Division of Virology, Department of

Microbiology and Immunology, Institute of Medical Science, University of Tokyo, Tokyo, Japan*; and
Special Pathogens Program, National Microbiology Laboratory, Public Health Agency of
Canada, Winnipeg, Manitoba, Canada®

Received 24 September 2009/Accepted 25 February 2010

The glycoproteins (GPs) of filoviruses are responsible for virus entry into cells. It is known that GP interacts
with cellular C-type lectins for virus attachment to cells. Since primary target cells of filoviruses express C-type
lectins, C-type lectin-mediated entry is thought to be a possible determinant of virus tropism and pathogenesis.
We compared the efficiency of C-type lectin-mediated entry between Marburg virus strains Angola and Musoke
by using a vesicular stomatitis virus (VSV) pseudotype system. VSV pseudotyped with Angola GP (VSV-Angola)
infected K562 cells expressing the C-type lectin, human macrophage galactose-type C-type lectin (h(MGL), or
dendritic cell-specific ICAM-3-grabbing nonintegrin (DC-SIGN) more efficiently than VSV pseudotyped with
Musoke GP (VSV-Musoke). Unexpectedly, the binding affinity of the C-type lectins to the carbohydrates on GPs
did not correlate with the different efficiency of C-type lectin-mediated entry. Site-directed mutagenesis
identified the amino acid at position 547, which switched the efficiency of C-type lectin-mediated entry. In a
three-dimensional model of GP, this amino acid was in close proximity to the putative site of cathepsin
processing. Interestingly, the cathepsin inhibitors reduced the infectivity of VSV-Angola less efficiently than
that of VSV-Musoke in C-type lectin-expressing K562 cells, whereas only a limited difference was found in
control cells. The amino acid at position 547 was critical for the different effects of the inhibitors on the virus
infectivities. These results suggest that the efficiency of C-type lectin-mediated entry of filoviruses is controlled
not only by binding affinity between C-type lectins and GP but also by mechanisms underlying endosomal entry,

such as proteolytic processing by the cathepsins.

Marburg virus (MARV) and Ebola virus (EBOV), which
belong to the family Filoviridae, have produced sporadic out-
breaks of hemorrhagic fever in Africa. After the initial out-
break of MARYV infection in 1967 in Europe, which resulted in
7 deaths among 32 confirmed patients (41), there were three
small, isolated outbreaks of MARYV infection in Africa be-
tween 1975 and 1987. During one of the outbreaks in Kenya in
1980, one of the two patients died (42), and experimental
studies showed that this Kenyan MARYV Musoke strain (Mu-
soke) killed monkeys within 12 days after infection (6). On the
other hand, throughout a recent outbreak of MARYV infection
in Angola, 84% of the 422 patients died (29). This MARV
Angola strain (Angola) produced fatal disease in monkeys
within 8 days after inoculation and was thought to be more
pathogenic than the Musoke strain (5, 17). Among EBOVs, a
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difference in pathogenicity was also suggested. Zaire EBOV is
thought to be the most pathogenic EBOV, Kkilling approxi-
mately up to 90% of patients, whereas Reston EBOV has
never caused lethal infection in humans (31) and is less patho-
genic in experimentally infected nonhuman primates than
Zaire EBOV (16). However, the factors that influence the
different pathogenicity among filoviruses remain unclear.

The envelope glycoprotein (GP) of filoviruses is the only
spike protein and is responsible for both receptor binding and
membrane fusion. GP is comprised of two molecules, GP1 and
GP2, which are linked by a disulfide bond. GP1 contains the
receptor-binding domain, which is responsible for the viral
attachment to cell surface molecules (9, 25). GP2 has the
heptad repeat regions required for assembling GP as a trimer
and the internal fusion loop, which is thought to interact with
the cellular membrane (50). Although the trigger to promote
the conformational change leading to membrane fusion is not
fully understood, it was recently suggested that endosomal
proteolysis of EBOV GP by cysteine proteases such as cathep-
sins B and L plays an important role in inducing membrane
fusion (4).

Both MARYV and EBOV GPs are heavily glycosylated and
contain both N- and O-linked carbohydrate chains with differ-
ent terminal sialylation patterns that seem to depend on the
virus strains and cell lines used for virus propagation (12, 18,
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39, 48). The middle one-third of the GP molecule particularly
varies among filoviruses and includes a mucin-like region
(MLR) that contains a number of potential N- and O-linked
glycosylation sites (32, 52). It is thought that carbohydrate
chains on GP are recognized by cellular C-type lectins, such as
the liver-specific C-type lectin asialoglycoprotein receptor
(ASGP-R) (3), dendritic cell-specific ICAM-3-grabbing nonin-
tegrin (DC-SIGN), liver/lymph node-SIGN (L-SIGN) (1, 2, 20,
30, 33, 40), human macrophage galactose-type C-type lectin
(hMGL) (46), and liver and lymph node sinusoidal endothelial
cell C-type lectin (LSECtin) (8, 19, 20, 34). While these C-type
lectins show different specificities, depending on the structures
of target glycans, all have been reported to promote filovirus
entry. Hepatocytes, dendritic cells (DCs), monocytes, and mac-
rophages are thought to be the preferred target cells of filovi-
ruses, and infection of these cells is important for hemorrhagic
manifestation and immune disorders (7, 13, 15, 36). Thus,
increased infection of these cells might be directly involved in
the pathogenesis of filoviruses (16).

In the present study, using the vesicular stomatitis virus
(VSV) pseudotype system (VSV that contains the green fluo-
rescent protein [GFP] gene rather than the receptor-binding
GP gene [VSVAG*]) described previously (45), we compared
the properties of Angola and Musoke GPs and found a signif-
icant difference in the ability to utilize hMGL and DC-SIGN
for their entry. Importantly, GP binding affinity for the C-type
lectins was not the primary factor contributing to the differ-
ence. We identified a single amino acid involved in the differ-
ent efficiency of C-type lectin-mediated entry between Angola
and Musoke. Three-dimensional analysis suggested that this
amino acid might affect the processing of GP by endosomal
cysteine proteases and/or flexibility of the GP internal fusion
loop. Here, mechanisms underlying the different efficiencies
for C-type lectin-mediated entry of filoviruses are discussed.

MATERIALS AND METHODS

Viruses and cells. VSVAG* expressing GFP pseudotyped with MARV GPs
was generated as previously described (45). The viruses were treated with neu-
tralizing monoclonal antibody I1 to VSV G protein before use (28). The virus
titer was determined by counting the number of cells expressing GFP using
fluorescence microscopy or flow cytometry.

Vero E6 and HEK293T cells were grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum, L-glutamine, and antibiot-
ics. Human chronic myelogenous leukemia (K562) cells were grown in RPMI
1640 supplemented with 10% fetal bovine serum, L-glutamine, and antibiotics.
K562 clones expressing hMGL (K562/hMGL) were generated as previously
described (46). cDNA encoding DC-SIGN was isolated from a placenta cDNA
library (Invitrogen) and then cloned into a mammalian cell expression vector,
pcDNA3.1(+) (Invitrogen). K562 cells were transfected with the plasmid using
Attractene transfection reagent (Qiagen). After selection with Geneticin (G418
sulfate; Calbiochem), DC-SIGN-positive cells (K562/DC-SIGN) were enriched
with immunomagnetic beads by using monoclonal antibody CD209 (Beckman
Coulter). K562 cells transfected with the empty vector pcDNA3.1(+) and se-
lected by Geneticin were used as control cells (K562/mock).

Expression of soluble recombinant hMGL and DC-SIGN. Soluble hMGL was
purified by affinity chromatography on a column of galactose-Sepharose 4B as
described previously (44). The expression plasmid pET-15b encoding the extra-
cellular domain (ECD) of DC-SIGN was similarly constructed. The plasmid was
subsequently used to transform Escherichia coli BL21/DE3 pLysS. The recom-
binant DC-SIGN ECD was prepared from inclusion bodies in E. coli. The
recombinant DC-SIGN ECD was bound to mannose-Sepharose 4B and eluted
with 10 mM EDTA. Subsequently, biotinylation of these soluble proteins was
performed using EZ-Link sulfo-NHS-LC-biotin (Pierce).
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Lectin-ELISA analysis. VSVAG* pseudotyped with GPs was purified by ul-
tracentrifugation through a 25% sucrose cushion and diluted to give a titer of 5 X
10° infectious units (IU)/ml in phosphate-buffered saline (PBS). Enzyme-linked
immunosorbent assay (ELISA) plates were coated with the viruses and then
blocked with 3% bovine serum albumin in PBS. After each well was washed with
Dulbecco’s Tris-buffered saline (dTBS), biotinylated hMGL or DC-SIGN in
dTBS was added. To detect C-type lectins bound to the viruses, horseradish
peroxidase (HRP)-streptavidin (Jackson ImmunoResearch) and 3,3',5,5'-tetra-
methylbenzidine (Sigma) were used.

Mutagenesis. To construct the mutant GPs, MARV GP ¢cDNAs were cloned
into the pATX vector, kindly provided by H. Ebihara (Laboratory of Virology,
Department of Health and Human Services, Rocky Mountain Laboratories,
Division of Intramural Research, NIAID, NIH). By using the primers containing
the sequences of the desired regions and the class IIS restriction enzyme, the
BsmBI site, the MLR-deletion mutant, and chimeric GP constructs were gener-
ated. Mutant GPs with a single substitution (A/H504T, A/G547V, A/A596T,
A/R618K, M/T504H, M/V547G, M/T596A, and M/K618R) were generated by
using the primers containing the desired mutations and the BsmBI site. All the
mutant GP genes were cloned into pCAGGS, the mammalian expression plas-
mid, and used for expression of the GPs in HEK293T cells.

Virus titration. The infectivity of VSVAG* pseudotyped with GPs on K562
clones was determined by counting the number of GFP-positive cells using flow
cytometry. To test C-type lectin-mediated entry, 10° cells of the K562 clones in
96-well plates were infected with the respective viruses, whose titers were stan-
dardized (i.e., all the viruses were diluted to give 1 X 10° to 5 X 10° IU/ml in
Vero E6 cells that uniformly gave approximately 1 X 10* to 5 X 10* IU/ml in
K562/mock cells), and the number of GFP-positive cells were counted. To
investigate the effects of the cathepsin B and L inhibitors, CA-074Me and
FY-dmk, respectively (Calbiochem), cells were treated with one of the inhibitors
for 3 h before infection.

Binding assay. Approximately 10° infectious units (in Vero E6 cells) of puri-
fied VSVAG* pseudotyped with GPs were incubated with 10° cells of K562/
hMGL and K562/DC-SIGN for 1 h on ice. After being washed three times with
PBS(+), cells were lysed to measure the amount of VSV matrix protein in the
virions which bound on the cell surface.

SDS-PAGE and Western blotting. Cells or purified viruses were lysed with
PBS containing 1% Triton X-100 and protease inhibitor cocktail Complete Mini
(Roche), and the insoluble fraction was removed by centrifugation. Lysates were
mixed with Laemmli sample buffer (Bio-Rad), electrophoresed by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 10 to 20%
SuperSep (Wako), and blotted on a polyvinylidene difluoride (PVDF) mem-
brane (Millipore). Non-specific binding to the membrane was blocked with 3%
skim milk in PBS. A mixture of the sera obtained from mice immunized with
Angola virus-like particles and Musoke virus-like particles for detecting MARV
GPs or anti-VSV matrix protein monoclonal antibody (195-2) was incubated with
the membrane. Peroxidase-conjugated AffiniPure goat anti-mouse IgG(H+L)
(Jackson ImmunoResearch) and Immobilon Western (Millipore) were used for
visualization. Intensities of specific bands were measured with ATTO CS Ana-
lyzer 2.1.

Molecular modeling. A three-dimensional model of Angola GP was generated
by a homology modeling method using the crystal structure of EBOV GP (Pro-
tein Data Bank [PDB] code 3CSY) (27) as a template. The sequence alignment
between MARYV and EBOV GPs was based on that previously reported by Lee
et al. (27). One hundred models of the first construction were generated using
the automodel class in Modeller 9v6 (35), and the model with the lowest value of
the Modeller objective function was selected. Next, to fill the gap of some
potential loop conformation that the structural template of Zaire EBOV GP
lacks (residues 174 to 197, 208 to 218, and 272 to 291 in the Angola GP
numbering that correspond to residues 190 to 213, 224 to 225, and 279 to 298 in
Zaire EBOV GP, respectively), two hundred models were generated by the loop
model class (14). The best loop model was chosen by a combination of the
Modeller objective function value and the discrete optimized protein energy
(DOPE) statistical potential score (38). Then, the model, after addition of
hydrogen atoms, was refined by energy minimization (EM) with the minimization
protocols in the Discovery Studio 2.1 software package (Accelrys, San Diego,
CA), using a CHARMM force field. Steepest descent, followed by conjugate
gradient minimizations, was carried out until the root mean square (RMS)
gradient was less than or equal to 0.01 kcal/mol/A. The generalized Born implicit
solvent model (43, 47) was used to model the effects of solvation. The model of
Angola GP was finally evaluated by using PROCHECK (26), WHAT_CHECK
(22), and Verify3D (10).
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FIG. 1. Infectivity of VSVAG:= pseudotyped with MARYV GPs in K562 cells expressing the C-type lectins. The infectivities of VSV-Angola and
-Musoke were standardized using Vero E6 cells, as described in Materials and Methods, and approximately the same titers of viruses were used
to infect K562/mock, K562/hMGL, and K562/DC-SIGN cells. The infected cells were counted using a flow cytometer, and the percentages of
infectivity (i.e., relative infectivities) in K562/hMGL (A) and K562/DC-SIGN (B) cells were determined by setting the number of the infected
K562/mock cells to 100% (46). All experiments were done in triplicate, and average results and standard deviations are shown. Statistical

significance was determined by Student’s ¢ test. *, P < 0.05.

RESULTS

Efficiency of C-type lectin-mediated entry differs between
MARY strains. We generated VSVAG* bearing VSV G (VSV-
VSV G), VSVAG* bearing Angola GP (VSV-Angola), or
VSVAG* bearing Musoke GP (VSV-Musoke), and the infec-
tivities of these viruses in K562/hMGL or K562/DC-SIGN cells
were compared (Fig. 1). No significant enhancement of VSV-
VSV G infectivity was seen in these C-type lectin-expressing
cells. Consistent with a previous study (46), the viruses infected
K562/hMGL cells more efficiently than they infected control
K562/mock cells. In K562/DC-SIGN cells, the difference was
observed only for VSV-Angola infectivity. It was noted that
VSV-Angola showed significantly higher infectivity in these
C-type lectin-expressing cells than VSV-Musoke, as was seen
between Zaire and Reston EBOVs (46).

hMGL and DC-SIGN bind to MARV GPs in a different
manner. To test the attachment of VSV-Angola and -Musoke
to the surfaces of the cells expressing C-type lectins, a direct
binding assay was performed (Fig. 2A). In both K562/hMGL
and K562/DC-SIGN cells, only limited differences of the vi-
ruses attached on the cell surfaces were observed. For more
quantitative analysis of the binding of MARV GPs to the
C-type lectins, we next carried out a lectin-ELISA using solu-
ble forms of hMGL and DC-SIGN and purified viruses (Fig.

2B and C). We found that both lectins bound to Angola and
Musoke GPs in a dose-dependent manner and that h(MGL had
slightly higher ability to bind to Angola GPs than to bind to
Musoke GPs, whereas DC-SIGN similarly bound to both GPs,
confirming the different glycan specificities of these lectins
(i.e., hMGL and DC-SIGN preferentially react with O-glycans
and high-mannose-type N-glycans, respectively) (11, 21, 44).

MLRs and GP2 are important for efficient entry mediated
by C-type lectins. MLRs of filoviruses have been shown to play
an important role in interaction with the C-type lectins. To
ascertain the contribution of the MLR of MARYV GP to C-type
lectin-mediated entry, we first constructed MLR-deletion mu-
tants (AA and MA) (Fig. 3A) and examined the infectivities of
VSVAG* pseudotyped with these mutant GPs (VSV-AA and
-MA) in Vero E6, K562/hMGL, and K562/DC-SIGN cells.
VSV-AA and -MA showed no defects in their infectivities in
Vero E6 cells, consistent with a previous study (32), indicating
that glycosylation in the MLR and GP cleavage by furin are not
essential to infect Vero E6 cells. In contrast, these viruses
infected K562 cells expressing the C-type lectins much less
efficiently than VSVAG* pseudotyped with full-length wild-
type GPs (Fig. 3B and C). These results indicate the major
contribution of the MLR to C-type lectin-mediated entry of
MARV.
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FIG. 2. Binding affinity of the C-type lectins to VSVAG= pseudotyped with MARV GPs. (A) The amounts of VSV-Angola and -Musoke that
attached on K562/hMGL or K562/DC-SIGN cells were shown as band intensities of VSV matrix protein. (B, C) A lectin-ELISA was performed,
using purified VSV-Angola and -Musoke as antigens. Biotinylated recombinant soluble hMGL (B) and DC-SIGN ECD (C) were incubated at the
indicated concentrations and visualized, as described in Materials and Methods. All experiments were done in triplicate, and average results and
standard deviations are shown. Statistical significance was determined by Student’s ¢ test. *, P < 0.05.
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Next, we constructed chimeric GPs whose MLRs were
swapped (AMA and MAM) (Fig. 3A), and the infectivities of
VSVAG* pseudotyped with these chimeric GPs (VSV-AMA
and VSV-MAM) were tested (Fig. 3B and C). Unexpectedly,
the relative infectivity of VSV-AMA in K562 cells expressing
the C-type lectins was significantly higher than that of VSV-
Musoke and similar to that of VSV-Angola. Replacement of
the MLR of Musoke GP with that of Angola GP (MAM)
showed only minimal effects on the enhancement of infectivity
in the C-type lectin-expressing cells if compared with VSV-
Musoke infectivity.

We finally replaced amino acid positions 502 to 681 of the
GP2 regions (GP2C) of each (AAM and MMA) (Fig. 3A) and
found that VSVAG™* pseudotyped with the chimeric Angola
GP that had Musoke GP2C (VSV-AAM) infected both K562/
hMGL and K562/DC-SIGN cells less efficiently than VSV-
Angola (Fig. 3B and C), and the relative infectivities of VSV-
AAM were similar to that of VSV-Musoke in both C-type
lectin-expressing cell types. In contrast, the infectivities of
VSV-MMA in both types of cells were significantly higher than
that of VSV-Musoke or -AAM. These results indicate that
GP2C is critical for the difference in the efficiency of C-type
lectin-mediated entry between VSV-Angola and -Musoke. It
was confirmed that all the chimeric GPs were similarly incor-
porated into virions (Fig. 3D). MA was not clearly detected by
Western blotting. It was most likely due to the lack of the MLR
containing many specific epitopes, resulting in the different
reactivity of polyclonal serum to MA. We further confirmed
that fully functional GPs were incorporated into VSV virions,
since there is no significant difference in the infectivities in
Vero E6 cells among these viruses.

Substitution of an amino acid at position 547 in the GP2
region influences the efficiency of C-type lectin-mediated entry.
There are four different amino acids in GP2C between the An-
gola and Musoke GPs. To identify which amino acid(s) contrib-
utes to the different ability of C-type lectin-mediated entry be-
tween the Angola and Musoke strains, the following eight mutant
GPs that contain single-amino-acid substitutions were con-
structed: four Angola-based mutant GPs (A/HS504T, A/G547V,
A/AS96T, and A/R618K) and four Musoke-based mutant GPs
(M/T504H, M/V547G, M/T596A, and M/K618R) (Fig. 4A).
The infectivity levels of VSVAG* pseudotyped with these mu-
tant GPs in K562/hMGL or K562/DC-SIGN cells were com-
pared (Fig. 4B and C). While the mutations at position 504,
596, or 618 did not affect the infectivity of the respective
viruses in cells expressing the C-type lectins, the infectivities of
VSVAG* pseudotyped with mutant GPs with substitution at
position 547 (VSV-A/G547V and -M/V547G) were clearly
switched (i.e., the relative infectivities of VSV-Angola and
-M/V547A in the C-type lectin-expressing cells were compara-
ble and higher than those of VSV-Musoke and -A/G547V).

(compared to the infectivity of VSV-Musoke in each K562/hMGL or
K562/DC-SIGN cell) by Student’s ¢ test. *, P < 0.05. (D) The amounts
of mutant GPs incorporated within the pseudotyped VSVAG: were
quantitated by using Western blotting of purified virions. Band inten-
sities of MARV GPs and VSV matrix protein were determined, and
their ratios are shown.
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FIG. 4. Infectivity of VSVAG:= pseudotyped with the single-amino-
acid mutant GPs in the C-type lectin-expressing cells. (A) The names
of the MARYV GP mutants and the positions of substituted amino acids
are shown in the schematic. The number of infectious units determined
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dard deviations are shown. Statistical significance was determined
(compared to the infectivity of VSV-Musoke in each K562/hMGL or
K562/DC-SIGN cell) by Student’s ¢ test. *, P < 0.05.

Infectivities of VSV-Angola and -Musoke are reduced in
different manners by cathepsin inhibitors in the C-type lectin-
expressing cells. Because the GP binding affinity for C-type
lectins (i.e., attachment) did not seem essential for the differ-
ent ability levels of C-type lectin-mediated entry between the
Angola and Musoke strains, we then focused on the following
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FIG. 5. Three-dimensional structure of the Angola GP mono-
mer. The crystal structure of EBOV GP (PDB code 3CSY) was used
as a template for homology modeling. GP1 (lime green) and GP2
(dark blue) are shown as ribbon models. Glycine at position 547
(G547, yellow) is shown as a space-filling model. The putative
cathepsin cleavage site (amino acid residues 174 to 197 of Angola
GP, corresponding to amino acid residues 190 to 213 of Zaire
EBOV GP) is colored in red. This figure was prepared using
PyMOL (DeLano Scientific LLC).

steps of viral entry. In EBOV and human coronavirus entry, it
has been reported that proteolysis of GP by cellular endosomal
cysteine proteases cathepsins B and/or L is necessary (4, 23, 24,
37). A three-dimensional model of Angola GP revealed that
glycine at position 547 of Angola GP is presumed to form a 8
strand included in the internal fusion loop and is in close
proximity to the putative cathepsin processing site (Fig. 5) (9,
27). Thus, we hypothesized that the amino acid change at
position 547 affected the efficiency of cathepsin processing,
which might lead to membrane fusion.

To test our hypothesis, VSVAG™* pseudotyped with wild-
type or mutant (A/G547V and M/V547G) GPs was analyzed
by comparing the infectivities of these viruses in Vero E6,
control K562/mock, K562/hMGL, and K562/DC-SIGN cells
pretreated with cathepsin inhibitors (Fig. 6). The infectivi-
ties of all the viruses were reduced by both of the inhibitors
in a dose-dependent manner in all cells tested, suggesting
that the proteolysis of GP by cathepsins B and/or L is also
required for MARYV entry. Interestingly, the infectivities of
VSV-Angola and -M/V547G in K562 cells expressing the
C-type lectins were less effectively reduced by these cathep-
sin inhibitors than those of VSV-Musoke and -A/G547V,
whereas in Vero E6 and K562/mock cells, the differences in
the infectivity at each concentration of the inhibitors were
limited among the viruses. Paired Student’s ¢ test revealed
significant differences (P < 0.01) in the following pairs:
VSV-Angola and -Musoke, VSV-Angola and -A/G547C,
and VSV-Musoke and -M/V547G (Fig. 6C, G, and H). And
in Fig. 6D, the significant differences among these viruses
were observed at a concentration of 10 uM by Student’s ¢
test. The infectivities of VSVAG* pseudotyped with the
other mutant GPs (i.e., VSV-A/HS504T, -A/A596T, -A/
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then infected with VSV-Angola (closed square), -Musoke (closed triangle), -A/G547V (open square), -M/V547G (open triangle) or -VSV G (closed circle). The
number of infected cells, given in DMSO-treated cells, was used to set the 100% infectivity level for each cell type, and the relative infectivity was determined
at each concentration of the inhibitors. All experiments were done in triplicate, and average results and standard deviations are shown.

R618K, -M/T504H, -M/T596A, and -M/K618R) were re- DISCUSSION
duced by these cathepsin inhibitors similar to those of
VSVAG* pseudotyped with the respective wild-type GPs It has been shown that cellular C-type lectins are utilized for

(data not shown). the attachment of several viruses to host cells. hMGL, which
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was originally founded as a macrophage-specific C-type lectin
recognizing galactose/N-acetylgalactosamine, is expressed in
monocyte-derived DCs and macrophages (44), and it was dem-
onstrated that hMGL promoted the infection of EBOV and
MARYV (46). DC-SIGN, which recognizes high-mannose-type
N-glycans and plays an important role in regulating the im-
mune system (53), has also been shown to promote infection by
several viruses (e.g., Ebola, Marburg, human immunodefi-
ciency, hepatitis C, measles, dengue, and influenza viruses) (49,
53). A liver-specific C-type lectin, ASGP-R, which recognizes
galactose in carbohydrate side chains, has been shown to be
exploited for MARV infection of hepatocytes (3) and is
thought to be one of the possible determinants of hepatotro-
pism of MARYV (17). Taken together, increased infection of
these cells expressing C-type lectins and subsequent destruc-
tion of the host immune functions and coagulation system may
be crucial for the pathogenesis of filoviruses. Our previous
study (46) and the present study show that the different abili-
ties used to utilize the C-type lectins among filoviruses to
promote cellular entry might be correlated with the pathoge-
nicities of the viruses. In vivo study may be needed to provide
a direct link between the pathogenicity of MARV and its
ability to use C-type lectins for entry into target cells.

Using deletion mutant GPs, we found that both hMGL and
DC-SIGN principally recognized MLRs. Amino acid compar-
ison between Angola and Musoke GPs indicates that the sim-
ilarity of their MLRs is 86.4% (data not shown). The numbers
of potential O-glycosylation sites vary between Angola and
Musoke GPs (the number of these sites for Musoke GP is less
than the number of these sites for Angola GP), whereas the
potential N-glycosylation sites are relatively conserved, sup-
porting our observation that hMGL, but not DC-SIGN, bound
more efficiently to Angola GP than to Musoke GP in the
lectin-ELISA. However, using chimeric mutant GPs, we
showed that the structure of the MLR itself was not essential
for the different levels of infectivity between VSV-Angola and
-Musoke in K562 cells expressing these C-type lectins, suggest-
ing that the capacity of the GP for binding to C-type lectins
through the MLR (i.e., the glycosylation pattern of MLR) is
not the only factor contributing to the efficiency of C-type
lectin-mediated entry. Indeed, we identified that the amino
acid at position 547 in GP2, but not in the MLR, was critical
for the different efficiency levels of C-type lectin-mediated
entry between VSV-Angola and -Musoke. It is of interest to
confirm the importance of this amino acid in MARYV infection
by using a reverse genetics approach.

In our three-dimensional model, it seemed unlikely that
glycine/valine at position 547 directly influenced the binding to
the putative specific receptors, since substitution of this amino
acid did not affect the infectivity of pseudotyped viruses in
Vero E6 or control K562 cells (data not shown), and this
amino acid was not located around the putative receptor-bind-
ing domain (9, 25). We showed that the effects of cathepsin
inhibitors on the infectivity differ between Angola and Musoke
only in the C-type lectin-expressing cells, and the single-amino-
acid substitution at position 547 altered the effects of cathepsin
inhibitors. However, no significant difference in the suscepti-
bility to cathepsins was seen in direct digestion assays in vitro
using soluble forms of the C-type lectins and purified virions
(data not shown). These results suggest that glycine at position
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547 increases sensitivity of GPs to endosomal cathepsins dur-
ing C-type lectin-mediated entry, but our in vitro digestion
assay did not provide actual conditions for interaction between
GPs and C-type lectins in endosomes. It may be also possible
that when the viruses are internalized to endosomes through
the interaction with C-type lectins, (i) the amino acid at posi-
tion 547 affects the flexibility of the fusion loop and/or the
efficiency of conformational change, and (ii) glycine at position
547 weakens GP1-GP2 interaction, resulting in reduced ca-
thepsin dependence in virus entry, as reported with EBOV GP
(51). It is interesting to clarify how this amino acid contributes
to the intramolecule interaction required for GP functions.

In summary, our data suggest that the efficiency of C-type
lectin-mediated entry of filoviruses is determined not only by
direct interaction between GP and C-type lectins but also by
some mechanisms underlying endosomal entry, such as pro-
teolytic processing, and likely by cathepsins or membrane fu-
sion machinery. Although further investigations are required
to prove our hypotheses, this study provides new insights into
understanding the molecular basis of the C-type lectin-medi-
ated entry of filoviruses, which may have a possible link to their
pathogenicity.
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