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Dendritic cells (DC) efficiently cross-present exogenous antigen on
MHC class I molecules to CD8� T cells. However, little is known
about cross-presentation by Langerhans cells (LC), the DCs of the
epidermis. Therefore, we investigated this issue in detail. Isolated
murine LCs were able to cross-present soluble ovalbumin protein
on MHC-class I molecules to antigen-specific CD8� T cells, albeit less
potently than the CD8� DC subsets from spleen. Furthermore, LCs
cross-presented cell-associated ovalbumin peptide and protein
expressed by neighboring keratinocytes. Use of transporter asso-
ciated with antigen processing (TAP-1)-deficient mice suggested a
TAP-dependent pathway. Similar observations were made with
migratory LC. Antigen expressed in the epidermis was ingested by
LCs during migration from the epidermis and presented to antigen-
specific T cells in vitro. Cross-presentation of ovalbumin protein by
LCs induced IFN-� production and cytotoxicity in antigen-specific
CD8� T cells. Additionally, epicutaneous application of ovalbumin
protein induced in vivo proliferation of OT-I T cells in the draining
lymph nodes; this was markedly enhanced when antigen was
applied to inflamed, barrier-disrupted skin. Thus, LCs cross-present
exogenous antigen to CD8� T cells and induce effector functions,
like cytokine production and cytotoxicity, and may thereby criti-
cally contribute in epicutaneous vaccination approaches.
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Cross-presentation is an important mechanism for generating
immunity to viruses and tumors as well as for the induction of

tolerance against self antigens (1, 2). Dendritic cells (DCs) (3–5)
cross-present soluble exogenous antigen on MHC-class I to antigen-
specific CD8� T cells. Cell-associated antigen, like virus-infected
cells (6), transfected tumor cells (7), protein-coated cells (8), and
dying cells (9) can be taken up and cross-presented by DCs to CD8�

T cells. Importantly, DCs proved to be more efficient in cross-
presenting exogenous antigen than macrophages (10). A particular
subset of the DC, the CD8�� DCs in the spleen, seems to be
superior in cross-presentation to CD8�-negative DCs (11, 12).

Many pathogens enter the body via the skin. However, little is
known about the ability of Langerhans cells (LC) to capture and
process exogenous antigen in intact skin and present it on MHC-
class I to CD8� T cells. In vitro generated human LCs derived from
CD34� precursors are able to cross-present exogenous antigen to
CD8� T cells (13, 14), and human Langerhans-like cells are more
potent than dermal-like and monocyte-derived DCs (15). Two
recent reports showed that epicutaneous immunization with an
MHC-class I-restricted peptide or with ovalbumin protein onto
tape-stripped skin induces cytotoxic T cell activity in the draining
lymph node which can be further increased by coadministration of
cholera toxin (16, 17). Others reported that these responses can also
be boosted with Toll-like receptor ligands, such as oligonucleotides
and imiquimod (18, 19). Thus, epicutaneous immunization elicits T
cell responses in the draining lymph nodes, but inflammation in the
skin is necessary for an optimal response. However, the precise role
of LCs is still unclear.

In this study, we focused on LC, the DCs of the epidermis (20),
and investigated their ability to cross-present soluble and cell-
associated antigen to antigen-specific CD8� T cells in vitro, a
precondition for their being a potential target for epicutaneous
immunization strategies.

Results
In Vitro Cultured LCs Cross-Present Exogenous Soluble Antigen to
CD8� T Cells. LCs were isolated by trypsinization from the epidermis
and pulsed for 6 h with different amounts of ovalbumin (OVA)
protein. Thereafter, the cells were washed extensively and further
cultured for 3 days until mature. In the subsequent cocultures with
antigen-specific CD8� (from OT-I mice) and CD4� T cells (from
OT-II mice), LCs induced proliferation of both T cell types (Fig.
1A). This ability to cross-present exogenous antigen depended on
the antigen-dose used to pulse the LCs as described earlier for
DCs (21).

It was also dependent on the time of exposure to the antigen. LCs
pulsed with OVA protein for 1 h vs. 6 h elicited somewhat lower
proliferation of CD8� T cells; LCs pulsed for 24 h induced stronger
proliferation. However, these kinetics were not as pronounced as
those observed in parallel with presentation on MHC II (Fig. 7,
which is published as supporting information on the PNAS web
site). Because LCs greatly reduce antigen uptake upon culture (22)
and degradation of the protein in the culture medium might occur
with time, we did not pulse for longer periods; rather, we decided
to perform all subsequent experiments with the 6-h antigen pulse.

Because we used LCs enriched by Nycodenz-gradient centrifu-
gation (containing �50% LC) for most experiments, we wished to
confirm these results with highly purified LCs to exclude possible
interference by keratinocytes. Mature OVA protein pulsed LCs
were sorted with MHC-class II magnetic beads, and both the
positive and negative fractions were cocultured with OT-I cells. As
expected, only the LC-containing fraction could cross-present
OVA (Fig. 1B).

CD8�� spleen DCs were described as the most potent cross-
presenting DCs subset (12). In a side-by-side comparison CD8��

spleen DCs were indeed more potent in inducing CD8� T cell
proliferation. Inversely, LCs were better in stimulating CD4� T cells
(Fig. 1 C and D).

LCs Take Up and Process OVA Protein for Presentation on MHC-Class
I Molecules. Reis e Sousa et al. (23) reported that OVA protein
preparations often contain free peptides, which may cause prob-
lems when investigating cross-presentation because free peptides
can bind to MHC-class I molecules without a need for processing.
Therefore, we first examined the OVA protein solutions used for
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pulsing the LCs for the presence of contaminating peptides by
reverse phase high-performance liquid chromatography (HPLC).
We could not detect peptides corresponding in size and hydropho-
bic properties to the OVA peptides specific for H2-Kb (amino acids
257–264; SIINFEKL) or I-Ab (amino acids 323–339; ISQAVHAA-
HAEINEAGR). The detection threshold for peptides was between
0.5 and 0.2 �M (Fig. 8, which is published as supporting information
on the PNAS web site). Because this might be sufficient for
stimulation of CD8� T cells, we performed additional experiments
to exclude the presence of peptide contaminations in OVA protein.
Freshly isolated epidermal cells were pulsed with dialyzed and
nondialyzed OVA protein for 6 h and cultured until day 3. LCs
pulsed with either form of OVA protein were equally potent in
inducing CD8� T cell proliferation indicating the absence of
peptide contamination in the OVA protein solutions (Fig. 9A,
which is published as supporting information on the PNAS web
site).

The stability of peptide�MHC-class I complexes on maturing
DCs for almost 3 days (24) also became evident when we pulsed
freshly isolated epidermal cells with SIINFEKL peptide for 6 h

at 37°C followed by extensive washing and transfer of cells into
fresh medium for further culture. Peptide-pulsed mature LCs
induced substantial proliferation of CD8� T cells (Fig. 9B). Next,
we sought to detect newly formed MHC-class I�SIINFEKL
complexes on the cell surface of LCs by means of mAb 25D1.16
(25). When we stained LCs pulsed on day 0 with either SIIN-
FEKL peptide or OVA protein for 6 h and then cultured for 3
days, we were unable to detect any peptide�MHC-class I com-
plexes on the cell surface despite the observed strong induction
of CD8� T cell proliferation. These complexes were only de-
tectable when fresh or cultured LCs were analyzed immediately
after the pulse with SIINFEKL (Fig. 9 C and D). The number of
complexes was obviously too small to be detectable with a mAb
but enough to induce CD8� T cell proliferation.

Ex Vivo Emigrated LCs Cross-Present Soluble OVA Protein Taken Up in
the Skin. Epidermal skin explants were incubated with OVA protein
overnight and, after washing for 1 h on fresh medium, further
cultured for 3 days. This step was performed to ensure that the
migratory LCs would only take up antigen that has diffused into the

Fig. 2. Ex vivo emigrated LCs cross-present OVA protein on MHC-class I molecules. (A) Epidermal skin explants were prepared from mouse ear skin with dispase
and pulsed with 0.5 mg�ml OVA protein overnight. After washing, the explants were further cultured until day 3, and emigrated LCs were used for coculture
with OT-I and OT-II T cells for 60 h (n � 5). One representative experiment is shown. (B) Migratory LC, identified by MHC II expression (green fluorescence) take
up Texas red-conjugated OVA (red fluorescence) into distinct intracellular vesicles.

Fig. 1. Isolated LCs cross-present OVA protein on MHC-class I. (A) LCs were isolated from the epidermis by trypsinization and cultured for 6 h with different
concentrations of OVA protein. After extensive washing, cells were further cultured until day 3 and enriched on a Nycodenz gradient. Graded doses of LCs were
cocultured with antigen-specific CD8� T cells (OT-I) or CD4� T cells (OT-II) for 60 h. Experiments were done with different concentrations of OVA protein, a total
of 13 times. (B) Isolated LCs were pulsed with 0.5 mg�ml OVA protein for 6 h at the onset of culture and sorted on day 3 with magnetic beads conjugated to an
MHC-class II mAb. Positive and negative fractions were compared for their ability to induce proliferation of OT-I T cells as described above (n � 2). (C and D)
Isolated spleen DCs (‘‘splDC’’) were pulsed with 0.5 mg�ml OVA protein for 6 h before overnight culture and FACS sorted to purify CD8�� DCs. LCs were isolated,
pulsed for 6 h with OVA protein and matured until day 3. Both populations were used for proliferation assays as described in A (n � 3). Representative experiments
are shown in each panel. C and D are two separate experiments. Y axes indicate cpm in thousands.
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epidermis during the overnight incubation. These LCs were potent
inducers of CD4� and CD8� T cell proliferation (Fig. 2A).

Uptake of fluorescently labeled OVA into vesicles could be
readily observed in LCs emigrated from epidermal explants pulsed
with OVA protein overnight as described above (Fig. 2B). In
contrast, using mAb 25-D1.16, we were unable to detect MHC-class
I�peptide complexes on the cell surface (data not shown).

LCs Cross-Present in a TAP-Dependent Manner. The experiments
described thus far do not exclude a possible extracellular processing
mechanism. Therefore, we performed experiments with TAP-1-
deficient mice to further elucidate the mechanism of cross-
presentation. LCs from TAP-1-deficient mice were pulsed with
OVA protein for 6 h, and on day 3 no cross-presentation of
exogenous antigen was detected (Fig. 3A). In contrast, presentation
of OVA peptides on MHC-class II molecules occurred in an
undisturbed fashion. When mature LCs were pulsed with SIIN-
FEKL peptide, both TAP-1-deficient and wild-type cells showed
comparable stimulation of CD8� T cells, indicating that the lower
expression of MHC-class I molecules on the surface of TAP-1-
deficient cells cannot be the reason for the absence of T cell
stimulation (data not shown). Furthermore, these data confirm that
there are no relevant peptide contaminations in our OVA protein
solutions.

Migratory LCs from TAP-1-deficient mice behaved similarly to
isolated LC. Emigrated mature LCs on day 3 of culture induced
minimal proliferation of CD8� T cells (but strong proliferation of
CD4� T cells), suggesting that migratory LCs need the TAP
machinery to cross-present antigen taken up in the skin (Fig. 3B).

LCs Can Cross-Present Cellular Antigen from the Epidermis. We
investigated whether LCs can take up and cross-present cell-bound
antigen. For this purpose, we tested LCs from mice expressing
under the K14 promoter in the epidermis either the OVA peptide
SIINFEKL (K14-OVAp transgenic mice; ref. 26) or the whole
OVA protein (K14mOVA transgenic mice). When we compared
LCs isolated from K14-OVAp mice with LCs from C57BL�6
wild-type mice, we indeed observed antigen-specific CD8� T cell
proliferation (Fig. 4A). To exclude direct presentation by keratin-
ocytes, LCs were sorted on day 3 of culture by using MHC-class II
magnetic beads and cocultured with T cells. As expected, T cell
proliferation occurred only with LCs (MHC-class II� cell fraction),
but not with keratinocytes (MHC-class II� fraction, data not
shown). To mimick a more ‘‘in vivo-like’’ situation, epidermal skin
explants from C57BL�6 wild-type and K14-OVAp as well as from
K14mOVA mice were cultured for 3 days, and the emigrated LCs
were used for proliferation assays with OT-I T cells. LCs from
transgenic mice were able to cross-present keratinocyte-derived
OVA peptide and protein (Fig. 4 B and C). As in the previous

Fig. 3. LCs use a TAP-dependent mechanism for cross-presentation. (A) LCs
were isolated from epidermis of TAP-1-deficient and C57BL�6 wild-type mice,
pulsed for 6 h with 0.5 mg�ml OVA protein, and transferred to fresh medium.
After 3 days of culture, LCs were cocultured with OT-I or OT-II T cells for 60 h
(n � 5). (B) Epidermal explants were prepared from mouse ear skin with
dispase and pulsed with OVA protein overnight. After extensive washing, the
explants were further cultured for 3 days, and emigrated LCs were used for
coculture as described above (n � 3). Representative experiments are shown
in each panel.

Fig. 4. LCs cross-present keratinocyte-derived peptide and protein on MHC-class I to CD8� T cells. (A) LCs were isolated from epidermis of K14-OVAp and
C57BL�6 wild-type mice and cultured for 3 days. These mature cells were cocultured with OT-I T cells for 60 h (n � 5). (B and C) Epidermal skin explants were
prepared with dispase from either K14-OVAp (B) or K14mOVA (C) and C57BL�6 wild-type mice and cultured for 3 days. Emigrated LCs were cocultured with OT-I
T cells as described above (n � 3 each). Representative experiments are shown for A and B; all three experiments are shown in C.
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experiments, we were unable to detect any staining with mAb
25D1.16 binding to SIINFEKL�MHC-class I complexes (data not
shown).

Cross-Presentation of Exogenous Antigen Induces Cytokine Produc-
tion and Cytotoxicity in CD8� T Cells. Isolated LCs were pulsed with
OVA protein for 6 h, matured, and cocultured with OT-I T cells for
48 h. Thereafter, T cells were restimulated with phorbol myristate
acetate and ionomycin or SIINFEKL peptide for 6 h and analyzed
by intracellular cytokine FACS. We detected increased levels of
IFN-� when LCs had been pulsed with OVA protein, suggesting
that cross-presentation results in the development of CD8� T cell
effector function. We never found significant production of IL-4
and IL-10 (Fig. 5 A and B).

In a next step, we tested whether the activated CD8� T cells
developed cytotoxicity when stimulated with cross-presenting LC.
To this end, OVA protein-pulsed LCs were cocultured with anti-
gen-specific CD8� T cells for 5 days, and then the T cells were tested
for their ability to kill target cells pulsed with SIINFEKL in a
cytotoxicity assay in vitro (27). The effector T cells generated in
these cocultures were potent killers for pulsed but not unpulsed
target cells (Fig. 5C). Cytotoxic T cells elicited by cross-presenting
LCs induced equal degrees of specific lysis of target cells as
cytotoxic T cells elicited by peptide-pulsed LC. However, the
numbers of cytotoxic T cells generated during the 5-day culture
were higher when LCs had been pulsed with the SIINFEKL peptide
(Fig. 5D).

Application of OVA Protein Onto the Epidermis Induces CD8� T Cell
Proliferation in Skin-Draining Lymph Nodes. To extend these in vitro
observations, we examined in vivo proliferation of antigen-specific
T cells after epicutaneous application of OVA protein. CSFE-
labeled OT-I T cells were injected intravenously into C57BL�6
mice, and 24 h later, either different concentrations of OVA protein
or 10 �g of SIINFEKL peptide were applied onto the skin. Three
days later, we observed proliferation of transgenic CD8� T cells.
Proliferation in response to 0.5 mg (Fig. 6) and 1 mg (not shown)
of OVA protein was similar. Identical observations were made in
experiments using specifically LPS-free OVA (not shown). Appli-
cation of SIINFEKL induced a slightly higher OT-I proliferation in
skin-draining lymph nodes when compared to the protein. Because
there are reports that presentation of OVA protein might be better
when there is inflammation in the skin [for example, after tape

stripping (16) or coadministration of cholera toxin (17) or Toll-like
receptor ligands (18, 19)], we applied OVA protein also onto
tape-stripped ear skin. Indeed, when skin was inflamed after
tape-stripping, the response to OVA protein was increased dra-
matically such that nearly all of the antigen-specific T cells were
proliferating in the skin-draining lymph node (Fig. 6).

Fig. 5. Cross-presenting LCs increase IFN-� produc-
tion and cytotoxicity in antigen-specific CD8� T cells.
(A and B) Freshly isolated LCs were pulsed for 6 h with
0.5 mg�ml OVA protein, washed, and transferred to
fresh medium. After 3 days of maturation, LCs were
cocultured with OT-I T cells for 48 h. T cells were
restimulated for 6 h with phorbol myristate acetate
and ionomycin (n � 3) or SIINFEKL peptide (n � 1) in
the presence of Brefeldin A. Percentages of cytokine-
positive activated T cells are shown. (C and D) LCs were
either pulsed with OVA protein or peptide before
coculture with antigen-specific CD8� T cells for 5 days.
Effector cells generated in these cultures were incu-
bated with peptide pulsed or unpulsed radioactive
target cells at the indicated effector�target ratios for
3.5 h, and specific lysis was measured (mean � SD of
triplicates of one representative experiment; n � 3).
(D) CD8� effector T cells generated in the 5-day cocul-
tures of OT-I T cells with OVA protein or SIINFEKL-
pulsed LCs were counted in the hemocytometer
(mean � SD; n � 3).

Fig. 6. Epicutaneously applied OVA protein is cross-presented in skin drain-
ing lymph nodes. Purified CFSE-labeled OT-I T cells were injected intravenously
into C57BL�6 mice. Twenty-four hours later, either 0.5 mg of OVA protein or
10 �g of SIINFEKL peptide in creme was applied onto untreated or tape-
stripped (24 h before antigen application) ear skin. T cell proliferation in the
skin-draining lymph nodes was analyzed 3 days later. Experiments were done
two to five times for different groups. A summary of all mice is shown in A.
Representative histograms from the FACS analyses are shown in B. Percent-
ages of proliferating T cells are indicated. Lines in A indicate means; t str,
tape-stripped.
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Discussion
Our results directly show that LCs isolated from the skin can
cross-present exogenous soluble and cell-associated antigen to
CD8� T cells. Furthermore, we show that migratory LCs can take
up material from keratinocytes and cross-present it. Cross-
presentation by LCs depends on the TAP machinery, as suggested
by the use of TAP-1-deficient mice. The final outcome of cross-
presentation by LCs is the induction of IFN-� production and
cytotoxicity in antigen-specific CD8� T cells. Thus, cross-presenting
LCs are able to induce an efficient immune response in CD8� T
cells that may be harnessed for clinical purposes.

Mechanism of Cross-Presentation by LC. Reis e Sousa et al. (23) have
detected peptide contaminations in different batches of OVA
protein. Several experiments rule out this concern in our study. (i)
OVA protein was biochemically tested for the presence of peptides
by HPLC. We could not detect any peptides corresponding in size
and hydrophobic properties to the immunogenic SIINFEKL pep-
tide in different batches of dialyzed and nondialyzed OVA protein
solutions. (ii) Dialyzed OVA did not lose T cell stimulatory activity,
also indicating the absence of functional levels of free peptides in
the protein solution. (iii) OT-I cells did not proliferate in response
to OVA protein-pulsed LCs from TAP-1-deficient mice. Free
peptides in the OVA protein solution would have bound to MHC-I
in a TAP-independent manner and induced T cell proliferation.
This may be regarded as a sensitive read-out because, despite lower
total MHC I expression levels, cells from TAP-1-deficient mice are
known to express more MHC I molecules available for peptide
binding (28).

In Vivo Relevance of Cross-Presentation by LCs. In this study, LCs
were able to cross-present exogenous protein antigen in vitro. When
compared to the CD8�� DC subset, they were less efficient.
Although this finding indicates some interesting differences in their
ability to cross-present, it remains to be seen whether this holds true
for the in vivo situation, i.e., LCs compared to CD8�� DC, both
isolated from lymph nodes after epicutaneous immunization. In the
meantime, we compared isolated LCs with the ex vivo-derived
migratory LCs from skin explants as a more physiologic model for
LC behavior. Indeed, LCs emigrated from epidermal skin explants,
which had been incubated with soluble OVA protein, were able to
pick up the antigen in the skin and process and cross-present it to
antigen-specific CD8� T cells, similar to enzymatically isolated LC.

In further experiments, we used a model in which either the OVA
peptide SIINFEKL or the whole OVA protein was expressed under
the K14 promoter in surrounding keratinocytes. Both enzymatically
isolated (K14-OVAp) and emigrated LCs (both strains) could
cross-present keratinocyte-derived SIINFEKL on MHC-class I to
antigen-specific T cells. Our results are supported by two recent
reports. Shibaki et al. (29) used mice expressing the whole OVA
protein under the K14 promoter and showed that DCs emigrating
from skin explants cross-presented OVA peptides. DCs emigrating
from whole skin explants are a mixture of dermal DCs and LCs (30),
and therefore, the relative contribution of LCs could not be
determined in this report. In the second report by Mayerova et al.
(31), LCs were sorted from skin draining lymph nodes of mice
expressing SIINFEKL under the K14 promoter. Only 60% of the
sorted cells were E-cadherin-positive, and thus, these cells did not
represent a pure population of LC. Nevertheless, the lymph node
population containing the LCs was able to cross-present the OVA
peptide. More recent observations by the same authors in a similar
experimental model indicate that LCs cross-present also the whole
OVA protein when it is expressed in keratinocytes (L.B. and K.
Hogquist, data not shown). In summary, we conclude that LCs have
the potential to take up antigen in the skin, process and cross-
present it to antigen-specific CD8� T cells in vivo. However, our
data do not provide a clue as to how LCs acquire the antigen, be

it by uptake of apoptotic material, transfer via gap junctions (32),
or ‘‘nibbling’’ (33).

It is not clear whether cross presentation by LCs is operative in
all situations of antigen encounter. There is evidence that, in herpes
virus models, LCs do not cross-present viral antigens in vivo (34, 35).
Generally, cross-presentation by DCs is down-regulated by systemic
infections involving Toll-like receptor engagement (36). The skin
explant model used in our study is a highly inflammatory but
nondestructive and noninfectious model that leaves LCs intact and
presumably strongly enhances their cross-presentation capacity
(37). However, the detailed composition of the various DCs mat-
uration stimuli operative in the explant model has not been defined.

Clinical Relevance of Cross-Presentation by LC. Epicutaneous or
transmucosal immunization with protein and peptides has been
reported to be efficient in inducing IFN-� production and cytotox-
icity in T cells (38), especially when combined with inflammatory
stimuli like tape stripping, cholera toxin, and Toll-like receptor
ligands, such as oligonucleotides and imiquimod (16–19). Seo et al.
(16) showed that LCs from tape-stripped skin are activated and
express higher levels of costimulatory molecules and MHC-class I.
When these LCs were peptide pulsed, they were able to induce
cyotoxicity in CD8� T cells, indicating that they might be involved
in this process (16). However, this was not formally proven, and
therefore, the precise role of LCs still remains unclear. Our data
suggest a critical role for LCs because they fulfill one important
requirement, namely cross-presenting capacity. For further discus-
sion, see Supporting Text, which is published as supporting infor-
mation on the PNAS web site.

Methods
Mice. Mice of inbred strains C57BL�6, OT-I (39), and OT-II (40),
and TAP-1-deficient (41) mice were purchased from Charles
River Laboratories and used at 2–4 months of age. T cells from
OT-I mice and OT-II mice express a transgenic V�2 V�5.1�5.2
T cell receptor (TCR) specific for the OVA peptides presented
on H2-Kb (amino acids 257–264; SIINFEKL) or on I-Ab (amino
acids 323–339; ISQAVHAAHAEINEAGR), respectively. Mice
expressing the SIINFEKL peptide under the K14 promoter, i.e.,
in the keratinocytes, were kindly provided by K. Hogquist (26).
Analogous mice expressing the whole OVA protein under the
K14 promoter and fused to the transmembrane portion of the
transferrin receptor (42) were generated by B. E. Rich (Harvard
University, Cambridge, MA).

Media and Reagents. Culture medium was Iscove�s Minimum Es-
sential Medium (PAN-Biotech, Aidenbach, Germany) supple-
mented with 10% FCS (Biochrom, Berlin), 2 mM L-glutamine
(Cambrex-Biowhittaker, Verviers, Belgium), 50 �g�ml gentamycin
(Invitrogen-Gibco, Paisley, U.K.) and 50 �M 2-mercaptoethanol
(Sigma). The following antibodies were purchased from BD-
PharMingen: MHC-class II-fluorescein (FITC, clone 2G9), CD8�
(clone Lyt-2)-allophycocyanin (APC) and -phycoerythrin (PE),
CD11c-APC (clone HL-3), IL-4-PE (clone BVD4–24G2), IFN-�-
FITC (clone XMG1.2), IL-10-PE (clone JES5–16E3), V�2
TCR-PE (clone B20.1), V�5.1�5.2 TCR-biotinylated (clone MR9-
4). For detection of MHC-class I�peptide-complexes (H2-
Kb�SIINFEKL) we used mAb 25D1.16 (mouse Ig; kind gift from
J. W. Yewdell, National Institutes of Health, Bethesda) (25). This
antibody was visualized with a PE-conjugated anti-mouse Ig (Dako,
Glostrup, Denmark).

Antigens. OVA protein was purchased from Sigma and, in some
experiments, dialyzed for 36 h at 4°C with several changes of the
buffer (PBS) to exclude possible contaminating peptides (D-0405
MWC 12000 tubes from Sigma; exclusion limit, 12 kDa). The
biochemical characterization of OVA is described in the supporting
information.
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Isolation of LC. Pieces of mouse ear and trunk skin were incubated
on 0.8% trypsin (Merck) for 25–45 min. Epidermis was peeled off
and incubated for 30 min at 37°C. Resulting epidermal cell sus-
pensions contained 1–3% LC. These populations were incubated
for 6 h with OVA protein at different concentrations, then thor-
oughly washed and transferred into fresh medium. LCs mature
spontaneously in such bulk cultures, i.e., together with keratino-
cytes. On day 3 of culture, the mature LCs were enriched on a
Nycodenz gradient (Sigma) as described (43) resulting in an en-
richment of at least 50% LC. In some experiments we further
purified LCs by sorting with anti-MHC-class II magnetic beads
(Miltenyi Biotec) on day 3 of culture (purity, 70–90%).

Isolation of CD8�� Spleen DC. Cell suspensions from spleens were
prepared by digestion with 0.5 mg�ml collagenase P (Roche,
Mannheim, Germany) for 30 min at 37°C and subsequent pressing
of the tissue through cell strainers (70 �m; Falcon Labware,
Oxnard, CA), essentially as described recently for spleen cell
suspensions (44). DCs were enriched by Nycodenz gradient cen-
trifugation (Sigma-Aldrich) as described (43). Low-density cells
were pulsed for 6 h with 0.5 mg�ml OVA protein and then
extensively washed before being cultured overnight in the presence
of GM-CSF. As a control, spleen cells were cultured in medium
alone. On the next day the spleen cells were harvested, stained for
CD8� and CD11c, and cells coexpressing both markers were sorted

on a FACSVantage-SE (Becton Dickinson). Cell purity was rou-
tinely �98%.

Skin Explant Culture. Epidermal explants were procured from ear
skin as described (45). Explants were incubated with different
concentrations of OVA protein overnight, placed onto fresh me-
dium for 1 h to wash off the OVA protein and transferred to
another well with fresh medium for further culture. Epidermal
sheets were cultured for a total of 72 h to obtain fully mature LC.
Emigrated LCs were collected and cocultured with T cells.

For further methods, see Supporting Text.
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M., Kämmerer, U., Douillard, P., Kämpgen, E., Koch, F., et al. (2003) J. Invest.
Dermatol. 120, 266–274.

31. Mayerova, D., Parke, E. A., Bursch, L. S., Odumade, O. A. & Hogquist, K. A.
(2004) Immunity 21, 391–400.

32. Neijssen, J., Herberts, C., Drijfhout, J. W., Reits, E., Janssen, L. & Neefjes, J.
(2005) Nature 434, 83–88.

33. Harshyne, L. A., Zimmer, M. I., Watkins, S. C. & Barratt-Boyes, S. M. (2003)
J. Immunol. 170, 2302–2309.

34. Allan, R. S., Smith, C. M., Belz, G. T., Van Lint, A. L., Wakim, L. M., Heath,
W. R. & Carbone, F. R. (2003) Science 301, 1925–1928.

35. Zhao, X. Y., Deak, E., Soderberg, K., Linehan, M., Spezzano, D., Zhu, J.,
Knipe, D. M. & Iwasaki, A. (2003) J. Exp. Med. 197, 153–162.

36. Wilson, N. S., Behrens, G. M., Lundie, R. J., Smith, C. M., Waithman, J.,
Young, L., Forehan, S. P., Mount, A., Steptoe, R. J., Shortman, K. D., et al.
(2006) Nat. Immunol. 7, 165–172.

37. Delamarre, L., Holcombe, H. & Mellman, I. (2003) J. Exp. Med. 198, 111–122.
38. Belyakov, I. M., Hammond, S. A., Ahlers, J. D., Glenn, G. M. & Berzofsky, J. A.

(2004) J. Clin. Invest. 113, 998–1007.
39. Hogquist, K. A., Jameson, S. C., Heath, W. R., Howard, J. L., Bevan, M. J. &

Carbone, F. R. (1994) Cell 76, 17–27.
40. Barnden, M. J., Allison, J., Heath, W. R. & Carbone, F. R. (1998) Immunol.

Cell Biol. 76, 34–40.
41. Van Kaer, L., Ashton-Rickardt, P. G., Ploegh, H. & Tonegawa, S. (1992) Cell

71, 1205–1214.
42. Kurts, C., Heath, W. R., Carbone, F. R., Allison, J., Miller, J. F. & Kosaka, H.

(1996) J. Exp. Med. 184, 923–930.
43. McLellan, A. D., Starling, G. C. & Hart, D. N. J. (1995) J. Immunol. Methods

184, 81–89.
44. McLellan, A. D., Kapp, M., Eggert, A., Linden, C., Bommhardt, U., Bröcker,
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