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Langerin is categorized as a C-type lectin selectively
expressed in Langerhans cells, playing roles in the first line of
defense against pathogens and in Birbeck granule formation.
Although these functions are thought to be exerted through gly-
can-binding activity of the C-type carbohydrate recognition
domain, sugar-binding properties of Langerin have not been
fully elucidated in relation to its biological functions. Here, we
investigated the glycan-binding specificity of Langerin using
comprehensive glycoconjugate microarray, quantitative frontal
affinity chromatography, and conventional cell biological anal-
yses. Langerin showed outstanding affinity to galactose-6-sul-
fated oligosaccharides, including keratan sulfate, while it pre-
served binding activity to mannose, as a common feature of the
C-type lectins with an EPN motif. By a mutagenesis study, Lys-
299 and Lys-313 were found to form extended binding sites for
sulfated glycans. Consistent with the former observation, the
sulfated Langerin ligands were found to be expressed in brain
and spleen, where the transcript of keratan sulfate 6-O-sulfo-
transferase is expressed. Moreover, such sulfated ligands were
up-regulated in glioblastoma relative to normal brain tissues,
and Langerin-expressing cells were localized in malignant brain
tissues. Langerin also recognized pathogenic fungi, such as Can-
dida and Malassezia, expressing heavily mannosylated glycans.
These observations provide strong evidence that Langerin
mediates diverse functions on Langerhans cells through dual
recognition of sulfated as well as mannosylated glycans by its
uniquely evolved C-type carbohydrate-recognition domain.

Langerhans cells (LCs) are a subset of dendritic cells resi-
dent in an immature state in skin epidermis and mucosal epi-
thelium. They have been considered to play a sentinel role
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through their specialized function in antigen capture and
migratory capacity to secondary lymphoid tissue to initiate spe-
cific immunity (1). LCs are characterized by the presence of a
cytoplasmic organelle, Birbeck granules (BGs), and the cell sur-
face LC-specific receptor, Langerin (CD207) (2, 3).

Langerin was first identified as a molecule specifically
expressed in LCs, which is recognized by LC-specific mAb
DCGM4 (2). Langerin belongs to group II C-type lectins, most
of which have been reported to recognize glycan ligands in a
Ca®"-dependent manner. Langerin is a 37.5-kDa (328 amino
acids) type II transmembrane receptor consisting of an N-ter-
minal short cytoplasmic domain, a transmembrane domain, a
neck region, and a C-terminal C-type carbohydrate-recogni-
tion domain (CRD) (2). The cytoplasmic domain contains a
proline-rich motif (WPREPPP) as a potential signal transduc-
tion site. The CRD contains an EPN (Glu-Pro-Asn) motif char-
acteristic of C-type lectins with mannose (Man) specificity (4).
Mannan-binding protein and dendritic cell-specific intracellu-
lar adhesion molecule-3-grabbing non-integrin (DC-SIGN) are
representative members of this Man-specific subfamily.

Langerin functions as an endocytic receptor, which has been
believed to be involved in self-defense against invading patho-
gens. Langerin is expressed on the cell surface and has the abil-
ity to uptake (5), process, and present antigens to T cells
through the major histocompatibility complex I and II path-
ways (6), although it lacks a typical tyrosine-based internaliza-
tion motif (2). Recently, Langerin was reported to have activity
to prevent human immunodeficiency virus-1 (HIV-1) trans-
mission (7). Indeed, Langerin binds to HIV-1 through gp120
with mannosylated glycans and uptakes into the BGs, resulting
in HIV-1 degradation and viral clearance.

Langerin also functions as an essential component of the
induction of BG formation as proved by the following findings:
(@) inside the cell, Langerin exists mainly in the BGs (2); (b)
transient transfection of Langerin cDNA into the fibroblastic
mouse cell line induces BG formation (1); and (c) disruption of
the Langerin gene abolishes the BGs in LCs (8). Interestingly,
the C-type CRD of Langerin is essential for the BG formation,
because the activity is abrogated by eliminating the CRD (2). In

corneal KS; KS-l, shark cartilaginous KS; LacNAc, N-acetyllactosamine; Man,
p-mannose; PA, pyridylamino; BG, Birbeck granule; mAb, monoclonal anti-
body; HIV-1, human immunodeficiency virus, type 1; FITC, fluorescein iso-
thiocyanate; PAA, polyacrylamide.
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agreement with this observation, calcium deprivation results in
unzippering of the BGs and transformation into vesicles (3). A
recent report also demonstrated that antibody binding to the
Langerin CRD induces global rearrangements of LC morphol-
ogy (9). Undoubtedly, the Langerin CRD is essential for its bio-
logical functions in LCs. However, its sugar-binding specificity
in relation to diverse functions in LCs remains to be elucidated.

In terms of sugar-binding specificity, two studies have been
reported. Stambach et al. analyzed the glycan-binding specific-
ity of Langerin by solid phase and glycoprotein blotting assays,
showing that the Langerin CRD binds to Man, fucose, and
N-acetylglucosamine (GlcNAc) similar to other C-type lectins
with the EPN motif, and that the oligomeric structure formed
via the neck region is required for sufficient binding (10). More
recently, Galustian et al. reported the glycan-binding specificity
of Langerin using carbohydrate microarray (11). In contrast to
the report by Stambach et al., Langerin was shown to bind to
sulfated Le*-related glycans, whereas only weak binding was
observed for high mannose-type N-glycans. Therefore, current
understanding about sugar-binding specificity of Langerin has
been rather confused. More systematic analysis is necessary to
elucidate sugar-binding properties of Langerin in relation to its
biological functions on LCs.

Here, we analyzed glycan-binding specificity of Langerin
using glycoconjugate microarray (12), frontal affinity chroma-
tography (FAC) (13, 14), and cell biological assays. We demon-
strate that Langerin is a unique receptor with dual specificity to
sulfated and mannosylated glycans via a single C-type CRD.
The binding mechanism and putative functions of the dual
specificity of Langerin are also discussed in this study.

EXPERIMENTAL PROCEDURES

Materials—FITC-labeled rabbit anti-donkey IgG (H+L),
Cy3-labeled donkey anti-human Fcy, peroxidase-labeled goat
anti-human IgG (H+L), Cy3-labeled donkey anti-mouse IgG
(H+L), and Cy3-labeled streptavidin were purchased from
Jackson ImmunoResearch (West Grove, PA). FITC-labeled rat
anti-CD3 and anti-CD19 mAbs were purchased from BD Bio-
sciences. Mouse anti-human Langerin mAb (12D6, Novocas-
tora) was purchased from Mitsubishi Chemical Medience
Corp. (Tokyo, Japan). N-Acetyllactosamine (LacNAc)-polyacryl-
amide (PAA)-biotin, 6-sulfo-N-acetylglucosamine (GIcNAc)-PAA-
biotin, 6-sulfo-LacNAc-PAA-biotin, and 6"-sulfo-LacNAc-PAA-bio-
tin probes were purchased from Glycotech (Gaithersburg, MD).
Anti-highly sulfated keratan sulfate mAb (5D4) was purchased
from Seikagaku Co. (Tokyo, Japan). Arthrobacter ureafaciens
sialidase was purchased from Roche Diagnostics (Tokyo,
Japan). Tissue microarrays of astrocytic tumors were purchased
from Cybrdi, Inc. (Frederick, MD). Tissue specimens of gliomas
were also obtained from the Kumamoto University Hospital.
Marathon Ready® cDNAs of various human tissues were pur-
chased from Takara (Shiga, Japan). The human Langerin
(#4692155), KS6ST (#4814499), and GIcNAc6ST (#4562846)
cDNAs were purchased from Funakoshi Co., Ltd. (Tokyo,
Japan). Protein A-Sepharose 4 Fast Flow was purchased from
GE Amersham Biosciences. Pyridylaminated (PA) bovine cor-
neal KS (KS-I) and shark cartilaginous KS (KS-II) were gener-
ous gifts from Seikagaku Co.
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Fungi—Saccharomyces cerevisiae (Institute of Food Microbi-
ology number = 49922), Candida albicans (40009), Candida
glabrata (40018), Candida guilliermondii (46828), Candida
kefyr (46842), Candida krusei (46839), Candida parapsilosis
(52607), Candida tropicalis (40065), Malassezia furfur (52635),
Malassezia pachydermatis (48586), and Cryptococcus neofor-
mans (B4500) were obtained from the National BioResource
Project. S. cerevisiae, Candida species, and C. neoformans were
cultured in YPD medium (10% Tryptone, 5% dried yeast
extract, 10% glucose, pH 5.8). Malassezia species were cultured
in Malassezia medium (10% Tryptone, 10% dried yeast extract,
20% glucose, 0.5% Tween 80).

Langerin-Fc Fusion Protein—The CRD region of human Lan-
gerin (193-328 amino acids) was amplified by PCR using
specific primer sets (forward and reverse, 5'-CTCGAGATGA-
CTGTGGAGAAGGAGGCCCCTGATGCG-3" and 5'-GATA-
TCCGGTTCTGATGGGACATAGGGTCGCTTACA-3'), and
ligated into a pSecTag/FRT/V5-His vector (Invitrogen Japan
K.K., Tokyo, Japan). The Fc region of human IgG; was then
inserted into the C terminus of the Langerin CRD sequence via
Agel and Pmel sites. Site-directed mutagenesis of Langerin-Fc
was also performed using a Genetailor site-directed mutagen-
esis system (Invitrogen). The primers used for construction of
Langerin-Fc mutants were as follows: for E285A, 5'-GAGGT-
TCTGGATTCCAGGTGCGCCCAACAAT-3" (sense) and
5'-CACCTGGAATCCAGAACCTCGCACTTTGGA-3" (anti-
sense); for N287A, 5'-TCTGGATTCCAGGTGAGCCCGCC-
AATGCTGGG-3' (sense) and 5'-GGGCTCACCTGGAATC-
CAGAACCTCGCACT-3' (antisense); for K299A, 5'-ATGAA-
CACTGTGGCAATATAGCGGCTCCCTCAC-3’ (sense) and
5"-TATATTGCCACAGTGTTCATTGTTCCCAGC-3' (anti-
sense); and for K313A, 5'-GGAATGATGCCCCATGTGACG-
CAACGTTTCTTT-3' (sense) and 5'-GTCACATGGGGCAT-
CATTCCAGGCCTGAAG-3" (antisense). The expression
constructs were transiently transfected into HEK293T cells cul-
tured in Opti-MEM (Invitrogen) supplemented with 5% low
IgG fetal bovine serum (Invitrogen), 100 units/ml penicillin,
and 100 pg/ml streptomycin (Invitrogen) by Lipofectamine
LTX (Invitrogen) followed by the manufacturer’s procedure.
Fusion proteins secreted into medium were purified by affinity
chromatography on Protein A-Sepharose 4 Fast Flow (Amer-
sham Biosciences).

Preparation of CHO Cells Stably Expressing Full-length
Langerin—The full-length human Langerin (CD207) gene
(1-328 amino acids) was amplified by PCR using specific
primer sets (forward and reverse, 5'-CTCGAGATGACTGTG-
GAGAAGGAGGCCCCTGATGCG-3" and 5-GATATCCG-
GTTCTGATGGGACATAGGGTCGCTTACA-3') and ligated
into a pcDNA5/FRT/V5-His vector (Invitrogen). The expres-
sion vector was transfected into an Flp-In CHO cell line
(Invitrogen) by Lipofectamine LTX. CHO cells stably express-
ing the full-length Langerin were selected with 0.5 mg/ml
hygromycin B (Invitrogen).

Preparation of Sulfotransferase Expression Vectors—The full-
length ¢cDNA of KS6ST (CHST1, keratan sulfate Gal-6-sulfo-
transferase), GIcNAc6ST (CHST2, carbohydrate N-acetylglu-
cosamine-6-O-sulfotransferase 2), and I-GIcNAc6ST (CHSTS,
intestinal N-acetylglucosamine 6-O-sulfotransferase) were
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ligated into pcDNA3.1 (+) or (—) vectors (Invitrogen) via
EcoRV sites.

Glycoconjugate Microarray—The sugar-binding specificity
of Langerin was analyzed by glycoconjugate microarray as
described previously (12). Briefly, Langerin-Fc chimera (1
pg/ml) was precomplexed with Cy3-labeled donkey anti-hu-
man Fcy (1.4 pg/ml) in TBS-T (10 mm Tris-HCI, pH 7.4, con-
taining 150 mm NaCl (TBS), 1% (v/v) Triton X-100) containing
1 mmMm CacCl,, and then applied onto a glycoconjugate microarray
(version 4.2). As negative control experiments, binding was
also analyzed in TBS-T containing 10 mm EDTA. After incu-
bation at 20 °C overnight, binding was detected by the evanes-
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FIGURE 1. Analysis of the glycan-binding specificity of Langerin-Fc chimera by glycoconjugate microar-
ray. Langerin-Fc fusion proteins were precomplexed with Cy3-labeled anti-human Fcy in TBS-T containing 1
mm CaCl, at room temperature for 15 min and directly applied to glycoconjugate microarray (version 4.2). After
incubation at 20 °C overnight, binding was detected by the evanescent-field fluorescence-assisted scanner,
SC-profiler at low (gain 60, A) and high gains (gain 120, B). As a negative control, binding was also analyzed in
the presence of 10 mm EDTA (gain 120, C). D, inhibition assay. Culture supernatants, containing Langerin-Fc
precomplexed with Cy3-labeled anti-human Fcy in the presence or absence (control) of inhibitors, were
applied onto glycoconjugate microarray. 50 mm of Man and Glc, and 5 ug/ml 6'-sulfo-LacNAc-PAA (6'-sulfo-
LacNAc), 6-sulfo-LacNAc-PAA (6-sulfo-LacNAc), and LacNAc-PAA (LacNAc), and 10 mm EDTA were used as
inhibitors. Binding of Langerin-Fc to invertase and 6'-sulfo-LacNAc are shown. Glycans used for glycoconju-

| Invitrogen) in accordance with the
manufacturer’s procedure. Cells
were recovered, resuspended in
TSA buffer (TBS containing 10
mg/ml bovine serum albumin, 2 mm
CaCl,, and 2 mm MgCl,), and incu-
bated with or without 25 milliunits
of A. ureafaciens sialidase at 37 °C
for 30 min. After washing with TSA
buffer, cells were incubated with 20
pg/ml Langerin-Fc chimera pre-
complexed with 20 pg/ml Cy3-la-
beled donkey anti-human Fcyonice
for 1 h. As negative controls, cells
were also incubated with Lange-
rin-Fc chimera in EDTA bulffer
(TBS containing 10 mg/ml bovine serum albumin and 5 mm
EDTA). Flow cytometry data were acquired on a FACSCanto-II
cytometer (BD Biosciences) and analyzed using FACSDiva and
Flow]o software.

Probe Binding Assay—Langerin-CHO cells (2 X 10°) were
cultured in 6-well plates for 2 days at 37 °C. After washing with
TSA bulffer, cells were incubated with glycoside-PAA probes
(10 pg/ml) precomplexed with Cy3-streptavidin (10 wg/ml) on
ice for 1 h. Cells were then recovered with trypsin, and flow
cytometry data were acquired on a FACSCanto-II cytometer
and analyzed using FACSDiva and FlowJo. As a negative con-
trol, probe binding was also analyzed in the presence of EDTA.
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Probe Internalization Assay—Langerin-CHO cells (2 X 10°)
were cultured in 6-well plates for 2 days at 37 °C. After washing
with TSA buffer, cells were incubated with glycoside-PAA
probes (20 ug/ml) precomplexed with Cy3-streptavidin (20
pg/ml) in TSA buffer at 37 °C for 1 h to trigger internalization.
Cells were then recovered with trypsin, and the internalized
fluorescence was detected by flow cytometry. Flow cytometry
data were acquired on a FACSCanto-II cytometer and analyzed
using FACSDiva and FlowJo. Negative control experiments
were also performed using EDTA buffer.

FAC—FAC was performed as described previously (13, 14).
Briefly, Langerin-Fc fusion proteins were immobilized on Pro-
tein A-Sepharose 4 Fast Flow at a concentration of 12 mg/ml,
and the resulting lectin-immobilized gel was packed into a min-
iature column (inner diameter, 2 mm; length, 10 mm, bed vol-
ume, 31.4 ul, Shimadzu) and connected to an automated FAC
system (FAC-1). A panel of 142 PA-glycans was successively
injected into the columns by the auto-sampling system, and
elution of the PA-glycans was detected by fluorescence (excita-
tion, 310 nm; emission, 380 nm). The elution front of each
PA-glycan relative to that of an appropriate control (lactose-
PA), referred to as V — V,,, was then determined. Glycans used
for FAC are shown in supplemental Fig. 2. To determine K,
values, B, (effective ligand content) was assumed to be 50% of
the immobilized Langerin-Fc.

Real-time PCR—Real-time PCR was performed using an
ABI Prism 7700 Sequence Detection System (Invitrogen) as
previously described (15). Standard curves for the KS6ST
gene and the human glyceraldehyde-3-phosphate dehydro-
genase gene, as an endogenous control, were generated by
serial dilution of each plasmid DNA. Data are shown as the
relative amount of KS6ST transcript normalized by the
amount of glyceraldehyde-3-phosphate dehydrogenase
transcript in the same cDNA.

Binding of Langerin-Fc to Mouse Splenocytes—Mouse spleen
was ground between two frosted glass slides and passed
through a cotton-plugged Pasteur pipette. Erythrocytes were
lysed with BD Pharmingen Cell Lysis Buffer (BD Biosciences).
Splenocytes (1 X 10°) were incubated with or without 25 milli-
units of A. ureafaciens sialidase (Roche Diagnostics K.K.) in
TSA buffer at 37 °C for 30 min. After washing with TSA buffer,
cells were then incubated with Langerin-Fc fusion proteins (20
pg/ml) precomplexed with Cy3-labeled donkey anti-human
Fcy (20 pg/ml) on ice for 1 h. Cells were also stained with
FITC-labeled rat anti-CD3 and anti-CD19 mAbs. Flow cytom-
etry data were acquired on a FACSCanto-II cytometer and ana-
lyzed using FACSDiva and FlowJo.

Tissue Staining—Brain tissue paraffin-embedded sections
were obtained from Cybrdi, Inc. and the Kumamoto Univer-
sity Hospital (Kumamoto, Japan). After deparaffinization
with xylene and rehydration with ethanol, tissue sections
were immersed in methanol containing 0.3% hydrogen per-
oxide for 30 min to inhibit endogenous peroxidase activity.
For Langerin immunostaining, tissue sections were pre-
treated with microwave to unmask antigen and then incu-
bated with anti-Langerin mAb (12D6). Tissue sections were
then stained using Histofine® Simple Stain MAX-PO (M)
secondary antibody (Nichirei Biosciences, Inc., Tokyo,
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FIGURE 2. Lys-299 and Lys 313 are extended binding sites for the recog-
nition of sulfated glycans. A, WT and mutant forms of Langerin-Fc expres-
sion vectors were transfected into HEK293T cells, and 1 ml of the resulting
culture supernatants was incubated with 10 ul of Protein A-Sepharose. The
gels were then incubated with SDS sample buffer, and the eluted fractions
were run on SDS-PAGE and blotted with peroxidase-labeled goat anti-human
IgG (H+L). B, culture supernatants of WT and mutant forms of Langerin-Fc
were precomplexed with Cy3-labeled anti-human Fcry and analyzed by gly-
coconjugate microarray. Binding of WT and mutant forms of Langerin-Fc to
invertase, 6’-sulfo-LacNAc, and 6-sulfo-GIcNAc are shown relative to WT.

Japan). The immunoreactions were visualized using a diami-
nobenzidine substrate kit (Vector Labs, Burlingame, CA)
(brown) and counterstained with hematoxylin (blue). Tissue
sections were also stained with Langerin-Fc (20 pg/ml) pre-
complexed with peroxidase-conjugated goat anti-human-
IgG (10 pg/ml).

Binding of Langerin-Fc to Live Fungi—Langerin-Fc fusion
proteins (0.5 ug/ml) were precomplexed with Cy3-labeled anti-
human Fcy (0.5 pug/ml) in TSA buffer at room temperature for
30 min and then incubated with 1 X 10° of live fungi on ice for
1 h. After washing with TSA buffer, flow cytometry data were
acquired on a FACSCanto-II cytometer and analyzed using
FACSDiva and FlowJo. Langerin-Fc was also incubated with
fungi in EDTA buffer.

JOURNAL OF BIOLOGICAL CHEMISTRY 6393


http://www.jbc.org/cgi/content/full/M109.041863/DC1

Dual Specificity of Langerin

Mock KS6ST
| fa= :EDTA
] — : Untreated
== : Sialidase-

treated

Cell number

0102 10% 10* 10° 0102 10% 10* 10°

Langerin-Fc

FIGURE 3. KS6ST generates sulfated Langerin ligands. Untreated (thin line)
and sialidase-treated CHO cells (bold line) transfected with or without a KS6ST
(CHSTT1, keratan sulfate Gal-6-sulfotransferase) expression vector was incu-
bated with Langerin-Fc chimera precomplexed with Cy3-labeled anti-human
Fcy in TSA buffer on ice for 1 h. After washing, cells were analyzed by flow
cytometry. Binding of Langerin-Fc in the presence of 5 mm EDTA was taken as
negative controls (gray).

RESULTS

Glycoconjugate Microarray Screening of Langerin-Fc
Chimera—Langerin is a type II transmembrane protein con-
taining a single extracellular C-type CRD and a cytoplasmic
domain. To examine its glycan-binding specificity, the soluble
Langerin-Fc chimera was generated by cloning the CRD into
the pSecTag/FRT/V5-His vector followed by insertion of the Fc
portion of human IgG; at the C terminus of the Langerin CRD.
Using the Langerin-Fc chimera, potential glycan ligands were
first screened using the recently developed glycoconjugate
microarray comprising 98 immobilized compounds (supple-
mental Fig. 1 and supplemental Table 1) (12). Langerin-Fc chi-
mera was precomplexed with Cy3-labeled donkey anti-human
Fcryantibody and then incubated with glycoconjugate microar-
ray. Binding was detected using the evanescent-field fluores-
cence-assisted scanner. At a low gain (Fig. 14), Langerin-Fc
exhibited highly selective binding to 6'-sulfo-LacNAc (38,
[6-SO,]GalB1-4GlcNAc), whereas no binding was observed
for either its position isomer, 6-sulfo-LacNAc (37, GalpBl-
4[6-SO,]GlcNAC), or unsulfated form (35, Gal31-4GlcNAc). A
weak, but significant signal was also observed for 6-sulfated
GlcNAc (48, [6-SO,]GlcNACc), suggesting that sulfate at the
C-6 of the non-reducing end sugar might be important for
Langerin recognition. On the other hand, at a high gain (Fig.
1B), extensive binding to a certain set of glycans with Man
(shown in green), GlcNAc (shown in blue), and fucose
(shown in red) was observed, in agreement with the previous
report (10): that is, Langerin-Fc bound to heavily mannosy-
lated glycans such as «Man (54) and BMan polymers (55),
yeast invertase (57), and mannan from S. cerevisiae and C.
albicans (93 and 94). Notably, no binding was observed for a
typical endogenous glycoprotein, thyroglobulin (28 and 46)
expressing high mannose-type N-glycans, indicating that
mannose multivalency and geometry, characteristic of exog-
enous organisms, might be important for Langerin recogni-
tion. A similar observation has been reported for mannan-
binding protein (16). Langerin-Fc also exhibited binding to
agalacto-AGP (50) containing highly branched agalactosy-
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FIGURE 4. Langerin expressed at the cell surface mediates binding to and
uptake of 6’-sulfated LacNAc. A, expression of the full-length Langerin on
CHO cells. Langerin-CHO cells were stained with goat anti-Langerin 1gG fol-
lowed by FITC-labeled anti-goat IgG (black line). Control represents staining
using the secondary antibody (FITC-labeled anti-goat IgG) only (gray).
B, probe binding assay. Glycoside-PAA probes precomplexed with Cy3-la-
beled streptavidin were incubated with Langerin-CHO cells on ice for 1 h in
the presence of 2 mm CaCl, and 2 mmMgCl, (left panel, +Ca®*). Probe binding
to Langerin-CHO cells was also analyzed in the presence of 5 mm EDTA (right
panel, +EDTA). Bound fluorescence was analyzed by flow cytometry. C, probe
internalization assay. Glycoside-PAA probes precomplexed with Cy3-labeled
streptavidin were incubated with Langerin-CHO cells in the presence of 2 mm
CaCl,and 2 mmMgCl, (left panel, +Ca**) at 37 °Cfor 1 h. Probe internalization
was also analyzed in the presence of 5 mm EDTA (right panel, +EDTA). Inter-
nalized fluorescence was analyzed by flow cytometry.

lated N-glycans as well as fucosylated glycans (1 and 2), but
to a much lesser extent. Binding signals were abolished in the
presence of EDTA (Fig. 1C), indicating that the results are
due to specific interactions via the C-type CRD. To further
clarify whether the binding of Langerin to sulfated and man-
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Dual Specificity of Langerin

Lys-299 and Lys-313 Form
Extended Binding Sites for the Re-
cognition of Sulfated Glycans—
Structurally, the Langerin CRD
exhibits some differences from
other known C-type CRDs having
the EPN motif, such as DC-SIGN
(9): two lysine residues, Lys-299 and
Lys-313, are present in the Langerin

CRD, but not in the DC-SIGN CRD
(supplemental Fig. 3) (9, 17). The
presence of such positively charged
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amino acids in the CRD is likely
involved in the formation of salt
bridges with negatively charged sul-
fated ligands (9, 17). Expression
plasmids of WT and mutant forms
of Langerin-Fc were transfected
into HEK293T cells, and the result-
ing culture supernatants were ana-
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FIGURE 5. Langerin recognizes KS. A, binding of Langerin-Fc chimera to KS analyzed by FAC. Dotted lines
represent PA-labeled lactose used as negative controls. Solid lines represent PA-labeled corneal (left panel) and
cartilaginous KS (right panel). B, CHO cells transfected with both KS6ST and GIcNAc6ST cDNA expression vec-
tors were stained with anti-highly sulfated KS mAb (5D4) followed by incubation with FITC-labeled donkey
anti-mouse IgG (left panel), Langerin-Fc chimera precomplexed with Cy3-labeled anti-human Fcy (middle
panel), and double stained with both 5D4 and Langerin-Fc chimera (right panel) with or without sialidase
pretreatment. Control represents staining using the secondary antibody (Cy3-labeled donkey anti-mouse IgG)
only (left panel, gray). As a negative control, binding of Langerin-Fc was also analyzed in the presence of 5 mm

EDTA (middle panel, gray).
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FIGURE 6. Quantitative real-time PCR analysis of the KS6ST transcript in
human tissues. Data are shown relative to the amount of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) transcript.

nosylated glycans is mediated by the same binding site, we
then performed inhibition assay. As shown in Fig. 1D, bind-
ing of Langerin-Fc to both 6’-sulfo-LacNAc and yeast invert-
ase was abrogated in the presence of either 50 mm Man or 5
pg/ml 6'-sulfo-LacNAc-PAA, but no inhibitory effect was
observed for 5 ug/ml 6-sulfo-LacNAc-PAA and LacNAc-
PAA, consistent with the results obtained in Fig. 1 (A and B).
These results indicate that dual specificity of Langerin to
sulfated and mannosylated glycans share the same ligand
binding site.
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lyzed by glycoconjugate microarray
with the aid of a Cy3-labeled sec-
ondary antibody. The expression of
WT and mutant forms of Lange-
rin-Fc in the culture supernatants
was confirmed by Western blotting
using peroxidase-labeled goat anti-
human IgG (H+L) (Fig. 2A4). As
shown in Fig. 2B, binding of Lange-
rin-Fc to both invertase and
6'-sulfo-LacNAc was abolished by
mutation of either Glu-285 or Asn-287, which are components
of the EPN motif. Interestingly, binding of Langerin-Fc to
6'-sulfo-LacNAc was also canceled by mutation of either Lys-
299 or Lys-313, whereas binding of Langerin-Fc to
6-sulfo-GIcNAc was abolished by mutation of Lys-313, but not
Lys-299. No effect of either mutation was observed on the bind-
ing to invertase. These results demonstrate that Lys-299 and
Lys-313 form extended binding sites for the recognition of
sulfated glycans. Binding mechanism of Langerin to 6'-sulfo-
LacNAc and 6-sulfo-GlcNAc might be slightly different.

KS6ST Generates Langerin Ligands—Having shown that
Langerin-Fc chimera recognize 6’-sulfo-LacNAc as a preferred
glycan ligand, we then examined whether KS6ST, which has
activity to transfer sulfate to the C-6 of Gal of LacNAc on gly-
coproteins (18), is responsible for the generation of a Langerin
ligand. CHO cells were transfected with the KS6ST expression
plasmid with or without sialidase pretreatment, and binding of
Langerin-Fc was analyzed by flow cytometry. As shown in Fig.
3, Langerin-Fc bound to sialidase-treated CHO cells trans-
fected with KS6ST (bold line), whereas only weak binding was
observed before sialidase pretreatment (¢hin line). This obser-
vation indicates that Langerin recognizes 6’-sulfo-LacNAc but
not its sialylated form. Combined with the results obtained by
glycoconjugate microarray, it is likely that Langerin recognizes
6'-sulfo-LacNAc on glycoproteins expressed at the cell surface,
in which synthesis KS6ST is involved.

0102 10° 10* 10°
Langerin-Fc
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Langerin Mediates Binding to and Uptake of 6'-Sulfo-
LacNAc—To assess the binding of Langerin to 6'-sulfo-LacNAc
under more physiological conditions, we examined whether the
full-length Langerin expressed at the cell surface also binds to
this structure. For this purpose, CHO cells stably expressing
Langerin (Langerin-CHO) were first established (Fig. 44), and
binding of biotin-labeled PAA probes precomplexed with Cy3-
streptavidin to Langerin-CHO cells was detected by flow
cytometry (Fig. 4B). The 6’-sulfo-LacNAc-PAA-biotin probe
bound to Langerin-CHO cells (Fig. 4B, bold line), whereas no
binding was observed with either 6-sulfo-LacNAc-PAA-biotin
(Fig. 4B, thin line) or LacNAc-PAA-biotin probes (Fig. 4B,
gray). Therefore, Gal-6-sulfate is considered to be essential for
Langerin binding, in agreement with the results obtained by
glycoconjugate microarray. Binding of the 6'-sulfo-LacNAc-
PAA-biotin probe to Langerin-CHO cells was cancelled in the
presence of EDTA, indicating that Langerin binding is depen-
dent on the C-type CRD.

One of the roles of Langerin expressed on LCs is to bind
antigens and internalize them into the BGs. Therefore, we next
investigated whether Langerin could endocytose bound
6'-sulfo-LacNAc-PAA-biotin probes into intracellular com-
partments. For this purpose, Langerin-CHO cells were incu-
bated with the biotin-labeled 6'-sulfo-LacNAc-PAA-biotin
probe precomplexed with Cy3-streptavidin via a biotin tag at
37 °C for 60 min. After this internalization process, residual cell
surface probes were removed by 5 mm EDTA, and internalized
Cy3-labeled probes were detected by flow cytometry. As shown
in Fig. 4C, internalization of the 6'-sulfo-LacNAc-PAA-biotin
probe was detected after 60 min of incubation. On the other
hand, apparently no internalization was observed with either
6-sulfo-LacNAc-PAA-biotin or LacNAc-PAA-biotin used as
negative controls. These results demonstrate that 6'-sulfo-
LacNAc serves as a glycan ligand for Langerin.

Langerin Recognizes Keratan Sulfate—Keratan sulfate (KS) is
a Gal-6-sulfated oligosaccharide consisting of a linear polymer
of LacNAc, (GalB1-4GIcNAcB1-3),, that is sulfated to a vary-
ing degree on the C-6 of either GIcNAc or Gal residues. There-
fore, it is possible that KS serves as an endogenous ligand for
Langerin. To prove this, binding of Langerin to KS was first
investigated by FAC using two types of natural KS polymers,
bovine corneal KS (KS-I) and shark cartilaginous KS (KS-II).
KS-II is more extensively sulfated than KS-I (19). In Fig. 54,
Langerin showed much stronger affinity to highly sulfated
KS-II (K, = 3.3 X 10" M) than KS-1 (K, = 102 m). Similarly,
no binding signal was detected for KS-I (91) by glycoconjugate
microarray (Fig. 1). Weak, but significant binding was also
observed for a KS-related glycan, 922 ([6S]GalB1-
4GIcNAcB1-3[6S]GalB1-4GIcNAc, K, = 7 X 10~ 2 m). On the
other hand, Langerin showed no binding to other glycans (for
the list of standard 142 glycans, see supplemental Fig. 2) repre-
senting N-glycans, O-glycans, glycolipid-type glycans, and milk
oligosaccharides, including 3’-sulfolactose (918). Binding
affinity to KS-II was found to be 100-fold higher than to high
mannose-type N-glycans (K, > 10~ %) under the current exper-
imental condition. It seems that Langerin requires multivalency
for the recognition of mannosylated glycans.
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FIGURE 7. Binding of Langerin-Fc to mouse splenocytes. A, mouse spleno-
cytes were incubated with Langerin-Fc chimera precomplexed with Cy3-la-
beled anti-human Fcy with or without sialidase pretreatment. B, mouse
splenocytes were double stained with FITC-labeled anti-CD3/Langerin-Fc

and FITC-labeled anti-CD19/Langerin-Fc with or without sialidase
pretreatment.

We then investigated whether Langerin binds to highly sul-
fated KS expressed at the cell surface. For this purpose, we gen-
erated KS-expressing cells by double transfection with both
KS6ST and GIcNAc6ST into CHO cells. In the KS synthesis,
KS6ST has activity to transfer sulfate to the C-6 of Gal, whereas
GIcNACc6ST acts to transfer sulfate to the C-6 of GlcNAc. As
shown in Fig. 5B, left panel, double transfected-CHO cells were
stained with 5D4 mAb, which is specific for highly sulfated KS.
Therefore, the double- transfected cells are considered to pro-
duce KS on cell surfaces. Langerin-Fc chimera exhibited bind-
ing to the double-transfected CHO cells even without sialidase
treatment (Fig. 5B, middle panel). Upon sialidase treatment,
however, much enhanced binding was observed, consistent
with the previous experiment showing sialylation inhibits Lan-
gerin binding (Fig. 3). Although Langerin-Fc bound to both
5D4-positive and -negative CHO cells, the lectin gave stronger
binding on 5D4-positive CHO cells (Fig. 5B, right panel). Sim-
ilar results were obtained by cotransfection with KS6ST and
[-GIcNAc6ST (CHSTS, intestinal N-acetylglucosamine 6-O-
sulfotransferase) (data not shown) (20). Therefore, it is strongly
suggested that cells expressing highly sulfated KS serve as target
ligands for Langerin.

Quantitative Real-time PCR Analysis of the KS6ST Tran-
script in Human Tissues—Having shown that KS6ST is respon-
sible for transferring sulfate to the C-6 of Gal recognized by
Langerin, we performed quantitative real-time PCR analysis to
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A enhanced after sialidase treatment,
] == - Control ] == EDTA indicating that sulfated Langerin
] ) ] — - Untreated ligands are expressed on both intact
pS == :5D4 2 —_ e CD3" T and CD19" B cells (Fig.
=K € : Sialidase- 7B).
2 2 treated Brain Glioblastoma Is a Candi-
] ok date Target for Langerin—Recently,
O ] O] an LN229 glioblastoma cell line was
shown to express 5D4-positive
] i . . ] highly sulfated KS (22). If our
0102 10% 10% 105 0102 10% 10* 10° assumption that highly sulfated KS
. is an endogenous ligand for Lange-
D4 Langenhn-Fe rin is the case, such glioblastoma
B Normal Gli Obl astoma cells sho.uld be targets for Fangerin
_— . ; s — recognition. Thus, we examined the
SIS i ‘zj\,.... binding ability of Langerin to
SN Xoh . £V X ¢"‘ 3 KS-expressing glioblastoma cells by
GRS %, e 4 34}*: flow cytometry. As shown in Fig. 84,
: gt 24 b left panel, LN229 cells were stained
Langerin-Fc b Sk N “—% with 5D4 mAb, confirming that
&R . : e é:"g highly sulfated KS is indeed
A N o ’,f«‘ B expressed on the cells (22). Lange-
S A b rin-Fc¢ chimera bound to LN229
- cells with sialidase pretreatment,
C Normal whereas little or no binding was

Anti-Langerin =

FIGURE 8. Glioblastoma is a candidate target for Langerin. A, LN229 gI|obIastoma cells were stained with
5D4 followed by incubation with Cy3-labeled donkey anti-mouse IgG (left panel) and Langerin-Fc chimera
precomplexed with Cy3-labeled anti-human Fcvy (right panel) with or without sialidase pretreatment. Data
were analyzed by flow cytometry. B, normal brain (left panel) and glioblastoma tissue sections (right panel) were
stained with Langerin-Fc chimera. C, normal brain (left panel) and glioblastoma tissue sections (right panel)

were stained with anti-Langerin mAb (12D6). Bar, 50 um.

see which human tissues express KS6ST mRNA. Previously,
KS6ST mRNA was reported to be expressed in brain (21) and
spleen (18) analyzed by Northern blotting. Consistently, the
expression of KS6ST mRNA was high in brain and spleen (Fig.
6), and expression was also detected in lung, pancreas, and thy-
roid tissues.

Langerin Ligands Are Expressed in Mouse Spleen—Because
spleen was one of the dominant tissues expressing KS6ST
mRNA, we analyzed expression of Langerin ligands using
mouse splenocytes and Langerin-Fc chimera as a probe. As
shown in Fig. 7A, Langerin-Fc chimera bound to splenocytes
even without sialidase pretreatment. Approximately 50% of
splenocytes were estimated to be positive for Langerin binding.
However, the binding was strongly increased with the sialidase
pretreatment, again confirming that the sialylation event is
inhibitory to some degree on Langerin binding to sulfated
ligands. Langerin-Fc bound to both CD3* T and CD19" B cells
even without sialidase treatment, and the binding was
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observed for untreated LN229 cells
(Fig. 84, right panel) consistent with
the previous observations (Fig. 3).
The results provide the possibility
that glioblastoma cells are target
cells for Langerin in vivo.

KS6ST mRNA as well as its prod-
uct, KS, is expressed in brain (19, 21)
(Fig. 6). Recently, the expression of
5D4-positive highly sulfated KS was
reported to be up-regulated
depending on the malignancy of
astrocytic tumors (23). Because
Langerin bound to LN229 glioblas-
toma cells (Fig. 84), we hypothe-
sized that glioma cells could be an endogenous target for Lan-
gerin. Brain tissue sections were incubated with Langerin-Fc
chimera, and the binding was observed by microscopy. As
shown in Fig. 8B, left panel, normal brain tissues were weakly,
but significantly, stained with Langerin-Fc. On the other hand,
greatly enhanced staining was observed for grade IV astrocytic
tumors (Fig. 8B, right panel), where prominent staining was
detected at the cell surface of tumor cells. Because the staining
was inhibited by EDTA, the binding is attributed to the C-type
CRD (data not shown). These results indicate that Langerin
ligands are expressed at a basal level even in normal brain tis-
sues, whereas their expression is dramatically up-regulated in
malignancy.

We then examined the expression of Langerin in normal
brain and glioma tissues using anti-human Langerin mAb
(12D6) (Fig. 8C). From a histopathological viewpoint, glioma
are classified into grades I to IV based on the degree of malig-
nancy. Glioma includes astrocytoma, oligodendrocytoma,
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Candida guilliermondii Langerin recognizes extensive cate-
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gories of fungi, consistent with an
intrinsic role of LCs in anti-fungal
immunity.

DISCUSSION

There are lines of evidence that
sulfation of cell surface glycopro-
teins plays critical roles in cell-cell
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communications. GIcNAc 6-sulfate
is involved in several recognition
phenomena, including selectin-me-
diated lymphocyte homing (24),
activation of CD44-mediated cellu-
lar interaction (25), and dendritic
cell function (26). GlcNAc 6-sulfate
even serves as a ligand for siglecs,
such as CD22 (Siglec-2) (27, 28) and
Siglec-9 (29). In contrast, the func-
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= : Control tional importance of Gal 6-sulfate is
== :Langerin-Fc much less understood, although
— :+EDTA Gal-6-sulfated sialyl Lewis® was

shown to be a candidate ligand for
Siglec-8 (30) and its mouse paralog,
Siglec-F (29, 31). In 2004, Galustian

Langerin-Fc

FIGURE 9. Binding of Langerin-Fc to live pathogenic fungi. Langerin-Fc fusion proteins (0.5 ng/ml) were
precomplexed with Cy3-labeled anti-human Fcvy (0.5 wg/ml) in TSA buffer at room temperature for 30 min and
then incubated with 1 X 10° of fungi at 4 °C for 1 h (bold line). Binding was analyzed by flow cytometry.
Langerin-Fc was also incubated with fungiin the presence of EDTA (thin line). Control represents staining using

Cy3-labeled anti-human Fcry only (gray).

ependymoma, and oligoastrocytoma. Among them, astrocy-
toma is the most common. Langerin-expressing cells were
detected in two clinical cases, including astrocytoma and malig-
nant ependymoma, but not in normal brain tissues. In grade IV
astrocytoma (glioblastoma), Langerin-expressing cells were
diffusely localized in vascular-rich stromal tissues (Fig. 8C, right
panel). Morphologically, however, Langerin-expressing cells
are not tumor cells, but are probably dendritic cell-like cells
infiltrated from blood vessels.

Langerin Recognizes Live Pathogenic Fungi—So far, we have
described sulfated glycans as the most possible Langerin
ligands. However, Langerin-Fc chimera also bound to heavily
mannosylated ligands, such as yeast mannan and invertase ana-
lyzed by glycoconjugate microarray (Fig. 1). In this regard, LCs
basically residing in skin are believed to be involved in sensing
and capturing invading pathogens for efficient antigen presen-
tation to naive T cells present in draining lymph node. To inves-
tigate this point from a glycobiological viewpoint, we extended
analysis by examining whether Langerin recognizes live patho-
genic fungi, such as Candida, Malassezia, and Cryptococcus, by
flow cytometry. As shown in Fig. 9, Langerin-Fc chimera pre-
complexed with Cy3-labeled donkey anti-human Fcy strongly
bound to fungi in a Ca®>*-dependent manner, which include
both pathogenic (Candida and Malassezia) and non-patho-
genic (Saccharomyces) species. On the other hand, no signifi-
cant binding was observed for pathogenic Cryptococcus neofor-
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et al. (11) reported binding activity
of Langerin to sulfated Lewis™ gly-
cans, although the importance of
sulfation on Langerin recognition
has not been fully elucidated. In this
study, we have obtained clear evi-
dence that Langerin recognizes Gal-6-sulfated lactosamine (6'-
sulfo-LacNAc) and polylactosamine (KS), although Langerin is
a C-type lectin with the consensus EPN motif predicting basic
specificity to Man. Sialylation clearly inhibited Langerin bind-
ing to Gal-6-sulfated glycans unlike the results obtained by
Galustian et al. showing that Langerin binds to both sialylated
and non-sialylated Gal-6-sulfated glycans (11). The two lysine
residues, Lys-299 and Lys-313, were found to be involved in the
recognition of sulfated ligands. These positively charged amino
acids in the CRD are likely involved in the formation of salt
bridges with negatively charged sulfated ligands. Further stud-
ies are required to understand the more precise binding mech-
anism of Langerin to its sulfated ligands.

Langerin exhibited strong binding to KS. KS was first identi-
fied in bovine cornea in 1953 (32) and was later shown to be
expressed in cartilage, bone, and the central nervous system
(19). In fact, KS is expressed on a subpopulation of microglia
(33) and spinal cord (34). Interestingly, KS synthesis is up-reg-
ulated in the lesions on central nervous system injury (35).
Recently, 5D4-positive highly sulfated KS was reported to be
up-regulated depending on the malignancy of astrocytic
tumors (22). Therefore, Gal-6 sulfation is considered to be
closely involved in brain biology. In this report, we showed that
Langerin ligands are strongly expressed in malignant astrocytic
tumors. However, Langerin also binds to heavily mannosylated
glycans such as mannan but not to glycoproteins containing
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human-type high mannose-type N-glycans such as thyroglob-
ulin (Fig. 1). Increased expression of heavily mannosylated gly-
cans in glioblastoma has not been reported. Therefore, it is
reasonable to speculate that Langerin binds to glioblastoma tis-
sues via Gal-6-sulfated glycans. Consistently, Langerin bound
to the KS-expressing LN229 glioblastoma cell line after siali-
dase treatment, most probably via Gal-6-sulfated glycans. In
LN229, Gal-6-sulfated glycans were sialylated. However, gly-
cans expressed on tissues are much more heterogeneous.
Therefore, it is not surprising that non-sialylated Gal-6-sul-
fated glycans are expressed in the glioblastoma tissues. Coinci-
dently, Langerin-expressing cells were found to be localized in
glioma, but not in normal brain tissues. Therefore, LCs could
interact with glioma cells via the Langerin C-type CRD. The
consequences of the interactions between LCs and astrocytic
tumors were not studied in this report, but it could induce anti-
tumor immunity or immune tolerance. Further studies are
essential to understand the functions of Gal-6-sulfated glycans
in the brain. Generation of antibody specific for Gal-6 sulfation
would be helpful for this purpose.

The interactions between C-type lectins and tumor-associ-
ated glycans have previously been described. Mannan-binding
protein recognizes human colorectal carcinoma cells through
clusters of tandem repeats of the Lewis®/Lewis® epitopes,
resulting in anti-tumor immunity (36, 37). DC-SIGN was also
shown to recognize colorectal cancer cells through the recog-
nition of Lewis™ and Lewis” antigens present on carcinoembry-
onic antigen, whereas normal colon tissues with low levels of
Lewis™ and Lewis" antigens do not interact with DC-SIGN (38,
39). Macrophage galactose-binding lectin was reported to rec-
ognize Tn antigens present on MUC1, which are tumor-asso-
ciated glycosylation in colon carcinoma (40). Therefore, it is
possible that Langerin may be a novel member of C-type lectins,
which recognize tumor-specific glycosylation and is involved in
anti-tumor immunity.

Langerin also exhibited binding to heavily mannosylated gly-
cans such as mannan, which is a major structural component of
fungal cell walls. Previously, Takahara et al. (41) reported that
Langerin mediates the uptake of C. albicans. In this study, we
have confirmed the binding ability of Langerin to live patho-
genic fungi. Langerin was found to recognize a series of Can-
dida species as well as Malassezia furfur in a Ca®>*-dependent
manner, whereas no binding was observed for C. neoformans.
Indeed, there is a striking difference between the structures of
mannosylated glycans in their cell walls, e.g. between C. albi-
cans (42) and C. neoformans (43): C. albicans expresses N- and
O-linked mannoproteins, whereas C. neoformans expresses
glucuronoxylomannan as a major component. Together with
the observation that Langerin exhibits no binding to thyroglob-
ulin expressing high mannose-type N-glycans, mannose multi-
valency, geometry, and/or spatial distribution might be impor-
tant factors for Langerin recognition (44).

In this study, Langerin was shown to bind to sulfated as well
as mannosylated glycans. We have also demonstrated its poten-
tial functions on glioma biology and anti-fungal immunity to be
exerted through the C-type CRD. The mannose receptor
expressed on macrophages, a member of the C-type lectin, is
known to bind to both sulfated and mannosylated glycans. In
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this case, however, such dual specificities are attributed to dis-
tinct CRDs, of which the evolutionary origins are different: the
former is performed by an R-type CRD, whereas the latter is
performed by consecutive C-type CRDs present in a single
polypeptide. In this context, Langerin is extremely unique
among C-type lectins, recognizing both sulfated and mannosy-
lated glycans via a single C-type CRD. Such specificity of Lan-
gerin should be directly involved in the functions of LCs.
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