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The Dendritic Cell-Specific Adhesion Receptor DC-SIGN

Internalizes Antigen for Presentation to T Cells1

Anneke Engering,* Teunis B. H. Geijtenbeek,* Sandra J. van Vliet,* Mietske Wijers,†

Ellis van Liempt,‡ Nicolas Demaurex,§ Antonio Lanzavecchia,¶ Jack Fransen,† Carl G. Figdor,‡

Vincent Piguet,§ and Yvette van Kooyk2*

Dendritic cells (DCs) capture Ags or viruses in peripheral tissue to transport them to lymphoid organs to induce cellular T cell responses.

Recently, a DC-specific C-type lectin was identified, DC-specific ICAM-grabbing non-integrin (DC-SIGN), that functions as cell adhe-

sion receptor mediating both DC migration and T cell activation. DC-SIGN also functions as an HIV-1R that captures HIVgp120 and

facilitates DC-induced HIV transmission of T cells. Internalization motifs in the cytoplasmic tail of DC-SIGN hint to a function of

DC-SIGN as endocytic receptor. In this study we demonstrate that on DCs DC-SIGN is rapidly internalized upon binding of soluble

ligand. Mutating a putative internalization motif in the cytoplasmic tail reduces ligand-induced internalization. Detailed analysis using

ratio fluorescence imaging and electron microscopy showed that DC-SIGN-ligand complexes are targeted to late endosomes/lysosomes.

Moreover, ligands internalized by DC-SIGN are efficiently processed and presented to CD4� T cells. The distinct pattern of expression

of C-type lectins on DCs in situ and their nonoverlapping Ag recognition profile hint to selective functions of these receptors to allow

a DC to recognize a wide variety of Ags and to process these to induce T cell activation. These data point to a novel function of the

adhesion receptor DC-SIGN as an efficient DC-specific Ag receptor that can be used as a target to induce viral and antitumor

immunity. The Journal of Immunology, 2002, 168: 2118–2126.

D
endritic cells (DCs)3 have the unique capacity to initiate

immune responses in lymphoid organs against Ags de-

rived from peripheral sites (1). In tissues, like skin and

mucosa, immature DCs sample a broad variety of Ags via fluid

phase uptake and receptor-mediated endocytosis (2, 3). Internal-

ized Ags are processed along the endosomal/lysosomal pathway

for subsequent formation of MHC class II-peptide complexes (4).

Upon inflammation-induced migration of DCs to secondary lym-

phoid organs, Ag sampling ceases and MHC-peptide complexes

are redistributed from intracellular organelles to the cell surface (5,

6). Besides high expression of MHC molecules, mature DCs ex-

press high levels of costimulatory and adhesion molecules for ef-

ficient activation of resting T lymphocytes (7).

Several receptors expressed by immature DCs belong to the C-

type lectin superfamily, including Langerin (CD207), the mannose

receptor (MR; CD206), and DEC-205 (CD205) (8). C-type lectins

are characterized by a carbohydrate recognition domain (CRD)

that interacts with proteins with either mannose or galactose side

chains in a calcium-dependent manner (9). The C-type lectins on

DCs have a mannose-type specificity, and binding of mannosy-

lated ligands can be blocked by mannan. However, the number of

CRDs present in these lectins differs and the complexity of the

mannose groups that they recognize is distinct (9, 10). Langerin

contains a single CRD and functions on skin epidermal Langer-

hans cells (LCs) as an endocytic receptor that is associated with

and induces formation of Birbeck granules (11, 12). The MR,

highly expressed on immature DCs and macrophages, has eight

potential CRDs, of which two were shown to be functional for

binding end-standing mannose groups on a variety of pathogens

and Ags, illustrating its role in innate immunity (13, 14). The MR

is constitutively internalized from the cell surface into early endo-

somes and recycles back to the plasma membrane (15). During this

recycling process, bound ligand is released from the MR in the

acidic environment of the endosomes for subsequent processing,

resulting in high amounts of internalized Ags and efficient Ag pre-

sentation by DCs (16, 17). Another multilectin endocytic receptor

is DEC-205, which contains 10 CRDs and is expressed both by

DCs and by thymic epithelial cells (18, 19). To date, the manno-

sylated ligands recognized by DEC-205 are not identified. The

cytoplasmic tail of DEC-205 contains sequences that regulate its

targeting and recycling (20). Both the MR and DEC-205 contain a

tyrosine-based motif for internalization in clathrin-coated vesicles

(21, 22). Whereas the MR traffics through early endosomes, DEC-

205, on the contrary, recycles deeper into the endosomal/lysoso-

mal pathway through MHC class II compartments by means of a

triacidic cluster in its cytoplasmic tail (20).

We recently identified a novel C-type lectin, DC-specific

ICAM-grabbing non-integrin (DC-SIGN; CD209), that has a sin-

gle CRD with mannose-type specificity and is exclusively ex-

pressed on DCs, in contrast to the MR and DEC-205, which are

also expressed on other cell types (23). Interestingly, the cytoplas-

mic tail of DC-SIGN contains a triacidic cluster, as well as two

putative internalization motifs. However, DC-SIGN has been re-

ported to be a cell adhesion receptor that mediates cell interactions
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between DCs and resting T cells upon binding its counterstructure

ICAM-3 (23). DC-SIGN also displays a high affinity for ICAM-2,

supporting transendothelial migration of DCs and DC trafficking

(24). Besides the cellular ligands ICAM-2 and ICAM-3, DC-SIGN

binds the HIV-1 envelope glycoprotein gp120 (25, 26). Interest-

ingly, DC-SIGN captures HIV-1 at mucosal sites of initial infec-

tion and protects the virus from degradation for subsequent trans-

port by DCs to lymphoid organs. Here, DC-SIGN efficiently

transmits the virus to T lymphocytes, resulting in productive HIV

infection of T cells (26). The mechanism of protection of the virus

by DCs is currently unknown, but several studies have demon-

strated intracellular localization of virions in DCs (27). This, to-

gether with the fact that the cytoplasmic tail of DC-SIGN contains

internalization motifs, prompted us to analyze the intracellular

routing of DC-SIGN upon binding of soluble ligand. We demon-

strate that DC-SIGN is indeed internalized from the cell surface

upon ligand binding. Detailed analysis revealed that DC-SIGN-

ligand complexes are targeted to late endosomes/lysosomes. More-

over, Ag internalization by DCs via DC-SIGN resulted in efficient

Ag presentation to a CD4� T cell clone.

Materials and Methods
Antibodies

The following Abs were used: AZN-D1, AZN-D2, and AZN-D3 (IgG1,
anti-DC-SIGN (23, 24)); DCN46.1 (IgG2b, anti-DC-SIGN; kind gift of Dr.
M. Colonna, Washington University, St. Louis, MO); CSRD (polyclonal
antiserum obtained after immunization of rabbits with the following pep-
tide from DC-SIGN coupled to keyhole limpet hemocyanin: CSRDEEQ-
FLSPAPATPNPPPA); L19 (anti-CD18 (28)); AZN-ICM2.1 (IgG1, anti-
ICAM-2 (29)); 3.29B1 (IgG1, anti-MR; kind gift of Dr. M. Cella,
Washington University); DCGM4 (anti-Langerin; Beckman Coulter, Ful-
lerton, CA); and anti-DEC-205 (kind gift of Dr. R. Steinman, Rockefeller
University, New York, NY (30)).

Cells

Human blood monocytes were isolated from buffy coats by adherence or by
anti-CD14 microbeads (Miltenyi Biotec, Auburn, CA). Immature DCs
were generated by culturing monocytes in RPMI 1640/10% FCS in the
presence of IL-4 (500 U/ml; Schering-Plough, Kenilworth, NJ) and GM-
CSF (800 U/ml; Schering-Plough) for 5–8 days. For maturation, cells were
cultured for an additional 40 h in the presence of 2 �g/ml LPS (from
Salmonella typhosa; Sigma-Aldrich, St. Louis, MO). Alternatively, CD34-
derived DCs were cultured as described (31, 32). Cells were matured using
20 ng/ml LPS for 24 h, and their phenotype was verified by analysis of the
expression of CD83 and CD86.

Immunohistochemistry

Cryosections (4 �m) of the tissues were fixed in acetone for 10 min and
incubated with primary and secondary Abs as described (23). Final staining
was performed with the ABC-PO/ABC-AP Vectastain kit (Vector Lab-
oratories, Burlingame, CA). Counterstaining was performed with he-
matoxolin.

Ultrastructural localization studies were performed on immature DCs
incubated with AZN-D2 at 4°C. After 0 and 30 min at 37°C, cells were
fixed in 1% paraformaldehyde (PFA) in 0.1 M phosphate buffer for 2 h at
room temperature. Fixed cells were stored until use in 1% PFA. Before
sectioning, cells were pelleted in 10% gelatin and postfixed in 1% PFA for
24 h. Ultrathin cryosectioning was performed as described before (33, 34).
Sections were incubated with a rabbit anti-mouse antiserum to visualize the
internalized AZN-D2 Abs followed by protein A complexed with 5 nm
gold. Subsequently, sections were incubated with CSRD followed by pro-
tein A complexed to 10 nm gold. Electron microscopy was performed
using a JEOL 1010 electron microscope (JEOL, Tokyo, Japan) operating at
80 kV.

Immunofluorescence

Cells were stained in PBS/0.5% BSA with primary Abs and FITC-conju-
gated secondary Abs and were analyzed by flow cytometry using the FAC-
Scan (BD Biosciences, Mountain View, CA). Isotype-specific controls
were included.

Alternatively, cells were fixed in 1% PFA in PBS for 30 min and were
permeabilized in PBS/0.5% saponin before staining. After staining, cells
were allowed to adhere to poly-L-lysine-coated glass slides, mounted in
antibleach reagent, and analyzed using an MRC600 confocal microscope
(Bio-Rad, Hercules, CA).

Binding and uptake of mannosylated BSA

Immature DCs were preincubated for 15 min at 37°C with mannan (100
�g/ml), EDTA (2.5 mM), AZN-D1, or AZN-D2 (20 �g/ml) in Tris sodium
albumin (TSA) (20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM CaCl2,
2 mM MgCl2, and 0.5% BSA). Mannosylated biotinylated BSA (10 �g/ml;
Sigma-Aldrich) was added. After 1 h at 37°C, cells were washed, fixed, and
permeabilized as for immunofluorescence. Cells were stained using avidin-
FITC and were analyzed using flow cytometry.

To analyze the ability of mannosylated BSA to block ICAM-3 binding
to DC-SIGN, DCs were preincubated for 15 min at 37°C as indicated and
ICAM-3-coated TransFluorSpheres (Molecular Probes, Eugene, OR) were
added. Alternatively, for determining pH dependency of binding to gp120-
coated beads, DCs were preincubated in TSA with different pH and were
kept in this buffer throughout the assay. The fluorescent bead adhesion
assay was performed as described previously (23).

Internalization assay

Immature DCs were incubated with Abs or soluble ICAM-Fc chimeras in
TSA for 1 h on ice and were subsequently washed. Cells were incubated at
37°C for various times, placed on ice, and incubated with FITC-conjugated
secondary Abs. To control for off rate of Abs at 37°C, cells were fixed
before Ab binding to prevent membrane transport. Cells were analyzed
using flow cytometry, and the relative difference in mean fluorescence
intensity compared with fixed cells was calculated.

pH measurement

The pH of the organelles to which internalized DC-SIGN-ligand com-
plexes were targeted was measured by ratio fluorescence imaging of a
pH-sensitive secondary Ab (35). DCs were incubated with anti-DC-SIGN
Abs (AZN-D1), followed by FITC-conjugated secondary Abs at 4°C. Sub-
sequently, they were allowed to adhere on cover slips coated with poly-L-
lysine (Sigma-Aldrich) for 45 min at 37°C, and dual excitation ratio im-
aging was performed as described (35, 36). Images were acquired for 500
ms at 490 � 6 nm and 1 s at 440 � 6 nm using a previously described
axiovert microscope (Zeiss, Oberkochen, Germany) equipped with a
charged coupled device camera (36). Ratio and quantification was obtained
using the Metamorph/Metafluor software (Universal Imaging, Downing-
town, PA). Data analysis and statistics were performed as described (36).

Ag presentation

Hd7, a CD4� T cell clone that recognizes a peptide derived from mouse
IgG1 Abs in HLA-DR0101/DQw1, was used (37). Immature DCs (20,000
cells/well) from a typed donor were preincubated with serially diluted Abs
and cocultured with 80,000 T cells. After 48 h, [3H]thymidine was added
(0.2 �Ci/well; Amersham, Arlington Heights, IL), and incorporation was
measured after 16 h.

Results
DC-SIGN and the other C-type lectins Langerin, MR, and

DEC-205 show distinct in vitro and in vivo distribution

To analyze whether the C-type lectins DC-SIGN, Langerin, MR,

and DEC-205, which all recognize mannose-like carbohydrates,

are differentially expressed on DC subsets, their in vitro and in

vivo distributions were studied. Of these C-type lectins, only DC-

SIGN is specifically expressed on DCs. Immunohistochemical

analysis of these C-type lectins in peripheral tissues such as skin

and mucosa, which contain immature DCs that function as senti-

nels to capture Ags or pathogens, is demonstrated in Fig. 1. Con-

secutive sections were stained to analyze coexpression of C-type

lectins on the same cells. In skin, dermal DCs were found to ex-

press DC-SIGN as well as the MR (Fig. 1) (23). The MR was also

expressed on macrophages. Langerin expression was detected on

DCs in the epidermis, the so-called LCs (Fig. 1) (11), whereas

DEC-205 was not detected on dermal DCs or on LCs, but instead

was found on cells located in the stratum basalis, the innermost

layer of the epidermis (Fig. 1). Similarly, in the uterus mucosa,

2119The Journal of Immunology
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DC-SIGN and the MR were coexpressed on lamina propria DCs

(Fig. 1) (23), whereas Langerin expression could not be detected

(Fig. 1). Comparable to its expression in skin, DEC-205 was de-

tected on cells lacking DC morphology in the stratum basalis of the

epithelium (Fig. 1).

To determine the expression of these C-type lectins in secondary

lymphoid organs, sites of Ag presentation by mature DCs, tonsils

were analyzed. Similarly as in peripheral tissues, in tonsil DC-SIGN

and the MR were readily detected on DCs in T cell areas (Fig. 1) (23).

Besides expression on DCs, the MR was also expressed on other cells,

most likely macrophages. Expression of DEC-205 was demonstrated

in T and B cell areas, including germinal centers (Fig. 1), demonstrat-

ing that DEC-205 is expressed on different DC subsets than DC-SIGN

and the MR. In agreement with previous reports, Langerin expression

could not be detected in tonsil (Fig. 1) (11).

In addition to their distribution in situ, the expression of C-type

lectins was studied on monocyte-derived DCs generated in vitro. Im-

mature DCs were generated by culturing human blood monocytes in

the presence of GM-CSF and IL-4 and were subsequently matured in

the presence of LPS for 40 h, as demonstrated by the induction of the

maturation marker CD83 (Fig. 2A). Cell surface expression of both

DC-SIGN and the MR was induced during DC differentiation and

moderately down-regulated upon maturation (Fig. 2A) (23). In con-

trast, DEC-205 expression was readily detected on monocytes and

increased upon maturation of DCs. Langerin expression could not be

detected on monocyte-derived DCs (Fig. 2A) (11).

To study steady-state distribution of C-type lectins intracellu-

larly and on the cell surface, immature and mature DCs were

stained for these receptors after fixation and permeabilization and

were analyzed by confocal microscopy. DC-SIGN mainly local-

ized at the plasma membrane of DCs (Fig. 2B). In contrast, the MR

was predominantly present in numerous intracellular vesicles (Fig.

2B); previous studies have shown that these organelles represent

early endosomes (16, 17). Although the level of expression of

DC-SIGN and the MR was reduced upon maturation of DCs, no

alteration in subcellular distribution of these proteins was ob-

served. In contrast, upon maturation DEC-205 redistributed from

intracellular sites to the plasma membrane (Fig. 2B).

Taken together, these data demonstrate that DC-SIGN and the

MR are coexpressed on both immature and mature DCs in vitro

and in situ. However, these receptors differ in their subcellular

distribution because DC-SIGN localizes at the cell surface,

whereas the MR is present mainly in intracellular compartments,

indicating different routing.

Ligand specificity of DC-SIGN differs from that of the MR

To date, three ligands of DC-SIGN have been identified, i.e., the

cell surface adhesion receptors ICAM-2 and ICAM-3 and the

HIV-1 envelope glycoprotein gp120. In contrast, well-known li-

gands for the MR are pathogens and Ags with terminal mannose

groups, such as mannosylated BSA. Ligand binding to both DC-

SIGN and the MR can be blocked by mannan, indicating that rec-

ognition of carbohydrates is essential for both C-type lectins. To

analyze whether DC-SIGN could function similarly to the MR as

a receptor for proteins containing end-standing mannoses, we in-

cubated DCs with mannosylated BSA, consisting of BSA to which

FIGURE 1. DC-SIGN is coexpressed with the MR on DCs in skin dermis, mucosal lamina propria, and tonsilar T cell areas. Distribution of DC-SIGN,

the MR, DEC-205, and Langerin was analyzed on tissue sections of skin, uterus, and tonsil by immunohistochemistry. ED, Epidermis; D, dermis; E,

epithelium; LP, lamina propria; T, T cell area; F, follicle; GC, germinal center.

2120 Ag PRESENTATION THROUGH DC-SIGN
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�15 single mannose groups are attached. Surprisingly, no man-

nosylated BSA could be detected on the cell surface of DCs (Fig.

3A). In contrast, high amounts of mannosylated BSA were readi-

lyinternalized by DCs. This uptake of mannosylated BSA could be

completely inhibited by preincubation with either mannan or

EDTA (Fig. 3A), whereas anti-DC-SIGN Abs that recognize the

CRD did not affect internalization (Fig. 3A; AZN-D1 and AZN-

D2). This indicates that internalization of mannosylated BSA is not

mediated by DC-SIGN but probably completely by the MR (16).

Similarly, binding and internalization of mannosylated BSA by

DC-SIGN was not observed in DC-SIGN-transfected K562 cells

that lack expression of the MR (data not shown). Also, binding of

DC-SIGN to ICAM-3 beads was not inhibited by preincubation

with mannosylated BSA, even at high concentrations, whereas

mannan and anti-DC-SIGN Abs blocked the DC-SIGN-ICAM-3

interaction (Fig. 3B). This is in agreement with a recent publication

of Drickamer et al. (10), which shows that DC-SIGN preferentially

binds high-mannose oligosaccharides. Thus, DC-SIGN and the

FIGURE 2. DC-SIGN localizes to the cell surface of monocyte-derived immature DCs, whereas the MR and DEC-205 are mainly distributed intra-

cellularly. A, Cell surface distribution of C-type lectins. Monocytes and immature and mature DCs were stained with Abs against DC-SIGN, the MR,

DEC-205, or Langerin (filled histograms) or with control Abs (open histograms) and analyzed by flow cytometry. Mean fluorescence intensity is indicated.

B, Cell surface and intracellular staining of DC-SIGN, the MR, and DEC-205 in immature and LPS-matured DCs by confocal microscopy analysis after

permeabilization of cells (right panels). In the left panels, the corresponding phase-contrast images of the cells are shown.

2121The Journal of Immunology
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MR recognize different mannose moieties, whereas the MR has a

high affinity for Ags with single mannose groups, and DC-SIGN

binds more complex mannose residues.

DC-SIGN is rapidly internalized from the cell surface upon

ligand binding

Several C-type lectins on DCs function as endocytic receptors and

are either constitutively internalized from the cell surface, like the

MR, or internalized upon ligand binding. The presence of three

putative internalization and targeting motifs in the cytoplasmic tail

of DC-SIGN, a tyrosine-based motif, a triacidic cluster, and a

dileucine motif (Fig. 4A) prompted us to study whether DC-SIGN

could function in endocytosis. Binding of a polyclonal antiserum

(CSRD) to the C-terminal part of DC-SIGN, outside the CRD, did

not lead to internalization of the receptor, even after prolonged

periods of time (Fig. 4B). Interestingly, the mAbs AZN-D1, AZN-

D2, and AZN-D3 (Fig. 4B and data not shown), which bind to the

CRD of DC-SIGN and thus mimic ligand binding, were rapidly

internalized with similar kinetics compared with the MR (Fig. 4B).

Abs against CD18 that bind with high affinity to the adhesion recep-

tors LFA-1, Mac-1, and p150,95, which lack any known internaliza-

tion motifs, were not endocytosed by DCs (Fig. 4C). These Abs are of

the same IgG isotype as DC-SIGN, indicating that internalization of

DC-SIGN is specific and not mediated via FcR.

Next, we investigated the ability of DC-SIGN to internalize sol-

uble ligands such as ICAM-2- and ICAM-3-Fc, which interact

with DC-SIGN in a carbohydrate-dependent manner (23). DC-

SIGN-bound ICAM-2-Fc and ICAM-3-Fc ligands were rapidly in-

ternalized at 37°C, with even faster kinetics compared with

AZN-D2 Abs (Fig. 4C). Binding of soluble ligand resulted in a

higher amount of DC-SIGN internalized than after triggering of

endocytosis using AZN-D2 Abs. As a control, ICAM-1-Fc, which

does not bind DCs through DC-SIGN, was not internalized (data not

shown), illustrating again that FcR-mediated binding was not in-

volved in the internalization of the DC-SIGN-ligand complex. After

maturation, endocytosis of DC-SIGN was still taking place, although

to a lower extent compared with immature DCs (Fig. 4D).

To analyze the contribution of the cytoplasmic tail in regulating

DC-SIGN internalization, K562 cells were transfected with DC-

SIGN, in which the leucines are replaced by alanines (LL/AA).

Whereas wild-type DC-SIGN is efficiently internalized in K562

upon binding AZN-D2 Abs, the LL/AA mutant is endocytosed to

a much lower degree (Fig. 4E). Thus, whereas DC-SIGN is not

constitutively endocytosed, ligand binding induces internalization

of DC-SIGN, which requires the dileucine motif in the cytoplasmic

tail of DC-SIGN.

Internalized DC-SIGN-ligand complexes are targeted to late

endosomes/lysosomes

To study the fate of internalized DC-SIGN-ligand complexes, the

pH of the organelles with DC-SIGN-ligand complexes was quan-

tified by ratio fluorescence imaging of internalized pH-sensitive

FITC-conjugated anti-DC-SIGN Abs (35). Internalization of DC-

SIGN-Ab complexes at 37°C demonstrated that in immature DCs

these complexes localize to different sites compared with mature

DCs, which have down-regulated their Ag-processing machinery.

Clearly, in immature DCs the DC-SIGN-ligand complexes inter-

nalize into large intracellular compartments with low pH, in the

vicinity of the nucleus (Fig. 5A, depicted in blue). In contrast, in

mature DCs these complexes are not routed to these deeper-located

compartments but reside in small organelles with a neutral pH

located in proximity of the cell surface (Fig. 5A, depicted in green/

yellow). Quantification of the pH of 804 organelles in immature

DCs and 750 in mature DCs revealed that, in immature DCs, the

mean pH value of the DC-SIGN-ligand-containing subcellular

compartment was 5.47 (Fig. 5B), indicating that these are lyso-

somes in which degradation of ligand can occur. In mature DCs,

these compartments had a mean pH of 6.45, which is indicative of

early endosomes (Fig. 5B).

To determine whether the DC-SIGN-Ab complexes dissociate

upon internalization, we followed both DC-SIGN and the Abs

upon internalization into immature DCs by electron microscopy.

Internalization was triggered with AZN-D2, and at different time

points cells were fixed and AZN-D2 was detected with 5 nm gold.

Moreover, DC-SIGN molecules were detected after fixation with

polyclonal Abs (CSRD) labeled with 10 nm gold (Fig. 5C). At

steady state, DC-SIGN localizes at the plasma membrane and cy-

toplasmic extensions (Fig. 5CA, arrowheads). No staining was ob-

served in intracellular organelles (Fig. 5CA, arrows). As expected,

AZN-D2 Abs were detected only at the plasma membrane directly

after binding at 4°C (Fig. 5CA). Upon incubation at 37°C for 30

min, most of the AZN-D2 Abs disappeared from the plasma mem-

brane (Fig. 5CB, arrowheads) and were localized either in small

vesicles in proximity of the cell surface or in larger organelles

resembling late endosomes (Fig. 5CB, arrows). The Abs AZN-D2

(5 nm gold) remained colocalized with DC-SIGN molecules (10

nm gold), indicating that internalized DC-SIGN-associated ligand

traffics to endosomal compartments.

We next investigated whether ligand is released from DC-SIGN

in compartments with a low pH, enabling the receptor to recycle to

FIGURE 3. Ligand specificity of DC-SIGN differs from that of the MR.

A, Uptake of mannosylated BSA by immature DCs after preincubation with

mannan, EDTA, or anti-DC-SIGN Abs (AZN-D1 or AZN-D2). The

amount of mannosylated BSA on the surface as well as intracellularly was

analyzed by flow cytometry. Values represent mean of duplicates � SD.

One representative experiment of three is shown. B, Binding to ICAM-3

beads by immature DCs after pretreatment as in A. The percentage of cells

that bound ICAM-3-coated fluorescent beads is depicted. Values represent

mean of duplicates � SD. One representative experiment of three is shown.
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the cell surface, as is the case for the MR and DEC-205. To mimic

this, DC-SIGN-mediated binding to HIV-1 gp120 by immature

DCs was analyzed at different pH (Fig. 5D). At neutral and basic

pH, high binding of ligand was observed, whereas at acidic pH,

ligand binding was reduced, up to 20% binding at pH 5. This

suggests that upon internalization of DC-SIGN-ligand complexes

into acidic organelles such as late endosomes and lysosomes, li-

gand can dissociate, allowing recycling of DC-SIGN to the cell

surface.

DC-SIGN captures Ag for presentation to T cells

The targeting of DC-SIGN-ligand complexes to lysosomes and

subsequent release suggests processing of the ligand for presenta-

tion by MHC molecules. To test this, we made use of a CD4� T

cell clone that recognizes peptides derived from mouse IgG1 Abs

(37). Immature DCs from a donor with a compatible haplotype

were preincubated with serial dilutions of Abs and their capacity to

induce proliferation of T cells was tested. Using the anti-DC-SIGN

Abs AZN-D1, AZN-D2 (Fig. 6), and AZN-D3 (data not shown),

which are all of IgG1 isotype, specific Ag presentation was in-

duced from concentrations of 10 ng/ml and higher. Isotype control

Abs were included as well as an IgG2b anti-DC-SIGN Ab

(DCN46.1) and anti-ICAM-2 Abs (IgG1, AZN-ICM2.1). In the

presence of these Abs, DCs could not induce T cell proliferation

(Fig. 6). Thus, DC-SIGN functions as an efficient Ag receptor on

DCs that is endocytosed upon soluble ligand binding.

Discussion
DCs internalize Ags in peripheral tissues, migrate through lymph

to the draining lymph node, and efficiently present peptides de-

rived from these Ags to prime naive T lymphocytes. In this study

we demonstrate that DC-SIGN, a recently identified DC-specific

adhesion receptor, functions as an Ag receptor that can internalize

and target Ags to the degradation pathway, resulting in processing

and subsequent presentation of these Ags to T cells.

C-type lectins as Ag receptors on DCs

Various pathways exist by which DCs internalize soluble Ags for

presentation to T cells, one of which is receptor-mediated endo-

cytosis, in which C-type lectins and FcR play a role (1). C-type

lectins that function as Ag receptors contain carbohydrate-binding

motifs and facilitate binding and uptake of glycosylated ligands.

Most C-type lectins have a high affinity for mannosylated Ags,

whereas some have high affinity for galactose (9). Mannosylated

proteins are especially abundant in a variety of microorganisms. A

growing number of C-type lectins with specificity for mannosy-

lated Ags are found to be expressed by DCs such as the MR and

DEC-205, but now also DC-SIGN, which functions as receptor for

Ag internalization. Only expression of DC-SIGN, however, is re-

stricted to DCs. The MR has multiple CRDs and has been demon-

strated to internalize a variety of glycoproteins from microorganisms

by macrophages (38). Therefore, mannose-binding receptors may

play an important role in the initiation of immune responses against a

FIGURE 4. Ligand binding induces endocytosis of DC-SIGN that requires the dileucine motif in the cytoplasmic tail. A, Amino acid alignment of the

cytoplasmic tails from DC-SIGN, DEC-205, and the MR. Putative tyrosine-based internalization motifs are boxed, triacidic motifs are underlined, and the

dileucine motif is in bold. B, Internalization from the cell surface of bound Abs to the CRD of DC-SIGN (AZN-D2), the C-terminal part of DC-SIGN

(CSRD), or the MR (3.29B1) was analyzed on immature DCs using flow cytometry. Fixed cells were used to correct for the off rate of Abs at 37°C. Values

represent mean of duplicates. One representative experiment of three is shown. C, On immature DCs, internalization from the cell surface of anti-DC-SIGN

Abs, soluble ICAM-2- and ICAM-3-Fc, and anti-CD18 (L19) Abs was analyzed as in B. D, The endocytosis of AZN-D2 was measured on immature and

LPS-matured DCs as in B. E, K562 cells were transfected with wild-type or mutant DC-SIGN, in which two leucine are replaced by alanines, and

internalization of AZN-D2 was analyzed as in B.
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diversity of microorganisms. DEC-205 also has recently been re-

ported to function on immature DCs in receptor-mediated endocyto-

sis. DEC-205-ligand complexes are targeted to late endosomes or ly-

sosomes rich in MHC class II products, whereas MR-ligand

complexes internalize to more peripheral endosomes. Our results

show that DC-SIGN present on immature DCs was rapidly internal-

ized with bound ligand into lysosomal compartments. Subsequently,

ligand-derived peptides were presented to T cells in MHC class II,

indicating that ligand internalized through DC-SIGN reached MHC

class II compartments for processing and peptide loading. It is not

clear, however, whether ligand enters these compartments bound to

DC-SIGN in immature DCs. On mature DCs, DC-SIGN-mediated

internalization of Ag was observed, although at lower efficiency, and

was retarded into early endosomal compartments located close to the

cell surface, concomitant with the reduced internalization and pro-

cessing capacity of mature DCs. In our internalization experiments, in

which we targeted DC-SIGN with specific Abs or with soluble ligand

(ICAM-2- or ICAM-3-Fc), we did not observe any FcR-mediated

contribution (Figs. 4 and 6), illustrating that internalization and sub-

sequent processing and presentation of Ag was DC-SIGN mediated.

The cytoplasmic tail of DC-SIGN contains several motifs that

may direct its intracellular targeting (Fig. 4A). The tyrosine-based

signal of the consensus motif YXX�, a recognition site for adapter

proteins that dictate intracellular targeting (21), and a dileucine

motif involved in targeting to the endosomal/lysosomal pathway

(39) are found in the cytoplasmic tail of DC-SIGN. In this study

we demonstrate that the dileucine motif supports internalization of

DC-SIGN-ligand complexes in transfected cells, because mutation

of this motif inhibits DC-SIGN internalization. This is in contrast

to the MR and DEC-205, which are constitutively endocytosed

through a tyrosine-based motif in the cytoplasmic tail of these

molecules (FENTLY and FSSVRY, respectively; Fig. 4A) (20).

Initial experiments demonstrated that the distinct tyrosine-based

FIGURE 6. Internalization of ligands via DC-SIGN results in Ag presen-

tation to T cells. Proliferation of IgG1-specific T cells induced by immature

DCs was analyzed in the presence of serial dilutions of anti-DC-SIGN Abs

(AZN-D1 (IgG1), AZN-D2 (IgG1), or DCN 46.1 (IgG2b)), anti-ICAM-2 Abs

(AZN-ICM2.1), or IgG1 isotype control Abs. Values represent mean of trip-

licates � SD. One representative experiment of two is shown.

FIGURE 5. Endocytosed DC-SIGN-ligand complexes are targeted to late endosomal/lysosomal compartments. A and B, Using ratio fluorescence imaging, the

pH of internalized AZN-D2 and FITC-conjugated secondary Abs was measured. A, Images are shown of a representative immature (left panel) and an LPS-matured

DC (right panel), integrating phase-contrast images and pH, scaled in pseudocolors (pH scale on the left). B, Distribution of the vesicular pH of internalized

DC-SIGN is depicted as analyzed in 804 vesicles in immature DCs and 750 vesicles in mature DCs. Inset, Mean pH. Pooled results of three independent

experiments are shown. C, Subcellular distribution of DC-SIGN-ligand complexes in immature DCs was studied using electron microscopy after binding of

AZN-D2 (CA) and after triggering internalization at 37°C for 30 min (CB). Cryosections were stained with anti-mouse Abs and protein A-5 nm gold to visualize

AZN-D2 and subsequently with CSRD and protein A-10 nm gold to detect DC-SIGN. Bar, 200 nm. D, pH dependency of gp120-coated fluorescent bead binding

was analyzed by flow cytometry after beads binding in buffers of the indicated pH. One representative experiment of three is shown.
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motif in DC-SIGN is not used for internalization and that presum-

ably a constitutively expressed cell surface distribution of DC-

SIGN is required for ligand binding and internalization. In addi-

tion, the cytoplasmic domain of DC-SIGN contains an acidic triad

(EEE) that in DEC-205 mediates targeting into organelles for Ag

processing and peptide loading onto MHC class II molecules (20).

Indeed, our results indicate that ligands internalized via DC-SIGN

are targeted to these compartments, although the exact role of the

triacidic motif in the cytoplasmic tail in the intracellular trafficking

of DC-SIGN remains to be investigated.

The central role of DCs in the initiation of immune responses

has started investigation into exploiting their Ag-presenting capac-

ity in therapeutic strategies against cancer (40). Many naturally

occurring tumors such as melanoma are low or nonimmunogenic.

The Ag-binding C-type lectins expressed on DCs have been of

interest for improving tumor Ag targeting to DCs and enhancing

Ag processing and presentation to induce antitumor immunity

(17). Recently, it has been demonstrated that DEC-205 is a useful

receptor to target DCs in vivo with low amounts of Ags (41). Our

findings here demonstrate that DC-SIGN also has the potency to

internalize and present Ags. The DC-restricted expression indi-

cates that DC-SIGN can be used to specifically target tumor Ags to

DCs, which are essential for inducing an adequate immune re-

sponse against cancer.

To date, we have demonstrated that Ags internalized and pro-

cessed through DC-SIGN may lead to MHC class II presentation

by using the Ab-specific CD4� T cell line (Fig. 6). DCs also pos-

sess the unique ability to process particulate Ags efficiently into the

MHC class I pathway, referred to as cross-presentation (42). In-

terestingly, it has been recently reported that whole recombinant

yeast can activate DCs, which elicit protective cell-mediated antitu-

mor immunity via CD4� and CD8� T lymphocytes (43). DC-SIGN

binds yeast-derived mannan with a high affinity, indicating that DC-

SIGN could be involved in yeast uptake. It is currently unknown

whether DC-SIGN also facilitates MHC class I presentation, and fu-

ture experiments are needed to address these questions.

Ag specificities of C-type lectins

Despite similarities of C-type lectins on DCs and possible redun-

dancy, the specificity for ligands can differ between these lectins.

The complexity of mannose structures recognized, the number of

mannose groups per ligand, their branching and spacing on the

ligand, as well as additional interactions other than carbohydrates

may especially differ. Recently, Mitchell et al. (10) demonstrated

that DC-SIGN preferentially recognizes high-mannose oligosac-

charides. In eukaryotes, cell membrane-bound mannose residues

are predominantly present in complex-type N-linked glycoproteins

and probably also on viruses, such as HIV. This is in contrast to

single terminal-situated mannose residues that are not recognized

by DC-SIGN but are bound by mannose-binding protein and the

MR. In agreement with these results, we observed that, in contrast

to the MR, DC-SIGN does not capture and endocytose mannosy-

lated BSA, which contains single-terminal mannose residues.

Also, our finding that DC-SIGN has a much higher affinity for

ICAM-3 compared with mannosylated BSA illustrates that

whereas DC-SIGN recognizes complex mannose residues in spe-

cific arrangements on the surfaces of select glycoproteins, the MR

recognizes end-standing single mannoses often present on micro-

organisms. Moreover, carbohydrate-independent interactions are

also important for ligand binding to DC-SIGN (T. Geÿtenbeek,

unpublished results). We propose that, instead of being complemen-

tary receptors, C-type lectins are functionally distinct on DCs and

have distinct recognition profiles to bind specific ligands and patho-

gens with high affinity. Comparison of distribution of DC-SIGN ex-

pression with that of Langerin, DEC-205, and the MR revealed that

only DC-SIGN and the MR, which have distinct Ag recognition pro-

files, are expressed on DCs at the same places in the body, whereas

the other C-type lectins are differentially expressed on subsets of DCs.

DC-SIGN functions as an adhesion receptor and an Ag receptor

We have previously shown that DC-SIGN functions as an adhe-

sion receptor on DCs that regulates transendothelial migration of

DCs via ICAM-2 and activation of resting T cells through

ICAM-3. Here, we show that, as a C-type lectin, DC-SIGN also

functions as an Ag receptor on human DCs that can endocytose

soluble ligand into lysosomal compartments, resulting in process-

ing of ligand and subsequent presentation to T cells. The dual role

of DC-SIGN as adhesion and Ag receptor provides DCs with a

functional receptor throughout their life span, i.e., Ag uptake in

peripheral tissues, migration across endothelial cells upon inflam-

mation, and subsequent clustering with T lymphocytes upon ar-

rival in lymph nodes. The fact that DC-SIGN functions both as an

Ag and as an adhesion receptor indicates that DC-SIGN discrim-

inates itself from the other C-type lectins that so far only function

as Ag receptors. Our data indicate that the two different functions

of DC-SIGN do not necessarily affect each other, because Ag in-

ternalization through DC-SIGN does not affect ICAM-3 binding

(data not shown) or T cell proliferation (Fig. 6). The fact that

Ag-induced internalization of DC-SIGN does not affect its binding

activity might be due to the fact that not all DC-SIGN molecules

internalize (Fig. 2) or that the internalized molecules recycle back

to the plasma membrane after delivery of Ag in a low-pH envi-

ronment, similar to the MR and DEC-205 (20, 22). DC-SIGN-

mediated internalization experiments demonstrate that, at later

time points after internalization of DC-SIGN, expression levels are

restored. Whether this rapid reconstitution of DC-SIGN expression

after internalization is due to recycling of DC-SIGN or de novo

synthesis remains to be determined in future experiments.

Ags that target to DC-SIGN

Until now, the only antigenic ligands known to bind DC-SIGN are

lentiviruses, including HIV-1, HIV-2, and SIV-2 (26, 44). We have

recently shown that DCs efficiently capture HIV-1 through a high-

affinity interaction of gp120 with DC-SIGN and mediate subse-

quent transmission of HIV-1 to T cells (26). As a result of gp120

binding to DC-SIGN, HIV-1 is stabilized and remains infectious

for several days. Here, we show that DC-SIGN is internalized

upon soluble ligand binding, suggesting that binding of gp120 to

DC-SIGN may result in internalization of virus, facilitating effi-

cient transport to lymph nodes and protection of the virus to pro-

mote infection of target T cells (26). However, the question still

remains how complete HIV-1 virions can protect themselves

against DC-SIGN-mediated internalization and subsequent degra-

dation in low-pH compartments, which would allow Ag processing

and presentation for induction of HIV-specific immunity. HIV-1

capture by DCs may interfere either with targeting of DC-SIGN-

HIV-1 complexes to lysosomes or with lysosomal degradation.

Interestingly, in mature DCs, DC-SIGN targeted to early endoso-

mal compartments in which HIV-1 would be protected against

degradation. Recently, we observed that after HIV entry and in-

fection of immature DCs, expression of the HIV-1 protein Nef

results in a redistribution of DC-SIGN and an enhanced cell sur-

face expression, thus converting DC-SIGN internalization to cell

surface expression and facilitating increased cell adhesion and vi-

rus transmission to T cells (45). Further investigation is needed to

establish the exact conditions required for HIV to escape degra-

dation and processing by DCs to remain in its infective state for
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transmission to T cells or to be processed by DCs to allow anti-

HIV immunity.

DCs have the unique capacity to induce cellular responses

against a broad variety of Ags. Several C-type lectins on DCs

function in capturing Ags. We have shown here that DC-SIGN, an

adhesion receptor for ICAM-2 and ICAM-3, can additionally func-

tion as Ag receptor. DC-SIGN has the potency to be used for

targeting tumor Ags specifically to DCs to induce antitumor im-

munity. Various C-type lectin receptors on DCs, including DC-

SIGN, could be targeted by tumor and viral Ags to determine how

DCs can most effectively be used in clinical settings for presenta-

tion of tumor/viral Ags and induction of antitumor/viral immunity.
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