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GENERAL INTRODUCTION
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1. INTRODUCTION

Human skin and mucosal tissue form the physical barrier between the human body 
and the outside world. Skin contains the thick keratinized stratum corneum which is 
impermeable for water and forms a mechanical barrier against pathogens 1. However, 
pathogens have evolved to evade these barriers for their own propagation. To maintain 
homeostasis and to prevent infections after wounding, our body is equipped with an 
innate and adaptive immune system to actively combat pathogens, such as bacteria, 
viruses, fungi and parasites 2. 
 ! e innate immune system reacts in a non-speci" c way to invading pathogens 
for fast eradication of the intruders, whereas the adaptive immune system needs to 
develop and therefore is slower but pathogen-speci" c 3. ! e innate system is formed 
by macrophages, granulocytes, natural killer cells and mast cells that phagocytose and 
eliminate pathogens, whereas T and B cells are involved in adaptive immune responses. 
Dendritic cells (DCs) bridge these two immune systems by transferring innate 
information to T and B cells for development of speci" c adaptive immune responses 
and memory 4.
 DCs are professional antigen presenting cells (APCs) residing in peripheral 
tissues that sample their surrounding for pathogen associated molecular patterns 
(PAMPs) through pattern recognition receptors (PRRs; Figure 1A). PRRs sense 
pathogens and induce signaling leading to DC maturation, but also shape cytokine 
production and migration of DCs towards T cell areas of the lymph nodes (Figure 1B, C). 
Each pathogen triggers a speci" c combination of PRRs and the combination of PRRs 
directs T cell di= erentiation and thus polarization of the adaptive immune response 5.

2. DIFFERENT SUBSETS OF DCS

! roughout the body, tissues harbour speci" c DC subsets to survey the environment 
for invading pathogens. Di= erent subsets have di= erent PRR repertoires and thereby 
respond di= erently to pathogens. Plasmacytoid DCs (pDCs; Figure 2A) are present 
in blood, which recognize viral components via Toll-like receptor 7 (TLR7) or TLR9 
and rapidly produce high amounts of type I interferons (IFNs) to combat viruses 6, 7. 
Myeloid blood CD141+ DCs 8 and CD1c+ DCs are well capable of cross-presenting 
antigens to T cells and are thought to boost CD8+ T cell responses 6. 
 Di= erent human DC subsets are present in skin or mucosa: Langerhans cells 
(LCs) inhabit the epidermis or epithelial mucosa, while DCs reside in the underlying 
dermis or subepithelium 9 (Figure 1D). LCs and DCs are migratory cells that migrate 
to lymph nodes to induce adaptive T cell responses. LCs are distinguished by the 
expression of langerin 10 and CD1a, and recent data strongly suggest that LCs have 
antiviral functions 11-13. Two di= erent dermal DC subsets have been characterized: 
CD1a+ DCs and CD14+DC-SIGN+ DCs 14. Dermal DCs express a broad repertoire of 
pathogen recognition receptors enabling them to induce anti-viral, anti-bacterial and 
anti-fungal immune responses. ! us, in skin di= erent DC subsets are present to detect 
pathogens and prevent infection.
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Figure 1: Immature DCs mature upon PRR triggering and 
migrate towards the lymph nodes. (A) Immature DCs reside in 
peripheral tissues, such as mucosa and skin. ! e expression of PRRs, 
such as CLRs and TLRs enables DCs to sense and capture invading 
pathogens. (B) PRR triggering induces maturation of DCs. 
Mature DCs upregulated MHC class II as well as co-stimulatory 
molecules and lymph node homing chemokinereceptors (eg. 
CCR7), while CLRs are downregulated. (C) Mature DCs 
migrate towards the lymph node to interact with T cells. 
Naïve T cells become activated e= ector T cells that home to the

3. ANTIGEN PRESENTATION BY DCS AND LCS

Antigens taken up by DCs and LCs are processed and subsequently presented to T cells 
via MHC class I or II molecules 15, 16. ! e T cell receptors of CD8+ T cells and CD4+ T 
cells recognize peptides presented on MHC class I and MHC class II, respectively15, 16. 
MCH class I molecules are expressed by virtually all cells in the body allowing circulating 
cytotoxic T cells to survey them, while MHC class II expression is restricted to antigen 
presenting cells. 

3.1 MHC class I presentation
MHC class I molecules present peptides derived from proteins synthesized in the cytosol. 
Besides presenting self peptides, MHC class I molecules present peptides derived from 
intracellular pathogens such as intracellular bacteria, parasites or viruses. Cytosolic 
proteins are cleaved by the proteasome and transported to the endoplasmic reticulum 
(ER) 15. ! ere, transporter associated with antigen processing (TAP)-1 and TAP-2 
transport peptides ranging between 8-16 amino acids into the ER to be presented onto 
MHC class I. ! e loaded MHC class I complex is transported from the ER via the

Immature dendritic cell

- Present in tissue

- Antigen capture

- Low MHC class II

- Low co-stimulatory molecules

- High CLRs

Mature dendritic cell

- Migrates towards lymph node

- Antigen presentation

- High MHC class II

- High co-stimulatory molecules

- Low CLRs

- Lymph node homing receptors

T cell activation in lymph node

CLR

TLR

CCR7 MHC II

Co-stim

D

A B C

LC  

DC

tissue to clear the infection. (D) Immunohistochemical staining of skin. Langerhans cells reside in the 
epidermis of human skin (brown; stained for CD1a) and dendritic cells reside in the dermis of human 
skin (pink; stained for DC-SIGN). CCR7: C-chemokine receptor 7; CLR: C-type lectin receptor; DC: 
dendritic cell; MHC: major histocompatibility complex; PRR: pattern recognition receptor. 
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Figure 2: Antiviral immune responses induced by DCs upon pathogen recognition
(A) pDCs circulate in blood and recognize viral RNA/DNA via TLR7 and TLR9. pDCs are potent inducers 
of type I IFNs . Most cells in the body express IFN-receptors that enable them to react to IFNs by upregulating 
antiviral responses. (B) Myeloid DCs, such as LCs and DCs line mucosal and skin barriers and are e  ̂ cient 
in uptake of antigens. Endogenous pathogens are degraded in the cytosol and presented onto MHC
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(" gure 2 continued) class I. Mature DCs present antigens, provide co-stimulation and cytokines to activate 
CD8+ T cells, which give rise to e= ector cytotoxic T cells. Exogenous pathogens are endocytosed, degraded 
and presented onto MHC class II inducing T helper di= erentiation. ! 1 cells provide help to cytotoxic T 
cells by providing cellular signals and cytokines. Infected cells will present viral peptides onto MHC class I. 
Cytotoxic T cells survey the body and kill virally infected cells. ! 2 and ! -17 cells are implicated in anti-
bacterial and anti-fungal immune responses, respectively. DC: dendritic cell; LC: Langerhans cell; MHC: 
major histocompatibility complex; pDC: plasmacytoid dendritic cell; ! : T helper cell.

secretory pathway to the cell surface 15, 17. MHC class I presentation is a crucial step in 
recognition and killing of infected cells by cytotoxic T cells. Activation of CD8+ T cells 
by both LCs and DCs induces speci" c cytotoxic T cells that home to the infected tissue 
and kill all infected cells expressing viral peptides on MHC class I 15 (Figure 2B).

3.2 MHC class II presentation
MHC class II presentation is a capacity restricted to APCs, such as LCs and DCs. 
Exogenous pathogens or antigens, such as bacteria or viral particles, are taken up by LCs 
and DCs into endosomal vesicles. ! ese vesicles acidify and proteases degrade antigens 
into polypeptides with variable lengths to optimize MHC class II binding 18. MHC 
class II molecules are transported from the ER in vesicles that fuse with endosomes 
containing antigens, and subsequently MHC class II vesicles will be transported to the 
cell membrane 16. Peptides presented onto MHC class II will activate naive CD4+ T cells 
(Figure 2B). 
 ! e speci" c spectrum of cytokines produced by DCs will tailor the di= erentiation 
of CD4+ T cells towards T helper 1 cells (! 1), ! 2 or ! -17 cells (Figure 2B). Pro-
in_ ammatory cytokines such as interleukin-12 (IL-12) and interferon-�  (IFN-� ; a type II 
IFN) are associated with ! 1 di= erentiation; IL-4 and IL-10 with ! 2 di= erentiation; and 
IL-17, IL-6 and IL-1 �  with ! -17 di= erentiation 5. Adaptive T helper cells are classi" ed 
according to their function. ! 1 cells produce IFN-� , which activates macrophages 
and CD8+ cytotoxic T cells to " ght viral and intracellular infections. ! 2 cells activate 
B cells and humoral immune responses by secretion of IL-4, IL-5 and IL-13 to " ght 
extracellular pathogens such as helminths and bacteria 19. ! e IL-17-secreting ! -17 
cells mobilize phagocytes and are required for anti-fungal and anti-bacterial immunity 20. 
! us, the information provided by DCs directs the T cell immune response towards a 
pathogen (Figure 2).

3.3 Cross-presentation
Both LCs and DCs are able to cross-present exogenous endocytosed antigens onto 
MHC class I molecules without the need for direct infection of the cells 21, 22. ! is 
is di= erent from the classical MHC class I route, which presents antigens on MHC 
class I molecules derived from endogenously expressed proteins within the cell. Both 
LCs and DCs are thought to take up antigens from their surrounding derived from 
infected cells or apoptotic cells and cross-present them onto MHC class I 22. ! ere is 
still a lot of debate on the molecular mechanisms of cross-presentation and whether 
exogenous antigens are delivered to the cytoplasm, or remain within phagosomes for 
presentation on MHC class I molecules 21. 
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4. PATTERN RECOGNITION RECEPTORS ON DCS

DCs are equipped with PRRs recognizing bacterial and viral PAMPs. Both LCs and DCs 
express a variety of PRRs, including Toll-like receptors (TLRs), NOD-like receptors
(NLRs), RNA helicases and C-type lectin receptors (CLRs) that are required for sensing
Pathogens 17, 18, 21, 23-25. Since NLRs and RNA helicases are no subject in this thesis, next 
paragraphs will focus on TLRs and CLRs that play an important role in bacterial and 
viral recognition. 

4.1 Toll-like receptors
TLRs in vertebrates are evolutionary conserved PRRs. ! e Toll receptors play a role in 
the development and the defense of infections in Drosophila melanogaster 26. In mammals, 
the homologues proteins were named Toll-like receptors and to date, there are 10 TLR 
genes expressed in mice and human 24. TLRs are located in cellular membranes, either on 
the cell surface (TLR1, -2, -4, -5, -6) or in endosomes (TLR3, -7, -8, -9). TLR1/TLR2 
and TLR2/TLR6 form heterodimers recognizing peptidoglycans from Gram-positive 
bacteria. TLR4 forms homodimers and detects lipopolysaccharides (LPS) originating 
from Gram-negative bacteria, whereas TLR5 is triggered by _ agellin from _ agellated 
bacteria. TLR3 recognizes viral double stranded RNA (dsRNA), while TLR7 and -8 
respond to single stranded RNA (ssRNA) and TLR9 responds to unmethylated CpG 
DNA, derived from viruses or bacteria 24, 26-28. 
 Notably, TLR expression pro" les are di= erent between LCs and DCs, suggesting 
division of labour. DCs express TLR1 to TLR8 and -10 29, 30 while LCs have a more 
restricted TLR expression pro" le with expression of TLR1, -3, -6 - 7, -8 and -10 but 
no or low expression of TLR2, -4 and -5 29, 30. ! e " nding that LCs lack the speci" c 
TLRs that respond to bacteria, suggests a characteristic of LCs to tolerate bacterial 
commensal _ ora in skin. Both LCs and DCs express TLR3, -7, -8 recognizing viral 
PAMPs, indicating both cell types are involved in anti-viral immune responses.

4.2 C-type lectin receptors
Langerin, DC-SIGN and dectin-1 are expressed on APCs and belong to the CLR 
family, which are proteins that bind carbohydrate structures and induce signalling 
pathways 31, 32. Langerin and DC-SIGN share a highly homologous carbohydrate 
recognition domain 33 and recognize the monosaccharides mannose, fucose, N-acetyl-
glucosamine (GlcNAc) and the oligosaccharide mannan 34, 35. ! ese sugar moieties are 
generally not found as terminal residues on mammalian glycoproteins but are highly 
abundant on surface proteins of pathogens such as HIV-1 36, Mycobacterium species 37, 
Candida species 38, proteins from tick saliva 39, Helicobacter pylori and helminth structures 40. 
Langerin also recognizes fungal beta-glucans 41, 42.
 Interestingly, langerin and DC-SIGN are present on distinct DC subsets and 
although they have a broad overlap in ligand recognition they might have distinct 
functions. Both CLRs are involved in HIV-1 uptake. Langerin is present on human 
LCs and internalizes HIV-1 into Birbeck granules and induces degradation of the virus, 
preventing infection of LCs and subsequent transmission to T cells 13. On the contrary,  
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DC-SIGN expressed by DCs binds HIV-1 and facilitates in trans infection of T cells. 
Moreover, DC-SIGN enhances productive DC infection by its innate signalling 43. 
! us, although the CLRs langerin and DC-SIGN are highly homologues, they exert 
clear distinct e= ects on HIV-1 infection.
 Dectin-1 belongs to the type V CLRs and binds ligands in a Ca2+-independent 
manner. Dectin-1 is expressed on both LCs and DCs and is involved in anti-fungal 
immune responses by recognizing � -glucans 44. Dectin-1 signalling induces cytokine 
production by DCs that skew T cells towards ! -17 cells 45, 46. Notably, dectin-1 is also 
expressed on keratinocytes (KCs), implying anti-fungal function of KCs.

5. THESIS OUTLINE

! e aim of this thesis is to increase our understanding of the role of KCs, LCs and 
DCs in inducing immune responses upon wounding, wound healing and combating 
viral infections. Since the CLRs langerin and dectin-1 are the main CLRs investigated 
in this thesis, the function of these CLRs in infection and immunity is reviewed in 
chapter 2. In chapter 3 we investigated the e= ect of burn injuries on the functionality 
of LCs and DCs. Burn injuries lead to dermal damage and excessive in_ ammation of 
the wound that impairs the ability of the skin to regenerate 47, 48. Systemically, patients 
with burn wounds su= er from suppressed adaptive immunity that can lead to multiple 
organ failure or sepsis 49. Our data demonstrate that both LCs and DCs are impaired 
in inducing T cell activation after burn injury and therefore could contribute to the 
observed suppressed adaptive immunity. In chapter 4 we set out to improve wound 
healing by enhancing re-epithelialization by targeting CLRs. Our data show that beta-
glucans trigger dectin-1 activation, which induces enhanced proliferation and migration 
of KCs. In a human ex vivo wound healing model 50 we observe that burn wounds 
re-epithelialize faster in the presence of beta-glucans. Beta-glucans are carbohydrate 
structures that can easily be administered in creams for treatment of wounds. In addition, 
wound healing is also dependent on e= ective adaptive immune responses. ! erefore the 
function of LCs and DCs in adaptive immunity is investigated in the next chapters. 
In chapter 5 we investigate the molecular mechanism of LC-DC clustering and its 
importance in antigen presentation. Our data demonstrate an important function for 
the CLR langerin as an cellular adhesion receptor that mediates LC-DC clustering. 
We identi" ed the glycosaminoglycan hyaluronic acid (HA) on DCs as a cellular ligand 
for langerin. We show that LCs cannot cross-present HIV-1 to CD8+ T cells and 
therefore rely on transfer of antigens to DCs for HIV-1 cross-presentation. Notably, the 
interaction between langerin on LCs and HA on DCs enables the transfer of antigens 
for cross-presentation. HA is not only expressed by DCs, but also by endothelial cells, 
" broblasts and KCs 51. Since HA is abundantly expressed by KCs in the epidermis 
we investigate whether LC-KC interaction is mediated via langerin-HA and how this 
interaction is regulated. In Chapter 6 we describe that mature migratory LCs upregulate 
HA-degrading enzymes hyaluronidase-1 and -2. ! ese enzymes cleave HA from KCs 
and subsequently release LCs to migrate towards the dermis. We also show that a similar 
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mechanism regulates LC-DC interaction. Next to its function as cellular adhesion 
receptor, langerin functions as PRR protecting LCs from HIV-1 infection 13. ! erefore, 
we investigate the internalization and degradation route of HIV-1 via langerin into 
Birbeck granules (BGs). BGs are langerin+ organelles only observed in LCs 10; however, 
the origin and purpose of BGs are still poorly understood 52. In chapter 7 we identi" ed 
the origin of BGs by showing that BGs are caveolin-1+ and belong to the caveolar 
endocytic internalization pathway. Blocking the caveolar uptake route increases viral 
integration into the host genome and therefore we conclude that caveolar uptake of 
HIV-1 into langerin+ BGs is protective for HIV-1 infection. In chapter 8 these studies 
are placed in a broader perspective in the general discussion.
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ABSTRACT

Host-pathogen interactions have co-evolved for many years. ! e human immune 
system consists of innate and adaptive immune cells to e# ectively defeat pathogens, 
while on the other hand pathogens have co-evolved to misuse the system for their 
own propagation. C-type lectins are conserved receptors recognizing carbohydrate 
structures on viruses, bacteria, parasites and fungi. C-type lectins such as DC-
SIGN, langerin and dectin-1 are expressed by dendritic cells and macrophages. 
Pathogen recognition by C-type lectins triggers signalling pathways, leading to 
expression of speci" c cytokines, which subsequently instruct adaptive T helper 
immune responses. T helper cell di# erentiation is crucial for initiating the proper 
adaptive immune responses; some pathogens however use these pattern recognition 
receptors to subvert immune responses for survival. ! is review gives an update 
about the role of C-type lectins in HIV-1, mycobacterial and Candida infections, 

and the co-evolution of hosts and pathogens. 

INTRODUCTION

During evolution the mammalian immune system evolved to defeat pathogens at utmost 
e  ̂ ciency. ! erefore the human immune system contains a diversity of specialized innate 
and adaptive immune cells that recognize evolutionary conserved pathogen-associated 
molecular patterns (PAMPs) by means of pattern recognition receptors (PRRs). PRRs 
recognize conserved patterns originating from pathogens such as bacterial cell wall 
structures, viral RNA/DNA, viral envelope structures and fungal structures. Dendritic 
cells (DCs), Langerhans cells (LCs) and macrophages are innate immune cells located 
throughout the body that act as sentinels of the immune system 1. DCs and LCs express 
a variety of PRRs, including Toll like receptors (TLRs), NOD-like receptors (NLRs) and 
C-type lectin receptors (CLRs), through which they capture and internalize invading 
pathogens, and subsequently present pathogenic antigens onto MHC class I and MHC 
class II molecules to CD8+ and CD4+ T cells, respectively 2. 
 Depending on the di= erent PRRs triggered by the PAMPs of the pathogen, 
DCs and LCs initiate signals that induce naive CD4+ T cell di= erentiation into distinct 
T helper cells 3. T helper cells are named and classi" ed according to their cytokine pro" le 
and the type of infection that is combatted. T helper 1 cells (! 1) produce interferon-�  
(IFN-� ), which activates macrophages and cytotoxic T cells to " ght intracellular 
pathogens. ! 2 cells secrete IL-4, IL-5 and IL-13 to activate B cells and humoral 
immune responses against extracellular pathogens such as helminths and bacteria 4. ! e 
IL-17-secreting ! -17 cells mobilize phagocytes and are required for anti-fungal and 
anti-bacterial immunity 5. ! us, pathogen recognition by PRRs on DCs and LCs results 
in cytokine production which is crucial for T helper cell di= erentiation and pathogen 
eradication.
 ! e C-type lectin receptor (CLR) family comprises a large group of PRRs present 
on DCs and LCs that shape the immune response. Here we focus on the molecular
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signalling and the subsequent immunological responses induced by the Ca2+-dependent 
CLRs langerin and DC-SIGN, and the Ca2+-independent CLR dectin-1. Although the 
host’s immune system is optimized for pathogen eradication, pathogens have co-evolved 
and the more successful pathogens developed ways to utilize the immune system for 
their own survival and even propagation. ! is review gives an update on anti-viral, 
-fungal and -bacterial immune responses elicited by CLRs and the (dis-)advantages for 
either the host or the pathogen.

CARBOHYDRATE RECOGNITION BY DC-SIGN, LANGERIN AND DECTIN-1

Originally the term ‘C-type lectin’ referred to proteins with a carbohydrate recognition 
domain (CRD), or C-type lectin like domain (CTLD), which bind carbohydrate 
structures (‘lectin’) in a Ca2+-dependent manner (‘C-type’) 6. ! e mammalian CLR 
family is divided into 17 subgroups (" g 1) based on their phylogenetic relationships and 
domain structures 7-9. However, comparison of CTLD homology revealed that not all 
CTLDs bind carbohydrate structures or are Ca2+-dependent 10. Since Ca2+-dependent 
carbohydrate binding is conserved from sponges to human (" g 1), it is likely to be 
the ancestral function 6. Most C-type lectin family members are adhesion receptors. 
However, type II, V and IV CLRs present on immune cells (" g 1) also function as PRRs 
and induce signalling and immune responses 6. Within the CTLD the highly conserved 
Glu-Pro-Asn (EPN) and Gln-Pro-Asp (QPD) motifs are essential for recognizing 
mannose- and galactose-containing ligands 11.

CTLDs of Langerin vs DC-SIGN
Langerin 12 and DC-SIGN 13, 14 bind ligands in a Ca2+-dependent way, contain EPN 
motifs, and belong to the type-II CLRs, the asialoglycoprotein receptor family with 
one CRD (" g 1) 15, 16. Langerin and DC-SIGN share a highly homologous CTLD 17. 
Interestingly, langerin and DC-SIGN are present on distinct cell types and act di= erently 
despite a broad overlap in ligand recognition. Langerin forms trimers on the cell surface 
of epidermal LCs 18 and recognizes the monosaccharides mannose, fucose, N-acetyl-
glucosamine (GlcNAc) and the oligosaccharides � -glucan and mannan 17, 19, 20. DC-
SIGN on the other hand is expressed as a tetramer on DCs present in skin and mucosa 
and recognizes mannose, fucose, GlcNAc and mannan 16. Langerin trimerization occurs 
via a coiled-coil structure in the extracellular neck-region, which leads to a more " xed 
position compared to the related DC-SIGN tetramers. DC-SIGN oligomerizes via its 
extracellular repeat domains, allowing for more _ exibility in ligand binding via its CRDs 
that are _ exibly linked to the neck region 18. 
Typically, Ca2+-dependent CTLDs have four Ca2+ binding sites, Ca-1 to Ca-4 10, 17. 
Binding of Ca2+ can have large e= ect on the tertiary structure of the receptor and thus 
in_ uence the ligand binding of the receptor 6. Langerin has only the second calcium 
binding site, whereas DC-SIGN has Ca-1 to Ca-3, explaining di= erences in ligand 
a  ̂ nity. Furthermore, Chatwel et al (2008) identi" ed a second carbohydrate-binding 
site in langerin that is Ca2+-independent and not present in DC-SIGN 17. However, the 
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Figure 1: Phylogeny of C-type lectin receptors 
Porifera (sponges) and choano_ agellates form the most distant living branch of the animal kingdom 58 and 
CTLDs have been identi" ed in both types of protozoa 58, 59 indicating CLRs are highly conserved receptors. 
! ere are at least 17 subgroups of mammalian CLRs, which are de" ned by their phylogenetic relationships 
and domain structures 7, 8. CLRs type II, V and VI are expressed on myeloid immune cells. Type II and V 
usually form receptor oligomers on the cell surface (di-, tri- or tetramers). Langerin and DC-SIGN belong 
to the type II CLRs, whereas dectin-1 belongs to the type V - NK receptor group 15. CLR: C-type lectin 
receptor; CTLD: C-type lectin domain; NK: natural killer cell; DC-SIGN: DC-speci" c ICAM3-grabbing 
non-integrin.

importance of this binding site is not clear as Ca2+-independent binding of mannose-
structures by langerin could not be con" rmed by other groups 21. 

CTLD of Dectin-1
Based on CRD homology, dectin-1 is placed in the type V - NK receptor group 15. 
Most of the type V receptors express immuno receptor tyrosine-based inhibitory 
motifs (ITIM) in their cytoplasmic domain however, dectin-1 is exceptional in that 
it contains an activating ITAM-like motif 22. Dectin-1 is present on LCs, DCs and 
macrophages; however, it binds ligands in a Ca2+-independent manner 23. Remarkably, 
the CTLD of dectin-1 does not contain a conserved EPN or QPD motif. Dectin-1 
recognizes � -1,3- and � -1,6-glucan carbohydrate structures 24; the amino acid motif 
Trp-Ile-His (WIH) has been implicated for � -glucan binding by dectin-1 11. Murine 
dectin-1 forms ‘dimers’ upon ligand binding, which are bridged intracellularly by the 
spleen tyrosine kinase SYK 22, 23,25. Although both dectin-1 and langerin recognize � -glucans 19, they do not have a highly homologous CTLD, suggesting that the 
ability to recognize � -glucans evolved convergently. It has recently been described that 

Lecticans

Asialoglycoprotein & DC receptors

NK-cell receptors

Collectins

Multi-CTLD endocytic receptors 

Reg group

Bimlec

Tetranectin

Polycystin I

Eosinophil major basic protein (EMBP)

DGCR2 (Di-George syndrome)

SEEC

CBCP/Frem1/QBRICK

Mannose 

receptor

I

II

V

Chondrolectin, Layilin

III

VI

VII

VIII

XV

IX

X

XI

XII

XIII

XIV

XVI

XVII

M
ye

lo
id

 C
L

R
s

Dectin-1

DC-SIGN mannose, fucose

mannose, fucose, 

GlcNAc, β-1,3-glucans

Langerin

Dectin-2 mannose

β-1,3-glucans

C-type lectin receptors

Protozoa (Porifera, Choano"agellata)

Metazoa (mammalia)

mannosylated 

proteins

LigandsReceptor Ca
2+

dependence

SelectinsIV

Attractin

Thrombomodulin

II

V

VI

Yes

Yes

Yes

Yes

No



2

C-type lectins in Infection and Immunity

23

langerin binds � -glucans through the interaction of a single glucose residue within the 
Ca2+ site 21.

PATHOGEN RECOGNITION, SIGNALLING AND THE IMMUNE RESPONSE

Antigen presentation and co-stimulation provided by DCs or LCs to T cells as well as 
cytokines secreted by DCs of LCs determine CD4+ T helper cell di= erentiation 3. Cytokine 
gene transcription by DCs and LCs depends on the activation of the transcription factor 
NF-� B induced by PRRs like the archetypical Toll like receptors (TLRs) and some 
CLRs. ! e NF-� B family consists of " ve subunits: p65, c-Rel, RelB, p50 and p52. 
Dimers of NF-� B family members are retained within the cytoplasm, but translocate 
into the nucleus upon PRR signalling to initiate or repress transcription. Signalling by 
DC-SIGN alone does not lead to NF-� B translocation into the nucleus; however, DC-
SIGN signalling enhances activation of certain canonical NF-� B subunits 26. In contrast, 
dectin-1 is able to induce both canonical and non-canonical NF-� B-mediated gene 
expression independent of other PRRs 27. 

DC-SIGN in Mycobacterial and HIV infections
DC-SIGN is a multivalent molecule that interacts with a lot of pathogenic patterns as 
well as self-ligands like ICAM-3 on T cells 13, 14. Human immunode" ciency virus (HIV), 
Mycobacterium species 28, Candida species 29, proteins from tick saliva 30, Helicobacter 
pylori 26 and helminth structures are amongst the pathogenic structures bound by DC-
SIGN via mannose or fucose moieties 14, 26. Mannose-induced DC-SIGN triggering 
activates the serine/threonine protein kinase RAF1 which induces phosphorylation of 
NF-� B subunit p65 at serine (Ser) residue 276 (" g 2a). ! e activation of RAF1 by 
DC-SIGN occurs independently of TLR signalling, however, phosphorylation of p65 
requires prior activation of NF-� B, which does depend on TLR signalling 31. Ser276 
phosphorylation of p65 enables binding of histone acetyl transferases CREB-binding 
protein (CBP) and p300, which subsequently acetylate p65 31 (" g 2a). ! is acetylation 
leads to increased DNA binding a  ̂ nity at cytokine genes, as well as prolonged nuclear 
activity and hence enhanced transcription of Il6, Il10, Il12a and Il12b 26, 31. ! us, TLR 
triggering is necessary for NF-� B activation, while the additional information provided 
by the pathogen that leads to DC-SIGN activation modulates the TLR trigger, thereby 
customizing the adaptive immune response to the speci" c pathogen. ! is might explain 
why DC-SIGN recognition of self-ligands, such as adhesion molecules ICAM-2 and 
ICAM-3, does not lead to DC maturation and cytokine production, since there is no 
simultaneous activation of PRRs that induce NF-� B activation.
 Mycobacterium tuberculosis is the causative agent of tuberculosis 32. After the 
initial immune reactive phase, M. tuberculosis infection enters a chronic latent phase 
which suggests that M. tuberculosis is able to suppress cellular immune responses. 
Mycobacteria trigger both TLRs and DC-SIGN on DCs via the cell wall structures and the 
mannosylated lipoarabinomannan (ManLAM), respectively 26, 28. Besides ManLAM, DC-
SIGN also recognizes mycobacterial 	 -glucan and phosphatidylinositol mannosides33, 34. 
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M. tuberculosis induces high levels of IL-6, IL-10 and IL-12p70 secretion by DCs, which 
is dependent on DC-SIGN through the interplay with TLR signaling (" g 2a) 26, 28, 31. 
M. tuberculosis might exploit DC-SIGN signalling to evade host immune surveillance 
by producing the ! 1-repressing cytokine IL-10 as well as the ! 1-promoting cytokine 
IL-12. ! is is resulting in IL-10 producing T cells without a bias towards either ! 1 or 
! 2 di= erentiation and prevents the host from clearing the pathogen 26, 35. ! e exact role 
of DC-SIGN in establishing or retaining the latent phase of tuberculosis has not been 
unravelled yet. However, a cohort study suggested that decreased levels of DC-SIGN are 
associated with increased protection against tuberculosis 36, indicating that mycobacteria 
have co-evolved with the human immune system to evade eradication partly via DC-
SIGN.
 Another striking example of host-pathogen co-evolution is the interaction 
between DC-SIGN and the human immunode" ciency virus (HIV-1). HIV-1 is a 
sexual transmitted disease (STD) and the causative agent of acquired immunode" ciency 
syndrome (AIDS). HIV-1 targets CD4+ T cells by fusion to CD4 and chemokine 
receptors, in particular CCR5 and CXCR4. LCs and DCs are lining mucosal tissues 
and are therefore amongst the " rst cells to encounter the virus. DCs bind HIV-1 via 
DC-SIGN that interacts with the HIV-1 envelope glycoprotein gp120 14. Notably, this 
does not lead to eradication of the virus, but promotes HIV-1 transmission and " nally 
infection of the host; HIV-1 survives capture by DC-SIGN, and thereby is transported 
by DC-SIGN+ DCs towards lymph nodes where the virus is subsequently transmitted 
to CD4+ T cells 14, the primary target cell of HIV-1. Moreover, HIV-1 not only hijacks 
DCs for transport to lymph nodes but also exploits DC-SIGN for productive infection 
of DCs 37. DCs express CD4 and CCR5 which act as co-receptors for HIV-1 (" g 2b). 
Binding results in fusion with the cell membrane, viral uncoating, reverse transcription 
of HIV-1 single stranded (ss) RNA and integration of the resulting double stranded 
DNA into the host genome, where it is subject to transcriptional regulation similar to 
host genes. For the initiation and elongation of its transcription, HIV-1 is dependent 
on host- as well as viral factors. Host transcription factors such as Sp1 and NF-
 B are 
required to initiate HIV-1 transcription by RNA polymerase II (RNAPII) 38. However, 
without the viral transcription-elongation factor Tat, RNAPII will detach from the 
DNA and produce short abortive mRNAs (" g 2b) 37 and hence no de novo synthesis of 
viral proteins can commence. However Tat is not included in the HIV-virion and not 
present during the " rst rounds of transcription initiation. It was recently discovered 
that HIV-1 misuses DC-SIGN signalling for the recruitment of host transcription-
elongation factors leading to the " rst Tat transcripts 37.
 After capture by DC-SIGN on DCs and subsequent internalization, 
HIV-1 triggers both TLR8, via ssRNA, and DC-SIGN, via gp120, resulting in nuclear 
translocation of NF-
 B and RAF1 activation, respectively (" g 2a, b). Phosphorylation of 
NF-
 B subunit p65 at Ser276 recruits the host transcription-elongation factor pTEF-b 
to the HIV-1 transcription complex. pTEF-b phosphorylates RNAPII at Ser2 which 
promotes transcription elongation, hence generating full length HIV-1 transcripts, 
required for synthesis of new virus particles 37. Without DC-SIGN signalling and 
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subsequent p65 phosphorylation, pTEFb is not recruited to the initiation site 
and RNAPII only produces short abortive RNAs (" g 2b). ! erefore DC-SIGN is 
indispensible for infection of DC-SIGN+ DCs by HIV-1. ! is is another example of 
host-pathogen interactions whereby the pathogen has evolved to use the host’s immune 
system for its own bene" t.

Langerin in HIV-1 and fungal infections
In humans, langerin is exclusively expressed by epidermal LCs. Langerin contains an 
intracellular proline-rich signalling motif 12 that might function as a potential docking 

p65 p50

p65 p50

RAF1

PP

IκBα

MyD88

TLR4

P

p65 p50

CBP

Ac
Ac

Il6  Il10  Il12ab

P

MycobacteriaHIV-1

DC-SIGN

P

p65 p50

p65 p50

RAF1

PP

IκBα

P

HIV-1

DC-SIGN

P

ssRNA

TLR8 CD4/CCR5

P

p65 p50
RNAPII

S276

P P

S2

pTEFb

Short abortive mRNAs

Full length HIV-1 mRNA
(including Tat transcript)

Nucleus

Nucleus

A B

P
S276

Figure 2: DC-SIGN signalling modulates TLR signaling
a) DC-SIGN binds ligands such as mycobacteria and HIV-1. DC-SIGN induces RAF1 phosphorylation, 
which modulates TLR induced NF-� B activation. Upon TLR stimulation the canonical NF-� B subunit 
p65 is released from its inhibitor and translocates to the nucleus. Phosphorylated RAF1 induces p65 
phosphorylation at Ser276 which functions as binding site for the histone acetylase CBP. Acetylation of 
p65 induces enhanced and prolonged Il6, Il10 and Il12ab transcription. b) HIV-1 enters the host DC via 
the co-receptors CD4 and CCR5 leading to viral uncoating, reverse transcription and integration into the 
host genome (host DNA: black; viral DNA/RNA: red). HIV-1 needs the viral protein Tat for transcription 
elongation, which is encoded in the integrated viral DNA. Without Tat short abortive mRNAs will be 
produced. By signalling via TLR8 (ssRNA) and DC-SIGN (gp120) HIV-1 recruits host factors to the 
transcription initiation complex inducing the " rst HIV-1 transcripts. TLR8 triggering leads to nuclear 
translocation of p65. DC-SIGN signalling via gp120 induces RAF1 activation and subsequent p65 
phosphorylation at Ser276, which functions as binding site for pTEFb. pTEFb is recruited to the HIV-1 
LTR and phosphorylates RNAPII at Ser2 allowing for transcription elongation and full HIV-1 mRNA 
transcripts. Once Tat is produced, transcription will be more e  ̂ cient and enhanced. CBP: CREB binding 
protein; DC-SIGN: DC-speci" c ICAM3-grabbing non-integrin; MyD88: myeloid di= erentiation primary 
response protein 88; NF-� B: nuclear factor �  B ; I� B� : inhibitor of NF-� B� ; pTEFb: positive transcription 
elongation factor b; RNAPII: RNA polymerase II; TLR: Toll like receptor.
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site for signal transduction proteins 39. However, not much is known about the role of 
langerin signalling in inducing immune responses. Langerin induces the formation of 
intracellularly located Birbeck granules, which are tennis racquet-like shaped organelles. 
! e origin and purpose of Birbeck granules are still poorly understood, however the 
subcellular compartments are linked with endocytosis 40. In the human population, 
single nucleotide polymorphisms (SNPs) have been described in the CTLD of langerin 
that a= ect carbohydrate recognition. A Trp to Arg mutation at AA position 264 leads to 
a lack of Birbeck granule formation 41. However, until now, no clinical associations or 
evolutionary bene" ts or disadvantages have been linked to these SNP. 
 Both langerin 42, 43 and DC-SIGN bind HIV-1 14 via the glycoprotein gp120, 
however, the immunological outcome of this interaction is tremendously di= erent. 
First of all, in stark contrast to DC-SIGN+ DCs, LCs are hardly infected with 
HIV-1 and do not transmit the virus to T cells 43. Secondly, the virus is internalized via 
langerin and subsequently degraded 43. Inhibition of langerin allows infection of LCs, 
which subsequently transmit HIV-1 to T cells 43, strongly suggesting that langerin is an 
important anti-viral immune receptor. It is not clear whether langerin induces signalling 
processes similar to DC-SIGN. ! e antiviral function of langerin indicates that the host 
has evolved this mechanism to prevent HIV-1 infection. 
 ! e protective function of langerin against HIV-1 can be abolished by co-
infections with other sexual transmitted diseases (STD), such as herpes simplex virus 
(HSV) or Candida species 44. HSV-2 causes genital herpes, which leads to ulcerating 
and in_ amed mucosal tissues whereas Candida fungi can cause genital infections that 
can be transmitted sexually. Both HSV-2 and Candida species are able to interact with 
langerin and thereby occupy the receptor, obstructing langerin function and hence 
increasing the risk for HIV-1 infection 43, 45. Additionally, HSV-2 is able to infect LCs, 
which decreases langerin expression and therefore its protective function. Furthermore, 
HSV-2 and Candida infections locally induce the production of TNF, which enhances 
HIV-1 transcription 44. ! us co-infections alter the functionality of langerin and 
abrogate antiviral function of LCs, increasing the risk of aquiring HIV-1 infection and 
transmission of HIV-1 to T cells 43-46. 
 Besides its anti-viral role an anti-fungal role for langerin has recently been 
suggested 19. Since LCs reside in the epidermis these cells are in close contact with 
resident fungal species present on human skin. Resident fungi can protect the skin from 
bacterial infections, however, if the " ne balance is disturbed, the fungi can colonize 
the skin and cause invasive infections. Opportunistic Candida and Cryptococcus species 
are the most common causes of invasive fungal infections in immuno-compromised 
patients47, 48. Langerin recognizes  -glucan and mannan structures derived from  the 
fungus Malassezia furfur and a variety of Candida and Saccharomyces species. Candida 
species were internalized by LCs upon binding to langerin 19, however, it remains uknown 
whether internalisation leads to destruction of the fungus. Interestingly, langerin did 
not bind structures from Cryptococcus species, suggesting no immune recognition by 
LCs. Dectin-1 is expressed on immature LCs although in low levels. It was shown that 
langerin was the major anti-fungal receptor on LCs compared to dectin-1 on LCs 19. 
! us, langerin might have evolved to protect skin from invading fungal infections.
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Figure 3: Dectin-1 signalling induces ! -17 cytokine 
pro" les
Dectin-1 ligand binding induces phosphorylation of 
the tyrosine-based motifs, which subsequently recruits 
SYK. Activation of SYK leads to the formation of the 
CARD9/Bcl-10/Malt1 complex ultimately releasing 
the inhibitor of NF-� B, inducing nuclear translocation 
of the canonical subunits p65 and c-Rel. Next to 
that, SYK activation induces NIK resulting in nuclear 
translocation of the non-canonical NF-

�
B subunit 

RelB. RAF1 activation via dectin-1 phosphorylates p65 
at serine 276 which functions as binding site for the 
histone acetytransferase CBP. Acetylation of p65 leads 
to enhanced and prolonged Il6, Il10, Il12a and Il12b 
transcription. Furthermore, phosphorylated p65 forms 
dimers with RelB, disabling the non-canonical subunit 
from binding to DNA. c-Rel will bind DNA and induce 
Il1b transcription. ! e net e= ect is cytokine production 
skewing naive CD4+ T cells toward T helper 17 cells. Bcl-
10: B cell lymphoma 10; CARD9: caspase recruitment 
domain family, member 9; CBP: CREB-binding protein; 
Dectin-1: DC-associated C-type lectin 1; I

�
B

�
: inhibitor 

of NF-� B� ; MALT-1: mucosa-associated lymphoid 
tissue lymphoma translocation gene 1; NF-� B: nuclear 
factor �  B; NIK: NF-� B inducing kinase; SYK: spleen 
tyrosine kinase.

Dectin-1

Fungi

RAF1

PP

P

SYK
P

p65 p50

IκBα

P

P

p65 p50

P

p65 p50

CBP

Ac
Ac

Nucleus

NIK

RelB p52

RelBp65

P

Inactive

p50c-Rel

Il1b  

c-Rel will 

bind DNA

Mycobacteria

CARD9

Malt1 Bcl-10

Il6  Il10  Il12ab

S276

c-Rel p50

IκBα

P

Dectin-1 in fungal and mycobacterial infections
Dectin-1 is a unique CLR since it triggers signalling events and cytokine expression 
without requiring involvement of other PRRs. Dectin-1 recognizes fungal � -glucans 
and induces anti-fungal ! -17 responses by activation of NF-� B. In contrast to DC-
SIGN signalling, dectin-1 does not need additional TLR signalling for the activation 
of NF-� B. Dectin-1 has a single tyrosine-based motif in the intracellular domain 25. 
Upon ligand binding, the tyrosine-based motif is phosphorylated and is recognized by 
spleen tyrosin kinase (SYK) via a single Src Homology 2 domain (SH2) (" g 3). Binding 
of the two SH2 domains of SYK to separate dectin-1 molecules supposedly induces the 
formation of a dectin-1 ‘dimer’ 22. SYK-mediated signalling induces the formation of 
a sca= old complex that consists of CARD9, Bcl-10 and Malt-1 49 (" g 3). ! is sca= old 
complex activates the canonical subunits p65 and c-Rel by releasing the NF-� B units 
from its inhibitor I� B �  27, 49 (" g 3). Simultaneously, SYK activates NF-� B-inducing 
kinase (NIK) which subsequently leads to nuclear translocation of the non-canonical 
subunit RelB 27, which suppresses Il12b and Il1b transcription (" g 3).
 Additionally to these NF-� B-activating pathways, dectin-1 activates RAF1, 
which phosphorylates p65 at Ser276, likewise as DC-SIGN signalling (" g 3). RAF1-
mediated phosphorylation leads to acetylation of p65 and prolonged transcription of 
certain cytokines 27 (" g 3). In contrast to DC-SIGN, dectin-1 by itself activates both 
p65 and RelB. Ser276 phosphorylation of p65 in_ uences both p65 and RelB activity: 
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phosphorylated p65 dimerizes with RelB resulting in inactive p65/RelB dimers, 
attenuating the respressive function of RelB. Interestingly, p65 activity is not attenuated 
by p65/RelB dimerization 27: phosphorylation at Ser276 and subsequent acetylation 
of p65 increases Il6, Il10 and Il12a transcription similar as described for DC-SIGN. 
RelB transcriptional suppression of Il12b and Il1b is reversed by capturing RelB in 
inactive p65/RelB dimers (" g 3). Since RelB is inactivated, p65 and c-Rel will bind the 
promoters of Il12b and Il1b, respectively, and will subsequently induce transcription of 
typical ! -17-inducing cytokines (" g 3). 
 ! e net cytokine result of dectin-1 signalling via SYK/CARD9, SYK/NIK and 
RAF1, skews toward ! 1 and ! -17 cells providing anti-fungal immunity. Dectin-1 
signalling is a complex pathway that can be in_ uenced by simultaneous PRR activation. 
Besides activating dectin-1, fungi can simultaneously trigger archetypical TLRs 50 
resulting in di= erent NF-� B subunit activation. Di= erent fungi trigger di= erent 
patterns of PRRs, which lead to tailored immune responses. A " ne balance will " ne 
tune the subsequent cytokine production and immune response elicited upon pathogen 
recognition by dectin-1. 
 Similar to langerin, dectin-1 recognizes Candida species and is involved in 
immune responses against Candida by ! -17 skewing. Notably, an amino acid change 
present in the human population (Tyr238X) results in defective dectin-1 surface 
expression 51. Individuals with homozygous polymorphism have a higher incidence of 
mucocutaneous Candida infections, implying the importance of functional dectin-1 in 
anti-fungal immune responses. 
 Dectin-1 is also implied in anti-mycobacterial immune responses. E= ective 
immune responses against Mycobacterium tuberculosis rely on pathogen recognition by 
PRRs like TLRs and CLRs, but also NOD-like receptors (NLRs) 52. ! e immune system 
has evolved several redundant systems to ensure e= ective eradication of the pathogen. 
M. tuberculosis leads to signalling via TLR2, TLR4 and TLR9, however, mice de" cient 
for those TLRs or the adaptor molecule MyD88, which transduces signalling by these 
TLRs, are still able to elicit anti-mycobacterial immune responses 53. Similarly, NLR 
signalling and the complement system are redundant in M. tuberculosis infection, 54 
since in_ ammatory cytokines were produced upon infecting mice with M. tuberculosis. 
! is underlines the di= erent back-up systems in the human immune systems that have 
evolved to beat pathogens. Recently it has been described that mycobacteria trigger 
CARD9/Bcl-10/Malt1 complexes (" g 3) via interaction with dectin-1 54. Since dectin-1 
is a CLR that can induce NF-� B activation, this explains the redundancy of PRRs like 
TLRs and NLRs. Next to its major anti-fungal function, CARD9 signalling has been 
shown to be indispensible for anti-mycobacterial immune responses 55. In addition, 
the dectin-1 related CLR dectin-2 also activates SYK and CARD9/Bcl-10/Malt-1 
complexes by recognizing mannan structures derived from fungi. It has recently been 
shown that activation of dectin-2 induces Il1b and Il23p19 transcription through c-Rel 
activation 56. ! us, dectin-2 activation by fungi promotes the expression of IL-1 �  and 
IL-23. Upon simultaneous triggering of dectin-1 and -2 this will boost ! -17-mediated 
cellular responses 56. ! is is highlighting the evolutionary _ exibility, redundancy and 
adaptation of the immune system to defeat di= erent pathogens.
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CONCLUDING REMARKS

Host and pathogen are in a continuous race for survival: pathogens evolve to infect the 
host, whereas the immune system of the host evolves to counteract pathogen survival. 
Innate immune cells sense pathogens and steer the immune response towards anti-
pathogen defense mechanisms. CLRs are conserved PRRs present on innate immune 
cells like DCs, LCs and macrophages. CLRs recognize sugars and remarkably: most 
pathogens contain carbohydrates in their cell-wall, envelopes or membranes for their 
survival in stead of downfall. CLR triggering by carbohydrates induces cytokine 
responses that skew T helper cells toward ! 1, ! 2 or ! -17 cells. In this review we have 
outlined the role of the CLRs DC-SIGN, langerin and dectin-1 in e= ective or defective 
immune responses against HIV-1, Candida species and mycobacteria. 
 ! e immune system utilizes converging signalling pathways that enable a 
broad spectrum of di= erent responses to di= erent pathogens. ! e type of antigen, the 
costimulatory stimulus 2 and the cytokines provided by the antigen presenting cell to 
the naive T cell elicit or prevent the immune response. CLRs recognize a diversity of 
pathogenic patterns through their di= erent CTLDs. Although some CLRs make use of 
similar signalling pathways, the immune response is " ne-tuned to defeat pathogens as 
e  ̂ ciently as possible. Although a RAF1-mediated pathway is triggered by both DC-
SIGN and dectin-1, the immunological outcome is di= erent. DC-SIGN by itself does 
not activate NF-� B whereas dectin-1 triggers p65 as well as RelB and c-Rel. ! e balance 
between p65 and RelB activity and subsequent cytokine production and T helper 
di= erntiation is greatly a= ected by RAF1 signalling 26, 27. ! is exempli" es the _ exibility 
and adaptability of the immune system to di= erent conserved patterns on pathogens.  
 Having a complex innate and adaptive immune system build up of converging 
signalling pathways can be bene" cial for either the host or the pathogen. ! e variety of 
signalling pathways provide pathogens with a diversity of immune escape mechanisms 
since interference can be at any level in the pathway. Mutations in dectin-1 lead to 
defective immune responses and Candida infections 51. In addition, a mutation in the 
proximal signalling molecule CARD9 leads to propagation of Candida infections 57. 
! e more steps involved in inducing immune responses, the more mechanisms can be 
subverted by the pathogen. On the other hand: the more steps involved in inducing 
immune responses, the more redundant systems can function as back-up when a pathogen 
hijacks the host. Mycobacterium tuberculosis triggers NLRs, TLRs, the complement 
system and CLRs like dectin-1, langerin and DC-SIGN 28, 33, 34, 50, 52, 55. Although some 
PRRs such as dectin-1 seem more important to M. tuberculosis infections 55, it is a clear 
strength of our immune system that di= erent PRRs provide redundancy in the immune 
responses to pathogens.  
 Probably the best example of host-pathogen evolution and adaptation is the 
di= erence in outcome of HIV-1 binding to either langerin or DC-SIGN. Langerin on 
LCs has a protective function against HIV-1 infection 43, whereas the highly homologous 
DC-SIGN on DCs is subverted by the virus for viral propagation 37. By binding to
DC-SIGN, HIV-1 hijacks DCs for transport to the lymph nodes to be delivered to the 
target CD4+ T cell. In addition, the immunological signalling pathway triggered by
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HIV-1 via DC-SIGN and TLR8 ought to defeat the virus. Nevertheless, this signalling 
propagates transcription of the indispensable " rst transcripts of the virus. As the Red 
Queen from Alice in Wonderland (Lewis Caroll) said: “It takes all the running you can 
do, to keep in the same place”. ! e one that " rst stops running, either host or pathogen, 
will inevitably be seized by the other.
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ABSTRACT

Human skin contains epidermal Langerhans cells (LCs) and dermal dendritic cells 
(DCs) that are key players in induction of adaptive immunity upon infection. After 
major burn injury, suppressed adaptive immunity has been observed in patients. 
Here we demonstrate that burn injury a# ects adaptive immunity by altering both 
epidermal LC and dermal DC function. We developed a human ex vivo burn injury 
model to study the function of DCs in thermally injured skin. No di# erences were 
observed in the capacity of both LCs and dermal DCs to migrate out of burned skin 
compared to unburned skin. Similarly, expression levels of costimulatory molecules 
were unaltered. Notably, we observed a strong reduction of  T cell activation induced 
by antigen presenting cell (APC) subsets that migrated from burned skin through 
soluble burn factors. Further analyses demonstrated that both epidermal LCs and 
dermal DCs have a decreased T cell stimulatory capacity after burn injury. Restoring 
the T cell stimulatory capacity of DC subsets might improve tissue regeneration in 
patients with burn wounds.

INTRODUCTION

Skin is part of the integumentary system which is the largest organ system of the 
mammalian body. Skin wound repair is therefore an essential physiological process to 
maintain tissue integrity and homeostasis 1. Wound healing is a highly organized process 
involving di= erent phases: in_ ammation, tissue formation and tissue remodeling 2. 
Immediately after skin wounding, a " brin clot forms as temporary barrier and leukocytes 
start in" ltrating the wound. Cells present at the ruptured site activate resident immune 
cells, such as mast cells, antigen presenting cells (APCs) and � � � -T cells 3, that release 
chemokines and cytokines to attract other immune cells. Neutrophils and macrophages 
are recruited which results in the in_ ammatory response to kill invading micro-
organisms4 . ! e level of in_ ammation directs the quality of wound repair: the immune 
response needs to be down regulated to achieve successful tissue regeneration 2 . Finally, 
skin is re-epithelialized by keratinocytes while " broblasts and myo" broblasts help to 
close the wound. Virtually every dermal injury heals with a scar as endpoint 5.
 Exaggerated in_ ammation during wound healing is associated with non-healing 
chronic wounds, the formation of hypertrophic scars and keloids 2, 6. Burn injuries lead 
to dermal damage and excessive in_ ammation that impairs the ability of the skin to 
regenerate. ! erefore hypertrophic scarring is a phenomenon frequently observed after 
thermal dermal injury. ! e excess in_ ammation observed after burn injury increases 
the concentration of potential pro" brotic cytokines like Transforming Growth Factor- �
(TGF- � ), platelet-derived growth factor (PDGF) and Interleukin-4 (IL-4) 2, 6, 7. Under 
in_ uence of TGF- �

1
 and - �

2
 " broblasts di= erentiate into myo" broblasts that lead 

to excessive extracellular matrix deposition and " brotic tissue after burn injury 2, 8. 
Systemically, patients with burn wounds su= er from suppressed adaptive immunity that 
can lead to multiple organ failure or sepsis 9. ! is might partly be due to T-helper 2 
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cell skewing (! 2) as a result of the high levels of TGF- �  and IL-4 10, 11 that leads to 
suppressed T-helper 1 (! 1) function 12. At the site of burn, necrotic tissue (eschar) 
could also exert e= ects on the immune response during wound healing. Eschar might 
provide a nutritious substrate for (opportunistic) micro-organisms. It has been shown 
in mice that direct removal of the eschar after burn results in restoration of the immune 
response 13, 14.
 Dendritic cells (DCs) are professional APCs that are present in skin and monitor 
their surrounding for pathogens; upon encountering antigen DCs migrate towards 
the lymph node and present the antigen to T cells. Since DCs bridge the innate and 
adaptive immune system 15 we hypothesized an important role for skin DCs in initiating 
the immune response after burn. In resting human skin, mainly three populations of 
APCs have been described: the epidermal Langerhans cells (LCs), the dermal DCs and 
macrophages 16. LCs can be distinguished by high CD1a expression 17 and the presence 
of the C-type lectin Langerin 18. In the dermis, CD1a+ CD11c+ and CD1a- CD11c+ 
DCs are present 19. CD1c (BDCA-1) marks the CD1a+ CD11c+ dermal DCs while the 
scavenger receptor CD163 is present on the CD1a-

 
CD11c- macrophages 17. It has been 

described that DCs are the most potent immune inducers compared to macrophages 15.
 Little is known about the role of human LCs and DCs in the in_ ammatory 
response observed after burn injury. ! erefore we developed a human ex vivo burn injury 
model to study the function of LCs and DCs in thermally injured skin. Notably, we 
observed a strong suppression of the T cell stimulatory function of both LCs and DCs 
after burn injury; whereas migration and expression levels of costimulatory molecules 
were unaltered. Further analysis showed that the soluble fraction induced by burn 
injury suppresses not only DCs from injured skin, but also from healthy tissue. ! us 
we demonstrate that dermal CD1a+ and CD1a- DCs and LCs migrated from burned 
skin are the main migrating APC populations with a reduced capacity to induce T cell 
proliferation. Better understanding the role of DCs in the in_ ammatory phase during 
wound healing after burn injury might give better inside in the hypertrophic scarring 
process and the observed suppressed systemic immune system in patients.

RESULTS

Histology of healthy and burned skin
We investigated the presence of antigen presenting cells in healthy human tissue. In 
concordance with literature we were able to distinguish three subsets of APC: the 
epidermal Langerin+ Langerhans cells (Fig 1a) the dermal CD1a+ dendritic cells and 
the dermal CD1a- CD163+ macrophages (Fig 1b). Next we investigated the e= ect of 
burn injury on DC function. We developed an adjustable heating system, the Human 
Ex vivo Adjustable Temperature regulating - Machine (HEAT-M), that was used to induce 
controlled burns of a speci" c size at a speci" c temperature (Fig 1c). A split-skin graft of 
0.3 mm was cut into pieces of 1 cm2 and was burned at a surface of 2 mm by 10 mm 
at 95oC for 10 seconds. Healthy human skin consisted of a solid keratinized epidermis 
with the looser, collagen containing, dermis underneath it (Fig 1d). Directly after
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introducing the burn wound onto the skin, the skin blistered and the epidermis detached 
locally (Fig 1e). Burned skin was cultured for 24 hours and we observed further detachment 
of the epidermis up to 40% of the surface area (Fig 1f ) while we did not observe this in 
unburned tissue (data not shown). LCs, DCs and macrophages were depleted from the 
burn site, but were still present in surrounding tissue (data not shown). ! ese data strongly 
suggest that the injury is a full thickness burn wound as has been described before 22.

Migration and maturation of DC subsets not a# ected by burn injury
In vivo DCs migrate towards the lymph node upon activation after encountering 
antigen. To mimic cell migration, ex vivo skin grafts were _ oated onto medium and 
migrating antigen presenting cells were analyzed (Fig 2a). HLA-DR was used as 
marker for APCs migrating from both burned and unburned skin. ! ree major APC 
populations migrated from skin after 24 hours: CD1a+/Langerin+ cells, CD1a+ cells and 
CD1a- cells (Fig 2b left panels, middle panels). All HLA-DR+ cells were also positive for

Fig 1: Ex vivo human burn 
injury model. Langerin (a, brown) 
is present in the epidermis of 
healthy human skin. In the dermis, 
CD1a+ dermal DCs (brown) 
are present as well as CD163+ 
dermal macrophages (pink) (b). 
Human skin is ex vivo burned 
using the HEAT-M. ! e HEAT-M 
has a copper device of 2mm by 
10mm that burns the skin (c). 
Haematoxylin and eosin (H&E) 
stained sections of healthy human 
skin (d) and burned human skin 
(e, f ). Burn leads to detachment 
of the epidermis (e) and 24 hours 
after burn the epidermis detaches 
even more (f ). ! ese experiments 
are representative for at least 
three independent donors; one 
experiment  is shown. Arrows 
indicate the original place of burn; 
scale bar: 50 � m.
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CD11c (data not shown). No di= erences in population size were observed between cells 
from burned skin compared to unburned skin suggesting that burn injury did not a= ect 
migration. 3 - 4.5% of the CD1a+ population consisted of Langerhans cells since they 
expressed Langerin (Fig 2b middle panel). ! e majority of migrating cells were dermal 
CD1a+ DCs (Fig 2b) that express CD11c (data not shown) but no Langerin. No CD163 
expression could be detected on migrated cells, indicating that dermal macrophages did 
not migrate from skin (Fig 2b right panels). 
 

Fig 2: ! ree populations of dendritic cells migrate out of skin
Floating of split skin grafts onto medium induces skin DC migration (a). ! ree populations migrate out 
of unburned as well as burned skin after 24 hours. Based on HLA-DR expression CD1a negative, CD1a 
positive and CD1a positive/Langerin positive cells can be identi" ed (b, left panels, middle panels). No 
CD163 expression could be detected on the migrating cells (b, right panels) suggesting macrophages reside 
in the skin. ! is experiment is representative for three donors; one representative experiment out of three 
is shown.
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Activation of DCs and subsequent migration results in upregulation of MHCII and 
costimulatory molecules such as CD80, CD86 and CD40 15. To investigate whether 
cells from burned skin displayed di= erences in phenotype and migrational behavior, the 
number of live migrating cells as well as di= erent surface markers was determined after 
24 hours. Dead cells were excluded by 7AAD and Annexin-V staining (data not shown). 
Burn injury did not a= ect the number of viable cells migrating out of 1 cm2 of skin (Fig 
3a). Remarkably, no di= erences were observed in the expression-level of costimulatory 
markers CD80, CD83, CD86, HLA-DR and CD40 (Fig 3b). ! ese data suggest that 
APCs migrating from burned skin have the prerequisites to induce an e= ective immune 
response. ! us, migration as well as activation phenotype of LCs and DCs was not 
a= ected by burn injury.

Fig 3: Both migratory capacity and activation phenotype of DC subsets is not changed after burn 
injury. ! e number of living cells migrating from 1 cm2 burned skin does not di= er from the number of 
unburned skin (a). ! e expression levels of costimulatory molecules CD80, CD83, CD86 and CD40 as well 
as the MHCII molecule HLA-DR are similar on APCs migrated from burned skin compared to unburned 
skin (b). ! is experiment is representative for more than " ve donors; one representative experiment out of 
" ve is shown. Error bars represent standard errors of tetraplicates.

DCs from burned skin have decreased T cell activating capacity
T cell activation by mature DCs is essential in initiating e= ective immune responses 
against invading pathogens. ! erefore we compared the HLA-DR+ DCs from burned 
and unburned skin in a mixed leukocyte reaction (MLR) with allogeneic PBLs. ! e 
total pool of migrated HLA-DR+ cells was quanti" ed, normalized and added to 
T cells in di= erent ratio’s (Fig 4a). DCs from unburned skin e  ̂ ciently induced T 
cell proliferation (Fig 4a). Notably, DCs migrated from burned skin induced less T 
cell proliferation compared to unburned skin (Fig 4a). ! e suppression was due to 
dysfunction of DCs since extensively washing of DCs before addition of T cells did not 
restore T cell activation (Fig 4a). However, the di= erence in T cell proliferation between 
the washed and unwashed condition indicated that burned skin produced soluble factors 
that enhanced suppression locally. In order to investigate whether indeed soluble factors 
a= ect DC function, we cultured mature monocyte-derived DCs (moDCs) with the
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soluble fractions from unburned and burned skin. Notably, treatment of mature moDCs 
with the soluble fraction from burned but not unburned skin signi" cantly reduced T cell 
activation (Fig 4b), demonstrating that soluble factors a= ect DC function. Similarly, the 
T cell stimulatory capacity of DCs isolated from skin was also decreased when treated 
with the soluble fraction of burned skin (Fig 4b). ! e soluble fraction of burned skin did 
not suppress proliferating T cells (activated with IL-2/PHA; data not shown) indicating 
that it is a direct e= ect on DC function. 
 IL-10 and TGF- �

1
 are cytokines associated with T cell suppression 23. ! e 

soluble fractions were heat inactivated (HI) for 15 minutes at either 75oC or 95oC 
to denature proteins. ! e suppressive e= ect could still be observed indicating that the 
suppressive agent is not a heat sensitive protein (Fig 4b). In addition, IL-10 levels were 
not detectable by ELISA in the soluble fractions (< 8 pg/ml; data not shown). TGF- �

1
 

is a heat-stable cytokine 24, 25 and to exclude TGF- �
1
 as suppressive agent it was blocked 

by a neutralizing anti-TGF- �
1
 antibody. However, no restoration of the T cell response 

could be detected for both moDCs and skin-derived DCs (Fig 4c), whereas the antibody 
did restore TGF- �

1
-mediated T cell suppression (data not shown). ! ese data strongly 

suggest that DCs from burned skin have a reduced capacity to induce T cell activation 
and soluble factors present in burned skin a= ect DC function.

Fig 4: Dysfunctional DCs from burned skin induce less T cell proliferation
Dendritic cells from burned skin induced less T cell proliferation in a mixed leukocyte reaction with 
allogeneic T cells compared to unburned skin (a). After extensive washing, burned DCs still showed less 
induction of  T cell proliferation indicating the suppression is cell mediated. ! ere is an additional e= ect 
of the culture medium from burned skin since T cell proliferation is attenuated even further if cells are not 
washed (a). LPS-matured moDCs and skin DCs from unburned skin show lower T cell activation in the 
presence of the burned supernatant (b). ! e burned fraction suppresses moDCs in their ability to induce 
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(Fig 4 continued) T cell proliferation and this e= ect cannot be reverted by heat inactivating (HI) the 
fraction (b) (a, b, one experiment out of four is shown). TGF-ë

1
 was blocked with anti-TGF-ë

1
 antibody 

but it did not restore the T cell response (representative for one donor) (c). Error bars represent standard 
deviation of triplicates. CPM: counts per minute.

Fig 5: Burned dermal DCs and LCs decrease T cell proliferation. 
Cells were selected for their CD1a expression (a) by CD1a-magnetic bead selection. Cells were analyzed 
for CD80, CD83, CD86, CD40 and HLA-DR expression that remained unchanged among di= erent 
conditions (b). Both CD1a+ and CD1a- dermal DCs from burned skin altered T cell proliferation in an 
allogeneic MLR (c). LCs migrated from burned epidermal sheets were also decreased in their capability to 
induce T cell proliferation (d). Error bars represent standard deviation of triplicates. ! ese experiments are 
representative for three donors; one out of three is shown. CPM: counts per minute.

Both DC subsets from burned skin are dysfunctional
Next, migrated cells were sorted by their CD1a expression using magnetic beads (Fig 5a) 
into CD1a+ and CD1a- DCs. ! e expression levels of CD80, CD83, CD86, HLA-DR 
and CD40 were similar between the CD1a+ and CD1a- dermal DC subsets and did not 
di= er from those obtained from unburned or burned skin (Fig 5b). Next, the antigen 
presentation capacity of the DC populations from burned and unburned skin was 
compared in an MLR with allogeneic T cells. ! e CD1a+ unburned dermal DCs were 
more e  ̂ cient in activating T cells compared to the CD1a- dermal DCs. Notably, both 
CD1a+ and CD1a- DCs from burned skin led to decreased T cell proliferation (Fig 5c). 
To exclude that suppression is due to dead cells or residues in the negative fraction, 
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the experiment was repeated by sorting cells into CD1a positive and negative
fractions. ! e results obtained were comparable to those with beads isolation (data 
not shown). To investigate the capacity of LCs to induce T cell proliferation 0.3 mm 
split skin grafts were burned and epidermis and dermis were separated from each other. 
Epidermal sheets were _ oated onto medium for 24 hours and LCs migrated out. Viable 
cells were quanti" ed, normalized and added to T cells in di= erent ratios (Fig 5d). LCs 
from burned skin induced less T cell proliferation compared to LCs from unburned 
skin (Fig 5d). ! us, burn injury a= ects al DC subsets in skin by decreasing their T 
cell activation capacity, which might contribute to burn related immunosuppression 
observed in patients.

CONCLUSIONS

Our results suggest that burn injuries in_ uence the T cell response elicited by human 
skin DCs and LCs. We observed decreased T cell activation by both LCs and DCs after 
burn injury. Next to this cellular suppression, we observed that the soluble fraction from 
burned skin suppressed moDCs and skin DCs to induce T cell proliferation. ! us these 
data indicate that DCs from burn wound areas have lower T cell proliferation inducing 
capacities compared to unburned areas. In addition local burn factors might enhance 
suppression by in_ uencing local resident APCs and immune cells in" ltrating the injured 
area via the blood.
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MATERIAL AND METHODS

Antibodies and Reagents
! e following antibodies and reagents were used: anti-CD40 (BD Bioscience, San Jose, CA), anti-CD163 (EdHU-1, 
kind gift from Prof. Dr. C.D. Dijkstra, VU University Medical Center, Amsterdam, the Netherlands20), anti-CD1a 
(Santa Cruz, Heidelberg, Germany), anti-TGF- N

1
 (5 O g/ml; R&D systems, Abingdon, United Kingdom), anti-CD80-

PE, anti-CD86-PE, anti-HLA-DR-PE (all BD Bioscience, San Jose, CA), anti-CD83-PE (Beckman Coulter, Woerden, 
the Netherlands), anti-CD1a-FITC (BD Bioscience, San Jose, CA), anti-CD1a-PE (Abcam, Cambridge, United 
Kingdom), DCGM4-PE (anti-Langerin; Immunotech, Praha, Czech Republic), 10E2 (anti-Langerin; 21), anti-CD163-
PE (eBioscience, San Diego, CA), Goat-anti-Mouse Alexa 488 (Invitrogen, Breda, the Netherlands), Isotype control anti-
mouse IgG1, IgG2a (all Sanbio, Uden, the Netherlands) normal mouse serum, [3H]-thymidine (Amersham Biosciences, 
Uppsala, Sweden), dispase (Invitrogen, Breda, the Netherlands). ! e following bu= ers were used: 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 

0.5% BSA), PBA bu= er (PBS supplemented with 0.5% BSA and 0.02% Azide).
Skin burning
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, Utrecht, the Netherlands) and were cut into pieces of 1 cm2. Skin was burned by using the Human Ex vivo 
Adjustable Temperature regulating-Machine (HEAT-M). ! e HEAT-M consists of a copper device (2x10 mm) attached to 
the tip of an adjustable soldering iron 22 (HQ/Nedis, ‘s Hertogenbosch, the Netherlands; voltage converter, HQ/Nedis, 
‘s Hertogenbosch, the Netherlands). ! e HEAT-M was heated up to 95oC and applied for 10 seconds at the epidermal 
site of the skin, without exerting pressure. Skin samples were dermis-down _ oated onto Iscoves Modi" ed Dulbecco’s 
Medium (IMDM), 10% FCS, pen/strep (10  U/ml and 10  O g/ml, respectively; Invitrogen, Breda, the Netherlands) 
and gentamycine (20  O g/ml; Centrafarm, Etten-Leur, the Netherlands) for 24 hours. Or the skin samples were treated 
with dispase (2 mg/ml) at 37oC for 45 minutes to separate dermis from epidermis and the epidermis was _ oated onto 
medium. Skin grafts were embedded in Tissue-Tek (Ted Pella, Redding, CA) and snap-frozen in liquid nitrogen directly 
after burning or after 24 hours of culturing and subsequently used for immunohistochemical analysis. After 24 hours, 
migrated cells were harvested from the medium and were layered on a Lymphoprep (Axis-shield, Heidelberg, Germany) 
gradient. Subsequently, cells were analyzed by FACS analysis or used in a T cell proliferation assay. Conditioned culture 
medium of unburned and burned skin was collected and added to monocyte derived DCs (moDCs) and skin DCs as 
soluble fraction.
Immunohistochemical staining
5- O m Cryosections were air-dried and " xed in acetone for 10 minutes. Sections were stained with haematoxylin and eosin. 
Or sections were blocked with En Vision dual enzyme block (Dako, Glostrup, Denmark) and preincubated with 10% 
normal goat serum before sections were incubated with primary antibody (IgG2a) for one hour at room temperature. 
Sections were incubated with EV-goat-anti-rabbit/mouse HRP (Dako, Glostrup, Denmark) for 30 minutes. Peroxidase 
labeling was visualized by En Vision 3,3-diaminobenzidine (EV-DAB, Dako, Glostrup, Denmark). Next, sections were 
blocked with normal rabbit serum + anti-mouse IgG2a and subsequently incubated with the second primary antibody 
(IgG1) for one hour, followed by alkaline phosphatase conjugated goat-anti-mouse IgG1 (AbD Serotec, Dusseldorf, 
Germany). Sections were washed in 0.2M Tris-HCl bu= er, pH 8.5 and alkaline phosphatase was visualized by Liquid 
Permanent Red (Dako, Glostrup, Denmark). Finally, tissue sections were counterstained with haematoxylin (Klinipath, 
Duiven, the Netherlands) for 30 seconds. 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.
Immunohistochemical staining
5- O m Cryosections were air-dried and " xed in acetone for 10 minutes. Sections were stained with haematoxylin and eosin. 
Or sections were blocked with En Vision dual enzyme block (Dako, Glostrup, Denmark) and preincubated with 10% 
normal goat serum before sections were incubated with primary antibody (IgG2a) for one hour at room temperature. 
Sections were incubated with EV-goat-anti-rabbit/mouse HRP (Dako, Glostrup, Denmark) for 30 minutes. Peroxidase 
labeling was visualized by En Vision 3,3-diaminobenzidine (EV-DAB, Dako, Glostrup, Denmark). Next, sections were 
blocked with normal rabbit serum + anti-mouse IgG2a and subsequently incubated with the second primary antibody 
(IgG1) for one hour, followed by alkaline phosphatase conjugated goat-anti-mouse IgG1 (AbD Serotec, Dusseldorf, 
Germany). Sections were washed in 0.2M Tris-HCl bu= er, pH 8.5 and alkaline phosphatase was visualized by Liquid 
Permanent Red (Dako, Glostrup, Denmark). Finally, tissue sections were counterstained with haematoxylin (Klinipath, 
Duiven, the Netherlands) for 30 seconds. 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.
FACS analysis
All cells migrated from 1 cm2 were washed in PBA and incubated with speci" c antibodies (5  O g/ml) or isotype controls 
for 30 minutes at 4°C and followed by an incubation with Alexa 488 secondary antibody for 30 minutes at 4°C. 
Subsequently, cells were blocked with 10% normal mouse serum for 10 minutes and incubated with directly labelled 
antibodies. Cells were washed and binding was measured using _ ow cytometry.
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ABSTRACT

Beta-glucans in temporary wound dressings have immuno-stimulatory capacities 
and have been shown to enhance wound healing in burn patients. However, little 
is known about the cellular mechanisms underlying the e# ect of beta-glucans 
on wound healing. Curdlan is a 1,3-linked bacterial/fungal derived beta-glucan 
that induces in$ ammatory responses via the C-type lectin receptor dectin-1 on 
dendritic cells (DCs). Here we investigated the e# ect of beta-glucan curdlan and 
the role of dectin-1 expressed by keratinocytes (KCs) in wound healing. Dectin-1 
triggering on KCs by curdlan did not induce Syk-dependent cytokine production. 
However, curdlan enhanced migration and proliferation of KCs in a dectin-1 
dependent manner. Treatment of a burn wound with curdlan in a human ex vivo 
wound healing model showed that more KC proliferation occurred in the basal 
layer of skin and enhanced closure of the wound. Preliminary results with curdlan 
did not show this pronounced e# ect in a porcine excision wound healing model. 
Nevertheless our data suggest that curdlan induces human KC proliferation and 

migration and therefore be used in creams to enhance wound healing. 

INTRODUCTION

Beta-glucans are polysaccharides composed of the monosaccharide glucose, linked with 
beta-glycosidic bonds. Beta-glucans form long polymers that mainly have been used 
in bioarti" cial skins in combination with gelatine and collagen as temporary wound 
dressing 1, 2. Collagen matrices with beta-glucans have been shown to improve burn 
wound healing and reduce pain 1, however the molecular mechanisms underlying the 
e= ect of beta-glucans on wound healing are poorly described. Dermal " broblasts respond 
to beta-glucans by producing interleukin-6 (IL-6) and increased proliferation, which 
is bene" cial for restoring the dermal extracellular matrix and wound healing 3, 4. In 
addition, beta-glucans induce cytokine production and release of reactive oxygen species 
(ROS) by macrophages and dendritic cells (DCs) 5-7, which is thought to be bene" cial 
for neutrophil in" ltration, angiogenesis and wound healing 2. Re-epithelialization of the 
wounded area is achieved by keratinocyte (KC) migration and proliferation 8. ! erefore, 
we studied the e= ect of beta-glucans on KCs in wound healing.
 Curdlan is a linear 1,3-beta-glucan of bacterial and fungal origin that is insoluble 
in water but soluble in alkaline solutions 9. Curdlan is recognized by the C-type lectin 
receptor (CLR) dectin-1, which is an important pathogen recognition receptor (PRR) 
on DCs inducing immune responses 10. Dectin-1 activates the transcription factor 
NF-P B via the tyrosine kinase Syk, resulting in anti-fungal cytokine production in 
dendritic cells 5. KCs express the CLR dectin-1 11, and produce ROS upon dectin-1 
and toll-like receptor-2 (TLR2) costimulation by Mycobacterium ulcerance 12. Here 
we show that KCs dectin-1-dependently increased proliferation and migration upon 
curdlan stimulation. We observed enhanced wound re-epithelialization and increased 
KC proliferation in a human ex vivo wound healing model 13. ! e e= ect of curdlan on
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wound healing was further investigated in an in vivo porcine excision wound healing 
model 14, 15. However, this pilot study did not reveal considerable e= ects of curdlan on 
wound healing and further research on this model is required.  Here we describe that 
the 1,3-beta-glucan curdlan induces both migration and proliferation in human KCs via 
dectin-1 and therefore could be used to develop treatments targeting dectin-1 on KCs to 
enhance and improve wound healing.

RESULTS

Human keratinocytes express dectin-1 but do not produce cytokines upon 
stimulation
Keratinocytes were freshly isolated from human skin. In order to investigate the e= ect 
of beta-glucans on KCs we " rst analyzed the expression of beta-glucan receptor dectin-1 
on human KCs by _ ow cytometry. Dectin-1 was expressed on the cell surface as well 
as intracellularly (Fig 1a). KCs were grown on cover slips and dectin-1 expression was 
visualized by confocal laser scanning microscopy. Dectin-1 expression is polarized (Fig 1b). 
We investigated the capacity of KCs to respond to curdlan by stimulating the cells for 
24 hours with the beta-glucan curdlan. Cytokine production was determined by ELISA. 
KCs did neither produce interleukin-8 (IL-8) nor TNF upon curdlan stimulation 
(Fig 1c), and no IL-1 Q , IL-6, IL-12 or IL-10 (data not shown). In contrast, KCs produced 
IL-8 and TNF in response to TLR3 agonist Poly(I:C). Curdlan was immunogenic since 
DCs stimulated with the same concentration curdlan produced IL-8, TNF, IL-1 Q , 
IL-6, IL-12 and IL-10 (data not shown), which are associated with dectin-1 
activation on DCs 5. In DCs, cytokine induction by dectin-1 triggering is dependent 
on phosphorylation and activation of Syk 5. ! erefore we investigated whether 
Syk was phosphorylated at Tyr525 and 526 after curdlan stimulation. Both KCs 
and DCs were stimulated for 15 minutes with curdlan. Cells were " xed and 
subsequently phosphorylation of Tyr525-526 was analyzed by _ ow cytometry. 
Notably, in contrast to DCs, upon dectin-1 stimulation Syk was not phosphorylated 
in KCs (Fig 1d). ! erefore, our data strongly suggest that triggering of dectin-1 
on KCs by curdlan does neither induce Syk activation nor cytokine production.

Dectin-1 induces enhanced KC migration and proliferation
Next we investigated the e= ect of dectin-1 triggering on KC proliferation in a KC 
scratch-wound healing assay. KCs were grown to 100% con_ uence in 24 well plates. A 
scratch was applied and the closure of the scratch was monitored by microscopy after 
24 hours. 20% Closure was observed in non-stimulated KCs (Fig 2a). In the presence 
of curdlan, migration of KCs was enhanced resulting in increased closure of the scratch 
(Fig 2a). ! is e= ect was dectin-1-mediated since a blocking antibody against dectin-1 
abolished the increased closure (Fig 2a). In addition we measured KC proliferation by 
DNA-incorporation of BRDU after 48 hours in vitro. KC proliferation was signi" cantly 
increased upon stimulation with curdlan (Fig 2b).
 Next we investigated KC proliferation in human skin by using an ex vivo 
wound healing model 13. In untreated human skin KC proliferation was determined by



  4

Chapter 4

52

Figure 1: KCs express 
dectin-1 but do not 
produce cytokines. 
Dectin-1 expression 
on human KCs was 
determined by _ ow 
cytometry under non- 
permeabilizing and
permeabilizing condi-
tions (A). Dectin-1 
expression by KCs was
analyzed by confocal 
scanning laser micro-
scopy; bars represent 
25 µm (B). KCs were 
stimulated for 24 hours 
with TLR3 ligand 
Poly(I:C) or dectin-1 
ligand curdlan and 
cytokine production was
measured by ELISA; 
experiments are repre-
sentative for 2 donors; 
mean and SD are 
depicted (C). DCs and 
KCs were stimulated with 
curdlan for 15 minutes 
and phosphorylation 
of Syk- Y525- 526 
was analyzed by _ ow 
cytometry; experiment 
representative for 2 
donors (D).

Figure 2 (right page): Dectin-1 stimulation on KCs increases cell migration and proliferation
KCs were grown 100% con_ uent in 24 well-plates and a scratch was made in the middle of the well. 
Migration of KCs was monitored by making microscopic pictures of the well. Scratch closure was 
determined as percentage of cell-free surface at t=24 hours relative to t=0 hours, with 0% as no closure 
up to 100% of complete closure; 1 representative shown out of 2 donors, mean and SD are depicted (A). 
KCs were stimulated for 48 hours with curdlan and for 24 hours with BRDU and subsequently BRDU 
incorporation was determined by _ ow cytometry; mean and SD of 4 donors; paired students t-test *p<0.05 
(B). Healthy skin was stained for the proliferation marker KI67 (pink) and the LC marker CD1a (brown) 
(C). A burn wound was applied to skin and subsequently skin was cultured for 72 hours. Tissue sections 
were stained for KI67 and CD1a (D). (C,D) are representative for two independent donors; bars represent 
100 µM; arrow indicates original site of burn.

KI67 staining few KCs in the basal layer proliferated (Fig 2c). In addition, Langerhans 
cells (LCs) were present in untreated skin (Fig 2c). Skin sections of 1 square centimeter 
were burned at 95oC by applying the human ex vivo temperature-regulating machine 
(HEAT-M; 13, 16) for 10 seconds. Skin was cultured air-exposed for 3 days and we
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Figure 3: Curdlan induces proliferation of KCs in the basal layer
Healthy skin was treated with or without 100 µl curdlan dissolved in PBS and was cultured up to 14 days. 
On day 0, 3, 7 and 14 skin sections were snap frozen in liquid nitrogen and cryo sections were stained with 
hematoxylin and eosin (A). Skin was burned and cultured up to 14 days before sections were snap frozen 
and cryo sections were stained for the proliferation marker KI67 and the LC marker CD1a (B). Experiments 
are representative for two independent donors; bars represent 100 µM; arrow indicates original site of burn. 

Figure 2: legend on left page

Control Curdlan

Day 14

KI67 (pink) - CD1a (brown)

Day 0 Unburned

Day 3 Unburned

Day 7 Unburned

Day 14 Unburned

Control Curdlan Control Curdlan

A

B

KC scratch assay

no np nq nr n
Curdlan
Untstim

a-dectin-1
Curdlan / a-dectin-1

C
lo

si
n

g
 o

f 
sc

ra
tc

h
 (

%
)

KC proliferation

Unstim Curdlan

nst nt so no su n

M
F

I B
R

D
U

 e
xp

re
ss

io
n *

A B

C DUnwounded skin Day 3 wound healing

1

1

2
2



  4

Chapter 4

54

determined KC proliferation by KI67 staining and KC migration by outgrowth of the 
epithelial ‘tongue’. ! e arrow indicates the original place of burn (Fig 2d) and the " rst inset 
shows KC proliferation in the untreated part of the skin. No KC proliferation or LCs were 
detected in the outgrowing epithelial tongue (Fig 2d, inset 2). ! erefore, this  suggests 
that re-epithelialization of wounded skin starts with migration of KCs onto the wounded 
area. Stimulation of dectin-1 on KCs induces increased migration as well as proliferation 
(Fig 2a,b).

Dectin-1 stimulation of wounded skin increases KC proliferation and re-
epithelialization
To study the e= ect of beta-glucan curdlan on human skin we used a human ex vivo 
wound healing model 13. Skin was cultured air-exposed on grids and curdlan was 
dissolved in PBS and applied topically. Every 3 days culture medium was changed and 
curdlan was re-administered onto the skin grafts. After 3, 7 and 14 days, cryo sections 
were prepared and analyzed by haematoxylin and eosin (HE) stainings (Fig 3a). No 
di= erences in epidermal thickness were observed; suggesting curdlan did not penetrate 
the intact epidermal stratum corneum and therefore did not exert e= ects on basal KCs 
(Fig 3a). Skin sections were burned with the HEAT-M for 10 seconds at 95oC and 
subsequently cultured for 14 days. KCs in the basal layer in the epidermal tongue were 
proliferating (Fig 3b). Notably, curdlan induced KC proliferation across the entire basal 
layer, and the epidermal tongue covered a larger part of the wounded area (Fig 3b), 
strongly suggesting that enhancement of KC migration and proliferation is bene" cial 
for wound re-epithelialization. 

In vivo dectin-1 stimulation of wounded skin
! e e= ect of curdlan on wound healing in vivo was investigated in a porcine excision 
wound healing model 14, 15. Deep wounds (2.7 mm deep) and half-deep wounds 
(1.5 mm deep) were administered onto the _ anks of 2 piglets. ! e deep wounds 
were covered with a 1:3 meshed skin-graft of 0.3 mm thickness. Wounds were either 
control treated or curdlan treated. Curdlan was dissolved in PBS and applied onto the 
plaster covering the wound, or curdlan was mixed in carbopol-gel and gently rubbed 
onto the wound before coverage with bandage. After 4, 8 and 14 days biopsies were 
taken, which were analyzed by haematoxylin and eosin staining (Fig 4a). Overall, 
under all conditions skin re-epithelialized to a similar extend after 14 days. After 4 
days of wound healing, the wounds covered with curdlan were re-epithelialized to a 
lesser extend compared to wounds without treatment (Fig 5a), this was observed 
for both PBS and carbopol treatment. Interestingly, half-deep wounds covered with 
curdlan showed more hair-growth compared to the control wounds (data not shown) 
indicating hair-follicles are activated by curdlan-treatment. However, after 8 and 14 
days wound were fully re-epithelialized and no di= erences were observed between 
treatments (Fig 5a). On day 8 none of the skin-grafts was rejected, so the take of the 
skin-grafts on the deep wounds was 100% in all wounds. ! e depth of the wound 
bed is a measure of tissue generation (Fig 4b) and was scored on a scale of -5 to 5 with 
0 as ‘healthy’ skin (Fig 4b). At day 4 all wounds had a similar deep wound bed. At 
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day 8 and 14 only the deep wounds had a deeper wound bed compared to the half-
deep wounds, which suggested the subcutaneous dermal tissue was not fully recovered 
in the deep wounds. More important, none of the wounds were hypertrophic, there 
were no bulging wound beds suggesting curdlan did not induce in_ ammation of the 
wound (Fig 4b). We scored total cell density on a scale of 0 - 5, with 0 as ‘healthy’ skin. 
Cell density was equal among all conditions and all time points. Cell density appeared 
a little bit higher on day 8 in deep wounds treated with carbopol, which seemed to be 
a carbopol-mediated e= ect. No di= erences were observed between curdlan treated skin 
and control treated skin, suggesting curdlan does not trigger excessive in_ ammation 
leading to lymphocyte in_ ux. On day 8 and day 14 the thickness of the epidermis was

Figure 4: Histochemistry of porcine excision wound healing model
Deep and half-deep wounds were applied onto the _ anks of piglets. On day 4, 8 and 14 biopsies were taken 
that were subsequently analyzed by hematoxylin and eosin stainings (A). During changing the bandage, the 
depth of the wounds was macroscopically scored on a scale ranging from -5 to 5 with 0 as healthy skin (B). 
Experiments are representative for 2 piglets and wounds are in duplicates; bars represent 100 µM.
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Figure 5: Curdlan does not enhance wound healing in vivo

! e presence of epidermis was scored based on the HE stainings at day 4, day 8 and day 14 on a scale 
ranging from 0 to 1 (A). Based on the HE stainings, cell density was scored on a relative scale from 1 to 5 
(B), and the thickness of epidermis was scored on a relative scale ranging from 1-5 (C). Experiments are 
representative for 2 pigs and wounds are in duplicates.
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scored on a scale of 0 (absent) to 5. In the half-deep wounds carbopol treatment seemed 
to have a slight e= ect on the epidermal thickness (Fig 5c), whereas all wounds had 
equally thick epidermis at day 14 (Fig 5c). On day 14 several wounds appeared red. 
However, the redness could not be related to treatment with curdlan or control in PBS/
carbopol. Piglets were sacri" ced at day 56. ! e depth and the redness of the wounds 
were determined, but no di= erence could be observed between di= erent treatments. 
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In conclusion there were no bene" ts or disadvantages using curdlan during porcine 
wound healing. Remarkable is the observed hair growth on day 4 in curdlan treated 
half-deep wounds, which suggests hair follicles are triggered by curdlan in the early 
phase of wound healing. However, the concentration and the application method for 
curdlan administration need to be optimized and more research is needed on this topic.

DISCUSSION

Here, we have investigated the e= ect of 1,3-beta-glucans on proliferation and activation of 
human KCs and wound healing. Beta-glucans induced dectin-1 dependent proliferation 
and migration of KCs. In a human ex vivo wound healing model we observed that 
1,3-beta-glucans increased KC proliferation in the basal layer and enhanced outgrowth 
of the epithelial tongue after burn injury. Using a porcine excision wound healing 
model we investigated the e= ect of curdlan on wound healing in vivo. No excessive 
in_ ammation or hypertrophic skin was observed, indicating curdlan did not induce 
excessive in_ ammation in porcine DCs or macrophages. However, we could not detect 
bene" ts or disadvantages of wound healing in the presence or absence of curdlan in 
the porcine model. ! is could be due to the way we administered curdlan onto the 
wounds by dissolving it in PBS or carbopol-gel. Our data from the human model 
demonstrate that the bene" cial e= ects of 1,3-beta-glucans, such as curdlan are due to 
triggering of dectin-1 on KCs that induces migration and proliferation, facilitating re-
epithelialization.
 Beta-glucans have immuno-stimulatory capacities 5, 10 and we showed that 
KC migration into the wounded area preceded KC proliferation. ! us, the increased 
migration of human KCs we observed after beta-glucan treatment is bene" cial for 
accelerating wound closer. Previously we have shown that LCs and DCs from burned 
skin are impaired in inducing T cell activation 16. Moreover, soluble factors from burned 
skin suppressed DCs from unburned areas 16. Since LCs and DCs both express dectin-1, 
beta-glucan treatment might be bene" cial in overcoming suppression and repairing 
the function of LCs and DCs. Furthermore, beta-glucans exert e= ects on " broblasts 
and macrophages during wound healing resulting in increased restoring of the dermal 
extracellular matrix, neutrophil in" ltration, angiogenesis and wound healing 2-4, 7. We 
observed enhanced wound-closure upon beta-glucan treatment in the human ex vivo 
model. In addition to increased KC proliferation, beta-glucans probably exerted an 
e= ect on resident skin macrophages and dermal " broblasts via dectin-1 in the model.  
 ! us, dectin-1 triggering by beta-glucans is bene" cial for wound healing. 
! e human dectin-1 beta-glucan receptor is alternatively spliced into two functional 
beta-glucan binding isoforms: the full-length isoform A and the stalk region-lacking 
isoform B 17. ! e major isoform expressed in human KCs is isoform B 11, which is 
also expressed by monocytes, DCs and macrophages 17, 18. ! erefore it is remarkable 
that dectin-1 has a di= erent function on KCs compared to DCs, namely induction of 
proliferation and migration rather than cytokine production. Not much is known about 
the function of dectin-1 on human KCs. Dectin-1 expression is upregulated in skin of 
patients with psoriasis 11. Psoriasis is characterized by excessive KC proliferation and
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in_ ammation. ! e identi" cation of dectin-1 triggering on KCs being 
responsible for enhanced migration and proliferation could explain the role 
of dectin-1 upregulation observed in psoriasis. However, more research needs 
to be done regarding dectin-1 signalling and functionality in human KCs. 
 ! ere is a great similarity between human and porcine skin, therefore in 
vivo wound healing was studied in a porcine excision wound healing model 14, 15. 
! e two major isoforms of dectin-1 have been identi" ed in alveolar macrophages 
from pigs, resembling the isoforms A and B in human 19 and therefore porcine skin 
likely is an appropriate model to study the e= ect of curdlan on wound healing. In 
the human ex vivo burn wound healing model we observed enhanced wound closure 
in the presence of curdlan, which was not observed in the porcine model, which 
could be due to the type of wound. ! erefore, more research is necessary to validate 
curdlan-mediated dectin-1 activation in porcine in vivo wound healing models.
 Overall, we showed that human keratinocytes increased proliferation 
and migration upon dectin-1 triggering by the 1,3-linked beta-glucan curdlan 
and we observed enhanced ex vivo re-epithelialization. ! ese " ndings suggest that 
targeting of CLR dectin-1 on KCs might be a strategy to improve wound healing.
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MATERIAL AND METHODS

Antibodies and Reagents
! e following antibodies and reagents were used: anti-human Dectin-1 (R&D systems); anti-human Syk-Y525-526P 
(Cell Signaling); anti-human CD1a (Santa Cruz); anti-human KI67 (BD); anti-human TNF, biotinylated anti-human 
TNF, anti-human IL-8, biotinylated anti-human IL-8 (all Biosource); goat-anti-rabbit Alexa-488; Goat-anti-mouse 
Alexa-488 and -546; BRDU and BRDU reagent kit (all Invitrogen); 1,3-beta-glucan hydrate from Alcaligenes faecalis 
(Curdlan; Sigma Aldrich); Haematoxylin (Mayer); Eosin Y (Sigma Aldrich); PBA bu= er (PBS pH 7.4 supplemented with 
0.5% BSA and 0.02% Azide).
Animal study design
! e protocol was approved by the Ethics Committee of Animal Welfare of the VU University of Amsterdam. Two 
female Yorkshire white pigs were used, weighing approximately 20 kg upon arrival. ! e animals were sedated with a 
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combination of 10 mg/kg Ketamin (Alfasan), 0.5 mg/kg Dormicum (Actavis) and 0.5-1.0 mg Atropin (Pharmachemie) 
by intramuscular injection. Anaesthesia was induced by Etomidaat (B. Braun) and by intravenous injection of 15 mg 
Dormicum, 200 µg Fentanyl (Hameln Pharmaceuticals) and 6 mg Pavulon (Organon). During surgery the anaesthesia 
was maintained by intravenous injection of 0.5 mg/kg/hr Dormicum, 6.5 µg/kg/hr Fentanyl and 0.27 mg/kg/hr Pavulon. 
Arti" cial respiration with 45-50% O

2
 and 1.5-2.5% Iso_ urane was applied. Post-operative treatment was achieved 

by intramuscular injection of 0.4 mg metacam (Boehringer Ingelheim) combined with application of a Transtec 35 
transdermal patch (Grunenthal) which releases buprenorphinum at 35 µg/hr for 96 hr. For euthanasia, animals were 
treated with 6 mg/kg Zoletil 100 (Virbac Nederland) and 2 mg/kg Xylazine (AST Farma). Animals were euthanized 
by intravenous injection of 20 ml Euthasol 20% (AST Farma). Full-thickness (‘deep’) and partial-thickness “half-deep 
wounds” (3x3 cm) were excised on the back of the pigs (depth approximately 2.7 mm and 1.5 mm, respectively) using 
a dermatome. ! e full thickness wounds were covered with a 1 : 3 meshed split-skin graft (0.3 mm) obtained from 
the same wounds. Wounds were either treated with curdlan (10 µg/ml) dissolved in PBS or wounds were treated with 
curdlan (10 µg/ml) dissolved in carbopol-gel (Fagron). 1 ml of PBS was applied onto plasters which were used to cover 
the wound. Carbopol-gel was gently rubbed onto the wound before coverage with plasters and bandage. Macroscopic 
evaluation was performed at days 4, 8, 14 and 56 after wounding. At the same time, two biopsies (6 mm and 3 mm) per 
wound were taken for microscopic analysis. In total, 16 wounds divided over two pigs were evaluated for each time point. 
Porcine biopsies were " xed in kryo" x (50% ethanol; 3% PEG300) after 4, 8 and 14 days of wound healing and processed 
for para  ̂ n embedding. Sections were depara  ̂ nized and rehydrated for haematoxylin and eosin staining.
Human skin and keratinocyte isolation
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 cut into pieces of 1 cm2. Skin was burned by using the Human Ex vivo Adjustable Temperature 
regulating-Machine (HEAT-M; 16). ! e HEAT-M consists of a copper device (2x10 mm) attached to the tip of an 
adjustable soldering iron (HQ/Nedis; voltage converter, HQ/Nedis). ! e HEAT-M was heated up to 95oC and applied 
for 10 seconds at the epidermal site of the skin, without exerting pressure. Human skin samples were cultured in the 
human ex vivo wound healing model as described before 13. In short: skin samples were placed dermis down on a stainless-
steel grid and cultured air-exposed in Dulbecco’s Modi" ed Eagle’s Medium/ Ham’s F12 (3 : 1) (Invitrogen), 2% fetal 
calf serum, 1 µM hydrocortisone, 1 µM isoproterenol, 0.1 µM insulin, 1*10-5 M L-carnitine, 1*10-2 M L-serine, 1 µM 
DL- � -tocopherol, 130 µg/ml ascorbic acid, 25 µM palmitic acid, 15 µM linoleic acid, 7 µM arachidonic acid, 24 µM 
bovine serum albumin (all Sigma-Aldrich), penicillin/streptomycin (100 IU/ml; 100 mg/ml respectively; Invitrogen). 
Culture medium and curdlan were refreshed twice a week. Skin grafts were embedded in Tissue-Tek (Ted Pella) and 
snap-frozen in liquid nitrogen directly after burning or after 24 hours of culturing and were subsequently used for 
immuno-histochemical analysis. To isolate primary KCs, epidermis was enzymatically degraded by trypsin and DNAse 
I, and the single cell suspension was layered on a lymphoprep (" coll; Axis-shield) gradient. ! e pellet contained KCs. 
KCs were maintained in Keratinocyte-SFM COMBO medium (Invitrogen). KCs were grown to 80% con_ uence and 
splitted 1:10 once a week. 
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 
gradient step. Monocytes 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.
Immuno-histochemical staining
5-µm human cryo sections were air-dried and " xed in acetone for 10 minutes. Sections were stained with haematoxylin 
and eosin. Or sections were blocked with En Vision dual enzyme block (Dako) and preincubated with 10% normal goat 
serum before sections were incubated with primary antibody (anti-CD1a; IgG2a) for one hour at room temperature. 
Sections were incubated with EV-goat-anti-rabbit/mouse HRP (Dako) for 30 minutes. Peroxidase labeling was visualized 
by En Vision 3,3-diaminobenzidine (EV-DAB; Dako). Next, sections were blocked with normal rabbit serum + anti-
mouse IgG2a and subsequently incubated with the second primary antibody (anti-KI67; IgG1) for one hour, followed 
by alkaline phosphatase conjugated goat-anti-mouse IgG1 (AbD Serotec). Sections were washed in 0.2 M Tris-HCl 
bu= er, pH 8.5 and alkaline phosphatase was visualized by Liquid Permanent Red (Dako). Finally, tissue sections were 
counterstained with haematoxylin for 30 seconds. 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.
Flow cytometry
KCs were used between passage 2 and 4, were grown 30% con_ uent and were 48 hours incubated with 10µg/ml curdlan 
or vehicle. BRDU was added 1:100 for 24 hours and cells were subsequently trypsinized and " xed in 70% ethanol. 
Cells were treated with 2M HCl for 20 minutes and neutralized with 0.1 M sodium borate pH 8.5 for 2 minutes. ! en 
samples were stained with anti-BRDU-PE (dilution 1:50) at RT for 20 minutes. 
Or KCs and DCs were preincubated for 20 minutes with 1 mM sodium vanadate to inhibit phosphatases and cells were 
subsequently stimulated for 15 minutes with curdlan (10µg/ml). ! en cells were " xed in 4% PFA and permeabilized in 
90% ice-cold methanol for 30 minutes. Cells were incubated with anti-human Syk-Y525-526P for 60 minutes followed 
by anti-Rabbit-Alexa 488 (5µg/ml) for 30 minutes. 
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Or KCs were " xed in 4% PFA and stained with anti-dectin-1 Ab for 30 minutes in PBA or PBS/BSA/0.1% saponin. 
! en KCs were stained with anti-Mouse Alexa 488 (5µg/ml) for 30 minutes PBA or PBS/BSA/0.1% saponin. Matched 
isotype antibodies served as negative control.
Confocal Scanning Laser Microscopy
Keratinocytes were con_ uently grown on coverslips. Cells were " xed in 4% PFA and permeabilized PBS with 0.1% 
saponin / 1% BSA, before cells were incubated with anti-dectin-1 antibodies for 60 minutes at room temperature. ! en 
cells were incubated with anti-mouse Alexa 546 secondary antibodies for 30 minutes at room temperature. Finally, the 
slides were counterstained with Hoechst for 2 minutes. Between all incubation steps, cells were extensively washed with 
PBS (pH 7.4). Matched isotype antibodies served as negative control and all controls were essentially blank. Cells were 
analyzed by a Confocal Laser Scanning Microscope (Leica). 
Scratch assay
Keratinocytes were con_ uently grown in 24 well plates. A scratch was applied and migration of KCs into the wounded 
area was measured after 0 and 24 hours by microscopy. ! e closure of the scratch was calculated as follows: the open area 
at t=0 hours was considered 100%. ! e area (A) at t=24 hours was divided by the area on t=0 and multiplied by 100%. 
A(% closure) = 100% - (A(t=24) / A(t=0)  * 100). ! e area of the scratch was measured by Adobe AutoCAD software. 
ELISA
Immuno-sorbant plates (Nunc) were coated with anti-cytokine antibodies. Supernatant of KCs or DCs stimulated for 
24 hours with LPS (10 ng/ml), Poly(I:C) (10 µg/ml) or curdlan (10 µg/ml) were incubated for 2 hours at RT. ! en 
plates were incubated with biotinylated anti-cytokine antibodies. Peroxidase-labeled Streptavidin was used to detect the 
biotinylated Abs and absorbance was read at 450 nm. 
Statistical Analysis
A paired student’s t-test was used to evaluate the di= erences between at least 3 skin donors with and without curdlan 
treatment p < 0.05 was considered signi" cant
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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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ABSTRACT

Epidermal Langerhans cells (LCs) express the C-type lectin receptor langerin that 
is an adhesion receptor for hyaluronic acid (HA). HA is expressed by epidermal 
keratinocytes (KCs) and here we investigated whether langerin mediates interactions 
with KCs and how these interactions are regulated. LCs interacted with KCs through 
langerin-HA. Notably, loss of HA on KCs induced LC migration in an ex vivo skin 
culture model, suggesting that langerin-HA interactions control LC localization 
and migration. Maturation of LCs, led to upregulation of hyaluronidase-1 
(hyal-1) and hyal-2, which cleaved HA and enabled LC migration. Hyaluronidase 
upregulation is a general mechanism to regulate langerin interactions since hyal-2 
upregulation in dendritic cells (DCs) after LC-DC clustering cleaved HA from the 
DC surface and decreased LC-DC interaction. ! us, our data show that langerin-
HA interaction controls the localization of LCs, and that hyaluronidases regulate 
dynamic cellular interactions. Vaccination strategies inducing hyaluronidase 
expression in epidermis could facilitate LC maturation and migration and might 
enhance immunogenicity. 

INTRODUCTION

Langerhans cells (LCs) are professional antigen presenting cells residing in close 
proximity of keratinocytes (KCs) in human epidermis. LCs act as sentinels of the immune 
system and sample the surrounding for intruding pathogens, which are captured and 
subsequently, antigens are presented by LCs to T cells in the lymph nodes 1. In the 
epidermis, LCs interact with KCs via E-cadherin/E-cadherin adherence junctions 2. 
However, the homophilic E-cadherin interaction between LCs and KCs turned out 
to be dispensable for LC maintenance in the epidermis 31. ! erefore, we studied the 
mechanisms by which LCs interact with other cell types in epidermis and dermis, and 
how LC migration is regulated. 
 Human LCs exclusively express the C-type lectin receptor (CLR) langerin 3, 
which functions as pathogen recognition receptor (PRR) by recognizing pathogenic 
saccharides on viruses, fungi and bacteria, such as mannose, N-acetyl-glucosamine 
(GlcNAc), fucose and beta-glucans 4, 5. Recently, we showed that langerin interacts 
with the glycosaminoglycan hyaluronic acid (HA) on DCs 32. In addition, HA is also 
expressed by other cells including KCs, which suggest that LCs might be able to interact 
via langerin with di= erent cell types. 
 KCs produce HA via HA synthases and subsequently extrude the polymer via a 
transporter into the extracellular matrix 6, 7. HA metabolism is regulated by hyaluronidase 
enzymes in tissues and skin. HA high molecular weight (HA HMW) (> 1*106 kDa) is 
digested into low molecular weight (LMW 20-40 kDa) by hyaluronidase-2 (hyal-2), 
which is glycosylphosphatidylinositol-anchored to the cell membrane 8. Subsequently, 
HA is endocytosed and intracellular processed by hyal-1 9, 10. Hyal-1 is also found 
in serum and urine and is larger than intracellular hyal-1 (57 kDa and 45 kDa, 
respectively 9, 11). Knocking out hyal-2 is lethal for mice 12 highlighting the importance
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of HA and HA metabolism for systemic homeostasis.
 Since HA is abundantly expressed in epidermis and dermis, the process of 
langerin-HA binding should be highly regulated. Here we showed that LCs upregulate 
both hyal-1 and -2 that digest HA and release LCs from the environment. Upon LC-
DC clustering, DCs mature and upregulate hyal-2, which subsequently degraded HA 
from the DC cell surface and decreased clustering. ! us, HA expression and cellular 
LC interactions via langerin are highly regulated by the expression of hyal-1 and hyal-2. 
Control of HA by hyaluronidases regulates LC migration and cellular interactions, and 
therefore, manipulation of these mechanisms might provide novel strategies to regulate 
immune activation.

RESULTS

Langerin binding pattern in human skin follows HA expression
Here we investigated the interaction of LCs with KCs in human epidermis. LCs resided 
in close proximity of KCs (Fig 1a). Keratin+ KCs expressed HA (Fig 1a, b), which is 
a ligand for langerin. Besides epidermis, we observed HA positive cells in the dermis 
(Fig 1c), which were identi" ed as DCs (data not shown, chapter 5 32). Next we 
investigated whether langerin interacts with HA expressed in epidermis and dermis 
using FITCylated soluble langerin 4. ! e pattern of soluble langerin binding in skin 
was the same as the expression pattern of HA (Fig 1c, d) and we observed binding of 
langerin to KCs in the epidermis and to CD11c+ HA+ DCs in dermis (Fig 1d). ! ese 
data strongly suggest that HA expressed by KCs is a ligand for langerin.É Ê Ë Ì Í Î Ï Ð Ñ Î Í Ò Ó Ô Õ Ö× Ê Ë Ì Ø Í Î Î Õ Ð Ê Ù Ú Ò Ö
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Figure 1: Langerhans cells reside with keratinocytes in epidermis 
Skin sections were snap frozen and cryo sections were stained for pankeratin and CD1a (A) and for HA 
(B,C). Soluble langerin binding in skin was determined by incubating cryo sections with soluble Langerin-
FITC (D). Sections were counterstained with CD11c to identify DCs. Sections were subsequently analyzed 
by confocal scanning laser microscopy; bars represent 50 µm.
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Langerin binds to HA on KCs
Primary human KCs were isolated from human skin and we investigated the interaction 
with langerin. KCs were incubated with unlabeled soluble langerin, and binding was 
detected by anti-langerin antibodies. Soluble langerin bound e  ̂ ciently to KCs, which 
was blocked by mannan and blocking antibody to langerin (10E2) (Fig 2a). KCs 
expressed HA on the cell surface, which could be removed by treatment of KCs by the 
enzyme hyaluronidase (Fig 2c). Langerin binds to HA expressed by KCs, since removal 
of HA by hyaluronidase diminished langerin binding (Fig 2b). To investigate the role of 
hyaluronidases in LC migration, human epidermis was _ oated onto PBS supplemented 
with or without hyaluronidase for 5 hours. We observed enhanced LCs migration out 
of epidermis in the presence of hyaluronidase (Fig 2d) whereas no KCs were observed in 
the supernatant (data not shown). ! ese data show that enzymatic degradation of HA 
on KCs facilitates LC migration out of the epidermis, strongly suggesting HA-langerin 
interaction is retaining LCs in epidermis and loss of the interaction induces migration.

Figure 2: langerin interacts with HA on KCs
Soluble langerin was incubated with KCs and binding was determined with an anti-langerin antibody by 
_ ow cytometry. Langerin speci" city was determined by blocking langerin antibody 10E2 and mannan; 
graph is representative for 3 donors (A). KCs were control-treated or hyaluronidase treated at pH5.2 and 
langerin binding was determined by _ ow cytometry; graph is representative for 3 donors (B). HA CD44Fc 
coupled to _ uorescent beads was used in a beads-binding assay to determine the HA expression level at the 
KC cell surface; mean and SD of 3 donors; experiments in duplicates (C). Epidermal sheets of one square 
centimetre were _ oated onto PBS pH5.2 supplemented with or without hyaluronidase. LC migration 
was determined as absolute number of migrating cells by _ ow cytometry; mean and SD of 3 donors; 
experiments in hexaplicates (D). Paired student’s t-test; p<0.01.

ù ú û ü ý þ ÿ û � ÿ û � ÿ û ü � � � � �
� � ý 	 
 þ ý � � ÿ � û � � � � �  � � � � � � � � � � �  � � � � � �  � �

� � � � � �  ! " #  $ � � � % & # ' ()* ) )+ ) ), ) )- ) ). ) )/ ) )
01 234 56 78591 7:3; 9< =:>6 3:?@A 2B C9 **

D E F F E FG H I J F K L M N E F O P L Q FM R E S T L K F Q U E V PW K F X L K S X L P E X P UYF K L M N E F O P L Q F X L P E X P U
Z

[ \
]^

ù ú û ü ý þ ÿ û � ÿ û � ÿ û ü � � � � �

_ ` a b c ` d e f g d h c ` a i j g k lmno mo np mp nq m
r stusvw xysz{||}~ v�~ vy **

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � �



6

Regulation of Langerin - HA interactions

85

LCs upregulate hyal-1 and hyal-2 for migration out of epidermis
We investigated how the interaction between LCs and KCs is regulated upon migration. 
We analyzed the expression of hyal-1 and hyal-2 in LCs and KCs. We mimicked 
infection with pathogens by stimulating KCs with TNF or Poly(I:C), ligands for TNF 
receptors and TLR3 respectively. KCs responded to these triggers by the production of 
pro-in_ ammatory cytokine interleukin-8 (IL-8; data not shown). However, KCs did 
neither upregulate expression of hyal-1 nor hyal-2 upon stimulation (Fig 3a), and HA 
expression levels on KCs remained stable upon Poly(I:C) and TNF stimulation (Fig 3b). 

Figure 3: Upregulation of hyal-1 and 
hyal-2 in mature LCs. Keratinocytes 
were stimulated with TNF and poly(I:C) 
and were immuno-blotted for hyal-1 and 
hyal-2; graph is representative for 2 donors 
(A). CD44Fc coupled to _ uorescent 
beads was used in a beads-binding assay to 
determine the HA expression level at the 
KC cell surface after TNF and poly(I:C) 
stimulation; mean and SD of 3 donors in 
duplicates (B). Immature and mature LCs 
were isolated from the same donor. Hyal-
1 and hyal-2 expression was determined 
by immuno-blotting cell lysates; graph is 
representative for 3 donors (C). Mature 
LCs were " xed and stained for langerin 
and hyal-2 and were analyzed by confocal 
scanning laser microscopy; pictures are 
representative for 3 donors; bars represent 
10 µm (D). Langerin was immuno-
precipitated from mature LC lysates and 
immuno-blotted for langerin and hyal-2; 
representative for 2 donors (E).� � � � �� � � � � � � � � � �� � � � � �
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! ese data suggest that KC activation by itself does not downregulate HA to facilitate 
LC migration out of epidermis. Next we prepared immature LCs and mature migratory 
LCs from the same donor to compare hyaluronidase expression levels. In general, 
immature LCs are MHC class II intermediate and CD86 negative, whereas mature LCs 
express high MHC class II and CD86 (data not shown) . Compared to immature LCs, 
mature LCs have increased levels of both hyal-1 and hyal-2 (Fig 3c) suggesting that 
maturation increased hyal-1 and -2 levels. Hyal-2 upregulation might cleave cell surface 
HA from neighbouring KCs, which is subsequently internalised and degraded by hyal-1. 
Next, we investigated the localization of hyal-2 in mature LCs by confocal scanning 
laser microscopy. Hyal-2 was present at the cell surface of mature LCs. At the surface, 
langerin and hyal-2 partly colocalized (Fig 3d). Indeed, co-immuno-precipitation 
showed that hyal-2 co-immuno-precipitated with langerin (Fig 3e), which con" rms 
langerin and hyal-2 colocalization observed in the cell membrane (Fig 3d). ! ese data 
strongly suggest that hyal-2 cleaves HA to liberate LCs for migration toward the dermis.

DCs downregulate HA upon maturation
Besides interactions with KCs, LCs also cluster with DCs for antigen transfer and 
induction of immune responses, as described in chapter 5 32. Although mature LCs 
express hyal-2, they strongly clustered with DCs in vitro (Fig 4B). Immature DCs 
expressed high levels of HA (Fig 4a), which was downregulated after maturation with 
TLR4 and -3 ligands LPS and Poly(I:C), respectively (Fig 4a). LC-DC interaction was 
followed in time and was markedly reduced upon DC maturation strongly suggesting 
downregulation of HA on DCs disables LC-DC clustering (Fig 4b). ! erefore, we 
investigated the expression of hyaluronidases by DCs. DCs constitutively expressed 
hyal-1 (Fig 4c), which might degrade short HA that have been generated by hyal-2. 
Hyal-1 expression levels were independent of the maturation status of DCs (Fig 4c). 
Notably, hyal-2 protein levels rapidly increased upon DC maturation (Fig 4c). Hyal-2 
was measured at di= erent time points and after 16 hours hyal-2 levels started to increase, 
which further increased up to 48 hours (Fig 4c, lower part). To investigate whether 
hyal-2 in DCs is responsible for downregulation of extracellular HA, hyal-2 mRNA was 
silenced with RNAi in DCs (supplementary " gure 1). HA expression decreased after DC 
maturation with LPS (Fig 4d) but hyal-2 silencing completely rescued the expression of 
HA (Fig 4d). Next, we investigated soluble langerin binding to DCs. Langerin binding 
to LPS-matured DCs decreased, whereas silencing of hyal-2 resulted in a signi" cant 
rescue of langerin binding. ! erefore our data strongly suggest that maturation of DCs 
and subsequent upregulation of hyal-2 results in downregulation of HA expression and 
subsequent loss of LC-DC clustering.

Mature LCs induce maturation and hyal-2 upregulation in DCs
We have shown that LCs and DCs transfer antigens during clustering (chapter 5) 32 and 
that DC maturation abrogates LC-DC clustering (Fig 4B). To investigate whether LCs 
can induce DC maturation, LCs were co-cultured with DCs and expression of maturation 
markers was investigated by _ ow cytometry. Co-culturing of DCs with LCs led to
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Figure 4: DCs upregulate hyal-1 to downregulate 
HA expression
CD44Fc coupled to _ uorescent beads was used in a 
beads-binding assay to determine the HA expression 
level at the DC cell surface after LPS and poly(I:C) 
stimulation; graph is representative for at least 5 
donors; mean and SD of experiment in duplicates 
(A). LCs were labelled with hydroethidium and 
DCs were labelled with CFSE and clustering was 
monitored in time by _ ow cytometry (B). DCs 
were stimulated for di= erent time point with LPS 
and poly(I:C). Cell lysates were immuno-blotted 
for hyal-1 and hyal-2; graph is representative for at 
least 3 donors (C). DCs were silenced for hyal-2 and 
stimulated with LPS. HA expression was determined 
using CD44Fc _ uorescent beads by _ ow cytometry 
analysis; mean and SD of 3 donors (D). DCs 
were silenced for hyal-2 and stimulated with LPS 
and soluble langerin binding was determined by 
_ ow cytometry; mean and SD of 5 donors; paired 
student’s t-test; p<0.05 (E).
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increased expression of CD86 and partial upregulation of CD80 and HLA-DR to the 
same levels as LPS-matured DCs (Fig 5a). Although LCs were already activated upon 
migration, we observed a strong upregulation of CD80, and a slight upregulation of 
CD86 and HLA-DR by co-culturing LCs with DCs (Fig 5b). ! ese data suggest that 
the interaction between LCs and DCs is bidirectional and induces maturation of both
DC subsets. ! e DC subsets were isolated after co-culture for 20 hours into two
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Figure 5: LCs induce maturation of DCs and upregulation of hyal-2, and vice versa
LCs and DCs were co-cultured overnight and analysed for expression of maturation markers CD86, CD80 
and HLA-DR by _ ow cytometry; graphs are representative for 3 donors (A) and 2 donors (B). LCs and 
DCs were co-cultured overnight and separated by MACS microbeads cell separation based on DC-SIGN 
expression. Cells were lysed and immuno-blotted for hyal-1 and hyal-2; graph is representative for 2 LC 
donors with 2 DC donors (C). 

populations based on DC-SIGN expression and expression of hyal-1 and hyal-2 was 
analysed. Co-culture of LCs even further upregulated both hyal-1 and hyal-2 expression 
after interaction with DCs (Fig 5c). In addition, co-culture of DCs with LCs upregulated 
the hyal-2 protein to the same extent as LPS (Fig 5c). ! erefore our data suggest that 
LCs and DCs regulate their clustering by reciprocal upregulation of hyaluronidases upon 
maturation. Hyaluronidases downregulated HA expression on DCs, and decreased LC-
DC clustering following maturation.
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DISCUSSION

Langerin is a cellular adhesion receptor that interacted with HA expressed on the surface 
of both KCs and DCs and here we identi" ed the molecular mechanisms regulating 
these interactions. Maturation of LCs induced upregulation of both hyal-1 and hyal-2, 
which decreased HA expression on KCs releasing LCs from the interaction with KCs. 
Similarly, hyaluronidases control LC-DC interactions. During LC-DC clustering, 
LCs induced maturation of DCs, upregulation of hyal-2 on DCs. ! e expression of 
hyal-2 by DCs induced cleavage of HA and downregulation of HA expression on the DC 
cell surface, which could be reverted by hyal-2 silencing. In addition, hyal-2 expression 
downregulated HA on the DC cell surface, which abrogated LC-DC clustering. ! us, 
cellular interactions of LCs are mediated by HA and controlled by hyaluronidases.
 HA is not only expressed by KCs and DCs, but also by " broblasts, endothelial 
cells, activated T cells and tumor cells 7, 13, 14. Langerin could therefore also facilitate 
interaction between LCs and a broad spectrum of other cell types in the body. Here we 
described langerin binding to HA on KCs, which could be crucial for retaining the LC 
network in epidermis. Next to langerin-HA binding, LCs also interact with KCs via 
homophilic E-cadherin adherence junctions and therefore, it had been assumed that 
E-cadherin interaction between KCs and LCs regulates adhesion and migration from 
epidermis 2, 15, 16. However, a murine DC-Ecaddel model, showed that the homophilic 
E-cadherin interaction between LCs and KCs is dispensable for LC maintenance in 
the epidermis 31. By treating human skin with hyaluronidase, we showed enhanced LC 
migration from epidermis. ! us, our data suggest that HA retains LCs in the epidermis 
via the cellular attachment receptor langerin and degradation of HA in the epidermis 
leads to migration. 
 HA is highly conserved among vertebrates and also present in the capsule of 
bacteria, such as streptococci 17. HA is a unique glycosaminoglycan (GAG), since it is the 
only major GAG that is not sulphated and the only GAG not attached to a core protein12. 
HA is produced by HA synthases and extruded though the extracellular matrix, where 
it can reach high molecular weight sizes (HMW) more than 1*106 kDa. ! e turnover 
rate of HA in skin is between 0.5-3 days. After injury or during in_ ammation, HA is 
degraded or broken down into LMW fractions (20-40kDa), which recruit and activate 
leukocytes via CD44, TLR4 and TLR2 18-20. HA LMW might function as danger signal 
for LCs via langerin or TLR2 increasing maturation and migration. It has been reported 
that HA plays a role in DC - T cell interactions 7 probably via CD44 interactions. 
We here showed that HA is involved in LC-KC and LC-DC interactions via the CLR 
langerin expressed by LCs.
 Catabolism of HA in somatic tissues is regulated for the greater part by hyal-1 
and hyal-2. Hyal-2 is GPI-anchored to the cell membrane and cleaves HA HMW into 
LMW fragments (20 kDa) 12. ! en, HA fragments are further degraded intracellular 
by hyal-1. ! e importance of HA catabolism is highlighted by the fact that hyal-2 
knock out mice are not viable 12. We showed both hyal-1 and hyal-2 are upregulated 
in mature LCs. Hyal-2 on LCs supposedly cleaves HA expressed by KCs to enable 
LC migration and hyal-1 clears the HA LMW fragments from the surrounding, 
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minimizing local in_ ammation. For hyal-1 it has been shown that its gene has a 
transcription factor binding site for NF- & B, Egr-1 and AP-2 21. NF- & B is activated 
upon DC maturation via TLR or CLR stimuli 22, 23 and therefore, NF- & B could account 
for hyal-1 upregulation in mature LCs. Little is known about transcriptional control 
of hyal-2, however our data suggest that transcription factors involved in LC or DC 
maturation, such as NF- & B, could also be involved in hyal-2 transcription. 
 We analyzed expression of hyal-1 and hyal-2 by immuno-blotting. We observed 
in both LCs and DCs  a putative hyal-1 form of 45 kDa, which matches with the 
predicted size for intracellular hyal-1 11. For both LCs and DCs we found a hyal-2 band 
of ~40 kDa, which is slightly smaller than expected (50-52 kDa 8). ! is smaller hyal-2 
could be speci" c for LCs and DCs due to alternative splicing or di= erent glycosylation 
of the protein. Most research on hyal-2 so far focussed on hyal-2 (over)expression in 
cell lines 8, 10, 24, hyal-2 expression in animal models 25, or in epithelial human cells 
and platelets 26, 27. In human chondrocytes two bands for hyal-2 are observed, ~40kDa 
and ~55 kDa 28. We hypothesize hyal-2 detected in LCs and DCs is functional, but 
di= erently glycosylated, or even a smaller isoform than the hyal-2 described so far. 
 We have indenti" ed the physiological molecular mechanism for the regulation 
of interaction between LCs and KCs as well as DCs. ! ese data are relevant for the 
design of vaccination strategies to improve LC migration. Furthermore, inhibition of 
hyaluronidases might provide a strategy to prevent over activation by LCs and retain 
them in skin. ' ( ) * + , - . / 0 1 2 3
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Supplementary Figure 1: RNAi silences hyal-2 mRNA
DCs were silenced for hyal-1 and were stimulated with LPS. mRNA was isolated from cell lysates and 
copied to cDNA. Hyal-1 mRNA expression was quanti" ed by real time PCR (A, B, C).
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MATERIAL AND METHODS

Antibodies, proteins and enzymes
anti-cytokeratin (AE1/AE3; Dako); anti-CD1a (NA1/34; SantaCruz); 10E2 (anti-Langerin 29); rabbit-anti-Hyal1, 
rabbit-anti-Hyal-2 (both Abcam); goat-anti-langerin (R&D); Goat-anti-Human-Fc-biotin (Jackson); anti-CD11c-PE 
(S-HCL-3; BD); DCGM4-PE (anti-Langerin-PE; Beckman Coulter); anti-DC-SIGN-FITC (R&D), anti-CD86-
PE; anti-CD80-PE; anti-HLA-DR-PE (all BD); soluble Langerin-FITC (kind gift from M.E. Taylor); rhLangerin; 
rhCD44Fc (both R&D); Hyaluonic Acid Binding Protein-biotin (Immunosource);  Isotype-speci" c goat-anti-mouse 
Alexa-488, -546 and Streptavidin-488 (all: Invitrogen); Hyaluronidase type IV S (Sigma Aldrich); Poly(I:C) (Sigma 
Aldrich); TNF- Y  (R&D); MACS CD1a and DC-SIGN microbeads (Miltenyi). carboxy_ uorescein succinimidyl ester 
(CFSE, Sigma Aldrich); Hydroethidium (HE; Invitrogen); dispase II; DNAse I (both: Roche)
TSM bu= er (Tris bu= er (20 mM Tris–HCl, pH 7, 150 mM NaCl, 1 mM CaCl2, 2 mM MgCl2); 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)

Langerhans cell and keratinocyte isolation
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 (1 U/ml) at 37oC for 45 minutes to separate dermis from epidermis. ! e 
epidermis was either _ oated onto medium for 48 hours before mature LCs were harvested from the supernatant. To 
isolate immature LCs and KCs, epidermis was enzymatically degraded by trypsin and DNAse I, and the single cell 
suspension was layered on a lymphoprep (" coll; Axis-shield) gradient. ! e pellet contained KCs and the " coll fraction 
(10% LC, 90%KC) was further separated by CD1a 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 Z g/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 
gradient step. Monocytes 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. ! en, DCs were stimulated for 24 hours with LPS (10 ng/ml) or 
Poly(I:C) (10 µg/ml). 
FACS analysis
All cells were washed in PBA or TSA and were incubated with speci" c antibodies, HABP-bio (5  Z g/ml) or isotype 
controls for 30 minutes at 4°C. Or cells were incubated with soluble langerin (rh langerin; R&D) for 30 minutes at RT. 
Subsequently cells were washed and incubated with Alexa 488 secondary antibody (5 Z g/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 as described before 30. In short: for HA expression pro" ling, we coated 
streptavidine beads with 5 µg of biotinylated goat-a-human-Fc and rhCD44Fc. Cells and beads were co-incubated in 
TSA for 45 minutes.
Confocal Laser Scanning Microscopy
5-µm 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 soluble Langerin-FITC 4, anti-CD1a, 
anti-cytokeratin, anti-CD11b or HABP-bio for 1 hour at room temperature. ! en sections were incubated with isotype-
matched secondary antibodies or Streptavidin-Alexa 488 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 supplemented with Ca2+ (pH 7.4). Matched isotype antibodies served as negative control and all controls were 
essentially blank. Cryosections were analyzed by a Confocal Laser Scanning Microscope (Leica).
Or LCs were " xed with 4% PFA and permeabilized in PBS with 0.5% saponin / 1% BSA, before cells were incubated 
with primary antibody for 60 minutes at room temperature. ! en cells 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, cells were extensively washed with PBS (pH 7.4). Matched isotype antibodies served as 
negative control and all controls were essentially blank. Cells were analyzed by a Confocal Laser Scanning Microscope 
(Leica).
Immuno-precipitation and immuno-blotting
For immuno-precipitation cells were lysed with RIPA bu= er (Cell Signaling) and lysates were preincubated with 10E2
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(anti-langerin). Langerin was precipitated with prot A/G plus agarose beads. Lysates were resolved by SDS-PAGE, and 
detected by immuno-blotting with goat-anti-langerin or rabbit anti-hyal-2 antibodies. Or cells were lysed in lysis bu= er 
(Cell Signaling) and lysates were resolved by SDS-PAGE, and detected by immuno-blotting with rabbit-anti-hyal-1 and -2 
antibodies.
RNA isolation and quantitative real-time PCR
mRNA was isolated with an mRNA Capture kit (Roche) and cDNA was synthesized with a reverse-transcriptase 
kit (Promega). Samples were ampli" ed by PCR with SYBR Green as described before 33. Speci" c primers 
were designed with Primer Express 2.0 (Applied Biosystems) for Hyal-2 and housekeeping gene GAPDH. 
Hyal-2: FW: TGGCCTCCAGACCGCATA; REV: TCCAGCATGAACTGCTGTGC; GAPDH: FW: 
CCATGTTCGTCATGGGTGTG; REV: GGTGCTAAGCAGTTGGTGGTG . ! e cycling threshold (CT) value is 
de" ned as the number of PCR cycles in which the _ uorescence signal exceeds the detection threshold value. Relative 
expression levels of hyal-2 were calculated from the CT values obtained for both hyal-2 and GAPDH mRNA with the 
equation [Relative hyal-2 mRNA] = 2 CT(GAPDH) − CT(hyal-2)

RNAi
DCs were transfected on day 4 with 25 nM siRNA with the transfection reagent DF4 (Dharmacon) in the presence or 
absence of 2 ng/ml LPS, and were used for experiments 48 h after transfection. ! e siRNA (SMARTpool; Dharmacon) 
was speci" c for hyal-2 (M-013689-00; Dharmacon) and nontargeting (nt) siRNA (D-001206-13; Dharmacon) served 
as control. Silencing of expression was veri" ed by real-time PCR.
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ABSTRACT

Human Langerhans cells reside in foreskin and vaginal epithelium and are 
therefore the " rst immune cells to interact with HIV-1 upon sexual intercourse. 
LCs capture HIV-1 through the C-type lectin receptor langerin, which routes the 
virus into Birbeck granules (BGs), preventing HIV-1 infection. ! erefore, LCs 
have an anti-HIV-1 function. BGs are langerin+ organelles only present in LCs 
and their origin and function in HIV-1 infection remain elusive. Here, we show 
that BGs are caveolin-1+ vesicles that are linked to the lysosomal pathway. Notably, 
inhibiting caveolar endocytosis in primary LCs abrogated HIV-1 sequestering into 
langerin+ caveolar vesicles and increased HIV-1 integration into the host genome. 
! erefore, BGs belong to the caveolar endocytosis pathway limiting HIV-1 
infection of LCs. ! ese data strongly suggest that caveolar uptake has an 
important role in protection against HIV-1 infection and harnessing this particular 
internalization pathway might allow development of strategies to combat HIV-1 
transmission.

INTRODUCTION

Langerhans cells (LCs) are a specialized subset of antigen presenting cells in the epidermis 
of the skin and epithelium of the vagina and foreskin and provide a barrier against entry 
of pathogens, hence protecting against disease 1-3. Due to their location, LCs are among 
the " rst immune cells that encounter HIV-1 in genital tissues upon sexual transmission 
4 LCs are not e  ̂ ciently infected with HIV-1 and do not transmit virus to T cells 3. 
LCs express the C-type lectin receptor (CLR) langerin that captures HIV-1, which is 
subsequently internalized into Birbeck granules (BGs) where the virus is thought to 
be degraded 3. Little is known about the function of BGs and how it contributes to 
limiting HIV-1 infection. Although con_ icting theories exist regarding the origin and 
function of BGs 5, it is clear that the expression of functional langerin is a prerequisite 
for the formation of BGs 6, 7. Ectopic expression of langerin in cell lines induces BG 
formation and antibodies against langerin are routed towards BGs 8. Langerin-mediated 
internalization is thought to occur through classical clathrin-coated endosomal uptake 
and BGs have been suggested to be recycling endosomal compartments 9. However, 
the cytoplasmic domain of langerin does not contain a ‘classic’ internalization motif 
associated with clathrin binding and formation of the coated pits, such as a double-
tyrosine or tri-leucine motif6, 10, 11. In addition, langerin does not colocalize with markers 
for early endosomes in steady state 9, whereas antibodies against langerin are internalized 
into BGs and delivered to LAMP-1-positive lysosomes 12. HIV-1 internalization into 
BGs is important in the anti-viral immune response of LCs. Here we investigated the 
internalization route of HIV-1 and the role of BGs in protection against HIV-1 infection 
in LCs.
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RESULTS

Lipid raft internalization is the major internalization route besides clathrin-mediated 
endocytosis. Caveolar internalization occurs via lipid rafts and is dependent on the integral 
membrane molecule caveolin-1 13, 14. Caveolae are small cholesterol-rich invaginations in 
the plasma membrane that are able to invaginate and form caveolar vesicles 15, 16, which 
fuse with late endosomes and lysosomes 17. ! erefore we investigated whether langerin 
colocalized with the major caveolar structural protein caveolin-1 in primary human 
LCs, MUTZ3-derived LC cells (muLCs) and a langerin-transduced cell line (THP-
Langerin). Under steady state conditions, caveolin-1 and langerin partially colocalized 
in muLCs, THP-Langerin and primary LCs as shown by confocal immuno_ uorescence 
microscopy (Fig 1a, b, c). Colocalization of langerin and caveolin-1 was observed at 
the cell surface as well as in intracellular vesicles (Fig 1a, b, c). To further investigate 
colocalization in lipid rafts we performed co-immunopreciptiation assays from lysates 
of primary LCs. Notably, caveolin-1 was co-immunoprecipitated with langerin and vice 
versa (Fig 1d), supporting our imaging data that langerin and caveolin-1 colocalize at 
the cell-membrane and in vesicles in LCs.
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Figure 1: Langerin colocalizes with caveolin-1 in steady state 
Confocal scanning laser microscopic analyses for THP-Langerin cell line (A), human LCs (B) and 
muLCs (C) for langerin and caveolin-1 in steady state condition. Langerin and caveolin-1 were immuno-
precipitated from LC cell lysates and immuno-blotted with antibodies against langerin and caveolin-1 (D). 
Bars represent 10 µm. ! ese data are representative for at least 3 donors or 3 independent experiments.
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Figure 2: Langerin, caveolin-1 and HIV-1 partly colocalize in the same organelle
LCs were incubated with HIV-1 in the presence (A) or absence of the inhibitor " lipin (B); representative 
for 3 donors; bars represent 10 µm (A,B). LCs were stained for p24-HIV-1, langerin and caveolin-1. HIV-
1 uptake was quanti" ed by permeabilizing cells and measuring subsequent HIV-1-p24 content by _ ow 
cytometry. One representative donor out of three donors; other donors supplementary Fig 1 (C). ! e e= ect 
of " lipin on langerin-binding was determined by gp120 binding in a beads-binding assay and speci" city 
was determined by antibodies against langerin (10E2) or mannan; three LC donors; paired students t-test; 
**p<0.01; SD and mean are depicted (D).



7

Birbeck granules are caveolar vesicles

99

Langerin on LCs captures HIV-1 for internalization into BGs  3. ! erefore we investigated 
whether caveolin-1 mediated internalization is involved in HIV-1 uptake,  using  " lipin, 
an inhibitor of caveolar uptake 18, 19. Filipin impairs caveolae invaginations and caveolar 
endocytosis 20-22 . Primary LCs were incubated with CCR5-tropic HIV-1 for 4 hours 
and internalization was assessed by confocal immuno_ uorescence microscopy. Our 
data show that internalized HIV-1 partly colocalized with langerin as well as caveolin-1 
(Fig 2a). Notably, HIV-1 uptake was inhibited by " lipin, since HIV-1 was detected 
at the cell-surface but not intracellular in the presence of " lipin (Fig 2b). Next, we 
quanti" ed HIV-1 uptake by _ ow cytometry. LCs were incubated with HIV-1 for 4 
hours, prior to permeabilization and staining with p24-antibodies. LCs e  ̂ ciently bound 
and internalized HIV-1, whereas " lipin treatment decreased HIV-1 internalization 
(Fig 2c, supplementary Fig 1). Filipin did not a= ect langerin ligand-binding, since 
" lipin, in contrast to blocking antibody against langerin and mannan, did not interfere 
with LC binding to HIV-1-gp120-coated _ uorescent beads that cannot be internalized 
(Fig 2d). ! ese data strongly suggest that caveolin-1 is necessary for langerin-mediated 
HIV-1 internalization by LCs.
 We have previously shown that HIV-1 is internalized via langerin into BGs 
in primary LCs 3. BGs have been described as rod-shaped structures of variable length 
with periodically striated lamella 29 (Fig 3a). Although BGs have been suggested to 
be involved in HIV degradation 3, the exact function of BGs in this process remains 
unclear. Based on our data, we hypothesized that BGs are part of the caveolin-mediated 
internalization pathway and therefore, we investigated by immuno-transmission electron 
microscopy whether caveolin-1 is present in BGs. Because of the paucity in primary LCs 
we have used muLCs that have high levels of langerin similar to primary LCs and have 
been validated as a bona " de LC model 3, 23. MuLCs expressed high levels of the tennis 
racquet-like shaped BGs (Fig 3a, empty arrow heads). Furthermore, depending on the 
interface and cutting surface, some BGs appeared tubular (Fig 3a, " lled arrow heads). 
 BGs originated as invagination in the cell membrane and stained langerin-
positive (Fig 3b, " lled arrow heads). Notably, caveolin-1 was present in the invaginations 
of the cell membrane that form BG (Fig 3c, left panel, " lled arrow head). Caveolin-1 was 
abundantly present in BGs (Fig 3c, middle panels), which were also positive for langerin 
(Fig 3b) and either appear tubular (Fig 3b,c) or tennis-racquet shaped (Fig 3b right 
panel).

 
! e data strongly suggest that langerin-mediated internalization into BGs forms 

part of the caveolar endocytosis pathway (Fig 3c, middle panels). In addition, caveolin-1 
was present in multilaminar lysosomal structures in muLCs (Fig 3c, right panel, empty 
arrow head) which is in line with previous reports that caveolin-1 is targeted via late 
endosomes to lysosomes for degradation 17. HIV-1 is taken up via langerin into BGs, 
which is involved in protection against HIV-1 infection 3, 23. However the fate of the 
internalized HIV-1 is unclear. ! erefore, muLCs were incubated 24 hours with HIV-1 
and intracellular localization was investigated by staining for lysosomal-associated 
membrane protein 2 (LAMP2) and the lysosomal tetraspanin CD63. Notably, 24 
hours post-infection HIV was observed in LAMP2/CD63 lysosomal vesicles (Fig 3d all 
panels), suggesting HIV-1 follows the caveolin-1 degradation pathway 17 in LCs.
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Figure 3: Langerin and caveolin-1 are present in Birbeck Granules
muLCs were analyzed by immuno-electron microscopy for the presence of BGs that appear tubular (" lled 
arrows) or tennis-raquette shaped (A). Sections were stained for langerin (B) and caveolin-1 with 10 nm 
gold particles (C). muLCs were incubated for 24 hours with HIV-1 and stained for p24-HIV-1 and CD63 
or LAMP2 with 10 nm and 15 nm gold particles (E). Bars represent 200 nm.
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! ese data change the current paradigm about the origin of BGs, since BGs have 
been thought to be part of clathrin-mediated endosomal recycling pathway 8, 9. 
We showed that langerin-positive BGs originate at the cell membrane as caveolin-1+ 

caveolae and subsequently process to caveolar vesicles. HIV-1 is transported to lysosomes 
and this suggests uptake into BGs follows the caveolin-1 degradation route, which partly 
overlaps with the endosomal recycling pathway 16, 24, 25. ! ese data shed new light on the 
antiviral functioning of BGs and langerin in HIV-1 infection.
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Figure 4: HIV-1 integration increases when 
caveolar uptake is blocked. muLCs were 
incubated for 18 hours with CCR5-tropic-
HIV-1 in the absence or presence of " lipin. 
Integration of HIV-1 DNA was analyzed by 
Alu-PCR; n=3 paired students t-test; *p<0.05; 
SD and mean are depicted (A). Or muLCs were 
incubated with X4-tropic-HIV-1; one represen-
tative donor out of three, other donors 
supplementary " gure 2 (B). VSV-G pseudotyped 
HIV-1 integration was dertermined by Alu-
PCR; representative for 2 donors (C).

We next investigated whether routing of HIV-1 into BGs via caveolar internalization 
contributed to the anti-viral function of LCs and protection against HIV-1 infection. 
HIV-1 fusion with the cell membrane and subsequent integration into the host genome 
are the " rst steps in HIV-1 infection 26. We measured the amount of functional HIV-1 
by measuring HIV-1 integration into the genome of muLCs 6 or 18 hours post-
infection by an Alu-PCR integration assay 27. At 6 hours, integration of CCR5-tropic 
HIV-1 DNA into the host genome increased by blocking caveolar uptake with " lipin 
(supplementary Fig 2a), which further enhanced to a more than 2-fold increase in 
integration at 18 hours post-infection (Fig 4a). ! is e= ect is independent of HIV-1 
tropism, since " lipin also increased integration of the CXCR4-tropic HIV-1 (Fig 4b and 
supplementary Fig 2b). As a control, integration of VSV-G-pseudotyped virus, which 
does not bind to CD4, CCR5/CXCR4 or langerin, was not a= ected by the presence of 
" lipin demonstrating that " lipin does not interfere with the integration process (Fig 4c). 
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! ese data strongly suggest an important protective role against HIV-1 for LCs via 
caveolar uptake, which interferes with viral integration in the host genome. 
 ! us, BGs in LCs are part of the caveolar endocytocis pathway and route 
langerin-captured HIV-1 into lysosomes, preventing HIV-1 integration and subsequent 
infection. LCs are abundantly present in male foreskin and also in female vaginal 
mucosa and therefore maintain the barrier against HIV-1. Further research is required 
to investigate the e= ect of caveolin-1 on HIV-1 transcription and infection in LCs. In 
addition, research is required to investigate the e= ect of in_ ammation on the caveolar 
endocytosis pathway. Our data suggest that decrease of caveolar endocytosis will increase 
HIV-1 integration and subsequent viral transmission to T cells. ! us, novel strategies 
strengthening this endocytosis pathway might prevent sexual transmission of HIV-1.
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Supplementary Figure 2:
MuLCs were incubated for 6 hours with 
R5-tropic HIV-1 and blocking caveolar 
uptake induced increase of HIV-1-
integration (A). Additional experiments 
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strain for " gure 4b (B). Graphs are 
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MATERIAL AND METHODS

Antibodies and reagents
! e following antibodies were used: Rabbit-anti-Caveolin-1 (Cell Signalling); Goat-anti-Langerin (R&D); DCGM4-
PE (mouse-anti-Langerin; Beckman Coulter); KC57-RD1 (mouse-anti-p24; Beckman Coulter); mouse-anti-CD1a-
FITC (BD Pharmingen); anti-LAMP2 (Abcam); anti-CD63 (BD); sheep-anti-p24 (Aalto); 10E2 (anti-Langerin 3); 
10E2 coupled to Alexa-647 (Alexa-647 labeling kit); Streptavidin-Alexa-488; Goat-anti-Mouse IgG

1
 Alexa 546; Goat-

anti-Rabbit Alexa 488 (all Invitrogen); 15 nm protein A-gold; 10 nm protein G-gold (both Aurion); mannan (Sigma-
Aldrich); prot A/G plus agarose beads (Santa Cruz); " lipin complex (Sigma Aldrich); Dispase II (Roche Diagnostics)
Donors, cells and virus
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). ! e slides were incubated with Dispase II (1 U/ml) for 1 hour at 37oC and subsequently the epidermis was 
mechanically separated from the dermis. Migratory LCs were generated by _ oating the epidermis onto Iscoves Modi" ed 
Dulbeccos’s Medium (IMDM) supplemented with 10% FCS, gentamycine (20 µg/ml, Centrafarm), pen/strep (10 U/
ml and 10  j g/ml, respectively; Invitrogen) for 2 days. ! e migrated cells were layered on a Ficoll (Axis-shield) gradient 
and were routinely 95% pure and expressed high levels of langerin and CD1a. THP-Langerin and the CD34+ human 
AML cell line MUTZ3 (muLCs) were generated and cultured as described before 3. HIV-1 R9-BaL, HIV-1 R9 and single 
round VSV-G pseudotyped virus were generated as previously described 28.
Electron microscopy
MUTZ3-LCs (3x106) were " xed in 4% paraformaldehyde in 0.1M phosphate bu= er for 1h at room temperature. Cells 
were pelleted in 12% gelatine, cryoprotected in 2.3M sucrose and snap-frozen in liquid nitrogen. Ultrathin cryosections 
were immunolabeled with Rb-k -Caveolin-1 or G-k -Langerin antibody (10 nm protein G goldlabel; 15 nm potein A 
goldlabel). After incubation, the sections were stained with uranylacetate and embedded in 1% methylcellulose. Sections 
were examined with a transmission electron microscope.
HIV-1 integration Alu-PCR assay
Total cell DNA was isolated at 6 or 18 hours after infection (multiplicity of infection 0.2) with a QIAamp blood isolation 
kit (Qiagen) and a two-step Alu-LTR polymerase chain reaction (PCR) was used to quantify the integrated R9-BaL, R9 
HIV-1 and VSV-G pseudotyped HIV-1 DNA in infected cells as previously described 27 .In the " rst round of PCR, the 
DNA sequence between HIV-1 LTR and the nearest Alu repeat was ampli" ed with an HIV-1-speci" c primer (LTR R 
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region) in combination with a primer that anneals to the abundant genomic Alu repeats. ! e HIV-1-speci" c 
primer was extended with a marker region at the 5 l  end, which was used for speci" city in the second-round nested 
real-time quantitative PCR (RT-qPCR). ! e second round speci" cally ampli" ed the PCR products from the 
" rst-round PCR using primers annealing to the aforementioned marker region in combination with another HIV-
1-speci" c primer (LTR U5 region). Primer sequences were as follows: " rst round PCR, HIV-1 LTR R forward, 
5 l -ATGCCACGTAAGCGAAACTGCTGGCTAACTAGGGAACCCACTG-3 l  (marker sequence underlined); 
Alu reverse, 5 l -TCCCAGCTACTGGGGAGGCTGAGG-3 l ; second-round RT-qPCR  marker forward, 
5 l -ATGCCACGTAAGCGAAACTG-3 l ; HIV-1 LTR U5 reverse, 5 l -CACACTGACTAAAAGGGTCTGAGG-3 l . Two 
di= erent dilutions of the PCR products from the " rst-round of PCR were assayed to ensure that PCR inhibitors were 
absent. For monitoring the signal contributed by unintegrated HIV-1 DNA, the " rst-round PCR was also performed 
using the HIV-1-speci" c primer (LTR R region) only. HIV-1 integration was normalized to GAPDH DNA levels and 
the results for integration are shown relative to the HIV-infected sample.
Flowcytometry
Cells were incubated for 4 hours with R9-BaL HIV-1 (multiplicity of infection 0.5) in the presence or absence of 
" lipin (1 µg/ml; Sigma Aldrich), followed by " xation with 4% paraformaldehyde and permeabilization with PBS/ 0.1% 
saponin/ 1% BSA. Cells were incubated with directly labeled antibody (10 m g/ml) in saponin bu= er at 4oC for 30 
minutes and samples were analyzed on FACScan or FACS calibur (BD Pharmingen).
Confocal microscopy
Cells were incubated for 4 hours with R9-BaL HIV-1 (multiplicity of infection 0.5) in the presence or absence of 
" lipin (1 µg/ml), followed by " xation with 4% paraformaldehyde and permeabilization with PBS/ 0.1% saponin/ 1% 
BSA. Cells were incubated with primary antibody (5 µg/ml) at 4oC for 30 minutes and were subsequently washed 3 
times. ! en cells were incubated with secondary antibody at 4oC for 30 minutes, washed 3 times, and nuclei were 
counterstained with Hoechst (10 µg/ml; Invitrogen). Cells were plated onto poly-L-lysine coated slides and samples were 
analyzed on a confocal scanning laser microscope (Zeiss).
Immuno-precipitation and immuno-blotting
Cell lysates were preincubated with Rb- n o p q -Caveolin and 10E2 (anti-langerin) antibodies and langerin or caveolin-1 
were precipitated with prot A/G plus agarose beads. Lysates were resolved by SDS-PAGE, and detected by immuno-
blotting with G- n o p q -Langerin or Rb- n o p q -Caveolin-1 antibodies. 
Statistical Analysis
A paired students t-test was used to evaluate the di= erences between at least 3 donors treated with or without " lipin. 
p < 0.05 was considered signi" cant.
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PART I - IMMUNOLOGY OF BURN WOUND HEALING

Skin wound repair is an essential physiological process to maintain tissue integrity and 
homeostasis and therefore wounds need to heal as fast and as functional as possible 1. 
Burn injury is the cause of dermal damage and excessive local in_ ammation, which 
is associated with poor wound healing and the formation of hypertrophic scars 2-4. 
! erefore we investigated the role of keratinocytes (KCs), Langerhans cells (LCs) and 
dendritic cells (DCs) in wound healing and inducing immune responses after burn 
injury. In chapter 3 we showed that both LCs and DCs were functionally disabled 
after burn injury. In chapter 4 we described that dectin-1 triggering on KCs induced 
enhanced proliferation and migration, which enhanced wound re-epithelialization.

1.1 Immune response during burn wound healing
Severe burn trauma is characterized by local excessive in_ ammation of the wound and 
suppression of the systemic adaptive immune response 5. Local in_ ammation delays 
wound closure and facilitates bacterial infections associated with sepsis and multiple 
organ failure 2, 5. LCs and DCs are migratory antigen presenting cells (APCs) inducing 
adaptive T cell responses 6. We investigated their role in inducing adaptive immune 
responses after burn injury. We observed strong decreased T cell stimulatory capacity 
of both LCs and DCs (chapter 3). In addition we observed that supernatant of burned 
skin contained a soluble burn factor that enhanced DC-mediated T cell suppression 
and even suppressed DCs from healthy skin. ! us, LCs and DCs could partially be 
responsible for the observed suppressed immunity in patients with major burn injuries.
 Suppression of T cells has already been described in patients 7. Peripheral blood 
lymphocytes isolated from burn patients remained anergic to T cell receptor triggering 7. 
Our data provide evidence for a role of LCs and DCs in establishing T cell anergy 
and subsequent suppressed T cell responses observed in patients with burn trauma. 
However, the mechanism underlying skin DC-mediated T cell suppression remains to 
be investigated. Phenotypically, there were no di= erences in expression levels of co-
stimulatory molecules between DCs from burned skin and unburned skin. In addition, 
the number of cells migrating from skin and unburned skin was similar, suggesting DCs 
were equally functional (chapter 3). Co-inhibitory molecules expressed by DCs of the 
B7 family, such as B7-H1, B7-H4 and B7-DC, or the production of indoleamine-2,3-
dioxygenase (IDO), which induces tryptophan starvation of T cells, might play a role in 
T cell suppression 8, 9. However, we did not observe up-regulation of B7-H1 or B7-DC 
on the cell surface of skin DCs from burned skin (chapter 3) and the production of 
IDO remains to be investigated. Our data suggest that restoring the function of LCs and 
DCs could prevent T cell suppression and therefore might be bene" cial for patients with 
major burn trauma in restoring systemic tissue homeostasis and to accelerate wound 
closure (chapter 4).
 In addition to cellular dysfunction of LCs and DCs from burned skin, the 
supernatant of burned skin contained a heat-stable soluble factor that enhanced DC-
mediated T cell suppression (chapter 3). ‘Burn toxins’ have been described 10, which are 
lipid-protein complexes isolated from burned murine skin 11. ! is burn toxin induced
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liver damage and had lethal e= ect after intraperitoneal injection into recipient mice 11. 
Although the exact composition of the burn toxin has not been identi" ed, early excision 
of the burned area in murine models leads to restoration of the T cell responses to 
viruses and bacteria 12, 13. ! erefore, the burn toxin most likely is a cytosolic component 
or damage associated molecular pattern (DAMP) 14 that is forced into the surrounding 
tissue after burn injury, which exerts a suppressive e= ect on skin DCs and thus on 
adaptive immunity.
 Prolonged in_ ammation and in_ ammatory cytokines have been associated with 
delayed wound closure 2. ! erefore we targeted C-type lectin receptors (CLRs) in skin 
to interfere with the immune response to enhance wound closure. CLRs are conserved 
receptors recognizing carbohydrate structures. ! e CLR dectin-1 is expressed by LCs, 
DCs and keratinocytes (KCs) and recognizes the 1,3-linked fungal beta-glucan curdlan. 
In DCs, dectin-1 triggering results in the production of IL-6 and other anti-fungal 
cytokines 15. However, in KCs dectin-1 stimulation induced increased proliferation 
and migration leading to increased wound closure in an ex vivo wound healing model 
(chapter 4). In addition, we speculate that dectin-1 activation of LCs and DCs might 
induce restoration of LC and DC function in burned skin (chapter 3). Carbohydrate 
structures can easily be applied in topical crèmes covering the wound. ! us, manipulating 
the immune response via CLRs could be bene" cial for wound healing.

PART II - A NOVEL FUNCTION FOR LANGERIN AS CELLULAR ADHESION 
RECEPTOR

! e mammalian CLR family is divided into 17 subgroups and type II, IV and V CLRs 
are expressed on immune cells. CLRs expressed by immune cells mainly function as 
pathogen recognition receptors (PRRs), whereas the majority of CLR-family members 
function as cellular attachment receptors 16. Langerin, DC-SIGN (both type II) and 
dectin-1 (type V) are CLRs present on human LCs and DCs recognizing carbohydrate 
structures derived from viruses, bacteria and fungi (chapter 2). For DC-SIGN and 
dectin-1 recognition of autologous ligands has been described. DC-SIGN interacts with 
ICAM-2 and ICAM-3 in the immunological synapse formed upon interaction with 
T cells 17, 18 and with Mac-1 (CD11b/CD18) and CEACAM1 on neutrophils 19, 20. 
Dectin-1 interacts with an unknown ligand on T cells 21. For human langerin recognition 
of self-glyco-proteins has been predicted, but has not been described so far 22. In this 
manuscript we identi" ed the cellular ligand for langerin, which is the glycosaminoglycan 
hyaluronic acid (HA) expressed on DCs (chapter 5) and KCs (chapter 6).

2.1 HA as cellular ligand for langerin
Human langerin has high a  ̂ nity for mannose-, fucose- and GlcNAc-monosaccharides, 
mannan and beta-glucan polysaccharides 23. Langerin e  ̂ ciently bound the GlcNAc-
containing HA polymer, which is abundantly present in epidermis and dermis (chapter 5 
and chapter 6). We identi" ed langerin as attachment receptor for HA-expressing KCs and 
DCs (Fig 1A). ! e interaction between langerin and HA is most probably not static, but
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Langerhans 

       cell

Keratinocyte

langerin

HA

dendritic cell
+

CD8   T cell

Antigen transfer

Hyaluronidase

EPIDERMIS

DERMIS

A B

C

E

D

Figure 1: Overview of LCs, DCs and KCs in skin
(A) LCs reside in the epidermis in close proximity to HA expressing KCs. In dermis, HA expressing DCs 
are present. LCs and KCs interact via langerin-HA. (B) LCs mature upon encountering pathogens and 
upregulate hyaluronidase-1 and -2. Hyal-2 cleaves HA from surrounding KCs, which allows the LC to 
migrate towards the dermis. (C) In dermis, LCs and DCs cluster via langerin-HA. ! is interaction enables 
antigen transfer from LC to DC and induces DC and LC maturation. (D) Mature DCs upregulate hyal-2, 
which cleaves HA from the cell surface and downregulates HA expression. LCs and DCs abrogate clustering. 
(E) DCs cross-present antigens to CD8+ T cells. DC: dendritic cell; HA: hyaluronic acid; KC: keratinocyte, 
LC: Langerhans cell.

rather dynamic. Langerin is a recycling receptor that recycles from the cell surface to 
endocytic recycling compartments of LCs 24, which can enable dynamic interactions with 
either HA or pathogenic carbohydrate structures. Furthermore, HA is also expressed by 
" broblasts, endothelial cells and activated T cells, 25, 26 which suggests LCs interact with 
a broad spectrum of cells in the body. ! erefore, strict regulation of HA expression is 
required on cells that interact with langerin-expressing LCs, as described in chapter 6. 
 HA is a highly conserved glycosaminoglycan in vertebrates that forms tertiary 
structures controlling water homeostasis, structural integrity and the sequestration of 
free radicals 25. Expression and degradation of HA is regulated by hyaluronidases 27. 
Vertebrates are equipped with genes encoding 6 hyaluronidases 28, however catabolism 
of HA in somatic tissues is regulated for the greater part by hyaluronidase-1 (hyal-1) and 
hyal-2. Hyal-2 is GPI-anchored to the cell membrane and cleaves HA high molecular 
weight (HMW; > 1*106kDa) into fragments of low molecular weight (LMW; ~20 kDa) 29. 
LMW fragments are immuno-stimulatory and induce signalling via CD44, TLR4 
and TLR2 in DCs and macrophages 30, 31. HA LMW fragments are endocytosed and 
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further degraded intracellular by hyal-1. Knocking out of gene HYAL2 is lethal to 
mice 29, indicating HA regulation is indispensable for systemic homeostasis. 
 In the epidermis, LCs interact with KCs via langerin and HA (Fig 1A). LCs are 
retained in epidermis and we investigated whether langerin-HA interaction is su  ̂ cient 
to maintain LCs in epidermis and how this interaction is regulated. We described that 
LCs upregulated both hyal-1 and hyal-2 upon maturation (chapter 6). Hyal-2 cleaved 
and degraded HA from the KC surface, which subsequently enabled LC migration 
(Fig 1B). Hyal-1 expressed by LCs supposedly cleared the HA LMW fragments from 
the epidermal surrounding, minimizing local in_ ammation. LCs express TLR2 32 and 
therefore HA LMW fragments might induce maturation of LCs. ! e HYAL1 gene has a 
transcription factor binding site for NF-r B, Egr-1 and AP-2 33. NF-r B is activated upon 
maturation by TLR or CLR stimulation 15, 34, 35 and therefore initial hyal-1 expression in 
mature LCs could be NF-r B dependent. For the HYAL2 gene transcription regulation 
is not known. ! us, our data provide strong evidence that LC binding to KCs and LC 
migration from epidermis is regulated by maturation of LCs and subsequent expression 
of hyal-1 and hyal-2. 

2.2 LC-DC clustering via langerin-HA
Although langerin expression is downregulated upon LC maturation, the expression 
was su  ̂ cient to induce strong clustering with DCs in dermis (Fig 1C). ! is is further 
supporting that HA downregulation on KCs abrogated LC-KC interaction and not 
a decrease in langerin expression upon maturation. We  showed that LCs induced 
maturation of DCs and thereby induced the expression of hyal-2 on DCs (Fig 1D). 
Hyal-2 cleaved HA from the DC cell surface, which abrogated langerin binding 
and LC-DC clustering (chapter 5 and chapter 6). In contrast to LCs, DCs did 
not upregulate hyal-1 upon maturation, suggesting either constitutive expression is 
su  ̂ cient to clear HA LMW from the surrounding, or increased presence of short HA 
fragments can locally enhance in_ ammatory responses by other resident immune cells, 
such as macrophages. HA is extruded through the cell membrane into the extracellular 
matrix where HA HMW forms tertiary structures that are important for the structural 
integrity of the tissue 36. ! erefore, the expression of HA on the cell surface of DC might 
facilitate DC anchoring in the dermis. TLR3 and TLR4 ligands Poly(I:C) and LPS 
induced upregulation of hyal-2 in DCs, suggesting downregulation of HA is not only 
needed to abrogate LC-DC clustering, but could also be necessary for DC migration. 
 In contrast to DCs, immature LCs are not e  ̂ cient in cross-presenting 
exogenous pathogens 37-40. Antigen transfer between DC subsets has been suggested 
in murine models, where it was shown that CD8+ T cell priming is not depended on 
herpes simplex virus (HSV)-antigen presentation by LCs 41, but depends on lymph 
node resident DCs 41. In murine models, skin DCs migrate faster to the lymph nodes 
compared to LCs 42, 43, and therefore antigen transfer would enhance antigen spreading 
and the e  ̂ ciency of inducing adaptive immune responses. We showed that interaction 
between human LCs and DCs enabled HIV-1 antigen transfer for cross-presentation to 
CD8+ T cells (Fig 1E and chapter 5). ! us, the transfer of antigens between LCs and
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DCs most probably is an e  ̂ cient system to induce rapid adaptive immune responses 
to epidermal derived pathogens. However, antigen transfer to DCs is not enough for 
inducing an immune response, since correct activation of DCs by PAMPs is required for 
upregulation of co-stimulatory molecules. We showed that LC-DC interaction not only 
led to transfer of antigens but also induced maturation of DCs (chapter 6). Preliminary 
data suggest that LCs boost the DC-mediated CD4+ T cell response (data not shown), 
suggesting LCs enhance the immunostimulatory capacity of DCs. ! erefore, antigen 
transfer between LCs and DCs might be a highly e  ̂ cient system to boost immune 
responses to harmful skin-derived pathogens. 
 ! e mechanisms underlying LC-DC antigen transfer are not unravelled yet. 
We showed that interaction between LCs and DCs via langerin and HA is indispensable 
for antigen transfer between these two subsets. Since HIV-1 is not cytolytic to LCs (data 
not shown) transfer of apoptotic LC bodies to DCs is unlikely. Trogocytosis typically 
occurs between APCs and T cells, by transferring peptide-MHC complexes from APC 
to T cell 44, 45. However, trogocytosis of peptide-MHC class I complexes between LCs 
and DCs can be 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. Exosomes 
represent a speci" c subtype of secreted membrane vesicles, carrying adhesion molecules, 
signalling molecules and cargo of the donor cell 46. By electron microscopy we observed 
LCs are highly positive for HIV-1 positive exosomes (data not shown). ! erefore we 
suggest LCs partly degrade HIV-1 and transfer exosomes or particles to DCs in the 
immunological synapse formed between LCs and DCs. Still it remains speculating 
about the mechanisms of antigen transfer between LCs and DCs, and further work is 
required to clarify this issue.

PART III - LC IMMUNITY AGAINST HIV-1

LCs not only reside in epidermis of skin, but also localize in vaginal epithelium and foreskin 
and therefore are the " rst immune cells encountering HIV-1 upon sexual intercourse 47, 48. 
LCs take up HIV-1 via langerin into Birbeck granules (BGs) 47, which are unique 
langerin+ organelles 49. Langerin-mediated uptake of HIV-1 leads to degradation of 
the virus and prevents transmission to T cells; therefore, LCs have protective function 
against HIV-1 47. Multiple hypotheses exist for the origin and function of BGs, and the 
current vision about BGs is that it is part of recycling endosomal compartments 24, 50. 
Langerin is internalized into BGs where it accumulates into Rab11+ early endosomal 
compartments before it recycles back to the membrane 24, 51. ! erefore, it has been 
assumed that langerin is part of the clathrin-mediated internalization route 24 and we 
challenged this by identifying BGs as caveolar vesicles, being part of the caveolin-1-
mediated endocytosis pathway (chapter 7). In the next paragraphs, we will discuss the 
implications of these " ndings for the understanding of BGs in the degradation and 
antigen-presentation route of HIV-1 in LCs (chapter 5). 



8

General Discussion

113

3.1 Langerin/Caveolin-1 internalization pathway
Caveolar endocytosis is caveolin-1 dependent and occurs in lipid rafts. Besides cellular 
uptake via clathrin-coated pits, endocytosis via lipid rafts is a major endocytosis 
route 52. Caveolae are caveolin-1 positive invaginations of the membrane that can bud o=  
and form caveolar vesicles 53. Caveolar uptake in lipid rafts is slower and clearly distinct 
from clathrin-coated pits; however, the intracellular tra  ̂ cking partially overlaps 54, 55. 
Both langerin and caveolin-1 have recently independently of each other been associated 
with Rab11a and Rab11-FIP2 recycling endosomal tra  ̂ cking 51, 56, 57. Our data showed 
that BGs are caveolin-1 positive and therefore link these recent " ndings by identifying 
BGs as caveolar vesicles (Fig 2 and chapter 7). Caveolin-1 is targeted via late endosomes 
to lysosomes 54 and these routing has also been observed for langerin mediated uptake 37. 
Caveolar vesicles have clover-like structures in langerinnegative cells. Apparently the unique 
combination of langerin and caveolin-1 in LCs induces the formation of tennis-racquet-
like shaped BGs (Fig 2). ! us, in chapter 7 we linked caveolae to the uptake receptor 
langerin and BGs.
 Langerin mediates uptake of HIV-1 in LCs and targets the virus to BGs 47. We 
showed that blocking caveolar uptake prevents HIV-1 internalization in LCs (chapter 7). 
Moreover, blocking this internalization route increased HIV-1 integration in the LC genome 
(Fig 2). ! us, caveolar uptake and subsequent routing to lysosomal structures protects LCs 
against HIV-1 infection. ! ese data suggest that there is a second langerin-independent 
route ‘Route X’ of HIV-1 uptake or HIV-1 fusion that facilitates HIV-1 integration in 
LCs (Fig 2). ! is second route could also be implicated in increased HIV-1 infection of 
mature LCs, which has been ascribed to langerin downregulation 58. Genital co-infections 
with sexual transmitted diseases such as HSV-2, increased HIV-1 infection of LCs 59. 

Birbeck 

granule

Langerin

HIV-1

Caveolin-1

Late Endosome

Lysosome

Route X

HIV-1 integration

Cross-presentation?

No cross-

presentation

Figure 2: HIV-1 is taken 
up in caveolin-1 positive 
Birbeck granules
Langerin 47 and caveolin-1 
mediate the uptake of 
HIV-1 into Birbeck 
granules. HIV-1 is tar-
geted towards lysosomal 
compartments that are 
CD63 and LAMP-2 posi-
tive. ! is degradation path-
way overlaps with the 
pathways described for
langerin 51, 56 and caveo-
lin-1 57. Integration into 
the host genome increases 
when the caveolar pathway 
is blocked, which suggests 
a second endocytosis route 
(‘Route X’) for HIV-1 that 
is not protective against 
HIV-1 infection.
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Decreased langerin-mediated uptake of HIV-1 due to saturation of langerin and 
downregulation of langerin has been used as explanation for the increased infection 
of LCs 32, 47, 59. Our data suggest that langerin-independent uptake of HIV-1 by an 
unknown pathway could account for this increased infection. ! erefore we suggest that 
langerin-mediated HIV-1 uptake into caveolar vesicles is the most e  ̂ cient pathway for 
HIV-1 internalization and degradation in LCs. As long as this route is intact, LCs have 
protective function against HIV-1.

3.2 LC mediated anti-HIV-1 adaptive immunity
Virally infected cells will present endogenous antigens onto MHC class I to cytotoxic T 
cells. However, APCs have the capacity to cross-present exogenous viral proteins onto 
MHC class I for cytotoxic T cell activation, whithout the need for direct infection of the 
cells. Since LCs are not e  ̂ ciently infected with HIV-1 and have anti-HIV-1 functions, 
we expected LCs to induce HIV-1 speci" c cytotoxic T cells via cross-presentation. 
However, LCs were not able to cross-present HIV-1 to CD8+ T cells, whereas DCs were 
very e  ̂ cient in cross-presenting HIV-1 to CD8+ T cells (chapter 5). Our data showed 
that LC-DC clustering facilitated antigen transfer; LCs transferred HIV-1 antigens to 
DCs for cross-presentation. ! is division of labour has also been hinted at in murine 
models. In contrast to LCs, murine dermal CD103+ DCs are e  ̂ ciently cross-presenting 
skin derived antigens 60. Depletion of LCs from murine epidermis exacerbates HSV 
pathogenicity 61 indicating LCs locally have an important anti-viral role. However, CD8+ 
T cell priming is not depended on HSV-antigen presentation by LCs 41, but depends 
on lymph node resident DCs 43. In chapter 5 we described division of labour among 
human LCs and DCs. Locally immature LCs are protective against HIV-1 infection, 
however our data strongly suggest LCs rely on dermal or submucosal DCs for cross-
presentation and subsequent induction of adaptive anti-viral immune responses.
 ! is raises the question whether LCs are intrinsically incapable of cross-presenting 
antigens, or whether the uptake and routing of the pathogen is determining cross-
presentation. It could be that HIV-1 uptake and degradation via langerin/caveolin-1 is 
highly e  ̂ cient and therefore excludes cross-presentation. Immature (CD34+ monocyte-
derived) LCs are incapable of cross-presenting exogenous tumour proteins or virus like 
particles 38-40, whereas mature (CD34+ monocyte-derived) LCs stimulated with IFN-s or 
CD40-ligand cross-present exogenous antigen 38, 39. Maturation of LCs downregulates 
langerin expression and might target pathogens to the ‘Route X’ endocytosis pathway 
suggested in paragraph 3.1 (Fig 2), which might allow for cross-presentation. ! erefore 
we postulate the main specialization of immature skin LCs is to clear pathogens from the 
surrounding preventing infection. ! is might restrict their ability for cross-presentation, 
since any leakage to the cytoplasm might allow infection.

CONCLUDING REMARKS

In this manuscript we have investigated the role of LCs, DCs and KCs in maintaining 
and repairing the human skin barrier and preventing infections. KCs provide the 
mechanical barrier against pathogens, whereas LCs and DCs provide the immunological
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barrier against pathogens. We have investigated the role of KCs in wound healing after 
burn injury, and the role of LCs and DCs in immune responses mounted upon burn 
injury. Cellular interactions between LCs and KCs are important for maintaining tissue 
integrity and for retaining LCs in the epidermis, while clustering between LCs and DCs 
enable e  ̂ cient induction of adaptive immune responses against harmful epidermal or 
mucosal pathogens, such as HIV-1. Furthermore we have identi" ed the origin of BGs, 
which are implicated in protection against HIV-1. Understanding these mechanisms 
and the complex interactions between di= erent cell subsets can contribute to new 
therapeutic strategies against microbial and viral infections and enhance the quality of 
wound healing.
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SUMMARY

Introduction
Langerhans cells (LCs) and dendritic cells (DCs) are antigen presenting cells that reside 
in tissues at the interface between the human body and the outside world, such as skin, 
the airways and mucosal tissues. LCs reside in the epidermis of skin in close proximity 
to keratinocytes (KCs), while DCs reside in the collagen-containing dermis underneath 
the epidermis. LCs and DCs express pattern recognition receptors, such as C-type lectin 
receptors, to sense invading pathogens. Upon weakening or wounding of the protective 
skin barrier, pathogens such as bacteria, fungi and viruses can invade the body. C-type 
lectin receptors have been implicated in pathogenic carbohydrate recognition, pathogen 
uptake and subsequent activation of LCs and DCs. Activated LCs and DCs will migrate 
to lymph nodes to activate adaptive T cell responses in order to eradicate pathogens. 
 ! e balance between the immune response and the intensity of in_ ammation 
determines the quality of wound healing and the e  ̂ ciency of pathogen killing. Especially 
during wound healing control is needed, since too much immune activation might lead 
to poor wound healing and too less immune activation might lead to infection. However, 
some pathogens have evolved to evade the immune system inducing chronic infection. 
Once HIV-1 infection has been established, the human immune system is unable to 
clear the virus from the body. LCs express the C-type lectin receptor langerin, which 
recognizes and internalizes HIV-1 and prevents subsequent transmission to T cells. In 
this thesis we investigated the role of keratinocytes, Langerhans cells and dendritic cells 
in burn wound healing, in_ ammation and infection.

Results
Burn injuries are caused by " re, scalding or hot water and induce tissue damage and 
excessive in_ ammation, which is the cause of hypertrophic scar formation. Although 
the burn wound locally in_ ames, the systemic adaptive immune system is suppressed 
in patients. ! erefore, the risk of bacterial co-infection and complications resulting in 
sepsis is high. 
 In chapter 3 we investigated the functionality of LCs and DCs after burn injury. 
Human skin was burned with the Human Ex vivo Temperature Regulating-Machine 
(HEAT-M), and we observe that LCs and DCs from burned skin are dysfunctional. LCs 
and DCs from burned skin do not activate T cells in contrast to LCs and DCs derived 
from healthy skin. Moreover, a burn factor released in the medium decreases the activity 
of healthy DCs to stimulate T cells. ! ese are strong indications that immune responses 
and wound healing are dysregulated after burn injury. ! e results we obtained regarding 
dysfunctional LCs and DCs after burn could possibly explain the observed suppressed 
systemic immune system in burn patients. 
 In chapter 4 we set out to improve wound healing after burn injury. KCs, LCs 
and DCs all express the C-type lectin receptor dectin-1. Dectin-1 recognizes speci" c 
fungal beta-glucan carbohydrates and it is known that beta-glucans induce DC and 
LC maturation. Here we investigate the e= ect of beta-glucans on KCs. Burn wounds 
were applied to skin in culture with the HEAT-M and the e= ect of beta-glucans was 
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investigated by culturing skin for 14 days. We show that beta-glucans induce enhanced 
KC proliferation and migration. Next, we investigate the e= ect of beta-glucans on a 
wound healing in vivo in a porcine wound healing model, but beta-glucans do not 
improve porcine wound healing. ! us, the results of the human in vitro model are 
promising, however, the e= ects of beta-glucans on in vivo wound healing and scar-tissue 
formation need to be further investigated.
 In chapter 5 we have unravelled the mechanisms behind the cellular interaction 
between LCs and DCs. In activated skin, LCs migrate to the dermis and reside in close 
proximity of DCs in the dermis. In vitro LCs indeed cluster very e  ̂ ciently with DCs 
and these data suggest that LCs and DCs interact and communicate. ! e C-type lectin 
receptor langerin on LCs strongly binds to the carbohydrate hyaluronic acid on DCs. 
Next to skin, both LCs and DCs are present in foreskin and vaginal epithelium and 
are therefore the " rst immune cells encountering HIV-1 upon sexual intercourse. We 
hypothesized that clustering could enable antigen transfer from LCs to DCs for T cell 
stimulation. We show that LCs take up HIV-1, but are not able to activate cytotoxic 
T cells. Notably, when LCs are co-incubated with DCs, antigens are transferred from 
LCs to DCs and DCs subsequently activate T cells. ! ese data show that LCs and 
DCs interact via langerin and hyaluronic acid and that this interaction enables antigen 
transfer from LCs to DCs for T cell activation. ! ese data provide clues to design new 
vaccination strategies against HIV-1 and other pathogens.
 In chapter 6 we show that LCs also interact with KCs via langerin and 
hyaluronic acid. KCs are present in the epidermis and abundantly express hyaluronic 
acid on their cell surface. We show that activation of LCs leads to upregulation of the 
enzymes hyaluronidase-1 and -2, which trim HA and control migration out of the 
epidermis. LC-DC clustering is also regulated via hyaluronidase expression by both LCs 
and DCs. ! us, we describe how langerin-hyaluronic acid binding and LC migration is 
regulated in epidermis and dermis. 
 In chapter 7 we have identi" ed the nature of Birbeck granules in LCs. Dr. 
Birbeck discovered tennis-racquet-shaped organelles in LCs in 1961, which were named 
‘Birbeck granules’, that are langerin-positive. LCs mediate HIV-1 uptake via langerin 
and the virus is taken up into Birbeck granules. We identi" ed that Birbeck granules 
are caveolin-1positive and show that HIV-1 is taken up via the caveolar internalization 
route. By blocking this endocytic route, HIV-1 DNA integration increases in the host 
genome. ! erefore we conclude that caveolin-1 and langerin are important in HIV-1 
uptake and degradation via the caveolar endocytic route. ! ese data are important since 
they provide insight in the mechanisms underlying HIV-1 infection and can be used for 
improving HIV-1 prevention strategies.

General implications
In this thesis I have described the role of LCs, DCs and KCs in wound healing, 
in_ ammation and infection. Restoring the function of LCs and DCs after burn could 
prevent infections and could possibly result in better wound healing. In addition, I 
have shown that activation of dectin-1 on KCs improves wound healing, thus the 
C-type lectin receptor dectin-1 present on KCs can be targeted to improve (burn)
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wound healing by inducing KC proliferation and migration. Carbohydrate-structures, 
such as beta-glucans, could be added to creams that are topically applied onto the wound. 
Moreover, dectin-1 activation on LCs and DCs could possibly overcome the immune 
suppression observed after burn injury. ! is knowledge could be used to improve 
wound healing and to improve skin disease treatments, such as eczema, psoriasis or skin 
allergies.
 I have identi" ed a cellular ligand for langerin, and show that this ligand 
-hyaluronic acid- is important in cellular interactions between LCs and DCs, and 
between LCs and KCs. ! ese interactions are important in immune responses as well 
as migration of LCs. ! ese data provide new insights for epidermal vaccination, since 
targeting LCs in epidermis also targets DCs in dermis. Furthermore, hyaluronic acid is 
present in the extracellular matrix as well as expressed by other cell-types. Further studies 
are necessary but these data suggest that LC interactions might be governed primarily by 
langerin as a speci" c adhesion receptor on LCs. ! e fundamental knowledge of LC and 
DC immuno-biology could be used in strategies to combat not only HIV-1, but also 
other viral, bacterial or fungal infections, cancer and auto-immune diseases.
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Introductie
In weefsels die in contact staan met de buitenwereld, zoals de huid, de luchtwegen en de 
slijmvliezen, bevinden zich antigeen presenterende afweercellen, zoals Langerhanscellen 
(LCs) en dendritische cellen (DCs). LCs bevinden zich tussen keratinocyten (KCs) in de 
epidermis of opperhuid, terwijl DCs zich in de dermis of lederhuid bevinden. Zowel LCs 
als DCs brengen patroon herkennende receptoren tot expressie die ziekteverwekkers, 
zoals bacteriën, virussen en schimmels, herkennen. C-type lectine receptoren herkennen 
koolwatersto= en van ziekteverwekkers, nemen de ziekteverwekker op in de cel, en 
induceren activatie van de LC of DC. Geactiveerde LCs en DCs migreren van het weefsel 
naar de lymfklieren om T-cellen te activeren, die zorgen voor de adaptieve afweerreactie 
en het onschadelijk maken van de ziekteverwekker. 
 Het evenwicht tussen de afweerreactie en de intensiteit van de ontsteking 
bepaalt in grote mate de kwaliteit van wondgenezing en hoe e  ̂ ciënt de ziekteverwekker 
onschadelijk wordt gemaakt. Deze balans is erg van belang tijdens wondgenezing 
omdat te veel ontsteking littekenvorming tot gevolg heeft, en te weinig ontsteking tot 
infectie leidt. Sommige ziekteverwekkers hebben zelfs manieren ontwikkeld om het 
afweersysteem te omzeilen. Dit is het geval bij HIV-1 infectie: het afweersysteem is niet 
in staat om HIV-1 uit het lichaam te bannen. Langerin is een C-type lectine receptor die 
op LCs voorkomt. Langerin herkent HIV-1 en zorgt dat het virus in LCs opgenomen 
wordt waardoor T-cellen niet geïnfecteerd raken. In dit proefschrift hebben we de rol van 
keratinocyten, Langerhanscellen en dendritische cellen onderzocht bij wondgenezing, 
ontsteking en infectie. 

Resultaten
Brandwonden worden veroorzaakt door contact van de huid met vuur, hete voorwerpen 
of heet water. Dit veroorzaakt weefselschade en een hevige ontstekingsreactie wat leidt tot 
hypertrofe littekens. Hoewel de brandwond lokaal ernstig ontsteekt, is het systemische 
adaptieve afweersysteem erg verzwakt. Daardoor is het risico op bacteriële infecties en 
complicaties zoals sepsis erg groot bij brandwondpatiënten. 
 In hoofdstuk 3 onderzoeken we de functionaliteit van LCs en DCs in verbrande 
huid. Menselijke huid is verbrand met de ‘Human Ex vivo Temperature Regulating-
Machine’ (HEAT-M) en we ontdekken dat zowel LCs als DCs uit verbrande huid niet 
meer functioneren. LCs en DCs uit verbrande huid leven nog maar activeren T-cellen niet 
meer, terwijl LCs en DCs uit gezonde huid dit nog wel doen. Daarbij scheidt verbrande 
huid een ‘verbrandingsfactor’ uit die gezonde DCs nog verder onderdrukken bij het 
activeren van T-cellen. Deze data suggereren dat de afweerreactie en de wondgenezing 
verstoord zijn na verbranding. Deze resultaten zouden het verlaagde systemische 
afweersysteem kunnen verklaren bij patiënten met brandwonden. 
 In hoofdstuk 4 onderzoeken we een manier om wondgenezing te verbeteren. 
KCs, LCs en DCs brengen allemaal de C-type lectine dectin-1 tot expressie. Dectin-1 
herkent speci" eke schimmel beta-glucaan-koolwatersto= en die LCs en DCs kunnen 
activeren. In dit hoofdstuk is het e= ect van beta-glucanen op KCs onderzocht. Huid
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werd verbrand met de HEAT-M en deze huid is 14 dagen in de aan- of afwezigheid van 
beta-glucanen gekweekt. We zien dat beta-glucanen zorgen voor betere KC deling en 
migratie, waardoor de wond sneller dichtgroeit. Vervolgens onderzochten we de werking 
van beta-glucanen op wondgenezing in een varkensmodel, maar beta-glucanen hebben 
geen e= ect op de wondgenezing van varkens. In conclusie: beta-glucanen hebben een 
positief e= ect op wondgenezing bij een menselijk ex vivo model, maar de e= ecten op het 
in vivo varkensmodel moeten nog beter onderzocht worden.
 In hoofstuk 5 ontrafelen we de moleculaire mechanismen die ten grondslag 
liggen aan LC-DC interactie. In geactiveerde huid migreren LCs naar de dermis waar 
ze contact maken met DCs. In vitro clusteren LCs en DCs sterk en deze data suggereert 
dat LCs en DCs contact maken en informatie uitwisselen. We ontdekken dat de 
C-type lectine receptor langerin heel sterk aan de koolwaterstof hyaluronzuur bindt. 
LCs en DCs zijn ook aanwezig in vaginale slijmvliezen en voorhuid, en zijn daarom de 
eerste afweercellen die met HIV-1 in aanraking komen bij seksueel contact. Daarom 
hypothetiseren we dat LCs wellicht informatie of antigenen door kunnen geven aan 
DCs. In dit hoofstuk laten we zien dat LCs HIV-1 zeer e  ̂ cient opnemen, maar dat 
LCs geen T-cellen activeren. Maar als je LCs kweekt met DCs, kunnen DCs antigenen 
overnemen en wel T-cellen activeren. Deze data laten zien dat LCs en DCs clusteren via 
langerin en hyaluronzuur en dat deze interactie nodig is om antigenen door te geven 
voor het induceren van T-cel activatie. Dit onderzoek kan gebruikt worden bij het 
ontwerpen van vaccins tegen HIV-1, maar ook tegen andere ziekteverwekkers. 
 In hoofstuk 6 laten we zien dat LCs ook met KCs interacteren via langerin en 
hyaluronzuur. Het grootste gedeelte van de epidermis bestaat uit KCs met hyaluronzuur 
aan hun celoppervlak. Activatie van LCs leidt tot het opreguleren van de enzymen 
hyaluronidase-1 en -2, die op hun beurt hyaluronzuur van het oppervlak van de 
KC kunnen knippen waardoor LCs naar de dermis kunnen migreren. Ook LC-DC 
clustering wordt gereguleerd door deze twee enzymen. We beschrijven in dit hoofdstuk 
hoe de interactie tussen langerin en hyaluronzuur in de opperhuid en lederhuid, en dus 
hoe LC migratie, gereguleerd wordt.
 In hoofdstuk 7 brengen we de opname- en degradatieroute van HIV-1 in kaart. 
Dr. Birbeck ontdekte tennisracket-achtige structuren in LCs in 1961, die langerin-
positief bleken te zijn en die ‘Birbeck granules’ werden genoemd. LCs kunnen HIV-1 
opnemen via langerin in Birbeck granules, waar het virus waarschijnlijk afgebroken 
wordt. Wij hebben in hoofdstuk 7 de origine van Birbeck granules achterhaalt: het zijn 
caveolin-1 positieve vesicles zijn die tot de caveolaire opnameroute behoren. Door deze 
opnameroute te blokkeren neemt de HIV-1 DNA integratie in het DNA van de LC toe. 
Daarom suggereren deze data dat de opname route via langerin en caveolin-1 belangrijk 
is bij de afbraak van HIV-1. Deze data geven nieuw inzicht in de mechanismes die ten 
grondslag liggen aan HIV-1-infecties en kunnen gebruikt worden om HIV-1 preventie 
strategieën te verbeteren.
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Algemene implicaties
In dit proefschrift heb ik de rol van LCs, DCs en KCs beschreven in wondgenezing, 
ontsteking en infectie. Het herstellen van de functie van LCs en DCs bij patiënten 
met brandwonden zou kunnen leiden tot betere wondgenezing. Daarbij heb ik laten 
zien dat dectin-1 activatie op KCs wondgenezing verbetert doordat KCs gaan delen en 
migreren. Koolwatersto= en, zoals beta-glucanen, kunnen in crèmes of brandwondenzalf 
verwerkt worden. Bovendien zou dectin-1 activatie van LCs en DCs de onderdrukking 
van het afweersysteem kunnen doorbreken. Deze kennis kan gebruikt worden om 
wondgenezing te verbeteren, maar kan ook toegepast worden op andere huidziekten, 
zoals eczeem, psoriasis of huidallergieën. 
 Ik heb een cellulair ligand voor langerin ontdekt, en laten zien dat dit ligand 
- hyaluronzuur - belangrijk is in het mediëren van cellulaire interacties tussen LCs en 
DCs, en tussen LCs en KCs. Deze interacties zijn belangrijk voor het induceren van 
afweerreacties, maar ook voor de migratie van LCs. Deze kennis kan worden gebruikt 
voor het ontwerpen van e  ̂ ciënte epidermale vaccinaties, omdat het activeren van LCs 
ook leidt tot DC activatie. Daarbij is hyaluronzuur niet alleen aanwezig op KCs en 
DCs, maar is hyaluronzuur ook aanwezig op andere celtypes en is het aanwezig in de 
extracellulaire matrix. Aanvullend onderzoek is nodig, maar de data in dit proefschrift 
suggereren dat langerin een adhesiereceptor is die LC interacties in het lichaam 
controleert. De fundamentele kennis over LC- en DC-immunobiologie kan gebruikt 
worden om niet alleen HIV-1 te bestrijden, maar ook om andere virale, bacteriële of 
schimmelinfecties, kanker en auto-immuunziekten te bestrijden.
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Mijn promotietraject zit erop! In deze vier jaar hebben collega’s, vrienden en familie mij 
geholpen en bijgestaan. Graag wil ik alle mensen bedanken die hebben bijgedragen aan 
de totstandkoming van dit proefschrift. Een luisterend oor of juist wetenschappelijke 
input: ik ben hier gekomen mede dankzij de mensen om mij heen. 

Allereerst wil ik mijn promotor ! eo bedanken. Als bijna afgestudeerd masterstudent 
zocht ik binnen de afdeling Moleculaire Celbiologie en Immunologie (MCBI) van het 
VUmc naar een promotieplek over ‘iets met dendritische cellen’. Jij had net een project 
van de brandwondenstichting binnengehaald en ik mocht de baan hebben. Bedankt 
voor de begeleiding de afgelopen vier jaar en voor alle vrijheid en ruimte die ik heb 
gekregen om projecten op te zetten en uit te voeren. Af en toe had ik een positieve 
peptalk nodig omdat ik de data te kritisch bekeek, en die gaf je dan ook. Jouw deur 
stond altijd open voor vragen, tips, trucs en kritische feedback. Daarnaast hebben we 
veel lol gehad om biologische woordgrappen (jij zit langerin dit vakgebied dan ik) en 
tijdens de congressen waar ik heen mocht: Madeira, Berlijn, Innsbruck en als fantastische 
afsluiter Zuid-Korea. Je hebt in korte tijd bewonderenswaardig grote carrièresprongen 
gemaakt. Zo verhuisden we als groep van het VUmc naar het AMC in verband met een 
aangeboden hoogleraarschap. En vervolgens ben je hoofd van de afdeling Experimentele 
Immunologie op het AMC geworden. ! eo, bedankt voor de afgelopen vier jaar en heel 
veel succes met de Host Defense groep, en het runnen van de afdeling EXIM. 

Graag wil ik mijn voltallige leescommissie bedanken voor de tijd en aandacht die ze aan 
mijn proefschrift hebben geschonken.

Mijn promotie begon op het VUmc bij groep Rood van Yvette van Kooyk bij het MCBI. 
Iedereen van groep Rood, maar ook Blauw, Groen en Geel: bedankt voor het warme 
welkom en de lol die we hadden. Het was een zachte overgang van het studentenbestaan 
naar een werkend bestaan, onder andere door de fantastische AIO-weekenden en de 
vrijdagmiddagborrels met bitterballen in de ko  ̂ ekamer. Al mijn kamergenootjes op de 
Miepenkamer bedankt voor de gezelligheid en het geklets. 
 Op het AMC kwamen we (de Host Defense groep) bij de afdeling Experimentele 
en Moleculaire Geneeskunde (CEMM) van Tom van der Poll terecht. Alle CEMM’ers 
bedankt voor de gezellige tijd, de koekjes op vrijdag, de kerst-CEMMposia en de om-
de-weekelijkse CEMMinars. Ik wil in het bijzonder mijn kamergenootjes van F0-117 en 
mijn kamergenootjes van G2-105 bedanken voor de gezelligheid. 

Mijn twee paranimfen, Marein en Michiel: jullie waren de twee AIO’s die er aan het 
begin van mijn promotietraject waren, en jullie zijn nu de twee doctoren die naast 
me staan aan het eind van mijn promotietraject. De tofste ‘vakantie’ met jullie was 
toch wel het Langerhanscel-congres op Madeira. Met als hoogtepunten het zwemmen 
in de pauzes, de nerderige foto bij het graf van Paul Langerhans en mijn duik in de 
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levada :). Marein, jij hebt me fantastisch begeleid door alles uit te leggen, (aan) te leren 
en mee te denken. Je betrokkenheid is heel groot als het gaat om het onderzoek, maar 
ook bij de journalistiek en vacatures zoeken. We hebben altijd genoeg stof om over 
bij te kletsen. Dankjewel daarvoor! Michiel, bij jou kan ik altijd stoom afblazen en 
we hebben altijd veel lol. Speed-huid-opwerken (‘ja, we moeten nu weer scheiden’), 
ko  ̂ etjes drinken en bij elke situatie bedachten we wel een liedje. Jij staat altijd klaar om 
mensen te helpen en hield gelukkig het hoofd koel bij een crisis-situatie met confocal-
sofware, waarbij ik echt dacht alle plaatjes kwijt te raken. Marein en Michiel, het is me 
een eer dat jullie naast me staan tijdens mijn promotie!

Sonja, onze signaleringsexpert en onuitputtelijke vraagbaak. Bedankt voor de mooie 
tijd in de HD groep en voor je kritische blik op mijn manuscripten. Succes met al het 
onderzoek bij EXIM! 
 Esther, we hebben anderhalf jaar intensief samengewerkt. LCs isoleren, Western 
blotten, clusteren (clutseren), FACSen, PCRren, scratchen: jij draait je hand er niet voor 
om. Keratinocyte’jes kweken is jouw ding geworden. Je moet ze echt aanvoelen: plakken 
ze wel, of juist niet, groeien ze lekker door, of juist niet. We hebben samen een heleboel 
data gegenereerd! Je bent nuchter en heel direct waardoor we volgens mij precies wisten 
wat we aan elkaar hadden. We hebben ook veel lol gehad. Bedankt dat je me zo veel 
geholpen hebt!
 Annelies en Brigitte, bedankt voor alle ko  ̂ etjes en goede gesprekken. Omdat 
we in hetzelfde promotieschuitje zitten hadden we altijd veel te bespreken. Ik vind het 
nog steeds een prestatie dat Pullie het pootje van een wijnglas af kon breken :). We 
hebben een hoop lol gehad met karaoke, de AIO-weekenden en dagjes uit. Annelies, de 
cover is er mede dankzij het Elsie-Keessie-Daisy mopje dat wij bij de ko  ̂ eautomaat na 
mijn presentatie bedachten. Succes met jullie projecten! 
 Carla en Angelic, in mijn laatste jaar zijn jullie met mij heel speci" ek de HIV 
wereld in gedoken. Jullie enthousiasme en ervaring werkt aanstekelijk. Carla, jij denkt 
heel snel en je denkt altijd mee. De brainstormsessies over HIV-1 opname waren heel 
leuk: white-boarden vol! ! ank you very mutz for all the integration experiments! 
Angelic, jij hebt me op het ML-III ingewerkt en alle T-cel-kloon-kneepjes geleerd. Gist, 
cellen op de plaat in de _ ow en de slopende 12-uurs experimenten konden ons niet 
stoppen. Ook bedankt voor de goede gesprekken. Zullen we echt een keer een EK-6-
well-penalty-schieten organiseren? Kan niet missen toch? Korea met jullie was helemaal 
top. Succes in jullie verdere loopbaan meiden!
 Agata, thank you for your bright input and discussions. In Innsbruck we had a 
lot of fun and we showered in alphabetical order (A - C - L). Still, I feel guilty that we 
took all your blood for the T cell clone experiments. But thanks to you, Angelic and I 
could perform the T cell clone essays. We owe you big time!
 Daniele, Ramin and Saeedeh thanks for the discussions and fun we had in the 
lab. Ramin, I will never forget how we lost our luggage on the way to Madeira. ! ey 
just decided to leave the luggage in Lisboa in stead of transferring it onto the plane to 
Madeira. ! anks for genotyping me Daniele, now I know my CCR5-t 32 status (I’m 
still happy with that :).
 

Dankwoord
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Tanja, Sietske en Joris bedankt. Sietske, jij bent altijd enthousiast en samen met 
Tanja hebben we lekker de AMC-loop hardgelopen. Tanja typeert alles wat er maar te
typeren valt. Jij hebt heel wat homo’s, hetero’s en wild types langs zien komen :). Joris, 
jij bent een wandelende pratende encyclopedie en we hebben een hoop lol op het lab en 
in Korea gehad. Je hebt het Clec5A virus _ ink te pakken gekregen. Of dengue jij daar 
anders over? Succes met je project, ik weet zeker dat er mooie dingen uitkomen!
 Bianca en Esther, in Korea heb ik jullie beter leren kennen, en daar ben ik heel 
blij mee.  We hebben een topvakantie gehad met Angelic, Carla en Joris. “Promoveren is 
trouwen in je eentje”, waren jullie woorden. Ik ga het meemaken, en ben erg benieuwd.  

Tijdens mijn promotie heb ik samengewerkt met een aantal onderzoeksgroepen van 
de Vereniging Samenwerkende Brandwondencentra Nederland in Beverwijk, het 
VUmc en het AMC in Amsterdam, het LUMC in Leiden en de Marie en Pierre Curie 
Universiteit in Parijs. Magda, Nelleke en Marcel bedankt voor alle input en de in vivo 
experimenten die we gedaan hebben. Vincent en Wikky bedankt voor jullie hulp bij de 
elektronen microscopie. Je hebt de cryo EM goed aan de praat gekregen Wikky! Arnaud 
et Sylvain, merci beaucoup pour votre hospitalité et votre soutien et implication dans 
les experiments. Lot en Donna, heel leuk dat we jullie EM data van de VU ook nog 
hebben kunnen verwerken. Prof. Tom Ottenho=  en Susanna (Suus), bedankt voor de 
tuberculose T-cel-kloon experimenten in Leiden. 

Alle medewerkers van het Boerhaave Medisch Centrum, Prof.  C.M.A.M. van der Horst 
(AMC, plastische chirurgie), Dr. A. Knottenbelt en OK assistentes (Flevoziekenhuis) 
wil ik erg graag bedanken voor het materiaal dat beschikbaar werd gesteld voor 
het onderzoek. Doordat we met menselijke huid werken, zitten we erg dicht bij de 
werkelijkheid en daardoor heb ik minimaal van proefdieren gebruik hoeven te maken. 
 Maria, ontzettend bedankt voor alle huidvervoer. We zijn hartstikke blij met 
het werk dat U verricht. 

De maiden mogen in mijn dankwoord niet ontbreken. An, Roos, Mas en Riek met jullie 
is het altijd gezellig. De mooie uitjes, weekendjes weg en eetdates zijn heel waardevol. Af 
en toe lekker mijn hart luchten bij jullie helpt een hoop. Het is echt tof en bijzonder dat 
we elkaar al zo lang kennen, door dik en dun. Dat koester ik!
 En natuurlijk wil ik ook mijn molmaatjes Floor (FosFloor), Brechje (B-reg) en 
Suus (nogmaals :) bedanken. Alle correlaties, a-binomiale grappen, antigeen-presentjes 
op mijn verjaardag en de rest van de  ontelbare nerdengrappen (CaveoLin (easy), C-type 
LectLin en LangerLin) hebben me er doorheen gesleept. 
 Renée,  Anouk, Tamara en Sil, bedankt voor de gezellige dingen die we doen. Met 
Renée mee naar de Toppers, een knippie in Hensbroek of een musical in Scheveningen. 
 Lydia, jij verdient ook een mooi plekje in dit dankwoord. We kennen elkaar 
nog van de studie en zijn allebei een promotie bij het MCBI begonnen. Jij als groentje, 
ik als roodje. Ik bewonder je doorzettingsvermogen en de kracht om iedere keer 
nieuwe uitdagingen aan te gaan. Het is heerlijk om samen over de valkuilen van het 
promotieonderzoek te spuien en ze vervolgens te relativeren. Bedankt!
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Mijn lieve schoonfamilie: Nico en Marian, Jos en Karen (Fiene en Nout) en Stef en 
Yvonne ook bedankt. Ik ken jullie nu al heel lang en voel me helemaal thuis bij jullie. 
De topper was wel de mooie vakantie naar Turkije met zijn allen. Wat Nico’s ogen zien 
maken zijn handen, bedankt voor al je werk in ons nieuwe huis Nico! Fiene, bedankt 
voor je mooie tekeningen en post. 

Ik wil ook mijn opa’s en oma’s noemen. Oma ten Broeke neemt een speciaal plekje in 
in mijn leven. Net als Opa ten Broeke en Opa en Oma van den Berg, die overleden 
zijn. Mijn ouders zeggen vaak: Linda is een echte Van den Berg. Dat vind ik een groot 
compliment. 

En dan een speciaal bedankje voor de mensen op wie ik heel trots ben: mijn ouders, 
mijn zus en broer. Lieve pap en mam, bedankt voor de onvoorwaardelijke steun en 
aanmoedigingen, voor alles dat jullie voor mij hebben mogelijk gemaakt. Jullie zijn 
voor mij een voorbeeld van up-to-date blijven, bijscholen en cursussen volgen voor 
zelfverbreding en kennisvermeerdering. Jullie laten je niet uit het veld slaan door een 
tegenslag. Pap, in mijn ogen weet jij overal wat vanaf: vroeger vroeg ik je alles over 
wiskunde en natuurkunde, en nu over hypotheken, aansluitingen, elektra, computers en 
noem maar op. Tes en San, ik ben ook heel trots op jullie. Bedankt voor het luisterend 
oor. Jullie staan positief in het leven met jullie studies en werk, en samen hebben we 
altijd een hoop lol. Chris, mijn zwager, mede-stipper en hardloopmaatje: jij kunt heel 
goed motiveren en relativeren, bedankt daarvoor!

Lieve Mark, bedankt voor alles. Bedankt dat je bent wie je bent. Het is heel " jn dat 
jij met beide benen op de grond staat en mij als het nodig is ook weer even met beide 
benen op de grond zet. Mijn promotie heeft veel veerkracht van jou gevraagd, maar je 
laat me altijd mijn gang gaan. Je steunt me altijd. Jouw humor en nuchtere kijk op het 
leven heb ik nodig. We hebben samen een heleboel mooie dingen in het verschiet liggen 
en daar heb ik heel veel zin in!

Dankwoord
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Ik sluit mijn proefschrift af met een paar (aangepaste) spreekwoorden en gezegden die 
van toepassing zijn op mijn promotietraject:

- Pipetteren is een regelmatig werkwoord
- Eén experiment is geen experiment
- Het ‘laatste experiment’ bestaat niet
- Waar een wil is, is een weg
- Wie A zegt, moet ook B zeggen
- De kortste weg van A naar B is een rechte lijn
- De boog kan niet altijd gespannen staan
- Haastige spoed is zelden goed
- De laatste loodjes wegen het zwaarst
- Een mens lijdt het meest door het lijden dat hij vreest
- Tijd heb je niet, tijd maak je
- Komt tijd komt raad
- Van uitstel komt afstel
- Beter ten halve gekeerd, dan ten hele gedwaald
- De tijd die alle wonden heelt
- Voorkomen is beter dan genezen (zoals brandwonden en HIV-1 infectie)
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