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Langerhans cells (LCs) constitute a subset of DCs that initiate immune responses in skin. Using leprosy as a
model, we investigated whether expression of CD1a and langerin, an LC-specific C-type lectin, imparts a spe-
cific functional role to LCs. LC-like DCs and freshly isolated epidermal LCs presented nonpeptide antigens of
Mycobacterium leprae to T cell clones derived from a leprosy patient in a CD1a-restricted and langerin-dependent
manner. LC-like DCs were more efficient at CD1a-restricted antigen presentation than monocyte-derived DCs.
LCs in leprosy lesions coexpress CD1a and langerin, placing LCs in position to efficiently present a subset of
antigens to T cells as part of the host response to human infectious disease.

Introduction

Dendritic cells (DCs) link the innate to the adaptive immune
response by their ability to detect and capture foreign antigens and
efficiently present these antigens to T cells. Although all DCs share
this capacity to present antigens to T cells, different DC subsets
have been characterized according to their tissue distribution, cell
surface markers, and their ability to instruct different patterns of
adaptive immune responses.

Paul Langerhans, as a medical student, identified DCs resident in
the skin, specifically the epidermis, that could be labeled with gold.
So-called Langerhans cells (LCs) have been shown to be the only
cells in the epidermis to express MHC class II molecules under nor-
mal conditions (1, 2). Upon antigen capture, LCs migrate to region-
al lymph nodes and are highly efficient at presenting MHC class
II-restricted peptides to T cells (3, 4). These T cells then migrate
back to the skin to participate in cutaneous inflammatory respons-
es. These observations suggest that LCs are an important compo-
nent of the innate immune response in skin, functioning to initiate
adaptive T cell responses locally.

Two other features of LCs are intriguing in the context of their
antigen-presenting role. First, LCs were shown to express high lev-
els of CD1a (5), a member of the family of group 1 CD1 proteins
(CD1a, CD1b, and CD1c), which share the capacity to present
microbial lipid antigens to T cells (6-9). Second, LCs are the only
cells known to express langerin (CD207) (10), a C-type lectin that is
sufficient to induce the formation of Birbeck granules, pentilami-
nar endosomal structures specific to LCs (11). These unique fea-
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tures of LCs suggested that they may be specialized by their expres-
sion of langerin to capture particular antigens as they enter the epi-
dermal layers, and that at least some of these antigens may be pre-
sented to CD1a-restricted T cells. In the current study, we have
examined this hypothesis in the context of leprosy, a skin disease
caused by infection with the obligate intracellular pathogen
Mycobacterium leprae. The skin lesions of leprosy are readily accessi-
ble to study, and biopsy specimens are often taken to confirm the
diagnosis. We have successfully used such specimens for immuno-
logic studies and to derive T cell clones for in vitro analysis. Our
results provide evidence that LCs are indeed highly efficient at pre-
senting nonpeptide mycobacterial antigens to CD1a-restricted T
cells, and they implicate langerin as an important antigen-uptake
receptor for the generation of such T cell responses.

Methods

Patients and clinical specimens. Leprosy patients were recruited on a
volunteer basis from the ambulatory population seen at the Der-
matology Clinics at the Medical Centers of the University of South-
ern California and the University of Miami with institutional review
board approval. Clinical classification of patients with symptomat-
ic M. leprae infection was done according to the criteria of Ridley and
Jopling (12). Skin-biopsy specimens (6 mm in diameter) containing
both epidermis and dermis were obtained by standard punch tech-
nique following informed consent. Blood samples for isolation of
PBMCs were obtained by venipuncture from leprosy patients and
from healthy volunteer laboratory personnel who served as a source
of monocyte-derived DCs (MD-DCs). PBMCs were isolated using
Ficoll-Hypaque gradient centrifugation (Ficoll-Paque; Pharmacia
Biotech AB, Uppsala, Sweden). Samples of human cord blood were
obtained from Santa Monica-UCLA Medical Center (Santa Moni-
ca, California, USA) and Saint John’s Health Center (Santa Monica,
California, USA). CD34* human progenitor cells were isolated using
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RosetteSep (StemCell Technologies, Vancouver, British Columbia,
Canada) according to the supplier’s instructions.

Antigens and antibodies. Extracts of M. leprae, Mycobacterium tuber-
culosis, and other mycobacteria were prepared by probe sonication
as previously described (13). Cellular subfractions and purified
CD1 lipid antigens from mycobacteria were prepared as previous-
ly described (6-9). To enrich for nonpeptide antigens, extracts were
in some cases treated with proteinase K as previously described
(14). The following antibodies were used for CD1 neutralization
studies, flow cytometry, and immunohistochemistry studies:
OKT6 (anti-CD1a; ref. 15; neutralization), NA1/34 (anti-CD1a;
DakoCytomation California Inc., Carpinteria, California, USA;
immunohistochemistry), HI149 (anti-CD1a; Pharmingen, San
Diego, California, USA,; flow cytometry), BCD1b3.1 (anti-CD1b;
ref. 16), F10/21A3 (anti-CDl1c; ref. 17), S4.1 (anti-CD3; Caltag Lab-
oratories Inc., Burlingame, California, USA), S3.5 (anti-CD4; Cal-
tag Laboratories Inc.), 3BS5 (anti-CD8o; Caltag Laboratories Inc.),
BU1S (anti-CD11c; Caltag Laboratories Inc.), MSE2 (anti-CD14;
Pharmingen), 1C3 (anti-CDS58; Pharmingen), TU36 (HLA-DR; Cal-
tag Laboratories), L307.4 (anti-CD80; Pharmingen), HB15e (anti-
CD83; Pharmingen), DCGM4 (anti-langerin; Beckman-Coulter
Inc., Miami, Florida, USA), DCN46 (anti-DC-SIGN; Pharmingen),
G46-6 (anti-HLA-DR; Pharmingen), BMA 031 (anti-T cell recep-
tor 0f [anti-TCRaf]; Caltag Laboratories Inc.), SA6.E9 (anti-
TCRYJ; Caltag Laboratories Inc.), and appropriate isotype controls
(Caltag Laboratories Inc. and Pharmingen).

In vitro culture of CD1-expressing LC-like DCs and MD-DCs. CD1-
expressing MD-DCs were induced in vitro with a combination of
recombinant human GM-CSF (200 U/ml) and recombinant human
IL-4 (100 U/ml) (PeproTech Inc., Rocky Hill, New Jersey, USA) for 72
hours as previously described (6, 18). Cells were incubated in
PBS/0.5 mM EDTA to detach adherent cells and analyzed by flow
cytometry to determine surface expression of CD1 or irradiated (50
Gy) and used as APCs as previously described (6). LC-like DCs
derived from human cord blood were prepared as previously
described (11). Briefly, cultures of CD34" cells were established in
the presence of stem cell factor (25 ng/ml; R&D Systems Inc., Min-
neapolis, Minnesota, USA), GM-CSF (200 U/ml; Berlex Inc,
Montville, New York, USA), and TNF-0. (2.5 ng/ml; Biosource Inter-
national, Camarillo, California, USA). At day 8, cultures were replat-
ed in the presence of GM-CSF (200 U/ml; Berlex Inc.) and TGF-B; (1
ng/ml; R&D Systems Inc.) to increase CD1a expression. LC-like DCs
were harvested at day 12-14.

Preparation of human epidermal LCs. The Institutional Review Board
of the National Cancer Institute approved acquisition of human
skin, and informed consent was obtained from all healthy volun-
teers. Blisters were induced by vacuum suction and heat on normal-
appearing skin. Blister roofs (i.e., epidermal sheets) were then
removed with sterile scissors, washed three times in sterile PBS,
placed in 0.5% trypsin/PBS for 45 minutes, and then mechanically
disrupted to create single-cell suspensions. For some experiments,
LCs were depleted from epidermal cell suspensions using anti-HLA-
DR mADb’s (Pharmingen) and immunomagnetic bead separation as
described previously (19). Efficiency of LC depletion was confirmed
by staining of depleted and undepleted cell populations with anti-
CD1amAb (HI149; Pharmingen), which specifically labels LCs with-
in human epidermal cell suspensions. The percentage of CD1a* cells
in freshly prepared epidermal cell suspensions was 3.91% + 1.07%,
and that in LC-depleted populations was 0.01% + 0.01% (from three
independent experiments).
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T cell lines and proliferation assays. T cell lines were derived from blood
of leprosy patients as previously described (7, 20). CD4-, CD8" dou-
ble negative T cells, isolated from peripheral blood using RosetteSep
CD4 enrichment and CD4 depletion cocktail simultaneously (Stem-
Cell Technologies), were cocultured with M. leprae in the presence of
cord blood-derived LC-like DCs prepared as described above. T cell
lines were maintained by serial antigenic stimulation in medium
supplemented with recombinant IL-2 (1 nM; Chiron Diagnostics,
Norwood, Massachusetts, USA). Heterologous irradiated PBMCs
and phytohemagglutinin (Sigma-Aldrich, St. Louis, Missouri, USA)
were used to further propagate T cell lines and to generate clones
using limiting dilution (20). For measurement of antigen-specific
proliferation, T cells (1 x 10%) were cultured with varying numbers
(usually 1 x 10%) of irradiated (50 Gy) LC-like DCs or MD-DCs in 0.2
ml culture medium in the presence or absence of 5 [lg/ml bacterial
antigens for 3 days in microtiter wells in triplicate at 37°Cin a 7%
CO; incubator. Cells were pulsed with 3H-thymidine (1 uCi/well;
ICN Biomedicals Inc., Costa Mesa, California, USA) and harvested
4-6 hours later for liquid scintillation counting. To determine CD1-
restriction of the T cell lines, neutralizing CD1 antibodies (20 pg/ml)
were added 30 minutes before the addition of T cells. To determine
the role of langerin (CD207), neutralizing antibodies to langerin (20
pg/ml) were added to the culture 30 minutes before the addition of
antigen and T cells. Supernatants were removed from the T cell cul-
tures at 24 hours, and IFN-y was measured by ELISA (IFN-y,
Pharmingen) according to the manufacturer’s instructions.

Immunohistochemical studies. Biopsy specimens were embedded in
OCT medium (Sakura Finetek USA Inc., Torrance, California, USA)
and snap-frozen in liquid nitrogen. Sections (3-5 um thick) were ace-
tone-fixed and blocked with normal horse serum and then incubat-
ed with the mADb’s for 60 minutes, followed by biotinylated horse
anti-mouse IgG for 30 minutes. Primary antibody was visualized
with the Vectastain Elite ABC system (Vector Laboratories Inc.,
Burlingame, California, USA), which uses avidin and a biotin-per-
oxidase conjugate for signal amplification. ABC reagent was incu-
bated for 30 minutes, washed, then incubated with substrate
(3-amino-9-ethylcarbazole) for 10 minutes. Slides were counter-
stained with hematoxylin and mounted in crystal mounting medi-
um (Biomeda Corp., Foster City, California, USA).

Two-color immunofluorescence staining of cryostat sections. Double
immunofluorescence was performed by serial incubation of cryostat
tissue sections with mouse anti-human mAb’s of different isotypes
(e.g., NA1/34 [anti-CD1a, IgG2a] and anti-langerin [anti-CD207,
IgG1]), followed by incubation with isotype-specific goat anti-mouse
Ig antibodies (Molecular Probes Inc., Eugene, Oregon, USA) labeled
with fluorochrome (Alexa 488 or Alexa 568). Controls included
staining with isotype-matched irrelevant antibodies, as well as stain-
ing with anti-CD1a or anti-langerin followed by secondary antibod-
ies mismatched to the primary antibody isotype to demonstrate the
isotype specificity of the secondary labeled antibodies. Images were
obtained using confocal laser microscopy.

Confocal microscopy. Immunofluorescence was examined with a
Leica TCS SP inverted confocal laser scanning microscope (Leica
Microsystems Inc., Bannockburn, Illinois, USA) fitted with krypton
and argon lasers at the Carol Moss Spivak Cell Imaging Facility in
the UCLA Brain Research Institute. Sections and cells were illumi-
nated with 488 and 568 nm of light after filtering through an acous-
tic optical device. Images decorated with Alexa 488 or Alexa 568
(Molecular Probes Inc.) were recorded simultaneously through sep-
arate optical detectors with a 530-nm band-pass filter and a 590-nm
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long-pass filter, respectively. Pairs of images were superimposed for
colocalization analysis.

Statistical analysis. Statistical comparisons in T cell proliferation
assays were made using Student’s ¢ test. P values of less than 0.05
were considered significant.

Results

Phenotype of in vitro-derived human LC-like DCs. Previous studies of pre-
sentation by group 1 CD1 molecules (CD1a, CD1b, and CD1c) have
used MD-DCs to activate T cells (6, 7, 21). Given that MD-DCs
express high levels of CD1b, but variable levels of CD1a and CDlc,
it is not surprising that most of the T cell clones that have been
established using these APCs were CD1b-restricted. In fact, to our
knowledge, there is only one report of a single microbial reactive
CD1a-restricted T cell clone (22). We reasoned that these DCs may
not be optimal for presenting antigen via CD1a. Given that LCs are
known to express CD1a, we derived LC-like DCs from fetal cord
blood and compared their expression profile with that of MD-DCs.
LC-like DCs and MD-DCs both expressed CD1a, although their pat-
terns of expression were distinct. LC-like DCs expressed higher lev-
els of CD1a than MD-DCs (median fluorescence intensity [MFI]
1,900 for LC-like DCs, 850 for MD-DCs), although the percentage
of CD1a-expressing cells was greater in the MD-DCs (46% of LC-like
DCs positive, 79% of MD-DCs positive) (Figure 1A). Expression of
langerin is characteristic of LCs (10); therefore, we evaluated the
expression of langerin on the two in vitro-derived DC populations.
Langerin was present on 63% of the CD1a* LC-like DCs, but only
1.6% of the CD1a* MD-DCs (Figure 1B).

We next compared the expression of proteins involved in antigen
presentation on the two DC populations. Figure 1C shows that lan-
gerin, CDS58, and CD1a were expressed at higher levels on LC-like
DCs than on MD-DCs. In contrast, DC-SIGN, CD86, CD11c, CD1b,
and HLA-DR were expressed at higher levels on MD-DCs than on
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Figure 1

Phenotype of cord blood—derived LC-like DCs and MD-DCs. (A) LC-like
DCs and MD-DCs were stained with mAb’s specific for CD1a (solid line)
and mouse IgG control antibody (dashed line). MFl is indicated for the
positive cell population. (B) LC-like DCs and MD-DCs were double-
stained with mAb’s specific for CD1a and langerin. The numbers indicate
the percentage of cells in each quadrant. One representative experiment
is shown from four independent donors. (C) LC-like DCs and MD-DCs
were stained with numerous surface proteins. MFIl was determined by flow
cytometry. For each data point, cells from three different donors were ana-
lyzed (+ SEM). The ratios of MFI from LC-like DCs to MFI from MD-DCs
were calculated and shown on a log scale as indicated.

LC-like DCs. Additional protein markers, CD14, CD83, CD1c and
CD80, were equally expressed on the two DC populations (Figure
1C, lower panel). These data indicate that LCs represent a unique
subset of DCs, coexpressing both CD1a and langerin.
CDla-restricted T cell clones derived from leprosy patients. To evaluate
the relative effectiveness of LCs for antigen presentation through
CD1a, we derived CD1a-restricted T cell clones. T cell clones were
derived using CD1a* LC-like DCs and CD4- and CD8-depleted T
cells from the blood of leprosy patients. In a first attempt to study
CD1a-restricted T cells, we limited the experiments to the double
negative T cell population, because allogeneic LC-like DCs were used
as APCs. Nineteen clones were derived in this manner, of which 14
proliferated in the presence of extracts from M. leprae. These T cell
clones expressed CD3 and TCRoB, but no detectable CD4 or CD8
(Figure 2A). The proliferative response of seven of the 14 M. lep-
rae-reactive clones was inhibited to some extent by anti-CD1a anti-
bodies. Two T cell clones were selected for further study based on
two criteria: (a) the ability to be maintained in culture; and (b) the
extent to which anti-CD1 antibodies neutralized the T cell response
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Figure 2

Phenotype and restriction pattern of antigen-specific T cell clones. (A)
T cell lines B2.1 and B2.11 were analyzed for surface expression of
CD3, CD4, CD8, and TCRof. (B) Cells were cultured with irradiated
LC-like DCs in the presence or absence of antigen (Ag; sonicated M.
leprae) with or without blocking antibodies as indicated. T cells were
pulsed with 3H-thymidine after 72 hours of culture. Cells were harvest-
ed, and 8H incorporation was measured by a scintillation counter. The
values shown are the mean + SEM of triplicate cultures and are repre-
sentative of at least three independent experiments. Student’s t test
was used to compare cpm values of T cells stimulated with antigen
alone versus antigen plus neutralizing antibodies. **P < 0.005.
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to M. leprae. In five of the other seven T cell lines that responded to
M. leprae, either T cell lines could not be maintained in vitro or anti-
bodies to CD1a did not substantially prevent the response. By con-
trast, proliferation of T cell clones B2.1 and B2.11 in response to
M. leprae was completely inhibited by neutralizing anti-CD1a mAb’s
(Figure 2B), whereas no inhibition was detected in the presence of
other anti-CD1 antibodies, indicating that the two clones were
restricted by CD1a. T cell clones B2.1 and B2.11 were therefore
selected for analysis of antigen presentation through CD1a by LCs.

Antigen recognition by CD1a-restricted T cell clones. CD1-restricted T
cell clones recognize lipid antigens conserved among different
species of mycobacteria. We evaluated the response of the two CD1a-
restricted T cell clones in the presence of various bacterial extracts
to determine the antigen specificity. In addition to M. leprae, the two
clones responded vigorously to several mycobacterial extracts,
including M. tuberculosis, Mycobacterium smegmatis, and Mycobacterium
phlei, but only weakly to Mycobacterium avium, Nocardia, Aspergillus,
and Rhodococcus species (Figure 3A). The data indicate that the
antigen recognized by the CD1a-restricted T cell clones is shared
among a number of bacteria with complex lipid envelopes.

To determine whether the antigen recognized by the CDla-
restricted T cell clones was peptide or nonpeptide in nature,
mycobacterial extracts were subjected to proteolysis. Proteolysis had
no appreciable effect on antigen recognition by the CD1a-restricted
T cell clones (Figure 3B) but completely abrogated the antigen recog-
nition by the MHC class II-restricted T cell clone C10E (23), indi-
cating that the antigen recognized by the CD1a-restricted clones is
anonpeptide, presumably a lipid. To determine whether the antigen
or antigens presented by CD1a to the T cell clones were the same as
or distinct from those presented by other group 1 CD1 proteins, we
704
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tested the response of the CD1a-restricted T cell clones with a panel
of known CD1 lipid antigens. The CD1la-restricted T cell clones
responded only weakly to phosphatidyl-myo-inositol mannoside (7)
and lipoarabinomannan (7), and not at all to glucose monomycolate
(8), mycolic acid (24), or mannosyl phosphoisoprenoid (9) (Figure
3C), indicating that the antigen presented by LC-like DCs is distinct
from those presently characterized for other group 1 CD1 proteins.

To identify the nature of the nonpeptide antigen for CD1a-restrict-
ed T cells, we used crude extracts of mycobacteria encompassing the
entirety of the mycobacterial cell (7). The four fractions were enriched
for cytosolic, membrane, and cell wall components. The cell wall com-
ponents were further differentiated into soluble and insoluble frac-
tions. The fractions were tested for their ability to stimulate T cell
clone B2.11. Mycolyl arabinogalactan peptidoglycan (MAGP), a frac-
tion containing insoluble mycolic acids, arabinogalactan, and pepti-
doglycan, stimulated the T cell clone, while other fractions did not
stimulate the T cells (Figure 3D). The response to MAGP was inhib-
ited by neutralizing antibodies to CD1a (Figure 3D), confirming that
the CD1a antigen is present in the MAGP fraction.

LC-like DCs are more efficient APCs for CDI1a-restricted T cells than
MD-DCs are. We compared the relative efficiency of LC-like DCs and
MD-DCs for CD1a and CD1b antigen presentation. The numbers
of APCs were normalized according to the frequency of CDla-
expressing cells. LC-like DCs, but not MD-DCs, stimulated the pro-
liferation of CD1a-restricted T cell clones in response to M. leprae
extracts (Figure 4A, left). In contrast, MD-DCs were more effective
APCs for CD1b-restricted T cells (Figure 4A, right). Similarly,
cytokine production from CD1a-restricted T cells was more robust
when antigen was presented by LC-like DCs than when it was pre-
sented by MD-DCs (Figure 4B). These data indicated that LC-like
Volume 113
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DCs are more efficient than MD-DCs in presentation of antigen via
CD1lato T cells. Although the obvious explanation was the greater
expression of CD1a by LC-like DCs than by MD-DCs, we sought to
determine whether langerin might also have a role in CD1a-restrict-
ed antigen presentation.

Langerin mediates the uptake and/or processing of antigen to CDla-
restricted T cells from in vitro—derived LC-like DCs and freshly isolated LCs
from buman skin. Langerin is a C-type lectin expressed exclusively on
LCs and plays a vital role in the formation of Birbeck granules (11),
a characteristic intracellular organelle of LCs that is thought to rep-
resent a recycling/early-endosomal structure (25). Thus we wished
to determine the role of langerin in CD1a antigen presentation.
Addition of neutralizing anti-langerin mADb’s at the initiation of cul-
ture efficiently blocked the proliferative response of both CD1a-
restricted T cell clones, but not the response of a CD1b-restricted T
cell clone, DN1, using the same APCs (Figure 5A). To determine
whether langerin is involved in antigen uptake or merely provides an
accessory role, anti-langerin antibodies were added to cultures either
before or after pulsing with antigen. For both CD1a-restricted T cell
clones, anti-langerin antibodies blocked T cell proliferation only
when given before the addition of antigen, not after the LC-like DCs
were pulsed with antigen (Figure 5B). These data suggest that lan-
gerin is involved in the uptake of antigen for appropriate processing
and presentation.

In order to determine whether freshly isolated epidermal LCs pre-
sent antigen to CD1a-restricted T cells, epidermal cells were extract-
ed from skin and used as APCs for CD1a-restricted T cell clones (Fig-
ure 5C). Epidermal cells containing LCs presented antigen to the
CD1a-restricted T cell clone B2.11, whereas depletion of LCs from
epidermal cell suspensions by immunomagnetic bead depletion of
HLA-DR" cells completely abrogated the T cell response. The
response of CD1a-restricted T cells to M. leprae in the presence of epi-
dermal LCs was inhibited by anti-CD1a as well as anti-langerin
mADb’s (Figure SD), indicating that freshly isolated LCs also use lan-
gerin for CD1a-restricted antigen presentation.

Expression of langerin and CD1a on epidermal LCs in leprosy lesions. To
determine whether LCs express the proteins necessary for CD1a anti-
gen presentation in vivo, we examined the expression of CD1a and
langerin in the skin lesions of leprosy patients using immunohisto-
chemistry. Both langerin and CD1a were found on cells with den-
dritic morphology in the epidermis, whereas CD1b was detected in
the dermis only (Figure 6A). CD1a was also expressed on cells with
a dendritic morphology in the dermis, but langerin was exclusively
expressed on cells in the epidermis. We next determined whether
CD1a and langerin were expressed together on LCs. Langerin and
CD1a were coexpressed on the dendritic-appearing cells in the epi-
dermis (Figure 6B). In contrast, CD1b expression was limited to the
dermis, and there was no colocalization with langerin. The data indi-
cate that langerin and CD1a are present on epidermal LCs in leprosy
lesions and could therefore mediate antigen presentation to T cells
in the epidermis.

Discussion

DCs are a diverse family of APCs, each member of which has a dis-
tinct functional role. LCs represent a unique subset of DCs that act
as the resident DCs in skin. Here, by comparing LCs with MD-DCs
in vitro, and dermal DCs in situ, we found that LCs expressed com-
paratively high levels of CD1a and langerin. Furthermore, LC-like
DCs were more efficient at presentation of nonpeptide antigens to
T cells via CD1a than MD-DCs were, but less efficient at presenta-
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tion via CD1b. A striking finding was that langerin was required for
optimal presentation of CD1a-restricted antigens by LCs. These data
indicate that the expression of CD1a and langerin by LCs imparts a
unique functional role for these cells in initiating immune respons-
es to microbial pathogens.

Although it has become clear that a major function of the group
1 CD1 molecules, CD1a, CD1b, and CDl1c, is to present nonpeptide
antigens to T cells, most of our knowledge derives from the study of
CD1b- and CD1c-restricted T cells. To our knowledge, only two
CD1a-restricted T cell clones have been described. The first CD1a-
restricted T cell was autoreactive and derived from a patient with sys-
temic lupus erythematosus (26). The second CD1a-restricted T cell
was a CD8" T cell clone that recognized mycobacterial antigen in the
context of CD1a (22). Analysis of the CD1a antigen-presentation
pathway demonstrated no requirement for endosomal localization
or acidification, suggesting that CD1a traffics via recycling endo-
somes (27). Although previous attempts to derive T cell clones
restricted by group 1 CD1 molecules used MD-DCs, we hypothe-
sized that LCs, because of their high level of CD1a expression, may
be more efficient at presenting antigens via CD1a. Using LC-like
DCs, we derived two M. leprae-reactive T cell clones that recognized
microbial antigens in the context of CD1a presented by both in
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Figure 4

Comparison of antigen presentation by LC-like DCs and MD-DCs. LC-
like DCs (filled symbols) or MD-DCs (open symbols) were incubated with
T cells in the presence of the indicated amount of M. leprae or M. tuber-
culosis sonicates. (A) Proliferation was measured as described for Fig-
ure 2. (B) IFN-y production was measured as described in Methods. The
values shown are the mean + SEM of triplicate cultures and are repre-
sentative of at least three independent experiments.
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Figure 5

Influence of langerin (CD207) on antigen presentation in cord
blood—derived LC-like DCs and freshly isolated epidermal LCs. (A) LC-
like DCs, preincubated with anti-CD207 antibodies or mouse IgG1, were
cocultured with CD1a-restricted T cell clones B2.1 and B2.11 and CD1b-
restricted T cells (line DN1) in the presence or absence of antigen (M.
leprae sonicate for B2.1 and B2.11, M. tuberculosis sonicate for DN1).
Proliferation was measured as described for Figure 2. (B) LC-like DCs
were pulsed for 4 hours with antigen (M. leprae sonicate) or with media
and cocultured with CD1a-restricted T cells. Anti-CD207 antibodies were
added before (anti-CD207 — Ag) or after (Ag — anti-CD207) pulsing of
the LC-like DCs with antigen. Proliferation was measured as described
for Figure 2. (C) CD1a-restricted T cells (clone B2.11) were cocultured
with epidermal cell suspension (EC) or EC depleted of LCs (LC-depl. EC)
in the presence or absence of antigen (M. leprae sonicate, 5 ug/ml). Pro-
liferation was measured as described for Figure 2. (D) EC, preincubated
with the indicated antibodies or mouse IgG1, was cocultured with CD1a-
restricted T cells (clone B2.11) in the presence or absence of antigen.
Proliferation was measured as described for Figure 2. The values shown
are the mean + SEM of triplicate cultures and are representative of at
least three (A) or two (B—D) independent experiments. Statistical analy-
sis was performed as indicated in the legend to Figure 2, but comparing
T cells stimulated with media versus antigen. *P < 0.05; **P < 0.005.

vitro-derived LC-like DCs and LCs isolated directly from skin. These
clones recognized nonpeptide antigens, most likely glycolipid anti-
gens, consistent with the function of group 1 CD1 molecules. Inter-
estingly, LC-like DCs were more efficient than MD-DCs at CD1a
antigen presentation, indicating a specialized role for LCs as a skin-
resident DC subset.

A recently described feature of LCs is their specific expression of lan-
gerin (10). Langerin is a C-type lectin that can bind and mediate the
uptake of sugar-containing molecules including mannose, N-acetyl-
glucosamine, and fucose (28, 29). As such, langerin is a pattern-recog-

Figure 6

LCs express both CD1a and langerin in vivo. (A) Expression of langerin
(left panels), CD1a (middle panels), and CD1b (right panels) in the epi-
dermis (upper panels) and the dermis (lower panels) of the skin lesion
of a leprosy patient. The images represent sections from the lesion of one
patient showing the same region of the epidermis (upper panels) and the
same granuloma (lower panels). Original magnification, x200. (B) Colo-
calization of langerin and CD1a in the epidermis of a leprosy skin lesion.
The dotted line indicates the margin between the epidermis (top) and the
dermis (bottom). Original magnification, x200.
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nition receptor of the innate immune system, since it is germ
line-encoded to recognize particular biochemical motifs. Transfection
of langerin can induce the formation of Birbeck granules (11), a
unique tennis racket-shaped pentilaminar granule of LCs, thought to
represent a recycling/early-endosomal structure (25). We found that
antibodies to langerin blocked antigen presentation by LCs to the two
T cell clones only if the antibodies were used to treat the LCs before
addition of antigen. These data suggest that langerin imparts a spe-
cific function to LCs in facilitating antigen presentation by CD1a.

Like all CD1 proteins, CD1a is transported to the cell surface to
position it for sorting events that deliver it selectively to endosomal
compartments that contain microbial lipids (30). However, CD1a
lacks the endosomal-localization motif found in other CD1 proteins
(31) that recruits adaptor proteins to direct CD1b and CD1d to late
endosomes and MHC class II compartments and CDlc to early
endosomes (32). Instead, CD1a localizes to recycling endosomes,
possibly through a default pathway (27, 30). Furthermore, CD1a has
been shown to accumulate in Birbeck granules (33), where it colo-
calizes with langerin (11). Our data are consistent with the hypoth-
esis that langerin serves to internalize microbial glycolipids to Bir-
beck granules of LCs, where the glycolipids are loaded into CD1a for
presentation to T cells. In this manner, LCs, by the expression of
CD1a, langerin, and the formation of Birbeck granules, are unique-
ly equipped for the uptake of specific glycolipid antigens and pre-
sentation via CD1la to T cells.

We considered mycobacterial lipoarabinomannan (LAM) to be a
likely candidate antigen for uptake by langerin and presentation by
CD1lato T cells. Langerin binds mannose-containing molecules, and
LAM has been shown to bind to and be taken up by DC-SIGN

A Langerin

B Langerin

Langerin Langerin + CD1b
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(34-36), another C-type lectin expressed by MD-DCs (37). However,
the two CD1a-restricted T cells did not recognize LAM, nor any of the
other previously identified lipid antigens presented by group 1 CD1
molecules, suggesting that a novel lipid antigen is presented by CD1a.
Instead, the CD1a-restricted T cell clone recognized MAGP, an insol-
uble mycobacterial cell wall extract composed predominantly of pep-
tidoglycan, arabinogalactan, and arabinomycolate. Overwhelming
evidence indicates that CD1 presents lipid and glycolipid antigens to
Tcells (7,9, 21, 38), and we found that the antigen was not active after
protease treatment, which suggests that arabinomycolate, a glycol-
ipid, is the likely CD1a antigen, whereas peptidoglycan and arabino-
galactan, both devoid of lipid, are less likely candidates. Arabinomy-
colate is covalently linked to the mycobacterial cell wall and has not
been isolated separately from the cell wall core peptidoglycan and
galactan. Cleavage of the glycolipid from the cell wall would be
required for CD1a antigen presentation; processing of glycolipids
within lysosomes has been described for CD1d antigen presentation
(39). We speculate that the mild acidic conditions of the early endo-
some act on the arabinofuranan ring structure (40), resulting in cleav-
age of the arabinan and release of the arabinomycolate. It is well
known that the furanose form (five-member ring) of sugars is less sta-
ble than the pyranose form (six-member ring). The fatty acid chains
of the glycolipids binding CD1a are likely to be shorter in length than
the glycolipids presented by CD1Db, as suggested by the recent deter-
mination of the structure of CD1a (41); this further suggests that a
unique glycolipid is presented by CD1a. Biochemical analysis and
identification of the antigen or antigens recognized by these cells will
provide insight into the mechanism by which LCs use langerin and
CD1a to acquire antigen and present it to T cells.

LCs, like all DCs, are cells of the innate immune system that can
influence the generation of an adaptive T cell response through their
ability to take up proteins and to process and present them via MHC
class II molecules to T cells (42). Our data indicate that LCs have a
specialized role in the presentation of nonpeptide antigens to T cells,
and that this function is mediated by the LC-specific pattern-recog-
nition receptor langerin as well as the antigen-presenting molecule
CD1a, which is highly expressed by these cells. Targeting of non-
peptide antigens to LCs is therefore a vaccine strategy that could be
used for the generation of immunity to cutaneous pathogens. The
location of LCs in the epidermis allows the innate immune system
to respond rapidly to microbial invaders in the skin. It is notewor-
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thy that lesions that arise early in the course of leprosy are found in
the epidermis (43), suggesting that a rapid response to epidermal
infection by M. leprae by LCs could result in improved clearance of
the organism. We conclude that subsets of DCs are highly special-
ized to mediate distinct functions in particular anatomic locations.

Note added in proof. Since this paper was accepted, Moody et al. (44)
have described a novel mycobacterial antigen for CD1a-restricted T
cells, termed mycobactin. In collaboration with Moody, we have
examined a fraction from M. tuberculosis containing mycobactin and
determined that the CD1a-restricted T cells we describe do not rec-
ognize mycobactin. These data further support our claims that the
T cell clones described here recognize a unique lipid antigen. After
initial submission of the manuscript, Pean-Cruz et al. (45) demon-
strated a role for LCs in antigen presentation through CD1a. The
present study extends the findings of Pena-Cruz and colleagues by
implicating langerin in the CD1a antigen presentation pathway.
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