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Mannose-binding lectin (MBL) is a serum protein that plays an important role in host defenses as an
opsonin and through activation of the complement system. The objective of this study was to assess the
interactions between MBL and severe acute respiratory syndrome-coronavirus (SARS-CoV) spike (S) glyco-
protein (SARS-S). MBL was found to selectively bind to retroviral particles pseudotyped with SARS-S. Unlike
several other viral envelopes to which MBL can bind, both recombinant and plasma-derived human MBL
directly inhibited SARS-S-mediated viral infection. Moreover, the interaction between MBL and SARS-S
blocked viral binding to the C-type lectin, DC-SIGN. Mutagenesis indicated that a single N-linked glycosylation
site, N330, was critical for the specific interactions between MBL and SARS-S. Despite the proximity of N330
to the receptor-binding motif of SARS-S, MBL did not affect interactions with the ACE2 receptor or cathepsin
L-mediated activation of SARS-S-driven membrane fusion. Thus, binding of MBL to SARS-S may interfere
with other early pre- or postreceptor-binding events necessary for efficient viral entry.

A novel coronavirus (CoV), severe acute respiratory syn-
drome-CoV (SARS-CoV), is the causal agent of severe
acute respiratory syndrome, which afflicted thousands of
people worldwide in 2002 and 2003 (10, 39). SARS-CoV is
an enveloped, single- and positive-strand RNA virus that
encodes four major structural proteins: S, spike glycoprotein
(GP); E, envelope protein; M, membrane glycoprotein; and
N, nucleocapsid protein (46, 55). Similar to other coronavi-
ruses, the S glycoprotein of the virus mediates the initial
attachment of the virus to host cell receptors, angiotensin-
converting enzyme 2 (ACE2) (44) and/or DC-SIGNR
(dendritic cell-specific intercellular adhesion molecule
3-grabbing nonintegrin-related molecule; also CD209L or
L-SIGN[liver/lymph node-SIGN]) (32) and subsequent fu-
sion of the viral and cellular membranes to allow viral entry
into susceptible target cells. The S glycoprotein of SARS-
CoV (SARS-S) is a 1,255-amino-acid (aa) type I membrane
glycoprotein (46) with 23 potential N-linked glycosylation
sites (55). The S glycoproteins of some coronaviruses are trans-
lated as a large polypeptide that is subsequently proteolytically
cleaved into two functional subunits, S1 (harboring the receptor-
binding domain [RBD]) and S2 (containing the membrane fusion
domains) (1, 31, 51), during biogenesis, but others are not. The S
glycoprotein on mature SARS-CoV virions does not appear to be
cleaved (50, 61), but sequence alignments with other coronavirus
S glycoproteins allow definition of S1 and S2 regions (46, 55).
More recently, studies showed the proteolysis of the S glycopro-

tein of SARS-CoV on mature virions by cathepsin L (CTSL) (28,
59), as well as trypsin (43, 61) and factor Xa (11), suggesting that
a critical cleavage event may occur during cell entry rather than
during virion biogenesis.

Mannose-binding lectin (MBL; also known as mannose-
binding or mannan-binding protein [MBP]) is a Ca2�-depen-
dent (C-type) serum lectin that plays an important role in
innate immunity by binding to carbohydrates on the surface of
a wide range of pathogens (including bacteria, viruses, fungi,
and protozoa) (8, 14, 18), where it activates the complement
system or acts directly as an opsonin (30, 40, 52). In order to
activate the complement system, MBL must be in complex
with a group of MBL-associated serine proteases (MASPs),
MASP-1, -2, and -3. Currently, only the role of MASP-2 in
complement activation has been clearly defined (65). The
MBL–MASP-2 complex cleaves C4 and C2 to form C3 con-
vertase (C4bC2a), which, in turn, activates the downstream
complement cascade. MBL is a pattern recognition molecule
(9), and surface recognition is mediated through its C-terminal
carbohydrate recognition domains (CRDs), which are linked
to collagenous stems by a short coiled-coil of alpha-helices.
MBL is a mixture of oligomers assembled from subunits that
are formed from three identical polypeptide chains (9) and
usually has two to six clusters of CRDs. Within each of the
clusters, the carbohydrate-binding sites have a fixed orienta-
tion, which allows selective recognition of patterns of carbo-
hydrate residues on the surfaces of a wide range of microor-
ganisms (8, 14, 18). The concentration of MBL in the serum
varies greatly and is affected by mutations of the promoter and
coding regions of the human MBL gene (45). MBL deficiency
is associated with susceptibility to various infections, as well as
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autoimmune, metabolic, and cardiovascular diseases, although
MBL-deficient individuals are generally healthy (13, 37, 67).

There are conflicting results with regard to the role of MBL
in SARS-CoV infection (29, 42, 72, 73). While the association
of MBL gene polymorphisms with susceptibility to SARS-CoV
infection was reported in some studies (29, 73), Yuan et al.
demonstrated that there were no significant differences in
MBL genotypes and allele frequencies among SARS patients
and controls (72). Ip et al. observed binding to, and inhibition
of, SARS-CoV by MBL (29). However, in other studies, no
binding of MBL to purified SARS-CoV S glycoprotein was
detected (42).

In this study, retroviral particles pseudotyped with SARS-S
and in vitro assays were used to characterize the role of MBL
in SARS-CoV infection. The data indicated that MBL selec-
tively bound to SARS-S and mediated inhibition of viral infec-
tion in susceptible cell lines. Moreover, we identified a single
N-linked glycosylation site, N330, on SARS-S that is critical for
the specific interactions with MBL.

MATERIALS AND METHODS

Mannose-binding lectin. Affinity-purified, �90% pure plasma-derived human
MBL (pdMBL) was obtained from Statens Serum Institute (Copenhagen, Den-
mark). The preparation allowed the partial copurification of MASPs along with
MBL (41).

Recombinant human MBL (rMBL) produced in a mouse myeloma cell line,
NS0, was purchased from R&D Systems, Minneapolis, MN.

Serum samples and measurement of MBL levels in serum. The serum levels
of MBL from 50 anonymous healthy humans (age, 20 to 68; race, Black [B],
Hispanic [H], and Caucasian[C]) (Bioreclamation Inc., Westbury, NY) were
measured by use of a human MBL enzyme-linked immunosorbent assay
(ELISA) kit (Cell Sciences, Inc., Canton, MA) following the manufacturer’s
instructions.

Sera from three healthy male donors (ages of 29, 41, and 21 and races B, H,
and C, respectively) with normal levels of MBL (2.96, 4.03, and 2.33 �g ml�1,
respectively, as determined by ELISA) were pooled as a complement source
(normal human pooled sera [NHPS]). Sera from three healthy MBL-deficient
(below the cutoff 0.1 �g ml�1) male donors (ages of 24, 40, and 23 and races B,
race H, C, respectively) were pooled as a source of MBL-deficient complement
(MBL-deficient pooled sera [MDPS]). To inactive complement, pooled sera
were heat inactivated at 56°C for 30 min.

Plasmids and site-directed mutagenesis. Plasmids encoding S glycoprotein
from SARS-CoV, human ACE2, Ebola virus GP, and vesicular stomatitis virus G
protein (VSV-G), as well as avian sarcoma and leukosis virus (ASLV-A) enve-
lope, have been described previously (20, 59, 61, 63). Hepatitis C virus (HCV)
E1/E2 envelope was human codon optimized and synthesized based on the H77
published sequence and subcloned into pCAGGS.

To mutate the N-linked glycosylation sites of SARS-CoV S glycoprotein from
Asn to Gln, a QuikChange site-directed mutagenesis system (Stratagene, La
Jolla, CA) with Pfu Turbo DNA polymerase was used. Reactions were per-
formed using pCDNA3.1 SARS-CoV S. The primer sequences were designed as
previously described (23). All of the mutations were verified by sequencing and
subcloned into pCAGGS.

Plasmid pNL4-3 Luc-R� E� (pNL-luc) encodes a replication-incompetent
variant of the HIV-1 molecular clone NL4-3, in which the nef gene has been
replaced by a firefly luciferase (luc) reporter, and the env and vpr genes were
inactivated, as previously described (6). Similarly, pNL-gfp was constructed with
replacement of the nef gene with the gfp reporter.

The DC-SIGN (CD209) and DC-SIGNR [collectively referred to as DC-
SIGN(R)] lectin expression plasmids have been described previously (60).

Cell lines and reagents. The human primary embryonic kidney cell line (293T)
and the Huh-7.5 cell lines were obtained from the ATCC and Apath LLC,
respectively, and were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS)
and antibiotics. Vero E6 cells (Collection of Cell Lines in Veterinary Medicine,
Friedrich Loeffler Institute, Insel Riems, Germany; kindly provided by G. Her-
rler, Hannover, Germany) were maintained and grown in DMEM containing
10% fetal calf serum (FCS; PAA, Pasching, Austria), 1 mM glutamine (PAA), 1

mM sodium pyruvate (PAA), 1% nonessential amino acids (PAA), 100 U/ml
penicillin (PAA), and 100 �g/ml streptomycin (PAA). A HeLa/Tva cell line
cultured in DMEM supplemented with 5% heat-inactivated FBS was produced
by using pcDNA6-Tva and selection with blasticidin. The B-THP cell line ex-
pressing DC-SIGN and control DC-SIGN-negative parental cells was obtained
through the AIDS Research and Reference Reagent Program (NIH, Rockville,
MD) and grown in RPMI 1640 medium supplemented with 10% heat-inactivated
FBS and antibiotics. T-REx cell lines, expressing DC-SIGN or DC-SIGNR, were
grown in medium containing DMEM, 10% heat-inactivated FBS, zeocin (50 �g
ml�1), and blasticidin (2.5 �g ml�1) as described previously (53). The T-REx
parental cells were maintained in medium containing DMEM, 10% heat-inacti-
vated FBS, and blasticidin (2.5 �g ml�1). Lectin expression was induced by
addition of doxycycline (0.1 �g ml�1) to the medium. DC-SIGN(R) expres-
sion levels were verified by flow cytometry and Western blotting. The cells
were seeded into 96-well plates 24 h before assays. All cells were grown at
37°C in 5% CO2.

DMEM, FBS, glutamine, and antibodies were obtained from Gibco Labora-
tories (Grand Island, NY). Antibodies for DC-SIGN(R) were obtained through
the AIDS Research and Reference Reagent Program (NIH, Rockville, MD).
The human anti-SARS-S antibody, 80R, was kindly provided by Wayne Marasco
(Harvard Medical School). Rabbit anti-SARS-CoV S1 was raised by immunizing
rabbits with a purified immunoadhesin fusion protein between S1 and the rabbit
IgG heavy chain constant region.

Pseudotype production and Western blotting. Pseudotyped viruses were gen-
erated by cotransfecting 293T cells with 30 �g of Env-encoding plasmid or ACE2
and 10 �g of plasmid pNL-luc or pNL-gfp per 10-cm dish by using calcium
phosphate in the presence or absence of 1.0 mM mannosidase I inhibitor,
deoxymannojirimycin (DMJ) (Calbiochem, San Diego, CA). Dual-envelope-ex-
pressing virions were made by transfecting cells with 10 �g of pNL-gfp, 15 �g of
pCB6 ASLV-A envelope, and 20 �g of pCAGGS SARS-CoV S [termed HIV-gtp
(SARS-S/ASLV-A)]. The next day, expression was induced with sodium butyrate
(10 mM). Forty hours after transfection, the supernatant was filtered through a
0.45-�m-pore-size screen and then purified by ultracentrifugation (28,000 rpm in
an SW28 rotor; Beckman) over a 20% sucrose cushion and stored at �80°C as
aliquots (56). The amount of virus was assessed with a p24 antigen capture
ELISA (Aalto Bio Reagents Ltd., Dublin, Ireland).

To measure the expression of wild-type or mutant S glycoproteins of SARS-
CoV, the pseudoviruses with wild-type or mutant S glycoproteins were lysed, and
protein bands were separated onto 3 to 8% Criterion XT Tris-acetate gels
(Bio-Rad, Hercules, CA) with Tris-Tricine-SDS running buffer. Protein expres-
sion was verified with Western blot analysis with rabbit anti-SARS-S antiserum
(1:200), followed by Alexa Fluor 488 goat anti-rabbit antibody (Invitrogen, Carls-
bad, CA), and protein bands were visualized with a Molecular Dynamics Storm
860 imaging system in blue fluorescence mode.

Pseudotyped virus binding assay. For the MBL binding assay, flat-bottomed,
96-well high-binding polystyrene plates (Costar, Corning, NY) were coated with
100 �l of bovine serum albumin (BSA), rMBL (10 �g ml�1 in most experiments),
or pdMBL (0.1, 0.3, 1, 3, and 10 �g ml�1) diluted in veronal-buffer (Lonza,
Rockland, ME) containing 10 mM CaCl2 (VBS-Ca). After overnight incubation
at 4°C, wells were blocked with 2% BSA for 60 min at room temperature, washed
with VBS-Ca, and incubated for 4 h with 100 �l of different pseudotyped viruses
(100 ng of p24 ml�1 in most experiments) diluted in VBS-Ca. Wells were then
washed with VBS-Ca, bound viruses were lysed with Tris-buffered saline (TBS) with
0.5% Empigen BB detergent (Calbiochem, San Diego, CA), and p24 was detected
by p24 ELISA. The percentage of p24 bound for each virus was calculated as follows:
percentage of p24 antigen bound � [(p24 bound in rMBL/pdMBL-coated wells �
background binding to BSA-coated wells)/(input p24)] � 100.

Similarly, for the virus binding assays with anti-S antiserum, 96-well high-binding
polystyrene plates were coated with 100 �l of rabbit anti-S antiserum (1:200) or
rabbit preimmune serum (1:200) diluted in VBS-Ca buffer, and the percentage of
p24 bound for each virus was calculated as follows: percentage of p24 antigen
bound � [(p24 bound in rabbit anti-S antiserum-coated wells � background
binding to rabbit preimmune serum-coated wells)/(input p24)] � 100.

Inhibition of the infectivity of pseudotyped viruses by MBL. Pseudotyped
viruses were incubated with pdMBL or rMBL (0.1, 0.3, 1, 3, or 10 �g ml�1)
diluted in phosphate-buffered saline containing CaCl2 (PBS/�) at 37°C for 1 h.
In some experiments, pseudoviruses were incubated with pdMBL (3 �g ml�1)
diluted in PBS/� buffer (PBS without CaCl2) containing 20 mM EDTA, PBS/�
buffer with monoclonal anti-human MBL antibody (1.5 or 6 �g ml�1; R&D
Systems), or PBS/� buffer with mouse IgG2A (1.5 or 6 �g ml�1; R&D Systems)
at 37°C for 1 h. Treated virus (100 �l) was transferred to 48-well flat-bottomed
culture plates containing 7 � 104 cells per well, as follows: 293T cells expressing
ACE2 (293T-ACE2) and Huh7.5 cells for pseudotyped viruses bearing SARS-
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CoV S, 293T or 293T-ACE2 cells for pseudotyped viruses with VSV-G or Ebola
virus envelope glycoprotein, and Huh7.5 cells for pseudotyped viruses with HCV
E1/E2. Plates were centrifuged at 1,000 � g for 1.5 h at 25°C to facilitate
infection (61) and then incubated for 4 h at 37°C. The virus-MBL mixture was
replaced with fresh medium, and cells were harvested and lysed in 0.5% Triton
X-100 after 40 h of culture. The luciferase activities in cells were detected with
reagents from Promega (Madison, WI), and the percentage of infection calculated.

Inhibition of the infectivity of live SARS-CoV by MBL with a plaque reduction
assay. The SARS-CoV strain Frankfurt-1 (10, 64, 66) was used in infection
experiments. Virus titer was determined by plaque titration using an Avicel
overlay as described previously (48). For plaque reduction assays, Vero E6 cells
were seeded into 24-well tissue culture plates. Virus dilutions containing 50 PFU
were prepared in DMEM and mixed with MBL, anti-MBL antibody, or PBS in
triplicates. The total volume of each mixture was 200 �l, and mixtures were
incubated at 37°C for 1 h. Cells were washed once with PBS, and virus dilutions
were added. After 1 h of adsorption at 37°C, the supernatant was removed, and
cells were overlaid with Avicel-containing medium. Following 48 h of incubation
at 37°C, cells were fixed in 4% paraformaldehyde (Roth, Germany), and plaques
were visualized by staining with crystal violet and counted thereafter.

Binding and transmission of pseudotyped virus by DC-SIGN. Virus
pseudotyped with SARS-CoV S glycoprotein was preincubated with pdMBL (0 to 10
�g ml�1) for 1 h at 37°C before incubation with 1 � 105 DC-SIGN� or DC-SIGN�

parental B-THP cells for 3 h at 37°C. Cells were washed and lysed with detergent
(0.5% Empigen BB), and cell-bound virus was measured by p24 antigen ELISA.
Binding of pseudotyped viruses to DC-SIGN was calculated as follows: p24-antigen
bound to DC-SIGN� B-THP1 cells minus p24 antigen bound to DC-SIGN� B-THP
cells. The percentage of p24 bound for each virus was calculated as follows: per-
centage of p24 antigen bound � [(p24 bound in DC-SIGN� B-THP1 cells � p24
bound in DC-SIGN� B-THP cells)/(input p24)] � 100.

The transmission analyses were carried out as described previously (4). Briefly,
viruses pseudotyped with SARS-CoV S glycoprotein were preincubated with
different concentrations of pdMBL (0 to 10 �g ml�1) or with mannan (100 �g
ml�1; Sigma-Aldrich, Germany) and monoclonal anti-human MBL antibody (10
�g ml�1) or PBS for 1 h at 37°C. Subsequently, 5 � 104 DC-SIGN� or DC-
SIGN� B-THP cells were incubated with the pretreated viruses for 3 h at 37°C,
and unbound virus was removed by washing twice with fresh medium. Cells were
then incubated with 293T-ACE2 target cells, and luciferase activities in cellular
lysates were determined 3 days after the start of the cocultivation by employing
a commercially available system (Promega, Germany).

Complement neutralization of pseudotyped viruses. Pseudotyped viruses were
incubated with dilutions of NHPS, MDPS, or heat-inactivated sera at 37°C for
1 h. Treated viruses (100 �l) were transferred to 48-well flat-bottomed culture
plates containing 7 � 104 293T-ACE2 cells per well, spin infected, and incubated
for 4 h at 37°C. The virus-complement mixture was replaced with fresh medium,
and cells were harvested after 40 h of culture. Luciferase activity in cells was
measured, and the percentage of neutralization was calculated.

Binding of pseudotyped viruses or S1-Ig to ACE2. Viruses pseudotyped with
SARS-CoV wild-type or mutant S envelope glycoproteins were preincubated
with pdMBL (0, 1.0, and 10 �g ml�1) or 80R antibody (5 �g ml�1) in VBS-Ca
buffer for 1 h at 37°C before incubation with recombinant human ACE2 (2 �g
ml�1; R&D Systems) or BSA-coated 96-well high-binding polystyrene plates for

4 h at room temperature. Wells were washed with VBS-Ca, bound viruses were
lysed with TBS with 0.5% Empigen BB detergent, and p24 was detected by p24
ELISA. The percentage of p24 bound for each virus was calculated as follows:
percentage of p24 antigen bound � [(p24 bound in ACE2-coated wells � back-
ground binding to BSA-coated wells)/(input p24)] � 100. Similar assays were
assessed with purified soluble protein containing the predicted SARS-CoV S1
region fused to the Fc region of rabbit immunoglobulin (S1-Ig; 0.5 �g ml�1), and
an Ebola virus envelope glycoprotein-Ig fusion (Ebola GP1-Ig) was used as a
negative control. Binding of S1-Ig was detected using a goat-anti-rabbit Ig anti-
body conjugated to alkaline phosphatase (AP), followed by a chemiluminescent
substrate for AP activity. Immunoglobulin fusion proteins were made by tran-
sient expression in 293T cells, followed by protein A purification from the
resulting supernatant.

Intervirion fusion. The intervirion fusion assays were carried out as previously
described (59). Pseudovirus incorporating ACE2 [HIV-luc(ACE2)] (500 ng of
p24) was mixed with 1,000 ng of p24 of HIV-gfp (SARS-S/ASLV-A) particles in
HBSS buffer at 4°C for 30 min to allow binding. For first-step MBL inhibition
assays, MBL was added to the virus mixture (final concentration, 50 �g ml�1 or
100 �g ml�1) at the same time. Samples were raised to 37°C for 15 min to allow
for receptor-induced conformational rearrangements. Tosylsulfonyl phenylalanyl
chloromethyl ketone (TPCK)-trypsin (final concentration, 15 �g ml�1), recom-
binant human CTSL (final concentration, 50 �g ml�1; R&D Systems), MBL
(final concentration, 50 �g ml�1), or a CTSL-MBL mixture (final concentration,
50 �g ml�1 each; used for second-step MBL inhibition) was then added. Re-
combinant CTSL was preactivated by incubation for 15 min at 250 �g ml�1 in 50
mM morpholineethanesulfonic acid (MES), 5 mM dithiothreitol (DTT), pH 6.0,
on ice. Virions incubated with CTSL were adjusted to pH 6.0 with HCl. After a
30-min incubation at 25°C, proteolysis was halted by the addition of 300 �l of
DMEM containing leupeptin (100 �g ml�1) and soybean trypsin inhibitor (STI;
50 �g ml�1). For the third-step MBL inhibition assays, MBL (final concentra-
tion, 50 �g ml�1) was added to the mixture at this step. Virions were then
incubated at 37°C for 30 min to allow membrane fusion between the two types of
virions. A total of 100 �l of the virion mixture was added in quadruplicate to
HeLa/Tva cells pretreated for 1 h with leupeptin (100 �g ml�1). The cells were
spin infected and incubated at 37°C for 5 h. The medium was replaced with fresh
DMEM, and the cells were assayed for luciferase activity 40 h later.

RESULTS

Binding of pseudotyped viruses to MBL. To determine
whether SARS-S directly interacts with MBL, a microtiter cap-
ture assay was developed. HIV particles pseudotyped with no
envelope protein (no Env), or envelope glycoprotein(s) from
SARS-CoV, VSV, HCV, or Ebola virus were incubated in
MBL-coated 96-well plates. The binding of the pseudotyped
virus to MBL was assessed by lysing the virus with detergent
and measuring released p24 core protein by ELISA (Fig. 1A).
HIV particles lacking a viral envelope glycoprotein (no Env) or

FIG. 1. Binding of pseudotyped viruses to mannose-binding lectin. Pseudovirions were bound to plates coated with various concentrations of
pdMBL (A) or 10 �g ml�1 of rMBL (B). The binding of the pseudotyped virus to MBL was assessed by lysing the virus with detergent and
measuring released p24 core protein by ELISA. The data are presented as percentage of recovered p24 antigen bound � standard deviations. A
single experiment carried out in triplicate is presented. Similar results were obtained in three independent experiments.
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pseudotyped with VSV-G gave negligible binding to pdMBL
(�0.5% of input), while HIV particles containing SARS-CoV,
Ebola virus, and HCV envelope glycoproteins showed various
levels of enhanced binding to pdMBL (5.5 to 13.4% of input
with 10 �g ml�1 of pdMBL). While these results may imply
differences in affinities for MBL, the variation in levels of
binding may be also due to variations in the efficiency of en-
velope incorporation into pseudovirions. Similar results were
observed for rMBL (Fig. 1B) although lower maximal levels of
binding occurred for all envelopes.

Inhibition of the infectivity of SARS-S-bearing pseudovi-
ruses and live SARS-CoV by MBL. To investigate whether the
binding of pseudotyped viruses to MBL could inhibit viral
infectivity, we next examined the pseudovirion infection of
different target cells (293T-ACE2 and Huh7.5 cells for
SARS-S pseudoviruses, 293T or 293T-ACE2 cells for VSV
and Ebola virus pseudoviruses, and Huh7.5 cells for HCV
pseudoviruses). Preincubation of SARS-S pseudovirions with
either pdMBL or rMBL resulted in a significant dose-depen-
dent reduction of infectivity for both 293T-ACE2 and Huh7.5
cells (Fig. 2A and B), with 35 to 45% inhibition at 0.1 �g ml�1

and 60 to 70% inhibition at 3 or 10 �g ml�1 pdMBL (Fig. 2A,
B, and C). rMBL was consistently slightly less potent than
pdMBL in multiple experiments, even when concentrations
were carefully equalized using a quantitative MBL ELISA
based on mannan binding (Cell Sciences, Inc., Canton, MA).
Interestingly, even physiologically unobtainable high concen-
trations of MBL could not reduce infection to background
levels (data not shown), suggesting that a subset of virions does
not interact correctly with MBL to allow inhibition. In contrast,

no inhibition of viral infection was detected with VSV, Ebola
virus, and HCV pseudoviruses (Fig. 2A and B). The results
were highly reproducible, and the inhibition of the SARS-S
pseudovirus infection by pdMBL could be abrogated by incu-
bation of the virus with pdMBL (3 �g ml�1) in the presence of
20 mM EDTA in order to disrupt the calcium-dependent lectin
(Fig. 2C). Similarly, incubation of the viral inoculum with
pdMBL (3 �g ml�1) together with a monoclonal anti-human
MBL antibody at 6 �g ml�1 completely abrogated inhibition
(Fig. 2C). In controls, incubation of the viral inoculum with
pdMBL with nonspecific mouse IgG2A (1.5 or 6 �g ml�1) did
not affect the inhibition of the viral infection by pdMBL (with
�60% inhibition observed) (data not shown). These results
indicated that the specific interactions between MBL and
SARS-S resulted in inhibition of virus infection in cell lines and
that the interaction was calcium dependent and MBL antibody
inhibitable. Similar inhibition assays were carried out with live
SARS-CoV strain Frankfurt-1 using a plaque reduction assay.
As shown in Fig. 2D, both pdMBL and rMBL inhibited virus
infection and plaque formation in Vero E6 cells in a dose-
dependent manner. While SARS-S pseudovirions demon-
strated only a small increase in potency for pdMBL compared
to rMBL (Fig. 2A), a greater effect was seen with replication-
competent virus, with �80% inhibition with 5 �g ml�1 pdMBL
versus �50% inhibition with 25 �g ml�1 rMBL. It is possible
that the multiple rounds of infection required for plaque for-
mation amplified the marginal difference in potency observed
for pdMBL in single-round pseudotype assays or that this dif-
ference was due to technical differences between the two as-
says. The differences between abilities of pdMBL and rMBL to

FIG. 2. Inhibition of the infectivity of SARS-S pseudoviruses and live SARS-CoV by mannose-binding lectin. Pseudoviruses preincubated with
pdMBL or rMBL were added to 293T-ACE2 cells (A), and pseudoviruses preincubated with pdMBL were added to 293T-ACE2 and Huh7.5 cells
for SARS-S pseudoviruses, 293T cells for VSV and Ebola virus pseudoviruses, and Huh7.5 cells for HCV pseudoviruses (B). The percentage of
infection of no-MBL controls � standard deviations is presented for a single experiment carried out in triplicate. Similar results were obtained in
three independent experiments. (C) SARS-S pseudoviruses were incubated with pdMBL (3 �g ml�1) in the presence of either Ca2�, EDTA, or
anti-human MBL antibody (1.5 or 6 �g ml�1), and infectivity was detected in 293T-ACE2 cells. (D) pdMBL and rMBL inhibition assays were
carried out with live SARS-CoV strain Frankfurt-1 using a plaque reduction assay in Vero E6 cells. Following 48 h of incubation at 37°C, cells were
fixed, and plaques were visualized by staining with crystal violet. Numbers in parentheses indicate the concentrations of pdMBL and rMBL (in
�g/ml). The percentage of infection of no-MBL controls � standard deviations is presented for a single experiment carried out in triplicate. Similar
results were obtained in a further experiment. Ab, antibody.
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inhibit SARS-CoV suggest either a role for the MBL-associ-
ated proteins found in pdMBL or a small role for other non-
MBL-associated serum proteins contaminating the nonrecom-
binant version.

MBL blocks binding of SARS-CoV to DC-SIGN. Previous
studies have shown that SARS-S binds to the cell surface
lectins DC-SIGN and DC-SIGNR (47, 69) and results in en-
hanced infectivity. The majority of binding to DC-SIGN(R) is
mediated through recognition of the same high-mannose moi-
eties that bind MBL. Thus, we next evaluated the capability of
pdMBL to block binding of SARS-S pseudotyped particles to
cells expressing DC-SIGN. As expected, SARS-S pseudotypes
bound at dramatically higher levels to DC-SIGN-expressing
B-THP cells than to parental B-THP cells, while pseudotyped
particles with no envelope protein gave only background levels
of binding (Fig. 3A). Preincubation of SARS-S pseudotypes
with concentrations of pdMBL as low as 0.1 �g ml�1 reduced
virus binding by �30% (Fig. 3A). However, addition of larger
amounts of pdMBL increased inhibition of binding only mar-
ginally, with up to �50% inhibition at 10 �g ml�1 (Fig. 3A).
Similarly, transmission of SARS-S bearing pseudotypes from
DC-SIGN-expressing B-THP cells to target 293T-ACE2 cells
could be partially, but nevertheless statistically significantly,
inhibited by pdMBL in a dose-dependent manner, with 10 �g
ml�1 of pdMBL leading to a 5-fold reduction in levels of
transmission. This inhibition did not match the levels of inhi-
bition seen by competing with the carbohydrate, mannan. Nev-
ertheless, an antibody directed to human MBL fully reversed
the inhibition (Fig. 3B). These data demonstrated that MBL
binds to virus pseudotyped with SARS-S and at least partially
blocks interactions between S glycoprotein and DC-SIGN.
Thus, MBL and DC-SIGN may recognize a distinct, but highly
overlapping, set of high-mannose moieties on SARS-S.

Complement-mediated virus neutralization of pseudotyped
viruses. The above experiments indicated that MBL binds to
SARS-S on the surface of pseudoviruses and could directly
neutralize virus infection in different cell lines. However, for
several viruses, MBL can also indirectly neutralize infectivity
by complement fixation (33, 34). Thus, we next determined
whether the lectin complement pathway was activated. Two

pools of sera were used as sources of complement in neutral-
ization assays: NHPS, a pool of sera from three individuals
with normal levels of serum MBL, and MDPS, a pool of sera
from three individuals deficient in serum MBL.

Neutralization of virus pseudotyped with VSV glycoprotein
by serum was assessed as a positive control due to the presence
of naturally occurring antibodies in human serum capable of
directing complement lysis of VSV-G-positive particles (2, 7).
Both NHPS and MDPS at low dilutions (1:2 and 1:4) signifi-
cantly neutralized VSV pseudovirus particles compared with
heat-inactivated NHPS and MDPS (Fig. 4A). When expressed
as a percentage, virus neutralization was 61 and 68% at 1:2 and
1:4 dilutions of NHPS, respectively (Fig. 4B). MDPS neutral-
ization of the virus was at levels similar to those of NHPS
(Fig. 4B).

SARS-S pseudotypes were also neutralized by NHPS, with
40 and 52% neutralization with 1:2 and 1:4 dilutions of NHPS,
respectively (Fig. 4C). However, MDPS was significantly less
effective in neutralizing the virus (2.3% neutralization at a 1:2
dilution and 0.6% at a 1:4 dilution, respectively) (Fig. 4C). To
confirm that MBL plays a role in directing complement lysis of
the SARS-S pseudotyped virus, we assessed the effect on neu-
tralization of reconstituting the lectin complement pathway in
MDPS by adding exogenous MBL. Even the addition of very
low concentrations of pdMBL (0.05 �g ml�1) to MDPS signif-
icantly neutralized the pseudovirus compared with MDPS
alone (Fig. 4D). This level of neutralization was greater than
that seen with the same concentrations of MBL in comple-
ment-deficient assays (P � 0.02) but not dramatically so. Thus,
MBL-directed complement lysis of SARS-CoV occurs, but it is
not clear how important this feature is, and further investiga-
tion would require the separation of the binding and neutral-
ization effects.

Specific glycosylation sites are critical for MBL and SARS-
CoV interaction. Previous studies have shown that glycans on
the S glycoprotein of SARS-CoV are important for DC-
SIGN(R)-mediated infection, and site-directed mutagenesis
analysis has identified several individual glycosylation sites di-
rectly involved in DC-SIGN(R)-mediated virus binding and
entry (23, 58). Since MBL binds to virus pseudotyped with

FIG. 3. MBL blocks binding of SARS-CoV with DC-SIGN. (A) Virus pseudotyped with SARS-S or particles with no envelope protein (no Env)
were preincubated with pdMBL (0 to 10 �g ml�1) before incubation with DC-SIGN� or parental B-THP cells. Cells were washed and lysed, and
cell-bound virus was measured by p24 ELISA. Binding of pseudotyped viruses to DC-SIGN � standard deviations was calculated as follows: p24
bound to DC-SIGN� B-THP cells minus p24 bound to DC-SIGN� parental B-THP cells. A single experiment carried out in triplicate is shown.
Similar results were obtained in three independent experiments. (B) Transmission of the bound SARS-CoV pseudotypes to target 293T-ACE2
cells. Numbers in parentheses indicate the concentrations of MBL and mannan (in �g/ml). Differences with or without 0.1 �g ml�1 purified pdMBL
were analyzed by pairwise t tests (*, P � 0.02). Ab, antibody.
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SARS-S and blocks S glycoprotein interaction with DC-SIGN,
glycans on SARS-S are most likely to be the binding targets for
MBL. We further investigated the role of glycosylation sites on
S glycoprotein of SARS-CoV for MBL interaction by mutagen-
esis analysis.

There are 23 potential asparagine (N)-linked glycosylation
sites on SARS-S, and glycosylation at 13 of these sites (aa 118,
119, 227, 269, 318, 330, 357, 783, 1056, 1080, 1140, 1155, and
1,176) has been confirmed by either mass spectrometric (38,
71) or biochemical (5) analyses. On the linear map of S glyco-
protein (Fig. 5A), these sites have been grouped into three
distinct clusters: cluster I at the N terminus, cluster II near the
border between the S1 and S2 regions, and cluster III at the C
terminus (23). Four individual N-linked glycosylation sites (aa
227, 330, and 357 in cluster I and aa 589 in cluster II) have been
described to be involved in DC-SIGN(R)-mediated virus entry
(23, 58) and, thus, were selected for our study of MBL and
SARS-CoV interactions. Five mutant SARS-S pseudoviruses
were generated with mutations of the asparagine (N) residues
to glutamines (Q) at the four sites: N227Q, N330Q, N357Q,
and N589Q. As MBL directly inhibits SARS-CoV entry and as
residues 330 and 357 lie within the RBD of S glycoprotein, it
was hypothesized that MBL binding to aa 330 and 357 might be
directly responsible for inhibition, and thus the double mutant
N330Q N357Q was also made. The normal expression of mu-
tant SARS-S on the pseudoviruses was confirmed by Western
blot analyses with rabbit anti-S antiserum (Fig. 5B), and the

binding of these mutant SARS-S pseudoviruses to the rabbit
anti-S antiserum was comparable to that of the wild-type
pseudovirus (Fig. 5C, inset). As shown in Fig. 5C, three of the
mutant pseudoviruses (N227Q, N357Q, and N589Q) exhibited
nearly wild-type levels of rMBL binding (�7 to 8% of input).
In contrast, N330Q and the N330Q N357Q double mutation
exhibited significant reduction in their abilities to bind to
rMBL, with binding of only �0.5% of input. To further char-
acterize the effects of the five mutant pseudoviruses on virus
infectivity and MBL-mediated viral infection neutralization,
infectivity on ACE2-expressing 293T cells was compared with
that of the wild-type SARS-S pseudovirus. All of the mutant
pseudoviruses exhibited nearly wild-type levels of infectivity in
293T-ACE2 cells (Fig. 5D, inset). In the MBL-mediated viral
infection neutralization assay, three of the mutant pseudovi-
ruses (N227Q, N357Q, and N589Q) exhibited nearly wild-type
pdMBL inhibition patterns, with 35 to 45% inhibition at 0.1 �g
ml�1 and 70 to 80% inhibition at 3 or 10 �g ml�1 pdMBL (Fig.
5D). However, with the N330Q and the N330Q N357Q double
mutation, no clear pdMBL inhibition was detected at 0.1 �g
ml�1, and only �30 to 40% inhibition was detected at 3 or 10
�g ml�1 pdMBL (Fig. 5D). Thus, MBL interactions with
SARS-S appear to be very specifically mediated by an N-glycan
within the RBD at position 330. However, some residual bind-
ing and inhibitory capacity likely reside outside this region as
some levels of inhibition were observed, even with the N330Q
N357Q double mutant.

FIG. 4. Complement-mediated neutralization of pseudotyped viruses. Pseudotyped viruses were incubated with 1:2 or 1:4 dilutions of pooled
sera from either NHPS, MDPS, or heat-inactivated pooled sera of these two sources (HINHPS and HIMDPS, respectively). Treated viruses (100
�l) were then incubated with 293T-ACE2 cells. After 40 h, luciferase activity in cells was measured, and the percentage of neutralization �
standard deviations is presented for a single experiment carried out in triplicate. Raw luciferase values for no-serum controls are also presented.
Similar results were obtained in three independent experiments. (A) Comparison of VSV-G luciferase activity in cells. A comparison of the percent
neutralization of VSV-G (B) and SARS-S (C) pseudotyped viruses by NHPS and MDPS is also shown. (D) SARS-S pseudotyped viruses were
incubated alone (0) or with a 1:4 dilution of MDPS and with or without 0.05 �g ml�1 purified pdMBL. Differences were analyzed by pairwise t
tests (P � 0.02).
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Enhanced MBL binding and neutralization of SARS-S
pseudovirions containing high-mannose-type N-glycans. To
better understand the specific interaction between SARS-S
and MBL at the N-linked glycosylation site at position 330 and
to test the hypothesis that N-linked glycosylation sites of S
glycoprotein are important for virus interaction with MBL, we
manipulated the carbohydrate composition of SARS-S by us-
ing a mannosidase I inhibitor, deoxymannojirimycin (DMJ),
generating proteins containing only high-mannose content
(36).

Production of wild-type and N330Q mutant SARS-S
pseudoviruses in the presence of DMJ significantly enhanced
binding of the pseudoviruses to rMBL (Fig. 6A) and resulted
in increased MBL neutralization of the N330 mutant in ACE2-
expressing 293T cells (Fig. 6B). Similar results were obtained

with the N330Q N357Q double mutant pseudoviruses (data
not shown). However, the levels of increased MBL binding
and neutralization of the N330Q and N330Q N357Q double
mutant pseudoviruses through DMJ treatment were still
lower than those of the wild-type SARS-CoV (Fig. 6). These
results indicated that while the DMJ-induced changes in the
glycosylation pattern of SARS-S strengthened virus interac-
tions with MBL, the specific interaction between S glycop-
rotein and MBL at the aa 330 glycosylation site is important
for inhibition.

Effects of MBL on virus interaction with ACE2 receptor.
The presence of N330 within the RBD of SARS-S led us
to determine whether the virus-MBL interaction affected
SARS-S binding to ACE2. However, preincubation of pdMBL
with either virus pseudotyped with SARS-S or with purified

FIG. 5. Specific glycosylation sites are critical for MBL and SARS-CoV interaction. (A) A schematic diagram of SARS-CoV S glycoprotein.
Functional S1 and S2 domains, receptor-binding domain (RBD) and receptor-binding motif (RBM), heptad repeat regions HR1 and HR2,
transmembrane domain TM, three clusters of potential N-linked glycosylation sites (I, II, and III), and four glycosylation sites used to make site
mutations are indicated. (B) Western blot analysis of wild-type (WT) or mutant S glycoprotein expression performed under reducing and
denaturing conditions and detected using rabbit anti-SARS-S antiserum. (C) Effects of glycosylation site mutations of SARS-S on binding of
pseudotyped viruses to rMBL-coated plates (10 �g ml�1) (main panel) or rabbit anti-SARS S antiserum-coated plates (inset). The data are
presented as the percentage of recovered p24 antigen bound � standard deviations. (D) Effects of glycosylation site mutations on ACE2-mediated
SARS-S pseudovirus infectivity (inset) or MBL-mediated inhibition (main panel). The percentage of infection � standard deviations for a single
experiment carried out in triplicate is presented. Similar results were obtained in three independent experiments.
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soluble protein containing the predicted SARS-CoV S1 region
fused to rabbit immunoglobulin Fc (S1-Ig) had no effect on
SARS-S mediated binding to ACE2 (Fig. 7A and B). In con-
trast, a significant reduction of ACE2 binding was observed in
both assays using the neutralizing antibody 80R (Fig. 7A and
B). These results indicated that virus binding by MBL did not
affect its interaction with ACE2.

Effects of MBL on cathepsin L-mediated viral proteolysis.
SARS-CoV infectious entry proceeds via a four-step process:
receptor binding and induced conformational changes in
SARS-S, followed by virus uptake into endosomes and prote-
olysis of SARS-S by the endosomal protease cathepsin L
(CTSL) (59), and finally membrane fusion. Since SARS-CoV
interactions with MBL did not affect virus binding to ACE2, we
hypothesized that the inhibition of viral infection could be due
to the MBL effects on one of these postreceptor-binding
events. To find out at which step MBL may play a role, inter-
virion fusion assays were performed as depicted in Fig. 7C.
Briefly, HIV-luc(ACE2) and HIV-gfp(SARS S/ASLV-A) par-
ticles were mixed to allow viral binding to receptors and con-
formational rearrangement. Proteases such as trypsin or CTSL
were then added. The mixed virus was used to infect HeLa/Tva
cells pretreated with leupeptin in order to prevent cellular
proteases mediating any effects. For our purpose, pdMBL or
rMBL was added to the mixture at three different steps: step
one, addition during the initial viral interactions; step two,
addition with CTSL; and step three, addition after proteolysis
(Fig. 7D, S1, S2, and S3, respectively). As expected, treatment
of mixed HIV-luc(ACE2) and HIV-gfp(SARS-S/ASLV-A)
particles with CTSL at pH 6.0 or with trypsin mediated inter-
virion fusion (Fig. 7D). In contrast, pdMBL alone did not
increase intervirion fusion (Fig. 7D), suggesting that the MBL-
associated serine proteases (MASPs) cannot mimic trypsin ac-
tivation of S glycoprotein. Reduced levels of CTSL-mediated
activation of membrane fusion was observed in the presence of
high concentrations of pdMBL at the first step (Fig. 7D, S1,
whereas no clear reduction of CTSL-mediated intervirion fu-
sion with addition of MBL at the second or third steps was
observed (Fig. 7D, S2 and S3). These results indicate that
binding of MBL to SARS-S may interfere with an early step in
postreceptor interactions during viral entry.

DISCUSSION

To date, the precise role of MBL in SARS-CoV infections is
unclear and controversial (29, 42, 72, 73). In the present study,
we demonstrated that MBL selectively binds to SARS-CoV
pseudotyped virus and can potently inhibit SARS-CoV infec-
tion of susceptible cell lines at concentrations below those
observed in the serum of healthy individuals.

Mannose-binding lectin is a serum protein produced in the
liver that plays an important role for host defenses through
activation of the complement system or acts directly as an
opsonin (30, 40, 52). Although no detectable MBL mRNA was
found in lung tissue by real-time quantitative PCR (57), a
number of studies have showed the presence of MBL in bron-
choalveolar lavage (BAL) fluid of patients with pneumonia but
not in healthy controls, whose lungs were not inflamed (12, 17,
21). A number of studies have shown a role for MBL in the
infection and pathogenesis of several human viral pathogens,
including HIV (24, 25, 27) and Ebola virus (34). A large num-
ber of studies have also linked hepatitis B and C persistence
and disease progression to MBL polymorphisms (reviewed in
reference 3). As far as we are aware, this present study is the
first to demonstrate a direct interaction between HCV E1/E2
glycoprotein and MBL and may thus begin to present a ratio-
nale for the role of MBL in HCV disease.

MBL binds to HIV via high-mannose moieties on N-linked
glycans on the HIV envelope protein, gp120 (15, 24, 25), and
hence activates the MBL-mediated complement pathway (27).
While significant direct neutralization of a single cell line-
adapted strain, HIVIIIB, has been reported (15), neutralization
of HIV primary isolates in the absence of complement is poor,
even at concentrations as high at 20 �g ml�1 (24, 70). Similarly,
MBL binding to Ebola virus glycoprotein was observed but not
direct inhibition of infection (34). In contrast, our data clearly
showed direct MBL-mediated neutralization of SARS-CoV.
Moreover, the concentrations required for inhibition of SARS-
S-mediated entry were within or below the range commonly
seen in serum from healthy individuals (1 to 3 �g ml�1).
Similarly, MBL has also been shown to directly inhibit hem-
agglutination activity and infectivity of several strains of influ-
enza A virus (26, 35).

The interaction between MBL and SARS-S also blocked
viral binding to the membrane bound calcium-dependent (C-

FIG. 6. The effect of mannosidase I inhibitor, DMJ, on the interaction of MBL with SARS-CoV. (A) Binding of wild-type (WT) and N330Q
mutant SARS-S pseudoviruses, produced in the presence or absence of 1 mM DMJ, to rMBL-coated plates (10 �g ml�1). (B) MBL-mediated
neutralization of wild-type and N330Q mutant pseudoviruses, produced in the presence or absence of 1 mM DMJ. The percentage of infection �
standard deviations is presented for a single experiment carried out in triplicate. Similar results were obtained in three independent experiments.
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type) lectin DC-SIGN, suggesting that MBL most likely rec-
ognized an overlapping set of high-mannose-content glycans
on S glycoprotein and thereby competed with DC-SIGN for
binding. DC-SIGN and the closely related molecule DC-
SIGNR have been shown to bind to, or facilitate infection by,
a diverse array of viruses (reviewed in reference 19) and cer-
tain bacteria, yeasts, and parasites (68) by binding high-man-
nose carbohydrates and related surface glycans (16, 49). In
particular, it has been suggested that DC-SIGNR acts directly
as a receptor, rather than as an attachment-enhancing factor,
for SARS-CoV entry into type II alveolar cells and endothelial
cells (32). Thus, the ability of MBL to interfere with SARS-

CoV interactions with C-type lectin receptors on these cells
may play a major role in viral spread and pathogenicity.

Previous studies showed that mutating N330 and/or N357 to
glutamine reduced SARS-CoV capture by DC-SIGN-express-
ing B-THP cells and subsequent trans-infection of HepG2 tar-
get cells that express ACE2 (58) but had no effect on DC-
SIGNR-mediated SARS-CoV entry independent of ACE2
(23). In contrast, the N227Q and N589Q mutants exhibited
partial loss in DC-SIGNR-mediated infection. In agreement
with these findings, we observed that N330Q and/or N357Q
mutations significantly reduced viral binding to both DC-
SIGN-expressing B-THP cells and DC-SIGN(R)-expressing T-

FIG. 7. Effect of MBL on virus interaction with ACE2 receptor and cathepsin L-mediated activation of SARS-S intervirion fusion. (A) Viruses
pseudotyped with SARS-CoV wild-type or mutant S glycoproteins were preincubated with pdMBL (0, 1.0, and 10 �g ml�1) or 80R antibody (5
�g ml�1) in VBS-Ca buffer before incubation with recombinant human ACE2 (2 �g ml�1)- or BSA-coated plates. Wells were washed, and bound
viruses were lysed and assayed for p24. A single experiment was carried out in triplicate. Similar results were obtained in three independent
experiments. (B) Purified S1-Ig binding to ACE2-coated plates. S1-Ig was preincubated with pdMBL, and binding to ACE2-coated plates was
detected using a goat anti-rabbit Ig antibody conjugated to alkaline phosphatase (AP) followed by a chemiluminescent substrate for AP activity.
Ebola virus envelope glycoprotein with Ig conjugate (Ebola GP-Ig) was used as a negative control. (C) A diagram of intervirion assays with MBL,
with the three steps indicated as S1, S2, and S3. (D) Intervirion assays with pdMBL. HIV-luc(ACE2) and HIV-gfp(SARS S/ASLV-A) particles
were mixed and kept at 4°C for 30 min to allow binding. Samples were raised to 37°C for 15 min to allow for conformational rearrangements.
Trypsin or CTSL was then added. The mixed viruses were used to infect HeLa/Tva cells pretreated with leupeptin. pdMBL (50 or 100 �g ml�1)
was added to the mixture at three different steps: S1, concurrent with initial virion mixing; S2, concurrent with protease addition; and S3, after
proteolysis. The percentage of infection achieved for mixed particles on untreated cells � standard deviations is presented for a single experiment
carried out in triplicate. Similar results were obtained in three independent experiments.
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REx cells (data not shown), which suggested that glycosylation
sites N330 and N357 are important for DC-SIGN(R) binding.
Mutation of N330 significantly reduced both MBL binding and
MBL-mediated viral neutralization, indicating that the glycan
at N330 is critical for the specific interaction between MBL and
SARS-S although some level of residual neutralization re-
mained, even with the N330Q N357Q double mutant, suggest-
ing that other glycans outside the RBD may also be involved in
MBL inhibition, despite a lack of detectable binding. While
MBL and DC-SIGN predominantly recognize the same ligand
(high-mannose type), it is not surprising that differences in
recognition patterns on complex proteins are observed due to
the spacing of individual carbohydrate recognition domains
and the relative inflexibility of the lectins (8, 14, 18). Alter-
nately, differences in affinity for other sugars may explain the
overlapping but distinct patterns of recognition; for example,
DC-SIGN, but not DC-SIGNR, can also bind fucose-contain-
ing carbohydrates (22).

We also noted that generating high-mannose-content N-
glycans on S glycoprotein through production of viruses in the
presence of deoxymannojirimycin enhanced MBL binding and
SARS-CoV infectivity neutralization by MBL. Previous studies
have shown that production of HIV in the presence of DMJ
significantly enhanced binding of HIV to MBL and increased
MBL neutralization of an M-tropic HIV primary isolate (24).
DMJ treatment of the N330Q mutants in our study resulted in
a markedly increased MBL binding capacity and MBL-medi-
ated infectivity neutralization. However, the level of MBL
binding and neutralization was still lower than that with wild-
type SARS-S pseudotyped virus. Recent studies demonstrate
that the SARS-CoV S glycoprotein is highly glycosylated, with
the major glycans of the SARS-CoV S glycoprotein produced
in Vero E6 cells being high-mannose, hybrid, and bi-, tri-, and
tetra-antennary complex moieties (54). These results imply
that there is some, but not total, site specificity for the glyco-
sylation at position N330 in the ability of MBL to inhibit
SARS-CoV entry and that strength of binding may be a more
important factor. It is relatively unusual to have this level of
specificity for recognition of highly glycosylated viral envelopes
such as SARS-S by a high-mannose-binding lectin.

Binding to MBL did not affect SARS-S interactions with the
ACE2 receptor. Furthermore, MBL-mediated inhibition oc-
curred at a step prior to CTSL-mediated activation of SARS-S
fusion. Thus, we suggest that the binding of the MBL may
interfere with the induction of conformational changes within
the S glycoprotein and thus prevent an early, postreceptor-
binding event. Interestingly, incubation of SARS-S with
pdMBL resulted in partial proteolysis of SARS-S (data not
shown), likely mediated by MBL-associated serine proteases.
However, this cleavage was not sufficient to activate S glyco-
protein in the manner mediated by CTSL and trypsin. Treat-
ment of cell-free virus with trypsin abrogates viral infectivity
(62), and it is possible that MBL-mediated proteolysis leads to
some inactivation of SARS-CoV, explaining the subtle differ-
ences in neutralization between pdMBL and rMBL.

In summary, we have demonstrated that MBL selectively
binds to SARS-S pseudotyped virus and can inhibit SARS-
CoV infection in susceptible cell lines. Our results identified a
single N-linked glycosylation site, N330, on S glycoprotein as
the target for the specific interactions between MBL and

SARS-CoV and provide evidence that the viral interaction
with MBL did not affect its interaction with the ACE2 re-
ceptor.
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