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ABSTRACT

Langerin is a C-type lectin receptor (CLR) expressed by epidermal and mucosal 
Langerhans cells (LCs) that functions as a pattern recognition receptor. Here 
we demonstrate that langerin is an adhesion receptor on LCs that mediates LC-
dendritic cell (DC) clustering. Langerin recognized hyaluronic acid (HA) on 
DCs and removal of these carbohydrate structures abrogated LC-DC clustering. 
LCs are the " rst antigen presenting cells to interact with HIV-1 during sexual 
transmission. Since LCs did not cross-present HIV-1-derived antigens to CD8+ T 
cells, we investigated whether LCs are able to transfer antigens to DCs. Notably, 
LC-DC-clustering via langerin-HA facilitated HIV-1 antigen transfer from LC to 
DC and induced subsequent cross-presentation by DCs. ! us, we have identi" ed 
an important function of langerin in mediating LC-DC clustering, which allows 
antigen transfer to induce cytotoxic cell responses to HIV-1. Our data show 
that antigen transfer by LCs is an active process and might be important in not 
only immunity to infections, but also against tumors. Novel strategies might be 
developed to harness this mechanism for vaccination. 

INTRODUCTION

Langerhans cells (LCs) reside in the keratinized epidermal layer of skin, and in the 
outer mucosal epithelia of the ectocervix, vagina and foreskin 1, 2. ! erefore, LCs are the 
" rst immune cells to encounter pathogens, such as HIV-1 1, 3, 4. In order to recognize 
pathogens, LCs express a broad repertoire of pathogen recognition receptors, such as 
Toll-like receptors (TLRs) and C-type lectin receptors (CLRs). Human LCs can be 
distinguished by the speci" c expression of the CLR langerin 5. Most PRRs recognize 
pathogen associated molecular patters (PAMPs) for the induction of signalling and 
immune responses and langerin recognizes viral and bacterial monosaccharides and fungal 
oligosaccharides 6, 7. In addition, CLRs also function as cellular adhesion molecules by 
recognizing proteoglycans or glycoproteins on autologous cells 8, 9; however, self-ligands 
have not been described for human langerin. 
 Langerin recognizes the monosaccharides mannose, fucose and N-acetyl-
glucosamine (GlcNAc) and the oligosaccharides mannan and beta-glucan 6, 10. ! is 
enables LCs to recognize bacteria, viruses and fungi, such as mycobacteria 11, Candida 
species 10 and HIV-1 1, 4. Langerin induces the formation of Birbeck granules, which are 
rod-shaped laminar organelles exclusively present in LCs 5. LCs internalize HIV-1 via 
langerin into Birbeck granules and thereby prevent subsequent transmission to T cells 1. 
! erefore, LCs have protective function against HIV-1.
 Upon encountering pathogens, LCs mature and migrate towards the lymph 
nodes to induce adaptive immune responses 12, 13. For e= ective anti-viral immune 
responses the induction of cytotoxic T cells is required. However, in mice with epidermal 
herpes simplex infection, CD8+ T cell activation critically depended on lymph node 
resident DCs rather than migrating LCs 14, 15. ! is strongly suggests antigen transfer
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between di= erent DC subsets 14. In addition, human LCs do not cross-present measles 
virus and do not activate CD8+  T cells 16. ! is suggests that human LCs may not directly 
be involved in priming anti-viral cytotoxic T cells.
 We identi" ed the glycosaminoglycan hyaluronic acid (HA) as cellular ligand 
for langerin, which mediated strong LC-DC clustering. Our data show that LC-DC 
clustering is required for antigen transfer from LCs to DCs and subsequent induction 
of cytotoxic T cells to HIV-1. ! us, we have identi" ed an important role for human 
langerin and its ligand in crosstalk between LCs and DCs that is required for cross-
presentation of HIV-1. ! us, LCs not only function as a barrier but they facilitate cross-
presentation of DCs and this might be a novel vaccination route targeting both LCs and 
DCs.

RESULTS

Langerin has a cellular ligand on DCs that mediates clustering
To identify whether human langerin has an autologous ligand on human immune cells, 
we screened di= erent cell types for binding by langerin. Peripheral blood lymphocytes 
(PBLs), monocytes, immature and mature DCs were incubated with soluble langerin 
and binding was measured by _ ow cytometry. Remarkably, soluble langerin strongly 
bound to immature DCs (Fig 1A) whereas binding to monocytes was lower and binding 
to PBLs and mature DCs was marginal (data not shown). Soluble langerin binding to 
DCs was blocked by the blocking langerin antibody 10E2 and the carbohydrate mannan 
(Fig 1A), strongly suggesting human langerin is an adhesion receptor recognizing a self-
ligand on DCs. Next we investigated whether langerin binding to DCs was su  ̂ cient 
for LC-DC clustering. LCs isolated from human skin were co-cultured with monocyte-
derived DCs (moDCs) and clustering was determined by microscopy (Fig 1B) and _ ow 
cytometry (Fig 1C). Notably, LCs strongly clustered with DCs, which increased in time 
(Fig 1C). Clustering was blocked with the carbohydrate mannan (Fig 1B,C), which 
shows that clustering is CLR-mediated. LCs also strongly interact with autologous 
migratory DCs, which was blocked by mannan (data not shown), validating moDCs 
as model to study LC-DC clustering. MoDCs express the mannan-binding CLR DC-
SIGN. To investigate whether DC-SIGN was involved in LC-DC clustering soluble 
DC-SIGN binding to LCs was determined (Fig 1E). Soluble DC-SIGN did not bind 
to LCs, although the protein was functional since it interacted with THP-1 cell line, 
which was blocked by mannan (data not shown). LC-DC clustering could not be 
blocked using anti-langerin antibodies since both LCs and DCs express Fc-receptors 
that interfere with clustering. ! erefore, we investigated the involvement of langerin in 
more detail using cell-transfectants. DCs were incubated with THP-1 cells or THP cells 
expressing langerin (THP-Langerin) for di= erent time intervals. THP-Langerin cells 
in contrast to THP-1 cells strongly clustered with DCs (Fig 1D). In addition, THP-
Langerin clustering with DCs was blocked by the langerin-ligand mannan. ! erefore, 
the CLR langerin on LCs is an adhesion receptor, which recognizes a cellular ligand on 
DCs that is involved in LC-DC clustering. Next we investigated whether LCs cluster 
with DCs in situ during LC migration. Human split skin grafts were tape-stripped and
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Figure 1: LCs and DCs cluster via a C-type lectin receptor
Soluble langerin was incubated with DCs and binding was determined with an anti-langerin antibody 
by _ ow cytometry. Langerin speci" city was determined by using mannan and blocking antibody against 
langerin (10E2); representative for at least 8 donors (A). LCs were stained with dye hydroethidium (HE; 
red) and DCs were stained with CFSE (green). Clustering was measured by _ uorescence microscopy (B) and 
_ ow cytometry at di= erent time points in the presence or absence of mannan; graphs are representative for 
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(Figure 1 continued) at least 4 donors (C). THP-1 and THP-Langerin were labelled with HE and clustering 
with CFSE-labelled DCs was analyzed by _ ow cytometry at di= erent time points; graph represents 1 out 4 
representative experiments in duplicates (D). LCs were incubated with soluble DC-SIGN and binding was 
determined with an anti-DC-SIGN antibody by _ ow cytometry. DC-SIGN speci" city was determined by 
using mannan; graph is representative for 3 donors (E). Human split-skin grafts of 0.5 mm thick were 20 
times tape stripped with scotch tape. Skin was _ oated onto medium for 24 hours before skin sections were 
snap frozen in liquid nitrogen and sections were stained for langerin and CD11c; graphs are representative 
for 2 donors; bars represent 50 µm (F). 

_ oated onto medium for 24 hours. In resting human skin, langerin+ LCs lined the 
epidermis and CD11c+ DCs were present in the dermis (Fig 1F, upper panels). After 
tape-stripping, langerin+ LCs migrated into the dermis and were observed in close 
proximity to CD11c+ DCs (Fig 1F, lower panels), indicating that LCs encounter DCs 
upon migration. ! us, our data show that langerin is an adhesion receptor that mediates 
LC-DC interactions.

Hyaluronidase treatment of DCs abrogates soluble langerin binding
Next we identi" ed the cellular ligand for langerin on DCs by systematically removing 
or interfering with glycosylation on DCs. N-linked glycans were removed from the DC 
cell surface by treatment with Peptide:N-Glycosidase F (PNGaseF). Removal of the 
N-linked glycans did not interfere with soluble langerin binding (Fig 2A). ! e treatment 
increased binding of the control lectin from Gri" onia simplicifolia GSII that speci" cally 
interacts with terminal GlcNAc, which become available for GSII binding after cleavage 
of N-glycans (supplementary Fig 1A). Next, O-linked glycosylation was inhibited 
by di= erentiating monocytes to DCs in the presence of � -Benzyl-GalNAc ( � -BG), a 
competitive inhibitor of O-glycosylation. Langerin binding to � -BG-cultured DCs was 
similar to untreated DCs (Fig 2B), strongly suggesting that langerin did not interact with 
O-linked glycosylation. As a control, binding of lectin helix pomatia agglutinin (HPA) 
to � -BG-cultured DCs was increased compared to control DCs (Supplementary Fig 
1B). HPA recognizes GlcNAc structures that are exposed after O-glycosylation removal. 
Next we investigated whether langerin bound Heparan Sulphate Proteoglycans (HSPGs), 
which contain repeating sulphated GlcNAc-iduronic acid (IdoA) polymers (heparan 
sulphates, HS) attached to a core protein. HS chains were removed by heparinase III 
treatment of DCs. (supplementary Fig 1C, anti-HSPG core protein (3G10) staining). 
However, removal of HS did not abrogate langerin binding to DCs (Fig 2C).
 Langerin has high a  ̂ nity for GlcNAc and hyaluronic acid (HA) is a linear 
glycosaminoglycan consisting of repeating GlcNAc-glucuronic acid (GlcA) subunits. 
HA is unique in that it is not attached to a core protein, but is synthesized by HA-
synthase at the cell membrane and extruded though the cell membrane via a transporter. 
DCs express high levels of HA (Fig 2E, CD44Fc binding), which were removed after 
enzymatic treatment of DCs with hyaluronidase (Fig 2E). Notably, soluble langerin 
binding to DCs was completely abrogated after hyaluronidase treatment (Fig 2D). 
! ese data strongly suggest that HA on DCs functions as the cellular ligand for langerin 
and that langerin-HA interaction is involved in LC-DC interactions.
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Figure 2: Soluble langerin binds hyaluronic acid on DCs
Soluble langerin was incubated with DCs and binding was determined with an anti-langerin antibody by 
_ ow cytometry. DCs were treated with PNGaseF (A); cultured with � -Benzyl-GalNAc (B); treated with 
Heparinase III (C) or hyaluronidase (D) before soluble langerin binding was determined. CD44Fc coupled 
to _ uorescent beads was used in a beads-binding assay to determine the HA expression level at the DC 
cell surface; mean and SD of duplicates are depicted (E). All experiments are representative for at least 4 
independent donors.
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Langerin and HA mediate LC-DC clustering
HA is a large polymer consisting of high molecular weight (HA HMW; >980 
kDa) and low molecular weight (HA LMW; ≤40 kDa) structures. Soluble 
langerin was coated onto immuno-absorbent plates and HA binding to langerin 
was determined by detection with biotinylated-HA-binding protein. Both 
HA HMW and HA LMW bound to soluble langerin, which was blocked by 
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langerin pre-incubation with mannan (Fig 3A). Langerin binding to HA was also 
determined by coating HA HMW and HA LMW to immuno-absorbent plates. 
Langerin bound speci" cally to HA since it could be blocked by mannan (Fig 3B). 
 Next we investigated whether cellular langerin interacts with HA using the 
_ uorescent bead adhesion assay 8. Beads coated with GlcNAc, Mannose or Fucose 
bound e  ̂ ciently to Raji-Langerin cells but not to Raji cells (Fig 3C). Binding to
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Figure 3: Hyaluronic acid is a ligand for cellular langerin
Immuno-sorbant plates were coated with soluble langerin and langerin binding was determined. Speci" city 
of langerin was determined by preincuating langerin with mannan (A). Immuno-sorbant plates were coated 
with HA HMW or LMW and langerin was determined, langerin was blocked with mannan (B). Raji or 
Raji-Langerin cell line were preincubated with mannan, HA LMW or HA LMW prior to incubation 
with GlcNAc-, mannose- or fucose-coated-beads; graphs are representative for 4 experiments in triplicates 
(C). Human LCs were were preincubated with mannan, HA LMW or HA LMW prior to incubation 
with GlcNAc-, mannose- or fucose-coated-beads; experiments are representative for 4 independent donors; 
mean and SD of duplicates are depicted (D).
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Figure 4: Hyaluronic acid and langerin are involved 
in LC-DC clustering. DCs were control-treated or 
hyaluronidase-treated for 1 hour at pH5.2 and were 
subsequently labelled with CFSE. LCs were HE 
labelled and clustering with DCs was determined in 
time by _ ow cytometry; mean and SD are depicted for 
duplicates; graph is representative for 3 independent 
donors (A). LCs and DCs co-cultured and adhered 
to slides for 90 minutes. Cells were " xed and stained 
for HA and Langerin and were analyzed by confocal 
scanning laser microscopy; bars represent 25 µm; 1 out 
of 3 representative donors is shown (B).
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Raji-Langerin was speci" cally blocked by HA high molecular weight (HA HMW) as 
well as HA low molecular weight (HA LMW) to a similar level as mannan (Fig 3C), 
demonstrating that langerin binds both HA HMW and LMW structures. Similarly, 
langerin function on primary LCs was speci" cally inhibited by both HA HMW and 
LMW, since HA blocked the interaction of LCs with GlcNAc, mannose and fucose-
containing beads to a similar level as mannan(Fig 3D) and anti-langerin antibody (data 
not shown). ! ese data demonstrate that both HA HMW and LMW are ligands for 
cellular langerin expressed by cell-lines as well as primary human LCs.
 Next we investigated whether HA is involved in the interaction between LCs 
and DCs. LC-DC clustering was determined by _ ow cytometry in time. Clustering 
between DCs and LCs increased over time and hyaluronidase-treatment of DCs 
strongly decreased LC-DC clustering (Fig 4A). By confocal laser scanning microscopy 
(CLSM) the formed synapse between LCs and DCs was visualised. Langerin-positive 
dendrites spread around the HA positive DCs (Fig 4B), visualizing LC-DC interaction. 
! ese data strongly suggest HA is the cellular ligand for langerin and the langerin-HA 
interactions are indispensible for LC-DC clustering.
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for cross-presentation. HLA-A*02 positive LCs 
(A) or DCs (B) were pulsed for 4 hours with 
HIV-1 or cognate peptide prior to co-incubation 
with CD8+ T cell clone SL9-2 for 13 hours. T cell 
activation was determined by IFN-D  ELISpot; 1 
out of 8 representative donors is shown; mean 
and SD of triplicates are depicted (A,B). LCs were 
pulsed for 4 hours with HIV-1 and after extensive 
washing, DCs were added and LCs and DCs were 
co-cultured with T cell clone SL9-2 for 13 hours; 
representative for 4 (untreated DCs) and 2 (con/
hyal treated DC) independent donors; mean and 
SD of triplicates are indicated (C).

LC-DC clustering mediates HIV-1 antigen transfer
Since LCs capture HIV-1 but are not e  ̂ ciently infected with the virus 1, we investigated 
whether immature LCs were able to cross-present HIV-1-derived antigens to the 
HIV-1 speci" c CD8+ T cell clone SL9-2, which is speci" c for HIV-1 p17Gag (aa 77-85). 
! e SL9-2 clone is restricted by HLA-A*02 and derived from an HIV-1 infected patient 17, 18. 
Both HLA-A*02 positive LCs and DCs were incubated for 4 hours with CCR5-
restricted YU2b HIV-1 strains or a cognate peptide. After extensively washing, the cells 
were incubated with T cells for at least 13 hours and T cell activation was analysed by 
ELISpot. Notably, in contrast to peptide treatment, HIV-1-treated LCs did not activate 
the HIV-1-speci" c CD8+ T cell clone (Fig 5A). In contrast to LCs, DCs were able to 
cross-present viral antigens to the T cell clones (Fig 5B). ! us, our data suggest that LCs 
do not cross-present HIV-1 to CD8+

 
T cells. 

 ! erefore, we hypothesized that LCs might transfer captured HIV-1 or antigens 
to DCs during LC-DC clustering. We investigated whether LCs were able to transfer 
HIV-1 derived antigens to DCs to facilitate CD8+ T cell activation. To exclude any 
antigen presentation by LCs to the HLA-A*02-sensitive T cell clone, we used HLA-A*02 
negative LCs in combination with HLA-A*02 positive DCs. HLA-A*02-negative LCs 
were incubated with HIV-1 for four hours and, after extensive washing, co-cultured 
with HLA-A*02-positive DCs. Next we determined HIV-1 antigen transfer to DCs
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by measuring activation of the HIV-1-speci" c CD8+ T cell clone. Notably, co-culture 
of HIV-1-pulsed LCs and DCs activated the CD8+ T cell clone (Fig 5C), suggesting 
that HIV-1 antigens are transferred from LCs to DCs, which are subsequently cross-
presented to the CD8+ T cell clone. Next, we treated DCs with hyaluronidase to 
interfere with LC-DC clustering. Hyaluronidase treatment of DCs abrogated HIV-1 
antigen transfer from LCs to DCs since we did not observe any CD8+ T cell activation 
(Fig 5C). Hyaluronidase treatment of DCs did not interfere with antigen presentation 
(supplementary Fig 2). ! us, our data strongly suggest that LC clustering to DCs via 
Langerin-HA interactions is required for transfer of HIV-1-derived antigens to DCs. 
Furthermore, antigen transfer leads to routing of the antigens into the cross-presentation 
pathway of DCs.

DISCUSSION

Here we have identi" ed a novel role for langerin as an adhesion receptor that is involved 
in LC-DC clustering through binding of HA on DCs. Several studies have shown that 
LCs e  ̂ ciently capture HIV-1 but do not become e  ̂ ciently infected by HIV-1 1, 4, 19, 20. 
Here we showed that LCs were not able to cross-present HIV-1 derived antigens to CD8 
T cells. Notably, LCs clustered e  ̂ ciently with DCs and were able to transfer antigens 
to DCs, which resulted in cross-presentation of HIV-1 peptides by DCs. ! us, antigen 
transfer provides LCs with a mechanism to induce indirectly cytotoxic T cells against 
HIV-1.
 Langerin on LCs functions as a pattern recognition receptor for pathogenic 
carbohydrate structures derived from HIV-1 1, HSV-2 20 and fungal beta-glucans 10 in 
a calcium dependent manner 6. Although the recognition of autologous glycans has 
been suggested 21, no ligands have been described. We identi" ed the glycosaminoglycan 
(GAG) HA as cellular ligand for langerin. HA is a unique GAG in that it is not produced 
in the Golgi network and not attached to a proteoglycan core. HA is produced by 
hyaluronic acid synthases (HAS) in the cell membrane and the growing polysaccharide 
is directly extruded into the extracellular matrix (ECM) via HAS complexes 22, 23. Most 
likely, langerin interacts with GlcNAc in the GlcNAc-GlcA repeating polymer of HA. 
In addition, the tertiary structure of HA 24 probably plays a role in langerin binding, 
since langerin did not bind to the highly similar, relative short linear HS proteoglycans, 
consisting of GlcNAc-IdoA repeats. Next to DCs, keratinocytes, " broblasts and 
endothelial cells have also been reported to produce HA 23, 25, 26, and therefore it is likely 
LCs are able to interact with more cell types via langerin.
 Langerin is abundantly expressed by LCs and binds and internalizes HIV-1 into 
Birbeck granules 1, which are LC speci" c langerin+ organelles 5, 27. Langerin-mediated 
HIV-1 uptake prevents LC infection as well as subsequent transmission to T cells 1. ! us, 
LCs are important in anti-HIV-1 immunity. Because LCs do not e  ̂ ciently become 
infected by HIV-1 1, cross-presentation by LCs is important to induce an e  ̂ cient CD8+ 
T cell response. However, LCs were not able to cross-present HIV-1 onto MHC class I 
for CD8+ T cell activation. In contrast, DCs were very e  ̂ cient in cross-presenting the 
virus to CD8+ T cells. Our data suggest that LCs do not by themselves cross-present, but
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have developed a mechanism to facilitate cross-presentation by DCs. ! e interaction 
between LCs and DCs via langerin and HA enabled antigen-transfer to DCs for cross-
presentation. Since LCs recognize a variety of pathogens, we suggest that antigen transfer 
from LCs to DCs is not restricted to HIV-1 antigens, but could facilitate transfer of other 
pathogens as well. In addition, this interaction might also be involved in activation of 
DCs and antigen transfer to DCs for induction of CD4+ T cell responses. ! e clustering 
between LCs and DCs might therefore be an important mechanism to induce e  ̂ cient 
immune responses to invading pathogens. LCs as " rst sentinels are ideally positioned to 
capture invading pathogens and confer this information to DCs that are more e  ̂ cient 
in migration to lymph nodes 14, 28 and cross-presentation 16.
 Division of labour among di= erent DC subsets has also been described in mice. 
Depletion of LCs from murine epidermis exacerbates HSV pathogenicity 29. However, 
CD8+ T cell priming is not depended on HSV-antigen presentation by LCs 15, but 
depends on lymph node resident DCs 14, suggesting LCs have an important local anti-
viral role rather than inducing adaptive anti-viral immune responses. DC migration 
from skin was necessary for CD8+ T cell inducting strongly suggesting antigen 
transfer between migratory skin DCs and lymph node resident DC occured 14. Here 
we described division of labour mechanisms regarding human LC and DC function. 
Locally immature LCs are protective against HIV-1 infection, however our data strongly 
suggest LCs rely on dermal or sub mucosal DCs for cross-presentation and subsequent 
induction of adaptive anti-viral immune responses. 
 Furthermore, murine LCs and DCs have di= erent migratory kinetics and home 
to di= erent lymph node areas 14, 28. Skin DCs reach lymph nodes within 8 hours, whereas 
LCs reach the lymph nodes after 24 hours 14. ! erefore, we suggest that antigen transfer 
from LCs to DCs greatly enhances the speed and e  ̂ ciency of inducing cytotoxic T cell 
responses to harmful skin- or mucosal-derived pathogens.
 ! e precise mechanism of antigen transfer between LCs and DCs remains to be 
elucidated. Several mechanisms have been proposed for intercellular exchange between 
immune cells, such as trogocytosis, transfer of apoptotic bodies 30-32, exosome-mediated 
transfer or the formation of nanotubules between adjacent cells 33, 34. Trogocytosis of 
peptide-MHC class I complexes between LCs and DCs was ruled out, since LCs did 
not cross-present HIV-1 on MHC class I to T cells and, in addition, we mismatched 
LC/T cell HLA*A02 typing. Furthermore, the transfer of apoptotic bodies is unlikely, 
since HIV-1 is not cytolytic for LCs and we showed cell-cell contact between LCs 
and DCs is important for antigen transfer. ! erefore our data suggest that LCs partly 
degrade HIV-1 and transfer particles to DCs by the secretion of proteins or peptides 
in the immunological synapse between LC-DCs. Still it remains speculating about the 
mechanisms of antigen transfer between LCs and DCs, and further work is required to 
clarify this issue. 
 Overall, we identi" ed the cellular-ligand for human langerin on DCs, which is 
the glycosaminoglycan HA. ! e interaction between langerin on LCs and HA on DCs 
enables strong clustering and is involved in antigen transfer from LCs to DCs. Since LCs 
do not cross-present HIV-1 to CD8+ T cells, but are dependent on interaction with DCs 
for actual cross-presentation, this mechanism could be very important for designing 
HIV-vaccination strategies.
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Supplementary Figure 1: enzymatic treatment 
removes glycans from DC cell surface. DCs 
treated with PNGaseF were stained for GSII lectin, 
which recognizes terminal GlcNAc residues (A). 
Monocytes cultured for 6 days in the presence of � -BG were stained for HPA-lectin, which recognizes 
GalNAc residues (B). Heparinase III-treated DCs 
were stained for 3G10, which recognizes HSPG 
core proteins (C). Expression levels were analysed 
by _ ow cytometry. All graphs represent at least 3 
donors.

Supplementary Figure 2: pH treatment does not 
alter DC antigen presentation. DCs were treated at 
pH5.2 in the presence or absence of hyaluronidase 
for 1 hour at 37oC. DCs were incubated with cognate 
peptide for 4 hours, prior to incubation with T cell 
clone SL9-2. T cell activation was analysed by IFN-�  
ELISpot.
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MATERIAL AND METHODS

Antibodies, soluble proteins, lectins
10E2 (anti-Langerin, 1); D1 (anti-DC-SIGN; 8); 3G10 (anti-HSPG core proteins; kind gift from Guido David); 
anti-HLA-A2-FITC (BD);anti-CD11c-PE (S-HCL-3; BD); anti-human-IFN-Ä , biotinylated anti-human-IFN-Ä
(both: Mabtech); Goat-anti-Human-Fc-biotin(Jackson); Isotype-speci" c goat-anti-mouse Alexa-488, -546 and -647 
(Invitrogen); Streptavidin-488 (Invitrogen); Streptavidin-alkaline phosphatase (Roche); DC-SIGN Fc 35; rhLangerin 
(R&D); rhCD44Fc (R&D); DCGM4-PE (anti-Langerin; Beckman Coulter); HPA-biotin (Helix Pomatia Agglutinin, 
speci" c for GalNAC; Sigma Aldrich); GSII-biotin (from Gri" onia simplicifolia, speci" c for terminal-GlcNAcs; Sigma 
Aldrich); HA-binding-protein (HABP)-bio (Immunosource);bCD1a MACS microbeads (Miltenyi)
Reagents, Carbohydrate-structures
Carboxy_ uoresceinsuccinimidyl ester (CFSE); Mannan; Hyaluronidase; PNGaseF; Å -Benzyl-GalNAc; Heparinase III 
(all: Sigma Aldrich); Hydroethidium (HE; Invitrogen); Trypsin (Invitrogen); Dispase-II (Roche); HA HMW (R&D); 
HA LMW (R&D); Glutardialdehyde (Merck); TransFluoSpheres (Carboxylate-Modi" ed Microspheres, 1.0 µm 488/645; 
Invitrogen); Mannose-PAA-biotin; Fucose-PAA-biotin; GlcNAc-PAA-biotin (all: Lectinity); azidothymidine; nevirapine 
(AZT, NVP; both Sigma Aldrich)
Bu# ers
TSM bu= er(Tris bu= er (20 mM Tris-HCl, pH 7, 150 mM NaCl, 1 mM CaCl

2
, 2 mM MgCl

2
); TSM); TSA bu= er (TSM 

supplemented with 1% BSA); PBA bu= er (PBS supplemented with 0.5-1% BSA and 0.02% Azide); Hyaluronidase 
treatment bu= er (115 mM NaCl; 0.2 mM Na

2
HPO

4
∙2H

2
O; 7.7 mM KH

2
PO

4
; pH5.2)

Cell isolations from Skin
Human skin tissue was obtained from healthy donors undergoing corrective breast or abdominal surgery after informed 
consent in accordance with our institutional guidelines. Split-skin grafts of 0.3 mm were harvested using a dermatome 
(Zimmer) and were treated with dispase (1U/ml) at 37oC for 45 minutes to separate dermis from epidermis. ! e 
epidermis or dermis were _ oated onto medium for 48 hours before migratory LCs or migratory DCs were harvested 
from the supernatant. To isolate immature LCs, epidermis was enzymatically degraded by trypsin and DNAse I, 
and single cell suspension was layered on a Lymphoprep (Axis-shield) gradient prior to CD1a separation by MACS 
magnetic microbeads, following the manufacturer’s protocol. Cells were maintained in Iscoves Modi" ed Dulbecco’s 
Medium (IMDM), 10% FCS, pen/strep (10 U/ml and 10 µg/ml, respectively; Invitrogen,) and gentamycine (20 µg/
ml; Centrafarm).
Monocyte isolation and DC di# erentiation
Monocytes were isolated from bu= ycoats. Bu= ycoats were mixed with Hank’s Balanced Salt Solution (HBSS) and 1500 
I.U. heparin (Leo Pharmaceuticals) and peripheral blood mononuclear cells (PBMC) were isolated by a Lymphoprep 
(Axis-shield) gradient step. Monocytes and PBLs were isolated from the PBMCs by a Percoll (Amersham Biosciences) 
gradient step. Monocytes were cultured in the presence of IL-4 and GM-CSF (500 and 800 IU/ml; Biosource/Invitrogen) 
for 6 days to allow monocyte derived DC (moDC) di= erentiation.
HIV-1 speci" c T cell clone
! e SL9-2 T cell clone speci" c for HIV p17Gag (aa 77–85, SL9peptide) and restricted by HLA-A*02 17 were used 
to evaluate LC cross-presentation and antigen transfer from LC to DC for cross-presentation. ! e T cell clones were 
restimulated and expanded, as previously described 17, 18. At least 4 hours before co-culture with LCs and/or DCs, T cell 
clones were thawed and allowed to rest in medium without PHA.
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Cell lines and Viruses
THP-Langerin and Raji-Langerin were generated and cultured as described before 1. Virus was produced as described 
before 36. In short: 293T cells were transfected with YU2B-proviral plasmids. Supernatants containing virus were 
collected 48 hours after transfection, " ltered (Millex HV, 0.45 mm; Millipore), and frozen at -80°C until use. ! e p24Gag 
content of all viral stocks was measured using an ELISA (PerkinElmer). Titers of all viruses were determined using the 
TZM-blue-reporter cell line 4. 
FACS Analysis
All cells were washed in PBA or TSA and were incubated with speci" c antibodies (5  Æ g/ml) or isotype controls for 30 
minutes at 4°C. Or cells were incubated with soluble langerin or soluble DC-SIGN for 30 minutes at RT. Subsequently 
cells were washed and incubated with Alexa 488 secondary antibody (5 µg/ml) for 30 minutes at 4°C. Or cells were 
stained with directly labelled antibodies for 30 minutes at 4°C. Cells were labelled with 5 µM CFSE in TSA for 10 
minutes at 37oC or with 10µg/ml HE in medium for 30 minutes at 37oC. After extensive washing, _ uorescence was 
measured using _ ow cytometry: FACScan or FACSCalibur (BD) with Cellquest software. 
LC-DC Cluster Experiment
CFSE labelled moDCs were mixed with HE labelled THP, THP-Langerin or LCs in a 1:1 ratio. Cells were co-incubated 
for 30, 45, 60, 90, 120 minutes in medium at 37oC before FACS analysis. Double positive events were considered as 
clustering cells. ! e percentage of clustering LCs and DCs (n) was calculated relative to the number of single positive 
LCs (o) and single positive DCs (p) as follows: 2∙n/((2∙n)+o+p)) ∙ 100%. 
Fluorescent Bead Adhesion assay
We performed the _ uorescent bead adhesion assay described previously 8. For carbohydrate pro" ling, we coated 
streptavidin beads with 5 µg of biotinylated carbohydrate structures (mannose, fucose, GlcNAc). For speci" c receptor 
blocking, cells were preincubated for 30 min with 20 mg/ml of blocking antibodies, 100 µg/ml mannan or HA LMW/
HMW. HA was titrated: 50 ng/ml - 10 µg/ml for LMW; 1 µg/ml - 50µg/ml for HMW. 
ELISA
Immuno-sorbant plates were treated for 5 minutes with 1% glutardialdehyde in PBS. Di= erent concentrations of HA 
LMW (200 ng/ml - 5 µg/ml) and HA HMW (1 µg/ml - 50µ g/ml) were cross-linked onto immuno-sorbant plates for 24 
hours at 4oC. Plates were extensively washed and soluble langerin (2 µg/ml; 2 hours, RT) binding was detected by 10E2 
antibody (anti-Langerin). Or, soluble Langerin (5 µg/ml) was coated in PBS for 24 hours at 4oC. HA LMW (200 ng/
ml - 5 µg/ml) and HA HMW (1 µg/ml - 50 µg/ml) binding (2 hours, RT) was detected by HABP-biotin. Speci" city of 
langerin was determined by blocking with mannan (100 µg/ml). 
Enzyme-Linked Immunospot assay (ELISpot)
ELISpot " lterplates (Millipore) were coated with anti-IFN-Ç  (2 µg/ml) overnight at 4oC and saturated with 10% FCS 
for 2 hours at RT. LCs, DCs and T cell clones were co-incubated in the plates at 37oC for 13 hours. Plates were washed 
and subsequently incubated with biotinylated anti-IFN-Ç  (1 µg/ml) for 2 hours at RT. Plates were incubated with 
streptavidin-alkaline phosphatase (0.5 U/ml) for 30 minutes at RT, and spots were subsequently visualized by BCIP/
NBT Liquid Substrate System (Sigma Aldrich).
Immuno$ uorescence Microscopy
5- È m Cryosections of human skin were air-dried and " xed in acetone for 10 minutes. Sections were preincubated 
with 10% normal goat serum for 10 minutes before sections were incubated with primary antibody for 1 hour at 
room temperature. ! en sections were incubated with isotype-matched secondary antibodies for 30 minutes at room 
temperature. Finally, tissue sections were counterstained with Hoechst for 2 minutes. Between all incubation steps, 
sections were extensively washed with PBS (pH 7.4). Matched isotype antibodies served as negative control and all 
controls were essentially blank. Sections were analyzed by immuno_ uoresence microscope (Leica). 
Confocal Laser Scanning Microscopy
LCs and DCs were adhered simultaneously to poly-L-lysine coated slides for 90 minutes. ! en, cells were " xed with 
4% PFA on the slides. Cells were permeabilized in PBS with 0,5% saponin / 1% BSA, before slides were incubated 
with primary antibody for 1 hour at room temperature. ! en slides were incubated with isotype-matched secondary 
antibodies for 30 minutes at room temperature. Finally, the slides were counterstained with Hoechst for 2 minutes. 
Between all incubation steps, slides were extensively washed with PBS (pH 7.4). Matched isotype antibodies served as 
negative control and all controls were essentially blank. Slides were analyzed by a Confocal Laser Scanning Microscope 
(Leica).
Cross-presentation and Antigen transfer
HLA-A*02 positive immature LCs or moDCs (0.65*106 /ml) were incubated with HIV-1 YU2b (500 ng p24Gag/ml) for 
4 hours at 37oC in the presence of 5µM AZT and 1.2 µM NVP, or LCs/DCs were incubated with 0.1 µg/ml cognate 
peptide (SLYNTVATL). Cells were extensively washed to remove unbound viruses and cocultured for 13-15 hours with 
SL9-2 clones. For antigen transfer, HLA-A*02 negative LCs were incubated with HIV-1 YU2b for 4 hours at 37oC, in 
the presence of AZT and NVP. Subsequently, LCs were extensively washed and co incubated with HLA-A*02 positive 
moDCs for 2 hours. MoDCs were either untreated, pH5.2 control treated or hyaluronidase treated (1mg/ml; 1 hour; 
37oC). ! en LC/DCs were cocultured for 13-15 hours with SL9-2 clones. T cell activation was monitored using the 
IFN-Ç  ELISPOT assay, as described before 37.
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