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The lectins DC-SIGN and DC-SIGNR can augment viral infection; however, the range of pathogens inter-
acting with these attachment factors is incompletely defined. Here we show that DC-SIGN and DC-SIGNR
enhance infection mediated by the glycoprotein (GP) of Marburg virus (MARV) and the S protein of severe
acute respiratory syndrome coronavirus and might promote viral dissemination. SIGNR1, a murine DC-SIGN
homologue, also enhanced infection driven by MARV and Ebola virus GP and could be targeted to assess the
role of attachment factors in filovirus infection in vivo.

The interaction of viral glycoproteins (GPs) with cellular
receptors is indispensable for viral entry, while binding to at-
tachment factors can enhance infection but is not essential for
infectious entry. Dendritic cell-specific intercellular adhesion
molecule-grabbing nonintegrin (DC-SIGN), a C-type lectin ex-
pressed on DCs, was initially discovered as an attachment
factor for human immunodeficiency virus (HIV), which binds
to the viral envelope protein (Env) and augments infection (11,
18). Subsequently, DC-SIGN and the related protein DC-
SIGNR (also termed L-SIGN) have been shown to enhance
infection with a variety of viruses (1, 16, 20, 24, 31, 32, 34, 41,
47, 54) and to bind to certain bacteria, yeasts, and parasites
(60). The DC-SIGN/DC-SIGNR interaction with ligands is
carbohydrate dependent (2, 22, 30), with high-mannose carbo-
hydrates on the surface of ligands being specifically recognized
by these lectins (15). The lectins Langerin and macrophage
mannose receptor also interact with HIV (35, 57). The asialo-
glycoprotein receptor (ASGP-R) interacts with hepatitis B vi-
rus (56), hepatitis C virus (45), Marburg virus (MARV), and
Ebola virus (EBOV) GP (6, 30), and infection with the latter
virus is enhanced by human macrophage galactose- and N-
acetylgalactosamine-specific C-type lectin (52), indicating that
several viruses exploit lectins to promote their spread.

We examined whether the lectins DC-SIGN, DC-SIGNR,
ASGP-R, Langerin, and SIGNR1 modulate infection driven by
EBOV, MARV, Lassa virus, severe acute respiratory syn-
drome coronavirus (SARS-CoV), murine leukemia virus
(MLV), and vesicular stomatitis virus (VSV) GPs. EBOV has

previously been shown to interact with DC-SIGN, DC-SIGNR,
and ASGP-R (1, 30, 47). DC-SIGN is expressed on DCs (18)
and some types of macrophages (10, 42, 49, 50), both impor-
tant early targets for EBOV replication (7, 19, 43, 44, 46).
DC-SIGNR was found to be expressed on sinusoidal endothe-
lial cells and on placental macrophages (5, 40, 49). SIGNR1 is
a murine homologue of DC-SIGN expressed on marginal zone
macrophages (17, 23). ASGP-R is a hepatic lectin composed of
the subunits H1 and H2 (51, 62), while Langerin is expressed
on Langerhans DCs (58, 59). The role of these lectins in viral
infection was examined by using lectin-expressing 293 cells as
targets for pseudotyped lentiviral particles as described previ-
ously (47). Pseudotyping of filovirus, Lassa virus, MLV, and
VSV GPs onto retroviral particles is well established. The
functional characterization of infectious lentiviral particles
harboring SARS-CoV S was recently reported (21, 48).

DC-SIGN and DC-SIGNR enhance MARV GP- and SARS-
CoV S-driven infection. 293 T-REx cell lines expressing the
indicated lectins upon induction with doxycycline were gener-
ated as described previously (39). For each cell line, efficient
lectin expression was detected upon induction with doxycy-
cline, as determined by fluorescence-activated cell sorter stain-
ing with an antibody against an AU-1 antigenic tag present at
the lectin C termini (Fig. 1A). Induction with doxycycline in-
creased surface expression of all lectins by at least 1 log com-
pared to uninduced cells. Lectin expression was also verified by
Western blotting (data not shown), confirming that the gener-
ated cell lines were suitable for studies on lectin-mediated
enhancement of infection. To investigate the effect of lectin
expression on viral infection, the T-REx cell lines were induced
with doxycycline and infected with the indicated viral
pseudotypes (Fig. 1B). The viral inoculum was normalized to
comparable luciferase activity upon infection of T-REx control
cells. Pseudotypes bearing GP of the EBOV Zaire subspecies
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FIG. 1. Modulation of viral infection by lectin expression. (A) Characterization of cell lines expressing lectins upon induction. The indicated
cell lines were generated by stable transfection of T-REx cells (Invitrogen). Lectin expression was induced by doxycycline (0.1 �g/ml) and
quantified by fluorescence-activated cell sorting with a monoclonal antibody directed against a C-terminal AU-1 antigenic tag. Control cells are
shown in light grey, uninduced cells are shown in dark grey, and doxycycline-induced cells are shown in black. (B) Infection of lectin-expressing
cell lines. Lectin expression was induced with doxycycline, and the indicated cell lines were infected with lentiviral pseudotypes bearing the
indicated glycoproteins. The lentiviral genome encodes the luciferase gene which is expressed under control of the viral promoter upon integration
of the viral genome into the cellular chromosome. Luciferase activity in cell lysates was quantified 3 days after infection. Infection of lectin-
expressing cells is presented relative to infection of T-REx control cells. Upon infection of control cells with pseudotypes bearing SARS-CoV S,
MARV GP, VSV-G, or no GP, 548, 2,125, 2,197 and 35 cps were measured. A representative experiment is shown; similar results were obtained
in two independent experiments. Error bars indicate standard deviations (SD). EBOZ, EBOV Zaire subspecies. (C) Inhibition of infection of
DC-SIGN-expressing T-REx cells. DC-SIGN-expressing and control T-REx cells were induced with doxycycline, preincubated for 30 min with the
indicated antibodies or mannan at a final concentration of 20 �g/ml, and infected with SARS-CoV S-bearing pseudotypes. Luciferase activity was
assessed 3 days after infection. The results are shown relative to inhibition with control murine IgG; similar results were obtained in an independent
experiment.
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and MARV GP infected DC-SIGN-expressing cells about 35-
fold and DC-SIGNR-expressing cells about 65-fold more effi-
ciently than control cells (Fig. 1B). ASGP-R H1- and SIGNR1-
expressing cells were also more susceptible to filovirus GP-
driven infection than control cells; however, the enhancement
of infection was less pronounced. No enhancement of EBOV
and MARV GP-driven infection was observed upon expression
of Langerin. Enhanced infection of DC-SIGN- and DC-
SIGNR-expressing cells was also observed with SARS-CoV
(Frankfurt strain) S-bearing pseudotypes, with DC-SIGN-pos-
itive cells being about 10-fold and DC-SIGNR-positive cells
being about 5-fold more susceptible to transduction than con-
trol cells. ASGP-R H1-, Langerin-, or SIGNR1-expressing cell
lines did not show an augmented susceptibility to SARS-CoV
S pseudotypes compared to control cells (Fig. 1B). Finally,
pseudotypes bearing MLV, VSV, or Lassa virus GP entered all
cell lines with comparable efficiency, indicating that these GPs
were unable to functionally interact with the lectins examined.

We next asked if enhanced entry of SARS-CoV S-bearing
pseudotypes into DC-SIGN-expressing T-REx cells was indeed
due to engagement of DC-SIGN. T-REx DC-SIGN and control
cells were induced with doxycycline, incubated with the indicated
monoclonal antibodies (MAb) or the carbohydrate mannan, and
infected with SARS-CoV S pseudotypes (Fig. 1C). Mannan in-
hibits binding of ligands to DC-SIGN (18). The monoclonal an-
tibody 604 is DC-SIGNR specific, while MAb 507 is DC-SIGN
specific and MAb 526 is dually specific (3, 64). Binding of several
ligands to DC-SIGN can be efficiently blocked by MAb 526 (3, 47,
64), while MAb 507 often elicited little blocking activity (3; S.
Pöhlmann, unpublished observations). SARS-CoV S-driven in-
fection of DC-SIGN-positive cells was not modulated by MAb
604 or MAb 507 compared to control immunoglobulin (Ig) (Fig.
1C). However, MAb 526 and mannan reduced transduction to
values close to those observed with control cells, indicating that
DC-SIGN specifically augments SARS-CoV S-driven infection.

The ability of SARS-CoV S to specifically interact with DC-
SIGN and DC-SIGNR was confirmed using a soluble S-based
binding assay. The indicated lectins and the SARS-CoV receptor
angiotensin-converting enzyme 2 (ACE2) (27) were transiently
overexpressed in 293T cells, and the cells were incubated with
cellular supernatant containing the S1 domain of SARS-CoV S

fused to rabbit immunoglobulin Fc domain. The S1-Ig fusion
protein strongly bound to ACE2-expressing cells but not to con-
trol cells (Fig. 2). DC-SIGN- and DC-SIGNR-expressing cells
also bound the S1-Ig fusion protein, albeit with reduced efficiency
compared to ACE2-positive cells (Fig. 2), indicating that the S1
domain of SARS-CoV S is sufficient to mediate the interaction
with these lectins.

DC-SIGN does not function as a receptor for SARS-CoV
but facilitates viral transmission to susceptible cells. Since
DC-SIGN can function as a receptor for some viruses, we
investigated whether DC-SIGN expression facilitates SARS-
CoV S-driven infection of nonpermissive cells. The quail-de-
rived cell line QT6, which is not susceptible to SARS-CoV
S-mediated infection (48), was transfected with the indicated
plasmid combinations and infected with pseudotypes bearing
SARS-CoV S, VSV-G, or EBOV GP (Fig. 3A). Expression of
DC-SIGN or DC-SIGNR alone strongly enhanced EBOV GP-
mediated infection but had no impact on infection driven by
SARS-CoV S, while converse results were obtained upon ex-
pression of the SARS-CoV receptor ACE2, indicating that
ACE2 but not DC-SIGN or DC-SIGNR facilitates SARS-CoV
S-driven infectious entry (Fig. 3A). However, expression of
these lectins enhanced S-driven entry into ACE2-transfected
cells, confirming that DC-SIGN and DC-SIGNR can augment
infection of already-permissive cells.

DCs promote the transfer of HIV to adjacent susceptible cells
by a complex process involving internalization and intracellular
transport of bound virions (33). HIV transfer by DCs is to some
degree reflected by efficient viral transmission by certain DC-
SIGN-positive cell lines (18). Analysis of pseudotype transmission
by B-THP cell lines (63) revealed that DC-SIGN also transmits
SARS-CoV S-bearing pseudotypes to susceptible cells, while the
B-THP cell lines remain uninfected (Fig. 3B). Thus, DC-SIGN on
DCs or alveolar macrophages could promote SARS-CoV infec-
tion in vivo. We analyzed the interaction of SARS-CoV with
monocyte-derived immature DCs, which express high amounts of
DC-SIGN (3, 18). These cells were found to be nonpermissive to
infection by the Frankfurt strain of SARS-CoV (Fig. 4A), but
they transmitted SARS-CoV S-bearing pseudotypes to target cells
(Fig. 4B). However, only 50% of DC-mediated viral transfer was
inhibited by mannan (Fig. 4B), indicating that factors other than

FIG. 2. SARS-CoV S1 interactions with transiently expressed ACE2, DC-SIGN, or DC-SIGNR. 293T cells were transiently calcium phosphate
transfected with the indicated receptors and incubated with purified S1-Ig fusion protein and anti-DC-SIGN MAb (DC-11) or anti-ACE2
antiserum at 0.1 �g/ml. Following washing, ACE2 expression, lectin expression, and S1-Ig binding were analyzed by flow cytometry.
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DC-SIGN or lectins with similar carbohydrate specificities con-
tribute to transmission.

What are the consequences of attachment factor engagement
for filovirus and SARS-CoV infection? It was previously sug-
gested that DC-SIGN and DC-SIGNR might facilitate preferen-
tial targeting of certain cell types during the early phase of EBOV
infection (47). A potentially important role of these lectins in
filovirus replication is further underlined by the finding that
MARV GP-driven infectious entry is also enhanced by DC-SIGN
and DC-SIGNR and that DCs are susceptible to filovirus infec-

tion in vitro (7) and in vivo (19). It is therefore tempting to
speculate that DC-SIGN augments filovirus infection of DCs,
which could contribute to immunosuppression and viral dissem-
ination in the host. If that was the case, the differential DC-SIGN
engagement by GPs of the EBOV subspecies (47) might be re-
flected by differential infection of DCs.

The role of DC-SIGN in SARS-CoV infection is less clear.
DC-SIGN or other lectins specific for high-mannose glycans par-
tially facilitate viral transfer by DCs, which might promote local
infection. Alveolar macrophages, which can express DC-SIGN
(50), might capture and transmit virus to susceptible cells, such as
type II pneumocytes (13, 25, 36, 38). Expression of DC-SIGN on
macrophages can be induced by interleukin 4 and interleukin 13
(50), and the plasma levels of both cytokines are elevated during
the early phase of SARS (14, 61). Virally induced alteration of
cytokine production could therefore stimulate DC-SIGN expres-
sion on macrophages and enable these cells to capture SARS-
CoV. DC-SIGNR on liver sinusoidal endothelial cells, a cell type
that bears similarities to DCs (28, 29), might serve to concentrate
virus in the liver. We found that SARS-CoV can infect hepato-
cytic cell lines (21), and SARS-CoV infection of liver cells in

FIG. 3. Interaction of SARS-CoV S-bearing pseudotypes with DC-
SIGN and DC-SIGNR expressed on nonpermissive cells. (A) Infection
of nonpermissive QT6 cells expressing DC-SIGN, DC-SIGNR, or
ACE2. Quail-derived QT6 cells were transiently transfected with the
indicated expression vectors and infected with pseudotypes bearing
SARS-CoV S, VSV-G, or EBOV subspecies Zaire (EBOZ) GP. Lu-
ciferase activity in cell lysates was determined 3 days after infection.
Results are presented relative to entry into control transfected cells. A
representative experiment is shown; similar results were obtained in an
independent experiment. Error bars indicate SD. (B) DC-SIGN-me-
diated transmission of SARS-CoV S-bearing pseudotypes. B-THP cells
expressing DC-SIGN or control B-THP cells were incubated with
SARS-CoV S-bearing pseudotypes in the presence or absence of man-
nan, washed, and cocultivated with Huh-7 target cells. Alternatively,
B-THP and Huh-7 cells were directly infected. A representative ex-
periment is shown; comparable results were obtained in an indepen-
dent experiment. Error bars indicate SD.

FIG. 4. SARS-CoV interactions with DCs. (A) SARS-CoV infec-
tion of DCs. Immature monocyte-derived DCs and Vero cells were
seeded onto chamber slides, cultivated overnight, and challenged with
SARS-CoV (Frankfurt strain). Infected cells were detected by immu-
nostaining with a nucleocapsid-specific antibody 2 days after infection.
(B) DC-mediated transfer of SARS-CoV S-harboring pseudotypes.
Immature monocyte-derived DCs were pulsed with SARS-CoV S-
bearing pseudotypes in the presence or absence of mannan, washed,
and cocultivated with permissive Huh-7 cells. Alternatively, DCs and
Huh-7 cells were directly infected. A representative experiment is
shown, and similar results were obtained in an independent experi-
ment. Error bars indicate SD.
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SARS patients has been documented (9, 12, 66). These findings
might explain why dysregulation of liver function is frequently
observed in SARS patients (13, 14, 26, 38, 55).

DC-SIGN can function as a receptor for Dengue virus in-
fection of DCs (34, 54) and EBOV infection of T cells (1),
although the latter finding is controversial (47). Lectin expres-
sion on B-THP cells, a B-cell line (63), and on quail-derived
QT6 cells did not render these cells permissive to SARS-CoV
S-driven infection, suggesting that DC-SIGN and DC-SIGNR
do not function as receptors for SARS-CoV. Accordingly, a
recent study by Yang et al. (65) and the results presented here
indicate that DCs, which express high levels of DC-SIGN, are
not susceptible to SARS-CoV infection but can promote in-
fection of permissive cells in trans. However, DC-SIGN or
related lectins are only partially responsible for SARS-CoV
transmission by DCs. Therefore, the transfer of SARS-CoV by
DCs, which involves the formation of an infectious synapse
(65), requires further analysis.

Several lines of evidence suggest that lectins can modulate
viral spread in the host. Nevertheless, it will be important to
validate these data by using animal models. Mouse models for
HIV, hepatitis C virus, SARS-CoV, and EBOV replication
have been established; however, the use of these models to
assess the role of DC-SIGN in viral infection is complicated by
the existence of five murine isoforms of DC-SIGN (37). One
isoform is expressed on dendritic cells (8, 37); however, its
ligand specificity is unclear (53). A previous study reported on
the identification of a murine DC-SIGN isoform now termed
SIGNR1, which binds but does not transmit HIV (4) and is
expressed on marginal zone macrophages (17, 23, 37). The
observation that SIGNR1 can enhance EBOV and MARV
GP-driven infectious entry indicates that EBOV infection of
mice might be a suitable model to investigate the impact of
lectin engagement on viral spread in vivo.
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41. Pöhlmann, S., J. Zhang, F. Baribaud, Z. Chen, G. J. Leslie, G. Lin, A.
Granelli-Piperno, R. W. Doms, C. M. Rice, and J. A. McKeating. 2003.
Hepatitis C virus glycoproteins interact with DC-SIGN and DC-SIGNR.
J. Virol. 77:4070–4080.

42. Relloso, M., A. Puig-Kroger, O. M. Pello, J. L. Rodriguez-Fernandez, G. de
la Rosa, N. Longo, J. Navarro, M. A. Munoz-Fernandez, P. Sanchez-Mateos,
and A. L. Corbi. 2002. DC-SIGN (CD209) expression is IL-4 dependent and
is negatively regulated by IFN, TGF-beta, and anti-inflammatory agents.
J. Immunol. 168:2634–2643.

43. Ryabchikova, E. I., L. V. Kolesnikova, and S. V. Luchko. 1999. An analysis of
features of pathogenesis in two animal models of Ebola virus infection. J. Infect.
Dis. 179(Suppl. 1):S199–S202.

44. Ryabchikova, E. I., L. V. Kolesnikova, and S. V. Netesov. 1999. Animal
pathology of filoviral infections. Curr. Top. Microbiol. Immunol. 235:145–
173.

45. Saunier, B., M. Triyatni, L. Ulianich, P. Maruvada, P. Yen, and L. D. Kohn.
2003. Role of the asialoglycoprotein receptor in binding and entry of hepa-
titis C virus structural proteins in cultured human hepatocytes. J. Virol.
77:546–559.

46. Schnittler, H. J., and H. Feldmann. 1999. Molecular pathogenesis of filovirus

infections: role of macrophages and endothelial cells. Curr. Top. Microbiol.
Immunol. 235:175–204.

47. Simmons, G., J. D. Reeves, C. C. Grogan, L. H. Vandenberghe, F. Baribaud,
J. C. Whitbeck, E. Burke, M. J. Buchmeier, E. J. Soilleux, J. L. Riley, R. W.
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