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1.1 Skin biology 

The skin is the largest organ of the human body and is the first barrier to 
harmful environmental factors. It protects the internal organs from ultraviolet (UV) 
radiation, anti-oxidants and microorganisms. In addition to these protective functions, 
the human skin also acts as a sensory organ and is the primary regulator of body 
temperature.  
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The skin consists of three tissue layers, which are constantly being 
regenerated. The deepest layer of the skin is called the hypodermis and is composed 
of adipose connective tissue. The dermis represents the middle layer of human skin 
and can be divided into the papillary and reticular dermis. The reticular dermis is 
characterized by collageneous and elastic fibers. It contains blood- and lymphatic-
vessels (composed of endothelial cells), nerves (composed of neurons), sweat 
glands, sebaceous glands, hairfollicles, and immune cells (a.o. macrophages and 
dendritic cells (DC)). Fibroblasts, the primary cell type in the dermis, are involved in 
the preparation and synthesizing of the extracellular matrix (ECM), which provides a 
scaffold for macrophages and mast cells. The papillary dermis physically supports the 
epidermis, which is the outermost layer of the human skin. Keratinocytes are the main 
cell type of the epidermis. The epidermis is divided in a stratum basale, stratum 
spinosum, stratum granulosum, and stratum corneum (SC) (see figure 1.1). The 
stratum basale is composed of cubic keratinocytes, and is responsible for the constant 
renewal of epidermal cells. Melanocytes are melanin-producing cells, which are 
located in-between the keratinocytes in the stratum basale of the epidermis. Melanin 
is a pigment which is primarily responsible for the color of skin. The stratum spinosum 
together with the stratum granulosum, are the suprabasal layers of the epidermis. 
Within these cell-layers, the immune-competent cells (i.e. dendritic cells (DC)) of the 
epidermis are located. These cells are called Langerhans cells (LC), and are 
described in section 1.3.1. The SC is responsible for the barrier function of the 
epidermis, as it controls transcutaneous movement of water and other electrolytes [1]. 
The SC is the non-viable outermost layer of the skin, composed of terminally 
differentiated, dead keratinocytes filled with keratin, that have migrated up from the 
stratum granulosum. These flat anucleated squamous cells surrounded by a cell 
envelope composed of cross-linked proteins and a covalently bound lipid envelope, 
are called corneocytes, and are interconnected by desmosomes [2]. In the 
intercellular spaces of the SC, lamellar sheets are present, which are thought to 
provide the barrier property of the epidermis. These lamellar sheets are composed of 
ceramides, a structurally heterogeneous and complex group of sphingolipids 
containing derivatives of sphingosine bases in amide linkage with a variety of fatty 

Figure 1.1. Anatomy of human skin (adapted from http://www.labtechindia.net/human-skin-1562.html) 
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acids [3]. Perturbations in the epidermal permeability barrier are considered to be a 
primary pathophysiologic factor for many skin diseases, such as atopic dermatitis and 
psoriasis. The barrier can be disrupted upon exposure of the skin to chemicals, which 
causes contact dermatitis.  

 
1.2 Contact dermatitis 

Contact dermatitis (CD) is a common health 
problem, which affects both men and women and 
accounts for 85-90% of all skin diseases. Two main 
types of contact dermatitis can be distinguished, 
according to the pathophysiological mechanisms 
involved, i.e. allergic- and irritant- CD. Allergic- CD 
(ACD) requires the activation of antigen specific 
acquired immunity leading to the development of 
effector T-cells, which mediate skin inflammation 
[4,5]. Irritant- CD (ICD) is due to pro-inflammatory 
and toxic effects caused by exposure to xenobiotics 
activating an innate local inflammatory reaction 
[4,6]. 

 
1.2.1 Allergic Contact Dermatitis 

ACD develops in two phases, which are 
defined as the sensitization and elicitation phase 
[7,8]. During the sensitization phase, haptens penetrate into the skin, which can either 
induce DC activation by signaling cascades directly or form complexes with skin 
proteins resulting in hapten-carrier protein complexes [9-11]. These hapten-protein 
complexes are taken-up by skin resident antigen presenting cells (APC), called the 
Langerhans cells (LC) [12]. These hapten-loaded LC become activated and migrate to 
the paracortical area of the regional lymph nodes (LN), where they display the 
allergenic epitope to naïve T-cells [13,14]. This results in expansion and differentiation 
of allergen reactive T cells, thereby forming specific effector and memory T cells, 
which migrate via the efferent lymphatics into the bloodstream and recirculate through 
the body [15]. Re-exposure to the specific hapten initiates the elicitation phase. At the 
allergen contact site in the skin, APC can directly present hapten to recirculating 
allergen specific memory T cells. This results in release of pro-inflammatory cytokines 
and chemokines by epidermal cells. These mediators lead to further attraction of non-

specific T cells and other 
inflammatory cells, finally initiating 
the clinical manifestation of ACD 
[5,16]. 

To cause sensitization, a 
compound has to penetrate the 
skin. Once the chemical has 
penetrated the skin it may be 
metabolized, and it may react with 
cell surface proteins to form new 
chemical structures that are 
recognized as foreign. Electrophilic 
(electron-poor) compounds are able 
to react with biological nucleophiles 
(electron-rich) to form extremely 
stable covalent bonds1 or 
coordination complexes2 (box I). 
These very strong covalent bonds Figure 1.2. Nucleophilic amino acid structures  

BOX I 
1 Covalent bonds: 

Two atoms that share a pair of 

electrons. 
2 Coordination complexes: 

Nucleophiles that transfer part of 

their electron density to metals or 

metal salts. 
3 Hapten: 

Low molecular weight chemical 

agent with the ability to induce an 

immune response when 

conjugated to a carrier protein. 
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and sufficiently stable coordination complexes may lead to the triggering of delayed 
hypersensitivity [17]. The more solid the bonds are, the stronger the sensitizing 
capacity of the hapten3 (box I) [17]. Generally, proteins can be considered as 
nucleophilic, which enables then to react with electrophilic allergens (allergens). 
Haptens frequently bind to the amino-acid residues lysine and cysteine, although 
amino-acids containing nucleophilic hetero-atoms, such as histidine, methionine and 
tyrosine, can also react with electrophiles (figure 1.2) [18,19]. In addition, the skin 
forms a site of many metabolic processes. The chemical structure of so-called 
prohaptens, can be transformed into haptens via enzymatic hydroxylation systems or 
non-enzymatic processes (atmospheric oxygen or UV irradiation) [20]. A hapten could 
also cause so-called cross-allergy. During this process a patient allergic to one 
component will also tend to be allergic to a similar component. This could be either 
due to structural similarities between haptens or because haptens are metabolized 
into a similar compound [21]. 

 
1.2.2 Irritant Contact dermatitis 

ICD is a localized acute inflammatory reaction of the skin caused by a single, 
repeated or continued application of an irritant. Two main mechanisms of skin irritation 
exists. Irritants can destroy of the horn layer or disrupt the skin barrier. Both result in 
direct contact of the irritant with keratinocytes. These compounds are toxic for 
keratinocytes, rapidly activate them to produce and release various cytokines, growth 
factors, and pro-inflammatory mediators [22]. This in turn triggers chemokine release 
resulting in recruitment and infiltration of immune competent cells (e.g. lymphocytes, 
eosinophils, macrophages, neutrophils) to the site of irritation [23]. Immune competent 
cells support the impairment of the skin and eliminate the penetrating chemicals.  

The irritant action of a substance depends on its ability to disrupt the barrier 
function of the outer layer of the skin. Disruption of this barrier can trigger ICD, a multi-
factorial event resulting from exposure of the skin to irritants (e.g. acids, bases, fat-
dissolving solvents, surfactants). Concentration, volume, repeated/single application, 
time and duration of irritant exposure to the skin will determine the outcome. Solvents 
such as alcohol or xylene remove lipids from the skin, producing direct irritant contact 
dermatitis and rendering the skin more susceptible to other cutaneous irritants, such 
as surfactants (e.g. detergents, soaps). Exposure to the surfactant sodium dodecyl 
sulphate (SDS) leads to an alteration in the synthesis of new lipids, resulting in 
disturbance of lamellar body lipid extrusion [24]. Acetone causes increased 
keratinocyte proliferation in the basal cell layer [25]. Once the irritant has entered the 
skin, differences in transepidermal water loss (TEWL) are measurable. TEWL 
readings are increased during ICD, indicative for a loss of functional integrity of the 
skin barrier. The recovery time for TEWL readings after irritant insult can take more 
than three weeks [26]. 
 
1.3 Cutaneous Dendritic cells 

DC are professional APC. They can stimulate T-cell responses very efficiently 
and are therefore important for the initiation and regulation of antigen-or hapten-
specific immune responses [27-29]. Optimally activated DC are able to induce a 
primary immune response as well as immunological memory. Cutaneous DC develop 
primarily from haematopoietic stem cells in the bone marrow (BM) via myeloid 
precursors (figure 1.3). These cells are able to differentiate into dermal (interstitial) DC 
(DDC), in a granulocyte/monocyte-colony stimulating factor (GM-CSF) and interleukin 
(IL)-4 dependent fashion. In addition, these cells can also differentiate into epidermal 
DC (LC), in a GM-CSF and transforming growth factor (TGF)-beta dependent fashion 
[27,28].  
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1.3.1 Langerhans cells 
In 1868, Paul Langerhans identified dendritic shaped cells in the skin, which 

were called “Langerhans cells”. LC reside predominantly within the suprabasal layer 
of the human epidermis between the keratinocytes and form a network capable of 
efficiently trapping incoming xenobiotics [30]. On the ultrastructural level, LC are 
characterized by their Birbeck granules (BG), which are unique cytoplasmic rod-
shaped organelles named after their discoverer. The formation of BG is mediated by 
the C-type lectin langerin (CD207), a key marker since it is expressed only on LC [31]. 

It is assumed that LC have no single origin. Katz et al. showed that LC 
originated from the BM, by using mouse bone marrow chimaeras. Three months after 
BM transplantation of mice, 85% of the LC expressed the donor marker whereas the 
keratinocytes still showed the host marker [32].Other reports showed that LC are able 
to replicate in the epidermis [33,34]. 
Furthermore, Larregina et al. 
described dermal CD14+ cells that 
already express Langerin and are 
able to acquire features of LC when 
cultured with TGF-beta [35]. In 
particular, Merad et al. have shown 
that in lethally irradiated mice that 
had received BM transplants, LC of 
host origin remained for at least 18 
months, whereas DC in other 
organs were almost completely 
replaced by donor cells within two 
months. However, in skin exposed 
to UV light, LC rapidly disappeared 
and were replaced by circulating LC 
precursors within two weeks [36]. In 
summary, under steady-state 
conditions, the replacement of 
human epidermal LC from BM-
derived precursors occurs very 
slowly, if at all. In contrast, 
inflammation induces replacement 
of emigrated LC, by blood-born LC 
progenitors (monocytes) or local 
replication of LC.  

Several studies describe an 
essential role of CCR6 in mediating 
migration of LC precursors towards the epidermis [37]. CCR6 is highly expressed on 
immature LC, and is the chemokine receptor for the ligand CCL20 (MIP-3α) [38]. 
CCL20 is mainly produced by KC in clinically normal human skin [39,40]. Beside 
CCL20, epidermal KC secrete a number of other C-C and C-X-C chemokines, among 
others CCL5 [41], CCL27 (CTACK) [39], and CXCL14 (BRAK) [42]. CD1a+ DC 
migrate very efficiently towards CCL5 [43]. Furthermore, evidence exist for the 
presence of the CCL27 receptor (i.e. CCR10) on human skin-derived LC [44]. Finally, 
loss of CXCL14 expression was associated with low infiltration of DC [45]. These 
observations are all indicative for potential roles of CCL5, CCL20, CCL27, and 
CXCL14 in the attraction of immature LC towards the epidermis. 

Several in vitro LC differentiation models have been developed from different 
precursor subsets. In 1992, Caux et al. could develop LC from human cord blood 
CD34+ cells cultured with GM-CSF and tumor necrosis factor (TNF)-alpha [46]. 
Furthermore, adult human peripheral blood precursors have been described to 
differentiate into LC after incubation with various cytokine cocktails: (i) CD34+ cells 

 
 
 
 
 
 
Figure 1.3. CD34+ 
haematopoietic stem 
cells differentiate into 
myeloid precursor cells, 
which in turn could 
develop into two different 
populations of blood 
precursors: CD14+CD1- 
and CD14-CD1+. The 
First precursor population 
could give rise to 
interstitial DC (IDC), 
whereas the latter 
population could 
differentiate into LC upon 
endogenous stimulus. 
Upon exposure to 
exogeneous stimulus 
both IDC and LC can 
become mature. 
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which are CD33+/CD11b+/CD14-, cultured with GM-CSF/IL-4/SCF/IL-1beta/IL-3/IL-
6/EPO [47]; (ii) CD34+ cells expressing the skin-homing receptor CLA, cultured with 
GM-CSF/TNF-alpha [48]; (iii) the CD1c+/CD11c+/CD14- subset of human blood DC 
cultured with GM-CSF/TGF-beta/IL-4 [49]; and (iv) CD14+ monocytes, cultured with 
GM-CSF/TGF-beta/IL-4 [50], GM-CSF/TGF-beta/IL-13 [51], or GM-CSF/TGF-beta/IL-
15 [52]. Beside these blood-derived LC precursors, also one human cell line has been 
described to give rise to LC-like cells: MUTZ-3 which is discussed below (section 
1.5.4). 
 
1.3.2 Dermal dendritic cells 

Another major skin-resident innate immune cell subset comprise the dermal 
DC (DDC), which were identified more than 120 years after LC were discovered [53]. 
These cells reside in the dermal compartment and are characterized by coagulation 
factor XIIIa in normal and inflamed skin [54,55]. These cells also are professional APC 
that have been recognized as crucial regulators of the cutaneous adaptive immune 
response in humans and mice [56]. Furthermore, DDC express the macrophage 
mannose receptor (MMR/CD206), DC-specific ICAM grabbing non-integrin (DC-SIGN) 
[57,58], and the class B scavenger receptor CD36 (SCARB3) [53]. Initially, DDC were 
thought to be a homogeneous population. However evidence now exists for a more 
heterogeneous dermal DC population [59,60]. Based on the expression of CD1a and 
CD14, three different DDC populations could be identified: a CD1a+CD14- subset (15-
20%), a CD1a-CD14+ subset (10-15%), and CD1a-CD14- (65-70%) [61,62]. Under 
steady-state conditions, CD1a+ DDC display an activated, proinflammatory, and 
migratory profile, characterized by expression of co-stimulatory factors (e.g. CD40, 
CD54, and CD80) and maturation-related chemokine-receptors (e.g. CXCR4 and 
CCR7) [63]. In agreement with these results, most CD1a+ DDC and some of the 
CD14+ DC readily express CCR7 at their surface [62].In contrast, the CD1a-CD14+ 
subpopulation showed a much weaker capacity of stimulating resting T cells, as 
compared to the CD14- DDC populations [61]. 
 
1.4 Dendritic cell maturation and migration 

Immature DC/LC are perfectly capable of capturing pathogens, allergens, 
infected cells, dead cells, or derivates of cells [28]. Three pathways are described, 
which play a role in the uptake of antigens: e.g. macropinocytosis, receptor-mediated 
endocytosis, and phagocytosis [27,28]. After antigen uptake via one of these 
pathways, DC undergo maturation and migrate towards the secondary lymphoid 
organs, (LN, spleen, and mucosal-associated lymphoid tissues), where they can 
initiate an immune response upon interaction with T-cells [29,64]. 
 
1.4.1 DC maturation 

Maturation of DC is a complex process, transforming DC into highly 
immunogenic cells with very potent antigen presentation and T cell activation 
properties. This maturation process is associated with several coordinated events: 
diminished antigen capturing capacity, morphological changes including a loss of 
adhesive structures, cytoskeleton reorganization, acquisition of high cellular motility, 
upregulation of cell-surface receptors and costimulatory molecules involved in 
migration, antigen presentation and T-cell stimulation [27,65]. Maturation is induced 
by danger signals, which have no single origin. They could derive either from host-
derived molecules like T-cell-derived CD40L,  pro-inflammatory cytokines (e.g. TNF-
alpha, IL-1beta), or from microbial agents such as lipopolysacharides (LPS), bacterial 
DNA, double stranded RNA, or from chemicals such as haptens [66-69].  

The transformation of highly specialized antigen capturing cells into highly 
immunogenic cells, is accompanied by three main processes. First, maturation 
induces upregulation of peptide loaded major histocompatibility complexes (MHC) 
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class I and II. MHC class I antigen presentation depends on proteasomal cleavage of 
cellular proteins. The peptides produced by the proteasome, a multicatalytic 
proteinase complex, are then transported in the endoplasmatic reticulum (ER) with 
help of transporters associated with antigen processing (TAP). TAP can efficiently 
bind and transport proteasome-derived peptides and load them onto newly 
synthesized MHC class I molecules, which are subsequently transported to the 
plasma membrane where they present their bound proteasome-derived peptides to 
CD8+ T-cells [70-72]. After internalization antigens are transported to 
endosomal/lysosomal compartments where they are degraded by proteases and 
loaded onto MHC class II molecules, which are subsequently transported to the 
plasma membrane where they present the peptides to CD4+ T-cells [73,74]. In 
addition, DC have also the capacity to present exogenous antigens on MHC class I 
molecules, via a process called cross-presentation. This process facilitates the 
generation of a CD8-mediated immune response against pathogen-infected cells or 
tumor cells, thus  preventing the spreading of these pathogens and cancer cells 
through the lymphatic system or the blood [75-78]. Second, maturation induces an 
increased expression of adhesion molecules (e.g. CD54) and co-stimulatory 
molecules (e.g. CD80 and CD86) which have been described to interact with their 
receptors on T-cells and are known to be important for T-cell activation and the 
formation of the immunological synapse [79,80]. Third, DC maturation also induces 
cytokine secretion (e.g. IL-12 and IL-10). These cytokines appear to be involved in the 
polarization of CD4+ T-cells (T-helper) and CD8+ T-cells (cytotoxic T-cells) towards 
type-1 or type-2 cells [66,81].  
 
1.4.2 DC migration 

As mentioned above, DC maturation is accompanied by acquisition of high 
cellular motility, migration towards lymphoid organs, and the upregulation of receptors 
involved in this migration. DC migration is regulated by the loss of adhesive structures 
and the sequential and differential expression of chemokines and their receptors [82-
85]. 

LC adhere to keratinocytes in the epidermis by surface expression of E-
cadherin (CD324) [86]. E-cadherin mediated adhesion is disturbed during functional 
maturation in vitro, suggesting a pivotal role for E-cadherin in the disentanglement of 
LC from keratinocytes prior to migration [87]. Pro-inflammatory cytokines (e.g. TNF-
alpha and IL-1) facilitate the downregulation of E-cadherin surface expression on LC 
[88]. TNF-alpha is an inducible product of keratinocytes, which is very rapidly released 
upon topical exposure of the skin to contact allergens and irritants [89-92]. Evidence 
exists for the need of LC derived IL-1beta to induce the production of TNF-alpha and 
IL-18 by keratinocytes [93]. This latter cytokine has also been shown to be involved in 
LC migration out of the epidermis [92,94]. Beside E-cadherin other adhesion 
molecules and integrins also display altered expression following activation of LC. 
These also have been implicated in the mobilization and migration of LC out of the 
epidermis, e.g. ICAM-1 (CD54) [95-97], CD44 [98-102], and α6 integrins [103]. 
Simultaneously, LC increase the production of epidermal basement membrane 
degrading enzymes, such as matrix metalloproteinases (MMP), which have been 
described to facilitate the passage of LC across the basement membrane [104-107].  

The same inflammatory stimuli that allow LC to detach from keratinocytes 
concomitantly induce maturation and thereby a selective change in chemokine 
receptor profile on the surface of LC. Immature LC express a number of skin homing 
chemokine receptors, such as CCR1, CCR2, CCR5, and CCR6. Upon maturation, LC 
downregulate these receptors, and simultaneously upregulate receptors involved in 
homing to the local lymph node, e.g. CXCR4 and CCR7 [85,108-110]. CCR7 appears 
to play an essential role in mediating migration of mature LC towards the lymphatics 
[110-114]. Its ligand CCL21 (6Ckine) is upregulated in response to allergen and 
irritant exposure by lymphatic endothelial cells, whereas CCL19 (MIP-3beta), another 
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ligand of CCR7, is expressed in the paracortical areas of the draining lymph nodes 
[115-120]. The ligand for CXCR4, CXCL12 (SDF-1) is also secreted by lymphatic 
endothelial cells. LC migrate towards lymphatic vessels in response to CXCL12 and 
CCL21 [121,122]. Upon arrival in the draining lymph node they migrate to the 
paracortical areas in response to CCL19 and CCL21 [123]. Next to mature LC also 
naïve T-lymphocytes residing in the paracortical lymph node areas express CCR7, 
indicating that CCL19 and CCL21 play a key role in orchestrating co-localization and 
DC-T cell interactions. 
 
1.4.3 Negative regulation of migration and maturation 

 Upon environmental assault, less than 30% of LC are able to migrate out of 
the epidermis [124,125]. Residential LC possibly function as sentinels for subsequent 
exposure of the skin to harmful environmental factors. LC maintenance is suggested 
to be due to functional heterogeneity among LC resident in the skin. Discrete LC 
populations in the human epidermis have been described, which differ in their 
expression of MHC class II determinants [126]. In addition, anti-inflammatory 
cytokines (e.g. IL-4, TGF-beta1, IL-10) released by epidermal keratinocytes, have also 
been shown to be important in the homeostasis of LC (table 1.1). IL-4 results in lower 
migration of LC out of the epidermis [125]. TGF-beta1, prevents both maturation and 
migration of LC [127]. Finally, IL-10 was shown to inhibit cutaneous inflammatory 
reactions [128]. In addition, this cytokine inhibits and/or interferes with the functional 
activity of both LC and DC [129-134]. In the presence of IL-10, human DC and LC 
transform into macrophage-like cells with increased phagocytic activity [135,136]. 
Taken together, the effects of IL-10 result in impaired migration and/or activation of 
DC or LC [133]. In effect this would result in immunological ignorance4 and/or 
tolerance5, respectively (box II). 
 
 

 

 

1.5 Models for allergen prediction 

Allergic contact dermatitis is a common worldwide health problem, which 
affects both men and women. Therefore, preventive measures to reduce the 
incidence of people becoming sensitized are required. Since all new ingredients to be 
incorporated into a product are potential sensitizers, it is essential that these 
ingredients are first rigorously tested. Currently all potential chemical sensitizers are 
ultimately tested with the aid of animals, e.g. the mouse local lymph node assay 

Cytokine Cell surface expression Cellular processes references 
IL-4 �TNFR II �migration to the LN [125] 
    
TGF-beta �CCR6 

�E-cadherin/CD324 
�CCR7 

�migration to the LN 
�maturation 

[127] 

    
IL-10 �CCR1 

�CCR5 
�CCR6 
�CD14 
�CD68 
�CCR7 
�CD44 
�CD80 

�migration to the LN 
�maturation 
�T cell activation 
 

[129-136] 

Table 1.1: The effect of anti-inflammatory cytokines on immune-responses 

TNFRII, tumor necrosis factor receptor II; � downreglulation; � upregulation 
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(LLNA) [137-139], the mouse ear swelling test (MEST) [140,141], the guinea pig 
maximisation test (GPMT) [142,143] and the Buehler test [144]. However, in Europe 
as from 2013 animal testing of cosmetic products will be prohibited (Directive 
76/768/EEC), while the implementation of the REACH (Registration, Evaluation and 
Authorization of Chemicals) legislation (European Regulation 2006) will result in an 
increased demand for risk assessment of nearly 30,000 chemicals already marketed 
in the EU. Moreover, the replacement, reduction, and refinement of the use of test 
animals in general are now strongly advocated. Therefore, there is an urgent need for 
reliable in vitro assays, which are able to distinguish sensitizers from non-sensitizers. 
Already some progress has been made with freshly excised skin, skin equivalent 
models and dendritic cell (DC)-based assays, in order to test chemical compounds for 
their sensitizing potential.  

 

 
 
1.5.1. Freshly excised skin  

Freshly excised skin represents physiologically the most relevant model, as it 
is composed of keratinocytes, melanoncytes, LC, fibroblasts, and endothelial cells. 
Topical exposure of skin explants to allergens resulted in the induction of LC migration 
out of the epidermis into the dermis [145-149]. Controversy exists over the migration 
of LC after topical exposure to irritants, using this model. Both the lack of migration 
activity and migration of LC after topical exposure to irritants was reported [145-149]. 
This discrepancy probably derives from the use of different methods and duration of 
irritant application. Also for other study objectives (e.g. vaccination approaches, UV 
irradiation, LC biology), excised skin showed to be useful as a replacement of 
experimental animals [124,135,150]. However, a major drawback of using excised 
skin for research purposes and industrial screening is the need for large amounts of 
fresh skin, while the supply of freshly excised skin is limited and creates logistical 
obstacles. Therefore in vitro generated skin equivalents (SE) could provide a useful 
tool to overcome these limitations. 
 
1.5.2. Skin equivalent models 

Human SE are generated by growing differentiated air exposed keratinocyte 
cultures on acellular or fibroblast-populated dermal substrates, such as de-
epidermized dermis (DED) [151-153], collagen matrices [154,155], inert filters 
[156,157], and lypholized collagen-glucosaminoglycan (GAG) membranes cross-
linked by chemical agents [158]. These SE form a multilayered epithelium composed 
of an organized stratum basale, stratum spinosum, stratum granulosum, and stratum 
corneum, as shown by morphological studies. Furthermore, they display characteristic 
epidermal ultrastructure [152,159] and they express markers of epidermal 
differentiation [160-162].  

BOX II 
4 Immunological ignorance: 

Non reactivity due to fade of contact of lymphocytes with antigens. 
5 Tolerance: 

The failure to induce a specific T cell response against an antigen, which may result form antigen 

presentation in the absence of costimulatory molecules or cytokines. Two types of tolerance can be 

distinguished; central-, and peripheral-tolerance. 

• Central tolerance is established in lymphocytes developing within the central lympoid 

organs. 

• Peripheral tolerance is acquired by mature lymphocytes in the peripheral  tissues 

Both may ensure self tolerance (i.e. the inability to mount an immune response against the body’s 

own antigenic components). 
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Recently, Gibbs et al. generated human autologous full-thickness skin 
substitute, consisting of cell populated dermal and epidermal compartments. This 
model human SE model has potential clinical applications in the treatment of acute 
and chronic wounds [153,163]. Furthermore, in vitro generated SE provides a very 
useful tool to test the ability of chemicals to penetrate the SC. Currently, two 
reconstructed human epidermis models (EPISKIN™ (L’Oreal) and EpiDerm™ 
(ZEBET)) were proposed for regulatory acceptance in order to replace the Draize 
rabbit skin irritation test. Both in vitro models were tested for their applicability to 
identify acute skin irritation, according to the European Center for the Validation of 
Alternative Methods  (ECVAM) international skin irritation validation study [164]. 
However, these models were not able to distinguish sensitizers from non-sensitizers, 
as exposure to both allergen or irritant results in increased IL-1alpha, TNF-alpha, and 
chemokine (e.g CCL27) release [39]. Specifically, the lack of immune cells, such as 
DC and LC, limits their use in the study of immunological processes, such as 
allergenicity.  

 
1.5.3. DC-based assays 

Next to these skin based models, several single cell DC-based assays are 
under development in order to predict the sensitizing potential of an allergen 
(extensive review by Dos Santos et al. [165]). Currently, there are two different 
sources of DC for assay development: DC derived from fresh blood cell precursors 
and DC-like cell lines. Whereas DC derived from fresh blood cell precursors may be 
more physiologically relevant than DC-like cell lines, their implementation is limited by 
the logistics involved in the supply of fresh blood, and donor variation. For example, 
large donor variation in cell surface expression was observed within monocyte derived 
DC after exposure to haptens [166-169]. However, CXCL8 appear to be a very 
promising biomarker in order to distinguish sensitizers from non-sensitizers in 
monocyte derived DC [166]. Cell lines have the potential to provide large amounts of 
readily available DC-like cells without donor variation.  

Several cell lines generally from myeloid leukemic origins exhibit the potential 
to differentiate into DC-like APC, which have been used to test their ability to 
distinguish sensitizers from non-sensitizers (e.g. THP-1, U-937, MUTZ-3, KG-1, HL-
60, K562, reviewed in Dos Santos et al.) [165]. In agreement with the results found 
with monocyte derived DC, CXCL8 appears to be also a promising biomarker in THP-
1 cells in order to discriminate sensitizers from non-sensitizers [170,171]. However, 
only MUTZ-3 showed to be a physiological source of LC-like cells [172,173]. Here, we 
describe the MUTZ-3 cell line in more detail, as these cell line was used as a general 
source of LC-like cells throughout this thesis. 
 
1.5.4. MUTZ-3 

The acute myeloid leukemic-derived MUTZ-3 cell line is cytokine-dependent 
for its proliferation and survival. In addition, the MUTZ-3 cell line exhibits 
characteristics of CD34-derived DC precursors. MUTZ-3 progenitors were shown to 
differentiate into DDC-like cells, in a GM-CSF and IL-4 dependent fashion, and into 
LC-like cells in a GM-CSF and TGF-beta dependent manner [172]. In this thesis we 
made use of MUTZ-3 derived LC (MUTZ-LC), which form the basis for a highly 
physiologically relevant LC model with LC-specific characteristics (Santegoets et al. 
unpublished affimetrix data). MUTZ-LC express langerin and bear LC-specific Birbeck 
granules, like their in vivo counterparts [172,173]. Furthermore, upon stimulation with 
maturation inducing factors MUTZ-LC acquire characteristic maturation markers, such 
as CD83, CD86, and CCR7 [173,174]. Together these data suggest that MUTZ-LC 
provide an easily standardized and readily available and unlimited LC source. 

In summary, current DC-based assays do not incorporate skin-residential cells 
which play important roles in the induction of both ACD and ICD. Therefore, there is a 
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huge need for immuno-competent skin equivalent models, composed of all skin 
residential cells and skin immune cells. 
 
1.5.5. Immuno-competent skin equivalents 

Currently, a number of skin equivalent (SE) models are available, which 
provide a useful tool to study the cellular and molecular biology of the skin. However, 
most of these models do not contain skin immune cells. Only two groups succeeded 
in introducing LC into an epidermal equivalent [175-178], while just one group was 
able to introduce dendritic cells (DC) into their dermal equivalent [179]. Neither of 
these groups reconstructed a full-thickness SE, which excludes interactions between 
the dermal fibroblasts and DC. This interaction appears to be very relevant, since it 
was shown that fibroblasts secrete factors that attract LC exposed to allergens [180]. 
Only one group succeeded in the reconstruction of a full thickness SE containing 
keratinocytes, fibroblasts, endothelial cells, dermal DC-SIGN positive DC, and 
epidermal LC containing Birbeck granules [181]. Upon UV radiation the LC and 
dermal DC the cells became activated and migrated within the dermal compartment 
[182]. All current constructs were made with the aid of blood-derived precursor cells, 
which raises availability issues, logistics in reconstruction and introduces biological 
variability in the model system. 
 
1.6 The relevance of skin equivalents in tumor immunology 

The development of a full thickness human SE model that contains immuno-
competent cells (e.g. LC), will  provide the opportunity to study the (skin)immune 
system in more detail. Beside studying the immunological processes after topical 
exposure to allergens and irritants, such a model could help to gain more insight in the 
immunologic mechanisms of anti-tumor activity. This could be achieved by mimicking 
the immune-suppressive micro-environment frequently found in tumor tissue. In 
parallel, an immuno-competent SE could serve as a potential model to study DC 
targeting for immunotherapy (e.g. vaccination). For example, the safety and 
effectiveness of replication-incompetent adenoviral vectors could be studied in such a 
SE, which are currently being tested as subunit vaccines for a variety of diseases 
[150,183-187]. Almost all preclinical studies rely on test animals. Therefore an highly 
reproducible human-based model would be of great benefit in order to predict the 
clinical outcome of vaccines in man. 
 
1.7 Outline of this thesis 

The principal aim of this thesis was to develop tissue engineered human skin 
for the study of sensitization and vaccination. For this purpose, we first needed to 
study extensively the patho-immunological mechanisms in the skin, in order to 
determine the essential cell types to be incorporated into our skin equivalent model. 
Therefore, Chapter 2 describes the role of dermis-derived CXCL12 in the initiation of 
LC migration out of the epidermis and into the dermis. Herein, we monitored LC 
migration within ex vivo skin biopsies after topical exposure to sensitizers. In order to 
confirm and support our ex vivo data, we used the MUTZ-LC cell line model in 
functional in vitro assays. Since environmental assault induces LC migration, but does 
not by itself induce maturation, we studied the migratory behavior of LC after 
exposure to other non-maturing factors (e.g. irritants) in Chapter 3. Activated 
immature LC migrate into the dermis, but because of their immature status, are 
unable to migrate towards the LN. Chapter 4 describes the phenotypic fate of 
migrated LC in the dermis after exposure to non-maturing factors. In chapter 5 we 
determined whether migration found in chapter 2 and 3 could be used in order to 
develop a novel in vitro assay to discriminate sensitizers from non-sensitizers. MUTZ-
LC were used to determine allergen-specific chemokine production and migration 
properties.  
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A first attempt at the development of a human SE with LC in the epidermal 
compartment is described in chapter 6. The MUTZ-3 cell line was used to generate 
LC and incorporate then into a SE model. However, this “VUMC model” did not yet 
contain a fibroblast-populated dermal compartment. Our studies revealed an essential 
role for fibroblast-derived chemokines in the initiation of functional LC migration after 
environmental assault. Therefore, in chapter 7 we incorporated fibroblasts into the 
dermal compartment of our model. Unfortunately, the reproducibility of this full 
thickness skin model was very low. In order to overcome these reproducibility issues 
we modified our culture protocol in chapter 8. With this novel model, we were able to 
achieve high reproducibility and we could study allergen induced LC maturation and 
migration.  

Finally, in the concluding chapter 9 we unite our current knowledge of ICD and 
ACD, and apply it to possible regulation of LC/DC migration and activation under 
cancer conditions. 
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2.1 Abstract 

The initial step in Langerhans cell (LC) migration from the epidermis to the 
lymph node involves migration of maturing LC into the dermis. Here, we investigated 
the migration of LC out of the epidermis after exposure of the skin to contact 
allergens. Ex vivo intact human skin, epidermal sheets, and LC derived from the 
MUTZ-3 cell line (MUTZ-LC) were used to determine whether dermal fibroblasts play 
a role in mediating LC migration towards the dermis. 

Exposure of epidermal sheets or MUTZ-LC to allergens (nickel sulphate, 2,4-
dinitrochlorobenzene and cinnamaldehyde) or a cytokine maturation cocktail resulted 
in LC migration towards dermal fibroblasts. This was due to upregulation of CXCR4 
on maturing LC and secretion of CXCL12/stromal derived factor (SDF)-1 chemokine 
by fibroblasts. Neutralizing antibodies to either CXCL12 or CXCR4 completely blocked 
migration. Injection of CXCL12 neutralizing antibodies into intact human skin totally 
inhibited LC migration into the dermis. In contrast, neutralizing antibodies to 
CCL19/CCL21 did not inhibit migration into the dermis.  

We describe a novel and essential role for dermis derived CXCL12 in initiating 
migration of maturing human LC to the dermis thus permitting their further journey to 
the draining lymph nodes. 
 

2.2 Introduction 

Human skin is the external barrier to harmful environmental factors. Upon 
environmental assault (e.g.: exposure to pathogens or allergens), Langerhans cells 
(LC) residing in the epidermis start to mature and migrate through the dermis [1;2]. 
Pathogen or allergen exposed LC then migrate further into the afferent lymphatics 
towards the local lymph node where they are able to initiate a T-cell mediated 
response [3]. LC migration is regulated by the sequential and differential expression of 
chemokines and their receptors [4;5]. Whereas migration to the lymph node is well 
documented, the chemokine ligands/receptors involved in the initial step of human LC 
migration out of the epidermis and into the dermis are as yet unknown. 

Several studies describe an essential role for CCR7 in mediating migration of 
mature LC towards the lymphatics [6-10]. CCR7 is highly expressed on fully mature, 
but not on immature LC, and is the chemokine receptor for the ligands CCL19 (MIP-
3beta) and CCL21 (6Ckine) [11-13]. Both of these chemokines are upregulated by 
lymphatic endothelial cells in response to allergen exposure [14]. Simultaneously, the 
chemokine receptor CCR6 on LC is downregulated upon maturation [15]. CCR6 is the 
receptor for CCL20 (MIP-3alpha), which is mainly produced by keratinocytes (KC) in 
clinically normal human skin. CCR6/CCL20 is thought to be of importance for 
epidermal homeostasis and homing of immature LC [16-19]. Taken together these 
reports show that loss of CCR6 and gain of CCR7 play important roles in the 
migration of mature LC out of the epidermis and into the lymphatic vessels. However, 
it is probable that other as yet unidentified signals trigger the initial step of migration of 
maturing LC out of the epidermis and into the dermis. 

Dermal cells, such as fibroblasts, are prime candidates for the production of 
chemokines which may facilitate the initial migration of LC out of the epidermis. This is 
supported by Kobayashi et al. who suggested a possible role for soluble mediators 
secreted by dermal fibroblasts in LC migration [20]. Fibroblasts are known to secrete 
many chemokines. Recently, it was shown that the constitutive chemokine CXCL12 is 
also secreted by fibroblasts and its secretion is enhanced upon exposure to stress 
factors, such as hypoxia, irradiation, and burns [21-25]. CXCL12 secretion is not 
restricted to fibroblasts though, since endothelial cells and dendritic cells (DC) are 
also located in the dermis and also secrete CXCL12 [23;26;27]. Low expression of 
CXCR4, the CXCL12 receptor, was found on the surface of freshly isolated immature 
LC. In contrast, mature LC have high CXCR4 expression on their cell surface [28-30]. 
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The interaction between CXCL12 and CXCR4 has been shown to be involved in 
migration and trafficking of immature haematopoietic stem cells and mature DC [31-
33]. Based on these data, we hypothesized a role for dermal-derived CXCL12 and its 
receptor CXCR4 in the initial step of LC migration out of the epidermis and into the 
dermis.  

In this study we investigated the initial phase of LC migration out of the 
epidermis upon topical exposure of freshly excised skin and epidermal sheets to the 
contact allergens nickel sulphate (NiSO4), 2,4-dinitrochlorobenzene (DNCB), and 
cinnamaldehyde (CA). In addition to ex vivo skin-derived LC, MUTZ-3 derived LC 
were also used. MUTZ-3 is a human myeloid leukemia (AML) cell line, which can 
differentiate in a transforming growth factor (TGF)-beta dependent manner into LC-
like DC, expressing Langerin and bearing LC-specific Birbeck granules [34;35]. 
MUTZ-3 derived LC acquire characteristic maturation markers, such as CD83 and 
CCR7 upon exposure to maturation inducing factors [36]. This LC cell line model was 
used in functional in vitro assays to support and confirm our ex vivo data. 
Furthermore, we used human dermal fibroblasts as a general source for dermal 
CXCL12. Our findings show that dermis-derived CXCL12 is a pivotal initial inducer of 
migration of LC out of the epidermis and into the dermis after exposure to maturation 
signals, such as contact allergens, cytokines and prostaglandins. 

 
2.3 Results 

2.3.1 Allergen exposure induces LC migration out of the epidermis. 
To study the effect of allergen exposure on the migration of LC out of the 

epidermis, ex vivo skin was topically exposed to NiSO4 or DNCB. After 16 h more 
CD1a+ LC could be detected in the dermis after NiSO4 or DNCB exposure, as 
compared to vehicle (H2O) exposed skin (figure 2.1A). In order to ascertain a possible 
physiological relevance of CXCL12 in initiating LC migration, the localization of 
CXCL12 was determined by IHC in tissue sections obtained from skin biopsies. 
CXCL12 was found to be expressed in isolated, single cells within the dermis (figure 
2.1B) and its expression appeared slightly increased upon NiSO4 exposure. The 
single cells were dispersed throughout the dermis in a similar manner to that observed 
for dermal fibroblasts (e.g. by Vimentin immunostaining, data not shown). Production 
of CXCL12 by dermal fibroblasts was confirmed in vitro, and was shown to be 
upregulated by the epidermal and contact allergen inducible cytokine TNF-alpha 
(figure 2.1C) [4;5], but not by allergen (e.g. NiSO4) directly (data not shown). 
 
2.3.2 LC migration out of the epidermis upon allergen exposure is facilitated by 
fibroblast derived CXCL12. 

To determine whether fibroblast-derived chemo-attractants (and more 
specifically CXCL12) were indeed involved in allergen-induced LC migration, 
epidermal sheets were isolated and topically exposed to a non-toxic concentration of 
NiSO4 in a transwell system in the presence or absence of dermal fibroblasts, or in the 
presence of fibroblasts together with anti-CXCL12, in the lower chamber. Fig.2.2A 
shows that NiSO4 exposure in the absence of fibroblasts results in retracted dendrites 
(i.e. rounder LC morphology, likely due to E-cadherin down-regulation [37]), allowing 
low-level migration of CD1a+ LC from the epidermal sheets, as demonstrated by a 
decrease in LC density. When sheets were exposed to NiSO4 and cultured in the 
presence of fibroblasts, this effect was greatly enhanced as evidenced by a massive 
migration of LC out of the epidermal sheets (figure 2.2A) and into the lower transwell 
chamber (figure 2.2B). CXCL12 neutralizing antibodies completely blocked this 
NiSO4-induced migration of LC out of epidermal sheets towards dermal fibroblasts in 
the lower transwell (figure 2.2A/B), although a retraction of dendritic protrusions was 
still apparent (figure 2.2A). Of note, the epidermal sheet isolation and culture 
procedure led to a basal LC activation level that also allowed for low but clearly 
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detectable levels of migration of the LC from the sheets towards fibroblasts upon 
exposure to vehicle (i.e. H2O), see figure 2.2A/B. These data clearly demonstrate an 
important role for CXCL12 in the migration of LC towards dermal fibroblasts upon 
contact allergen exposure. 

 

Vehicle (H2O) NiSO4 DNCB

Vehicle (H2O) NiSO4 Isotype control

A   CD1a+ LC

B   CXCL12

C

 

2.3.3 Allergen exposed LC migrate towards fibroblast derived CXCL12 via CXCR4. 
In order to investigate the migrational behaviour of LC and the involvement of 

CXCL12 in more detail, we used the MUTZ-3 cell line which is capable of 
differentiating into CD1a+ and Langerin+ LC (figure 2.3A). As shown in figure 2.3A, 
immature MUTZ-LC express only low levels of the CXCL12 receptor CXCR4, whereas 
MUTZ-3 derived LC exposed to NiSO4 or a cytokine maturation cocktail (CMC) 
undergo maturation, as shown by CD83 expression, and upregulate CXCR4. These 
results suggest that CXCR4 is upregulated rapidly upon maturation induction since 
50% of the cells were already CXCR4 positive after 16 h of NiSO4 exposure as 
compared to only 27% of the cells being CD83 positive (figure 2.3A). In contrast, no 
CCR7 upregulation was detectable at this time (figure 2.3A). Only after 48h of 
exposure to NiSO4 or CMC, did LC express CCR7 (data not shown), indicating that in 
contrast to CXCR4, CCR7 is absent on immature LC and is upregulated in the later 
stages of LC maturation. The MUTZ-LC migrated towards fibroblasts upon NiSO4 
exposure in a comparable manner to ex vivo epidermal LC (figure 2.3B). Furthermore, 
MUTZ-LC exposed to other maturing agents, e.g. 2,4-dinitrochorobenzene (DNCB) 
and cytokine maturation cocktail (CMC, i.e. a cocktail of IL-1β, IL-6, TNF-α, and 
PGE2), also migrated towards fibroblasts in a similar manner to MUTZ-LC exposed to 

Figure 2.1. LC migrate upon exposure 
to NiSO4.  
Staining of full thickness skin exposed 
to H2O (vehicle), NiSO4, or DNCB for 
16 h (Magnification 200x); A) CD1a 
immuno-staining; B) CXCL12 immuno-
staining. No staining was observed in 
figure A (data not shown) and B with 
the corresponding isotype (IgG1) 
control. Melanin (brown pigment) 
within the epidermis is visible and 
should not be confused with positive 
CXCL12 (red) staining. Data are 
representative of 5 experiments 
performed in duplicate. C) CXCL12 
secretion (ng/mL) by fibroblasts upon 
exposure to serial dilutions of the pro-
inflammatory cytokine rhTNF-alpha. 
Data represent the average of five 
experiments in duplicate ± SEM. 
*p<0.05 and **p<0.01 were calculated 
using two-way ANOVA test followed 
by a Bonferroni posttest in comparison 
with the vehicle exposed skin. 

 



Chapter 2 

33 

Figure 2.2. CXCL12 is secreted by fibroblasts and initiates LC migration out of the epidermis. 
A) Staining of CD1a positive cells in epidermal sheets in the upper transwell exposed to H2O (vehicle) 
and NiSO4 for 16 h in the presence or absence of fibroblasts in the lower transwell chamber or 
fibroblasts in the presence of a neutralizing antibody against CXCL12 (Magnification 100x). Data are 
representative of 3 experiments performed in duplicate. The control sample shows the epidermal 
sheet before treatment; B) Number of CD1a positive cells migrating from epidermal sheets exposed 
to H2O (vehicle) or NiSO4 for 16 h in the presence or absence of fibroblasts or in the presence of 
fibroblasts plus either a control antibody IgG1 or a neutralizing antibody against CXCL12, as 
measured by flow cytometry. Data represent the average of four experiments in duplicate ± SEM. 
Statistical differences *** p<0.001 were calculated using two-way ANOVA test followed by a 
Bonferroni posttest. 

NiSO4 (figure 2.3B). Similarly, induction of LC migration towards CXCL12 was not 
confined to allergens, since both allergen- (NiSO4 and DNCB) and CMC-exposed (i.e. 
maturing) MUTZ-LC showed enhanced migration towards rhCXCL12 (figure 2.3C). In 
contrast, immature LC did not migrate towards rhCXCL12. Fibroblast mediated 
migration of mature LC was totally blocked by neutralizing antibodies to either 
CXCL12 (figure 2.3D) or its receptor CXCR4 (figure 2.3E), clearly demonstrating the 
dominance of the CXCR4/CXCL12 axis in this fibroblast-mediated migration of LC.  

 

 

no
fibroblasts

fibroblasts

control Vehicle (H2O) NiSO4

fibroblasts
+

αCXCL12

A
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2.3.4 Allergen-induced LC migration is dependent on CXCL12 produced in the dermis 
of intact skin.  

To determine the relative contribution of CXCL12 to LC migration in intact 
human skin, ex vivo skin biopsies were injected with neutralizing antibodies against 
CXCL12 or against the CCR7 ligands CCL19/CCL21, prior to topical exposure with 
NiSO4 (figure 2.4A and 2.4B), DNCB or Cinnamaldehyde (CA) (figure 2.4B). Only anti-
CXCL12 and not anti-CCL19/21 completely blocked LC migration into the dermis 
upon exposure to any of these allergens. These results confirm the essential role of 
CXCL12 in mediating migration of maturing LC into the dermis.  
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2.4 Discussion 

We have identified a novel and crucial role for dermis derived CXCL12 in 
facilitating human LC migration out of the epidermis and into the dermis after 
exposure of the skin to allergens. These results highlight the role for CXCL12 in the 
initiation of an adaptive immune response upon antigenic contact through the skin. 
Initial migration of LC from the epidermis is a key event in eventual migration to the 
lymph node and in the generation of T-cell mediated immunity. Dermis derived 
CXCL12 is a key player as it specifically draws maturing LC into the dermis  

In our study, we have used fibroblasts as a general source of CXCL12. 
However it should be noted that other dermis derived cells also secrete CXCL12 [21-
25] and therefore our findings may not be restricted to just fibroblasts, but may involve 
dermis derived stromal cells in general. We propose that dermis derived cells play a 
role in creating a directional chemotactic gradient between the epidermis and the 
dermis, by secreting chemokines in response to epidermis derived cytokines (e.g. 
TNF-alpha).  

The release of TNF-alpha by KC is induced during allergic contact dermatitis 
(ACD) [19;38-40]. Exposure to contact allergens results in secretion of IL-1beta by LC 
which in turn stimulates epidermal KC to secrete TNF-alpha, and also IL-18 [41-43]. 
Strong evidence shows that these epidermis derived cytokines are essential for the 
migration of LC out of the epidermis [41-43]. Furthermore, these cytokines have been 
reported to increase secretion of many chemokines by fibroblasts [44;45] and this 
would explain the increased LC migration towards fibroblasts after allergen exposure. 
Indeed, here we show that one of these chemokines is CXCL12, which is induced by 
TNF-alpha. Furthermore, we show that CXCL12 is essential in mediating the 
migration of contact allergen exposed CXCR4+ LC from the epidermis into the dermis. 
CXCR4 acts upstream of CCR7 mediated LC migration since blocking antibodies to 
CXCL12 completely inhibited LC migration into the dermis of intact skin biopsies, 
whereas blocking antibodies to CCL19/CCL21 did not. This is in line with the absence 
of CCL21-secreting lymphatic endothelial cells (LEC) directly underneath the 
basement membrane, making it unlikely that a CCL21 chemokine gradient would be 
sufficient to attract the LC out of the epidermis. Furthermore, our results indicate that 
LC gain de novo CCR7 expression only in the later stages of maturation, whereas 
CXCR4 expression is upregulated in the initial stages of maturation and emigration 
from the epidermis. During the migration of LC towards the lymphatics, the maturation 
of LC will be completed, resulting in CCR7 expression and migration of the mature LC 
into the paracortical T-cell areas of the draining lymph node [11].  

We propose a novel two-step CXCL12-CCL19/21 dependent model by which 
LC are first drawn into the dermis by chemotaxis towards CXCL12 and subsequently 
further out towards lymphatic vessels and into the draining lymph nodes by 
chemotaxis towards both CXCL12 and CCL21, in order to present the hapten to T-
cells, as suggested by several groups [1;2] (figure 2.5). As CXCR4 is more rapidly 
upregulated during LC maturation as compared to CCR7, the advantage of our 
proposed two-step mechanism could be a rapid CXCR4-dependent migration of the 
LC, preceding the later CCR7-driven migration response. This would facilitate a more 
immediate LC response, which would otherwise be delayed by the relatively late onset 
of CCR7 expression. Recently, there has been some degree of controversy with 
respect  to the essential or non-essential role of LC in skin immune responses and the 
relative contribution of dermal DC. Our proposed two-step mechanism is in keeping 
with both models. In case of relatively low hapten concentrations with epidermal 
penetration only, engagement of LC and subsequent CXCR4 induction will facilitate 
rapid LC migration, while deeper, dermal penetration with higher hapten 
concentrations will directly activate and induce migration of dermal DC, the latter 
option making LC migration more or less redundant. Of note, the two-step migration 
model of LC would in theory also facilitate cross-talk between LC and  dermal DC in 
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the dermis. Although transfer of herpes simplex virus antigens from LC to dermal DC 
has also been described [46], it has yet to be proven whether such a mechanism 
occurs with haptens and also whether haptens would retain their chemical reactivity 
during such a transfer. A non-essential role of LC in skin-immune responses has been 
proposed by two groups  [47;48]. These authors suggested that dermal DC in the 
absence of LC were able to directly take up hapten. Such a situation could possibly 
occur in vivo in UV irradiated skin. 
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In accordance with our findings, a recent mouse study indicated an important 

role for the CXCL12/CXCR4 axis in the migration of cutaneous DC [49]. Cutaneous 
DC migration upon sensitization was not completely inhibited in CCR7 knock-out mice 
nor in mice that lack both the CCR7 ligands CCL19 and CCL21 [7;8], Kabashima et 
al. hypothesized a role for CXCL12/CXCR4. They showed that in mice, cutaneous DC 
migrated towards the lymph nodes in a CXCL12/CXCR4 dependent manner upon 
sensitization [49].  

While our results describe in detail allergen exposed LC migration, we also 
show that fibroblasts mediate migration of cytokine-matured LC. This implies a much 
broader role for fibroblasts and other dermis derived stromal cells, and in particular 
CXCL12/CXCR4, in mediating LC migration. The CXCL12/CXCR4 axis may not only 
be restricted to allergen-induced LC migration, but may also be involved in cytokine- 
and/or pathogen-induced LC migration. Importantly, our results clearly show that the 
described role for CXCL12 cannot be overridden by the downstream chemokines 
CCL19/21, previously identified as crucial to lymph node homing. The identification of 
this central role of the CXCR4/CXCL12 axis in mediating mature LC migration may in 
future be exploited with respect to in vitro detection of contact sensitizers and novel 
vaccination strategies.  
 
2.5 Materials and Methods 

2.5.1 Cell culture 
Fibroblasts isolated from adult human abdominal skin were cultured in 

Dulbecco’s Modified Eagle Medium (DMEM) (ICN Biomedicals Inc, Irvine, CA) 
containing 1% UltroserG (BioSepra S.A, Cergy-Saint-Christophe, France), 1% 
penicillin-streptomycin (Invitrogen, Paisly, UK) at 37oC, 5% CO2.  

The MUTZ-3 progenitor cell line was maintained as previously described [34]. 
MUTZ-3 were differentiated into LC by culturing at 2x105 cell/mL in minimal essential 
media (MEM)-alpha (Gibco, Grand Island, NY) supplemented with 20% v/v heat 
inactivated (HI) fetal calf serum (FCS) (Hyclone Laboratories, Logan, UT), 1% 
penicillin-streptomycin, 2 mM L-glutamine (Invitrogen), 50 µM 2-mercaptoethanol 
(Merck, Whitehouse Station, NY), 100 ng/mL recombinant human Granulocyte 
Macrophage-Colony stimulating factor (rhGM-CSF) (Biosource, International Inc, 
Camarillo, CA), 10 ng/mL Transforming growth factor (TGF)-beta (Biovision, Mountain 
View, CA) and 2.5 ng/mL tumor necrosis factor (TNF)-alpha (Strathmann Biotec, 
Hamburg, Germany). Maturation was induced by CMC, containing 100 ng/mL 
interleukin (IL)-6, 50 ng/mL TNF-alpha, 25 ng/mL IL-1beta (Strathmann Biotec) and 1 
µg/mL PGE2 (Sigma Chemical Co, St Louis, MO) for 24 hours (h). Cells were cultured 
at 37oC, 5% CO2, 95% humidity.  

Figure 2.3. MUTZ-LC upregulate CXCR4 expression upon maturation and migrate towards fibroblasts 
in a CXCL12 dependent manner. 
A) Phenotyping of MUTZ-LC (derived from the MUTZ-3 AML cell-line). FACS dotplot and the 
employed gate for CD1a (x-axis) and Langerin (y-axis) double-positivity is shown. CD83, CXCR4, 
and CCR7 phenotyping of CD1a positive MUTZ-LC either unexposed (no add) or exposed to NiSO4 
or CMC. Percentage of double positive cells is noted in the upper right corner of the plots; B) 
Percentage of migrated CD1a positive MUTZ-LC either unexposed (no add), or exposed to DMSO 
(vehicle control for DNCB), NiSO4, DNCB or CMC in the presence or absence of fibroblasts. C) 
Migration of LC towards rhCXCL12 is maturation-dependent. Immature LC (iLC) were exposed to 
allergens (NiSO4 or DNCB) or CMC. DMSO was used as a vehicle control for the allergen DNCB; D) 
Anti-CXCL12 blocks migration of mature LC (mLC) but not the basal low migration of iLC towards 
fibroblasts; E) Anti-CXCR4 blocks migration of mature LC but not the basal low migration of immature 
LC towards fibroblasts. Data represent the average of four experiments in duplicate ± SEM. *p<0.05, 
**p<0.01 and ***p<0.005 were calculated using two-way ANOVA test followed by a Bonferroni 
posttest. 
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The MUTZ-LC were exposed to 300 µM nickel sulphate (NiSO4)(aq) (Merck), 
or 12 µM DNCB (Sigma, and applied at less than 0.1% v/v) dissolved in 
dimethylsulfoxide (DMSO) (Riedel-de Haën, Seelze, Germany) for 24 h. These 
chemical concentrations were determined from dose response studies and were the 
concentrations where at least 75 % of the cells were viable as determined by 
propidium iodide staining.  
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2.5.2 LC migration from ex-vivo skin 

Healthy human abdominal skin was obtained after informed consent from 
patients undergoing dermal-lipectomy following hospital guidelines, and used directly 
after surgery. All fat was carefully removed. Pieces of skin of approximately 4 cm2 
were cut and placed on transwell inserts. Finn Chamber filter paper discs of 11 mm 
diameter (Epitest LTD, Oy, Finland) impregnated with vehicle (H2O), 1% NiSO4, 0.5% 
DNCB dissolved in DMSO (applied at less than 0.1% v/v), or 1% CA (Sigma) were 
applied topically to the stratum corneum, as previously described [19]. Dose-response 
studies were performed for NiSO4 (1, 5, and 10%), DNCB (0.25, 0.5, and 1%), and CA 
(1, 2, and 4%) and the lowest non-toxic concentration was chosen where migration in 
the presence of allergen was observed. Excised skin was incubated overnight in 
Iscove’s modified Dulbecco’s medium (IMDM) (BioWhittaker Europe, Verviers, 
Belgum) containing 10% HI FCS, 1% penicillin-streptomycin, and 50 µM dithiothreitol 
(DTT) (Merck). Excised skin was harvested after 16 h for immunohistochemical 
analysis. At these chemical concentrations, no visible detrimental changes in tissue 
histology were observed by light microscopy and migrated LC were more than 85% 
viable as shown by propidium iodide incorporation studies. Therefore the chemical 
concentrations used were considered non-cytotoxic.  

Figure 2.4. CXCL12 initiates migration of 
mature LC in ex vivo skin. 
A) Staining of tissue sections obtained 
from full thickness skin biopsies 
(magnification 200x); shown are 
representative results for CD1a staining 
in the presence of intradermally injected 
isotype control antibody (IgG), 
neutralizing antibody to CXCL12, or a 
neutralizing antibody-cocktail to 
CCL19/CCL21 prior to topical exposure 
with H2O (vehicle) or NiSO4 for 16 h. No 
immuno-staining was observed with the 
isotype control for CD1a; B) The number 
of CD1a positive cells in the dermis per 
0.6 mm2 tissue cross-section is shown. 
H2O was used as vehicle control for 
NiSO4 and CA, whereas DMSO was 
used as vehicle control for DNCB. Data 
represent the average of three donors 
tested in quadruplicate ± SEM for NiSO4 
and the average of two donors tested in 
quadruplicate ± SEM for DNCB and CA. 
**p<0.01 and ***p<0.001 were 
calculated using two-way ANOVA test 
followed by a Bonferroni posttest. 
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For blocking assays, 20 µL of 10 µg/mL goat anti-human CXCL12 (AF-310-

NA), or a neutralization cocktail of 20 µL of 12.5 µg/mL goat anti-human CCL19 
(AF361) and goat anti-human 5 µg/mL CCL21 (AF366), was intradermally injected (all 
were polyclonal antibodies purchased from R&D systems, Minneapolis, MN). The 
Neutralization Doses50 for these antibodies were determined at 1.5-6 µg/mL for 
CXCL12 in the presence of 2 ng/mL of rhCXCL12α, 2-10 µg/mL for CCL19 in the 
presence of 0.05 µg/mL of rhCCL19 , and 1-4 µg/mL for CCL21 in presence of 50 
ng/mL of rhCCL21, according to the manufacturer’s data sheets. Isotype control to 
assess non-specific binding was 12.5 ug/mL goat IgG (R&D systems). The number of 
migrated cells was quantified with the aid of Nis Elements AR version 2.10 software 
(Nikon Instruments Europe B.V, Amstelveen, The Netherlands). 
 
2.5.3 Epidermal sheet isolation 

Split thickness healthy human abdominal skin was obtained with the aid of  a 
dermatome (AESCULAP®, Braun, Tuttlingen, Germany) and washed in phosphate-
buffered saline (PBS)(Braun, Melsungen, Germany). The epidermal sheet was then 
separated from the dermis by incubating in dispase (grade II, Roche, Basel, 
Switzerland) for 20-30 minutes (min.) at 37oC. Epidermal sheets were then washed in 
PBS before use in migration studies. 

 
2.5.4 Immunohistochemical and fluorescence staining 

From the frozen skin explants, vertical 0.5 µm cryostat sections were cut and 
air-dried at room temperature on SuperFrost® gold slides (Menzel GmbH & Co KG, 
Braunschweig, Germany). The sections were fixed in acetone (VWR, Amsterdam, The 
Netherlands) for 10 min. and then incubated for 30 min. with primary monoclonal 
antibodies directed against CD1a (OKT6; 1:500, Ortho Diagnostics Systems, 
Rochester, NY ) or CXCL12 (79018; 1 µg/mL, R&D systems). After washing in PBS 
for 10 min., sections were incubated for another 30 min. with goat anti-mouse 

conjugated to Horseradish peroxidase (HRP) (DakoCytomation, Glostrup, Denmark). 
After washing with PBS, the slides were incubated for 10 min. with 3-amino-9-ethyl-
carbazol (ICN Biomedicals Inc) in the dark. Slides were counterstained with 
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Figure 2.5. Schematic overview of the proposed two-
step mechanism of LC migration. LC in the epidermis 
capture hapten and undergo subsequent activation 
accompanied by upregulated CXCR4 expression. 
Hapten-activated keratinocytes release fibroblast-
activating cytokines (e.g. TNFα). Dermal fibroblasts 
in turn release higher levels of CXCL12, thus 
attracting hapten-activated CXCR4+ LC into the 
dermis. Sequential expression of CCR7 
subsequently mediates, in concert with CXCR4, 
further migration of the fully mature LC to the 
lymphatic vessels and draining lymph nodes where 
they then present hapten to naïve T-cells. In this 
manuscript we show evidence for the existence of 
the essential role of CXCL12 in mediating LC 
migration from epidermis to dermis. CCL19/21 
mediated migration from skin to lymph node has 
been shown by others [6-10]. Thick arrows indicate 
migration, whereas the dotted arrows indicate 
cytokine mediated conditioning. Small vertical arrows 
indicate upregulation of the indicate molecules. 
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hematoxylin. The sections were washed three times in water, and embedded in 
Aquatex® (Merck). 

The density of LC in epidermal sheets was determined by incubating the 
sheets overnight with PE labelled anti-CD1a (BD Pharmingen, San Diego, CA). 
Subsequently, the epidermal sheets were washed three times in PBS and then 
examined using a fluorescence microscope (Nikon Eclipse 80i), G-2a Ex510-560, 
DM575, BA590. 
 
2.5.5 Transwell migration assay 

Epidermal sheets: Human fibroblasts (5x104 cells/well) were allowed to adhere 
overnight in the lower chamber of a 6 transwell culture plate (Corning, Schiphol-rijk, 
The Netherlands). Epidermal sheets were placed on the transwell inserts (3 µm pore-
size). Subsequently, Finn Chamber filter paper discs 11 mm diameter (Epitest LTD, 
Oy, Finland) impregnated with vehicle (H2O) or 1% NiSO4 were applied topically to the 
stratum corneum. DMEM containing 1% UltroserG, penicillin and streptomycin was 
placed in the lower chamber only. The transwell migration assay was then carried out 
at 37oC, 5% CO2, in a humidified atmosphere for 16 h. The number of cells migrating 
out of the epidermal sheet into the lower chamber was analyzed by flow cytometry. 

MUTZ-LC: Human fibroblasts (1x104 cell/well) were allowed to adhere 
overnight in the lower chamber of a 24 transwell culture plate (Corning). Either 
immature or mature MUTZ-LC (5x104 cells/well)  were placed in the transwell insert (5 
µm poresize). When indicated, fibroblasts were incubated with a monoclonal antibody 
against human/mouse CXCL12 (R&D systems, clone number 79014) for 30 min. 
before combination with MUTZ-3 LC. When indicated, MUTZ-3 LC were placed in the 
upper transwell chamber together with a monoclonal antibody against human CXCR4 
(R&D systems, clone number 44708). Migrating MUTZ-LC entering the lower chamber 
were analysed by flowcytometry after 16 h at 37oC, 5% CO2, in a humidified 
atmosphere in DMEM supplied with 1% UltroserG, penicillin and streptomycin. When 
indicated rhCXCL12 (R&D systems) was placed in the lower well in an optimum 
concentration of 0.1 ng/mL, as determined by dose-response studies (data not 
shown).  
 
2.5.6 ELISA 

CXCL12 levels in culture supernatants of fibroblasts exposed for 4 h to serial 
dilutions of rhTNF-alpha (Strathmann Biotech) were determined by ELISA. A DuoSet 
CXCL12 development system (R&D systems) was used essentially as described by 
the suppliers.  
 
2.5.7 Flow cytometry 

The number and phenotype of migrating cells was determined by 
flowcytometry. Phenotyping: Cell staining was performed using, mouse anti-human 
CD83-PE (IgG2b, Immunotech, Marseille, France), mouse anti-human CD1a-FITC/PE 
(IgG1, BD Pharmingen), mouse anti-human CD207 (Langerin)-PE (IgG1, 
Immunotech), mouse anti-human CXCR4-FITC (IgG2a, R&D systems), mouse anti-
human CCR7-FITC (IgM, BD Pharmingen). Isotype controls to assess non-specific 
binding were mouse IgG1-PE, IgM-FITC and IgG1-FITC (BD Pharmingen), mouse 
IgG1-PE (Immunotech), mouse IgG2b-PE (Immunotech), mouse IgG2a-FITC (R&D 
Systems). Cells were incubated with antibodies for 30 min., washed in PBS containing 
0.1% BSA and 0.1% sodium azide and resuspended in the same buffer for FACS 
analysis.  

To quantify the number of migrated cells, an excess amount of Flow-Count 
fluorspheres (Beckman coulter, Fullerton, CA) was added and the migrated cells were 
stained with mouse anti-human CD1a-FITC and mouse anti-human CD83-PE before 
analysis with a FACScan flowcytometer (Beckton Dickinson, San Jose, CA). The data 
were subsequently analyzed using CellQuestPro software. 
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2.5.8 Statistical analysis 
Percentages of migrated MUTZ-LC and absolute numbers of migrated LC 

were compared between conditions using the two-way ANOVA test followed by a 
Bonferroni posttest. Differences were considered significant when p < 0.05. 
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3.1 Abstract  

Skin irritation is generally not considered to be an immunological event; 
however, alterations in the density of Langerhans cells (LC) in the epidermis do occur, 
which is indicative of LC migration. In this study, we investigated the migration of LC 
out of the epidermis after exposure of the skin to contact irritants and identified the 
chemokines involved. With the aid of ex vivo intact human skin and epidermal sheets 
we show that dermal fibroblasts play a role in mediating LC migration towards the 
dermis. Exposure of ex vivo intact human skin to a panel of seven irritants (SDS, 
salicylic acid, phenol, isopropanol, DMSO, TritonX, or benzalkonium chloride) resulted 
in decreased numbers of CD1a+ cells in the epidermis and the accumulation of CD1a+ 
cells in the dermis. In contrast to allergen exposure, neutralizing antibodies to either 
CXCL12 or CCL19/CCL21 did not inhibit LC migration out of the epidermis. Exposure 
of epidermal sheets to the prototypical irritant SDS resulted in a TNF-α-dependent LC 
migration towards dermal fibroblasts. This was a result of CCL2/MCP-1 and 
CCL5/RANTES chemokine secretion by fibroblasts: injection of CCL2 and CCL5 
neutralizing antibodies into intact human skin totally inhibited LC migration into the 
dermis. We have thus identified a novel role for TNF-α-inducible dermis-derived CCL2 
and CCL5 in initiating migration of irritant-exposed human LC out of the epidermis.  
 
3.2 Introduction 

Epidermal Langerhans cells (LC) are known to be capable of taking up and 
presenting antigenic chemicals to T lymphocytes and to be directly involved in the 
induction of allergic contact dermatitis. In contrast, irritant contact dermatitis (ICD) is 
considered to be an immunologically non-specific, local inflammatory reaction caused 
by substances found in e.g. the workplace or consumer products that come into direct 
contact with the skin. Irritant substances penetrate the outer layer of the skin, 
whereupon they cause a localized acute inflammation. Morphologic studies have 
demonstrated that, despite ICD’s supposed independence of adaptive immunity, 
alterations in the density and morphology of LC do occur concomitant with the clinical 
manifestation of inflammation. Several groups showed that upon irritant exposure, LC 
residing in the epidermis migrate into the dermis [1-4]. Whereas relatively much is 
known about allergen-induced migration of maturing LC out of the epidermis, very little 
is known about the underlying mechanisms of migration of LC exposed to non-
maturing stimuli, such as irritants, out of the epidermis.  

Irritancy may result from perturbation or disruption of the lipid bilayers of the 
epidermis together with increased hydration [5;6]. Disruption of the skin barrier leads 
to the release of cytokines such as interleukin (IL)-1α, IL-1β and tumor necrosis factor 
(TNF)-α [7-10]. TNF-α is described to be one of the key cytokines in irritant dermatitis. 
Upon its release by keratinocytes, it induces strong gelatinolytic activity and down-
regulates E-cadherin which in turn decreases the attachment of LC to the epidermis, 
thereby facilitating their traversal of the basement membrane and subsequent 
migration into the dermis [11;12]. Furthermore, fibroblasts residing in the papillary 
dermis are known to enhance their secretion of many chemokines upon exposure to 
TNF-α released by keratinocytes [7-10]. As such, dermal fibroblasts are primary 
candidates for the production of chemokines facilitating the migration of LC out of the 
epidermis. This hypothesis is supported by Kobayashi et al., who suggested a 
possible role for soluble mediators secreted by dermal fibroblasts in migration of 
activated LC [13]. Fibroblasts are known to secrete many chemokines, among others 
the inflammatory chemokines CCL2 (MCP-1) and CCL5 (RANTES) (CCL5), and the 
constitutive chemokine CXCL12 (SDF-1) [14-16]. Recently, we identified an essential 
role for dermis-derived CXCL12 in mediating the migration of maturing LC towards the 
dermis during allergic contact dermatitis (ACD) [16]. However, in contrast to allergen 
exposure, irritant exposure does not induce CXCR4 expression on the surface of LC 
[16-19], thereby rendering them unable to migrate towards the afferent lymphatics via 
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the two-step CXCR4/CXCL12- and CCR7/CCL19/21-dependent model proposed for 
allergen-induced LC migration [2;16;20;21]. The chemokines involved in facilitating LC 
migration into the dermis upon irritant exposure remain as yet unknown.  

In this study we investigated the migration of human LC out of the epidermis 
upon topical exposure of freshly excised full-thickness skin and epidermal sheets to a 
panel of seven recognized contact irritants, i.e. sodium dodecyl sulphate (SDS), 
phenol, salicylic acid (SA), isopropanol, dimethylsulphoxide (DMSO), TritonX, and 
benzalkonium chloride (BCl2) and we studied human dermal fibroblasts as a source of 
dermal chemoattractants. Our findings reveal a role for both dermis-derived CCL2 and 
CCL5 in the migration of LC out of the epidermis and into the dermis after exposure to 
contact irritants. Of note, the epidermis-emigrated LC maintained an immature state. 
As such our findings may also have more general implications for the maintenance of 
immunological silence at the interface of skin and the outside world. 

 

3.3 Results 

3.3.1 Irritant exposure induces LC migration out of the epidermis 
To study the effect of irritant exposure on the migration of LC out of the 

epidermis, ex vivo human skin explants were topically exposed to a broad panel of 
seven irritants consisting of surfactants (SDS and TritonX) as well as non-surfactants 
(SA, isopropanol, DMSO, BCl2 and Phenol). After 16 h, migration of CD1a+ and 
Langerin+ LC out of the epidermis and into the dermis was determined by 
immunohistochemical analysis of tissue sections (figure 3.1A). Dose-response data 
for migration into the dermis (expressed as number of remaining LC in the epidermis 
and increased number of LC in the dermis) and viability of the explant cultures shows 
that LC migration from epidermis occurred already at very low (>80% viability) 
cytotoxic concentrations of all irritants. A maximum of 70% of LC were found to 
migrate, with 30% remaining in the epidermis even when the cytotoxicity reached over 
50% (i.e. less than 50% viability, Figure 3.1B). In order to observe these changes in 
LC density in more detail, epidermal sheets were placed above dermal fibroblasts 
(which mimic the dermal component of the skin) in a transwell system, and exposed to 
H2O (vehicle control) and SDS. Figure 3.1C shows that SDS exposure results in a 
decrease in the number of CD1a+ LC in the epidermal sheets, strongly correlating to 
our immunohistochemical data obtained from tissue sections. 
 
3.3.2 Irritant-induced LC migration is not dependent on dermis-derived CXCL12 or 
CCL19/21 

As CCL19 and CCL21 are involved in LC migration to the lymphatics and as 
we previously showed that allergen-induced LC migration from the epidermis to the 
dermis is regulated by CXCL12 [16], we first determined whether these chemokines 
were also involved in LC migration after irritant exposure. Ex vivo skin was injected 
with neutralizing antibodies against CXCL12 (ligand for CXCR4) or against 
CCL19/CCL21 (ligands for CCR7), prior to topical exposure to the irritant SDS or to 
control allergen NiSO4 (figure 3.2A). In contrast to NiSO4-induced LC migration (which 
in accordance to our previous findings was completely blocked by CXCL12 
neutralization [16]), neither anti-CXCL12 nor anti-CCL19/21 were able to block LC 
migration out of the epidermis upon exposure to SDS. Furthermore, when epidermal 
sheets were placed in a transwell system above dermal fibroblasts and exposed to 
SDS the migrated LC were found not to express the characteristic maturation marker 
CD83 or the CCL19/21 receptor CCR7 on their surface. In contrast, after topical 
exposure to NiSO4 migrated LC did express CD83 and CCR7 (figure 3.2B). Taken 
together, these results indicate that other as yet unidentified chemo-attractants are 
involved in the migration of LC out of the epidermis and into the dermis upon irritant 
exposure.  
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3.3.3 Irritant-induced LC migration is TNF-α dependent 
In order to establish which chemo-attractants were secreted by fibroblasts able 

to mediate irritant-induced LC migration, epidermal sheets were isolated and topically 
exposed to a non-toxic concentration of SDS in the upper chamber of a transwell 
system in which dermal fibroblasts were present or absent in the lower chamber. 
Figure 3.3A shows the number of LC migrating out of the epidermal sheets into the 
lower transwell chamber. Clearly, the presence of fibroblasts greatly stimulates LC 
migration from the epidermis to the lower fibroblast populated chamber. As Kimber et 
al. described TNF-α to be of great importance for the migration of LC [22], we next 
determined whether neutralizing antibodies against TNF-α could block irritant 
mediated LC migration. Indeed, TNF-α neutralizing antibodies were able to block the 
SDS-mediated migration of LC. Of note, the epidermal sheet isolation and culture 
procedure led to a basal LC activation that also allowed for low but clearly detectable 
TNF--dependent migration of LC from the sheets towards fibroblasts upon exposure 
to vehicle (i.e. H2O), see figure 3.3A. 

Since the release of a number of chemokines is induced by TNF-α we next 
determined which chemokines, whose receptors were reported present on immature 
LC [23;24],  were released from fibroblasts upon stimulation with TNF-α. CCL2 and 
CCL5 (figure 3.3B), but not CCL7, CCL8 or CCL13 (data not shown),  were secreted 
by dermal fibroblasts upon stimulation with TNF-α in a dose dependent fashion. Of 
note, CCL2 and CCL5 release by fibroblasts could not be induced directly by irritants 
(e.g. SDS, SA, or Phenol) (data not shown).  
 
3.3.4 Irritant-induced LC migration out of the epidermis is dependent on CCL2 and 
CCL5 

In order to ascertain a possible physiological relevance of CCL2 and CCL5 in 
initiating LC migration, the localization of these chemokines was first determined by 
IHC in tissue sections obtained from skin biopsies. Both CCL2  and CCL5 were found 
to be expressed in isolated, single cells within the dermis (figure 3.4A) and their 
expression appeared increased upon SDS exposure. The single cells were dispersed 
throughout the dermis in a similar manner to that observed for dermal fibroblasts (e.g. 
by Vimentin immunostaining, data not shown). We next injected ex vivo skin with 
neutralizing antibodies against CCL2, CCL5, or with a cocktail of both, in order to 
determine whether these chemokines were actually responsible for the directed LC 

Figure 3.1. LC migrate upon exposure to irritants 
A) CD1a and Langerin immuno-staining of full-thickness skin exposed to H2O (vehicle), SDS, or 
BCl2 for 16 h. Scale bar represents 50 µm. No staining was observed with the corresponding 
isotype (IgG1) control (data not shown). Data are representative of three experiments performed in 
duplicate. B) Left y-axis: number of CD1a+ cells counted in 0.3 mm2 tissue section of the epidermis 
(white bars) and 0.6 mm2 of the dermis (black bars) after exposure to a panel of seven irritants 
(SDS, SA, phenol, isopropanol, DMSO, TritonX, or BCl2) at three concentrations. Right y-axis: 
corresponding relative cell viability as determined by lactate dehydrogenase activity assay (see the 
Materials and methods section) is indicated by the lines. Vehicle exposed skin was used as 
reference and set at 100. Data from three independent experiments (three donors) each performed 
in duplicate ± SEM. Statistical significance between H2O (vehicle) versus irritant exposed skin was 
calculated using a two-way ANOVA test followed by a Bonferroni post-test. For CD1a reactivity in 
the epidermis a significant decrease was observed for all experimental conditions at a relative 
viability of over 75% as compared to H2O (p<0.05). For CD1a reactivity in the dermis a significant 
increase was observed for all experimental conditions at a relative viability of over 75% as 
compared to H2O (p<0.05). C) Staining of CD1a+ cells in epidermal sheets exposed to H2O (vehicle) 
and 2 mM SDS for 16 h in a transwell assay system with dermal fibroblasts in the under well 
(magnification 100x). The control sample shows the epidermal sheet before treatment. Data are 
representative of three experiments performed in duplicate. 
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migration into the dermis. CCL2 and/or CCL5 neutralization completely blocked LC 
migration out of the epidermis upon exposure to the irritants SDS and phenol, but not 
upon exposure to the allergen NiSO4 (figure 3.4B+C). These results indicate a pivotal 
role for both of the TNF-α inducible chemokines CCL2 and CCL5 in the migration of 
LC out of irritant exposed epidermis.  
 
3.4 Discussion 

We have identified a novel role for the dermis-derived inflammatory 
chemokines CCL2 and CCL5 in facilitating human LC migration out of the epidermis 
after exposure of the skin to irritants. LC migration into the dermis was investigated in 
response to seven contact irritants (i.e. surfactants and non-surfactants) in ex-vivo 
patch tested skin explants. The LC migration 
could be completely blocked by intradermal 
neutralization of CCL2 and/or CCL5. We 
identified dermal fibroblasts as a source of 
CCL2 and CCL5. These two inflammatory 
chemokines were released by fibroblasts in a 
dose-dependent fashion and to high levels 
upon exposure to TNF-α, a known epidermis-
derived and stress-related cytokine which is 
induced during ICD [7-10]. However, it 
should be noted that other cells within the 
dermis are also capable of secreting these 
chemokines (e.g. macrophages [25;26]) and 
therefore our findings may not be restricted 
to just fibroblasts. Of note, since TNF-α 
neutralization inhibited fibroblast mediated 
LC migration, and since direct exposure of 
irritants to fibroblasts did not result in 
increased CCL2 and CCL5 secretion, TNF-α 
may indeed be primarily responsible for the 
induction of CCL2 and CCL5 expression in 
the dermis.   

Exposure to environmental danger 
signals, such as contact irritants, results in 
the immediate release of stored IL-1α from 
the stratum corneum and its secretion by 
keratinocytes and LC, which in turn 
stimulates epidermal keratinocytes to secrete 
TNF-α [2;27]. Strong evidence shows that 
both of these epidermis-derived cytokines 
(i.e. IL-1α and TNF-α) are essential for the 
migration of LC out of the epidermis 
[2;28;29]. Furthermore, these cytokines 
enhance secretion of various chemokines by 
fibroblasts [7;14;15]. Based on these reports 
and our own findings, we propose a model 
for irritant-induced LC migration to the dermis 
wherein dermis-derived cells create a 
chemotactic gradient between the epidermis 
and the dermis, by secreting CCL2 and CCL5 in response to epidermis-derived TNF-α 
(figure 3.5). Since fibroblasts reside in the papillary dermis directly underneath the 
epidermis and secrete both CCL2 and CCL5, dermal fibroblasts are most probably 
involved in the attraction of irritant activated LC out of the epidermis. 

Figure 3.2. Irritant-induced LC migration is 
facilitated by different chemokine-receptor 
pairs to those involved in allergen-induced 
LC migration 
A) The number of CD1a+ cells in the 
epidermis per 0.3 mm2 tissue cross-section 
is shown. H2O was used as vehicle control 
for both SDS and NiSO4. Data represent 
the mean of three donors tested in 
quadruplicate ± SEM. *p<0.05 and 
**p<0.01 significance levels were 
calculated using two-way ANOVA test 
followed by a Bonferroni post-test. B) 
Phenotyping of migrated LC after H2O 
(vehicle), SDS or NiSO4 exposure. FACS 
histograms of CD83 and CCR7 expression 
are shown. Representative data is shown 
of three donors tested in duplicate. 
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Since epidermis-derived cytokines such as IL-1α and TNF-α are released upon 

both allergen and irritant exposure [2;7;22], LC migration towards the dermis is not 
likely to be regulated by the secretion of cytokine-inducible chemokines in the dermis. 
The migration is more likely to be regulated by the expression levels of critical 
chemokine receptors on the LC surface. In contrast to allergen-activated LC, irritant 
exposed LC do not express the maturation related chemokine receptors CXCR4 or 
CCR7. These two chemokine receptors are essential for the two-step migration of LC 
into 1) the dermis (by chemotaxis towards CXCL12) and then 2) via the lymphatic 
vessels into the draining lymph nodes (by chemotaxis towards both CXCL12 and 
CCL21), in order to present haptens to T-cells (figure 3.5) [16;21;30]. However, it has 
been shown that immature LC do express the corresponding receptors for CCL2 
(CCR2) and CCL5 (CCR1 and CCR5). These receptors are downregulated upon 
exposure of DC to maturation-inducing factors (e.g. CD40L, LPS) [23;24]. As irritants 
do not induce maturation as indicated by the lack of CCR7 and low CD83 expression, 
this receptor expression profile is therefore expected to remain unchanged. This 
indicates that immature LC and irritant exposed LC maintain their ability to migrate 
towards CCL2 and CCL5. Despite the fact that CCL2 and CCL5 interact with different 
receptors, it is clear from the present series of experiments that CCL2 is unable to 
replace CCL5 (and vice versa) for the initiation of irritant mediated LC migration. The 
mechanism of this direct or indirect inter-dependence is currently unknown. The 
requirement for both chemokines to mediate LC migration may provide a fail-safe 
mechanism, preventing premature LC migration. As CCR1, CCR2, and CCR5 are 
constitutively expressed by DC [24;31], the level of their chemokine ligands will 
determine initiation of migration. It is conceivable that multiple chemokines, binding to 
and signaling through multiple chemokine receptors, are required to achieve a level of 
activation within the LC that will allow for chemotactic migration. In this scenario also 
other ligands for these receptors (e.g. CCL3/MIP-1α, and CCL4/MIP-1β,. 
CXCL14/BRAK), could play a role in this concerted induction of migration of LC after 
activation by non-maturing signals. 

Figure 3.3. Irritant-exposed LC migrate 
towards fibroblasts in a TNF-α-dependent 
manner 
A) Number of CD1a+ cells migrating from 
epidermal sheets exposed to H2O (vehicle) 
or SDS for 16 h in the presence or absence 
of fibroblasts or in the presence of fibroblasts 
plus either a control antibody IgG1 or a 
neutralizing antibody against TNF-α, as 
measured by flow cytometry. Data represent 
the average of four experiments in duplicate 
± SEM. B) CCL2 and CCL5 secretion 
(ng/mL) by fibroblasts upon exposure to 
serial dilutions of the pro-inflammatory 
cytokine rhTNF-α. Data represent the mean 
of five experiments in duplicate ± SEM. 
Statistical differences *p<0.05, **p<0.01, and 
**p<0.001 were calculated using two-way 
ANOVA test followed by a Bonferroni post-
test in comparison with the vehicle-exposed 
skin.  
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Intriguingly, our findings suggest a mechanism by which immature LC may be 

induced to migrate to the dermis without acquiring the ability for further migration to 
lymph nodes (figure 3.5). In effect, this would result in “immunological silence”. In 
terms of immunological defence against pathogenic intruders, one could translate 
these findings to a situation wherein activation by bacteria of keratinocytes, through 
their expression of specific TLR, might result in TNF-α release from the epidermis, 
which in turn might induce the release of chemokines in the dermis. As LC generally 
lack the TLR that can bind bacteria-derived danger signals [32], this would most likely 
result in a CCL2/5-mediated migration of immature LC to the dermis without further 
migration to lymph nodes. This would fit with a proposed model for the maintenance of 
immunological silence or tolerance against (commensal) bacteria that do not 
penetrate the outer epidermal layer of the skin [32]. Only when these bacteria 
penetrate the epidermis and pose an immediate threat, would dermal DC (that do 
express the appropriate TLR) be activated and acquire the ability to migrate on to the 
lymph nodes to start an adaptive immune response. Of note, hapten-induced LC 
migration might then be more akin to virus-induced LC migration. As LC do express 
TLR that bind virus-derived danger signals [32;33], they will become activated upon 
viral contact and start to express CXCR4 that endows them with the ability to migrate 
to the dermis and subsequently on to lymph nodes through their upregulation of CCR7 
(as previously proposed in the two-step migration model [16], see figure 3.5). This 
would fit with the notion that viral infections already pose a threat upon epidermis-
confined infection and require immediate activation of the adaptive immune system by 
the activated LC. It will be of particular interest to test the validity of this hypothesis, 
derived from allergen/irritant studies, in infectious models.  

In conclusion, while allergen-activated CXCR4+ LC will migrate to the dermis in 
response to cytokine-induced CXCL12, irritant-exposed immature 
CCR1+CCR2+CCR5+ LC will migrate to the dermis in response to cytokine-induced 
CCL2 and CCL5. In analogy to our previous findings with allergens [16], we again 
show a pivotal role for dermis-resident cells, most probably fibroblasts, in mediating 
LC migration in response to irritants. Importantly, our results also clearly reveal a 
novel role for TNF-α in facilitating this LC migration. In addition to the known function 
of TNF-α in facilitating traversal of the basement membrane [11], our results indicate 
that TNF-α also induces dermal expression of CCL2 and CCL5 resulting in the 
chemokine mediated migration of epidermal LC towards the dermis. Whereas 
allergen-activated LC are known to migrate to the draining lymph nodes to start a T 
cell response, the fate of migrated LC upon topical exposure to irritants is as yet 
unknown and is currently under investigation. 
 

Figure 3.4. CCL2 and CCL5 mediate migration of irritant exposed LC in ex vivo skin. 
Immuno-staining of tissue sections obtained from full thickness skin biopsies. A) Representative 
results of three donors tested in duplicate for CCL2 and CCL5 immuno-staining. Arrow heads point to 
positively stained cells in the dermis. Scale bar represents 50 µm. B) Representative results of three 
donors tested in quadruplicate for CD1a immunostaining in the presence of intradermally injected 
isotype control antibody (IgG), neutralizing antibody to CCL5 prior to topical exposure with H2O 
(vehicle), SDS or phenol for 16 h. No immuno-staining was observed with the isotype control for CD1a 
(data not shown). Scale bar represents 50 µm. C) The number of CD1a+ cells in the epidermis per 0.3 
mm2 tissue cross-section is shown in the presence of intradermally injected isotype control antibody 
(IgG), neutralizing antibody to CCL2, neutralizing antibody to CCL5, or a neutralizing antibody cocktail 
to CCL2/CCL5 prior to topical exposure with H2O (vehicle), SDS or phenol for 16 h. Data represent the 
average of three donors tested in quadruplicate ± SEM. *p<0.05 and **p<0.01 significance levels were 
calculated using two-way ANOVA test followed by a Bonferroni post-test. 
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3.5 Materials and Methods  

3.5.1 Cell culture 
Fibroblasts were isolated and cultured according the protocol described by 

Kroeze et al. [34] and as previously described [16]. Cultures were passaged when 
90% confluent, using 0.5 mM EDTA/0.05% trypsin (Invitrogen, Paisley, UK). In all 
experiments fibroblast cultures were used at passage 3. This multiple passaging 
before use excludes the presence of contaminating cells such as macrophages and 
endothelial cells. 

 
3.5.2 LC migration from ex-vivo skin 

Healthy human abdominal skin was obtained after informed consent from 
patients undergoing plastic surgery, following hospital guidelines, and used directly 
after surgery. The skin was prepared as recently described [16] and the stratum 
corneum was topically exposed to the contact irritants sodium dodecyl sulphate (SDS) 
(2, 4, and 8 mM), salicylic acid (SA) (1, 5, and 10 mM), phenol (10, 50, and 100 mM), 
isopropanol (2.25, 4.5, 9 M) (Riedel-de Haën, Seelze, Germany), dimethylsulphoxide 
(DMSO) (Riedel-de Haën) (2.5, 5, 10 M), TritonX (2.5, 5, 10 mM) (Serva 
Electrophoresis GmbH, Heidelberg, Germany), Benzalkonium chloride (BCl2) (5, 10, 
20 µM), or the contact allergen nickelsulphate (NiSO4) (38, 190, and 380 mM) (Merck, 
Whitehouse Station, NY, USA). The vehicle for all irritants and the allergen was water 
with the exception of SA which was dissolved in DMSO (applied at less than 0.1%v/v). 
All chemicals were purchased from Sigma Chemical Co, unless indicated otherwise. 
Excised skin was incubated overnight in Iscove’s modified Dulbecco’s medium 
(IMDM)(BioWhittaker Europe, Verviers, Belgium) containing 5% HPS, 1% penicillin-
streptomycin, and 50 µM dithiothreitol (DTT) (Merck) and subsequently used for 
immunohistochemical analysis and determination of number of migrated LC.  
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For blocking assays the following antibodies were intradermally injected: a) 20 

µL of 10 µg/mL goat anti-human CXCL12 (AF-310-NA); b) 20 µL of 12.5 µg/mL goat 
anti-human CCL19 (AF361) and 5 µg/mL goat anti-human CCL21 (AF366); c) 20 µL 
of 4 µg/mL mouse anti-human CCL2 (clone 23007); d) 20 µL of 3 µg/mL mouse anti-
human CCL5 (clone 21418.211); e) 20 µL of 4 µg/mL mouse anti-human CCL2 and 3 
µg/mL mouse  anti-human CCL5. All neutralizing antibodies were purchased from 
R&D systems, Minneapolis, MN. The 50% Neutralization Doses (ND50) for these 
antibodies were determined at 1.5-6 µg/mL for CXCL12 in the presence of 2 ng/mL of 
rhCXCL12α, 2-10 µg/mL for CCL19 in the presence of 0.05 µg/mL of rhCCL19, 1-4 
µg/mL for CCL21 in presence of 50 ng/mL of rhCCL21, 0.5-2.0µg/mL for CCL2 in the 
presence of 0.15 µg/mL rhCCL2, and 0.3-1.5 µg/mL for CCL5 in the presence of 0.1 
µg/mL rhCCL5, according to manufacturer’s data sheets. Isotype control to assess 
non-specific binding was added at 12.5 ug/mL goat IgG (R&D systems).  

 
3.5.3 Determination of cytotoxicity 

Cytotoxicity was determined with the aid of a lactate dehyrogenase (LDH) 
cytotoxicity detection kit (Roche Diagnostics, Basel, Switzerland), and used as 
described by the suppliers. Culture supernatant of skin explant cultures was tested for 
the presence of LDH release (indicative of cell lysis / cell membrane leakage). 
Maximal toxicity was achieved by incubating skin explant cultures with 10% TritonX 
and set as a reference for the experimental conditions (all experimental conditions 
were subtracted from this reference-point). Unexposed cultures were referred to as 
100% viable. 
 
3.5.4 Epidermal sheet isolation 

Epidermal sheets were obtained from human abdominal skin as previously 
described [16]. In short, 8 mm punch biopsies were taken and the epidermal sheet 
was then separated from the dermis by incubating in dispase (grade II, Roche) for 20-
30 min at 37oC. Epidermal sheets were then washed in PBS before use in migration 
studies. 
 
3.5.5 Immunohistochemical staining 

Tissue sections (5 m) of frozen full-thickness skin explants were prepared 
and stained as previously described [16]. Briefly, the sections were incubated with 
primary monoclonal antibodies directed against CD1a (OKT6, 1:500, Ortho 
Diagnostics Systems, Rochester, NY, USA), Langerin (DCGM4, 1:2500, Beckman 
Coulter Fullerton, CA, USA), mouse anti-human CCL2 and mouse anti-human CCL5 
(R&D systems) and visualized with the aid of HRP. 
 
3.5.6 Transwell migration assay 

Transwell migration assays were performed essentially as previously 
described [16]. Either vehicle (H2O) or SDS were applied topically to the stratum 
corneum of the epidermal sheets. Where indicated, fibroblasts were incubated with 

Figure 3.5. Schematic overview of the proposed mechanisms of LC migration in irritant contact 
dermatitis (ICD) versus allergic contact dermatitis (ACD)  
Mechanism involved in Irritant Contact Dermatitis (ICD) is shown on the left and mechanism involved 
in Allergic Contact Dermatitis (ACD) is shown on the right side of the figure. Common pathways are 
shown in the centre. Irritant- or hapten-activated keratinocytes release fibroblast-activating cytokines 
(e.g. IL-1α and TNF-α). Dermal fibroblasts in turn secrete high levels of CCL2 and CCL5 as well as 
CXCL12, thus attracting irritant-activated CCR1+CCR2+CCR5+ immature LC into the dermis as well 
as hapten-matured CXCR4+ LC. Only hapten-matured LC will subsequently express CCR7 and 
acquire the ability to migrate on to lymphatic vessels and eventually to the draining lymph nodes. 
Thick arrows indicate migration, whereas the dotted arrows indicate cytokine-mediated conditioning. 
Small vertical arrows indicate upregulation of the indicated molecules. 
 



Immature LC migration is CCL2 and CCL5 dependent 

56 

0.1 µg/mL polyclonal goat-anti human TNF-α (R&D Systems, IgG)) for 30 min before 
combining with epidermal sheets. The ND50 for this antibody was determined at 0.003-
0.01 µg/mL in the presence of 0.25 ng/mL rhTNF-α.  
 
3.5.7 ELISA 

CCL2, CCL5, CCL7, CCL8, and CCL13 levels in culture supernatants of 
fibroblasts exposed for 4 hrs to serial dilutions of rhTNFα (Strathmann Biotech, 
Hamburg, Germany) were determined by ELISA. DuoSet CCL2, CCL5, CCL7, CCL8, 
or CCL13 development systems (R&D Systems) were used as described by the 
suppliers. 
 
3.5.8 Flow cytometry 

Cell staining and flowcytometric analyses were performed as recently 
described [16]. The following antibodies were used: mouse anti-human CD1a-PE 
(IgG1, BD Pharmingen, San Diego, CA, USA), CCR7-FITC (IgM, BD Pharmingen) 
and CD83-PE (IgG2b, Immunotech, Marseille, France). Isotype control to assess non-
specific binding was mouse IgG1-PE and mouse IgM-FITC (BD Pharmingen), and 
mouse IgG2b-PE (Immunotech). 
 
3.5.9 Statistical analysis 

Absolute numbers of migrated LC were compared between conditions using 
the two-way ANOVA test followed by a Bonferroni post-test. Differences were 
considered significant when p<0.05. To determine the number of migrated cells in ex 
vivo skin biopsies, immunostained tissue sections were quantified with the aid of Nis 
Elements AR version 2.10 software (Nikon Instruments Europe B.V., Amstelveen, The 
Netherlands). Three independent experiments (3 independent donors) each in 
duplicate or quadruplicate (2 or 4 skin biopsies as indicated in figure legend) were 
performed. For each biopsy, one tissue section was prepared. Three high power fields 
(magnification 200x) of each section were counted. Mean values of each donor were 
used to calculate statistical differences. 
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4.1 Abstract  

Langerhans cells (LC) migrate after topical exposure of the skin to irritants 
despite the supposed independence of irritant contact dermatitis from adaptive 
immunity. Whereas allergen-activated LC are known to migrate to the draining lymph 
nodes, the fate of migrated LC upon topical irritant exposure is unknown. Here, we 
identified a novel phenotypic switch of LC after their migration into the dermis upon 
irritant exposure. With the aid of ex vivo intact human skin and epidermal sheets we 
show that dermal fibroblasts are necessary for an IL-10 dependent postmigrational 
phenotypic switch of LC into macrophage-like cells. Exposure of ex vivo skin to a 
panel of seven irritants resulted in a decrease in number of CD1a+ cells and an 
increase in CD14+/CD68+ cells in the dermis. Neutralizing antibodies against IL-10 
totally inhibited the phenotypic LC-to-macrophage transition, but did not influence the 
migration of CD1a+ cells. Exposure of epidermal sheets to irritants resulted in a 
fibroblast dependent LC-to-CD14+/CD68+ switch coinciding with migration, which 
could be totally inhibited by neutralizing antibodies against either IL-10 or CCL2/CCL5 
(two chemokines responsible for epidermal-to-dermal migration). We have thus 
identified an IL-10 dependent phenotypic switch of LC into macrophage-like cells upon 
irritant exposure and emigration from the epidermis. 

 
4.2 Introduction 

Irritant contact dermatitis (ICD) is a non-immunologic inflammatory reaction 
triggered by a toxic insult to epidermal cells. When irritant substances penetrate the 
outer layer of the skin, they cause a localized acute inflammation. Morphologic studies 
have demonstrated that, despite the supposed independence of ICD from adaptive 
immunity, alterations in the density and morphology of epidermal Langerhans cells 
(LC) does occur concomitant with the clinical manifestation of inflammation. Recently, 
we have demonstrated that LC migrate out of the epidermis into the dermis in a 
CCL2/CCL5 dependent fashion upon irritant exposure (Ouwehand et al, 2010). 
Whereas allergen-activated LC are known to migrate into the draining lymph nodes 
(LN) to initiate a T cell response, the fate of migrated LC upon topical exposure to 
irritants is as yet unknown. 

In contrast to allergen exposure, irritant exposure does not induce maturation-
related CXCR4 and CCR7 expression on the surface of LC (Ouwehand et al, 2008; 
Rustemeyer et al, 2003; Yanagihara et al, 1998), thereby rendering LC unable to 
migrate towards the afferent lymphatics via the two-step CXCR4-CXCL12 and CCR7-
CCL19/CCL21 dependent model proposed for allergen-induced LC migration 
(Cumberbatch et al, 2002; Jacobs et al, 2004; Ouwehand et al, 2008; Villablanca et al, 
2008). Interestingly, Marks et al. showed a decrease in CD1a+ cells in the epidermis 
and an increase in CD1a+ cells in the dermis two days after patch testing volunteers 
with 10% SDS. However, after three days negligible numbers of CD1a+ cells were 
found in the dermis, and the number in epidermal CD1a+ remained low, indicating a 
total decrease in the number of CD1a+ cells in the skin (Marks et al, 1987). As irritant 
exposed immature LC are not able to migrate towards the lymphatics, the decrease in 
total amount of CD1a+ cells cannot be ascribed to migration. Therefore, other as yet 
unidentified processes appear to be involved in the decrease in epidermal LC. 

Previously, we showed a decreased number of CD1a+ cells migrating out of 
human full thickness skin biopsies, under immuno-suppressed conditions (i.e. upon 
intra-dermal delivery of high IL-10). This decrease in CD1a+ cells was due to a switch 
towards CD14+ macrophage-like phenotype (de Gruijl et al, 2006). In agreement with 
these results, Förtsch et al also showed a role for IL-10 in the conversion of human 
dendritic cells (DC) into a macrophage-like cell (Fortsch et al, 2000). Disruption of the 
skin-barrier has been described to attract macrophages which are capable of 
removing damaged tissue (Gawkrodger et al, 1986). In turn macrophages become 
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activated and secrete IL-10 (Chung et al, 2007; Platzer et al, 1995). Furthermore, 
keratinocyte-derived IL-10 secretion is upregulated upon perturbation of the skin-
barrier function, by e.g. tape stripping (Nickoloff et al, 1994a; Nickoloff et al, 1994b), 
UV irradiation (Ullrich, 1994), and chemical exposure (Enk et al, 1992; Terunuma et 
al, 2001). We therefore hypothesized a similar IL-10 dependent postmigrational 
phenotypic switch of LC into macrophage-like cells upon exposure of the skin to 
irritants. 

In this study we used ex vivo human full thickness skin biopsies in which the 
infiltration of newly arriving DC and/or macrophages from the blood was excluded. 
This model allowed us to study the migration of LC out of the epidermis into the 
dermis after irritant exposure. We investigated the influence of contact irritants on the 
morphology of migrated LC into the dermis upon topical exposure of freshly excised 
full-thickness skin and epidermal sheets to a panel of seven contact irritants, i.e. 
sodium dodecyl sulphate (SDS), phenol, salicylic acid (SA), isopropanol, 
dimethylsulphoxide (DMSO), TritonX, and benzalkonium chloride (BCl2). Our findings 
confirm an IL-10 dependent postmigrational switch of LC into a macrophage-like 
phenotype after exposure to contact irritants. 

 
4.3 Results 

4.3.1 Irritant exposure induces LC migration into the dermis. 
To study the effect of irritant exposure on the migration of LC into the dermis, 

ex vivo skin was topically exposed to a broad panel of seven irritants, consisting of 
surfactants (SDS and Triton X), as well as non-surfactants (SA, isopropanol, DMSO, 
BCl2 and Phenol). After 16h, the number of CD1a+ LC migrating into the dermis was 
quantified by immunohistochemical analysis of tissue sections. Dose-response data 
showed that LC migrated into the dermis already at very low (>75% viability) 
concentrations of all irritants (figure 4.1). To determine the total number of CD1a+ cells 
after topical exposure to the panel of seven irritants, the total number of CD1a+ cells  
present in both the epidermis and the dermis of excised skin was counted. Results 
show a clear decrease in total number of CD1a+ cells after exposure to all irritants, at 
chemical concentrations that exhibit less than 25% cytotoxicity, as compared to the 
vehicle control was observed (Table 4.1, upper region).  
 
4.3.2 Increased CD14+ and CD68+ cell numbers in the dermis upon irritant exposure. 

To study whether the decrease in total number of CD1a+ cells upon irritant 
exposure could be due to a conversion towards a macrophage-like phenotype, ex vivo 
human skin biopsies were stained with antibodies against CD14 and CD68. Double 
staining with antibodies against CD14 and CD68, indicated that the number of CD14+ 
cells in the dermis increased upon irritant exposure and that these cells co-expressed 
CD68+. Interestingly, CD14+ cells appearing in the epidermis upon irritant exposure 
did not co-express CD68+. Since the number of dermal CD14+CD68+ cells clearly 
increased upon exposure to the irritants SDS and Phenol as compared to the vehicle 
control (H2O) (figure 4.2A), we next quantified the number of CD14+ and CD68+ cells 
after 16 h of exposure to the panel of seven irritants (figure 4.2B, Table 4.1). Dose-
response studies showed a significant increase in number of CD68+ cells in the 
dermis upon exposure to all irritants, Similar results were obtained for the number of 
CD14+ cells in the dermis (Table 4.1).  

Since our ex vivo model does not allow infiltration of blood derived cells during 
the experiment, this increase in number of CD14+-CD68+ cells could only be due to a 
phenotypic switch of cells already present in the model via (trans)differentiation. 
Interestingly, the sum total of CD1a++CD14+ or CD1a++CD68+ cells remained 
constant upon exposure to all irritants (Table 4.1 middle and lower region) consistent 
with a phenotypic switch of migrated CD1a+ LC towards a CD14+CD68+ macrophage-
like cell. 
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Irritants Allergens

H2O
SDS

( 2 mM)

SA 

(10 mM)

Phenol 

(50 mM)

Isopropanol 

(9 M)

DMSO 

(5 M)

TritonX 

(10 mM)

BCl2 

(25 µM) 

NiSO4

(38 mM)

DNCB

(25 mM)

CA

(75 mM)

CD1a epidermis (± SD)

(0.3 mm2 epidermis)
32 (7) 7 (1) 6 (3) 10 (3) 17 (7) 18 (11) 15 (5) 13 (5) 10 (2) 11 (4) 11 (2)

CD1a dermis (± SD)

(0.6 mm2 dermis)
10 (6) 20 (9) 19 (6) 22 (7) 18 (5) 14(4) 18 (2) 20 (5) 15 (4) 14 (5) 15 (2)

Total CD1a (± SD) 42 (14) 27 (4) 25 (10) 32 (3) 35 (3) 32 (4) 33 (7) 33 (10) 26 (2) 25 (6) 26 (3)

CD14 dermis (± SD)

(0.6 mm2 dermis)
4 (3) 22 (9) 23 (9) 16 (4) 21 (5) 21 (5) 24 (9) 13 (6) 6 (2) 5 (2) 3 (2)

Σ CD1a & CD14 (± SD) 46 (2) 49 (12) 48 (5) 48 (5) 56 (13) 53 (7) 57 (14) 46 (6) 32 (1) 30 (7) 29 (2)

CD68 dermis (± SD)

(0.6 mm2 dermis)
17 (4) 37 (22) 34 (11) 29 (4) 37 (15) 30 (8) 26 (9) 27 (13) 16 (6) 22 (7) 17 (3)

Σ CD1a & CD68 (± SD) 59 (6) 64 (9) 60 (10) 61 (3) 72 (10) 62 (5) 59 (8) 60 (12) 44  (5) 49 (11) 44 (1)

Table 4.1: Chemical exposure of ex vivo skin

 
 

 

Table 4.1. Sum total of epidermal and dermal CD1a+ cells and sum total of total CD1a+ cells and 
dermal CD14+ or dermal CD68+ cells (± SD). Data represent the average of three experiments in 
duplicate ± SD. Statistical significant difference between H2O (vehicle) versus irritant exposed skin 
was calculated using a paired Student's t-test. For CD1a epidermis and Total CD1a a significant 
decrease was observed for all experimental conditions compared to H2O (p<0.05). For CD1a dermis, 
CD14 dermis, and CD68 dermis a significant increase was observed for all irritant conditions 
compared to H2O (p<0.05). For ΣCD1a & CD14 and ΣCD1a & CD68 no significant differences were 
observed for all irritant conditions compared to H2O 

Figure 4.1. LC migrate upon 
exposure to irritants 
Excised skin was topically exposed 
to increasing concentrations of a 
panel of seven irritants at three 
concentrations for 16 h. The number 
of CD1a+ cells counted in 0.6 mm2 
tissue section of the dermis is 
indicated by bars (left y-axis). 
Relative cell viability, as measured 
by LDH release into culture 
supernatants is indicated by solid 
lines (right y-axis). Vehicle exposed 
skin was used as reference and set 
at 100. Data represent the average 
of three experiments in duplicate ± 
SEM. (*p<0.05, **p<0.01, and 
**p<0.001 by two-way ANOVA test 
followed by a Bonferroni post-test.). 
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Whereas exposure to allergens (NiSO4, DNCB and cinnamaldehyde) also 
resulted in decreased total numbers of CD1a+ cells in the biopsies, no  
increase in CD68+ or CD14+ cells was observed suggesting that the allergen exposed 
maturing LC had migrated out of the skin biopsies and into the culture medium rather 
than undergo the phenotypic switch (Table 4.1). 
 
4.3.3 The post-migrational phenotypic switch of LC towards a macrophage phenotype 
is IL-10 dependent. 

Previous results showed a phenotypic switch of human LC to a macrophage-
like cell in an immunosuppressive IL-10-conditioned skin environment (de Gruijl et al, 
2006). Therefore, we considered it possible that IL-10 could be involved in the 
phenotypic switch of migrated CD1a+ LC to CD14+CD68+ macrophage-like cells upon 
irritant exposure. First we determined whether IL-10 was involved in the epidermis-to-
dermis migration of CD1a+ cells. Ex vivo full thickness skin biopsies were 
intradermally injected with neutralizing antibodies against IL-10, prior to topical 
exposure to the irritants SDS and phenol or to the control allergen NiSO4. As a 
control, ex vivo full thickness skin biopsies were injected with either IgG or neutralizing 
antibodies against CCL2/CCL5 (chemokines responsible for the irritant-induced 
epidermis-to-dermis migration of LC (Ouwehand et al, 2010). In contrast to 
CCL2/CCL5 neutralization, anti-IL-10 was not able to block LC migration into the 
dermis upon exposure to SDS and phenol (figure 4.3). Next, the numbers of CD14+ 
cells in the dermis were counted. The number of CD14+ cells in the dermis was not 
increased after irritant exposure in the presence of neutralizing antibodies to either 
CCL2/CCL5 or IL-10 (figure 4.3B). Taken together, these results clearly indicate an IL-
10 dependent switch into the macrophage phenotype of LC migrating into dermis in 
response to CCL2/CCL5 upon irritant exposure.  
 
4.3.4 Fibroblasts are involved in the post-migrational phenotypic switch of LC towards 
a macrophage-like cell. 

Next, we determined whether or not fibroblasts were involved in the observed 
post-migrational LC-to-macrophage switch. Fibroblasts were grown into confluent 
sheets on transwell inserts. Epidermal sheets derived from human split skin were 
either placed directly on the transwell inserts or placed on top of the fibroblast sheet in 
a transwell insert and topically exposed to the irritants SDS and phenol or control 
allergen NiSO4 (figure 4.4). In the absence of fibroblasts, LC that migrated out of 
epidermal sheets and into the lower transwell compartment upon exposure to either 
SDS or NiSO4, remained CD1a+CD14-. However, when migration occurred via the 
confluent fibroblast sheet, a clear switch to a CD1a-CD14+ macrophage-like 
phenotype was observed after SDS and phenol exposure, and after incubation with 
the positive control rhIL-10. In contrast, after exposure to allergen (NiSO4) the 
percentage of CD14+ was not changed compared to the vehicle (H2O) (figure 4.4A-B). 
Of note, neutralization of IL-10 resulted in a complete block of CD1a-to-CD14 
conversion, after SDS exposure (figure 4.4B), indicating an essential role for IL-10 in 
the postmigrational switch of LC into macrophage-like cells. In addition to the 
increased numbers of CD14+ cells, also more CD68+ cells were detected after 
migration out of epidermal sheets in the presence of fibroblasts after SDS exposure 
than after water (vehicle) exposure (figure 4.4C). Further flowcytometric analysis 
showed these macrophage-like cells to be negative for CCR7 (data not shown). 
Together these results demonstrate an IL-10 and dermal fibroblast dependent 
phenotypic switch of CD1a+ LC to a CD14+CD68+ macrophage-like cell.  
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4.4 Discussion 

We have identified a postmigrational switch of LC to a CD14+CD68+ 
macrophage-like phenotype after exposure of skin to irritants. The CD1a-to-CD14 
conversion was observed upon exposure to seven contact irritants (i.e. surfactants 
and non-surfactants) in ex-vivo patch tested full thickness skin explants. The 
advantage of this model is that the effect of irritant exposure on the migration of LC 
out of the epidermis can be studied without results being influenced by infiltrating 
blood-derived cells. The anti-inflammatory cytokine IL-10 was shown to be 
responsible for the phenotypic switch of LC towards CD14+ macrophage-like cells, as 
this conversion could be completely blocked by intradermal neutralization of IL-10. 

 

 
IL-10 is secreted in the epidermis by keratinocytes upon environmental stress 

(Enk et al, 1992; Nickoloff et al. 1994b; Nickoloff et al, 1994a; Terunuma et al, 2001) 
(Ullrich, 1994) and in the dermis by activated macrophages (Chung et al, 2007; 
Platzer et al, 1995). Richters et al. demonstrated that the population of cells migrating 
out of the skin after UVB irradiation, contained a relatively higher percentage of 
macrophages (Richters et al, 1996). Recently, we showed a dermis-dependent 
phenotypic switch of migrated LC into a macrophage-like cell in IL-10 conditioned skin 
explants (de Gruijl et al, 2006). These results are in agreement with our current 
findings, in that IL-10 plays a pivotal role in the transition of LC into macrophage-like 
cells upon migration. Of note, scattered CD14+ cells appearing in the epidermis upon 
irritant exposure did not co-express CD68, in contrast to de novo appearing CD14+ 
cells in the dermis (Figure 4.2A), further indicating the necessity of epidermis-to-
dermis migration for the acquisition of a full CD68+ macrophage-like phenotype. Since 
IL-10 is increased upon both allergen (Enk et al, 1992) and irritant (Corsini et al, 1998) 
exposure, it is most likely that as yet unknown counteracting factors are involved in 

Figure 4.2. Number of CD14+ and CD68+ cells after exposure to irritants 
A) CD1a and CD14-CD68 double immuno-staining of full thickness skin exposed to H2O (vehicle), 
SDS, or Phenol for 16 h (Magnification 200x). Increased number of double positive CD14+-CD68+ 
staining cells in the dermis after irritant exposure is shown by arrows. No staining was observed with 
the corresponding isotype (IgG1) control (data not shown). Data are representative of three 
experiments performed in duplicate.B) Number of CD68+ cells counted in 0.6 mm2 tissue section of 
the dermis after exposure to a panel of seven irritants. Corresponding cell viability is shown in Figure 
1. Data represent the average of three experiments in duplicate ± SEM. (*p<0.05 by two-way ANOVA 
test followed by a Bonferroni post-test.).  
 

Figure 4.3. CD1a –to-CD14 conversion is 
IL-10 dependent 
The number of CD1a+ cells (A) and 
CD14+ cells (B) in the dermis per 0.6 
mm2 tissue cross-section is shown in the 
presence of intradermally injected 
isotype control antibody (IgG), a 
neutralizing antibody cocktail to 
CCL2/CCL5, or neutralizing antibodies 
against IL-10 prior to topical exposure 
with H2O (vehicle), SDS, phenol, or 
control allergen (NiSO4) for 16 h. Data 
represent the average of three donors 
tested in quadruplicate ± SEM. *p<0.05 
and **p<0.01 significance levels were 
calculated using two-way ANOVA test 
followed by a Bonferroni post-test. 
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preventing the specific phenotypic switch upon allergen exposure. This is currently 
under investigation. 

We show that fibroblasts are necessary for the LC-to-macrophage switch upon 
irritant exposure, as LC did not phenotypically change in the absence of fibroblasts. It 
has been shown that exogenous IL-10, together with macrophage colony stimulating 
factor (M-CSF), enhances the differentiation of monocytes to macrophages 
(Hashimoto et al, 1997). However, M-CSF is not likely to act down-stream of IL-10 as 
a direct mediator of the observed effect, since recombinant IL-10 was not able to 
induce M-CSF secretion from fibroblasts (data not shown). Nor did LC exposed to 
irritants and migrating out of epidermal layers convert to macrophages under the 
influence of exogenously added M-CSF (at 10 ng/ml, data not shown). 

The migration of LC out of the epidermis under non-maturing conditions and 
the subsequent CD1a-to-CD14 transition could be an important escape mechanism, 
to protect LC from cell death by harmful toxic agents. Previously, we described that 
these CD1a-/CD14+ cells could not be in vitro differentiated to CD1a+ DC (de Gruijl et 
al, 2006). This indicates that the CD14+ macrophage-like cells are different from the  
dermal CD14+ LC-precursor population described by Larregina et al. (Larregina et al, 
2001), and that these cells do not contribute to a rapid repopulation of LC in the 
epidermis. 

 

 
 

Figure 4.4. Postmigrational phenotypic 
switch of LC into macrophage-like cells 
upon irritant exposure is fibroblast 
dependent. 
A) CD1a - CD14 FACS dotplots of LC 
migrated from epidermal sheets after 
topical exposure with H2O (vehicle), 
SDS, or NiSO4. Upper panel = 
fibroblasts absent; lower panel = 
fibroblasts present. B) Percentage of 
CD14+ cells migrated out of epidermal 
sheets in the presence of fibroblasts. 
Epidermal sheets were exposed to H2O, 
SDS, phenol, or NiSO4, or incubated 
with rhIL-10 or anti-IL-10 in combination 
with SDS exposure. Data represent the 
average of three donors tested in 
duplicate ± SEM. **p<0.01 and 
***p<0.001; two-tailed paired t test. C) 
CD68 immuno-staining of cyto-
centrifuged preparations of migrated 
epidermal LC after exposure with H2O 
or SDS in the absence or presence of 
fibroblasts (magnification 200x). 
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In contrast to the classical end-stage differentiation into fully mature DC, LC-
derived CD14+ macrophage-like cells appear to represent an alternative end-stage 
differentiation. These CD14+ macrophage-like cells could play an important role in 
rapidly removing damaged tissue as a result of skin barrier disruption (e.g. skin 
irritancy, tape-stripping, UV irradiation). Since, unlike LC, these macrophages lack the 
capacity to migrate to LN or prime naïve T-cells (de Gruijl et al, 2006), this CD1a-to-
CD14 conversion might serve to maintain immunological ignorance and thus avoid the 
generation of collateral autoimmunity.  

Interestingly, immature CD1a+CD14- and CD1a+CD14+ DC as well as CD1a-

CD14+ cells are commonly found in the afferent lymph from normal human skin 
(Brand et al, 1999). As the LC-to-macrophage converted cells described in our study 
lack CCR7, it seems unlikely that they would reach the lymphatics and thus most 
probably do not account for the migrating CD14+ cells described by others. However, 
it is known that immature dermal DC constitutively express CCR7 on their surface 
(Angel et al, 2006). Therefore, it is possible that CD14+ cells migrating through the 
skin lymphatics might be derived from dermal DC similarly transitioning to a 
macrophage-like phenotype. In this way apoptotic material released from damaged 
skin cells such as keratinocytes may be transported to regional LN. Upon entry into 
the LN, these immature CD14+ cells might be involved in active T cell tolerance 
induction, thus avoiding autoimmunity induction against skin-derived antigens (Udey, 
2004). Thus, tissue damage in the skin and uptake of necrotic or apoptotic cell 
fragments by cutaneous DC in the absence of microbial danger signals, would result 
either in LC-related immunological ignorance or dermal DC-induced immune 
tolerance.  

Our results describe in detail an IL-10 dependent postmigrational switch of LC 
into a macrophage-like cell upon irritant exposure. IL-10, which in general is released 
by both keratinocytes and macrophages upon skin barrier disruption (e.g. tape 
stripping and UV irradiation), but which is also high in several skin-associated 
diseases (e.g. systemic lupus erythematosus and melanoma) (Weiss et al, 2004). 
This implies that the phenotypic switch of migrated LC into CD14+CD68+ macrophage-
like cells is not restricted to ICD alone, but may also be involved in the preservation of 
immunological ignorance in other skin diseases. 
 
4.5 Materials and Methods  

4.5.1 Cell culture 
Human adult skin was obtained from healthy donors (with written informed 

consent) undergoing abdominal dermolipectomy and was used directly after surgery. 
The VU University medical center approved the experiments described in this paper. 
The study was conducted according to Declaration of Helsinki Principles.  

Isolated fibroblasts were cultured until confluency on transwell inserts (3 µm 
pore size) in 12 transwell culture plates (Corning, Schiphol-rijk, The Netherlands). 
Fibroblasts were cultured in DMEM (ICN Biomedicals, Irvine, CA, USA) containing 1% 
UltroserG (Biosepra S.A., Cergy-Saint-Christophe, France), and 1% penicillin-
streptomycin (Invitrogen, Paisley, UK) at 37oC, 5% CO2. Subsequently, 2 ng/mL 
epidermal growth factor (EGF) (Sigma Chemical Co, St Louis, MO), and 1.3 µg/mL 
DL-α-tocopherol acetate (Sigma) was added and the fibroblasts were further cultured 
for an additional 3 weeks to form a fibroblast sheet. 

 
4.5.2 LC migration in ex-vivo skin 

All fat was carefully removed from healthy human abdominal skin. Pieces of 
skin of approximately 4 cm2 were placed on transwell inserts. Finn Chamber filter 
paper discs (11-mm diameter, Epitest, Oy, Finland) were impregnated with vehicle, 
the contact irritants sodium dodecyl sulphate (SDS) (2, 4, and 8 mM), salicylic acid 
(SA) (1, 5, and 10 mM), phenol (10, 50, and 100 mM), isopropanol (2.25, 4.5, 9 M) 
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(Riedel-de Haën, Seelze, Germany), dimethylsulphoxide (DMSO) (Riedel-de Haën) 
(2.5, 5, 10 M), TritonX (2.5, 5, 10 mM) (Serva Electrophoresis GmbH, Heidelberg, 
Germany), Benzalkonium chloride (BCl2) (5, 10, 20 µM), or the contact allergens 
nickel sulphate (NiSO4) (38, 190, and 380 mM) (Merck, Whitehouse Station, NY, 
USA), dinitrochlorobenzene (DNCB) (38 mM) and cinnamaldehyde (CA) (75 mM) and 
applied topically to the stratum corneum, as previously described (Spiekstra et al, 
2005). The vehicle for all irritants and the allergen was water with the exception of SA 
which was dissolved in DMSO (applied at less than 0.1%v/v). All chemicals were 
purchased from Sigma Chemical Co, unless indicated otherwise. Excised skin was 
incubated overnight in Iscove’s modified Dulbecco’s medium (IMDM)(BioWhittaker 
Europe, Verviers, Belgium) containing 5% HPS, 1% penicillin-streptomycin, and 50 
µM dithiothreitol (DTT) (Merck) and subsequently used for immunohistochemical 
analysis. Toxicity was determined by measuring lactate dehyrogenase (LDH) release 
into the culture supernatants (indicative of cell lysis and/or cell membrane leakage) 
using a LDH cytotoxicity detection kit (Roche Diagnostics, Basel, Switzerland), 
essentially as described by the suppliers. Maximal toxicity was achieved by incubating 
skin explant cultures with 10% TritonX and set as a reference for the experimental 
conditions (all experimental conditions were related to this reference-point). 
Unexposed cultures were referred to as 100% viable. 

For blocking experiments the following antibodies were intradermally injected: 
a) 20 µL of 4 µg/mL goat anti-human CCL2 and 3 µg/mL goat anti-human CCL5; b) 20 
µL of 2 µg/mL goat anti-human IL10. All neutralizing antibodies were purchased from 
R&D systems, Minneapolis, MN. The 50% Neutralization Doses (ND50) for these 
antibodies were determined at 0.5-2.0µg/mL for CCL2 in the presence of 0.15 µg/mL 
rhCCL2, 0.3-1.5 µg/mL for CCL5 in the presence of 0.1 µg/mL rhCCL5, and 0.2-1 
µg/mL in the presence of 5 ng/mL rhIL-10, according to the manufacturer’s data 
sheets. Isotype control to assess non-specific binding was added at 7 ug/mL goat IgG 
(R&D systems). 
 
4.5.3 Immunohistochemical staining 

For immunohistochemical staining of ex vivo human skin explants, vertical 5 
µm cryostat frozen sections were cut, and air-dried at room temperature on 
SuperFrost® gold slides (Menzel GmbH & Co KG, Braunschweig, Germany). For 
immunohistochemical staining of migrated epidermal LC, cyto-centrifuge preparations 
were prepared of the single cell suspensions and air-dried at room temperature on 
SuperFrost® gold slides. Both the sections and cyto-centrifuge preparations were fixed 
in acetone (VWR, Amsterdam, The Netherlands) for 10 min. and then incubated for 30 
min. with primary monoclonal antibodies directed against CD1a (OKT6, 1:500, Ortho 
Diagnostics Systems, Rochester, NY, USA), CD14 (8G3, 1:100, Sanquin Reagents, 
Amsterdam, The Netherlands), and CD68 (EMB11, 1:400, Dako Cytomation, 
Glostrup, Denmark). After washing in PBS for 10 min., sections were incubated for 
another 30 min with goat anti-mouse conjugated to HRP (DakoCytomation). After 
washing with PBS, the slides were incubated for 10 min. with 3-amino-9-ethyl-
carbazol (ICN Biochemicals, Aurora, OH, USA) in the dark. Slides were 
counterstained with haematoxylin. The sections were washed three times in water, 
and embedded in Aquatex® (Merck). The number of cells was quantified with the aid 
of Nis Elements AR version 2.10 software (Nikon Instruments Europe B.V., 
Amstelveen, The Netherlands). 

For CD14-CD68 double staining, cryostat frozen sections were incubated with 
goat-serum for 10 min. prior to incubation for 30 min. with primary monoclonal 
antibodies directed against CD14 (IgG2a) (TÜK4, 1:20, DakoCytomation) and CD68 
(IgG1) (EBM11, 1:200, DakoCytomation). After washing in PBS for 10 min., sections 
were incubated for another 30 min with goat anti-mouse IgG2a-Alexa555 (1:200, 
Invitrogen) and goat anti-mouse IgG1-Alexa488 (1:200, Invitrogen). After washing with 
PBS, the slides were incubated for 5 min. with 4,6-diamidino-2-phenylindole (DAPI) 



Chapter 4 

 

69 

(1:100, Sigma). The sections were washed three times in PBS and then examined 
using a fluorescence microscope (Nikon Eclipse 80i), G-2a Ex510-560, DM575, 
BA590.  

 
4.5.4 Epidermal sheet isolation 

Split thickness healthy human abdominal skin was obtained with the aid of a 
dermatome (AESCULAP®, Braun, Tuttlingen, Germany) and washed in PBS (Braun, 
Melsungen, Germany). Subsequently, 8 mm punch biopsies were taken and the 
epidermal sheet was then separated from the dermis by incubating in dispase (grade 
II, Roche) for 20-30 min at 37oC. Epidermal sheets were then washed in PBS before 
use in migration studies. 
 
4.5.5 Transwell migration assay 

Human fibroblast sheets were cultured on the transwell inserts (3 µm pore 
size) of 12-transwell culture plates (as described above). Epidermal sheets were 
placed on top of the fibroblast sheets. Subsequently, Finn Chamber filter paper discs 
of 11 mm diameter (Epitest) impregnated with vehicle (H2O), 2 mM SDS, 50 mM 
Phenol, or 38 mM NiSO4, were applied topically to the stratum corneum. IMDM 
containing 5% human pooled serum, 1% penicillin-streptomycin, and 50 µM DTT was 
placed in the lower chamber only. Where indicated, fibroblast sheets were incubated 
with 2 µg/mL goat-anti human IL-10 for 30 min before combining with epidermal 
sheets. The transwell migration assay was then carried out at 37oC, 5% CO2, in a 
humidified atmosphere for 72 h. The phenotype of the cells migrating out of the 
epidermal sheet, through the fibroblast sheet, into the lower chamber was analysed by 
flow cytometry and immunohistochemistry of cyto-centrifuge preparations. 
 
4.5.6 Flow cytometry 

Cell staining was performed using mouse anti-human CD1a-PE (IgG1, BD 
pharmingen, San Diego, CA, USA), mouse anti-human CD14-FITC (IgG2a, Bergisch 
Gladbach, Germany) and rat anti-human CCR7-PE (IgG2a, BD pharmingen). Isotype 
controls to assess non-specific binding were mouse IgG1-PE (BD pharmingen), 
mouse IgG2a-FITC (Miltenyi Biotec) rat IgG2a-PE (BD pharmingen). Cells were 
incubated with antibodies for 30 min, washed in PBS containing 0.1% BSA and 0.1% 
sodum azide and resuspended in the same buffer for FACS analysis with a FACScan 
flow cytometer (Beckton Dickinson, San Jose, CA, USA). The data were subsequently 
analyzed using CellQuestPro software. 
 
4.5.7 Statistical analysis 

Absolute numbers of migrated LC were compared between conditions using 
the two-way ANOVA test followed by a Bonferroni post-test. Differences were 
considered significant when p<0.05. 
 
4.6 Conflict of interest 

The authors state no conflict of interest. 

 
4.7 Acknowledgements 

We would like to thank S.W. Spiekstra, S. Sampat-Sardjoepersad and J. Pronk 
for technical assistance. This study was funded by the VUmc Institute for Cancer and 
Immunology (V-ICI), Amsterdam and in part by a grant from the 
European Commission as part of the Integrated project ' Novel Testing Strategies for 
In Vitro Assessment of Allergens (Sens-it-iv), LSHB-CT-2005–018681’ and the 
Netherlands Organization for Scientific Research (NWO-VIDI-grant 917-56-32). 
 



IL-10 dependent LC-to-macrophage switch 

70 

4.8 Reference List 

Angel CE, George E, Brooks AE, Ostrovsky LL, Brown TL, Dunbar PR (2006). Cutting edge: 
CD1a+ antigen-presenting cells in human dermis respond rapidly to CCR7 ligands. J 
Immunol 176: 5730-5734. 

Brand CU, Hunger RE, Yawalkar N, Gerber HA, Schaffner T, Braathen LR (1999). 
Characterization of human skin-derived CD1a-positive lymph cells. Arch Dermatol Res 
291: 65-72. 

Chung EY, Liu J, Homma Y, Zhang Y, Brendolan A, Saggese M. et al, (2007). Interleukin-10 
expression in macrophages during phagocytosis of apoptotic cells is mediated by 
homeodomain proteins Pbx1 and Prep-1. Immunity 27: 952-964. 

Corsini E. Galli CL (1998). Cytokines and irritant contact dermatitis. Toxicol Lett 102: 277-282. 
Cumberbatch M, Dearman RJ, Groves RW, Antonopoulos C, Kimber I (2002). Differential 

regulation of epidermal langerhans cell migration by interleukins (IL)-1alpha and IL-
1beta during irritant- and allergen-induced cutaneous immune responses. Toxicol Appl 
Pharmacol 182: 126-135. 

de Gruijl TD, Sombroek CC, Lougheed SM, Oosterhoff D, Buter J, van den Eertwegh AJ et al 
(2006). A postmigrational switch among skin-derived dendritic cells to a macrophage-
like phenotype is predetermined by the intracutaneous cytokine balance. J Immunol 
176: 7232-7242. 

Enk AH. Katz SI (1992). Identification and induction of keratinocyte-derived IL-10. J Immunol 
149: 92-95. 

Fortsch D, Rollinghoff M, Stenger S (2000). IL-10 converts human dendritic cells into 
macrophage-like cells with increased antibacterial activity against virulent 
Mycobacterium tuberculosis. J Immunol 165: 978-987. 

Gawkrodger DJ, McVittie E, Carr MM, Ross JA, Hunter JA (1986). Phenotypic characterization 
of the early cellular responses in allergic and irritant contact dermatitis. Clin Exp 
Immunol  66: 590-598. 

Hashimoto S, Yamada M, Motoyoshi K, Akagawa KS (1997). Enhancement of macrophage 
colony-stimulating factor-induced growth and differentiation of human monocytes by 
interleukin-10. Blood 89: 315-321. 

Jacobs JJ, Lehe CL, Cammans KD, Das K, Elliott GR (2004). Assessment of contact allergens 
by dissociation of irritant and sensitizing properties. Toxicol In Vitro 18: 681-690. 

Larregina AT, Morelli AE, Spencer LA, Logar AJ, Watkins SC, Thomson AW et al (2001). 
Dermal-resident CD14+ cells differentiate into Langerhans cells. Nat Immunol 2: 1151-
1158. 

Marks JG Jr., Zaino RJ, Bressler MF, Williams JV (1987). Changes in lymphocyte and 
Langerhans cell populations in allergic and irritant contact dermatitis. Int J Dermatol. 
26: 354-357. 

Nickoloff BJ, Fivenson DP, Kunkel SL, Strieter RM, Turka LA (1994a). Keratinocyte interleukin-
10 expression is upregulated in tape-stripped skin, poison ivy dermatitis, and Sezary 
syndrome, but not in psoriatic plaques. Clin Immunol Immunopathol 73: 63-68. 

Nickoloff BJ Naidu Y (1994b). Perturbation of epidermal barrier function correlates with 
initiation of cytokine cascade in human skin. J Am Acad Dermatol  30: 535-546. 

Ouwehand K, Santegoets SJ, Bruynzeel DP, Scheper RJ, de Gruijl TD, Gibbs S (2008). 
CXCL12 is essential for migration of activated Langerhans cells from epidermis to 
dermis. Eur J Immunol 38: 3050-3059. 

Ouwehand K, Scheper RJ, de Gruijl TD, Gibbs S (2010). Epidermis-to-dermis migration of 
immature Langerhans cells upon topical irritant exposure is dependent on CCL2 and 
CCL5. Eur.J.Immunol. E-Pub, doi: 10.1002/eji.200940150.   

Platzer C, Meisel C, Vogt K, Platzer M, Volk HD (1995). Up-regulation of monocytic IL-10 by 
tumor necrosis factor-alpha and cAMP elevating drugs. Int Immunol 7: 517-523. 

Richters CD, Reits EA, Van Pelt AM, Hoekstra MJ, van Baare J, Du Pont JS. et al (1996). 
Effect of low dose UVB irradiation on the migratory properties and functional capacities 
of human skin dendritic cells. Clin Exp Immunol  104: 191-197. 

Rustemeyer T, Preuss M, von Blomberg BM, Das PK, Scheper RJ (2003). Comparison of two 
in vitro dendritic cell maturation models for screening contact sensitizers using a panel 
of methacrylates. Exp Dermatol  12: 682-691. 

Spiekstra SW, Toebak MJ, Sampat-Sardjoepersad S, van Beek PJ, Boorsma DM, Stoof TJ et 
al (2005). Induction of cytokine (interleukin-1alpha and tumor necrosis factor-alpha) 



Chapter 4 

 

71 

and chemokine (CCL20, CCL27, and CXCL8) alarm signals after allergen and irritant 
exposure. Exp Dermatol 14: 109-116. 

Terunuma A, Aiba S, Tagami H (2001). Cytokine mRNA profiles in cultured human skin 
component cells exposed to various chemicals: a simulation model of epicutaneous 
stimuli induced by skin barrier perturbation in comparison with that due to exposure to 
haptens or irritant. J Dermatol Sci  26: 85-93. 

Udey MC (2004). Skin dendritic cells in immunity and autoimmunity. J Investig Dermatol Symp 
Proc 9: 15-17. 

Ullrich SE (1994). Mechanism involved in the systemic suppression of antigen-presenting cell 
function by UV irradiation. Keratinocyte-derived IL-10 modulates antigen-presenting 
cell function of splenic adherent cells. J Immunol 152: 3410-3416. 

Villablanca EJ Mora JR (2008). A two-step model for Langerhans cell migration to skin-
draining LN. Eur J Immunol 38: 2975-2980. 

Weiss E, Mamelak AJ, La Morgia S, Wang B, Feliciani C, Tulli A. et al (2004). The role of 
interleukin 10 in the pathogenesis and potential treatment of skin diseases. J Am Acad 
Dermatol 50: 657-675. 

Yanagihara S, Komura E, Nagafune J, Watarai H, Yamaguchi Y (1998). EBI1/CCR7 is a new 
member of dendritic cell chemokine receptor that is up-regulated upon maturation. J 
Immunol 161: 3096-3102. 

 



 

 



 

 

Abbreviations: CA, cinnamaldehyde; CMC, cytokine maturation cocktail; DC, 

dendritic cell; DMSO, dimethylsulphoxide; DNCB, 2,4-dinitrochlorobenzene; HCPt, 

hexachloroplatinate; MoDC, monocyte derived DC; LC, Langerhans cell; NiSO4, 

nickel sulphate; rh, recombinant human; SA, salicylic acid; SDS, sodium dodecyl 

sulphate; TMTD, tetramethylthiuramdisulfide; TNF-α, tumour necrosis factor 

 

 

 

 

 

 

 

 

Chapter five 

 

 

Comparison of a novel CXCL12/CCL5 dependent migration assay with 

CXCL8 secretion and CD86 expression for distinguishing sensitizers 

from non-sensitizers using MUTZ-3 Langerhans cells 

 

 

Krista Ouwehand*, Sander W. Spiekstra*, Judith Reinders*, Rik J. Scheper†, Tanja D. 

de Gruijl‡, Susan Gibbs* 

 

Departments of *Dermatology, †Pathology, and ‡Medical Oncology, VU University 

Medical Centre, Amsterdam, The Netherlands 

 

 

Toxicology in vitro 2010, 24: 578-585  



A novel CXCL12/CCL5 dependent migration assay 

 

74 

5.1 Abstract 

As the induction of contact hypersensitivity is the result of a series of cellular 
processes, including  maturation and migration of epidermal DC (Langerhans Cells 
[LC]), a battery of assays based on these in vivo events might provide a robust in vitro 
predictability model for distinguishing sensitizers from non-sensitizers. Therefore, 
assays with read-out for changes in CD86 expression and CXCL8 secretion were 
compared with a novel functional assay based on the in vitro migratory behaviour of 
LC. In all three assays LC derived from the human myeloid-leukaemia-cell-line MUTZ-
3 (MUTZ-LC) were used. Exposure of MUTZ-LC to a panel of five sensitizers and 
three non-sensitizers resulted in increased CD86 expression in only 3/5 sensitizers, 
but also in 1/3 non-sensitizers. In contrast, CXCL8 secretion was uniformly increased 
after exposure to all sensitizers, but not after exposure to non-sensitizers. In a 
transwell migration assay, preferential migration of sensitizer-exposed MUTZ-LC 
towards CXCL12 was observed (5/5 sensitizers), whereas non-sensitizer-exposed 
MUTZ-LC only migrated towards CCL5 (3/3 non-sensitizers). In conclusion, the novel 
MUTZ-LC migration assay and analysis of CXCL8 secretion proved to be more 
successful than analysis of CD86 in predicting sensitizers from non-sensitizers and 
therefore warrant further investigation in the field of in vitro assay development. 

 
5.2 Introduction 

Allergic contact dermatitis is a common worldwide health problem, which 
affects both men and women. Therefore, preventative measures to reduce the 
incidence of people becoming sensitized are required. Since all new ingredients to be 
incorporated into a product are potential sensitizers, it is essential that these 
ingredients are first rigorously tested. Currently all potential chemical sensitizers are 
tested with the aid of animals. However, in Europe as from 2013 animal testing of 
potential sensitizers in cosmetic products will be prohibited (Directive 76/768/EEC), 
whereas the implementation of the REACH (Registration, Evaluation and 
Authorization of Chemicals) legislation (European Regulation 2006) will result in an 
increased demand for risk assessment of nearly 30,000 chemicals already marketed 
in the EU. Moreover, the replacement, reduction, and refinement of the use of test 
animals in general is now strongly stimulated. Therefore, there is an urgent need for 
reliable in vitro assays, which are able to distinguish sensitizers from non-sensitizers.  

Some progress has already been made with dendritic cell (DC)-based assays. 
These assays mainly focus on changes in biomarker expression upon induction of 
maturation. Monocyte derived DC (MoDC) (primary cells) have been used to test their 
ability to distinguish sensitizers from non-sensitizers by measuring changes in CD86 
expression and CXCL8 release [1]. However, the implementation of MoDC in a 
standardized assay is limited by the logistics involved in obtaining sufficient amounts 
of fresh blood and most importantly by donor variation. Beside MoDC, the use of 
several DC-like cell lines, generally from myeloid leukemic origins, have been 
investigated with varying degrees of success (e.g. THP-1, U-937, MUTZ-3, KG-1, HL-
60, K562, reviewed in Dos Santos et al.) [2]. The THP-1 cell line is the most 
extensively studied cell line. CD86 and CXCL8 are the most promising and 
extensively tested biomarkers described to date. However, it is now starting to 
become generally accepted that no single assay will be able to distinguish all 
sensitizers from non-sensitizers without scoring false negatives or false positives. 
Therefore, a battery of assays representing different phases of sensitization would be 
expected to enhance the sensitivity and specificity of in vitro assays.  

When an individual becomes sensitized a chain of events is initiated. 
Langerhans Cells (LC) residing in the epidermis migrate towards the dermis after 
exposure of the skin to sensitizers but also after exposure to irritants [3-5]. 
Sensitization results from penetration of haptens penetrate the skin where they form 
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complexes with skin proteins, resulting in hapten-carrier protein complexes [6;7]. 
These hapten-protein complexes are taken up by skin resident LC. The hapten-loaded 
LC transform into highly immunogenic cells with very potent antigen presentation and 
T-cell activation properties [8]. This coincides with two important events. The LC start 
to change from an immature to a mature phenotype as observed by increase in 
surface maturation marker expression e.g. CD86 and an increased secretion of IL-8. 
Importantly they start to migrate from the epidermis to the lymph node. LC migration is 
regulated by the sequential and differential expression of chemokines and their 
receptors [9;10]. The expression of skin-homing chemokine receptors, such as CCR1, 
CCR5, and CCR6 are down-regulated, and simultaneously receptors involved in 
homing to the local lymphnode e.g. CXCR4 and CCR7 become upregulated [11-14]. 
Our recent findings showed that CXCL12/SDF-1 is a pivotal initial inducer of migration 
of LC out of the epidermis and into the dermis after exposure to contact sensitizers, 
but not after exposure to non-sensitizers [15;16]. Interestingly, the receptors for 
CCL5/RANTES, CCR1 and CCR5 are rapidly lost on the surface of DC upon induction 
of maturation [17;18]. Therefore, we developed an in vitro LC-based migration assay 
towards CXCL12 or CCL5 and determined whether LC exposed to sensitizers would 
preferentially migrate towards CXCL12 and whether LC exposed to non-sensitizers 
would preferentially migrate towards CCL5. If this were the case, then we would have 
developed a novel in vitro assay for the discrimination of sensitizers from non 
sensitizers.  

In this study, for a readily available source of LC, we used MUTZ-3 [19]. This 
human cell line forms the basis for a highly physiologically relevant LC model with LC-
specific characteristics, such as Langerin and Birbeck granules and acquisition of 
specific maturation markers, such as CD86, CD83 and CCR7 upon exposure to 
maturation inducing factors [20]. MUTZ-LC were exposed to a test panel of five 
sensitizers and three non-sensitizers. Three aspects of LC maturation were examined: 
the conventional CD86 surface marker expression and CXCL8 secretion, and the 
ability of LC to migrate towards recombinant CXCL12 or CCL5 in a LC transwell 
migration assay. The present study is the first of its kind incorporating LC migration 
into an in vitro assay aimed at distinguishing sensitizers and non-sensitizers. 
 
5.3 Results 

5.3.1 Characterization of the MUTZ-LC 
MUTZ-3 progenitor cells have high surface expression of CD34 and CD14, 

weak expression of CD86 and do not express Langerin or CD1a (figure 5.1A, upper 
panel). MUTZ-LC, differentiated in the presence of GM-CSF/TGF-beta/TNF-alpha, 
display typical LC characteristics, with high CD1a and Langerin expression, moderate 
CD86 expression, and low CD34 and CD14 expression (figure 5.1A, lower panel). 
Figure 5.1B shows the phenotypic characteristics of both MUTZ-3 and MUTZ-LC after 
exposure to a maturation-inducing cocktail of cytokines (CMC). A clear increase in 
CD86 expression and a slight increase in CXCR4 (receptor for CXC12) expression 
was observed on both MUTZ-3 and MUTZ-LC. In agreement with previous findings 
that DC downregulate CCL5 receptors upon maturation (Sallusto et al. 1998; Sozzani 
et al. 1998), MUTZ-LC also showed a slight downregulation of CCR1 and CCR5 upon 
maturation (figure 5.1B). In contrast, MUTZ-3 progenitor cells did not downregulate 
these chemokine receptors upon treatment with CMC, but rather increased their 
surface expression of CCR1 and CCR5 (figure 5.1B). It can therefore be concluded 
that MUTZ-LC are the more physiologically relevant cell to incorporate into a DC-
based assay aimed at distinguishing chemical sensitizers from non-sensitizers.  
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5.3.2 Bioassays to identify potential sensitizers 
MUTZ-LC were employed in three bioassays based on LC maturation which 

assessed: I) changes in CD86 surface expression; II) changes in CXCL8 secretion; III) 
differences in migration towards CXCL12 and CCL5. 

  
I) CD86 surface expression on MUTZ-LC 
MUTZ-LC were exposed to a panel of five sensitizers and three non-

sensitizers for 24h at three different chemical concentrations in which the lowest 
concentration corresponded to 95% cell viability and the maximal concentration to no 
less than 75% cell viability (figure 5.2). Exposure to the sensitizers NiSO4, TMTD, and 
HCPt resulted in an increase in CD86 expression. CA caused no change in CD86 
expression even when 25 % cytotoxicity was reached, whereas the highest test 
concentration of DNCB resulted in a decrease of CD86 surface marker expression. 
The non-sensitizers SA and phenol did not cause any change in CD86 expression, 
whereas SDS exposure augmented CD86 expression at a chemical concentration 
correlating to 90 % cell viability. Of note, the 75 % viability criteria was not reached for 
SA since 4 mM is the maximum amount of the chemical which can be added to 
culture medium without resulting in a pH change of the medium. In conclusion, only 
three out of five sensitizers increased CD86 expression, while one of the three non-
sensitizers also increased CD86 expression. Therefore, these results show that 
measurable changes in CD86 surface expression do not provide a robust 
methodology for discriminating sensitizers from non-sensitizers.  
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II) CXCL8 secretion by MUTZ-LC 
In contrast to CD86 surface expression, analysis of CXCL8 secretion showed 

that each of the five sensitizers induced a dose-dependent increase in CXCL8 
secretion, whereas exposure to any of the three non-sensitizers did not (figure 5.3). 
Therefore, in this test panel of chemicals, CXCL8 secretion was a robust marker to 
distinguish sensitizers and non-sensitizers. 

II) MUTZ-LC migration assay 
MUTZ-LC were used for a novel transwell migration assay. First, in order to 

determine the optimal concentrations of rhCXCL12 and rhCCL5 required in the LC 
migration assay, a dose response study was performed in which cells migrating into 
the lower chamber of the transwell set-up were counted with the aid Flow-Count 
Fluorspheres and analyzed with a flow cytometer. CMC exposed mature MUTZ-LC 
migrated preferentially towards rhCXCL12 in a dose-dependent manner with a 
maximal migration at 0.1 ng/ml rhCXCL12. CMC exposed MUTZ-LC did not migrate 

Figure 5.1. Phenotypic 
characterization of MUTZ-3 progenitor 
cells and MUTZ-LC; A) FACS dotplots 
for CD14 (x-axis) and CD34 (y-axis), 
CD1a (x-axis) and Langerin (y-axis) 
double-positivity and CD86 (y-axis) 
expression are shown for both MUTZ-
3 progenitor (upper panel) and 
differentiated MUTZ-LC (lower panel); 
B) Histogram overlays for CD86, 
CCR1, CCR5, and CXCR4 are shown 
for both MUTZ-3 and MUTZ-LC either 
unexposed (fine line) or exposed to 
CMC for 24 h (bold line). M1 indicates 
isotype controls. 
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towards rhCCL5. In contrast, non-exposed immature MUTZ-LC migrated preferentially 
towards rhCCL5 (and not at all to rhCXCL12) in a dose-dependent manner with 
maximal migration at 100 ng/ml rhCCL5 (Figure 5.4A).  
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Since counting of Flow-Count Fluorospheres is a time consuming process and 

is not a suitable method for assay development in which large numbers of samples 
need to be analysed, we next fluorescently labelled MUTZ-LC with CSFE prior to their 
use in the transwell migration assay. The adaptation in the method to use 
fluorescence as read-out instead of the number of migrating cells enables large-
scale/high-throughput analysis of samples using a multi-well plate reader. A standard 
curve correlating the degree of fluorescence to the number of MUTZ-LC was made in 
order to identify the detection limit of the assay (Figure 5.4B). The linear part of the 
curve was considered reliable for the read-out of the samples, with an optimal read-
out between 0.16-2.5x104 cells.  

Having optimized the assay with respect to cell numbers and chemokine 
concentrations, we examined the migratory behaviour of MUTZ-LC towards optimal 
concentrations of either rhCXCL12 or rhCCL5 following a 24h exposure to the panel 
of five sensitizers and three non-sensitizers. Figure 5.5A shows graphs for LC 
migration towards CCL5 and CXCL12 after exposure to a typical sensitizer (NiSO4) 
and a typical non-sensitizer (SA). As can be seen upon NiSO4 exposure, the relative 
fluorescence intensity, which corresponds to the number of LC, decreases upon 
migration towards CCL5. In contrast, upon migration towards CXCL12 the relative 
fluorescence intensity increases in a dose-dependent fashion. The reverse occurs 
after non-sensitizer exposure. This is emphasized and clearly visualized when results 

Figure 5.2. Changes in CD86 expression after chemical exposure of MUTZ-LC. CD86 expression of 
MUTZ-LC cells following a 24h exposure to a panel of five sensitizers (NiSO4, DNCB, CA, TMTD, and 
HCPt) and three non-sensitizers (SDS, SA, and phenol) at three concentrations is indicated by bars 
(left y-axis). Corresponding relative cell viability is indicated by the lines (right y-axis). Unexposed 
cells were used as reference and set at 1. Data represent the average of four experiments in 
duplicate ± SEM (*p<0.05 and **p<0.01 by two-way ANOVA test followed by a Bonferroni post-test). 
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are expressed as a ratio of CXCL12/CCL5 (i.e. number of cells migrating towards 
CXCL12 divided by the number of cells migrating towards CCL5) for each chemical 
concentration as seen in figure 5.5B. A ratio above 1 was achieved by all five 
sensitizers, and a CXCL12/CCL5 ratio below 1 was achieved by all non-sensitizers. 
This shows a clear ability of this novel assay to distinguish sensitizers and non-
sensitizers, based on predominant migration to either CXCL12 or CCL5. 
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5.4 Discussion 

With the aim to develop a battery of in vitro assays for the identification of 
sensitizers, three assays based on different aspects of DC maturation were studied. 
These aspects were changes in co-stimulatory surface marker expression (CD86), 
changes in cytokine/chemokine secretion (CXCL8) and changes in directional 
chemotactic migration (CXCL12 vs. CCL5). A panel of five sensitizers and three non-
sensitizers were tested.  

In contrast to CD86 surface expression, CXCL8 secretion by MUTZ-LC was 
enhanced upon exposure to all tested sensitizers, and was not enhanced by the non-
sensitizers. These results for MUTZ-LC are in agreement with studies using MoDC 
[21] and THP-1 [22;23], and indicate that CXCL8 may be a universal and robust 
biomarker for incorporation into a variety of different DC-based assays using different 
cell-lines. The physiological relevance of selectively increased CXCL8 secretion upon 
exposure to sensitizers is as yet unknown, but it may be involved in the attraction of 
effector T cells [24]. Of note, whereas CXCL8 release by peripheral blood MoDC was 

Figure 5.3. CXCL8 secretion by MUTZ-LC is increased after sensitizer exposure. CXCL8 secretion by 
MUTZ-LC is shown following a 24h exposure to a panel of five sensitizers (NiSO4, DNCB, CA, TMTD, 
and HCPt) and three non-sensitizers (SDS, SA, and phenol) at three concentrations. Cell viability is 
as shown in figure 2 for the corresponding chemical concentration. Data represent the average of 
four experiments in duplicate ± SEM. (*p<0.05, **p<0.01 and ***p<0.005 by two-way ANOVA test 
followed by a Bonferroni posttest.) 
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enhanced slightly by exposure to sensitizers from an already high steady state 
release [25], the upregulated CXCL8 release by MUTZ-LC represents a de novo 
release. Therefore, CXCL8 release by MUTZ-LC seems to more accurately reflect the 
in vivo situation for quiescent epidermal LC.  
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Extended studies describing CD86 and/or CXCL8 readouts have been 

reported and reviewed by Dos Santos et al [26]. These studies, using MoDC and 
THP-1, are in agreement with ours with regards to CD86 biomarker expression and 
further substantiate the fact that CD86 is not a reliable biomarker for detecting 
sensitizers. Extended and multiple studies, using MoDC and THP-1, describe CXCL8 
as a promising biomarker [27-29]. However, even here a number of studies have 
reported false negatives [30;31]. This indicates that increasing the size of the test 
panel of chemicals will increase the chance of scoring false negatives, even when a 
promising biomarker is used, and that no assay may be able to serve as a reliable 
stand-alone assay. A solution for this inevitable problem is to run multiple assays 
based on different aspects of DC maturation. In this respect, the promising and novel 
DC migration assay described in this manuscript could complement an assay using 
for example CXCL8 as readout. A similar way of thinking was also used by Sakaguchi 
et al. who analysed CD54 in addition to CD86 surface marker expression in THP-1 
cells in order to reduce the number of false negatives scored by CD86 alone [32]. Of 
note, in our study, similar to CD86 surface marker expression, marginal changes in 
CCR1 and CXCR4 receptor expression measured by flowcytometry, the respective 
CCL5 and CXCL12 ligands, was not sensitive enough to reliably discriminate 
sensitizers from non-sensitizers (only 3/5 sensitizers but also 1/3 non-sensitizers 
increased CXCR4 expression; and only 3/5 non sensitizers decreased CCR1 
expression – data not shown). Indeed, exposure to the potent CMC maturation 
cocktail also resulted in only a marginal increase or decrease in expression of CXCR4 
and CCR1 respectively. This indicates that a functional migration assay is a more 
powerful tool to distinguish sensitizers and non sensitizers than assessment of 
changes in surface marker expression. 

Figure 5.4. Migration assay optimization A) Dose-response studies show that the optimal 
concentration of rhCXCL12 is 0.1 ng/ml and rhCCL5 is 100 ng/ml for incorporation into the migration 
assay. Data represent the average of four experiments in duplicate ± SEM. (*p<0.05, by two-way 
ANOVA test followed by a Bonferroni posttest.) B) Standard curve of duplicate serial dilutions of 105 
CFSE-labelled MUTZ-LC. The linear part of the curve indicates reliable read-out/quantization of the 
samples between 0.16-2.5x104 cells.  
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Whereas IL-8 secretion and the migration assay were able to correctly identify 

all 5 sensitizers from the 3 non-sensitizers, these assays were not able to determine 
the potency of the sensitizers. The Local Lymph Node Assay classes DNCB as an 
extreme sensitizer and CA, TMTD, NiSO4 and HCPt as moderate sensitizers. 
However in all of the 3 cell based assays a clearly lower concentration of TMTD (0.2 
µM) than DNCB (12 µM) was required to cause an effect of a similar magnitude in a 
particular assay thus incorrectly suggesting that TMTD is the stronger sensitizer. It 
should be emphasized though that the number of chemicals tested in our study is very 
low and for any real conclusion on potency an extended test panel should be studied. 
Another limitation in the IL-8 and migration assay is one which relates to all in vitro cell 
based assays. Only water soluble chemicals can be investigated in the test system 
since the chemical is delivered to the cells by supplementing the culture medium. This 
solubility issue is of importance since many chemicals are hydrophobic (e.g.: DNCB, 
TMTD and SA) and may therefore result in false negatives in the assay if the chemical 

Figure 5.5. A) Representative results for the relative migration of MUTZ-LC exposed to either non-
sensitizers (SA) or sensitizers (NiSO4) migrating towards rhCXCL12 and rhCCL5. B) The number of 
MUTZ-LC migrating towards either rhCXCL12 or rhCCL5 is expressed as a CXCL12/CCL5 ratio. A 
CXCL12/CCL5 ratio above 1 is indicative of a sensitizer, whereas a CXCL12/CCL5 ratio below 1 is 
indicative of a non-sensitizer. Data represent the average of four experiments in duplicate ± SEM. 
(*p<0.05, **p<0.01 and ***p<0.005 by two-way ANOVA test followed by a Bonferroni posttest.) 
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is not delivered to the cell (via a vehicle such as DMSO) at the concentration thought 
by the investigator. For this reason cytotoxicity data is of importance since it indicates 
that the chemical does indeed reach the cell in a dose dependent manner to result in 
a maximum pre-defined degree of cytotoxicity (25 % in the case of our study). If a 
response is seen within this pre-defined criteria, the results can be considered 
conclusive. However if no response is seen within the pre-defined criteria, the results 
for that particular chemical can be considered non-conclusive. For all of the chemicals 
which we tested, this was the case for SA. In our experiments we used the maximum 
concentration of SA (4 mM dissolved in 0.1 % DMSO) which could be used without 
resulting in a pH change of the medium. However only 10 % cytotoxicity was reached. 
This chemical did not result in an increase in CD86, IL-8 or CXCL12/CCL5 ratio in the 
3 assays studied. In order to overcome such solubility related problems in the future, it 
may be necessary to develop co-culture models in which the chemical is applied 
topically to a 3D organotypic epidermal equivalent with dendritic cells cultured 
underneath. In this way, hydrophobic chemicals can be applied to the test system by 
applying directly to the stratum corneum of the epidermal equivalent. Such co-culture 
models are currently under development in our laboratory. 

In our study, we show that MUTZ-3 derived LC function extremely well in in 
vitro assays being developed to distinguish sensitizers and non sensitizers. Until now, 
only one other publication has described MUTZ-3 progenitor cells using CD86 as 
biomarker readout to identify sensitizers [33]. Our results certainly warrant further 
investigation of this cell line using extended chemical panels.   

In conclusion, we have shown that exposure of MUTZ-LC to sensitizers does 
not lead to consistent upregulation of CD86 surface marker expression, as compared 
to non-sensitizer exposed MUTZ-LC, indicating that this marker is not a reliable 
biomarker for predicting allergenic or irritant potential of a chemical. In contrast, 
CXCL8 secretion is significantly increased upon exposure of MUTZ-LC to sensitizers, 
but not after non-sensitizer exposure, which is in agreement with our previous findings 
for MoDC [34] and those of others using THP-1 [35;36]. In addition, a novel functional 
assay based on the migratory behaviour of chemical-exposed MUTZ-LC towards 
either CXCL12 or CCL5, may be a very useful and reliable tool to discriminate 
sensitizers from non-sensitizers. As the induction of contact hypersensitivity is the 
result of a series of processes, a battery of assays based on the in vivo events leading 
up to sensitization would be expected to reduce the risk of false negatives. Therefore, 
a combination of maturation-induced chemokine release and migration-based assays, 
with CXCL8 secretion and migration towards CXCL12 or CCL5 as respective 
readouts, is promising and warrants further investigation with extended panels of test 
chemicals.  

 
5.5 Materials and methods 

5.5.1 Cell culture and chemical exposure 
The MUTZ-3 progenitor cell line was cultured and differentiated into LC as 

previously described [37]. Briefly, 2x105 MUTZ-3 cells/ml were differentiated in a TGF-
beta dependent manner into LC within 10 days. MUTZ-LC were exposed for 24h to a 
cytokine maturation cocktail (CMC) consisting of 100 ng/ml interleukin (IL)-6, 50 ng/ml 
TNF-alpha, 25 ng/ml IL-1beta (Strathmann Biotec, Hamburg, Germany) and 1 µg/ml 
PGE2 (Sigma Chemical Co, St Louis, MO), and to five sensitizers and three non-
sensitizers in a concentration dependent fashion. Sensitizers were nickel sulphate 
(NiSO4) (Merck, Whitehouse Station, NY), DNCB, cinnamaldehyde (CA), 
tetramethylthiuramdisulfide (TMTD), hexachloroplatinate (HCPt), and non-sensitizers 
were sodium dodecyl sulphate (SDS), salicylic acid (SA) and phenol. DNCB, TMTD, 
and SA were dissolved in dimethylsulfoxide (DMSO) (applied at less than 0.1% v/v) 
(Riedel-de Haën, Seelze, Germany), all other chemicals were dissolved in water 
(H2O). All chemicals were purchased from Sigma Chemical Co, unless indicated 



A novel CXCL12/CCL5 dependent migration assay 

 

82 

otherwise. The test panel of chemicals was selected by ECVAM based on validated 
data collected by the local lymph node assay for European research purposes on in 
vitro assay development. The highest chemical concentration used in the dose 
response studies correlated to no more than 25% cytotoxicity, 75% cell viability as 
determined by propidium iodide staining (Invitrogen, Paisly, UK).  
 
5.5.2 ELISA 

CXCL8 levels in culture supernatants of MUTZ-LC exposed for 24h to either 
sensitizers or non-sensitizers were determined by ELISA. A PeliKine compact Kit 
CXCL8 development system (Sanquin, Amsterdam, The Netherlands) was used as 
described by the suppliers.  
 
5.5.3 Flow cytometry 

The phenotype of MUTZ-LC was determined by flow cytometry. Cell staining 
was performed using monoclonal antibodies to CD86-PE (IgG1, BD Pharmingen, San 
Diego, CA), CD1a-FITC (IgG1, BD Pharmingen), CD207 (Langerin)-PE (IgG1, 
Immunotech, Marseille, France), CD34-PE (IgG1, BD Pharmingen), CD14-FITC 
(IgG2a, Miltenyi Biotec, Bergisch Gladbach, Germany), CXCR4-PE (IgG2a, R&D 
systems, Minneapolis, MN), CCR1-PE (IgG2b, R&D systems), CCR3-PE (IgG2b, 
R&D systems), and CCR5-PE (IgG2a, R&D systems). Isotype controls to assess non-
specific binding were mouse IgG1-PE, and IgG1-FITC (BD Pharmingen), mouse 
IgG1-PE (Immunotech), mouse IgG2a-FITC (BD Pharmingen), mouse IgG2a-PE and 
IgG2b-PE (R&D Systems). Cells were incubated with antibodies for 30 min, washed 
with PBS containing 0.1% BSA and 0.1% sodium azide and resuspended in the same 
buffer for FACS analysis with a FACScan flowcytometer (Beckton Dickinson, San 
Jose, CA). The data were subsequently analyzed using CellQuestPro software. 
 
5.5.4 Transwell migration assay 

Prior to performing the migration assay, cells were labelled with CFSE. CFSE-
labelling was accomplished with the aid of a CFSE cell trace kit (Invitrogen) and used 
essentially as described by the suppliers. A standard curve of serial dilutions of 1x105 

CFSE-labelled cells was made. The linear part of the curve was considered reliable 
for the read-out of the samples. Immature, CMC, sensitizer or non-sensitizer exposed 
(exposure time 24h as described above) CFSE-labelled MUTZ-LC were placed in a 5 
µm poresize transwell insert (5x104 cells/well). After 16h at 37oC, 5% CO2, in a 
humidified atmosphere in minimal essential medium (MEM)-alpha (Gibco, Grand 
Island, NY) supplemented with 1% penicillin-streptomycin, 2 mM L-glutamine 
(Invitrogen), 50 µM 2-mercaptoethanol (Merck), fluorescent migrating MUTZ-LC that 
entered the lower chamber were analysed with a Victor2 Wallac 1420 Multilabel 
counter, containing a filter (488 nm excitation and emission) (PerkinElmer, 
Massachusetts, USA). In order to determine the optimal concentrations of rhCXCL12 
(R&D systems) and rhCCL5 (R&D systems) for use in the migration assay, serial 
dilutions of rhCXCL12  or rhCCL5 (R&D systems) were placed in the lower well. The 
number of migrated cells was quantified in dose-response studies by adding an 
excess amount of Flow-Count Fluorospheres (Beckman Coulter, Fullerton, CA, USA) 
and determining the percentage of migrating cells with a FACScan flowcytometer. 
Optimal concentrations of 0.1 ng/ml rhCXCL12 and 100 ng/ml rhCCL5 were identified 
and used in the migration assay. The fluorescence data were subsequently analyzed 
using Victor2 Wallac software. Data are presented as the fluorescent intensity of cells 
migrating towards CXCL12 divided by the fluorescent intensity of cells migrating 
towards CCL5. 
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5.5.5 Statistical analysis 
Differences in CD86 expression, CXCL8 secretion, or CXCL12/CCL5 ratios of 

migrated MUTZ-LC and percentages or fluorescent intensity of migrated MUTZ-LC 
were compared between conditions using the one-way ANOVA test followed by a 
Dunn’s multiple comparison test. Differences were considered significant when p < 
0.05. 
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6.1 Introduction 

The skin forms a barrier between the environment and the individual providing 
protection from harmful chemicals and pathogens. A cross section of normal healthy 
skin showing the barrier function of the stratum corneum, the stratified epidermis 
containing DC (Langerhans Cells (LC)) and the underlying dermis containing 
fibroblasts is shown in Figure 6.1. Contact sensitizers are chemicals which have the 
capacity to penetrate into the viable layers of the epidermis where they can react with 
proteins or peptides to form a T cell epitope. They are then able to activate epidermal 
and dermal DC resulting in DC maturation and migration via the afferent lymphatics 
into the draining lymph node (Toebak et al., 2009). Migration from the epidermis to the 
dermis is mediated by the fibroblast derived chemokine CXLC12 (Ouwehand et al., 
2008). Migration into the lymph node is mediated by CXCL12, CCL19 and CCL21 
(Villablanca et al., 2008). Once in the lymph node these antigen loaded DC are able to 
stimulate naïve T cells. 

 

 

Upper skin layers
(epidermis)

Lower skin layers
(dermis)

Horn layer (stratum
corneum) forms barrier to
harmful chemicals. 
Consists of compact dead
cells (corneocytes) 
embedded in a 
waterproof lipid ‘’cement’’

Langerhans cells
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Living epidermal
cell layers (>95% 
keratinocytes)

Fibroblasts within the 
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In order to develop non-animal approaches for the evaluation of skin 

sensitization, researchers focus on the early events occurring in the skin and tend to 
dissect the different steps in order to examine separately bioavailability, chemical 
reactivity, keratinocyte (KC) or DC responses. A more physiologically relevant model 
than the mono-cultures currently under investigation may consist of KC/DC 3D co-
culture systems. In this chapter we focus on the development of such 3D KC/LC 
models, that not only allow a topical application of the chemical, but more importantly, 
integrate all events occurring during the initial phase of sensitization (barrier function 
of the skin, bioavailability, KC/DC interaction, and DC maturation), that can be 
potentially addressed in future assays. If the chemical is a sensitizer, the chain of 
events should result in DC maturation.  

In this context, two different approaches are underway within Sens-it-iv: 1) a 
co-culture of reconstructed epidermis and DC in which the different cell types are 
separated by a porous transwell membrane (figure 6.2a) and 2) organotypic 3D 
models in which LC are integrated into reconstructed epidermis (figure 6.3).  
 
6.2 Co-culture model:  

The KC DC co-culture model is a simpler model compared to the integrated 
model described in detail below. The KC and DC are cultured as two cell populations 
separated by a porous transwell membrane (Fig 6.2a). The epidermis is grown air 
exposed in the upper transwell compartment and the DC are grown submerged in the 
culture medium in the lower transwell compartment. In this way the two cell types can 
communicate with each other only by means of soluble mediators, without any direct 
cell contacts. This method of cell culture enables us to isolate and analyse 
independently the two cell types.  

 

Figure 6.1: Cross section 
of healthy human skin 
showing Langerin positive 
Langerhans Cells stained 
darker 
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Two different laboratories are involved in developing the co-culture model in 

order to determine the robustness of the model. VUMC use their in house epidermal 
equivalent model (EE) and MUTZ-3 cells which are differentiated into LC (MUTZ-LC). 
L’Oréal use Episkin® (SkinEthic, France) reconstructed epidermis and MUTZ-3 
progenitor cells (MUTZ-3). MUTZ-3 cells, like every cell line can be cultured and 
amplified to produce large quantities of precursor DC (MUTZ-3) that can then be 
differentiated into Langerhans-like cells (MUTZ-LC) which possess many of the 
characteristics of primary LC (Santegoets et al., 2008). This makes them the most 
physiologically relevant cell line among the 3 cell lines mentioned in previous chapters 
(U937, THP-1 and MUTZ-3) and thus the reason for choosing them as DC surrogate 
in both co-culture models. MUTZ-LC have the advantage to be more representative of 
epidermal derived DC, but their differentiation process is time consuming and 
expensive. MUTZ-3 have an advantage in that a ready supply of DC precursors are 
used but has a disadvantage in that MUTZ-3 are representative of undifferentiated DC 
precursors. A comparative analysis between the MUTZ mono-culture and the co-
culture conditions shows that the MUTZ phenotype is not affected by the presence of 
the reconstructed epidermis. We can conclude that the MUTZ cells are viable and still 
resemble in vitro DC in both co-culture models. 

The pilot results of the two laboratories after topically exposing the KC-DC co-
cultures to chemicals already indicate the importance of barrier function and chemical 
bioavailability. As for every analysis of a chemical response in a cellular model, the 
maximal non toxic concentration of the chemical tested, needs to be determined. 
Cytotoxicity studies have been performed in the two laboratories, using the MTT 
method on the reconstructed epidermis, as shown for the EE in upper panels of 
Figure 6.2b, and by PI staining for the MUTZ cells (Figure 6.2b; middle panel, bottom 
panel). The comparative analysis of these cytotoxicity data already gives some 
indications on the role of the epidermis in the response of DC surrogate MUTZ cells, 
since much higher chemical concentrations are required to result in MUTZ cytotoxicity 
in the co-culture model (mM concentrations) than in mono-cultures (µM 
concentrations). This indicates that in the co-culture model the reconstructed 
epidermis provides a physiologically relevant barrier to the chemical with the result 

Figure 6.2A: Experimental procedure. The human acute myeloid leukemia-derived cell line MUTZ-3 

(DSMZ) is grown in reference culture medium (α-MEM; 20% FCS; antibiotics; glutamine;10% 5637 
cell line (DSMZ) supernatant). MUTZ-3 cells are differentiated into MUTZ-LC in differentiation 

medium (α-MEM + 20% heat inactivated FCS, GM-CSF [100 ng/ml] + TNF-α [2.5 ng/ml] + TGF-β1 
[ 10 ng/ml]). VUMC in house epidermal equivalents, (EE) were cultured essentially as described 

previously (Spiekstra et al., 2009).  

A 
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that the MUTZ cells are in fact exposed to much lower chemical dose than the one 
that was topically applied.  
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Preliminary results show that there is no additional increase in the expression 

of the classical surface markers CD86 and CD54 in the co-culture model compared to 
the expression increase observed with MUTZ-3 or MUTZ-LC mono-cultures, where 
the chemical is directly applied. Whether or not there is an added value of a co-culture 
model compared to mono-cultures still has to be determined. Clearly the epidermal 
barrier function is of importance because if the chemical can not penetrate it will not 
result in sensitization. Moreover, the topical application on a reconstructed epidermis 
opens the possibility to test hydrophobic compounds that can not be tested in the 
mono-culture. Possibly unidentified mechanisms of cross-talk may exist between the 
reconstructed epidermis and the MUTZ, that would enable us to discriminate a 
sensitizer from a non sensitizer in this physiologically relevant model. Since the aim of 
Sens-it-iv is to identify novel biomarkers, genomic studies are currently being 
performed with a select panel of test chemicals on the VUMC co-culture model.  
 
6.3 3D models integrating Langerhans Cells:  

In contrast to the above described two-compartment co-culture models, where 
only an indirect crosstalk between KC and DC can take place through the release of 
soluble mediators, a model in which LC are directly integrated into the reconstructed 
epidermis, allows, in addition, KC-LC communication via direct cell contacts. 

Figure 6.2B: Epidermal equivalent provides a physiologically relevant barrier to topically applied 
chemicals on MUTZ-LC. EE were treated topically (24 hrs; upper panel) and MUTZ-LC were treated 
directly (48 hrs; mono-culture; middle panel) with different doses of DNCB, Cinnamaldehyde, SDS and 
Phenol dissolved in water or DMSO. EE viability was determined by MTT and MUTZ-LC viability was 
analyzed by PI exclusion in flow cytometry (FACSCalibur, BD Biosciences). In the bottom panel, 
MUTZ-LC were treated indirectly (co-culture, topical application) with subtoxic concentrations of 
chemicals (viability ≥ 70 %). For co-culture topical application to EE, chemical was applied via a 
saturated filter paper disc for 24 hrs. Disc was then removed and cultures were harvested 24 hrs later 
(total 48 hrs). The EE viability after 48 hrs was determined by MTT and MUTZ-LC viability by PI 
exclusion. Chemicals were obtained from Sigma Aldrich. 
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Two different types of 3D models integrating LC are being assessed within 
Sens-it-iv: 1) Reconstructed epidermis integrating LC derived from CD34+ cord blood 
cells (L’Oréal) and 2) reconstructed epidermis integrating LC derived from MUTZ-3 
progenitors (L’Oréal and VUMC).  

Following the first successful integration of Langerhans cells into a 
reconstructed epidermis (Régnier et al. 1997) and the proof of concept of a functional 
response of this model (Facy et al. 2004, Facy et al 2005), the new challenge of the 
past five years has been to define whether, and how such complex models could be 
used in a skin sensitization testing strategy in addition to other acellular and cell-
based in vitro assays. In order to evaluate this added value, integrated 3D models 
need to be reproducibly reconstructed at a large scale (i.e. industrialized) and their 
functionality needs to be characterized on the basis of relevant, standardized, 
quantifiable and robust endpoints. 
 

human reconstructed epidermis on
acellular dermis (VUMC)

MUTZ-LC derived from
MUTZ-3 cell line

Reconstructed epidermis 
containing Langerin positive

MUTZ-LC (red)

Human reconstructed epidermis 
SkinEthic

LangerinCD45

Human reconstructed epidermis containing
CD45/ Langerin positive MUTZ-LC

 

 
 
The model under study by L’Oréal within Sens-it-iv is a reconstructed human 

epidermis containing LC derived from CD34+ cells (RHE-LC) produced by SkinEthic. 
We are investigating two main development axes in parallel: one intends to approach 
the sourcing difficulties of CD34+ cells and to reduce costs by evaluating the 
possibility to substitute CD34+ cells with MUTZ-3 cells, and the other consists of 
studying the RHE-LC response to sensitizers. 

Currently we have been successful in reconstructing an epidermis containing 
LC derived from MUTZ-3. Immunostainings of epidermal sheets for the pan 
hematopoietic marker CD45 and the LC marker Langerin reveal indeed a nice 
network of equally distributed LC (Fig 6.3 upper panel). However, the LC density 
(≤100 cells/mm²) is rather inferior to the one reported in normal human skin (Schempp 
et al, 2000), and in this aspect the model needs to be improved. Interestingly, we 

Figure 6.3: 3D models containing Langerin positive MUTZ-LC. Upper right panel: Reconstructed 
human epidermis (immunostained epidermal sheets); Bottom right panel: Reconstructed human 
epidermis on human dermis (immunostained cross-sections). MUTZ-3 (DSMZ) were grown prior to 

integration into epidermis in reference culture medium (α-MEM; 20% FCS; antibiotics; glutamine; 
10% 5637 cell line (DSMZ) supernatant). Epidermal keratinocytes are obtained from foreskin. 
Culture is essentially as described previously (Rosdy et al., 1990; Spiekstra et al., 2005) 
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observe no need for prior cytokine dependent differentiation of MUTZ-3 precursors 
before integration during reconstruction of the epidermis. This strongly suggests that, 
in the 3D-keratinocytes-environment, the MUTZ-3 precursors receive the right signal 
to differentiate into LC. 

In parallel, we are studying the capacity of the RHE-LC model to respond to 
sensitizers. We can demonstrate that three genes, encoding specific markers of 
mature DC (CCR-7, CD80 and CD83), are significantly and reproducibly increased by 
TNF-α exposure as well as by three contact sensitizers (DNCB, pPD and Oxazolone) 
(Fig. 6.4). However, the response profile varies depending on the sensitizer and its 
application mode (topical or systemic), which renders the identification of a specific 
skin sensitizer signature impossible at the moment.  

These results underline that the RHE-LC model containing CD34+ derived LC 
is functional and responds to sensitizers. Thereby, the model appears to be a 
promising tool to better understand the cross-talk between KC and DC during 
chemical exposure. However, at this stage, we are not able to conclude on a potential 
added value in a skin sensitization testing strategy. 
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The model under development within the VUMC consists of a reconstructed 
epidermis containing MUTZ-3 derived Langerhans cells on a human acellular dermis. 
Langerin positive MUTZ-LC are observed distributed throughout the epidermal layers 
in a similar manner to that observed in vivo (compare Figure 6.3 lower panel with 
figure 6.1). Similar to L’Oréal we are  now working on the protocol in order to develop 
a robust and reproducible culture methodology in which MUTZ-3 cells can be used as 
a readily available source of LC. This would eliminate the requirement of CD34+ cells 
in 3D integrated skin models. Once this has been achieved, our constructs will be 

Figure 6.4 : Reconstructed human epidermis integrating CD34-derived LC (RHE-LC): response to 
TNF-α, Oxazolone, DNCB and PPD. RHE-LC  were exposed for 24h and 48h to non toxic doses of 
TNF-α, Oxazolone, DNCB and PPD (Topical exposure: all chemicals were dissolved in acetone (4) : 
olive oil (1). 20µL were spread with nylon disk on the surface of the epidermis; Systemic exposure: 
Molecules were dissolved in the culture media or in DMSO 0.4%. Cytotoxicity was assessed by 
AlamarBlue. Results are expressed as ratios giving the relative mRNA quantity in treated cells versus 
solvent treated cells. The red lines indicate the ratio thresholds of significant inhibition (= 0.5) and 
significant induction (= 2). Only experimental conditions giving positive results are presented. 
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available for identifying and testing novel biomarkers involved in DC maturation. 
Further advancements in the development of such a model will be to introduce 
fibroblasts into the dermis in order to determine whether or not MUTZ-LC are able to 
migrate out of the reconstructed epidermis into the dermis and also to introduce T 
cells into the assay system. 
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7.1 Abstract  

Epidermal Langerhans cells (LC) play a key role in initiation and regulation of 
immune responses. Whereas LC migration out of the epidermis upon environmental 
assault is extensively studied, the mechanisms involved in the (re)population of the 
epidermis with LC are poorly understood. Here, we investigated the immigration of LC 
derived from the human MUTZ-3 cell line (MUTZ-LC) into the epidermis of a full 
thickness skin equivalent, comprising a fully differentiated epidermis on a fibroblast-
populated dermis. MUTZ-LC were used to determine which epidermis-derived 
chemokines play a role in mediating LC trans-dermal migration into the epidermis. We 
found evidence for a role of keratinocyte-derived CCL5 and CCL20 in the chemo-
attraction of MUTZ-LC. Neutralizing antibodies against CCL5 and CCL20 blocked LC 
migration towards keratinocytes. Secretion of these two chemokines was associated 
with incorporation of MUTZ-LC into the epidermis of full thickness skin equivalents. In 
conclusion, our findings show that epidermis derived CCL5 and CCL20 are pivotal 
mediators in recruitment of LC into the epidermis under inflammatory conditions.  

 
7.2 Introduction 

Langerhans cells (LC), residing in the epidermis of the skin, form a network 
that constitutes the first immunological barrier against environmental assault 
(Banchereau et al, 2000). Their sentinel function is supported by their high capacity to 
internalize exogenous antigen. Exposure to pathogens, allergens, and UV irradiation, 
results in LC migration out of the epidermis. Epidermis derived cytokines, like 
keratinocyte (KC)-derived TNF-α and IL-18 and LC-derived IL-1β, are involved in the 
migration of LC out of the epidermis (Cumberbatch et al, 1997; Cumberbatch et al, 
2001). Whereas this is well studied, mechanisms by which LC repopulate the 
epidermis after assault are poorly understood. This is due to the lack of physiologically 
relevant models. To overcome this problem, in this study we used a human 
autologous full-thickness skin substitute to investigate chemokines involved in trans-
dermal LC immigration into the epidermis (Gibbs et al, 2006). 

Tissue engineered human skin provides a unique tool to study (re)population 
of LC in the epidermis and mechanisms involved in this immigration. Current models 
containing LC in the epidermis, were generated by either co-seeding blood-derived LC 
precursors with KC (Bechetoille et al, 2007; Facy et al, 2004; Facy et al, 2005; 
Regnier et al, 1997), or post-seeding LC on top of a fully differentiated epidermis 
(Dezutter-Dambuyant et al, 2006). These techniques render current models 
unsuitable to study the physiological mechanisms involved in immigration of LC into 
the epidermis. In contrast, Schaerli et al. seeded LC-precursors beneath intact native 
epidermal sheets in order to allow LC-precursors to populate the epidermis (Schaerli 
et al, 2005). All of these models were generated with the aid of blood-derived LC-
precursor cells, which introduces high donor-variability and logistic problems. We 
therefore made use of readily available LC-like cells cultured from the human Acute 
Myeloid Leukemia cell line MUTZ-3 (MUTZ-LC). CD34+ MUTZ-3 cells can be 
differentiated into LC in a TGF-beta-dependent fashion. MUTZ-LC are functionally and 
phenotypically equivalent to their physiological counterparts and express the 
characteristic LC markers Langerin and CD1a, and contain Birbeck granules 
(Masterson et al, 2002; Santegoets et al, 2008; Santegoets et al, 2006). By using this 
cell line we were able to exclude inter-donor variation in the observed LC migration 
effects. In addition, we used a full-thickness human Skin Equivalent (SE) consisting of 
a fully differentiated epidermis and a dermal layer containing skin-derived fibroblasts; 
both KC and fibroblasts in this model were obtained from the same single healthy 
donor. Notably the use MUTZ-3 and the human skin equivalent model is in full 
complience with the 3 Rs – replacement, reduction and refinement of experimental 
animals whilst at the same time allowing human DC biology to be investigated rather 
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than animal (e.g.: mouse) DC biology (7th Amendment to the Cosmetic Directive 
(Directive 76/768/EEC);(Goldberg and Hartung, 2006)). 

Several studies describe a potential role of CCR6 in mediating migration of LC 
precursors towards the epidermis (Dieu-Nosjean et al, 2000; Greaves et al, 1997; Le 
Borgne et al, 2006; Tohyama et al, 2001). CCR6 is highly expressed on immature LC, 
and is the receptor for the chemokine ligand CCL20 (MIP-3α) (Greaves et al, 1997). In 
normal human skin CCL20 is mainly produced by KC (Spiekstra et al, 2005; Tohyama 
et al, 2001). Beside CCL20, epidermal KC secrete a number of other C-C and C-X-C 
chemokines, e.g.: CCL5 (Spiekstra et al, 2007), CCL27 (CTACK) (Spiekstra et al, 
2005), and CXCL14 (BRAK) (Meuter and Moser, 2008). Recently, we showed that 
CCL5 is a potent chemo-attractant for immature MUTZ-LC (Ouwehand et al, 2010). 
These results are in agreement with findings of Sozzani et al. who showed that CD1a+ 
DC migrate very effectively towards CCL5 (Sozzani et al, 1995). Furthermore, 
evidence exists for the presence of the CCL27 receptor (i.e. CCR10) on human skin-
derived LC (Homey et al, 2000b), while the loss of CXCL14 expression was 
associated with low infiltration of DC (Shurin et al, 2005). These observations are 
indicative for potential roles of CCL5, CCL20, CCL27, and CXCL14 in the attraction of 
immature LC or their precursors towards the epidermis. Here, we investigated the role 
of these four chemokines in the immigration of LC into the epidermis of a human 
autologous full-thickness SE. Our findings show that epidermis-derived CCL5 and 
CCL20 are pivotal mediators of recruitment of LC into the epidermis.  

 
7.3 Results 

7.3.1 Migration of MUTZ-LC into SE 
The SE model used in this study has been described in detail previously 

(Gibbs et al, 2006). Briefly, it consists of an autologous fully differentiated epidermis 
on fibroblast re-populated human donor dermis (figure 7.1A). In order to investigate 
LC migration into the epidermis, 1 x 106 partially differentiated MUTZ-LC (figure 7.1B) 
were placed underneath the dermis of the SE and permitted to migrate into the 
epidermis over a period of 7 days (schematically presented in figure 7.1C). 
Remarkably, LC migrated selectively to the epidermis: only sporadic LC were found in 
the dermis at the basement membrane zone (see figure 7.2A). The presence or 
absence of MUTZ-LC in the epidermis of the SE was determined by 1) 
immunostaining of tissue sections with Langerin, CD1a, and HLA-DR (figure 7.2A) 
and 2) with CD1a immuno-staining of the epidermal sheets (figure 7.2B). These 
findings were compared to normal control skin. The CD1a+Langerin+HLA-DR+ MUTZ-
LC in the epidermis of the SE were in an immature state, as shown by absence of the 
maturation marker CD83 in the epidermis, similar to normal control skin (figure 7.2A).  

The number of epidermal CD1a+ cells was quantified for all cultures which 
contained LC and was found to be slightly, but significantly, lower in the SE as 
compared to control skin (figure 7.2C). Immunohistochemical staining showed that in 
only 38% of the cultures MUTZ-LC successfully migrated through the dermis into the 
epidermis. In the remaining 62% of SE MUTZ-LC failed to migrate to the epidermis 
(but of note: did not migrate into the dermis either). This effect was not dependent on 
the KC/fibroblast donor, since variation in this respect was observed between SE 
cultures within single donors. Table 7.1 shows that for all skin donors in which LC 
could be incorporated into 1 or more SE, the success rate within a single donor was 
only 100 % for 2 of the 11 donors. Indeed, 5 of the 16 skin donors failed to incorporate 
LC into the SE. This is strongly indicative that not only inter-donor variation is involved 
but also intra-donor variation is involved in the variable success rate. In SE where 
MUTZ-LC were successfully incorporated into the epidermis, CD1a+ cells were 
discernable in epidermal sheets in a characteristic “starry sky” appearance , 
comparable to the LC found in control skin (figure 7.2B).  
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7.3.2 CCL20 is the most potent chemo-attractant for immature MUTZ-LC 
Since the chemokines CCL5, CCL20, CCL27, and CXCL14 were all previously 

identified as LC chemoattractors (Dieu-Nosjean et al, 2000; Homey et al, 2000b; Le 
Borgne et al, 2006; Shurin et al, 2005; Sozzani et al, 1995), we first investigated 
whether the SE constitutively secreted these chemokines. This secretion from SE was 
compared to secretion from freshly excised native human skin which is representative 
of wounded inflamed skin, over a period of 24 hours. (figure 7.3A). The chemokine 
CCL27, was secreted at high levels by SE and excised skin in all experiments, 
whereas both SE and excised skin secreted very low (non-detectable) amounts of 
CXCL14. A large inter- and intra-donor variation in CCL5 and CCL20 secretion was 
observed in both SE and excised skin (figure 7.3A). Significantly less CCL20 was 
secreted by SE as compared to excised skin. Taken together these results show that, 
with the exception of CCL20, secretion of chemokines CCL5, CCL27 and CXCL14 did 
not significantly differ between SE and freshly excised native human (control) skin. 
However, these data suggest that the variable levels of CCL5 and CCL20 may explain 
the variable results in the attraction of MUTZ-LC into the SE epidermis, and at the 
same time underline the possible importance of these chemokines in this process. 
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Next, we determined whether the receptors for CCL5, CCL20, CCL27, and 
CXCL14 were present on MUTZ-LC. The receptors for CCL5 (e.g. CCR1, CCR3, and 
CCR5), and the receptor for CCL20 (CCR6) were all present and homogeneously 
expressed on the surface of 7-day differentiated MUTZ-LC (independent of CD1a, 
Langerin, or CD14 status). In contrast, the receptor for CCL27 (CCR10) was not 
present on immature MUTZ-LC (figure 7.3B), which is in line with our observation that 
successful LC immigration is independent of the high levels of CCL27 seen for all SE. 
The receptor for CXCL14 is as yet unknown and therefore its presence or absence on 
MUTZ-LC could not be determined.  

In order to ascertain the chemo-attractant potency of the chemokines identified 
in the SE supernatants, chemotactic transwell migration assays were performed with 
recombinant chemokines. In agreement with the chemokine-receptor expression 
profile, MUTZ-LC migrated towards CCL5, CCL20, and CXCL14 in a significant and 
dose-dependent fashion, but not towards CCL27 (figure 7.3C). These results for 

Figure 7.1. Full thickness Skin Equivalents 
(SE) containing MUTZ-LC 
A) Haematoxylin-eosin staining of human 
control skin and full thickness SE. Data are 
representative of three experiments 
performed in duplicate. Scale bar represents 
50 µm. B) Phenotypic characterization of 
MUTZ-LC. FACS dotplot for CD14 (x-axis) 
and CD34 (y-axis), and CD1a (x-axis) and 
Langerin (y-axis) double-positive expression 
is shown. C) Schematic overview of the 
study set-up. SE were cultured for 21 days 
(d), prior to seeding with MUTZ-LC 
underneath the SE. MUTZ-LC were allowed 
to migrate into the epidermis for 7 days (d). 
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CXCL14 demonstrate the presence of the CXCL14 receptor on MUTZ-LC. No additive 
effect of CCL5 and CCL20 on MUTZ-LC was observed (data not shown). Taken 
together our results indicate that CCL5, CCL20, and CXCL14 may be involved in the 
immigration of MUTZ-LC into the epidermis of full-thickness SE, with CCL20 being the 
most potent chemo-attractant. 
 
7.3.3 CCL5 and CCL20 are required for MUTZ-LC migration towards keratinocytes 

In order to determine whether CCL5, CCL20, and CXCL14 were indeed 
responsible for the observed attraction of MUTZ-LC towards epidermal KC, blocking 
experiments were performed. KC-mediated migration of MUTZ-LC in a trans-well 
system (with MUTZ-LC in the upper chamber and an epidermal KC monolayer in the 
lower well) was partially blocked by all three neutralizing antibodies, with anti-CCL5 
being the most potent (figure 7.4). A cocktail of neutralizing antibodies to CCL5, 
CCL20 and CXCL14 yielded a slight additional blocking effect over CCL5 alone. This 
clearly demonstrates that these chemokines are jointly responsible for the migration of 
immature MUTZ-LC towards KC, with CCL5 being the most dominant chemokine. 
These results suggest that MUTZ-LC may only migrate into epidermal layers of SE in 
which the KC secrete sufficient levels of CCL5, CCL20 and CXCL14. Therefore, we 
next determined whether the observed successful or failed MUTZ-LC incorporation in 
the SE epidermis, could be attributed to differences in chemokine expression. In order 
to be sure that we analyzed actual amounts of chemokines within the epidermis rather 
than residual amounts detected in culture supernatant which would be influenced by 
cell uptake e.g.: by fibroblasts or binding to the dermal matrix, we used a semi-
quantitative immunohistochemical analysis of chemokine protein within the epidermis. 
Representative results are shown for immunohistochemical staining of CCL5, CCL20, 
and CXCL14 in SE, as compared to healthy donor skin (figure 7.5A). The differences 
in epidermal chemokine expression between the successful and failed cultures, was 
assessed by determining the staining intensity of two representative cultures. 
Significantly more intense CCL5 and CCL20 immunostaining was found in the 
epidermis of SE cultures where MUTZ-LC were successfully incorporated into the 
epidermis, as compared to SE cultures where MUTZ-LC failed to incorporate into the 
epidermis (figure 7.5B). For CXCL14, the observed low expression levels were 
independent of whether LC were successfully or not incorporated into the epidermis of 
SE cultures. Together these results indicate that sufficient expression levels of CCL5 
and/or CCL20 are essential for the immigration of MUTZ-LC into the epidermis of full 
thickness SE. 
 
7.4 Discussion 

Here we show a pivotal role for KC-derived CCL5 and CCL20 in the attraction 
of immature MUTZ-LC into the epidermis of a full thickness SE. SE cultures that 
showed reduced expression of these chemokines in the epidermis, failed to integrate 
immature MUTZ-LC into the epidermis.  

LC have been found in skin draining lymph nodes during steady-state 
conditions, and their number increases during inflammatory conditions (i.e. allergen 
exposure, UV irradiation) (Hemmi et al, 2001; Jakob et al, 2001). This suggests that 
there is a constant turnover of LC both in the presence and absence of inflammatory 
signals, but at differential rates. Several LC-precursors have been identified which are 
involved in the repopulation of the epidermis with LC. It has been postulated that bone 
marrow derived myeloid LC precursors are constantly recruited to the skin and traffic 
via the peripheral blood through the dermis into the epidermis (Katz et al, 1979; Strobl 
et al, 1998). In contrast, Merad et al. showed that bone-marrow derived precursors 
were not recruited to the skin during steady-state conditions and LC homeostasis was 
maintained by the presence of a LC precursor within the skin (Merad et al, 2002). In 
agreement with these findings, Larregina et al. identified a CD14+Langerin+ dermal-
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resident LC-precursor, which could potentially migrate to the epidermis in response to 
CCL20 where it could further differentiate into immature resident LC (Larregina et al, 
2001). Le Borgne et al. also demonstrated a crucial role for the CCR6/CCL20 pathway 
in the recruitment of DC into epithelial tissues. This process was shown to be 
responsible for efficient in vivo crosspriming of CD8+ cytotoxic T cells (Le Borgne et al, 
2006).Others have described evidence for KC-derived CCL20 playing a major role in 
attracting immature LC into the epidermis (Dieu-Nosjean et al, 2000; Greaves et al, 
1997; Tohyama et al, 2001). Taken together, these findings by others are in line with 
our results which show that CD1a+Lang+ or CD14+ MUTZ-LC which represent partially 
differentiated LC precursors (see figure 1B) migrate in a CCR6-CCL20 dependent 
manner into the epidermis and further support the notion of the CCR6-CCL20 axis 
regulating epidermal homeostasis and homing of immature LC. 
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In contrast to homeostasis, during inflammatory conditions blood-borne LC 

precursors are actively recruited to the skin in order to rapidly repopulate the 
epidermis (Merad et al, 2002). These finding are supported by Ginhoux et al., who 
identified CD14+ monocytes as the direct pool of LC precursors under inflammatory 
conditions (Ginhoux et al, 2006). Previously we found that immature MUTZ-LC 
(CD1a+ or CD14+) could efficiently migrate towards epidermis-derived CCL5 
(Ouwehand et al, 2010). These results taken together are consistent with other 
studies in which CD1a+ cells and blood-derived monocytes are able to  efficiently 
migrate towards CCL5 (Keophiphath et al, 2010; Schaerli et al, 2005; Sozzani et al, 
1995). In addition to CCL5 chemo-attraction of CD1a+ cells, CCL20 has been shown 
to be upregulated in many inflammatory skin disorders e.g.: allergic contact dermatitis, 
psoriasis (Homey et al, 2000a) and therefore CCL20 may not only be involved in LC 

Figure 7.2. Characterization of the 
Skin Equivalent (SE) model 
containing MUTZ-LC in the 
epidermis 
A) Immunohistochemical-staining 
of human control skin and the full 
thickness SE model Data are 
representative of eleven donors. 
Scale bar represents 50 µm. 
CD1a, Langerin, HLA-DR, and 
CD83 staining are shown. No 
staining was observed with the 
corresponding isotype (IgG1) 
control (data not shown). B) 
Staining of CD1a positive cells in 
epidermal sheets of human control 
skin and the full thickness SE 
model (Scale bar = 20 µm). C) 
The number of CD1a+ cells 
counted in 0.3 mm2 tissue section 
of the epidermis of human control 
skin and the full thickness SE 
model. Statistical differences 
*p<0.05 between human control 
skin and SE were calculated using 

student t-test.  
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recruitment during homeostasis but may also be involved during inflammation. Indeed 
we found that excised skin secreted large amounts of CCL20 into culture 
supernatants. Additionally, the constitutive chemokine CXCL14 has been shown to be 
a potent chemo-attractant for CD14+-LC progenitors. Interestingly, blood-derived 
CD1a+ cells showed low-level migration towards CXCL14 (Schaerli et al, 2005). In 
agreement with Schaerli’s results we observed a low migration of MUTZ-LC towards 
CXCL14, which is probably due to their partially differentiated state since we found 
that the migrated cells were mainly CD14+ (data not shown). Since most of our SE did 
not secrete or show epidermal expression of CXCL14 (independent of whether LC 
were incorporated), this chemokine may not be essential for LC immigration into the 
epidermis but may play a role in the lack of robustness observed in our current model. 
Notably, CXCL14 was not detected in the culture supernatant of excised skin, 
whereas it was detected strongly in the epidermal layers and diffusely within the 
dermis. This indicates that CXCL14 is taken up by cells residing in the dermis and / or 
binds to the dermal matrix. 
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Figure 7.3. MUTZ-LC migrate towards Skin Equivalent (SE) derived cytokines 
A) CCL5, CCL20, CCL27, and CXCL14 secretion (pg/cm2) by freshly excised native human skin (filled 
circles; n=4 donors) and full thickness SE (open quadrangles; n=6 donors) is shown.. Chemokine 
levels were determined in culture supernatants by ELISA. Statistical differences *p<0.05 between 
human control skin and SE were calculated using student t-test. B) Phenotypic characterization of 
MUTZ-LC. Histogram overlays for CCR1, CCR3, CCR5, CCR6 and CCR10 are shown (bold line). 
Shaded histograms indicate corresponding isotype controls. C) Dose-response LC migration studies 
for CCL5, CCL20, CCL27, and CXCL14. Data represent the average of three experiments in 
duplicate ± SEM. *p<0.05, **p<0.01, and ***p<0.005 were calculated by a two-way ANOVA with 
Dunnett’s post test. 
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Taken together, our data and data by others indicate two different mechanisms 
for LC immigration into the epidermis. The attraction of skin-derived LC-precursors 
under steady state conditions is CCR6-CCL20 dependent, whereas the recruitment of 
blood-borne LC precursors during inflammatory conditions is CCL5 and CCL20 
dependent. In addition to CCL5 and CCL20, data by others suggests that CXCL14 
may also be involved during inflammation (Ginhoux et al, 2006; Keophiphath et al, 
2010; Schaerli et al, 2005). Since our MUTZ-LC population consists of both CD1a+ 
and CD14+ cells and the observed immigration is both CCL5 and CCL20 dependent, 
we propose that our immigration model represents more the inflammatory condition 
rather than skin in homeostasis. This is supported by the fact that SE have been 
reported to be in an activated state in culture, as demonstrated by the expression of 
many inflammatory cytokines and chemokines (Smiley et al, 2005; Spiekstra et al, 
2007). 

For comparison of chemokine secretion by our SE, we used an inflammatory 
model consisting of excised skin in which culture supernatant was collected over a 
period of 24 hours, similar to SE. This is in contrast to the study described by Smiley 
et al. (Smiley et al, 2005) who describe a microarray analysis of gene expression in 
cultured skin substitutes compared with freshly isolated native human skin (therefore 
not an inflamatory skin model). Smiley et al. showed that levels of numerous 
transcripts for genes regulating proliferation and hyperproliferation, including 
chemokines were higher in their SE model compared to native skin. Indeed CCL20 
transcripts were expressed 13.4 fold more in SE compared to native skin. We found 
no significant difference between the SE which incorporated LC and excised skin. The 
difference between our result and Smileys could be due to i) the inflamatory status of 
the control skin, ii) RNA levels not always being indicative of protein secretion which 
was our reason for quantifying protein in our study rather than RNA and iii) the 
activation state of a SE not being entirely dependent on the cell types incorporated 
into the model but also due to the components present in the culture medium (Gibbs 
et al, 2000; Gibbs et al, 1997). 

 
From our results it was clear that some SE secrete less CCL5 and/or CCL20, 

than others. The reason for this is currently unclear. The difference in secretion was 
not donor specific since chemokine secretion differed between cultures derived from 
the same donor, Possibly environmental stress factors of varying extent were involved 
due to prior handling of the SE (lifting) in order to place MUTZ-LC underneath the 
dermis in the transwell. Environmental stress factors (e.g. irritation and wounding) 
have been reported to increase secretion of CCL5 and CCL20 by epidermal KC 
(Sanmiguel et al, 2009; Spiekstra et al, 2005; Tohyama et al, 2001), and 
downregulate CXCL14 (Schaerli et al, 2005) and would explain the variation in LC 
incorporation into the epidermis which we observed. Therefore, in order to develop a 
highly reproducible immuno-competent SE model to study LC immigration, this 
divergent chemokine expression should first be remedied. Further optimization of SE 

Figure 7.4. CCL5 and CCL20 are involved in the migration 
of MUTZ-LC towards epidermal derived keratinocytes 
Percentage of migrated CD1a+ MUTZ-LC towards control 
medium (control) or KC in presence or absence of isotype 
control (IgG1), neutralizing antibodies against CCL5, 
CCL20, CXCL14, or a cocktail of the three neutralizing 
antibodies (NA cocktail). Statistical differences *p<0.05, 
between experimental conditions were calculated using 
the student’s t-test. 
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culture protocols including down-regulation of the inflammatory cytokine profile –
(Spiekstra et al, 2007) may also enable LC immigration under steady state to be 
investigated in the future. 
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Beside KC, fibroblasts are also able to attract LC (Kobayashi et al, 1994). 

Interestingly MUTZ-LC migrated selectively to the epidermis, as no 
CD1a+Langerin+HLA-DR+ cells could be detected in the dermis. Also, this indicates 
that de-differentiation or conversion into dermal DC within the fibroblast-populated 
dermis does not occur. These results are indicative of a strong gradient of epidermal 
derived chemo-attractants. However, we could not exclude the role of fibroblasts 
within this immigration of LC into the epidermis. Most probably the chemotactic 

Figure 7.5. Chemokine expression profile of Skin Equivalents that failed or successfully incorporated 
MUTZ-LC into epidermis 
A) Representative chemokine immunohistochemical-staining in human control skin, SE with MUTZ-LC 
incorporated in epidermis (successful), and SE which failed to recruit MUTZ-LC (failed). No staining 
was observed with the corresponding isotype (IgG1) control. Scale bar represents 50 µm. B) Relative 
chemokine staining intensity (redness) in the epidermis of full thickness SE that either successfully 
recruited or failed to recruit MUTZ-LC to the epidermis, compared to healthy human control skin. Data 
are from all SE from two donors with 100% success, two donors with 50% success, and two donors 
failed, see Table 1; and n=5 control skin.  *p<0.05 significance levels of SE were calculated using 
student t-test.  
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potential from fibroblast-derived chemo-attractants e.g.: CCL13 (Ouwehand et al, 
2010) is much weaker than those derived from epidermal KC. In addition, in vivo also 
other epidermal and dermal cells (e.g. melanocytes, dermal DC, macrophages, T-
cells, lympathic- and blood endothelial cells) could secrete chemoattractants that may 
potentiate the attraction of LC into the epidermis.  

In conclusion, divergent secretion of CCL5 and CCL20 by epidermal KC in SE, 
due to both inter- and intra- donor variability, resulted in a relatively low success rate 
of MUTZ-LC immigration into the epidermis but enabled us to identify 2 pivotal 
chemokines involved in LC immigration into the epidermis. Our results clearly show 
that trans-dermal migration of MUTZ-3 derived LC into the epidermis of the human 
full-thickness SE is mediated by CCL5 and CCL20. 
 
7.5 Materials and Methods  

7.5.1 Cell culture 
Fibroblast and keratinocyte culture. Dermal fibroblasts and epidermal KC were 

isolated from neonatal foreskins or from adult abdominal skin left over from plastic 
surgical procedures and cultured as previously described (Coolen et al, 2007; 
Ouwehand et al, 2008). KC (p1 or p2) were used to construct epidermal equivalent 
models (see below). 

MUTZ-LC culture. The MUTZ-3 progenitor cell line was maintained as 
previously described (Masterson et al, 2002). MUTZ-3 cells were partially 
differentiated into LC by culturing at 2x105 cell/mL in minimal essential medium 
(MEM)-alpha (Gibco, Grand Island, NY) supplemented with 20% v/v heat inactivated 
(HI) fetal calf serum (FCS) (Hyclone Laboratories, Logan, UT), 1% penicillin-
streptomycin, 2 mM L-glutamine (Invitrogen), 50 µM 2-mercaptoethanol (Merck, 
Whitehouse Station, NY), 100 ng/mL recombinant human Granulocyte Macrophage-
Colony stimulating factor (rhGM-CSF) (Biosource, International Inc, Camarillo, CA), 
10 ng/mL Transforming growth factor (TGF)-beta (Biovision, Mountain View, CA) and 
2.5 ng/mL tumor necrosis factor (TNF)-alpha (Strathmann Biotec, Hamburg, 
Germany), within 7 days. 

Skin equivalent (SE) culture. Human SE (including culture media) were 
cultured exactly as described previously (Gibbs et al, 2006). Briefly, 2 x 3 mm 
diameter epidermal sheets of human skin biopsies were placed onto 2 cm2 de-
epidermized dermis (DED) and cultured air exposed. After 4 days the cultures were 
combined with fibroblasts. The SE were cultured for a further 17 days until the 
epidermis had grown entirely over the dermis and fibroblasts had re-populated the 
dermis. For all cultures the medium was renewed two times per week. 

Of note, the KC, fibroblast, and SE culture procedures all resulted in loss of all 
endogenous LC as determined by immunohistochemistry of Langerin, CD1a, and 
HLA-DR (data not shown). 

 
7.5.2 Immunohistochemical staining and quantification of chemokine amounts and LC 
density in the epidermis 

Immunohistochemistry: was performed as previously described (Ouwehand et 

al, 2008). Paraffin embedded sections (5 µm) were used for morphological 
(hematoxylin and eosin staining) or immuno-histochemical analysis with mouse 
monoclonal antibodies against Vimentin (V9; 1:200, Dako Cytomation). Isotype control 
to assess non-specific binding was 10 ug/mL mouse IgG1 (Dako Cytomation). 

Frozen cryostat sections (5 µm) were used for immunohistochemical analysis 
of cluster of differentiation (CD)1a (OKT6; 1:500, Ortho Diagnostics Systems, 
Rochester, NY ), CD207 (Langerin) (DCGM4; 1:2500, Beckman Coulter, Fullerton, 
CA), HLA-DR (TAL.1B5; 1:400, Dako Cytomation, Glostrup, Denmark), CD83 (HB15a; 
1:10, Immunotech, Marseille, France), CCL5 (21418; 10 µg/ml), CCL20 (67310; 20 
µg/ml), and CXCL14 (131120; 5 µg/ml; R&D systems). Isotype control to assess non-
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specific binding was 2.5 ug/mL mouse IgG1 (Dako Cytomation), mouse 1:10 IgG2b 
(Immunotech), mouse 20 µg/ml IgG1, or mouse 5 µg/ml IgG2a (both R&D systems).  

Quantification of amount of chemokines in epidermis. Chemokine expression 
in the epidermis of SE relative to control skin was assessed by determining the 
staining intensity per fixed area (0.2 mm2) (background staining subtracted) which 
corresponds to the chemokine expression. This was quantified with the aid of Nis 
Elements AR version 2.10 software (Nikon Instruments Europe B.V., Amstelveen, The 
Netherlands). Intensity in control skin was set at 100%. 

Quantification of CD1a+ LC in the epidermis. The number of CD1a+ cells 
counted in 0.3 mm2 tissue section of the epidermis of human control skin and the full 
thickness SE model was counted with the aid of Nis Elements AR version 2.10 
software. Two different regions of each tissue section were counted and averaged per 
donor. 

 
7.5.3 Transwell migration assay 

Seven-day differentiated MUTZ-LC (5x104 cells/well) were placed in transwell 
inserts (5 µm poresize). Primary KC-cultures, rhCCL5, rhCCL20, rhCCL27, or 
rhCXCL14 (all purchased from R&D systems, Minneapolis, MN) were added at 
indicated dilutions and concentrations to the lower well. Migration was allowed for 16 
h at 37oC, 5% CO2, in a humidified atmosphere in MEM-alpha supplemented with 1% 
penicillin-streptomycin, 2 mM L-glutamine, and 50 µM 2-mercaptoethanol. MUTZ-LC 
entering the lower chamber were analysed and quantitated by flowcytometry. 

 
7.5.4 Flow cytometry 

The phenotype and number of migrating MUTZ-LC was determined by 
flowcytometry.  

MUTZ-LC phenotype: Cell staining was performed using mouse anti-human 
CD1a-FITC (IgG1, BD Pharmingen, San Diego, CA), mouse anti-human CD34-PE 
(IgG1, BD Pharmingen), mouse anti-human CD14-FITC (IgG2A, Miltenyi Biotec, 
Bergisch Gladbach, Germany), mouse anti-human CD207 (Langerin)-PE (IgG1, 
Immunotech, Marseille, France), mouse anti-human CCR1-PE, CCR3-PE, and CCR5-
PE (IgG2b, R&D systems), mouse anti-human CCR6-PE (IgG1, BD pharmingen), and 
rat anti-human CCR10-PE (IgG2a, R&D systems). Isotype controls to assess non-
specific binding were mouse IgG1-PE and IgG1-FITC (BD Pharmingen), mouse 
IgG2A (Miltenyi Biotec), mouse IgG2b-PE (R&D systems), rat IgG2a-PE (R&D 
Systems). Cells were incubated with antibodies for 30 min., washed in PBS containing 
0.1% BSA and 0.1% sodium azide and resuspended in the same buffer for FACS 
analysis.  

To quantify the number of migrated cells, an excess amount of Flow-Count 
fluorospheres (Beckman coulter) was added and the migrated cells were stained with 
mouse anti-human CD1a-PE (IgG1, BD Pharmingen) and mouse anti-human CD14-
FITC before analysis with a FACScan flowcytometer (Beckton Dickinson, San Jose, 
CA). The data were subsequently analyzed using CellQuestPro software. 
 
7.5.5 Statistical analysis 

Differences between human control skin and full thickness SE were compared 
using the student t-test. Two-way ANOVA with Dunnett’s post test for dose-response 
calculation were performed using GraphPad Prism version 4.00 for Windows 
(GraphPad Software, San Diego, CA). Differences were considered significant when 
p<0.05. 
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8.1 Abstract 

In this report the construction of a functional immunocompetent full thickness 
skin equivalent is described, consisting of an epidermal compartment containing 
keratinocytes, melanocytes and Langerhans-like cells derived from the human MUTZ-
3 cell line (MUTZ-LC), and a fibroblast-populated dermal compartment. The 
CD1a+Langerin+HLA-DR+ MUTZ-LC populate the entire epidermis at a similar density 
to that found in native skin. Exposure of the skin equivalent to sub-toxic 
concentrations of the allergen NiSO4, resulted in LC migration out of the epidermis 
towards the fibroblast-populated dermal compartment. Furthermore, we found a 
significant dose-dependent up-regulation of the dendritic cell maturation-related genes 
CCR7 and IL-1β upon epidermal exposure to the allergen Nickel, indicative of 
maturation and migration of the epidermally incorporated LC. We have thus 
successfully developed a highly reproducible and functional full-thickness skin 
equivalent model containing epidermal MUTZ-LC. This model has the potential to 
replace animal tests for estimating the sensitizing potency of new chemicals and skin-
based vaccination strategies, and provides a unique research tool to study human 
Langerhans cell biology in situ under controlled in vitro conditions. 

 
8.2 Introduction 

Animal models provide a useful tool to investigate the skin immune defence 
system, and are currently used as the gold standard for allergenicity testing of 
chemicals. However, the replacement, reduction, and refinement of the use of test 
animals in general is now strongly advocated [1]. In addition to ethical considerations, 
human models may be more relevant to study the skin immune defence system. 
Freshly excised human skin is physiologically more relevant than any animal model to 
study the human skin immune defence system. However, a major drawback of using 
excised skin for research purposes and in vitro assays is the regular need for large 
amounts of fresh skin, which potentially creates logistical obstacles and high donor 
variation. An in vitro model containing defined cell types (e.g. keratinocytes, 
melanocytes, fibroblasts and Langerhans Cells (LC)) from allogeneic sources or cell 
lines, would reduce the donor variability. Amplification and cryostorage of cell lines 
from cryopreserved stocks would overcome logistical obstacles. The aim of this study 
was to develop a human Skin Equivalent model containing LC from a cell line (LC-
SE). 

In order to develop a LC-SE in which LC can mature and migrate upon 
exposure to maturation inducing agents (e.g. allergens), it is important to incorporate 
the essential cell types involved in this process. LC are professional antigen 
presenting cells in the epidermis that play a key role in the skin immune defence 
system. LC capture exogenous antigens and migrate through the dermis to the 
regional lymph nodes to induce an adaptive immune response [2,3]. Recently, we 
identified a pivotal role for dermis-derived CXCL12/SDF-1 in the migration of activated 
LC from epidermis to dermis [4]. This chemokine is constitutively secreted by dermal 
fibroblasts and its secretion is enhanced upon exposure to stress factors (e.g. 
chemicals, hypoxia, irradiation, and burns) [5,6,7,4]. This increased secretion most 
probably is the result of pro-inflammatory cytokines released within the epidermis, 
such as keratinocyte-derived IL-1α and TNFα, and LC-derived IL-1β. These cytokines 
play an essential role in LC activation and their subsequent migration to draining 
lymph nodes [8]. Thus, it is essential that immune-competent SE models contain both 
a fibroblast-populated dermis and a keratinocyte-rich epidermis, as the interaction 
between epidermal and dermal cells has been proven to be important for both 
maturation and migration of LC in vivo. Another important consideration when 
developing a LC-SE is the source of LC. Blood-derived LC create availability and 
logistical issues, and introduce biological variability into the model system. Therefore, 
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in this study we aimed to integrate LC derived from the readily available MUTZ-3 cell 
line (MUTZ-LC) into a full thickness SE model containing all major skin residential cell 
types (i.e. keratinocytes, melanocytes, and dermal fibroblasts). 

MUTZ-3 is a human Acute Myeloid Leukemia (AML) cell line, which can be 
differentiated in a TGF-beta dependent fashion into fully functional LC, expressing 
Langerin and bearing LC-associated Birbeck granules [9,10]. Upon stimulation with 
maturation inducing factors (e.g. allergens), MUTZ-LC express characteristic 
maturation markers, such as CD83, CXCR4, and CCR7, and acquire the ability to 
migrate in response to CXCL12 [11,4,12], thus highly resembling their in vivo 
counterparts. 

Here we describe a reproducible LC-SE model consisting of a fully 
differentiated reconstructed epidermis containing keratinocytes, melanocytes, and 
MUTZ-LC, on a fibroblast populated dermal matrix. The density of MUTZ-LC in the 
epidermis was comparable to in vivo skin and the LC-SE was fully functional in that, 
upon exposure to the maturation stimulus NiSO4, MUTZ-LC underwent maturation 
(shown by increased IL-1β and CCR7 mRNA levels) and migrated from the epidermis 
into the dermis.  
 
8.3 Materials and methods 

8.3.1 Cell culture.  
Human neonatal foreskin was obtained from healthy donors (with written 

informed consent) undergoing circumcision and was used within 48 h after the 
surgical procedure. The VU University medical center approved the experiments 
described in this paper. The study was conducted according to Declaration of Helsinki 
Principles. Dermal fibroblasts were isolated from neonatal foreskins and cultured in 
Dulbecco’s modified Eagle medium (DMEM) (ICN Biomedicals, Irvine, CA, USA) 
containing 1% UltroserG (Biosepra S.A., Cergy-Saint-Christophe, France), 1% 
penicillin-streptomycin (Invitrogen, Paisley, UK) at 37oC, 5% CO2. Fibroblasts (p3) 
were incorporated into collagen gels (1x105 cells/ml) essentially as described by 
Spiekstra et al. [13]. Epidermal keratinocytes/melanocytes were isolated from 
neonatal foreskins as previously described [14]. The co-culture was cultured in 
DMEM/ Hams F12 (Invitrogen) (3/1), supplemented with 1% UltroserG, 1% penicillin-
streptomycin, 1 µM hydrocortisone, 1 µM isoproterenol, 0.1 µM insulin , 2 ng/mL KGF, 
and used to construct SE models (p1 or p2). The MUTZ-3 progenitor cell line was 
maintained as previously described [9]. MUTZ-3 were differentiated into LC by 
culturing at 2x105 cell/mL in minimal essential media (MEM)α (Gibco, Grand Island, 
NY) supplemented with 20% v/v heat inactivated (HI) fetal calf serum (FCS) (Hyclone 
Laboratories, Logan, UT), 1% penicillin-streptomycin, 2 mM L-glutamine (Invitrogen), 
50 µM 2-mercaptoethanol (Merck, Whitehouse Station, NY), 100 ng/mL recombinant 
human Granulocyte Macrophage-Colony stimulating factor (rhGM-CSF) (Biosource, 
International Inc, Camarillo, CA), 10 ng/mL Transforming growth factor (TGF)β 
(Biovision, Mountain View, CA) and 2.5 ng/mL tumor necrosis factor (TNF)α 
(Strathmann Biotec, Hamburg, Germany) for 7 days. 
 
8.3.2 Skin Equivalent (SE) culture.  

Reconstruction of the human SE containing MUTZ-LC was achieved by co-
seeding MUTZ-LC (0.5x106 cells) with keratinocytes (05x106 cells) onto fibroblast-
populated collagen gels. Cells were submerged for 3 days in DMEM/Ham’s F12 (3/1), 
supplemented with 1% UltroserG, 1% penicillin-streptomycin, 1 µM hydrocortisone, 1 
µM isoproterenol, 0.1 µM insulin, 1 ng/mL KGF. To induce epidermal differentiation, 
the constructs were cultured for 4 days at the air-liquid interface in DMEM/Ham’s F12 
(3/1), supplemented with 0.25% UltroserG, 1% penicillin-streptomycin, 1 µM 
hydrocortisone, 1 µM isoproterenol, 0.1 µM insulin , 2 ng/mL KGF, 1 x 10-5 M L-
carnitine, 1 x 10-2 M L-serine, and 50 µg/mL ascorbic acid. Unless otherwise stated, 
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all additives were purchased from Sigma Chemical Co (St. Louis, MO). Medium was 
renewed two times per week and all experiments were performed in duplicate unless 
otherwise stated. 
 
8.3.3 Chemical exposure 

Finn Chamber filter paper discs of 11-mm diameter (Epitest, Oy, Finland) were 
impregnated with vehicle (H2O), or allergen (nickel sulphate (NiSO4.6H2O)) (Sigma) 
dissolved in H2O. Either the chemical NiSO4 or H2O (vehicle control) was applied 
topically to the stratum corneum of the LC-SE cultures for either 4 h or 16 h at 37oC, 
5% CO2. 
 
8.3.4 Immunohistochemical staining 

For morphological (hematoxylin and eosin staining) and immuno-histochemical 
analysis of Vimentin and Bteb, paraffin embedded sections (5 µm) were 
deparaffinized and rehydrated. Prior to staining, antigen retrieval was performed in 
citrate buffer pH6 at 100oC for 30 min (30 min.). Subsequently, paraffin sections were 
stained with mouse monoclonal antibodies against Vimentin (V9; 1:200, Dako 
Cytomation) or Bteb (NKI; 1:400, Monosan). Isotype control to assess non-specific 
binding was 10 ug/mL mouse IgG1 (Dako Cytomation). Immuno-histochemical 
analysis of CD1a (OKT6; 1:500, Ortho Diagnostics Systems, Rochester, NY ), CD207 
(Langerin, DCGM4; 1:2500, Beckman Coulter, Fullerton, CA), and HLA-DR (TAL.1B5; 
1:400, Dako Cytomation, Glostrup, Denmark) on frozen cryostat sections (5 µm), and 
of CD1a+ LC in epidermal sheets, were performed as previously described [4]. The 
CD1a fluorescence intensity in epidermal sheets (background fluorescence 
subtracted) was quantified with the aid of Nis Elements AR version 2.10 software 
(Nikon Instruments Europe B.V., Amstelveen, The Netherlands).  
 
8.3.5 Flow cytometry 

The phenotype of MUTZ-3 and MUTZ-LC prior to epidermal incorporation or 
after migration into the dermis, was determined by flow cytometry as previously 
described [4]. Cell staining was performed using monoclonal antibodies to CD207 
(Langerin)-PE (IgG1, Immunotech, Marseille, France), CD1a-FITC (IgG1, BD 
Pharmingen, San Diego, CA), CD34-PE (IgG1, BD Pharmingen), CD14-FITC (IgG2a, 
Miltenyi Biotec, Bergisch Gladbach, Germany), and isotype controls to assess non-
specific binding (mouse IgG1-PE, IgG1-FITC (BD Pharmingen), mouse IgG1-PE 
(Immunotech), and mouse IgG2a-FITC (Miltenyi Biotec)). The percentage of migrated 
LC in dermal suspensions was determined based on 50,000 cell counts. 
 
8.3.6 Real-Time PCR 

Epidermis was removed from dermis by peeling off intact sheets with pincers. 
Total RNA was isolated from epidermis and dermis of the LC-SE model using the 
RNeasy® Mini kit with an on-column DNase I digestion (Qiagen, Basel, Switzerland), 
and stored at -80°C prior to use for RT-PCR analysis. RT-PCR analysis was 
performed as previously described[15]. cDNA was amplified by PCR using the 
following primer kits: RT² qPCR Primer Assay for Human PTPRC (CD45), RT² qPCR 
Primer Assay for Human ITGAX (CD11c), RT² qPCR Primer Assay for Human IL1B 
(IL-1β), RT² qPCR Primer Assay for Human CCR7, and as a housekeeping gene RT² 
qPCR Primer Assay for Human RPL13A.  
 
8.3.7 Statistical analysis 

Differences between human control skin and full thickness SE were compared 
using the student t-test. Two-way ANOVA with Dunnett’s post test for dose-response 
and kinetic calculation were performed using GraphPad Prism version 4.00 for 
Windows (GraphPad Software, San Diego, CA). Differences were considered 
significant when p<0.05. 
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8.4 Results and Discussion 

8.4.1 The construction of  immuno-competent SE containing MUTZ-LC 
In this study we describe a novel tissue-engineered SE model containing LC-

like cells that structurally and functionally resembles native human skin. Currently, 
only two groups have succeeded in introducing LC into an epidermal equivalent 
[16,17,18,19], while just one group was able to introduce dendritic cells (DC) into a 
dermal equivalent [20]. Neither of these groups reconstructed a full-thickness SE, 
rendering these models unfit to study LC migration from the epidermis to the dermis. 
Only one group has so far succeeded in reconstructing a full thickness SE containing 
keratinocytes, fibroblasts, endothelial cells, dermal DC-SIGN positive DC, and 
epidermal LC containing Birbeck granules [21]. This model was shown to be 
functional and suited to study LC activation and migration [22]. However, all these 
models require fresh blood-derived precursor cells as their source of LC. This renders 
them susceptible to donor variability in their response to chemicals, and also 
logistically difficult to construct. DC donor variability has been described to have a 
large impact on whether DC in vitro will respond to a chemical [16]. Therefore, a SE 
containing blood-derived DC is not reliable as an in vitro research tool, with the 
purpose of distinguishing sensitizers from non-sensitizers. Our immuno-competent SE 
is the first tissue-engineered, full-thickness SE to contain human cell line derived LC 
in the suprabasal cell layers of the epidermis. We show that MUTZ-3 derived LC are 
capable of maturing and migrating upon exposure to a classical allergen in a similar 
manner to LC in freshly excised skin [4].  
  

MUTZ-3 progenitor cells have high surface expression of CD34, low 
expression of CD14, and do not express Langerin and CD1a (figure 8.1, upper panel). 
Upon differentiation for seven days in the presence of GM-CSF/TGF-β/TNF-α, the 
cells lost their CD34 expression, but increased their CD14 expression, which is a 
recognised LC-precursor marker [23]. They also acquired the characteristic LC 
markers Langerin and CD1a (figure 8.1, lower panel). These 7-day cultured and 
partially differentiated cells were subsequently used for incorporation of LC into SE. 
The resulting LC-SE closely resembled native human skin. Haematoxylin-eosin 
staining showed a fully differentiated epidermis on a fibroblast-populated dermal 
matrix (collagen gel). The epidermis had a stratum corneum, stratum granulosum, 
stratum spinosum, and a compact basal layer (figure 8.2A, left panel). Melanocytes 
were localized throughout the basal layer of the epidermis (figure 8.2A, middle panel). 
In order to determine the presence and localization of MUTZ-LC in the SE model, 
tissue sections were immunostained for typical LC markers. CD1a, Langerin, and 
HLA-DR were detected throughout the epidermal layer, similar to human control skin 
(figure 8.2B). In human control skin, CD1a+ and  HLA-DR+ cells were also observed in 
the dermis and represent dermal DC and/or macrophages. Our results clearly 
demonstrate that MUTZ-LC populate the reconstructed epidermis of the SE, in a 
similar manner to native human skin. 

Figure 8.1. Characterization of MUTZ-LC 
Phenotypic characterization of MUTZ-3 progenitor 
cells and 7-day differentiated MUTZ-LC; A) FACS 
dotplots for CD14 (x-axis) and CD34 (y-axis), CD1a 
(x-axis) and Langerin (y-axis) percentages of stained 
cells in each of the quadrants are shown for both 
MUTZ-3 progenitors (upper panel) and partially 
differentiated MUTZ-LC (lower panel). 
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8.4.2 Density of MUTZ-LC in SE is comparable to normal skin  

To determine whether the morphology and density of MUTZ-LC in the SE 
epidermis resembled their in vivo counterparts, immunofluorescent staining was 
performed on normal skin- and SE-derived epidermal sheets. Results show stellate 
CD1a+ LC in epidermal sheets of the LC-SE, similar to human control skin, whereas 
no staining was observed in SE without LC (figure 8.3A). Furthermore, MUTZ-LC 
were evenly distributed throughout epidermal SE sheets, at a slightly lower, but not 
significantly reduced, density as compared to that found in epidermal sheets derived 
from human skin (figure 8.3B). The two groups that succeeded in reconstruction of an 
epidermal equivalent containing CD34 blood-derived LC showed similar epidermal LC 
density results to ours [16,17,18,19]. However, the only report describing a full 
thickness SE comprising monocyte derived LC and dermal DC, stated 3-5 times less 
LC, next to 1-3 times less dermal DC, compared to normal human skin [22,21].  

Figure 8.2. Characterization of the Skin Equivalent (SE) model containing epidermal MUTZ-LC (LC-SE) 
 (Immuno)histochemical-staining of human control skin and a representative full-thickness LC-SE. A) 
Haematoxylin-eosin, Vimentin (fibroblast), and Bteb (melanocyte) staining results. B) Staining results for 
LC markers CD1a, Langerin, and HLA-DR. No staining was observed with the corresponding isotype 
(IgG1) control (data not shown). Data are representative of five independent experiments performed in 

duplicate (Magnification upper panel 100x, lower panel 200x). 
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8.4.3 MUTZ-LC in full thickness SE mature and migrate after allergen exposure 

We next determined whether MUTZ-LC could mature and migrate in the LC-
SE upon exposure to a maturation inducing stimulus. LC-SE were topically exposed to 
non-toxic concentrations of the allergen NiSO4, a chemical known to induce 
epidermis-to-dermis migration and maturation of LC [4]. Exposure to up to 0.3% 
NiSO4 for 16 h did not result in any detrimental changes in tissue architecture (figure 
8.4A). LDH assay revealed >90% viability of the cultures after topical exposure to both 
concentrations of NiSO4 (0.1% and 0.3%) for 16 h as compared to non-exposed 
controls (data not shown). Based on these data the concentrations of the allergen 
NiSO4 used in this study were considered to be non-toxic. In order to determine the 
effect of NiSO4 exposure on LC density in the epidermis, the total fluorescence of 
CD1a+ MUTZ-LC in epidermal sheets (figure 8.4B, left panel) and the percentage of 
CD1a+ cells migrated into the dermis (figure 8.4B, right panel) was determined. 
Decreased LC densities in the epidermis and increased number of LC in the dermis 
were consistent with a NiSO4-induced epidermis-to-dermis migration of the LC in the 
SE. Exposure to water vehicle control did not result in a significant change in the 
number of LC, as compared to unexposed LC-SE (figure 8.4B,C). Exposure of LC-SE 
to NiSO4 resulted in retracted dendrites (i.e. rounder LC morphology), most likely due 
to E-cadherin down-regulation [24], (data not shown). This in turn allows migration of 
CD1a+ cells out of the epidermis. The group of Facy also showed the retraction of 
dendrites upon exposure to allergens (e.g. DNFB and NiSO4) and UV irradiation, but 
were unable to study migration of LC. This was most probably due to the lack of a 
fibroblast populated dermis providing the necessary chemokine gradient [16]. Upon 
UV irradiation, the monocyte-derived LC in the full thickness model described by 
Bechetoille et al. did become activated and did migrate into the dermal compartment 
[22].  

 
8.4.4 NiSO4-induced expression of the LC maturation markers IL-1β and CCR7 

To further confirm that the observed decrease in epidermal LC density was 
due to maturation-induced migration and not due to cell death as a result of toxicity of 
NiSO4, the expression of two DC maturation-related genes, i.e. IL-1β and CCR7, was 
determined upon exposure for 16 h to increasing doses of NiSO4.  

An early event following skin sensitization is the increased expression of IL-1β 
mRNA (within 15 min). IL-1β is produced by LC in murine epidermis [25]. Indeed, IL-
1β is required for the initiation of LC migration from the epidermis [26]. Based on this 
knowledge, we examined the effect of NiSO4 on the IL-1β mRNA expression in the 
reconstructed full thickness MUTZ-LC containing SE. IL-1β mRNA was up-regulated 
in the epidermis after exposure for 16 h to as little as 0.1 % NiSO4. In the dermis 
increased IL-1β was detected only after exposure to 0.3 % NiSO4, indicative of rising 
IL-1β expression levels preceding migration (figure 8.4C) and indicating an early 
onset of LC maturation in the epidermis prior to migration into the dermis. These 

Figure 8.3. LC density in epidermal sheets isolated 
from human control skin and MUTZ-3 derived 
Langerhans Cell-containing Skin Equivalents  (LC-SE)  
A) Representative staining of CD1a positive cells in 
epidermal sheets derived from human control skin and 
LC-SE. Control SE without LC shows total absence of 
fluorescently stained CD1a+ LC (Magnification 200x). 
B) Quantification of LC density by CD1a+ fluorescence 
intensity in epidermal sheets of human control skin, 
LC-SE, and SE. Data represent the average of five 
independent experiments each performed in duplicate 
± SEM. Student t-test was performed to calculate 
statistical differences. 
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results are in agreement with the findings of Facy et al, who also showed an increase 
in IL-1β expression in the epidermis after topical exposure of epidermal equivalents to 
allergens (e.g. DNFB and NiSO4) [17]. After 16 h of topical exposure to NiSO4, we 
observed increased IL-1β expression in both epidermis and dermis, indicating that 
MUTZ-LC had migrated into the dermis.  

A

B

C

Unexp. H2O 0.1% NiSO4 0.3% NiSO4

Epidermis Dermis

Epidermis Dermis

 

Figure 8.4. MUTZ-LC in Skin Equivalents (SE) mature and migrate upon allergen exposure 
A) Histology (as visualized by Haematoxylin-eosin staining) of full thickness LC-containing Skin 
Equivalents (LC-SE), either unexposed or exposed to H2O (vehicle) or NiSO4 at the indicated 
concaentrations (Magnification 200x). B) CD1a+ cell density (by CD1a+ fluorescence intensity) in 
epidermal sheets (left panel) and the percentage of CD1a+ LC in the dermis of SE (determined by 
flowcytometry) after topical exposure to NiSO4 for 16 h relative to unexposed SE (unexp.). C) IL-1β 
and CCR7 mRNA expression levels in the epidermis (left panel) and dermis (right panel) after 
exposure to NiSO4 for 16 h relative to unexposed (unexp.) SE. Data represent the average of five 
independent experiments each performed in duplicate ± SEM (*p<0.05 and **p<0.01 by one-way 
ANOVA test followed by a Bonferroni post-test). 
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In contrast to IL-1β, CCR7 mRNA expression was not increased in the 
epidermis but did show dose-dependent up-regulation in the dermis, indicative of 
CCR7 up-regulation following LC migration into the dermis (figure 8.4C). This is 
consistent with the acquired ability of matured LC to subsequently migrate from the 
dermis to draining lymph nodes [27,28,29,30,31,32,33,4]. In agreement with this 
finding, Bechetoille et al. found CCR7 positive LC in the dermis of their model but not 
in the epidermis after UV irradiation [22]. 

Exposure to water vehicle did not result in a significant up-regulation of either 
IL-1β or CCR7. Of note, IL-1β and CCR7 were not expressed in SE cultures without 
LC, and were not inducible after NiSO4 exposure (data not shown). In contrast to our 
findings, Facy et al. showed constitutive IL-1β expression in the untreated LC-free 
epidermal equivalent, which was further up-regulated upon allergen exposure [17]. 
This seems to point to a high basal activation level of their applied keratinocytes 
leading to IL-1β release. This discrepancy with our findings may be explained by 
differences in the methodologies employed to construct the different SE.  

In summary, we describe the first in vitro tissue-engineered skin model, which 
contains fully functional LC derived from a human cell line (i.e. MUTZ-LC). MUTZ-LC 
constitute a readily available source of LC able to capture, process, and present 
antigens to T cells, resulting in efficient T cell stimulation [34]. In order to stimulate T 
cell responses, LC need to mature and acquire the ability to migrate towards CXCL12 
and CCL19/21, all of which are traits shared by MUTZ-LC [34,4]. Our first results 
presented here clearly demonstrate that the LC-SE responds to the model allergen 
NiSO4 in a comparable fashion to primary LC in fresh full-thickness skin explants. The 
use of MUTZ-LC provides a solution to the poor availability of blood-derived CD34+ 
LC precursors and avoids the high inter-donor variability associated with the use of 
blood-derived precursors. Further research will determine to what extent the LC-SE 
will be able to replace animal tests for estimating the sensitizing potential of new 
chemicals and skin-based vaccination strategies. Above all, it provides an excellent in 
vitro research tool to study the biology of LC under controlled conditions that closely 
mimic the natural tissue composition. 
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9.1 Summary, Discussion and Future Prospects 

Contact dermatitis (CD) is a common health problem, which affects both men 
and women and accounts for 85-90% of all skin diseases. Two main types of contact 
dermatitis can be distinguished, according to the pathophysiological mechanisms 
involved, i.e. allergic and irritant CD. Allergic CD (ACD) requires the activation of 
antigen specific (i.e. acquired) immunity leading to the development of effector T cells, 
which mediate skin inflammation [1,2]. Irritant CD (ICD) is due to inflammatory and 
toxic effects caused by exposure to xenobiotics activating an innate local inflammatory 
reaction [3,4]. 

Dendritic cells (DC) are professional antigen presenting cells (APC), which can 
efficiently stimulate T cell responses and are therefore important for the initiation and 
regulation of antigen- or hapten-specific immune responses [5-7]. In human skin, both 
epidermal DC (i.e. the Langerhans cells (LC)) as well as dermal dendritic cells (DDC) 
are involved in the initiation of ACD [8-10]. Upon capture of hapten, DC become 
activated and subsequently migrate to the paracortical area of the regional lymph 
nodes (LN) [11]. DC express several TLRs and are therefore a target for pathogen-
associated molecular patterns (PAMP) [14]. Experimental studies have also 
demonstrated the involvement of Toll-like receptors (TLRs) in both the development 
and the control of allergic reactions [12,13]. In the skin, TLR expression is upregulated 
upon environmental assault [13]. Although the exact role of TLRs in the induction of 
contact hypersensitivity (CSH) remains to be elucidated, it has been reported that the 
development of CHS is abolished in mice lacking both TLR4 and TLR2 [12]. In 
addition, TLR2 deficient mice showed impaired infiltration of immune cells into the 
hapten-exposed area, indicative for a reduced CHS reaction [13]. It has been 
suggested that the TLR activation during ACD may possibly proceed via endogenous 
TLR ligands [12,13]. During the allergic reaction, TLR engagement on DC directs the 
polarization of the T cell response, while TLR2 and TLR4 may favor both Th1 and Th2 
responses [15-17]. Human LC express a restricted set of functional TLR, namely 
TLR2, TLR6, and TLR3 [18]. The cytoplasmic counterparts of TLRs are nucleotide-
binding oligomerization domain (NOD)-like receptors (NLRs) mainly present in the 
cytosol, which sense microbial molecular patterns that gain access to the cell. Like 
TLRs, the underlying mechanism(s) of activation of NLRs by haptens is as yet 
unknown, but may depend on the viral and bacterial environment of the host.  

Certain NLR members can form a multimolecular complex, termed the 
inflammasome [19]. To date three prototypic inflammasomes have been described: 
the NLRC4, NLRP1, and NLRP3 inflammasomes [20]. In addition, intracellular 
crosstalk between TLR and NLR pathways might also occur and contribute to the 
formation of the inflammasome, which might lead to the synthesis of IL-1beta and 
other inflammatory cytokines, including IL-18 and IL-33 [21-23]. Next to DC, evidence 
exists that primary human keratinocytes also contain the necessary elements to form 
an inflammasome [24].  

Interestingly, it was found that chemical allergens (TNCB), chemical irritants 
(SDS) and physical agents (UVB) could trigger inflammasome activation [25].This 
activation may depend on TNF-alpha and other non-microbial stimuli, including IL-
1beta, which have been shown activate the inflammasome [26]. Activation of the 
inflammasome requires binding of TLR and/or NLR ligands, which mediate the 
activation of inflammatory caspase-1 [27]. Caspase-1 cleaves pro-IL-1beta into IL-
1beta and also activates IL-18 and IL-33; in this manner, the enzyme controls the 
maturation of these inflammatory cytokines [22,28]. This mechanism results in 
secretion of IL-1beta by LC exposed to contact allergens, but not to irritants, which in 
turn stimulates epidermal keratinocytes to secrete TNF-alpha, and also IL-18. Strong 
evidence shows that these epidermis-derived cytokines are essential for the migration 
of LC out of the epidermis [29-31]. In addition, inflammatory cytokines such as TNF-
alpha and IL-1 induce DC maturation [32]. Upon maturation, LC gain de novo 



Chapter 9 
 

123 

expression of CCR7, which is essential in mediating migration of mature LC towards 
the lymphatics [33-40]. Once in the LN, DC present their hapten to circulating T cells, 
thereby initiating an immune response. 

In Chapter 2 we investigated the initial phase of LC migration out of the 
epidermis upon topical exposure of freshly excised skin and epidermal sheets to 
contact allergens. CD1a+ LC migrated out of the epidermis into the dermis upon 
topical exposure to the strong contact allergen 2,4-dinitrochlorobenzene (DNCB), the 
moderate contact allergen nickel sulphate (NiSO4), and the weak contact allergen 
cinnamaldehyde (CA). We found that the initiation of LC migration into the dermis was 
triggered by the production and secretion of CXCL12 by dermal cells [41], thereby 
permitting their further journey to the draining LN via a two-step model [41]. This 
proposed two-step mechanism may reconcile a controversy that exists with respect to 
the essential or non-essential role of LC in skin immune responses and the relative 
contribution of dermal DC [41,42]. In this scenario, LC migrate into the dermis after 
hapten uptake. Once in the dermis they may either migrate on to the LN in a 
CCR7/CCL19-dependent fashion, or transfer hapten to surrounding DDC, which in 
turn migrate towards the LN and initiate a T cell response. Once arrived in the 
paracoritical T cell areas of the LN, DC activate an antigen/hapten specific T cell 
response. Interestingly, CXCL12 has been described as chemoattractant for 
peripheral CD4+ T cells [43], thereby activating them [44]. Evidence exists for 
CXCL12/CXCR4 playing a role in homing T cells to the dermis in Sezary syndrome 
[45]. Since skin-localized antigen-presenting and T cell-inducing events are 
continuously taking place in ACD [46], CXCL12/CXCR4 interactions may play a dual 
role by mediating T cell homing to the skin in addition to initiating DC migration. 
Furthermore, CXCL12/CXCR4 engagement enhances DC maturation and survival 
[47].  

In Chapter 3 we investigated the migration of LC out of the epidermis into the 
dermis after topical exposure to irritants. Irritant substances are able to penetrate the 
epidermis, resulting in the release of both IL-1alpha and TNF-alpha [48,49], thereby 
inducing the production and secretion of CCL2 and CCL5 by dermal cells. The 
migration of irritant-exposed immature LC was facilitated by CCL2 and CCL5. In 
contrast to allergen exposure, irritant exposure does not induce upregulation of 
maturation-related CXCR4 and CCR7 expression on the surface of LC [38,41,50], 
thereby rendering LC unable to migrate towards the afferent lymphatics via the two-
step CXCR4-CXCL12 and CCR7-CCL19/21 dependent mechanism [41,42]. Whereas 
allergen exposure induces the classical end-stage differentiation into fully mature LC, 
chapter 4 describes an alternative end-stage differentiation of LC to CD14+ 
macrophage-like cells upon irritant exposure [Ouwehand et al. submitted]. These 
CD14+ macrophage-like cells could play an important role in the rapid removal of 
damaged tissue as a result of skin barrier disruption (e.g. in skin irritancy, tape-
stripping, UV irradiation). Since, unlike LC, these macrophages lack the capacity to 
migrate to LN or prime naïve T cells [51], this CD1a-to-CD14 conversion might serve 
to maintain immunological ignorance and thus avoid the generation of collateral 
autoimmunity. In agreement with our previous findings, the anti-inflammatory cytokine 
IL-10 was shown to be responsible for this phenotypic switch of LC to CD14+ 
macrophage-like cells [51]. Neutralizing antibodies against IL-10 have been shown to 
increase an allergic reaction by inactivating endogenous IL-10 [52] and sensitization 
studies in IL-10 knock out mice gave similar results [53]. Of note, the phenotypic 
switch of human LC into macrophage-like cells was also abrogated by i.d. delivery of 
neutralizing antibodies against IL-10 [Chapter 4]. IL-10 is secreted in the epidermis by 
keratinocytes or by melanocytes upon environmental stress [54-58] and in the dermis 
by activated macrophages [59,60]. IL-10 hampers the antigen-presenting properties of 
DC by reducing their expression of human leukocyte antigen (HLA) class II molecules, 
intercellular adhesion molecules (e.g., ICAM-1), co-stimulatory molecules (i.e., 
CD80/B7-1 and CD86/B7.2), and Th1-inducing cytokines (most importantly IL-12), 
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which correlate with its ability to impair primary, alloantigen-specific T cell responses 
[61,62]. Beside an indirect impact via APC, IL-10 also exerts direct effects on T cells. 
In  particular, inhibitory effects have been described on CD4+ T cells. IL-10 inhibits the 
proliferation as well as the cytokine synthesis of these cells. The presence of IL-10 
during the activation of CD4+ T cells results in the development of a regulatory 
phenotype of these cells [63-66]. Regulatory T cells act to suppress activation of the 
immune system and thereby maintain immune system homeostasis and tolerance to 
self-antigens [67]. Overall, we conclude that while irritancy leads to initial LC activation 
and migration, ultimately an IL-10 mediated feedback loop induces their 
immunological decommissioning to macrophages with possible scavenger functions 
but lacking the ability to activate T cells. 

In both Chapter 2 and Chapter 3 we have proposed an important role for 
dermal cells (most likely fibroblasts) in the initiation of LC migration to the dermis 
through the release of chemoattractants. This release is most likely effected by cross-
talk with epidermal keratinocytes. LC are anchored within the epidermis by E-
Cadherin (CD324) to keratinocytes [68]. As the outermost cells of the skin, 
keratinocytes have a major defensive function, as these cells undergo terminal 
differentiation into a resistant and impermeable cornified layer. Upon barrier disruption 
keratinocytes become rapidly activated, resulting in the production and release of 
various signalling factors such as cytokines, growth factors, and pro-inflammatory 
mediators [69]. The pro-inflammatory cytokine IL-1alpha is stored as a depot in the 
stratum corneum and intracellularly within keratinocytes, and is released very quickly 
upon epidermal injury [49,70]. Within two hours after chemical exposure, a peak in IL-
1alpha protein release can be observed, serving as the initial alarm signal of 
epidermal damage [71]. Keratinocytes express the IL-1 receptor I at their surface [72], 
through which they may activate themselves in an autocrine fashion. In addition, the 
IL-1 receptor II is also detected on keratinocytes, but does not transmit signals due to 
the lack of an intracellular protein domain. The proposed function of the IL-1 receptor 
type II is to protect cells from overwhelming IL-1 responses by acting as a decoy 
receptor [73]. Next to keratinocytes, IL-1alpha also stimulates fibroblasts located in 
the dermis to produce more IL-1alpha and other primary pro-inflammatory cytokines 
IL-6, IL-8, and tumor necrosis factor (TNF)-alpha [71,74,75]. Moreover, TNF-alpha 
release by keratinocytes is also transiently induced after exposure to irritants, 
independent of the release of IL-1alpha [76]. Upon their release from the epidermis 
these cytokines diffuse into the dermis and trigger dermal cells (e.g.: fibroblasts, 
macrophages, and endothelial cells) to secrete chemokines that stimulate the initial 
trafficking of LC as well as DDC [41,71].  

 
Using the knowledge of chapter 2 and 3, wherein CXCL12 was identified as a 

potential chemoattractant for maturing LC and CCL5 as a potential chemoattractant 
for irritant activated LC, in chapter 5 we described a technique to discriminate 
sensitizers (i.e. maturing factors) from non-sensitizers (non-maturing factors). The 
acute myeloid leukemic-derived MUTZ-3 cell line was used in a transwell migration 
assay. This readily available cell line displays the unique ability to differentiate into LC 
(MUTZ-LC) in a cytokine-dependent fashion [77]. These MUTZ-LC resemble their in 
vivo counterparts, in that they exhibit characteristic expression of Langerin and 
contain Birbeck granules [78]. Furthermore, immature MUTZ-LC express the 
receptors for CCL5 (e.g. CCR1, CCR5), which are downregulated upon maturation. In 
addition, CXCR4 is upregulated upon stimulation with maturing factors, such as 
allergens. These characteristics of MUTZ-LC were used to mimic LC migration 
characteristics in a transwell migration assay. MUTZ-LC, either exposed to sensitizers 
or to non-sensitizers, were labelled with CSFE and allowed to migrate towards either 
CXCL12 or CCL5. Analysis of fluorescence showed that significantly more allergen 
exposed MUTZ-LC had migrated towards CXCL12 as compared to CCL5, while non-
sensitizer exposed MUTZ-LC had preferentially migrated to CCL5. As demonstrated 
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in Chapter 5, we have thus developed a highly physiologically relevant in vitro assay, 
with predictive value for the discrimination between sensitizers and non-sensitizers. 

In Chapters 6-8 we have described the development of an in vitro skin model 
to study LC biology in more detail. In order to develop approaches for the evaluation 
of skin sensitization that do not depend on animal models, we focused on the 
development of three-dimensional keratinocyte-LC co-culture systems. These models 
not only allow for topical application of chemicals, but also integrate all events 
occurring during the initial phase of sensitization (barrier function of the skin, 
bioavailability of chemicals, keratinocyte-DC interactions, and DC maturation and 
migration), that can be potentially addressed in future assays. If the chemical is a 
sensitizer, the chain of events should result in DC maturation and migration towards 
the LN, which in turn will initiate a T cell response.  

In Chapter 6 either MUTZ-3 progenitor cells or MUTZ-LC were placed in the 
lower well of a transwell culturing system. In the upper well, a fully differentiated 
epidermis was cultured. These epidermal equivalents were exposed to a panel of 
chemicals, which resulted in an increased CD86 and CD54 surface expression on 
MUTZ-3 or MUTZ-LC. Changes in surface expression of CD86 and CD54 were 
indicative of chemical penetration through the reconstructed epidermis. Since this two-
compartment co-culture model only allowed cross-talk between keratinocytes and DC 
through soluble mediators, a model in which LC were directly integrated into the 
reconstructed epidermis was generated. Currently, only two groups have succeeded 
in introducing LC into an epidermal equivalent [79-82]. However, these models require 
fresh blood-derived precursor cells as source of LC. This renders them susceptible to 
donor variability in their response to chemicals, and also logistically difficult to 
construct. DC donor variability has been described to have a large impact on whether 
DC will respond to a chemical in vitro [83]. As further outlined in chapter 6, we 
therefore reconstructed an epidermis containing MUTZ-LC, on a human acellular 
dermis. Langerin+ MUTZ-LC are observed distributed throughout the epidermal layers 
in a similar manner to that observed in vivo. As chapter 2 and 3 revealed an important 
role for dermal fibroblasts in the initiation of LC migration out of the epidermis into the 
dermis, we next set out to introduce fibroblasts into the dermis of our Skin Equivalent 
(SE) model. In Chapter 7 we described the immigration of MUTZ-LC into the 
epidermis of a full thickness skin equivalent. An autologous human full-thickness skin 
substitute was constructed, essentially as we described previously [84]. This skin 
model was used to investigate chemokines involved in trans-dermal MUTZ-LC 
immigration into the epidermis.  

There is a constant turnover of LC, both in the presence and absence of 
inflammatory signals. Several LC-precursors have been identified which are involved 
in the repopulation of the epidermis with LC. It has been postulated that the CCR6-
CCL20 axis regulates epidermal homeostasis and homing of immature LC [85-88]. 
Beside CCL20, also CCL5 [89-91] and CXCL14 [92] have been shown to attract 
immature LC precursors into the epidermis. In Chapter 7 two pivotal chemokines, 
CCL5 and CCL20, were identified to be involved in trans-dermal migration of MUTZ-
LC into the epidermis of the human full-thickness SE. The incorporation of MUTZ-LC 
into the epidermis of the SE model through migration over the dermal layer, showed a 
relatively low success rate. This was found to be most likely due to divergent 
chemokine secretion by epidermal keratinocytes as a result of both inter- and intra-
donor variability. In order to develop a robust and reproducible culture methodology, 
another dermal scaffold was used in chapter 8. The model described in this chapter 
consists of fibroblasts incorporated into collagen gels as described by Spiekstra et al. 
[71]. The reconstruction of the human SE containing MUTZ-LC was achieved by co-
seeding MUTZ-LC with keratinocyte cultures onto the fibroblast-populated collagen 
gels. Exposure of this full-thickness skin model to the sensitizer NiSO4, resulted in 
maturation and migration of MUTZ-LC out of the epidermis. Maturation of MUTZ-LC 
was confirmed to occur by gene expression of the maturation-inducible pro-
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inflammatory cytokine IL-1beta and the chemokine receptor CCR7, both known to be 
induced in LC upon their activation.  

Taken together, all these data demonstrate the complexity of the skin immune 
system. Within a network of cross-talk between epidermal and dermal cells, LC guide 
a resourceful army against intruding foreign agents (e.g. pathogens and haptens). Ex 
vivo skin explants and in vitro SE models as described in this thesis provide essential 
tools to study these interactions and immune mechanisms in a physiologically relevant 
3-D setting. 

 
9.2 Future prospects 

With our daily exposure to a plethora of chemicals (e.g. in cosmetics), the risk 
of developing contact dermatitis increases. Therefore, the development of reliable 
tests is warranted to predict the sensitizing potential of chemicals. Currently all 
potential chemical sensitizers are tested with the aid of animals. The results from the 
chapters listed above could be of great importance in the future, as they support the 
replacement and reduction of animal tests. In particular, the in vitro tests described in 
chapter 5 and the in vitro skin models described in chapter 6-8 could be very helpful 
to discriminate potential sensitizers from non-sensitizers.  

In addition, perhaps surprisingly, the findings described in this thesis could 
also be of importance for the development of novel cancer treatments. Cancer is the 
second leading cause of death in the western world [93]. Although improvements 
have been made in the treatment of cancer, still a large number of patients die of the 
disease. Currently, several immunotherapeutic approaches have been developed, 
which can be classified as either passive or active immunotherapy. Passive 
immunotherapy is based on the transfer of effector components to patients, like 
specific antibodies or antigen-specific T-cells [94-96], which will result in a fast anti-
tumor response without inducing a memory response. Active immunotherapy aims at 
the induction of a long-lasting anti-tumor immune response e.g. by vaccination with 
autologous or allogeneic tumor cells [97], tumor antigen-presenting DC [98-101], or 
genetically engineered viral vectors encoding tumor antigens [102]. As orchestrators 
of the adaptive immune response, DC are main therapeutic targets, utilized to induce 
a memory response against tumor cells. However, the effectiveness of DC-based 
vaccines is hampered by the immune-suppressive microenvironment within most 
tumors. 

Tumors escape immune surveillance by disturbing the pro- and anti-
inflammatory cytokine balance, resulting in an immune suppressive environment 
[103]. A strong overlap in the immune suppressive environmental conditions and their 
effects on cutaneous DC maturation between irritant reaction and tumor development 
could be observed. This is in line with intriguing findings that repetitive exposure to 
contact irritants induce tumor development [104-108]. As discussed in chapter 4, IL-10 
could effect an alternative end-stage differentiation of LC into macrophage-like cells 
upon irritant exposure. Such a mechanism was also proposed in tumor-conditioned 
environments, containing high levels of  IL-10 [51], and could explain the absence of a 
specific T cell response during both tumor development and irritant contact dermatitis. 

A challenge with the hapten DNCB after tumor resection was found to hold 
prognostic significance. In contrast to patients with a good prognosis, patients with 
poorer prognosis did not develop a specific immune response against DNCB [109]. 
These results are indicative for a failure of the immune system in cancer patients with 
poor prognosis. As the microenvironments during tumor development and skin 
irritation are highly alike, current knowledge in skin irritation and sensitization could be 
used in the fight against cancer, in order to convert the immune-suppressive 
environment of the tumor or skin vaccination site (akin to an irritant reaction) into an 
immune-stimulating environment (akin to an allergic reaction). A good example of this 
is the haptenization of tumor antigens to enhance their immunogenicity and induce an 
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effective anti-tumor immune response [110,111]. Based on the work described in this 
thesis, the potency of DC-based immunotherapy could be greatly improved through 
formulation with either neutralizing antibodies against IL-10 or with recombinant 
chemokines (e.g. CXCL12) resulting in improved activation and migration of DC/LC. 
Indeed, our proposed two-step migration model for LC (chapter 2) implies that it 
should be possible to mobilize LC (e.g. through epicutaneous application of a skin 
sensitizer or Toll-Like Receptor-Ligands [TLR-L]) and through i.d. delivery of a 
CXCL12 depot have them accumulate in the dermis. Preliminary experiments indeed 
show that already 8h after combined cutaneous sensitization and i.d. CXCL12 
injection, accumulation of CD1a+ LC in the dermis is evident (Ouwehand et al., 
unpublished observation). The use of liposomes or nanocontainers to achieve a 
steady release of CXCL12 over longer periods of time, might permit targeting of dense 
LC accumulations in the dermis and thus potentiate DDC/LC-targeted vaccines. 
Further activation of the dermally mobilized DDC and LC (e.g. through co-
administered cytokines an/or TLR-L, possibly combined with neutralizing IL-10 
antibodies) would then effect subsequent CCR7-mediated migration to the LN for T 
cell activation.  

In conclusion, the novel LC-incorporating SE models described in this thesis 
may not only prove useful in allergen vs irritant prediction, they also provide a 
powerful tool to study human LC biology in the context of its 3-D tissue 
microenvironment. This may yield novel insights that could lead to LC-based therapies 
for contact dermatitis or even cancer. The incorporation of other immunologically 
active components in the SE models (CD4+ and CD8+ T cells being the most obvious 
next candidates) would be an important next step in the long journey towards this 
ultimate goal.  
 

9.3 Reference List 
 1.  Nosbaum, A., M. Vocanson, A. Rozieres, A. Hennino, and J. F. Nicolas. 2009. Allergic 

and irritant contact dermatitis. Eur. J. Dermatol. 19:325. 
 2.  Saint-Mezard, P., A. Rosieres, M. Krasteva, F. Berard, B. Dubois, D. Kaiserlian, and J. 

F. Nicolas. 2004. Allergic contact dermatitis. Eur. J. Dermatol. 14:284. 
 3.  Nosbaum, A., M. Vocanson, A. Rozieres, A. Hennino, and J. F. Nicolas. 2009. Allergic 

and irritant contact dermatitis. Eur. J. Dermatol. 19:325. 
 4.  Mathias, C. G., and H. I. Maibach. 1978. Dermatotoxicology monographs I. Cutaneous 

irritation: factors influencing the response to irritants. Clin. Toxicol. 13:333. 
 5.  Banchereau, J., F. Briere, C. Caux, J. Davoust, S. Lebecque, Y. J. Liu, B. Pulendran, 

and K. Palucka. 2000. Immunobiology of dendritic cells. Annu. Rev. Immunol. 18:767. 
 6.  Guermonprez, P., J. Valladeau, L. Zitvogel, C. Thery, and S. Amigorena. 2002. 

Antigen presentation and T cell stimulation by dendritic cells. Annu. Rev. Immunol. 
20:621. 

 7.  Mellman, I., and R. M. Steinman. 2001. Dendritic cells: specialized and regulated 
antigen processing machines. Cell 106:255. 

 8.  Aiba, S. 2007. Dendritic cells: importance in allergy. Allergol. Int. 56:201. 
 9.  Bennett, C. L., E. van Rijn, S. Jung, K. Inaba, R. M. Steinman, M. L. Kapsenberg, and 

B. E. Clausen. 2005. Inducible ablation of mouse Langerhans cells diminishes but fails 
to abrogate contact hypersensitivity. J. Cell Biol. 169:569. 

 10.  Kaplan, D. H., M. C. Jenison, S. Saeland, W. D. Shlomchik, and M. J. Shlomchik. 
2005. Epidermal langerhans cell-deficient mice develop enhanced contact 
hypersensitivity. Immunity. 23:611. 

 11.  Aiba, S., S. Nakagawa, H. Ozawa, K. Miyake, H. Yagita, and H. Tagami. 1993. Up-
regulation of alpha 4 integrin on activated Langerhans cells: analysis of adhesion 
molecules on Langerhans cells relating to their migration from skin to draining lymph 
nodes. J. Invest Dermatol. 100:143. 

 12.  Martin, S. F., J. C. Dudda, E. Bachtanian, A. Lembo, S. Liller, C. Durr, M. M. 
Heimesaat, S. Bereswill, G. Fejer, R. Vassileva, T. Jakob, N. Freudenberg, C. C. 
Termeer, C. Johner, C. Galanos, and M. A. Freudenberg. 2008. Toll-like receptor and 
IL-12 signaling control susceptibility to contact hypersensitivity. J. Exp. Med. 205:2151. 



Summary, Discussion, and Future Prospects 

128 

 13.  Jin, H., L. Kumar, C. Mathias, D. Zurakowski, H. Oettgen, L. Gorelik, and R. Geha. 
2009. Toll-like receptor 2 is important for the T(H)1 response to cutaneous 
sensitization. J. Allergy Clin. Immunol. 123:875. 

 14.  Iwasaki, A., and R. Medzhitov. 2004. Toll-like receptor control of the adaptive immune 
responses. Nat. Immunol. 5:987. 

 15.  Dabbagh, K., M. E. Dahl, P. Stepick-Biek, and D. B. Lewis. 2002. Toll-like receptor 4 is 
required for optimal development of Th2 immune responses: role of dendritic cells. J. 
Immunol. 168:4524. 

 16.  Eisenbarth, S. C., D. A. Piggott, J. W. Huleatt, I. Visintin, C. A. Herrick, and K. 
Bottomly. 2002. Lipopolysaccharide-enhanced, toll-like receptor 4-dependent T helper 
cell type 2 responses to inhaled antigen. J. Exp. Med. 196:1645. 

 17.  Re, F., and J. L. Strominger. 2001. Toll-like receptor 2 (TLR2) and TLR4 differentially 
activate human dendritic cells. J. Biol. Chem. 276:37692. 

 18.  Flacher, V., M. Bouschbacher, E. Verronese, C. Massacrier, V. Sisirak, O. Berthier-
Vergnes, B. de Saint-Vis, C. Caux, C. zutter-Dambuyant, S. Lebecque, and J. 
Valladeau. 2006. Human Langerhans cells express a specific TLR profile and 
differentially respond to viruses and Gram-positive bacteria. J. Immunol. 177:7959. 

 19.  Martinon, F., K. Burns, and J. Tschopp. 2002. The inflammasome: a molecular 
platform triggering activation of inflammatory caspases and processing of proIL-beta. 
Mol. Cell 10:417. 

 20.  Martinon, F., A. Mayor, and J. Tschopp. 2009. The inflammasomes: guardians of the 
body. Annu. Rev. Immunol. 27:229. 

 21.  Okamura, H., H. Tsutsui, S. Kashiwamura, T. Yoshimoto, and K. Nakanishi. 1998. 
Interleukin-18: a novel cytokine that augments both innate and acquired immunity. 
Adv. Immunol. 70:281. 

 22.  Schmitz, J., A. Owyang, E. Oldham, Y. Song, E. Murphy, T. K. McClanahan, G. 
Zurawski, M. Moshrefi, J. Qin, X. Li, D. M. Gorman, J. F. Bazan, and R. A. Kastelein. 
2005. IL-33, an interleukin-1-like cytokine that signals via the IL-1 receptor-related 
protein ST2 and induces T helper type 2-associated cytokines. Immunity. 23:479. 

 23.  Carriere, V., L. Roussel, N. Ortega, D. A. Lacorre, L. Americh, L. Aguilar, G. Bouche, 
and J. P. Girard. 2007. IL-33, the IL-1-like cytokine ligand for ST2 receptor, is a 
chromatin-associated nuclear factor in vivo. Proc. Natl. Acad. Sci. U. S. A 104:282. 

 24.  Watanabe, H., O. Gaide, V. Petrilli, F. Martinon, E. Contassot, S. Roques, J. A. 
Kummer, J. Tschopp, and L. E. French. 2007. Activation of the IL-1beta-processing 
inflammasome is involved in contact hypersensitivity. J. Invest Dermatol. 127:1956. 

 25.  Matzinger, P. 2002. An innate sense of danger. Ann. N. Y. Acad. Sci. 961:341. 
 26.  Franchi, L., T. Eigenbrod, and G. Nunez. 2009. Cutting edge: TNF-alpha mediates 

sensitization to ATP and silica via the NLRP3 inflammasome in the absence of 
microbial stimulation. J. Immunol. 183:792. 

 27.  Ogura, Y., F. S. Sutterwala, and R. A. Flavell. 2006. The inflammasome: first line of 
the immune response to cell stress. Cell 126:659. 

 28.  Li, H., S. Nookala, and F. Re. 2007. Aluminum hydroxide adjuvants activate caspase-1 
and induce IL-1beta and IL-18 release. J. Immunol. 178:5271. 

 29.  Cumberbatch, M., R. J. Dearman, C. Antonopoulos, R. W. Groves, and I. Kimber. 
2001. Interleukin (IL)-18 induces Langerhans cell migration by a tumour necrosis 
factor-alpha- and IL-1beta-dependent mechanism. Immunology 102:323. 

 30.  Cumberbatch, M., R. J. Dearman, R. W. Groves, C. Antonopoulos, and I. Kimber. 
2002. Differential regulation of epidermal langerhans cell migration by interleukins (IL)-
1alpha and IL-1beta during irritant- and allergen-induced cutaneous immune 
responses. Toxicol. Appl. Pharmacol. 182:126. 

 31.  Enk, A. H., V. L. Angeloni, M. C. Udey, and S. I. Katz. 1993. An essential role for 
Langerhans cell-derived IL-1 beta in the initiation of primary immune responses in 
skin. J. Immunol. 150:3698. 

 32.  Roake, J. A., A. S. Rao, P. J. Morris, C. P. Larsen, D. F. Hankins, and J. M. Austyn. 
1995. Dendritic cell loss from nonlymphoid tissues after systemic administration of 
lipopolysaccharide, tumor necrosis factor, and interleukin 1. J. Exp. Med. 181:2237. 

 33.  Ohl, L., M. Mohaupt, N. Czeloth, G. Hintzen, Z. Kiafard, J. Zwirner, T. Blankenstein, G. 
Henning, and R. Forster. 2004. CCR7 governs skin dendritic cell migration under 
inflammatory and steady-state conditions. Immunity. 21:279. 



Chapter 9 
 

129 

 34.  Gunn, M. D., S. Kyuwa, C. Tam, T. Kakiuchi, A. Matsuzawa, L. T. Williams, and H. 
Nakano. 1999. Mice lacking expression of secondary lymphoid organ chemokine have 
defects in lymphocyte homing and dendritic cell localization. J. Exp. Med. 189:451. 

 35.  Forster, R., A. Schubel, D. Breitfeld, E. Kremmer, I. Renner-Muller, E. Wolf, and M. 
Lipp. 1999. CCR7 coordinates the primary immune response by establishing functional 
microenvironments in secondary lymphoid organs. Cell 99:23. 

 36.  Kellermann, S. A., S. Hudak, E. R. Oldham, Y. J. Liu, and L. M. McEvoy. 1999. The 
CC chemokine receptor-7 ligands 6Ckine and macrophage inflammatory protein-3 
beta are potent chemoattractants for in vitro- and in vivo-derived dendritic cells. J. 
Immunol. 162:3859. 

 37.  Saeki, H., A. M. Moore, M. J. Brown, and S. T. Hwang. 1999. Cutting edge: secondary 
lymphoid-tissue chemokine (SLC) and CC chemokine receptor 7 (CCR7) participate in 
the emigration pathway of mature dendritic cells from the skin to regional lymph nodes. 
J. Immunol. 162:2472. 

 38.  Yanagihara, S., E. Komura, J. Nagafune, H. Watarai, and Y. Yamaguchi. 1998. 
EBI1/CCR7 is a new member of dendritic cell chemokine receptor that is up-regulated 
upon maturation. J. Immunol. 161:3096. 

 39.  Yoshida, R., T. Imai, K. Hieshima, J. Kusuda, M. Baba, M. Kitaura, M. Nishimura, M. 
Kakizaki, H. Nomiyama, and O. Yoshie. 1997. Molecular cloning of a novel human CC 
chemokine EBI1-ligand chemokine that is a specific functional ligand for EBI1, CCR7. 
J. Biol. Chem. 272:13803. 

 40.  Hedrick, J. A., and A. Zlotnik. 1997. Identification and characterization of a novel beta 
chemokine containing six conserved cysteines. J. Immunol. 159:1589. 

 41.  Ouwehand, K., S. J. Santegoets, D. P. Bruynzeel, R. J. Scheper, T. D. de Gruijl, and 
S. Gibbs. 2008. CXCL12 is essential for migration of activated Langerhans cells from 
epidermis to dermis. Eur. J. Immunol. 

 42.  Villablanca, E. J., and J. R. Mora. 2008. A two-step model for Langerhans cell 
migration to skin-draining LN. Eur. J. Immunol. 38:2975. 

 43.  Bleul, C. C., R. C. Fuhlbrigge, J. M. Casasnovas, A. Aiuti, and T. A. Springer. 1996. A 
highly efficacious lymphocyte chemoattractant, stromal cell-derived factor 1 (SDF-1). 
J. Exp. Med. 184:1101. 

 44.  Nanki, T., and P. E. Lipsky. 2000. Cutting edge: stromal cell-derived factor-1 is a 
costimulator for CD4+ T cell activation. J. Immunol. 164:5010. 

 45.  Narducci, M. G., E. Scala, A. Bresin, E. Caprini, M. C. Picchio, D. Remotti, G. Ragone, 
F. Nasorri, M. Frontani, D. Arcelli, S. Volinia, G. A. Lombardo, G. Baliva, M. 
Napolitano, and G. Russo. 2006. Skin homing of Sezary cells involves SDF-1-CXCR4 
signaling and down-regulation of CD26/dipeptidylpeptidase IV. Blood 107:1108. 

 46.  van der Heijden, F. L., E. A. Wierenga, J. D. Bos, and M. L. Kapsenberg. 1991. High 
frequency of IL-4-producing CD4+ allergen-specific T lymphocytes in atopic dermatitis 
lesional skin. J. Invest Dermatol. 97:389. 

 47.  Kabashima, K., K. Sugita, N. Shiraishi, H. Tamamura, N. Fujii, and Y. Tokura. 2007. 
CXCR4 engagement promotes dendritic cell survival and maturation. Biochem. 
Biophys. Res. Commun. 361:1012. 

 48.  Cumberbatch, M., R. J. Dearman, R. W. Groves, C. Antonopoulos, and I. Kimber. 
2002. Differential regulation of epidermal langerhans cell migration by interleukins (IL)-
1alpha and IL-1beta during irritant- and allergen-induced cutaneous immune 
responses. Toxicol. Appl. Pharmacol. 182:126. 

 49.  Gahring, L. C., A. Buckley, and R. A. Daynes. 1985. Presence of epidermal-derived 
thymocyte activating factor/interleukin 1 in normal human stratum corneum. J. Clin. 
Invest 76:1585. 

 50.  Rustemeyer, T., M. Preuss, B. M. von Blomberg, P. K. Das, and R. J. Scheper. 2003. 
Comparison of two in vitro dendritic cell maturation models for screening contact 
sensitizers using a panel of methacrylates. Exp. Dermatol. 12:682. 

 51.  de Gruijl, T. D., C. C. Sombroek, S. M. Lougheed, D. Oosterhoff, J. Buter, A. J. van 
den Eertwegh, R. J. Scheper, and H. M. Pinedo. 2006. A postmigrational switch 
among skin-derived dendritic cells to a macrophage-like phenotype is predetermined 
by the intracutaneous cytokine balance. J. Immunol. 176:7232. 

 52.  Maguire, H. C., Jr., K. A. Ketcha, and E. C. Lattime. 1997. Neutralizing anti-IL-10 
antibody upregulates the induction and elicitation of contact hypersensitivity. J. 
Interferon Cytokine Res. 17:763. 



Summary, Discussion, and Future Prospects 

130 

 53.  Berg, D. J., M. W. Leach, R. Kuhn, K. Rajewsky, W. Muller, N. J. Davidson, and D. 
Rennick. 1995. Interleukin 10 but not interleukin 4 is a natural suppressant of 
cutaneous inflammatory responses. J. Exp. Med. 182:99. 

 54.  Enk, A. H., and S. I. Katz. 1992. Identification and induction of keratinocyte-derived IL-
10. J. Immunol. 149:92. 

 55.  Terunuma, A., S. Aiba, and H. Tagami. 2001. Cytokine mRNA profiles in cultured 
human skin component cells exposed to various chemicals: a simulation model of 
epicutaneous stimuli induced by skin barrier perturbation in comparison with that due 
to exposure to haptens or irritant. J. Dermatol. Sci. 26:85. 

 56.  Nickoloff, B. J., D. P. Fivenson, S. L. Kunkel, R. M. Strieter, and L. A. Turka. 1994. 
Keratinocyte interleukin-10 expression is upregulated in tape-stripped skin, poison ivy 
dermatitis, and Sezary syndrome, but not in psoriatic plaques. Clin. Immunol. 
Immunopathol. 73:63. 

 57.  Nickoloff, B. J., and Y. Naidu. 1994. Perturbation of epidermal barrier function 
correlates with initiation of cytokine cascade in human skin. J. Am. Acad. Dermatol. 
30:535. 

 58.  Teunissen, M. B., C. W. Koomen, J. Jansen, M. R. de Waal, E. Schmitt, R. M. Van den 
Wijngaard, P. K. Das, and J. D. Bos. 1997. In contrast to their murine counterparts, 
normal human keratinocytes and human epidermoid cell lines A431 and HaCaT fail to 
express IL-10 mRNA and protein. Clin. Exp. Immunol. 107:213. 

 59.  Chung, E. Y., J. Liu, Y. Homma, Y. Zhang, A. Brendolan, M. Saggese, J. Han, R. 
Silverstein, L. Selleri, and X. Ma. 2007. Interleukin-10 expression in macrophages 
during phagocytosis of apoptotic cells is mediated by homeodomain proteins Pbx1 and 
Prep-1. Immunity. 27:952. 

 60.  Platzer, C., C. Meisel, K. Vogt, M. Platzer, and H. D. Volk. 1995. Up-regulation of 
monocytic IL-10 by tumor necrosis factor-alpha and cAMP elevating drugs. Int. 
Immunol. 7:517. 

 61.  Asadullah, K., W. Sterry, and H. D. Volk. 2003. Interleukin-10 therapy--review of a new 
approach. Pharmacol. Rev. 55:241. 

 62.  Moore, K. W., M. R. de Waal, R. L. Coffman, and A. O'Garra. 2001. Interleukin-10 and 
the interleukin-10 receptor. Annu. Rev. Immunol. 19:683. 

 63.  Groux, H., A. O'Garra, M. Bigler, M. Rouleau, S. Antonenko, J. E. de Vries, and M. G. 
Roncarolo. 1997. A CD4+ T-cell subset inhibits antigen-specific T-cell responses and 
prevents colitis. Nature 389:737. 

 64.  Zeller, J. C., A. Panoskaltsis-Mortari, W. J. Murphy, F. W. Ruscetti, S. Narula, M. G. 
Roncarolo, and B. R. Blazar. 1999. Induction of CD4+ T cell alloantigen-specific 
hyporesponsiveness by IL-10 and TGF-beta. J. Immunol. 163:3684. 

 65.  Levings, M. K., R. Sangregorio, and M. G. Roncarolo. 2001. Human cd25(+)cd4(+) t 
regulatory cells suppress naive and memory T cell proliferation and can be expanded 
in vitro without loss of function. J. Exp. Med. 193:1295. 

 66.  Levings, M. K., R. Sangregorio, F. Galbiati, S. Squadrone, M. R. de Waal, and M. G. 
Roncarolo. 2001. IFN-alpha and IL-10 induce the differentiation of human type 1 T 
regulatory cells. J. Immunol. 166:5530. 

 67.  Sakaguchi, S., T. Yamaguchi, T. Nomura, and M. Ono. 2008. Regulatory T cells and 
immune tolerance. Cell 133:775. 

 68.  Borkowski, T. A., B. J. Van Dyke, K. Schwarzenberger, V. W. McFarland, A. G. Farr, 
and M. C. Udey. 1994. Expression of E-cadherin by murine dendritic cells: E-cadherin 
as a dendritic cell differentiation antigen characteristic of epidermal Langerhans cells 
and related cells. Eur. J. Immunol. 24:2767. 

 69.  Kupper, T. S., and R. W. Groves. 1995. The interleukin-1 axis and cutaneous 
inflammation. J. Invest Dermatol. 105:62S. 

 70.  Wood, L. C., P. M. Elias, C. Calhoun, J. C. Tsai, C. Grunfeld, and K. R. Feingold. 
1996. Barrier disruption stimulates interleukin-1 alpha expression and release from a 
pre-formed pool in murine epidermis. J. Invest Dermatol. 106:397. 

 71.  Spiekstra, S. W., M. J. Toebak, S. Sampat-Sardjoepersad, P. J. van Beek, D. M. 
Boorsma, T. J. Stoof, B. M. von Blomberg, R. J. Scheper, D. P. Bruynzeel, T. 
Rustemeyer, and S. Gibbs. 2005. Induction of cytokine (interleukin-1alpha and tumor 
necrosis factor-alpha) and chemokine (CCL20, CCL27, and CXCL8) alarm signals 
after allergen and irritant exposure. Exp. Dermatol. 14:109. 



Chapter 9 
 

131 

 72.  Sims, J. E., M. A. Gayle, J. L. Slack, M. R. Alderson, T. A. Bird, J. G. Giri, F. Colotta, 
F. Re, A. Mantovani, K. Shanebeck, and . 1993. Interleukin 1 signaling occurs 
exclusively via the type I receptor. Proc. Natl. Acad. Sci. U. S. A 90:6155. 

 73.  Colotta, F., F. Re, M. Muzio, R. Bertini, N. Polentarutti, M. Sironi, J. G. Giri, S. K. 
Dower, J. E. Sims, and A. Mantovani. 1993. Interleukin-1 type II receptor: a decoy 
target for IL-1 that is regulated by IL-4. Science 261:472. 

 74.  Hoefakker, S., M. Caubo, E. H. van 't Erve, M. J. Roggeveen, W. J. Boersma, J. T. 
van, W. R. Notten, and E. Claassen. 1995. In vivo cytokine profiles in allergic and 
irritant contact dermatitis. Contact Dermatitis 33:258. 

 75.  Kock, A., T. Schwarz, R. Kirnbauer, A. Urbanski, P. Perry, J. C. Ansel, and T. A. 
Luger. 1990. Human keratinocytes are a source for tumor necrosis factor alpha: 
evidence for synthesis and release upon stimulation with endotoxin or ultraviolet light. 
J. Exp. Med. 172:1609. 

 76.  Corsini, E., A. Bruccoleri, M. Marinovich, and C. L. Galli. 1996. Endogenous 
interleukin-1 alpha associated with skin irritation induced by tributyltin. Toxicol. Appl. 
Pharmacol. 138:268. 

 77.  Masterson, A. J., C. C. Sombroek, T. D. de Gruijl, Y. M. Graus, H. J. van der Vliet, S. 
M. Lougheed, A. J. van den Eertwegh, H. M. Pinedo, and R. J. Scheper. 2002. MUTZ-
3, a human cell line model for the cytokine-induced differentiation of dendritic cells 
from CD34+ precursors. Blood 100:701. 

 78.  Santegoets, S. J., A. J. Masterson, P. C. van der Sluis, S. M. Lougheed, D. M. 
Fluitsma, A. J. van den Eertwegh, H. M. Pinedo, R. J. Scheper, and T. D. de Gruijl. 
2006. A CD34(+) human cell line model of myeloid dendritic cell differentiation: 
evidence for a CD14(+)CD11b(+) Langerhans cell precursor. J. Leukoc. Biol. 80:1337. 

 79.  Facy, V., V. Flouret, M. Regnier, and R. Schmidt. 2004. Langerhans cells integrated 
into human reconstructed epidermis respond to known sensitizers and ultraviolet 
exposure. J. Invest Dermatol. 122:552. 

 80.  Facy, V., V. Flouret, M. Regnier, and R. Schmidt. 2005. Reactivity of Langerhans cells 
in human reconstructed epidermis to known allergens and UV radiation. Toxicol. In 
Vitro 19:787. 

 81.  Regnier, M., M. J. Staquet, D. Schmitt, and R. Schmidt. 1997. Integration of 
Langerhans cells into a pigmented reconstructed human epidermis. J. Invest 
Dermatol. 109:510. 

 82.  Schaerli, P., K. Willimann, L. M. Ebert, A. Walz, and B. Moser. 2005. Cutaneous 
CXCL14 targets blood precursors to epidermal niches for Langerhans cell 
differentiation. Immunity. 23:331. 

 83.  Facy, V., V. Flouret, M. Regnier, and R. Schmidt. 2004. Langerhans cells integrated 
into human reconstructed epidermis respond to known sensitizers and ultraviolet 
exposure. J. Invest Dermatol. 122:552. 

 84.  Gibbs, S., H. M. van den Hoogenband, G. Kirtschig, C. D. Richters, S. W. Spiekstra, 
M. Breetveld, R. J. Scheper, and E. M. de Boer. 2006. Autologous full-thickness skin 
substitute for healing chronic wounds. Br. J. Dermatol. 155:267. 

 85.  Larregina, A. T., A. E. Morelli, L. A. Spencer, A. J. Logar, S. C. Watkins, A. W. 
Thomson, and L. D. Falo, Jr. 2001. Dermal-resident CD14+ cells differentiate into 
Langerhans cells. Nat. Immunol. 2:1151. 

 86.  Greaves, D. R., W. Wang, D. J. Dairaghi, M. C. Dieu, B. Saint-Vis, K. Franz-Bacon, D. 
Rossi, C. Caux, T. McClanahan, S. Gordon, A. Zlotnik, and T. J. Schall. 1997. CCR6, 
a CC chemokine receptor that interacts with macrophage inflammatory protein 3alpha 
and is highly expressed in human dendritic cells. J. Exp. Med. 186:837. 

 87.  Dieu-Nosjean, M. C., C. Massacrier, B. Homey, B. Vanbervliet, J. J. Pin, A. Vicari, S. 
Lebecque, C. Dezutter-Dambuyant, D. Schmitt, A. Zlotnik, and C. Caux. 2000. 
Macrophage inflammatory protein 3alpha is expressed at inflamed epithelial surfaces 
and is the most potent chemokine known in attracting Langerhans cell precursors. J. 
Exp. Med. 192:705. 

 88.  Tohyama, M., Y. Shirakara, K. Yamasaki, K. Sayama, and K. Hashimoto. 2001. 
Differentiated keratinocytes are responsible for TNF-alpha regulated production of 
macrophage inflammatory protein 3alpha/CCL20, a potent chemokine for Langerhans 
cells. J. Dermatol. Sci. 27:130. 

 89.  Sozzani, S., F. Sallusto, W. Luini, D. Zhou, L. Piemonti, P. Allavena, D. J. Van, S. 
Valitutti, A. Lanzavecchia, and A. Mantovani. 1995. Migration of dendritic cells in 



Summary, Discussion, and Future Prospects 

132 

response to formyl peptides, C5a, and a distinct set of chemokines. J. Immunol. 
155:3292. 

 90.  Schaerli, P., K. Willimann, L. M. Ebert, A. Walz, and B. Moser. 2005. Cutaneous 
CXCL14 targets blood precursors to epidermal niches for Langerhans cell 
differentiation. Immunity. 23:331. 

 91.  Keophiphath, M., C. Rouault, A. Divoux, K. Clement, and D. Lacasa. 2010. CCL5 
promotes macrophage recruitment and survival in human adipose tissue. Arterioscler. 
Thromb. Vasc. Biol. 30:39. 

 92.  Schaerli, P., K. Willimann, L. M. Ebert, A. Walz, and B. Moser. 2005. Cutaneous 
CXCL14 targets blood precursors to epidermal niches for Langerhans cell 
differentiation. Immunity. 23:331. 

 93.  Ferlay, J., P. Autier, M. Boniol, M. Heanue, M. Colombet, and P. Boyle. 2007. 
Estimates of the cancer incidence and mortality in Europe in 2006. Ann. Oncol. 
18:581. 

 94.  West, W. H., K. W. Tauer, J. R. Yannelli, G. D. Marshall, D. W. Orr, G. B. Thurman, 
and R. K. Oldham. 1987. Constant-infusion recombinant interleukin-2 in adoptive 
immunotherapy of advanced cancer. N. Engl. J. Med. 316:898. 

 95.  Heemskerk, B., K. Liu, M. E. Dudley, L. A. Johnson, A. Kaiser, S. Downey, Z. Zheng, 
T. E. Shelton, K. Matsuda, P. F. Robbins, R. A. Morgan, and S. A. Rosenberg. 2008. 
Adoptive cell therapy for patients with melanoma, using tumor-infiltrating lymphocytes 
genetically engineered to secrete interleukin-2. Hum. Gene Ther. 19:496. 

 96.  Rosenberg, S. A., N. P. Restifo, J. C. Yang, R. A. Morgan, and M. E. Dudley. 2008. 
Adoptive cell transfer: a clinical path to effective cancer immunotherapy. Nat. Rev. 
Cancer 8:299. 

 97.  Berd, D., H. C. Maguire, Jr., P. McCue, and M. J. Mastrangelo. 1990. Treatment of 
metastatic melanoma with an autologous tumor-cell vaccine: clinical and immunologic 
results in 64 patients. J. Clin. Oncol. 8:1858. 

 98.  Nestle, F. O., S. Alijagic, M. Gilliet, Y. Sun, S. Grabbe, R. Dummer, G. Burg, and D. 
Schadendorf. 1998. Vaccination of melanoma patients with peptide- or tumor lysate-
pulsed dendritic cells. Nat. Med. 4:328. 

 99.  Hatfield, P., A. E. Merrick, E. West, D. O'Donnell, P. Selby, R. Vile, and A. A. Melcher. 
2008. Optimization of dendritic cell loading with tumor cell lysates for cancer 
immunotherapy. J. Immunother. 31:620. 

 100.  Thurner, B., I. Haendle, C. Roder, D. Dieckmann, P. Keikavoussi, H. Jonuleit, A. 
Bender, C. Maczek, D. Schreiner, D. P. von den, E. B. Brocker, R. M. Steinman, A. 
Enk, E. Kampgen, and G. Schuler. 1999. Vaccination with mage-3A1 peptide-pulsed 
mature, monocyte-derived dendritic cells expands specific cytotoxic T cells and 
induces regression of some metastases in advanced stage IV melanoma. J. Exp. Med. 
190:1669. 

 101.  Brossart, P., S. Wirths, G. Stuhler, V. L. Reichardt, L. Kanz, and W. Brugger. 2000. 
Induction of cytotoxic T-lymphocyte responses in vivo after vaccinations with peptide-
pulsed dendritic cells. Blood 96:3102. 

 102.  Thacker, E. E., M. Nakayama, B. F. Smith, R. C. Bird, Z. Muminova, T. V. Strong, L. 
Timares, N. Korokhov, A. M. O'Neill, T. D. de Gruijl, J. N. Glasgow, K. Tani, and D. T. 
Curiel. 2009. A genetically engineered adenovirus vector targeted to CD40 mediates 
transduction of canine dendritic cells and promotes antigen-specific immune 
responses in vivo. Vaccine 27:7116. 

 103.  Gabrilovich, D., and V. Pisarev. 2003. Tumor escape from immune response: 
mechanisms and targets of activity. Curr. Drug Targets. 4:525. 

 104.  Paddack, J., D. E. Leocadio, C. Samathanam, T. Nelius, and A. Haynes, Jr. 2009. 
Transitional cell carcinoma due to chronic UroLume stent irritation. Urology 73:995. 

 105.  Nessel, C. S., J. J. Freeman, R. C. Forgash, and R. H. McKee. 1999. The role of 
dermal irritation in the skin tumor promoting activity of petroleum middle distillates. 
Toxicol. Sci. 49:48. 

 106.  Ivar do Sul, J. A., O. Rodrigues, I. R. Santos, G. Fillmann, and A. Matthiensen. 2009. 
Skin irritation and histopathologic alterations in rats exposed to lightstick contents, UV 
radiation and seawater. Ecotoxicol. Environ. Saf 72:2020. 

 107.  Freeman, J. J., T. M. Federici, and R. H. McKee. 1993. Evaluation of the contribution 
of chronic skin irritation and selected compositional parameters to the tumorigenicity of 
petroleum middle distillates in mouse skin. Toxicology 81:103. 



Chapter 9 
 

133 

 108.  Livaoglu, M., and D. Bektas. 2008. Does chronic exposure to lacrimal fluid predispose 
for periorbital basal cell carcinoma? Med. Hypotheses 71:577. 

 109.  Pinsky, C. M., H. Wanebo, V. Mike, and H. Oettgen. 1976. Delayed cutaneous 
hypersensitivity reactions and prognosis in patients with cancer. Ann. N. Y. Acad. Sci. 
276:407. 

 110.  Berd, D., G. Murphy, H. C. Maguire, Jr., and M. J. Mastrangelo. 1991. Immunization 
with haptenized, autologous tumor cells induces inflammation of human melanoma 
metastases. Cancer Res. 51:2731. 

 111.  Schepetkin, I. 1999. Immune response to haptenized tumor antigen as possible 
mechanism of anticancer action of hypoxic bioreductive agents at low doses. Cancer 
Biother. Radiopharm. 14:291. 

 
 
 



 

 



 

 

 

 

 

 

 

 

 

 

Chapter ten 

 

 

Nederlandse samenvatting 

 

Het immuunsysteem van de huid 

De vernuftige krijgsmacht van Langerhans cellen 

 



Nederlandse samenvatting 

136 

10.1 inleiding 

De huid is het grootste orgaan van het menselijk lichaam en vormt de eerste 
barrière tegen schadelijke invloeden van buitenaf. Deze natuurlijke barrière kan 
beschadigd raken door blootstelling aan chemicaliën wat kan leiden tot contact 
dermatitis. 

Contact dermatitis is een veel voorkomend gezondheidsprobleem, bij zowel 
mannen als vrouwen. Er kunnen twee soorten contact dermatitis onderscheiden 
worden, te weten: allergische- en irritant- contact dermatitis. Tijdens een allergische 
reactie, wordt het afweersysteem van het lichaam geactiveerd. De klinische 
kenmerken zijn: jeuk, roodheid, zwelling van de huid met vorming van papeltjes, 
blaasjes en bij een zeer heftige reactie soms zelfs blaarvorming. Een irritatie reactie 
geeft in beginsel hetzelfde klinische beeld, maar het onderliggende mechanisme is 
echter anders. Omdat, met name, een allergische reactie kan leiden tot ernstige 
gezondheidsproblemen, is het van groot belang dat potentiële allergenen 
gedetecteerd worden alvorens ze in een product worden verwerkt. Momenteel zijn 
dergelijke testen gebaseerd op proefdieren. Echter in de nabije toekomst is het 
gebruik van proefdieren binnen de Europese Unie niet langer toegestaan om 
cosmetische producten te testen. Daarom is er een grote noodzaak om nieuwe 
dierproefvrije testen te ontwikkelen die potentiële allergenen kunnen onderscheiden. 
 
10.1.1 Langerhans cellen 

In de menselijke huid bevinden zich cellen van het afweersysteem 
(immuunsysteem). De huid is opgebouwd uit 3 lagen: de opperhuid (epidermis), de 
lederhuid (dermis), en het onderhuids bindweefsel (vetlaag). In de epidermis liggen 
Langerhans cellen (LC). Dit zijn antigen presenterende cellen, welke betrokken zijn bij 
de inductie van een immuunreactie. Bij het binnendringen van de huid nemen LC de 
lichaamsvreemde stoffen op en migreren door de huid naar de lymfeklieren, waar zij 
de lichaamsvreemde stof presenteren aan T cellen. De T cellen zijn betrokken bij de 
specifieke afweer van het lichaam tegen de lichaamsvreemde stof. 

LC migreren onder invloed van een chemokine gradiënt. Cellen in de dermis 
en van het lymfestelsel scheiden chemokines uit, welke gerichte migratie van LC 
bewerkstelligen. Om een specifieke immuunreactie te kunnen induceren, moeten LC 
een uiterlijke (fenotypische) veranderingen ondergaan. Ze differentiëren van een cel 
die gespecialiseerd is in het opnemen van lichaamsvreemde stoffen (antigenen), in 
een cel die gespecialiseerd is in het presenteren van antigenen aan T cellen. Dit 
proces heet maturatie. Als gevolg hiervan verandert de samenstelling van eiwitten op 
het celoppervlak, zoals toename van de eiwitten CD83, CD86, CXCR4 en CCR7. 
Daarnaast worden er ook andere eiwitten uitgescheiden door de cel, zoals IL-1beta 
en CXCL8.  
 
10.2 Resultaten 

In hoofdstuk 2 wordt beschreven hoe LC uit de epidermis migreren naar de 
dermis onder invloed van allergenen. Resthuid van buikwandreductie operaties werd 
16 uur blootgesteld aan 3 allergenen. De LC in die huid werden vervolgens 
aangekleurd en hun positie bepaald. Resultaten laten zien dat LC naar de dermis 
migreren. De betrokken chemokine voor de aantrekking van LC uit de epidermis, blijkt 
CXCL12 te zijn. Dit chemokine wordt na blootstelling aan stressfactoren in de dermis 
aangemaakt door onder andere fibroblasten. LC matureren na blootstelling aan 
allergenen, maar niet na blootstelling aan irriterende stoffen, en krijgen als gevolg 
daarvan de receptor (CXCR4) voor CXCL12 op hun celmembraan. Om de migratie 
van LC meer in detail te bestuderen, hebben we gebruik gemaakt van een cellijn 
(MUTZ-3) die differentieerbaar is tot LC. Deze MUTZ-LC werden al dan niet 
blootgesteld aan allergenen voor 16 uur. Vervolgens konden de MUTZ-LC naar 
dermale fibroblasten migreren. Deze migratie naar fibroblasten toe was significant 
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hoger na blootstelling van MUTZ-LC aan allergenen vergeleken met niet 
blootgestelde MUTZ-LC. Deze migratie als gevolg van allergeenblootstelling, was 
volledig te remmen door fibroblasten in aanwezigheid van neutraliserende 
antilichamen tegen CXCL12 te kweken of MUTZ-LC te laten migreren in 
aanwezigheid van neutraliserende antilichamen tegen CXCR4 (CXCL12 receptor). 
Deze resultaten werden bevestigd in experimenten met resthuid. Neutraliserende 
antilichamen tegen CXCL12 werden ingespoten in de dermis. Dit zorgde ervoor dat er 
na blootstelling aan allergenen geen migratie van LC naar de dermis meer 
plaatsvond. In deze studie werd ook de invloed van 2 andere chemokines (CCL19 en 
CCL21) op de migratie van LC bestudeerd. CCL19 en CCL21 werden eerder 
beschreven als essentieel voor de migratie van LC naar de lymfeklieren. Echter 
injectie van de huid met neutraliserende antilichamen tegen deze twee chemokines, 
remde de migratie naar de dermis niet af. Deze resultaten duiden op een belangrijke 
rol voor CXCR4-CXCL12 interacties, tijdens de migratie van LC uit de epidermis naar 
de dermis om zo de verdere reis naar de lymfeklieren, onder invloed van CCL19 en 
CCL21 mogelijk te maken. 

Hoofdstuk 3 bestudeert ook migratie van LC, alleen na blootstelling aan 
irriterende stoffen. Irriterende stoffen induceren geen specifieke immuunreactie in het 
lichaam, maar de irritatie reactie kan wel tot vergelijkbare klachten leiden (bijv. jeuk en 
uitslag). In deze studie werd resthuid 16 uur blootgesteld aan 7 verschillende 
irriterende stoffen. LC migreren uit de epidermis naar de dermis, maar niet via het 
CXCR4-CXCL12 mechanisme zoals is beschreven in hoofdstuk 2. Migratie van LC uit 
de epidermis na blootstelling van de huid aan stressfactoren (zoals allergenen en 
irriterende stoffen) is TNF-alpha afhankelijk. TNF-alpha is een cytokine dat wordt 
uitgescheiden door cellen in de epidermis na blootstelling van de huid aan 
stressfactoren. Als gevolg hiervan scheiden dermale cellen (zoals fibroblasten) 
verschillende chemokines uit, waaronder CXCL12, CCL2 en CCL5. Injectie van de 
huid met neutraliserende antilichamen tegen CCL2 en CCL5 resulteerde in een 
volledige remming van LC migratie naar de dermis na blootstelling aan irriterende 
stoffen. Deze resultaten duiden erop dat na blootstelling aan irriterende stoffen, de 
TNF-alpha induceerbare chemokinen CCL2 en CCL5 een belangrijke rol spelen in de 
migratie van LC uit de epidermis naar de dermis. 

In hoofdstuk 4 wordt bestudeerd wat er met gemigreerde LC in de dermis 
gebeurd na blootstelling aan irriterende stoffen. Het is bekend dat LC na blootstelling 
aan allergenen, door de dermis migreren naar de lymfeklieren om daar specifieke 
afweercellen (T cellen) te stimuleren tot een immuunreactie. Omdat na blootstelling 
aan irriterende stoffen geen immuunreactie optreedt, is het nut van LC migratie uit de 
epidermis naar de dermis onduidelijk. LC en macrofagen (een ander type 
antigenpresenterende cel in de huid) in de huid werden aangekleurd na blootstelling 
(16 uur) van resthuid aan 7 irriterende stoffen. Opvallend was dat er na blootstelling 
van resthuid aan irriterende stoffen significant meer macrofaagachtige cellen te 
vinden waren in de dermis. Deze toename was recht evenredig met de afname van 
het aantal LC in de huid. Omdat de resthuid een gesloten system is (d.w.z. dat er 
geen nieuwe cellen vanuit het bloed aangevoerd kunnen worden), lijkt het erop dat 
deze ‘nieuwe macrofagen’ afkomstig zijn van de gemigreerde LC. Resultaten van een 
eerdere, oncologische studie toonden aan dat er een transitie van LC naar 
macrofaagachtige cellen plaatsvindt in een tumor omgeving (deze omgeving is rijk 
aan het cytokine IL-10). Om uit te zoeken of tijdens een irritatie reactie, IL-10 ook een 
rol speelt in de post-migrationele verandering van LC naar macrofaagachtige cellen, 
werd resthuid ingespoten met neutraliserende antilichamen tegen IL-10. Vervolgens 
werd deze huid voor 16 uur blootgesteld aan irriterende stoffen en LC en macrofagen 
aangekleurd. Transitie van LC naar macrofaagachtige cellen werd in aanwezigheid 
van neutraliserende antilichamen tegen IL-10 volledig geremd. Deze resultaten 
onthullen een IL-10 afhankelijke post-migrationele verandering van LC in 
macrofaagachtige cellen na blootstelling aan irriterende stoffen. 
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De zoektocht naar alternatieve testen voor het identificeren van potentiële 
allergenen, om zo de huidige dierproeven te vervangen wordt momenteel enorm 
gestimuleerd. Mede omdat vanaf 2013, het gebruik van proefdieren voor cosmetische 
doeleinden verboden is binnen de EU. De bevindingen van hoofdstuk 2 en 3, worden 
in hoofdstuk 5 gebruikt om een nieuwe methode te ontwikkelen om potentiële 
allergenen te kunnen onderscheiden van irriterende stoffen. Drie verschillende 
methodes om allergenen van irriterende stoffen te kunnen onderscheiden worden 
beschreven in dit hoofdstuk. Alle methodes zijn gebaseerd op de MUTZ-LC. De 
eerste methode beschrijft de expressie van CD86 (een eiwit op het celmembraan van 
LC dat wordt opgereguleerd na maturatie), welke theoretisch onder invloed van 
allergenen opgereguleerd zou worden, maar niet onder invloed van irriterende stoffen. 
Helaas is deze meting niet zo robuust als wenselijk, en levert het een aantal vals 
positieve en vals negatieve resultaten op. De tweede methode focust op de secretie 
van CXCL8 (een chemokine) door LC na blootstelling aan allergenen en irriterende 
stoffen. Deze methode geeft een duidelijk onderscheid aan tussen allergenen en 
irriterende stoffen. CXCL8 werd significant meer uitgescheiden na blootstelling aan 
allergenen, vergeleken met blootstelling aan irriterende stoffen. De derde methode is 
gebaseerd op het migratie gedrag van LC. In hoofdstuk 2 werd beschreven dat LC na 
blootstelling aan allergenen naar CXCL12 migreren. In hoofdstuk 3 werd beschreven 
dat LC na blootstelling aan irriterende stoffen onder andere naar CCL5 migreren. 
Deze resultaten worden gecombineerd in 1 assay. MUTZ-LC werden al dan niet 
blootgesteld aan allergenen en irriterende stoffen voor 16 uur. Daarna konden de 
MUTZ-LC naar CXCL12 of CCL5 migreren. Resultaten laten een duidelijk verschil 
zien tussen allergenen en irriterende stoffen. LC blootgesteld aan allergenen migreren 
significant meer naar CXCL12, waar LC blootgesteld aan irriterende stoffen significant 
meer naar CCL5 migreren. Concluderend, de MUTZ-LC gebaseerde analyse van 
CXCL8 secretie en de MUTZ-LC gebaseerde migratie assay zijn veelbelovend om 
allergenen van irriterende stoffen te scheiden en hebben potentie om de huidige 
dierproef gebaseerde methodes te vervangen. 

Hoofdstuk 6 tot en met 8 beschrijven de ontwikkeling van een huidmodel in 
kweekschaal, waarin de biologie van LC in meer detail kan worden bestudeerd. Deze 
modellen worden ontwikkeld met de focus op het vervangen van de huidige 
diermodellen om potentiële allergenen te kunnen identificeren. Het voordeel van deze 
modellen ten opzichte van de bovengeschreven assays, is dat een huidmodel alle 
facetten van het initiëren van een allergische reactie omvat (penetratie van de huid, 
beschikbaarheid van de allergenen voor de LC, interacties van LC met andere cellen 
in de huid, LC maturatie en migratie).  

Hoofdstuk 6 beschrijft 2 manieren waarop de interactie tussen epidermale 
cellen (keratinocyten) en LC wordt bestudeerd. In het eerste deel van de studie 
werden epidermale huidkweken (bestaande uit keratinocyten) gemaakt in de bovenste 
well van een transwell system. In de onderste well werden dan wel MUTZ-3 cellen 
(voorloper cellen voor LC (ongedifferentieerde cellen)) of MUTZ-LC gekweekt. 
Vervolgens werden de epidermale huidkweken blootgesteld aan verschillende 
chemicaliën. Het phenotype van de MUTZ-3 of MUTZ-LC werd bepaald op 
aanwezigheid van maturatie markers (d.w.z. eiwitten op het celoppervlak die 
opgereguleerd worden na blootstelling aan allergenen, maar niet aan irriterende 
stoffen). Dit model maakt interactie mogelijk tussen keratinocyten en MUTZ-3/MUTZ-
LC toe door middel van oplosbare factoren. In het tweede gedeelte van deze studie, 
werden MUTZ-LC ingebouwd in epidermale huidkweken, om zodoende directe cel-cel 
interactie tussen keratinocyten en MUTZ-LC te bewerkstelligen. Resultaten laten zien 
dat het mogelijk is om MUTZ-LC in de epidermis in te bouwen, en dat de verdeling 
van deze cellen in de epidermis vergelijkbaar is met de situatie in normale menselijke 
huid. 

In hoofdstuk 2 en 3 toonden wij aan dat fibroblasten (en mogelijk andere 
dermale cellen) een belangrijke rol spelen in de migratie van LC uit de epidermis na 



Chapter 10 
 

139 

blootstelling aan allergenen en irriterende stoffen. Daarom proberen wij in hoofdstuk 
7 en 8 dermale fibroblasten in een huidmodel in te bouwen. Om een goed en 
reproduceerbaar model te maken, hebben we in hoofdstuk 7 eerst onderzocht welke 
factoren een rol spelen bij de transdermale aantrekking van MUTZ-LC door de 
epidermale cellen (keratinocyten). Wanneer we MUTZ-LC lieten migreren naar 
keratinocyten in aanwezigheid van neutralizerende antilichamen tegen CCL5 en 
CCL20, vond er geen migratie naar keratinocyten plaats. Deze resultaten ontrafelen 
een belangrijke rol voor de epidermis afkomstige chemokines CCL5 en CCL20, in de 
migratie van MUTZ-LC naar de epidermis van huidkweken. Helaas blijkt er een grote 
inter- en intra-donorafhankelijke variatie te zijn betreft de secretie van CCL5 en 
CCL20 door keratinocyten. Hierdoor is het huidmodel niet zo reproduceerbaar als 
gewenst. Om het huidmodel meer robuust te maken, hebben we daarom in 
hoofdstuk 8 ervoor gekozen om de MUTZ-LC tegelijk met keratinocyten op een 
fibroblast-rijke dermale matrix in te zaaien. Hierdoor worden verschillen in 
migratieactiviteit van MUTZ-LC (door verschillen in uitscheiding van CCL5 en CCL20 
door keratinocyten) voorkomen, omdat de MUTZ-LC dan al op de juiste positie (in de 
epidermis) zitten. Dit model maakt het mogelijk dat er interactie tussen keratinocyten, 
MUTZ-LC en fibroblasten kan plaatsvinden.  MUTZ-LC zijn gelijkmatig verdeeld in de 
epidermis van deze huidkweken en bleek zeer reproduceerbaar te zijn. In deze studie 
hebben we ook de functionaliteit van dit huidmodel getest. Zowel de migratie als de 
maturatie capaciteit van MUTZ-LC werd bestudeerd. Resultaten laten een 
vermindering van het aantal MUTZ-LC in de epidermis van het huidmodel zien, na 
blootstelling aan het allergeen nikkelsulfaat. Daarnaast werd ook de maturatie 
induceerbare cytokine IL-1beta uitgescheiden door MUTZ-LC en de maturatie 
induceerbare CCR7 expressie opgereguleerd op het celmembraan van MUTZ-LC 
door blootstelling aan dit maturerende allergeen. In conclusie, dit ontwikkelde 
huidmodel is zeer reproduceerbaar en functioneel en heeft daardoor veel potentie om 
in de toekomst dierproeven te vervangen om potentiële allergenen te identificeren. 
Behalve deze functie, kan het huidmodel ook heel nuttig zijn om huidgebaseerde 
vaccinatiestrategieën te testen en om LC biologie onder gecontroleerde 
omstandigheden te bestuderen. 
 
10.3 Conclusie 

De resultaten die in dit proefschrift gepresenteerd zijn, zijn niet alleen van 
groot belang in de zoektocht naar alternatieve methoden om potentiële allergenen te 
detecteren, maar ook voor LC biologie in het algemeen. Dit kan nieuwe inzichten 
voortbrengen en leiden tot LC gebaseerde therapieën voor contact dermatitis of zelfs 
kanker.  
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