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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.



1

General Introduction

11

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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