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Up
Two letters that can amount to so much
Get up, stand up, step up to the plate
Up wants you to rise up to the challenge
Show up, grow up, up your game and up the ante
And if you stumble, you get back up
Up
Only 2 letters, but it is not easy
Not everyone is up for it
Please never give up
Because it is up to us…

-To my loved ones-

“It is never too late to be
who you might have been”
-George Eliot-
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Chapter 1

1.1 GENERAL INTRODUCTION
Just as skin covers the entire external surface of the human body, so does mucosa cover
the entire internal surface and together they form the primary site of interaction with
the outside world. They both serve as a protective barrier that shields internal tissues
from exposure to toxins, and pathogens, and skin also protects from ultraviolet (UV)
radiation. In addition to this, the oral mucosa (or gingiva) and skin also have other
important functions which include sensory perception, immunologic surveillance,
thermoregulation, and control of fluid loss.
Skin and mucosa are fully immunologically competent tissues that participate in the
induction and effector phase of the immune response. Reconstituted skin models
containing immune effector cells such as dendritic cells (DC) and T cells, offer unique
and flexible tools to study mechanisms underlying the peripheral induction of immunity
and tolerance. Previous work showed that cross-talk between keratinocytes, fibroblasts
and different DC subsets was pivotal in these processes through determining the
activation state and migrational patterns of DCs (Ouwehand et al., 2008;Ouwehand
et al., 2011b). This knowledge can be used to design novel therapies for allergy,
autoimmune disorders or cancer. The goal of the research described in this thesis was to
develop superior alternative in vitro human test models, ranging from a full-thickness
skin and gingiva model to a more comprehensive and functional full-thickness skin and
gingiva model containing Langerhans cells LC) and to use these to study LC biology in
situ under controlled in vitro conditions.
In vivo, clinical observations indicate that exposure to a potential sensitizer via the skin
may result in sensitization whereas exposure to a potential sensitizer via the oral mucosa
may result in tolerance. This indicates that the site of sensitizer exposure is pivotal in
determining the eventual immune response and suggests a differential role for residential
cells (e.g. keratinocytes, fibroblasts and DC) within skin and oral tissue. Information is
extremely limited with regards to the inflammatory mediator profiles found in these two
types of intact human tissue, their effects on DC activation and cytokine production,
and ultimately how these determine T cell activation and skewing. Such studies have
mostly been limited to mouse studies. Tissue engineered skin and oral mucosa, in
particular immune competent constructs, are by far the most advanced human organ
models to be constructed in vitro. Clearly, detailed studies into the mechanisms involved
in sensitization and tolerance, DC skewing and T cell skewing, would benefit from
the use of fully defined immune competent 3D human tissue models which enable
the occurrence of phenotypic changes, migration, infiltration and retention of immune
effector cells.
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In the next paragraphs we will discuss and compare the anatomy of oral mucosa and
skin, immunobiological processes in both tissues, the involvement of DC subsets in
these processes (allergy and irritation in particular) and the state-of-the-art in terms of
(immune competent) skin and oral mucosa equivalent models. Finally, we will outline
the studies we undertook to develop and validate Langerhans cell reconstituted human
skin and gingiva equivalent models, corresponding to the consecutive chapters that
make up this thesis.
1.2 HISTOLOGY AND BIOLOGY OF THE ORAL MUCOSA, INCLUDING GINGIVA
In humans, the oral mucosa can be broadly divided into three categories: masticatory
mucosa (hard palate and gingiva), lining mucosa (buccal mucosa, ventral surface
of the tongue, soft palate, intra-oral surfaces of the lips and alveolar mucosa) and
specialized mucosa (dorsal surface of the tongue) (figure 1). The oral mucosa consists
of an outer, stratified squamous epithelium in direct contact with an underlying, dense
connective tissue called the lamina propria, which contains blood vessels, minor salivary
glands, structural fibres, nerves, fibroblasts and other cell types (Squier and Kremer,
2001;Winning and Townsend, 2000). These two major layers of the oral mucosa are
equivalent to the epidermis and dermis of the skin. However, the masticatory mucosa is
keratinized, whereas the lining mucosa is not (figure 2) (Barrett et al., 1998). In most
oral tissues, a difficult to discriminate submucosa layer can be found just beneath the
lamina propria (figure 3a).
1.2.1 Gingival Epithelium
There are 3 different types of gingival epithelium; (i) the oral or outer epithelium, (ii)
the sulcular epithelium, and (iii) the junctional epithelium.
The oral epithelium extends from the area where tissues forming oral mucosa and gingiva
come together (mucogingival junction) to the edge of free gingiva, not attached to teeth
(gingival margin). It is continuous with the non-keratinized lining of the gingival sulcus,
better known as the sulcular epithelium. The gingival sulcus is the space between the
surface of the tooth and the epithelium lining the free gingiva.
The junctional epithelium is a grouped ring of epithelial cells surrounding the tooth
and creating a seal at the gingival sulcus to hold it firmly in place. Its coronal end forms
the bottom of the gingival sulcus and is overlapped by the sulcular epithelium (figure
2b). These epithelia differ from one another in their function and, therefore, in some
of their histological characteristics. The (para)keratinized oral epithelium consists of
the stratum basale, the stratum spinosum, the stratum granulosum and the stratum
11
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Upper lip

Alveolar mucosa
Hard palate

Buccal mucosa
Gingiva
Soft palate
Buccal mucosa

Tongue

Masticatory mucosa

Lower lip

Lining mucosa
Specialized mucosa

figure 1: Diagram to show the anatomic location and extent of masticatory, lining, and
specialized mucosa in the oral cavity (adapted from (Squier and Kremer, 2001)).

dapted from Squier and Kremer, 2001
Figure 2A

OEC
LC
RP

LP

figure 2a: Photo of human gingiva. Histologically, oral epithelial cells (OEC) are stratified
squamous epithelial cells sharing common properties with skin-derived epithelial cells.
OECs play a pivotal role in protecting the underlying lamina propria (LP) from invading
pathogens. With arrow CD1a+ LC is marked. RP, rete peg.
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Figure

figure 2b: Light microscopic view of human gingiva (from a young,D.D.
clinically
subject)
Bosshardt,healthy
and N.P. Lang
J DENT RES 2005;84:9-20
illustrating its dimensions and relations. ABC, alveolar bone crest; AEFC, acellular extrinsic
Copyright © by International & American Associations for Dental Research

fiber cementum; CEJ, cemento-enamel junction; CT, gingival connective tissue; D, dentin; ES,
enamel space; GM, gingival margin; JE, junctional epithelium; OGE, oral gingival epithelium;
OSE, oral sulcular epithelium; PL, periodontal ligament (from (Bosshardt and Lang, 2005).

Figure 2C

figure 2c: Transmission electron micrograph illustrating the basal lamina, consisting of the

D.D. Bosshardt, and N.P. Lang J DENT RES 2005;84:9-20

n Associations for Dental Research

lamina lucida (LL) and the lamina densa (LD), and hemidesmosomes (HD) at the interface
between the junctional epithelium and the tooth. (from (Bosshardt and Lang, 2005).
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corneum (figure 3) (Squier and Kremer, 2001) similarly to skin. Its main function is
to protect against mechanical injury during chewing. Resistance to mechanical injury is
facilitated predominantly by the abundant intercellular junctions, mostly desmosomes,
that hold the cells tightly together, and the stratum corneum. The stratum corneum and
the relatively narrow intercellular spaces also contribute to the relatively low permeability
compared to non-keratinized (or orthokeratinized) lining mucosa (junctional epithelium,
sulcular epithelium, buccal) mucosa. Unlike the intestinal lining, the oral epithelium
does not have an absorptive capacity, although differences in permeability exist in direct
correlation to the thickness of the epithelial barrier (Hovav, 2014).

Histologically, undulations of epithelium, called rete pegs (RP), can be seen protruding
downwards into the lamina propria (LP) (figure 2). This in turn creates corresponding
finger-like upward projections of lamina propria, named connective tissue papillae. The
interdigitating rete pegs and connective tissue papillae provide increased surface area
contacts that help prevent separation of the oral epithelium from the lamina propria
when chewing an allow for the epithelial tissue to receive nutrients from the connective
tissue (Wu et al., 2013).
Cell division in all oral epithelial cells takes place solely in the stratum basale. After
dividing, the committed cells, similar to epidermal keratinocytes (KC), undergo a
differentiation process that leads to the expression of structural keratin proteins and
the loss of intracellular organelles as cells move upwards, begin to flatten and are
eventually sloughed off the surface (Dale et al., 1990;Fuchs, 1995;Squier and Kremer,
2001;Winning and Townsend, 2000). Whereas (ortho)keratinized masticatory mucosa,
similarly to skin, lose their nuclei, non-keratinized (or orthokeratinized) lining mucosa
retain their nuclei.
1.2.2 Lamina propria
The epithelial cell membrane facing the lamina propria is covered with numerous
hemidesmosomes and is connected to it by a basal lamina. The basal lamina consists of
an electron-dense layer, the lamina densa and an electron-lucent layer, the lamina lucida.
The lamina densa is composed of collagen type IV and the lamina lucida is composed
of laminin and other glycoproteins. Anchoring fibrils, composed of type VII collagen,
extend from the undersurface of the lamina densa into the lamina propria (figure 2c).
Other than small salivary glands and a sporadic ectopic sebaceous gland, the oral mucosa
has none of the secondary structures such as hair follicles and sweat glands, as would
be expected. The gingiva does not contain submucosa and the lamina propria is bound
directly to the membrane that lines the outer surface of the alveolar bone (Hovav, 2014).
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Figure 3A
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Stratum spinosum
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Connective tissue

LAMINA PROPRIA

SUBMUCOSA
Vein
Artery
Nerve

PERIOSTEUM
BONE

figure 3a: Anatomy of human oral mucosa

The gingiva or oral mucosa share an alikeness to skin in histological organization
and biological functions, specifically, protection and resistance to shear stress or
friction (Stephens and Genever, 2007). However, the gingiva, due to its unique
microenvironmental niche fueled by food residues, microbiota and saliva, is particularly
susceptible to inflammation (i.e. gingivitis) (Garlet, 2010).
1.3 HISTOLOGY AND BIOLOGY OF THE SKIN
The skin consists of two co-dependent layers; the epidermis and the thicker dermis, which
rest on a fatty subcutaneous layer, the panniculus adiposus. The epidermis is derived
primarily from surface ectoderm but also contains pigment-containing melanocytes
and pressure-sensing Merkel cells of neural crest origin, and antigen-processing and
-presenting Langerhans cells (LC) of bone marrow origin. The dermis is a derivative
mainly from mesoderm and contains collagen, elastic fibers, blood vessels, sensory
structures, and fibroblasts (figure 4).
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figure 3b: Anatomy of human gingiva

Figure 3B
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Figure 4
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figure 4: Anatomy of human skin

17

Chapter 1

1.3.1 Epidermis
Similarly to oral mucosa epithelium, the epidermis contains no blood vessels and is
completely dependent on the underlying dermis for nutrient transport and waste
disposal via diffusion through the dermo-epidermal junction. Just like the gingival
epithelium, the epidermis is a stratified, squamous epithelium that consists primarily
of KC in progressive stages of differentiation from deeper to more superficial layers.
The designated layers of the epidermis include the stratum basale, stratum spinosum,
stratum granulosum and stratum corneum. The fully differentiated KC are devoid of
nuclei and are subsequently shed in the process of epidermal turnover. Cells of the
stratum corneum are the primary protective barrier from the external environment.
1.3.2 Dermis
Similarly to the lamina propria, the primary function of the dermis is to sustain and
support the epidermis. The dermis is a complex structure and is composed of 2 layers, the
more superficial papillary dermis and the deeper reticular dermis. The papillary dermis
is thinner than the reticular dermis, consisting of loose connective tissue containing
capillaries, elastic fibers, reticular fibers, fibroblasts and some collagen. The reticular
dermis consists of a thicker layer of dense connective tissue containing larger blood
vessels, closely interlaced elastic fibers for flexibility, and coarse bundles of collagen
fibers for strength arranged in layers parallel to the surface. In addition to this, it also
contains fibroblasts, mast cells, nerve endings, lymphatics, and epidermal appendages.
The deepest part of the dermis, the panniculus adiposus, is adjacent to the subcutaneous
layer and extremely irregular, which additionally help to protect from impacts and
provides padding to the skin.
The fibroblast is the major cell type of the dermis. These cells produce and secrete procollagen and elastic fibers. Collagen makes up 70% of the weight of the dermis, primarily
Type I (85% of the total collagen) and Type III (15% of the total collagen). Elastic fibers
play an enormous functional role by providing compressibility and returning the skin to
its resting shape, although constituting less than 1% of the weight of the dermis.
1.4 THE IMMUNE RESPONSE IN ORAL MUCOSA AND SKIN
Both the oral mucosa and skin display multiple mechanisms to protect against invading
pathogens. The resilient lamina propria or dermis respectively provide resistance to tear
and compression forces due to mechanical stress, while maintaining tissue integrity
which is essential for a location that is continuously exposed to microorganisms (Hovav,
2014). A mechanism to provide protection against microorganisms is to shed the cells
from the surface layer, which helps to minimize colonization. Besides the shedding, oral
18

mucosa is kept moist by saliva which also contains many antimicrobial proteins and
proteins which stimulate wound healing (Oudhoff et al., 2010).
In addition to these mechanisms, the oral mucosa and skin contain an elaborate and
intricate immune system which has the role of providing protection against injury
and infection, and to this end, it is essential that sentinel and surveillance functions
are matched by immunoregulatory control mechanisms (Guilliams et al., 2010;Loser
and Beissert, 2007;Nestle et al., 2009;Strid et al., 2009). Regarding oral mucosa, the
consensus is that the immune system is pro-tolerogenic in nature as the oral mucosa
remains in a relative state of health despite the continuous heavy microbial load (Novak
et al., 2008). The oral immune system needs to recognize and eliminate pathogens,
while tolerating harmless commensals. This ability to discriminate friend from foe is
without question the most important property of the (oral) immune system and is
essential for maintaining immune homeostasis. An interesting theory as to how the oral
immune system is able to maintain immune homeostasis is that the cellular immune
response becomes tolerized at the local level by repeated exposure to bacterial endotoxins
(Muthukuru et al., 2005). Various studies have highlighted LC and DC in both (oral)
mucosal and skin as important central regulators of the immune responses (Mowat,
2005;Novak et al., 2011;Nudel et al., 2011;Pennisi, 2005).
1.4.1 Dendritic Cell biology
Dendritic cells are antigen-presenting cells (APC) with an important role in the innate
and adaptive immune system. During differentiation from the progenitor cell, they
develop branched projections called “dendrites”, which lend them their name. Another
morphological feature of DCs is that they have many intracellular structures used for
antigen processing including endosomes and lysosomes, and also Birbeck granules
in epithelial Langerhans cells. The main function of (oral mucosal) DC is to present
antigens to e.g. T cells which explains why they are usually referred to as “professional”
APCs. LC and DC are found in tissues that have contact with the outside environment
such as the skin and in the linings of the nose, mouth, lungs, stomach and intestines
(mucosa).
T cells play an essential role in cell-mediated immunity and are a main contributor to
the adaptive immune response. They have the ability to discriminate between self and
non-self and respond to viruses and other pathogens. T cells can be skewed to different
effector states depending on whether the enemy is a virus that needs to be fought with e.g.
interferons and cytolytic molecules, or whether the pathogen is a parasite that requires
a different set of protective cytokines and down-stream activation of innate effector
cells. Therefore, when DC migrate to the T cell areas in the lymph nodes to prime
the T cells, they orchestrate differential responses by the cytokines they secrete: this in
19
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turn is determined by microenvironmental factors. DC can selectively activate the rare
specific naive or central memory T cells from the assembled repertoire through cognate
interactions, that recognize a specific peptide (epitope) which the DC are carrying in the
context of autologous MHC tissue antigens. Amazingly, only one in 10,000-100,000
of the T cells in that repertoire are able to respond to this information. Second, the T
cells that are selected for expansion then differentiate into helper and killer T cells that
have the appropriate functions to eliminate infectious pathogens or diseased cells (e.g.
virus-infected or tumor cells). Then the newly activated effector T cells leave the lymph
node to recirculate to effector sites at the body surface or peripheral organs to specifically
eliminate pathogens.
In the absence of infection or inflammation, the DC are in an immature state, but
they are not quiescent. Immature forms are also found in the blood. Sweeping nonstop through tissues and into lymphoid organs, DC, acting as sentinels, capture all
kinds of antigens—the harmless self-antigens, e.g. from dying cells, and the many
non-pathogenic antigens encountered from the environment (Toebak et al., 2009).
DC influence the type or quality, but also the strength of an immune response. By
orchestrating these various processes efficiently and precisely, the DC are considered to
be “conductors of the immune orchestra” (Toebak et al., 2009;Banchereau et al., 2000).
Our immune system protects us from a broad range of pathogens while avoiding
misguided or excessive immune reactions. If the immune system becomes derailed
resulting in aberrant immune responses, autoimmunity or allergy may be triggered.
DC were first described by Ralph Steinman in the 1970s. As DC were relatively rare
because they were difficult to obtain from blood samples, it took until the 1980s for them
to become recognized as professional APCs. Combinations of various surface markers
are used to identify DC subsets using skin as a primary source to obtain and study DC.
These markers include CD11c, CD1a, CD1c, CD11c, CD14, Langerin, DC-SIGN
and CD141, which together define epidermal Langerhans Cells (LC) and 5 subsets
of dermal DC (DDC) (Lindenberg et al., 2013). DC are further characterized by the
presence of large amounts of class II MHC antigens and the absence of various lineage
markers such as CD3 (T cell), CD19 (B cell), CD56 (natural killer cell) and CD66b
(granulocyte). DC also express a variety of adhesion molecules including CD11a (LFA1), CD50 (ICAM-2), CD54 (ICAM-1), CD58 (LFA-3), and CD102 (ICAM-3). In
addition, DC express costimulatory molecules including CD40, CD70, CD80 (B7.1),
and CD86 (B7.2), which are up-regulated during DC activation. CD86 tends to be a
marker of early DC maturation, while CD80 only appears in mature DC. The classic
DC maturation marker is CD83 (Fong and Engleman, 2000;Syme and Gluck, 2001).
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Characterization of DCs in human oral tissues has been limited, and studies have
generally focused on LC. This may be due to the abundant presence of human oral LC in
the mucosa in comparison to other myeloid and plasmacytoid DC subsets (Allam et al.,
2008). Analysis of the gingiva identified LC in the mucosal epithelium and DC-SIGN
(CD209)-positive DCs in the lamina propria, which are considered the equivalent of
dermal DC. The majority of lamina propria-resident DCs also expressed the mannose
receptor (CD206) (Hovav, 2014). Recently, CD14, CD163 and CD206 subsets of DC
migrating out of skin explants were recognized with different functional abilities (van
de Ven et al., 2011). It is currently unknown whether gingiva LC and DC also express
these surface markers.
1.5 LANGERHANS CELLS
We have come a long way since Paul Langerhans, while still a medical student, described
a new epidermal cell in a paper entitled, “On the nerves of the human skin” (Langerhans,
1868).
He found that LC progenitors originating from the bone marrow differentiate into
LC and populate the epidermis of the skin where they reside between the KC making
them a subpopulation of epithelial-tissue-specific DC. They function, like most DC, as
antigen-presenting cells (APC). We now know that LC in both skin and gingiva have
Birbeck granules, which are rod shaped organelles related to antigen processing and
the formation of these organelles is mediated by the C-type lectin Langerin (CD207).
LC can be recruited as CCR6+ precursors to skin and mucosa by CCL20. In addition,
TGF-β was found to be a key player in LC biology and is essential for migration of LC
into skin and for induction and maintenance of immunological tolerance (Radeke et
al., 2005). In skin, it was found that CD1a+ DC in their immature state migrate very
efficiently towards CCL2, CCL5 and CCL20 (Ouwehand et al., 2010a), e.g. in response
to irritants, and in their mature state towards CXCL12, e.g. in response to allergens
(Ouwehand et al., 2008). These chemokines mediate epidermis-to-dermis migration;
the CCL19/CCL21-CCR7 axis is important for subsequent migration of mature DC
towards the paracortical T cell areas in lymph nodes (Ouwehand et al., 2008;Sallusto
et al., 1998)
Oral mucosal LC are described to have their dendrites oriented towards the surface in
order to facilitate sampling of oral fluids and bacteria (Ito et al., 1998). The highest LC
numbers are found in non-keratinized mucosa of the soft palate, ventral tongue, lip, and
vestibule, while the lowest counts are found in keratinized mucosa of the hard palate and
gingiva (Allam et al., 2008;Daniels, 1984). However, this finding is dependent on the
21
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state of health of the gingiva since LC in the gingival epithelium were found to be very
responsive to the accumulation of bacterial plaque (i.e., the biofilm), migrating into the
site during early gingivitis (Newcomb et al., 1982;Walsh et al., 1986), and migrating
out as the gingivitis becomes more chronic (i.e., after 21 days) (Moughal et al., 1992).
1.6 ROLE OF LC IN TOLERANCE
Because DC are professional antigen processing and presenting cells they have a number
of receptors that enhance the uptake of antigens. They are specialized to convert these
antigens into surface-exposed MHC-peptide complexes that can be recognized by
lymphocytes. DC are potent accessory cells that control responses by T cells and by other
types of lymphocytes. DC provide the T cells with required accessory or co-stimulatory
signals in order to differentiate them to various effector states.
Two mechanisms have been identified that allow DC to induce tolerance to harmless
antigens from e.g. commensal pathogens or food in most tissue types. The antigenloaded immature DC silence T cells by either deleting them or by inducing regulatory T
cells (Tregs) that suppress the reactions of other immune cells (Kosten and Rustemeyer,
2014). When LC subsequently mature in response to assault in the form of an infection
or a harmful chemical (allergen), the pre-existing tolerance nullifies any reaction to
innocuous antigens and allows the LC to focus the immune response on the pathogen
or chemical (Kosten et al., 2015).
When DC fail to maintain tolerance this can lead to autoimmune diseases such as
systemic lupus erythematosus, rheumatoid arthritis, and multiple sclerosis. Furthermore,
harmless substances may be incorrectly recognized as pathogenic for example in the
case of allergic contact dermatitis. In contrast, if DC are too tolerant, this can create
a permissive environment for chronic infectious agents, such as HIV. Infections and
tumors can exploit the tolerogenic function of DC, by shutting down the normal
immune defenses, and thus perpetuate disease (Kosten and Rustemeyer, 2014).
1.7 CONTACT DERMATITIS
Whereas irritant contact dermatitis (ICD) and allergic contact dermatitis (ACD) share
a similarity in clinical presentation, underlying immunological mechanisms resulting
in the skin inflammation are different. Because the physical and histological findings
are often so similar for both ICD and ACD, it can be quite difficult for physicians
discriminate between the two based on a clinical examination alone (Tan et al., 2014).
22

1.7.1 Irritant contact dermatitis
ICD occurs as a result of direct damage to the stratum corneum by chemicals or physical
agents (Kupper and Groves, 1995). Although susceptibility varies among individuals,
given sufficient exposure to an irritant, anyone can develop ICD (Tan et al., 2014).
Previously thought of as an immunologically inert process, ICD arises as a result of
activated innate immunity in response to direct skin trauma in a complex interlinked
process. Irritants are usually toxic to KC, rapidly activating them to produce and
release various cytokines, growth factors, and pro-inflammatory mediators (Kupper and
Groves, 1995). This results in an inflammatory cutaneous reaction without the need for
prior sensitization. After such a topical assault, dermal fibroblasts were found to release
chemokines, e.g. CCL2 and CCL5 (Ouwehand et al., 2010a;Ouwehand et al., 2011a).
Even in a resting, immature state, LC express a number of skin homing chemokine
receptors, such as CCR1, CCR2, CCR5 and CCR6, which have as ligands amongst
others CCL2, CCL5 and CCL20 (Kroeze et al., 2009;Yang et al., 2003;Cameron and
Kelvin, 2003;Rossi and Zlotnik, 2000). Without a need for further maturation, LC were
shown to be able to migrate to the dermis in response to the irritant-induced CCL2 and
CCL5 chemokine production by fibroblasts (Ouwehand et al., 2010a). In a human skin
explant model it was demonstrated that these LC subsequently adopted a macrophagelike phenotype, which may further contribute to a persistent inflammatory state of
the skin (Ouwehand et al., 2011a;Kroeze et al., 2009;Yang et al., 2003;Cameron and
Kelvin, 2003;Rossi and Zlotnik, 2000). It is hypothesised that the phenotypic switch by
the LC to a macrophage-like cell type is to protect the LC from cell death by the harmful
chemicals. Subsequently, the macrophage-like cells are thought to help clean up the cell
debris derived from the chemically assaulted dying or dead KC and other damaged cells
resulting from skin barrier disruption. Another theory is that the phenotypic switch
might serve to induce immunological ignorance to avoid the possibility of generating a
collateral autoimmune response (figure 5) (Ouwehand et al., 2011a).
1.7.2 Allergic contact dermatitis
ACD is a delayed type IV hypersensitivity reaction to external allergens (haptens) that
only occurs in susceptible individuals who have previously been sensitized (Lee et al.,
2013). In direct response to allergen exposure KC will release cytokines e.g. IL-1β, IL-18
and TNF-α which in turn will contribute to maturation of LC and activation of dermal
fibroblasts (Antonopoulos et al., 2008;Cumberbatch et al., 1997). Activated fibroblasts
were found to release chemokines like CXCL12. During the sensitization phase, haptens
penetrate the epidermis and can induce LC activation either directly or through the
formation of hapten-protein complexes. These hapten-protein complexes are taken up by
LC, which will become activated, mature, and subsequently migrate from the epidermis
to the dermis in a CXCR4/CXCL12-dependent manner (Ouwehand et al., 2008). From
there, they will continue their journey to the paracorical area of the regional lymph nodes
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Figure 5
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figure 5: Schematic overview of irritant-induced immature LC migration in skin.
When an irritant makes contact with the keratinocytes it penetrates the stratum corneum, causing KC to produce
cytoines e.g. IL-1α and TNFα, which underlying fibroblasts will bind, and they in turn will start to secrete a number
of cytokines and chemokines. Fibroblast-derived CCL2 and CCL5 play a key role in the subsequent immature LC
migration. Upon irritant exposure the LC will not take up the irritant and they will not mature but will upregulate
receptors for CCL2 and CCL5 (Ouwehand et al., 2010a;Ouwehand et al., 2011a). Additionally, it was shown that
these immature LC undergo a phenotypic switch to a more macrophage like phenotype which was found to be IL-10
dependent (Ouwehand et al., 2010a;Kosten et al., 2015).

where they present the allergenic complex to naïve T cells. As a consequence, expansion
and differentiation of allergen-specific effector and memory T cells will follow. These
T cells recirculate through the body and will home to cutaneous sites of (re-)exposure,
thus completing the elicitation phase (Sozzani et al., 1998;Sallusto et al., 1998;Lin et
al., 1998;Saeki et al., 1999). Release of pro-inflammatory cytokines and chemokines
will then attract other inflammatory cells, thus leading to the clinical manifestation
of ACD (Vocanson et al., 2009).These differential mechanisms of LC activation and
migration upon exposure to either irritants or allergens have been unraveled in different
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Figure 6
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figure 6: Schematic overview of allergen-induced mature LC migration in skin.
When an allergen makes contact with the skin keratinocytes, it penetrates the stratum corneum. KC will start to produce
amongst others IL-1α and TNFα, which the fibroblasts will bind. The fibroblasts will then start to upregulate secretion
of different cytokines and chemokines, e.g. CXCL12 (key for mature LC migration). In parallel the LC will take up
the allergen and will start to mature and will change their chemokine receptor expression, upregulating CXCR4 (i.e.
the CXCL12 receptor) (Meller et al., 2007;Ouwehand et al., 2008;Ouwehand et al., 2010a;Ouwehand et al., 2011a).

available models, i.e. human skin explants and animal models (figure 6) (Meller et al.,
2007;Ouwehand et al., 2008;Ouwehand et al., 2010a;Ouwehand et al., 2011a).
1.8 ORAL SENSITIZATION
In the oral cavity, allergen and irritant mediated inflammation can also occur, and are
collectively known as contact stomatitis. Contact stomatitis can be caused by exposure
to chemicals in toothpaste and mouth wash (e.g. the sensitizer cinnamaldehyde or the
irritant SDS) or in dental medical devices (e.g. metals: palladium, nickel, gold) (Davis et
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al., 1998;Tosti et al., 1997;Muris et al., 2014). However, very little is known about the
innate immunological events that trigger these oral diseases. For instance, the cytokines
and chemokines pivotal for LC activation and migration in oral mucosa are currently
unknown.
After capturing foreign antigens, DC migrate to immune inductive sites and initiate
the adaptive immune response, but can also re-stimulate a local response in peripheral
tissues, i.e. effector sites. In the case of oral mucosa, very little is known about these
inductive and effector sites. The prototypical oral inductive sites, contained within
Waldeyer’s ring, consist of oropharyngeal tissues and nasopharyngeal lymphoid tissue
(Wu et al., 1997). The latter include palatine tonsils, nasopharyngeal tonsils (adenoids),
and lingual tonsils (Fujimura et al., 2004). In humans, the M-cells of nasopharyngeal
lymphoid tissue are ultra-structurally and functionally similar to those in Peyer’s patches
and colonic lymphoid follicles (Fujimura et al., 2004). The gut-associated lymphoid
tissue is better characterized and includes Peyer’s patches and mesenteric lymph nodes
(Mowat, 2003;Mowat and Agace, 2014).
Nasal administration of antigens (Fujimura et al., 2004) is being explored to stimulate
mucosal immune responses, whereas oral mucosa appears capable of inducing tolerance
to mucosally delivered antigens. Indeed, sublingual immunotherapy was the preferred
site of administration of allergen extracts in several controlled clinical trials aimed to
suppress responses in atopic dermatitis, asthma, and eczema (Allam et al., 2008;Novak
et al., 2011;Pajno et al., 2003).
1.9 MODELS FOR INVESTIGATING SKIN AND ORAL IMMUNITY
For many years now there has been an increasing drive within Europe to refine, reduce
and to replace (3Rs) test animals with relevant in vitro alternatives wherever possible
(Adler et al., 2011). In the area of sensitization many assays are in the early stages
of development, whereas others have reached the final stages of pre-validation and
validation in Europe (Roggen and Blaauboer, 2013;Rovida et al., 2007). Examples are
(i) the direct peptide reactivity assay (DPRA), which measures depletion of a cysteineand a lysine-containing heptapeptide in the presence of the test chemical (Gerberick et
al., 2007), (ii) the myeloid U937 cell line test measuring CD86 induction on the cell
surface (Ade et al., 2006)(MUSST), (iii) the human cell line activation assay (h-Clat)
(Ashikaga et al., 2006) also assessing CD86 induction on the cell surface combined
with evaluation of induction of CD54 and (iv) the KeratinoSensTM assay(Emter et al.,
2010), which is a reporter cell approach based on the finding that the majority of the
skin sensitizers induce the Nrf2-Keap1-ARE regulatory pathway (Natsch et al., 2015);
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(v) the epidermal equivalent potency assay (Gibbs et al., 2013;Teunis et al., 2014) (vi)
the IL-18 epidermal equivalent assay for labeling and characterizing sensitizers (Gibbs
et al., 2013); (vi) the Genomic Allergen Rapid Detection (GARD) assay, which uses a
signature of predictive genes, which are differentially regulated in the human myeloid
cell-line MUTZ-3 when stimulated with sensitizing compounds compared to nonsensitizing compounds (Johansson et al., 2013) and (vii) T cell-based assays as tools
in immunotoxicology to identify hazardous chemicals and drugs (Martin et al., 2010).
Since the above mentioned single in vitro assays cover different aspects of the complex
mechanisms of skin sensitization, an integrated testing strategy is being proposed
incorporating a number of different assays. However, it is appropriate that such assays
are interpreted carefully, and with an appreciation of the complexity of DC biology
(Bechetoille et al., 2007;Dezutter-Dambuyant et al., 2006).
An alternative approach, which in particular would be extremely useful to study
human DC biology, would to develop in vitro skin models with integrated DC. Many
substances act as pro-haptens requiring metabolic activation to exert their sensitizing
properties. Hence, metabolic competence of cellular systems is an important component
that should be considered in the development of an immune competent human model.
Furthermore, extensive cross-talk occurs between the cells within skin and mucosa e.g.
keratinocytes, fibroblasts and DC in response to the potentially irritating or sensitizing
substance.
Important aims for the future are to develop models that are able to distinguish between
contact allergens and skin irritants and to distinguish between contact allergens of
varying sensitizing potency.
Whereas many assays are being developed to investigate the differences between
allergens and irritants which may cause ACD and ICD, very few are relevant for oral
mucosa and none take into account the complexity and differences between the two
tissues. Therefore, in order to investigate DC biology in the skin and oral mucosa more
physiologically relevant human models are required which reflect the similarities and
differences of skin and oral mucosa.
1.10 LC BIOLOGY IN VITRO STUDIES
The role of oral mucosal DC subpopulations in mediating immunity and tolerance
at the local level is presently unclear. Addressing these questions will require highly
purified DC and T-cell populations, as well as the use of organotypic cell culture models
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of oral mucosa, to determine: (i) how oral tolerance to commensals/self-antigen or
immunity against pathogens is mediated, in the context of the oral mucosal milieu;
(ii) how different DC subsets are able to recognize and respond to bacterial and viral
antigens that colonize or infect the oral mucosa; and (iii) how micro-environmental
factors (e.g. cytokines, growth factors) regulate APC and T-cell responses. Addressing
these questions is essential if we are to develop molecular targets for immunotherapy of
host diseases that afflict the oral cavity and other sites in the body.
Taking this a step further is the ability to use cell lines to generate LC and DC in a
cytokine dependent fashion, making DC even easier to study in vitro. A cell line which
has proven to be of great use is the MUTZ-3 cell line. The LC used for incorporation
into the skin equivalents (SE) described in this thesis were derived from this Acute
Myeloid Leukemia (AML) cell line, and were differentiated in a Transforming Growth
Factor (TGF)-β-dependent fashion into LC (MUTZ-3 LC), expressing Langerin and
bearing LC-associated Birbeck granules
(Masterson et al., 2002;Santegoets et al., 2006). In mono-culture, upon stimulation with
maturation inducing factors (including allergens), MUTZ-3 LC express characteristic
maturation markers, such as CD83, CXCR4 and CCR7, and acquire the ability to
migrate towards CXCL12, CCL19 and -21, thus closely resembling their in vivo
counterparts (Larsson et al., 2006;Ouwehand et al., 2008;Ouwehand et al., 2010b).
Like primary LC, MUTZ-3 LC are capable of ingesting foreign antigens, processing
them into small peptide fragments, binding them with major histocompatibility
complexes, and subsequently presenting them to both CD4+ and CD8+ T lymphocytes
for activation (Santegoets et al., 2006;Santegoets et al., 2008). When MUTZ-3 LC
were incorporated into full-thickness SE they showed the ability to mature (increase of
IL-1β, CCR7 and CD83 expression) (Ouwehand et al., 2011b) and migrate from the
epidermis into the dermis after topical exposure of the SE stratum corneum to allergens
like nickel sulphate, cinnamaldehyde and resorcinol (Kosten et al., 2015).
Several human myeloid cell lines (e.g. U-937, THP-1) have shown to have a potential
to discriminate allergens from irritants (dos Santos et al., 2009), however none did it
as robustly as the MUTZ-3 cell line (Johansson et al., 2013). In this thesis we provide
novel and further evidence that the MUTZ-3 cell line is the most physiologically
relevant LC-like cell line identified to date since it shows a unique in vivo like plasticity
upon exposure to environmental stimuli (e.g. allergens, irritants)(Kosten et al., 2015).
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1.11 IMMUNE COMPETENT HUMAN SKIN AND GINGIVA EQUIVALENT MODELS
Although animals, in particular mice, are used extensively for skin models, misleading
conclusions can be made due to very clear differences between human and animal
immunology as illustrated by the fact that extensive differences have been reported
between human and mouse DC subsets (Shortman and Liu, 2002;van de Ven et al.,
2011). Importantly, no suitable animal models exist to study oral immunity and in
particular, no oral animal models exist to identify potentially hazardous substances
which come into contact with the oral cavity (e.g. ingredients of toothpastes, mouth
wash, dental restorative materials). In order to investigate DC biology, in particular
in the area of human safety and risk assessment of chemicals, and for testing novel
drugs and therapeutic strategies, a number of in vitro models have been proposed.
Fresh human skin explants provide a very relevant model to study LC biology in situ
(Ouwehand et al., 2008;Ouwehand et al., 2010a;Jacobs et al., 2006;Lindenberg et al.,
2013;Oosterhoff et al., 2013). However, the use of skin explants for research purposes
and in vitro diagnostic assays requires a steady supply of large amounts of freshly excised
skin, which creates a logistical bottleneck and can introduce high donor variation. To
avoid the use of explant material, cultured, easily expanded cells have been used. DC
(primary and immortalized cell lines, human or animal-derived) have been extensively
studied (dos Santos et al., 2009). A limitation in using these DC cultures is that they lack
interactions with other cell types (e.g. keratinocytes and fibroblasts) which are essential
for promoting in vivo-like DC migration and phenotypic changes. Furthermore, the skin
barrier (stratum corneum) is absent. In order to overcome the absence of the skin barrier,
the group of Schmidt incorporated cord blood-derived LC into human reconstructed
epidermis constructed from primary keratinocytes (Facy et al., 2005;Regnier et al.,
1997). Widespread implementation of this model is limited however by its dependence
on fresh cord blood which again creates a major logistical problem as well as donor
variation. Furthermore, the dermal component is absent which is essential for LC
migration from the epidermis to the dermis (Ouwehand et al., 2008;Ouwehand et al.,
2010a). Previously we have described a full-thickness skin equivalent (SE) composed
of a reconstructed epidermis on a fibroblast populated collagen gel (Spiekstra et al.,
2005). Since it was not possible to distinguish allergens from irritants in this model
by assessing increases in cytokine secretion, we next proceeded to incorporate LC into
this in vitro SE model (Ouwehand et al., 2011b;Ouwehand et al., 2012). We were able
to provide novel evidence that the physiologically relevant LC-like cell line MUTZ-3
indeed allowed discrimination of allergens from irritants using this integrated model
(Kosten et al., 2015).
When considering the study of oral DC biology, the limitations of using explant tissues
are far outweighing those for skin with regards to the logistics involved in getting fresh
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tissue to the laboratory, the short viability of oral tissue ex vivo (48 h) and the extremely
limited size of healthy oral mucosa (gingiva) biopsies.
A limited number of studies have described oral mucosa equivalents (Macneil et al.,
2011;Moharamzadeh et al., 2012). Applications of engineered oral mucosa include
clinical transplantation (Watkin, 2008;Izumi et al., 2013), in vitro investigations of the
interaction of materials with oral mucosa (Moharamzadeh et al., 2008;Moharamzadeh
et al., 2009), oral disease modelling (Andrian et al., 2004;Andrian et al., 2007;Claveau
et al., 2004;Rouabhia and Deslauriers, 2002;Yadev et al., 2011) and evaluation of
drug delivery systems (Hearnden et al., 2012). However, these reconstructed models
described above do not contain DC, and therefore their application is limited. One
model describes the incorporation of fresh cord blood derived DC which creates an
additional major logistical problem as well as donor variation (Sivard et al., 2003).
In this thesis, as a first step to overcome these limitations and in addition to the
previously described skin equivalent which contains MUTZ-3 LC (Ouwehand et
al., 2008;Ouwehand et al., 2011b), we describe a technical advance in that we have
developed a novel human gingiva equivalent containing MUTZ-3 LC and used it
alongside our previously described human immune competent skin equivalent to
investigate differences and similarities between skin and oral mucosa immunology with
emphasis on LC migration after allergen exposure.
1.12 OUTLINE OF THIS THESIS
The primary aim of this thesis was to compare skin and oral immunity with a focus on
DC biology in relation to allergic responses. In order to do so we needed to develop a
more physiologically relevant human skin and oral mucosa model with an appreciation
of the cross-talk between cells. First, we needed to study the role of the cytokines and
chemokines which were already identified in skin as having a key significance in DC
migration and compare these to gingiva since much is known about key innate immune
events in skin, but little is known about oral mucosa. This is described in Chapter 2
where we have deployed skin- and gingiva-derived keratinocytes and fibroblasts as well
as tissue equivalents and used them as a tool to study cytokine release after a stimulus
in order to study the synergistic effects in this regard of keratinocytes and fibroblasts
and the cross-talk between these cells. Thus, oral mucosa and skin-equivalents were
compared in their secretion of cytokines and chemokines involved in LC migration and
general inflammation. Basal secretion, representative of homeostasis, and also secretion
after stimulation with TNFa, an allergen or an irritant was assessed.
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Since we were interested in cutaneous DC biology we have used a previously described
human skin equivalent model which contains MUTZ-3 LC and we exposed it to
allergens and irritants to determine the functionality of the model and test the plasticity
of the MUTZ-3 Langerhans cells (in analogy to their physiological counterparts) in
Chapter 3.
Chapter 4 describes the results of a comparative study of the phenotype and functional
abilities of skin and gingiva derived migratory DC subsets. We used the crawled out cells
from healthy freshly excised skin and gingiva and studied them extensively using flow
cytometry and measuring their cytokine release.
In Chapter 5 we explored the immune reactivity in a 3D gingiva equivalent model
containing MUTZ-3 LC as compared to the previous described skin equivalent model,
when both were exposed to the known allergen cinnamaldehyde.
Finally, in the concluding Chapter 6 we combine all our findings into a comprehensive
discussion of their significance for the field of skin and oral mucosa based allergy and
discuss some probable future prospects for the use of these newly constructed in vitro
3D equivalent models.
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2.1 ABSTRACT
Both oral mucosa and skin have the capacity to maintain immune homeostasis or
regulate immune responses upon environmental assault. Whereas much is known about
key innate immune events in skin, little is known about oral mucosa. Comparative
studies are limited due to the scarce supply of oral mucosa for ex vivo studies. Therefore,
we used organotypic tissue equivalents (reconstructed epithelium on fibroblastpopulated-collagen hydrogel) to study crosstalk between cells. Oral mucosa and skinequivalents were compared regarding secretion of cytokines and chemokines involved in
LC migration and general inflammation. Basal secretion, representative of homeostasis,
and also secretion after stimulation with TNFα, an allergen (cinnamaldehyde) or an
irritant (SDS) was assessed. We found that pro-inflammatory IL-18 and chemokines
CCL2, CCL20, CXCL12, all involved in LC migration, were predominantly secreted
by skin as compared to gingiva. Furthermore, CCL27 was predominantly secreted
by skin whereas CCL28 was predominantly secreted by gingiva. In contrast, general
inflammatory cytokines IL-6 and CXCL8 were secreted similarly by skin and gingiva.
These results indicate that the cytokines and chemokines triggering innate immunity
and LC migration are different in skin and gingiva. This differential regulation should be
figured into novel therapy or vaccination strategies in the context of skin versus mucosa.
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Both oral mucosa and skin have the capacity to maintain immune homeostasis and
regulate immune responses upon environmental assault. They both provide an important
barrier and a first line of defence against, amongst others, toxic substances (allergens,
irritants), pathogen invasion, and trauma. Whereas much is known about key innate
and adaptive immune events in skin (Loser et al., 2007; Guilliams et al., 2010; Nestle
et al., 2009), relatively little is known in this respect about oral mucosa (Hovav, 2014;
Novak et al., 2008).
Allergic and irritant contact dermatitis (ACD and ICD) are common pathological
conditions arising in both the oral mucosa and skin, and can be caused by an adverse
reaction to chemicals (Martin et al., 2011; Muris et al., 2012; Rustemeyer et al., 2004).
The key biological events leading to skin sensitization and elicitation of ACD as well as
the more general inflammatory events underlying ICD are well documented (Martin
et al., 2011; Ainscough et al., 2013; Lee et al., 2013; Tan et al., 2014). ICD involves
an innate immune response whereas sensitization and ACD-reactions involve an innate
immune response which triggers an adaptive immune response. Both are caused by
chemicals penetrating the outermost layer of the skin (stratum corneum) in order
to reach the underlying viable epidermal cells. Keratinocytes (KC) are subsequently
activated and release danger signals in the form of pro-inflammatory cytokines (e.g.
TNFα, IL-1α, IL-18, CCL27) (Nestle et al., 2009; Martin et al., 2011; Cumberbatch
et al., 2001; Kimber et al., 2000; Homey et al., 2002; Gibbs et al., 2013; Spiekstra et
al.,2005). These pro-inflammatory cytokines diffuse into the underlying dermis where
they in turn stimulate fibroblasts to secrete inflammatory mediators. Cytokines such
as IL-6 and CXCL8 create a general inflammatory response stimulating the dermal
infiltration of e.g. T cells, monocytes, macrophages and neutrophils. Importantly, a
chemotactic gradient is created which will enable allergen-exposed, maturing, CXCR4hi
LC to migrate from the epidermis towards CXCL12 in the dermis, whereas irritantexposed, non-maturing, CXCR4lo LC will migrate towards CCL2/ CCL5 in the dermis
(Ouwehand et al., 2008; Ouwehand et al., 2010). Replenishment of immature LC
into the skin is further regulated by CCL5 and CCL20 (Ouwehand et al.,2012). Thus,
extensive crosstalk between skin KC and fibroblasts, and the differential chemokine
receptor expression on maturing versus immature LC, enable a) LC migration from
the epidermis into the dermis after allergen or irritant exposure and b) subsequent
replenishment of LC through recruitment of precursors to the epidermis (Haniffa et
al.,2013).
Upon chemical allergen exposure, LC take up haptens, possibly complexed with proteins,
and migrate via the dermis to the draining lymph nodes where they can initiate an
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adaptive immune response by presenting the hapten to T cells. Upon a second exposure
to the same allergen an adverse outcome in the form of ACD may be elicited (Tan et al.,
2014). If the chemical is an irritant however, LC migrating into the dermis can undergo
a phenotypic change into a CD14/CD68 macrophage-like cell and remain in the dermis
(de Gruijl et al., 2006; Ouwehand et al., 2011a). Clearly skin KC and fibroblasts play key
regulatory roles in the innate immune events of both ACD and ICD. In the oral cavity,
allergen and irritant mediated inflammation can also occur, and is known as contact
stomatitis. Contact stomatitis can be caused by exposure to chemicals in toothpaste and
mouth wash (e.g. the sensitizer cinnamaldehyde or the irritant SDS) or in dental medical
devices (e.g. metals: palladium, nickel, gold) (Muris et al., 2014; Davis et al., 1998; Tosti
et al., 1997). However, very little is known about the innate immunological events that
trigger these oral diseases. For instance, the cytokines and chemokines pivotal for LC
activation and migration in oral mucosa are currently unknown. Evidence suggests that
skin and oral mucosal tissues react differently to environmental insults. For example,
CCL27, a general (pro-) inflammatory chemokine is predominantly secreted by skin KC
(van den Broek et al., 2014) whereas its homologue CCL28 is predominantly secreted
by mucosa KC (Lazarus et al., 2003; Pan et al., 2000). Both share the same receptor
CCR10 which mediates T cell homing whereas CCL28 also binds to CCR3, which
can mediate eosinophil and Th1 and Th2 recruitment (Xiong et al., 2012). Whereas
CCL27 is implicated in inflammatory skin disease such as psoriasis (Homey et al.,
2002), CCL28 has been shown to mediate migration of antibody secreting plasma cells
to mucosal tissues (Lazarus et al., 2003; Pan et al., 2000).
Notably, very clear differences are also found in the histology between skin and oral
mucosa, in particular of the epithelial tissue. Gingiva epithelium demonstrates a highly
proliferative, thicker epithelium compared to skin epithelium and also has different
epithelial localization of keratins, SKALP, loricrin and involucrin (Xiong et al., 2012;
Gibbs et al., 2000). With such distinct (immuno) histological differences between the
two tissues, it can be expected that differences also exist between their innate responses
to environment assault. The study in three-dimensional tissue explants of the differential
regulation of innate immune responses and LC migration in homeostasis and disease
between skin and oral mucosa is complicated by the scarcity of available oral mucosa
samples as these are generally infected or inflamed and only available as very small
pieces (3 - 6 mm diameter biopsies). This means that extensive studies using excised
oral mucosa cannot be carried out as we have done in the past for e.g. the study of
LC migration in skin (Ouwehand et al., 2008; Ouwehand et al., 2010; Ouwehand
et al., 2012; Ouwehand et al., 2011a). Furthermore, the use of intact biopsies, which
contain many different cell types makes it difficult to dissect specific cross-talk between
particular cell types.
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In this study, in order to overcome the above mentioned limitations, we have employed
tissue-engineered oral mucosa and skin equivalents, consisting of a fully differentiated
epithelium on a fibroblast-populated connective tissue matrix, to carry out comparative
analyses of skin and oral gingival-derived cytokines and chemokines involved in LC
migration, both in the steady state as well as after stimulation with pro-inflammatory
cytokine TNFα, or upon topical exposure to a known allergen and irritant (Spiekstra et
al., 2005; Gibbs et al., 2000; Vriens et al., 2008; Ouwehand et al., 2011b).
2.3 MATERIALS & METHODS
2.3.1 Cell culture.
Human adult skin and gingiva were obtained after informed consent from patients
undergoing abdominal dermolipectomy or wisdom tooth extraction respectively, and
used in an anonymous fashion in accordance with the “Code for Proper Use of Human
Tissues” as formulated by the Dutch Federation of Medical Scientific Organizations
(www.fmwv.nl) and following procedures approved by the institutional review board of
the VU University medical center. Skin and gingiva samples were not donor matched.
Epithelial KC: adult skin and gingiva KC, isolated from 3-6 mm punch biopsies were
cultured under similar conditions essentially as described earlier (Kroeze et al., 2012).
KC were cultured at 37°C, 7.5% CO2 in KC medium consisting of Dulbecco’s Modified
Eagle Medium (DMEM) (Lonza, Basel, Switzerland)/Ham’s F-12 (Gibco, Grand
Island, USA) (3:1), 1% UltroserG (BioSepra S.A. Cergy-Saint-Christophe, France), 1%
penicillin-streptomycin (Gibco), 1 μmol/L hydrocortisone, 1 μmol/L isoproterenol, 0.1
μmol/L insulin and containing 1 ng/mL keratinocyte growth factor (KGF) for skin
keratinocytes or epidermal growth factor (EGF) for gingival keratinocytes. Keratinocytes
grew in colonies of proliferating and differentiating cells and were passaged when 90%
confluent, using 0.5 mM EDTA/0.05% trypsin (Gibco) and used for experiments at
passage 2. Importantly, the KC were kept in culture for the same period of time (10-12
days) to eliminate confounding culture aging effects.
Fibroblasts: adult skin and gingiva fibroblasts were isolated and cultured under identical
conditions. In short, fibroblasts were enzymatically isolated from 3-6 mm punch
biopsies and were cultured in DMEM containing 1% UltroserG, 1% penicillinstreptomycin at 37°C, 5% CO2 essentially as described previously (Kroeze et al., 2009).
Cultures were passaged when 90% confluent, and used for experiments at passage 3.
These fibroblast cultures are > 99% CD90 positive (flow cytometry). Importantly, the
skin and gingiva fibroblasts were cultured for the same period of time (28-35 days) to
eliminate confounding culture aging effects.
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Skin equivalent (SE) and Gingiva equivalent (GE) culture. Reconstruction of SE and GE
was achieved by seeding KC (0.5x106 cells) onto ﬁbroblast-populated collagen gels as
previously described (Ouwehand et al., 2011b). Cells were submerged for 3 days in KC
medium (see above) containing 1 ng/mL EGF. To induce epithelial differentiation, the
constructs were lifted to air-liquid interface and cultured for 14 days in KC medium
containing 0.2% UltroserG, 1x10-5 M L-carnitine, 1x10-2 M L-serine, 50 μg/mL
ascorbic acid and 2 ng/mL EGF. Unless otherwise stated, all additives were purchased
from Sigma Chemical Co. (St. Louis, MO, USA).
Chemical exposure. Finn Chamber filter paper discs of 11mm diameter (Epitest, Oy,
Finland) for SE or 03-150/38 gauze filters of 12mm diameter (Sefar Nitex, Heiden,
Switzerland) for GE were impregnated with the allergen cinnamaldehyde (CA) in 1%
DMSO in water v/v or irritant SDS in water (Sigma Chemical Co.). The chemicals or
vehicle (control) impregnated discs or gauzes were applied topically to the cultures for
24 h at 37°C, 7.5% CO2 at non-toxic concentrations (>70% viability). Viability was
determined by MTT assay as described previously (Gibbs et al., 2013).
2.3.2 Cytokine exposure experiments.
Cell monolayer exposure to rhTNFα or rhIL-1α: subconfluent fibroblast and KC monolayer
cultures, grown in 6 well plates were exposed to serial dilutions of rhTNFα or rhIL-1α
(0, 100 or 200 International Units / mL) (Strathmann Biotech, Hamburg, Germany)
for 4 h in 1.5 mL medium, after which the cells were washed with PBS and fresh culture
medium (see above) was added. After 24 h the culture supernatant was harvested and
stored at -20ºC for ELISA analysis.
Tissue Equivalent exposure to rhTNFα: SE and GE cultures were exposed to serial
dilutions of rhTNF-α or rhIL-1α (0, 100 or 200 International Units / mL) for 24 h in
1.5 mL medium. After 24 h the culture supernatant was harvested and stored at -20ºC
for ELISA analysis.
2.3.3 Immunohistochemical staining.
All procedures for paraffin embedded sections and immunohistochemical staining were
performed as previously described (Gibbs et al., 2000; Vriens et al., 2008). Primary
monoclonal antibodies directed against keratin 10 (clone DE K10, ICN Biomedicals,
Zoetermeer, the Netherlands) and loricrin (AF 62, BioLegend, San Diego, CA, USA)
were used. All sections were counter-stained with Mayer’s haematoxylin. Negative
controls were prepared by substituting the primary antibody with an isotype control
antibody. For morphological analysis haematoxylin and eosin staining was used. The
sections were embedded in Aquatex®.
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2.3.4 ELISA.
Duoset CCL2, CCL5, CCL20, CCL27, CCL28, IL-18 or CXCL12 development systems
(R&D systems), PeliKine compact Kits IL-1α, IL-1β, IL-6 or CXCL8 development
systems (Sanquin, Amsterdam, the Netherlands) and a TNF-α high sensitive detection
set were all used as described by the suppliers (R&D systems).
2.3.5 Statistical analysis.
Statistical significance of differences between the unexposed and exposed equivalents,
KC or fibroblasts were calculated using a paired t-test. For comparisons between skin
and gingiva an unpaired t-test was used. Both tests used 2 way Anova followed by
Dunnets multiple comparison using GraphPad version 6.0.
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2.4 RESULTS
2.4.1 Tissue engineered full thickness skin and gingiva equivalents.
In order to be able to study cytokine secretion in human skin and gingiva in a
physiologically relevant model, full thickness skin and gingiva equivalents were
constructed (Figure 1). Both skin and gingiva models consisted of a reconstructed
epithelium (skin or gingiva-derived KC) on a fibroblast (skin or gingiva-derived)
populated collagen hydrogel, which served as the connective tissue matrix. T
he
characteristic intrinsic properties of skin and gingiva are illustrated by the phenotypic
differences observed in the epithelium. The SE epidermis consisted of a compact basal
layer of KC, a spinous layer, a stratum granulosum and a stratum corneum. Keratin 10
was strongly expressed in all suprabasal KC and loricrin was strongly expressed only in
the stratum granulosum. In contrast, the GE epithelium showed a thicker multilayer of
KC with increasing differentiation (flattening) of the KC away from the basal layer. The
epithelium lacked a clearly defined stratum granulosum and a stratum corneum. Keratin
10 and loricrin were only intermittently expressed in the suprabasal KC. These results
correlated closely to our previous published results for native skin and gingiva (Gibbs
et al., 2000).
2.4.2 Basal cytokine secretion by skin and gingiva keratinocytes and fibroblasts.
Homeostatic migration of immune cells including LC and their progenitors is regulated
by basal secretion of cytokines and chemokines. Therefore, we first investigated basal
secretion of pro-inflammatory mediators secreted by epithelial KC and tissue equivalents
1: Kosten
et (Figure
al
derived fromFigure
skin and
gingiva
2A). Skin and gingiva showed similar levels of
secretion of IL-1α and IL-18. However, CCL27 secretion was more than 20-fold greater
Skin

Gingiva

H/E

K10

Loricrin

Figure 1. Full thickness tissue engineered skin and gingiva
Haematoxylin and eosin (H/E) staining and immuno-histochemical analysis with Keratin 10 (K10) and loricrin in tissue
sections illustrates the different representative characteristics of skin and gingiva equivalents. Scale bar - 50 μm.
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Basal secretion (ng/ml)

A

Figure 2. Basal cytokine and chemokine secretion by keratinocytes, fibroblasts and tissue
equivalents.
(A) Cytokine/chemokine secretion by skin (S) and gingiva (G) keratinocytes and tissue equivalents. (B) Cytokine/
chemokine secretion by skin and gingiva fibroblasts and tissue equivalents. Culture supernatants were collected over 24 h
and analysed by ELISA. Data represent the average of at least 8 individual experiments ± SEM; * = p<0.05; ** = p<0.01
(unpaired Student’s t-test). ND = not detectable.
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in SE compared to GE (with a similar trend for KC cultures), and CCL28 secretion was
more than 10-fold greater in gingiva KC compared to skin KC. CCL28 secretion was
below the detection limit of the ELISA in both SE and GE cultures.
Next we determined the basal secretion of inflammatory chemokines by skin and gingiva
fibroblasts and tissue equivalents (Figure 2B). Notably the chemokine CXCL12 which
is pivotal in mediating epidermis-to-dermis migration of maturing LC (Ouwehand et
al., 2008) was clearly secreted at greater levels by skin fibroblasts and SE as compared to
gingiva fibroblasts and GE (more than a 7-fold difference between the tissue equivalents)
whereas other chemokines involved in irritant induced immature LC migration, (CCL2,
CCL5 (Ouwehand et al., 2010)), and LC precursor immigration to the epidermis
(CCL20 (Ouwehand et al., 2012)) were secreted at similar levels by skin and gingiva. In
contrast, the general inflammatory cytokines CXCL8 and IL-6 were secreted in larger
amounts by gingiva fibroblasts than by skin fibroblasts (15-fold and 3-fold respectively)
although this difference was no longer apparent when comparing the tissue equivalents.
Cytokines IL-1β and TNFα were not detectable in any of the culture models. These
results indicate that skin and gingiva cells have different intrinsic capacities for basal
steady-state secretion of (pro-) inflammatory cytokines.
2.4.3 Differential cytokine secretion by skin and gingival keratinocytes and
fibroblasts in response to TNF.
TNFα is a major pro-inflammatory cytokine described to initiate LC migration and
inflammatory responses (Cumberbatch et al., 1999). Therefore, we next determined how
rhTNFα influenced the (pro-) inflammatory cytokine secretion by skin and gingivalderived KC and fibroblasts. Supplementation of KC culture medium with rhTNFα
only slightly increased secretion of IL-18 by skin KC, and IL-1α and CCL28 by gingiva
KC. Secretion of IL-18 and CCL27 secretion remained higher from skin KC whereas
CCL28 secretion remained higher from gingiva KC (Figure 3A).
In contrast to KC, rhTNFα clearly caused a dose dependent increase in secretion of all
six cytokines (CCL2, CCL5, CCL20, CXCL12, CXCL8 and IL-6) from both skinand gingiva-derived fibroblasts (Figure 3B). Notably, in response to rhTNFα, three
of the four chemokines reported to play a role in LC migration in skin were secreted
more abundantly by skin fibroblasts than gingiva fibroblasts (CCL2, CCL20, CXCL12
but not CCL5). In contrast the general inflammatory cytokines CXCL8 and IL-6 were
secreted in similar amounts by both skin and gingiva fibroblasts in response to rhTNFα.
Similar results were obtained when cultures were supplemented with rhIL-1α (data not
shown).
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Basal secretion (ng/ml)

A

TNFα (IU/ml)
fibroblasts

Basal secretion (ng/ml)

B

TNF-α (IU/ml)
Figure 3. Differential cytokine and chemokine secretion by keratinocytes and fibroblasts in
response to rhTNFα.
(A) Skin compared to gingiva keratinocytes; (B) skin compared to gingiva fibroblasts. Cultures were unexposed or
exposed to rhTNFα (100 and 200 IU/mL) for 24 h in the culture medium. Culture supernatants were collected and
analysed by ELISA. Data represent the average of at least 3 individual experiments ± SEM * = p<0.05; ** = p<0.01; paired
Student’s t-test for intra skin and intra gingiva comparisons, unpaired Student’s t-test for skin vs. gingival comparisons.

Taken together these results clearly show differential pro-inflammatory cytokine-induced
secretion of keratinocyte- (IL-18, CCL27, CCL28) and fibroblast-derived chemokines
(CCL2, CCL20, CXCL12) between skin and gingiva.
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2.4.4 Differential cytokine secretion by skin and gingiva tissue equivalents
in response to TNFα, allergen and irritant.
Upon topical exposure of the skin to a chemical irritant or allergen, a rhTNFα mediated
innate inflammatory response is initiated (Spiekstra et al., 2005). In order to investigate
this in more detail and importantly to determine similarities and differences between
skin and gingiva in the context of cellular cross-talk in a 3D tissue environment, tissue
engineered full thickness equivalents were exposed to rhTNFα (in culture medium), the
irritant SDS (topical) or the allergen cinnamaldehyde (CA; topical) (Figure 4; Table
1). Notable differences were observed in the keratinocyte-derived pro-inflammatory
cytokine and chemokine secretion profiles between skin and gingiva (Figure 4A). IL18 showed a dose dependent increase in secretion only in response to the allergen CA
in SE. This was not observed in GE, nor was it observed in SE or GE in response to
rhTNFα or SDS. Chemokine CCL27 on the other hand, showed a dose dependent
increase in secretion from SE in response to TNFα, SDS and CA, but not from GE. IL1α and CCL28 secretion were below the detection limit of the ELISA in all experimental
conditions.
Next, fibroblast-derived chemokines described to play key roles in LC migration and
recruitment were studied (Figure 4B). An increase in secretion of CCL2, CCL5,
CCL20 and CXCL12 was observed in response to rhTNFα in both SE and GE.
Notably CCL2, CCL20 and CXCL12 were secreted at higher levels by SE than by GE.
Similarly, in response to non-cytotoxic concentrations (> 80% viable) of SDS, SE but
not GE showed an increase in secretion of CCL20. Neither exposure to SDS nor CA
resulted in an increase in secretion of CCL2, CCL5 or CXCL12 from the SE or GE.
CXCL12 secretion (similarly to secretion of CCL20) was higher in SE as compared
to GE. Cytokines involved in general inflammation (CXCL8, IL-6) showed a similar
increase in secretion in response to rhTNFα in both SE and GE. However, secretion of
these two cytokines was only increased by GE and not by SE when exposed to SDS or
CA (Figure 4C). This increase resulted in a trend difference (p<0.06) in IL-6 secretion
between the two tissue types when exposed to CA.
Taken together, these results indicate that clear differences exist between skin and gingiva
with regards to innate immune regulation by KC- and fibroblast-derived cytokines and
chemokines. In particular IL-18, CCL2, CCL20 and CXCL12, which mediate LC
migration, are predominantly secreted by SE exposed to rhTNFα, the irritant SDS or
the allergen CA.
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Figure 4: Differential cytokine and chemokine secretion by skin and gingiva equivalents in response to rhTNF𝛼𝛼, irritant SDS, and allergenic
Figure 4. Differential
cytokine and chemokine secretion by skin and gingiva equivalents in
cinnamaldehyde. (a) Proinflammatory cytokine secretion; (b) Langerhans cell (LC) migration related chemokine secretion; (c) general
inflammatory cytokine secretion. Cultures were unexposed or exposed to rhTNF𝛼𝛼 (culture medium exposure; 100 and 200 IU/mL), SDS
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and 40 mM) for 24 h. Cytotoxicity as assessed by MTT assay was
<20% at the highest chemical concentration. Culture supernatants were collected and analysed by ELISA. Data represent the average of at
least 3 individual experiments ± SEM; ∗ 𝑝𝑝 < 0.05; ∗∗ 𝑝𝑝 < 0.01; ∗∗∗ 𝑝𝑝 < 0.001; paired Student’s 𝑡𝑡-test for intraskin and intragingiva comparisons,
unpaired Student’s 𝑡𝑡-test for skin versus gingival comparisons.

(A) pro-inflammatory cytokine secretion; (B) Langerhans Cell (LC) migration related chemokine secretion; C) general
inflammatory cytokine secretion. Cultures were unexposed or exposed to rhTNFα (culture medium exposure; 100 and
200 IU/mL), SDS
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42]. Notably, CCL28 was only detected in gingiva KC
cultures and not in GE, even when stimulated with rhTNF𝛼𝛼,
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the observed lack of detectable levels therein. Indeed, previously we have shown that the skin homologue CCL27 has
proinflammatory properties and that it can stimulate adipose
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Table 1: Summary of results obtained after exposing skin and gingiva tissue equivalents to
Table 1: Summary of results obtained after exposing skin and gingiva tissue
equivalents to TNF , an allergen (CA) or an irritant (SDS)
Dose response
Experimental Dose response within
2 comparisons
between tissues
condition
tissue
between tissues
SE > GE

TNFα, an allergen (CA) or an irritant (SDS)

skin

gingiva

Pro-inflammatory cytokines
IL-18
TNFSDS
CA

ns
ns
**

ns
ns
ns

ns
ns
**

ns
ns
** SE > GE

CCL27
TNFSDS
CA

*
ns
nsd

ns
ns
ns

ns
*
*

ns
* SE > GE
* SE > GE

LC migration chemokines
CCL2
TNFSDS
CA

*
ns
ns

*
ns
ns

ns
ns
ns

* SE > GE
ns
ns

CCL5
TNFSDS
CA

ns
ns
ns

ns
ns
ns

ns
ns
ns

ns
ns
ns

CCL20
TNFSDS
CA

*
**
ns

ns
ns
ns

ns
***
ns

CXCL12
TNF
SDS
CA

*
ns
ns

ns
ns
ns

*
*
*

* SE > GE
** SE > GE
ns
* SE > GE
* SE > GE
* SE > GE

General inflammatory mediators
CXCL8
TNF
SDS
CA

***
ns
ns

***
*
ns

ns
ns
ns

ns
ns
ns

IL-6
TNF
SDS
CA

**
ns
ns

*
*
*

ns
ns
ns

ns
ns

ns (0.06 GE>SE)

a) Dose
response
within
tissue
: statistical
significance
a)
Dose
response
within
tissue
: statistical
significanceofofdifferences
differencesbetween
betweenthe
theunexposed
unexposed and
andexposed
exposed equivalents,
equivalents, KC or fibroblasts were calculated using a paired t-test.
KC or fibroblasts were calculated using a paired t-test.
b) Dose response between tissues, SE > GE. For comparisons between dose response of skin and gingiva an
b)
Doset-test
response
between tissues, SE > GE. For comparisons between dose response of skin and gingiva an unpaired
unpaired
was used.
t-test
wascomparisons
used.
c) Two
single
between tissues (unpaired T test)
c)
Two
single comparisons
between tissues
(unpaired
T test)
d) skin
/ CCL27:
significant difference
between
0 vs 20mM
CA (p>0.05; paired T test) but not in entire dose
d)
skin / CCL27: significant difference between 0 vs 20mM CA (p>0.05; paired T test) but not in entire dose response.
response.
Tests used 2 way Anova followed by Dunnets multiple comparison using GraphPad version 6.0.
Tests used 2 way Anova followed by Dunnets multiple comparison using GraphPad version 6.0.
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In this study, we made an extensive comparison of oral mucosa and skin with regards
to release of cytokines and chemokines involved in LC migration, as well as general
inflammation. In order to do this, we used in addition to conventional KC and fibroblast
cultures, physiologically relevant 3D tissue-engineered skin and gingiva equivalents.
Environmental assault was mimicked by exposing cultures to the pro-inflammatory
cytokine TNFα via the culture medium, or by topically exposing the epithelium to a
chemical allergen (CA) and a chemical irritant (SDS). We found that key chemokines
described to be responsible for LC migration in skin, i.e. IL-18, CCL2, CCL20, and
most notably, CXCL12, were clearly secreted at higher levels by skin as compared to
gingiva, suggesting that different and as yet unknown innate mechanisms are involved
in mediating and controlling LC migration in gingiva.
Pro-inflammatory IL-18, together with IL-1β and TNFα are necessary for skin LC
to migrate from the epidermis (Cumberbatch et al., 2001; Kimber et al., 2000). IL18 has been shown to play a vital and early role in the induction of allergic contact
sensitization (Cumberbatch et al., 2001; Antonopoulos et al., 2008). Indeed, IL-18
is now an accepted biomarker in in vitro assays to identify and discriminate contact
allergens from respiratory sensitizers and irritants (Gibbs et al., 2013; Corsini et al.,
2009). Here we show in line with these findings that IL-18 secretion is only increased
in SE exposed to the allergen CA and is not increased by the irritant SDS. However,
remarkably, we show that this cytokine is hardly secreted by gingiva in our study. In all
our experimental conditions a very low, non-inducible amount was detected in gingiva
culture supernatants compared to skin suggesting that IL-18 is not required to mobilize
LC in gingiva. Indeed, endogenous IL-18 in experimentally induced asthma was found
to be irrelevant for clinical symptoms and therefore our finding that IL-18 may not
be required to mobilize gingiva LC may possibly refer to other mucosal tissues as well
(Hartwig et al., 2008). In contrast to our results, it was previously shown that bioactive
IL-18 was detected in the supernatant of human oral epithelial cells upon combined
stimulation with neutrophil proteinase 3 (PR3) and LPS after IFNγ-priming (Sugawara
et al., 2001). This would suggest that IL-18 may be inducible by pathogenic but not by
chemical allergen stimuli in the oral cavity.
Previously we have shown that CXCL12 is a key chemokine in mediating migration of
maturing LC from epidermis to dermis (Ouwehand et al., 2008), that CCL2 and CCL5
are key chemokines in mediating LC migration after irritant exposure (Ouwehand
et al., 2010) and that CCL5 and CCL20 are involved in LC replenishment in the
epidermis (Ouwehand et al., 2012). Our finding that CCL2 and especially CXCL12
are predominantly secreted by skin as compared to gingiva in response to rhTNFα
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(and for CXCL12 also in response to chemical exposure) indicates a clear difference
in mechanisms regulating LC migration from the epithelium to connective tissue in
skin as compared to gingiva. This difference in chemokines regulating LC migration
is further supported by the finding that CCL20 was also significantly higher in skin
after rhTNFα and SDS exposure. Only CCL5 was secreted at similar levels in skin
and gingiva. Although it is clear that oral LC do have the ability to migrate from the
epithelium into the lamina propria upon environmental assault (Hovav, 2014; Jowani
et al., 2003; Allam et al.,2009), the underlying mechanisms are still unknown and our
results suggest that they may differ considerably from those found in skin.
The tissue engineered skin and gingiva equivalents, and in particular the reconstructed
epithelium, used in this study, closely represented their native counterparts. Not only
the histology but also keratin and loricrin expression mimicked the different types of
epithelium in line with our previous studies (Gibbs et al., 2000; Vriens et al., 2008). Our
current results show that basal cytokine secretion is also different in these two tissues.
CCL27 was predominantly secreted by skin KC whereas CCL28 was predominantly
secreted by gingiva KC in line with studies using patient derived biopsies and biological
samples (van den Broek et al., 2014; Lazarus et al., 2003; Pan et al., 2000; Riis et
al., 2011). Notably, CCL28 was only detected in gingiva KC cultures and not in GE,
even when stimulated with rhTNFα, indicating that CCL28 may possibly be directly
involved in cross-talk between gingiva keratinocytes and fibroblasts, with possible
consumption by fibroblasts in the GE accounting for the observed lack of detectable
levels therein. Indeed, previously we have shown that the skin homologue CCL27 has
pro-inflammatory properties and that it can stimulate adipose derived stromal cells to
secrete VEGF, CXCL1, CXCL8 and IL-6 (van den Broek et al., 2014).
Whereas differential secretion was observed for cytokines involved in LC migration,
this was not the case for the general inflammatory mediators CXCL8 and IL-6 which
were up-regulated by rhTNFα in skin and gingiva to a similar extent. CA and SDS did
however result in a dose dependent increase only in GE. This indicates that mechanisms
controlling general inflammation are different from those controlling LC migration and
require further investigation.
In conclusion, our results indicate that the cytokines and chemokines involved in
triggering and mediating LC migration and the innate immune response are different
in skin and gingiva. Since extensive cross-talk between keratinocytes, fibroblasts and LC
may direct and control LC migration, in future studies physiologically relevant immune
competent skin and gingiva models with integrated LC may be used to investigate this
further in a fully defined and standardized manner (Ouwehand et al., 2011b; Huh et
al., 2010).
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3.1 ABSTRACT
After allergen or irritant exposure, Langerhans cells (LC) undergo changes and exit the
epidermis. Here we describe differences and similarities in the mechanisms regulating
LC migration and phenotypic changes upon allergen or irritant exposure in a novel
tissue-engineered full-thickness skin equivalent. The skin equivalent consisted of a
reconstructed epidermis containing primary differentiated keratinocytes and CD1a+
Langerhans-like cells derived from the human MUTZ-3 cell line (MUTZ-LC) on
a primary fibroblast-populated dermis. Skin equivalents were exposed to a panel
of allergens and irritants. Topical exposure to sub-toxic concentrations of allergens
(nickel sulphate, resorcinol, cinnamaldehyde) and irritants (Triton X-100, SDS, Tween
80) resulted in LC migration out of the epidermis and into the dermis. Neutralizing
antibody to CXCL12 blocked allergen-induced migration, whereas anti-CCL5 blocked
irritant-induced migration. In contrast to allergen exposure, irritant exposure resulted
in cells within the dermis becoming CD1a-/CD14+/CD68+ which is characteristic
of a phenotypic switch of MUTZ-LC to a macrophage-like cell in the dermis. This
phenotypic switch was blocked with anti-IL-10. Mechanisms previously identified as
being involved in LC activation and migration in native human skin could thus be
reproduced in the in vitro constructed skin equivalent model containing functional LC.
This model therefore provides an attractive and relevant research tool to study human
LC biology in situ under controlled in vitro conditions, and will provide a powerful tool
for hazard identification, testing novel therapeutics and identifying new drug targets.
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All skin diseases have an underlying immune component. In order to investigate human
skin disease, physiologically relevant and immune competent human models mimicking
the characteristic 3D tissue context of skin are therefore required. Although animal
models, in particular mice, are used extensively, misleading conclusions can be drawn
due to very clear differences between human and animal skin immunology. For example,
murine TLR4 does not mediate a response to the most common human sensitizer nickel,
whereas in man TLR4 plays a crucial role in elicitation of an allergic response to nickel
(Schmidt et al., 2010). Indeed, extensive phenotypic and functional differences have
been reported between human and mouse dendritic cell (DC) subsets (Shortman and
Liu, 2002; van de Ven et al., 2011a). Furthermore, there is an increasing drive within
Europe to refine, reduce and to replace test animals with in vitro alternatives wherever
possible (Adler et al., 2011).
In order to investigate DC biology, in particular in the area of human safety and risk
assessment of chemicals, and for testing novel drugs and therapeutic strategies a number
of in vitro models have been proposed. Fresh human skin explants provide a very
relevant model to study Langerhans cell (LC) biology in situ (Ouwehand et al., 2008;
Ouwehand et al., 2010a; Jacobs et al., 2006; Lindenberg et al., 2013; Oosterhoff et al.,
2013). However, the use of skin explants for research purposes and in vitro diagnostic
assays requires a steady supply of large amounts of freshly excised skin, which creates a
logistical bottleneck and can introduce high donor variation. To avoid the use of explant
material, cultured, easily expanded cells have been used. DC (primary and immortalized
cell lines, either human or animal-derived) have been extensively studied (dos Santos et
al., 2009). A limitation in using these DC cultures is that they lack interactions with
other cell types (e.g. keratinocytes and fibroblasts) which are essential for promoting
in vivo-like DC maturation and migration. Furthermore, the skin barrier (stratum
corneum) is absent. In order to overcome the absence of the skin barrier, the group
of Schmidt incorporated cord blood-derived LC into human epidermis reconstructed
from primary keratinocytes (Facy et al., 2005; Regnier et al., 1997). Widespread
implementation of this model is limited however by its dependence on fresh cord blood
which creates a major logistical problem as well as donor variation. Furthermore, the
dermal component is absent which is essential for the regulation of LC migration from
the epidermis (Ouwehand et al., 2008; Ouwehand et al., 2010a). Previously we have
described a full thickness skin equivalent (SE) composed of a reconstructed epidermis
on a fibroblast populated collagen gel (Spiekstra et al., 2005). Since it was not possible
to distinguish allergens from irritants in this model by assessing increases in cytokine
secretion, we next proceeded to incorporate LC into this in vitro SE model (Ouwehand
et al., 2011b; Ouwehand et al., 2012).
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The human Acute Myeloid Leukemia (AML) cell line MUTZ-3 were used for
incorporation into SE. This cell line can be differentiated in a Transforming Growth
Factor (TGF)-β-dependent fashion into LC (MUTZ-LC), expressing Langerin and
bearing LC-associated Birbeck granules (Masterson et al., 2002; Santegoets et al.,
2006). In mono-culture, upon stimulation with maturation inducing factors (including
allergens), MUTZ-LC expressed characteristic maturation markers, such as CD83,
CXCR4 and CCR7, and acquired the ability to migrate towards CXCL12, thus closely
resembling their in vivo counterparts (Larsson et al., 2006; Ouwehand et al., 2008;
Ouwehand et al., 2010b). When MUTZ-LC were incorporated into full thickness SE
they showed the ability to mature and migrate from the epidermis into the dermis after
topical exposure of the stratum corneum to the allergens nickel sulphate and resorcinol
(Ouwehand et al., 2011b).
Previously we have shown in fresh skin explant cultures that topical allergen and irritant
exposure both result in LC migration, but mediated through different dermis-derived
chemokines, i.e. CXCL12 (Ouwehand et al., 2008; Spiekstra et al., 2005) and CCL2/
CCL5 (Ouwehand et al., 2010a), respectively. Whereas allergen-induced migration is
accompanied by LC maturation and CXCR4 up-regulation, irritant-induced migration
results in an intradermal LC-to-macrophage phenotypic switch by down-regulation
of surface expression of Langerin and CD1a and up-regulation of CD14 surface
expression and cytoplasmic CD68, in an IL-10 dependent fashion (de Gruijl et al.,
2006; Ouwehand et al., 2011a). Even though the ex vivo skin explant model is clearly a
valuable tool to study DC biology, it is greatly limited by logistics as mentioned above.
But importantly since the skin is a complex organ containing many different cell types
and precursors it is difficult to pin-point a phenotypic change within the tissue context
exactly to a particular cell type. It cannot be entirely ruled out that the macrophagelike cells identified within the dermis after irritant exposure may also be derived from
another cell type present in the skin biopsy.
In this study we further tested the validity and applicability of the SE-LC model by
assessing and comparing the effects of allergen versus irritant exposure on LC migration
and maturation. In particular, we show that MUTZ-LC are not only the first human
DC cell line able to mature and migrate after allergen exposure but also that MUTZ-LC
are capable of undergoing an IL-10 dependent phenotypic change into a macrophagelike cell upon migrating into the dermis after irritant exposure. This does not only
confirm the irritant-induced phenotypic switch previously identified using skin explant
cultures but, most importantly, illustrates the utility of the SE-LC to investigate DC
biology in vitro.
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3.3.1 Cell culture
Human skin explants: explants were obtained after informed consent from patients
undergoing corrective breast or abdominal plastic surgery and used in an anonymous
fashion in accordance with the “Code for Proper Use of Human Tissues” as formulated
by the Dutch Federation of Medical Scientific Organizations (www.fmwv.nl) and
following procedures approved by the institutional review board of the VU University
Medical Center.
Epidermal keratinocytes and dermal fibroblasts: cells were isolated and cultured as described
previously (Kroeze et al., 2012; Ouwehand et al., 2011b).
MUTZ-3 cell line: The MUTZ-3 progenitor cell line (Deutsche Sammlung von
Mikroorganismen und Zellkulturen [DSMZ], Braunschweig, Germany) was maintained
as previously described by Masterson et al. (Masterson et al., 2002). MUTZ-3
progenitor cells were differentiated into LC by culturing at 2x105 cell/mL in minimal
essential media (MEM)-alpha (Gibco, Grand Island, NY, USA) supplemented with
20% v/v heat inactivated fetal calf serum (Hyclone Laboratories, Logan, UT, USA),
1% penicillin-streptomycin, 2 mM L-glutamine (Gibco), 50 μM 2-β mercaptoethanol
(Merck, Whitehouse Station, NY), 100 ng/mL recombinant human granulocyte
macrophage-colony stimulating factor (Biosource, International Inc, Camarillo, CA,
USA), 10 ng/mL TGF-β (Biovision, Mountain View, CA, USA) and 2.5 ng/mL TNF-α
(StrathmannBiotec, Hamburg, Germany) over a period of 7 days. Cells were cultured at
37°C, 5% CO2, 95% humidity.
Construction of SE-LC: Construction of the human SE containing MUTZ-LC (SELC) was achieved by co-seeding carboxyfluorescein succinimidyl ester (CFSE) labelled
MUTZ-LC (1x106 cells) with KC (0.5x106 cells) onto ﬁbroblast-populated collagen
gels as previously described (Ouwehand et al., 2011b) followed by culturing for 4
days submerged and then 4 days at an air-liquid interface before chemical exposure.
Unless otherwise stated, all additives were purchased from Sigma Chemical Co. (St.
Louis, MO, USA). For blocking experiments 7 μg/mL goat anti-human CXCL12 (AF310-NA, R&D systems, Minneopolis, MN, USA), 7 μg/mL goat anti-human CCL5
(AF-278-NA, R&D systems) or 2 μg/mL goat anti-human IL-10 (AF-217-NA, R&D
systems) was added to the culture medium prior to chemical exposure (optimal blocking
concentration was previously determined (Ouwehand et al., 2008; Ouwehand et al.,
2010a; Ouwehand et al., 2011a). Isotype control to assess non-specific reactions was
added at 7 μg/mL polyclonal goat IgG (6-001-F, R&D systems).
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3.3.2 Irritant or allergen exposure
Finn Chamber filter paper discs of 11 mm diameter (Epitest, Oy, Finland) were
impregnated with vehicle (H2O), allergens (nickel sulphate hexahydrate (NiSO4.6H2O),
cinnamaldehyde or resorcinol (Sigma Chemical Co.)), or irritants (Tween 80, Triton
X-100 or SDS), dissolved in H2O as previously described (Gibbs et al., 2013). Chemical
or vehicle impregnated discs were applied topically to the stratum corneum of SE-LC
cultures for 16 h at 37°C, 7.5% CO2.
3.3.3 Immunohistochemical staining
From paraffin embedded full thickness human skin and in vitro cultured SE-LC, 5 μm
tissue sections were cut. The sections were deparaffinised and rehydrated in preparation
for morphological (haematoxylin-eosin staining) or immunohistochemical analysis
which was performed as previously described (Ouwehand et al., 2008; Ouwehand
et al., 2010a). In brief, antigen-retrieval was performed using citrate buffer and after
cooling incubated overnight at room temperature with primary monoclonal antibody
directed against HLA-DR (mouse IgG1 clone TAL.1B5, Dako, Denmark). Sections
were incubated for another 30 minutes with human anti-mouse conjugated to horse
radish peroxidase after washing with PBS. Subsequently, the slides were incubated for
10 minutes with 3-amino-9-ethylcarbazole as the chromogen. All sections were counterstained with haematoxylin. Negative controls were prepared by omitting the primary
antibody and substituting an isotype control antibody. The sections were embedded in
Aquatex® (Merck, Whitehouse Station, NJ, USA).
3.3.4 Quantitation of MUTZ-LC in epithelial sheets:
After chemical exposure, the epithelial sheets were harvested by separating the fibroblast
populated collagen gel from the epithelial sheet with fine forceps. The density of LC
in the epidermal sheets was determined by incubating the sheets for at least 1 h (max.
overnight) with 50 μl/mL PE-labelled anti-CD1a (BD pharmingen, San Diego, CA)
in FACS buffer. Subsequently, the epidermal sheets were washed three times in PBS
and then examined using a fluorescence microscope (Nikon Eclipse 80i), G-2a Ex510560, DM575, BA590). The density of CD1a+ LC was calculated by determining the
measured fluorescence index with Image J software and expressed as CD1a fluorescence
intensity.
3.3.5 Flow cytometry
MUTZ-LC migration from the epidermis of SE was assessed by flow cytometry. Cell
staining was performed using mouse anti-human CD1a-PE (IgG1, BD pharmingen,
San Diego, CA, USA), mouse anti-human CD14-FITC/PerCP (IgG2a, Miltenyi
Biotec, BergischGladbach, Germany), intracellular CD68-PE (kit 556078, IgG2b κ,
BD pharmigen). Isotype controls to assess non-specific binding were mouse IgG1-PE,
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3.3.6 Quantitation of MUTZ-LC in dermal compartments
In order to isolate cells (fibroblasts and MUTZ-LC) from within the collagen gel, gels
were digested with 1% collagenase type II (Gibco) in Hanks buffered salt solution
(Gibco) for 15 minutes at 37°C. An excess amount of Flow-Count fluorspheres
(Beckman Coulter, Fullerton, CA, USA) was added to the harvested cells and these
were then stained with mouse anti-human CD1a-PE, mouse anti-human CD14-FITC
or intracellular CD68-PE (kit 556078, IgG2b κ, BD pharmigen) before analysis with a
FACScalibur flow cytometer (Beckton Dickinson, San Jose, CA, USA). The data were
subsequently analyzed using CellQuestPro software.
3.3.7 Real-time PCR
Epidermis was removed from the dermis using fine forceps. Total RNA was isolated from
the dermis and RT-PCR analysis was performed as described previously (Ouwehand et
al., 2011b). cDNA was amplified by PCR using the following primer kits: RT2 qPCR
Primer Assay for Human CD68 and as housekeeping genes RT2 qPCR Primer Assay for
Human HPRT and RT2 qPCR Primer Assay for Human GAPDH.
3.3.8 Statistical analysis
Statistical analysis of the number of LC under the different experimental conditions was
performed using unpaired Student’s t-test or Mann-Whitney tests by GraphPad Prism
version 6.00 for Windows, (GraphPad Software, La Jolla California USA). Differences
were considered significant when P<0.05.
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IgG2b κ (BD pharmingen) and mouse IgG2a-FITC (MiltenyiBiotec). Additionally, a
staining with propidium iodine (Gibco) was performed to confirm the viability of the
migrated LC. Cells were washed in PBS containing 0.1% BSA and 0.1% sodium azide,
incubated with antibodies for 30 minutes and resuspended in the same buffer for FACS
analysis on a FACScalibur flow cytometer (Beckton Dickinson, San Jose, CA, USA).
The data were subsequently analyzed using CellQuestPro software.
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3.4 RESULTS
Differential chemokine dependence of epidermis-to-dermis MUTZ-LC migration in SE after
topical exposure to allergens versus irritants
In order to investigate LC migration from the epidermis to the dermis, partially
differentiated MUTZ-3 derived LC with low levels of CD1a, Langerin and HLA-DR
(Fig. 1A) were co-seeded with human skin KC onto a fibroblast populated collagen
gel. The SE containing MUTZ-LC closely resembled native human skin. It consisted
of a fully differentiated epidermis reconstructed on a fibroblast populated collagen gel
(Fig. 1B). The epidermis had a compact basal layer of keratinocytes, a spinous layer,
granular layer and stratum corneum. MUTZ-LC were dispersed evenly throughout the
3D architecture of the epidermis and also at the epidermal-dermal junction (Fig. 1C
and D). The model has been described in detail previously (Ouwehand et al., 2011b). In
this study, we further tested the functionality of the SE-LC model by topically exposing
SE-LC to a panel of allergens and irritants.
First, epidermis-to-dermis migration of MUTZ-LC in SE was investigated after exposure
to chemical allergens. After topical exposure to NiSO4 (10 mM), MUTZ-LC migrated
out of the epidermis. This is demonstrated by the absence of CD1a+ MUTZ-LC in
epidermal sheets after NiSO4 exposure compared to the presence of CD1a+ MUTZLC in unexposed and vehicle exposed epidermal sheets (Fig. 2A). To assess CXCL12
dependence of allergen-induced MUTZ-LC migration from the epidermis the culture
medium was supplemented with a neutralizing antibody against CXCL12 during
chemical exposure. Indeed, confirming our previous explant data and illustrating the
in vivo like properties of the SE-LC, incubation with anti-CXCL12 completely blocked
NiSO4 induced MUTZ-LC migration from the epidermis (Fig. 2A and B). The pivotal
role of CXCL12 in mediating epidermis-to-dermis migration of MUTZ-LC upon
allergen exposure was further confirmed for the allergens resorcinol and cinnamaldehyde
(Fig. 2B).
After topical exposure of SE-LC to irritants (Triton X-100, Tween 80, SDS), CD1a+
MUTZ-LC migrated out of the epidermal sheets similarly to allergen-exposed LC (Fig.
2A and 2C). Whereas incubation with the neutralizing antibody to CXCL12 failed to
inhibit this irritant-induced migration from the epidermis, incubation with anti-CCL5
completely inhibited migration (Fig. 2A, 2C and Fig. 3). In contrast, MUTZ-LC
migration after exposure to the allergen NiSO4 was not inhibited by anti-CCL5 (Fig. 3).
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Figure 1. Human full thickness skin equivalent with MUTZ-LC.
A) Phenotypic characterization of MUTZ-LC after 7 days of differentiation. Flow cytometry dot plots show HLADR, CD1a, Langerin positive cells and double positive cells; percentage positive cells is written in the quadrants. B)
Histology (haematoxylin-eosin staining) of SE-LC (200x magnification; scale bar represents 50 μm). C) HLA-DR
immunohistochemical staining of MUTZ-LC in SE-LC (200x magnification; scale bar represents 50 μm). D) CFSE
staining of the epidermal sheet isolated from SE-LC (100x magnification). Representative photographs from 5
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A) Phenotypic characterization of MUTZ-LC after 7 days of differentiation. Flow cytometry dot plots show HLADR, CD1a, Langerin positive cells and double positive cells; percentage positive cells is written in the
quadrants. B) Histology (haematoxylin-eosin staining) of SE-LC (200x magnification; scale bar represents 50
μm). C) HLA-DR immunohistochemical staining of MUTZ-LC in SE-LC (200x magnification; scale bar
represents 50 μm). D) CFSE staining of the epidermal sheet isolated from SE-LC (100x magnification).
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during irritant-induced epidermis-to-dermis migration.

Next, the phenotype of the migrated MUTZ-LC was investigated. To this end, the
isolated dermal compartments were digested and, upon live gating by forward and side
scatter properties, migrated LC were analyzed by flow cytometry. Whereas an increase
in CD1a+ MUTZ-LC rates were observed in the collagen gel (dermis) after allergen
exposure (control: 2%; vehicle: 4%; NiSO4: 65%), no corresponding increase in CD1a+
MUTZ-LC were detected in the collagen gels after irritant Triton X-100 exposure
(Fig. 4). In order to determine whether the post-migration MUTZ-LC were indeed
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still viable and detectable after irritant exposure, MUTZ-LC were labeled with CFSE
1
before incorporating into SE. In contrast to unexposed or vehicle exposed SE-LC, after
topical exposure 0to Triton X-100, CFSE labeled MUTZ-LC were clearly detected in
v
+
+
a-CXCL12 u
the collagena-CXCL12
gel
proving
that
viable
+MUTZ-LC had indeed actively migrated from the
epidermis-to-dermis upon irritant exposure (Fig. 5A). In order to determine whether
MUTZ-LC were able to undergo a phenotypic switch to a macrophage-like state after
irritant exposure, in line with their primary counterparts in native skin explants (de
Gruijl et al., 2006; Ouwehand et al., 2011a), cells isolated from the collagen gels were
stained with antibodies for CD14 or RNA was isolated for PCR with CD68 primers.
After irritant exposure a clear increase in CD14+ cells (Fig. 5B and C) and also an
increase in CD68 transcripts (Fig. 5D) were detected in the collagen gels. This was not
detected in the NiSO4 exposed collagen gels (Fig. 5D). We therefore conclude that,
after irritant exposure, MUTZ-LC in SE-LC are able to undergo a phenotypic switch to
a macrophage-like state as shown by decreased CD1a and increased CD14 and CD68
expression during epidermis-to-dermis migration.
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3.5 DISCUSSION
In this study we show that the MUTZ-3 cell line is the most physiologically relevant
LC-like cell line identified to date. In addition to being able to differentiate in a cytokine
dependent manner into Langerin expressing LC or, indeed, DC-SIGN expressing dermal
DC (Masterson et al., 2002; van de Ven et al., 2011b), which are both able to prime
specific T cell responses (Santegoets et al., 2006; Santegoets et al., 2008) we now show
that these MUTZ-LC remain functional when incorporated into full thickness skin
equivalents. Upon topical allergen exposure epidermal MUTZ-LC mature and migrate
in a CXCL12 dependent, and CCL5 independent, manner to the dermal compartment
of SE, whereas after topical irritant exposure they migrate in a CCL5 dependent, and
CXCL12 independent, manner and undergo an IL-10 dependent phenotypic change to
a macrophage-like cell within the dermal compartment.
The SE-LC was designed to enable complex mechanisms concerning human DC biology
to be investigated in an animal alternative, physiologically relevant test model. Whereas
sensitization after allergen exposure (leading eventually to allergic contact dermatitis
(ACD)) has been extensively described in the literature e.g. penetration of chemicals
through the stratum corneum, activation of keratinocytes, maturation and migration of
LC to the draining lymph nodes and stimulation of T cell responses (Roggen, 2014),
extremely little is known about the mechanisms resulting in irritant contact dermatitis
(ICD). Clearly, a localized acute inflammatory reaction is involved. Furthermore, it has
been shown that the number of CD1a positive cells decreases in both the epidermis
and dermis in ICD (Jacobs et al., 2006; Marks Jr. et al., 1987). Until now, the fate of
these migrated LC was unknown. Previously we have shown using the explant skin
model that irritant exposure resulted in a decrease in CD1a+ cells in the epidermis and
an increase in CD14+ / CD68+ cells in the dermis indicative of a phenotypic switch
of LC to macrophage-like cells (de Gruijl et al., 2006; Ouwehand et al., 2011a).
Since the SE-LC is a fully defined skin system, and contains no confounders such as
unknown infiltrating (precursor) cells locally e.g. proliferative monocytes and since
MUTZ-LC were labelled with CFSE before incorporating into the SE-LC, we can now
unambiguously demonstrate that LC undergo a phenotypic trans-differentiation into
macrophage-like cells upon irritant exposure. This alternative end-stage differentiation
of LC to CD14+ / CD68+ macrophage-like cells could play an important role in rapidly
removing damaged skin tissue after e.g. skin irritancy, UV radiation, and during wound
healing, thus playing a key role in maintaining immunological ignorance and avoiding
the generation of collateral autoimmunity. Our finding that anti-inflammatory cytokine
IL-10 is responsible for the post-migrational switch of LC into a macrophage-like cell
upon irritant exposure is fully in line with our previous ex vivo skin explant studies (de
Gruijl et al., 2006; Ouwehand et al., 2011a).
72

A limited number of epidermal equivalent models (Facy et al., 2005; Regnier et al.,
1997;Schaerli et al., 2005), dermal equivalent models (Guironnet et al., 2001) and
full-thickness SE models (Bechetoille et al., 2007; Dezutter-Dambuyant et al., 2006;
Uchino et al., 2009) have been described with integrated LC or DC. Moreover, all of
these models are reliant on fresh blood-derived precursor cells for their source of LC
or DC. This introduces extremely difficult logistics in fine-tuning the timely arrival of
blood (LC or DC source) and skin tissue (primary keratinocyte and fibroblast source)
to the laboratory, and fine-tuning the culture of the different cell types in order to have
all cells ready to construct the skin model on the same day. A number of the epidermal
equivalent models have been used to investigate LC responses to chemical sensitizers.
However, as the fibroblast-populated dermis is absent, the LC do not migrate and only
a limited number of LC maturation state changes have been reported. (e.g. increased
CCR7, CD86 expression or different cytokine secretions) (Facy et al., 2005; Regnier et
al., 1997; Schaerli et al., 2005). We have previously shown that topical exposure of our
SE-LC to allergens results in MUTZ-LC starting to mature in the epidermis (increased
IL-1β) and migrating from the epidermis to the dermis where they further up-regulate
CCR7 and CD83 (Ouwehand et al., 2011b). Now we show that similarly to excised
skin, this allergen and fibroblast-dependent MUTZ-LC migration can be completely
blocked by a neutralizing antibody to CXCL12. The SE-LC is the only in vitro model
to date that enables this degree of LC biology to be explored after allergen exposure of
the skin and therefore it provides an alternative means to identify pathogenic sensitizers
which are giving ambiguous results in other test models. Furthermore, since chemicals
are applied topically to the stratum corneum the SE-LC can be used to test water
insoluble chemicals.
The phenotypic change of LC to a macrophage-like cell is not only confined to irritancy.
We and others have reported the existence of an inter-related population of cutaneous
DC and macrophages in flux, trans-differentiating into each other in response to
environmental stimuli (de Gruijl et al., 2006; Diao et al., 2012; Ouwehand et al.,
2011a). T
his finding has direct consequences for the type of immune responses that
will follow, as different migratory DC sub-populations have now been directly linked
to the induction of different types of immunity (Lindenberg et al., 2013). For example,
CD1a+ mature LC and dermal DC subsets have been linked to type-1 T cell mediated
immunity, whereas CD14+ immature dermal DC subsets have been linked to the
induction of humoral immunity and expansion of regulatory T cells (Treg) (Banchereau
et al., 2012; Chu et al., 2012). Further research will determine to what extent the full
thickness SE-LC model will be able to replace animal tests for skin-based immunization
studies, other pharmaceutical testing and even for incorporation into organ-on-a-chip
models with future application in personalized medicine strategies (Huh et al., 2010).
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In this study we have illustrated with the aid of allergens and irritants that MUTZ-LC
integrated in the SE-LC are fully functional and that, depending on environmental
danger or damage associated signals, MUTZ-LC will migrate and mature, or migrate
and undergo a phenotypic change into a macrophage-like cell. From our findings we
conclude that the SE-LC is most suitable for chemical hazard identification. Since the
read-out consists of physiologically relevant functional changes in LC behaviour, it
provides an alternative method in particular for the testing of chemical allergens and
irritants which are difficult to distinguish from each other. This also makes the model
suitable for a wide range of studies not just including hazard identification but also for
investigating DC biology under normal steady-state conditions or in skin diseases and
in particular cancer. It will enable vaccination research to occur in a standardized human
model which in turn will lead to the identification of novel drug targets and therapeutic
strategies.
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4.1 ABSTRACT
Antigen exposure to oral mucosa is generally thought to lead to immune tolerance
induction. However, very little is known about the subset composition and function of
dendritic cells (DC) migrating from human oral mucosa. Here we show that migratory
DC from healthy human gingival explants consist of the same phenotypic subsets in the
same frequency distribution as DC migrating from human skin. Notably, the gingival
CD1a+ Langerhans cell and dermal DC subsets lacked CXCR4 expression in contrast
to their cutaneous counterparts, pointing to different migration mechanisms, consistent
with previous observations in constructed skin and gingival equivalents. Remarkably,
without any exogenous conditioning, gingival explants released higher levels of
inflammatory cytokines than human skin explants, resulting in higher DC migration
rates and a superior ability of migrated DC to prime allogeneic T cells and to induce
type-1 effector T cell differentiation. From these observations we conclude that rather
than inducing T cell tolerance, DC migrating from oral mucosa may induce effector T
cell immunity and maintain a high state of alert against possible pathogenic intruders in
the steady state. As such oral immunization may prove to be a viable therapeutic strategy
for cancer and viral infections.
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Dendritic cells (DC) that are located in epithelia at the interface with the outside
environment form a primary barrier of defense against pathogenic intruders. They are
powerful antigen presenting cells (APC), linking innate to adaptive immunity. As such
they perform a delicate balancing act, maintaining immune tolerance under steadystate conditions but also inducing T cell immunity when needed. During homeostasis,
migrating immature DC from peripheral tissues take up antigen but do not acquire
the capacity to promote functional T cell-mediated immune responses (Steinman,
2003;Steinman, 2007a). However, upon their recognition of pathogen- or damageassociated molecular patterns (PAMPs and DAMPs respectively) through specialized
receptors, they are activated, migrate to the draining Lymph Nodes (LNs), and mature
into potent immune stimulators that can drive T cell induction, expansion and
differentiation (Ouwehand et al., 2008;Palucka et al., 2010;Steinman, 2007b).
In human skin, at least five major DC subsets have been described, primarily
distinguishable by their differential expression of CD1a and CD14, i.e. epidermal
Langerhans cells, characterized by high levels of CD1a and Langerin expression, and
four dermal DC (DDC) subsets, including CD1a+ and CD14+ DDC (Lindenberg et
al., 2013). Lindenberg et al., previously showed that the frequency distribution between
these migrating subsets and thereby the eventual T cell activation outcome, depended
on the activating versus regulatory cytokine balance in the skin microenvironment
(Lindenberg et al., 2013). Under the influence of suppressive IL-10, migration of
CD14+ DDC prevails, resulting in abortive T cell priming and regulatory T cell (Treg)
induction and expansion (Lindenberg et al., 2013). Under pro-inflammatory conditions
(e.g. high levels of GM-CSF and/or IL-4) migration of CD1a+ LC and DDC subsets
is dominant, leading to Th1 and cytotoxic T cell (CTL) induction and expansion.
Thus, the frequency distribution of migratory DC subsets from human skin determines
subsequent T cell activation or tolerance induction. In the steady state the net outcome
is maintenance of peripheral tolerance (Nestle et al., 2009;Steinman et al., 2003).
The oral cavity is daily exposed to a high burden of antigens emanating from food,
bacteria, viruses, fungi, and their by-products. The oral mucosa thus forms a major
interface with the outside world, and its integrity and appropriate response to antigens
are crucial to maintain health (Ahlfors et al., 1996). Like gut mucosa, oral mucosa is
generally assumed to be instrumental in maintaining immune tolerance against the daily
onslaught of harmless food antigens and commensal bacteria. As such, the distribution
of migratory DC subsets (and consequently their net T cell skewing capacity) might
be expected to differ from that in skin, where in the steady-state CD1a+ LC and DDC
migration predominates with default priming of a type-1 T cell response in the allogeneic
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mixed leukocyte response (Lindenberg et al., 2013). As yet, very little is known about
DC subsets in human oral mucosa. No flow cytometric analyses of migrated DC from
oral mucosa explants have been reported, due to a general scarcity of available tissue.
So far LC have been mainly studied, showing their presence in oral mucosa (Barrett et
al., 1996;Cruchley et al., 1989;Allam et al., 2008) and their superior ability to prime
allogeneic T cells as compared to their skin counterparts (Hasséus et al., 2004). Of note,
oral LC were further shown to differ from their skin counterparts by their expression
of lipopolysaccharide receptor/CD14 and the high affinity receptor for IgE (FcεRI),
possibly allowing for more efficient activation by gram-negative bacteria and allergen
uptake, respectively (Allam et al., 2008). In addition to LC, DC-SIGN+ DC were
observed in the lamina propria of oral mucosa (Hovav, 2014).
To assess the distribution and maturation state of human oral mucosa associated
migratory DC subsets, we performed flowcytometric analyses of DC migrated from
gingival explants and we determined the inflammatory cytokine release profile from
these explant cultures. Subsequently, the ability of the migrated DC to prime and
skew a T cell response was assessed. Comparative analyses with their skin counterparts
showed a similar subset distribution and activation state among gingiva-migrated DC,
and even revealed their superior type-1 T cell skewing capacity. These data call for a
reappraisal of the functionality of oral mucosa-associated DC subsets and shed new light
on mechanisms underlying oral tolerance and immunisation.
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4.3.1 Tissue samples
Human adult skin was obtained from 15 healthy donors undergoing corrective breast
or abdominal plastic surgery. Human adult gingival tissue was obtained from 15 healthy
donors receiving dental implants or undergoing wisdom tooth extraction. Tissue
specimens were collected after informed consent, and used in an anonymous fashion
in accordance with the “Code for Proper Use of Human Tissues” as formulated by the
Dutch Federation of Medical Scientific Organizations (www.fmwv.nl) and following
procedures approved by the institutional review board of the VU University medical
center. The study was conducted according to the Declaration of Helsinki Principles.
Skin and gingiva samples were not donor matched.
4.3.2 Immunohistochemistry
For immunohistochemical staining of gingiva and skin biopsies the samples were
either snap-frozen in liquid nitrogen or embedded in paraffin. Vertical 5 μm cryostat
frozen sections were cut from 10 different donors, and air-dried at room temperature
on SuperFrost® gold slides (Menzel GmbH & Co KG, Braunschweig, Germany). The
cryostat frozen sections were fixed in acetone (VWR, Amsterdam, the Netherlands) for
10 minutes and incubated for 60 minutes with primary monoclonal antibodies directed
against the different surface markers, as listed in Table I. After washing, sections were
incubated with goat anti-mouse conjugated to HRP (Envision, DakoCytomation).
Subsequently slides were rinsed and incubated for 10 minutes with 3-amino-9ethylcarbazole (Invitrogen, San Francisco, CA, USA). All sections were counter-stained
with Mayer’s haematoxylin (Sigma Chemical Co., St Louis, MO, USA). Negative
controls were prepared by omitting the primary antibody and substituting an isotype
control antibody. The sections were embedded in Aquatex® (Merck).
The 5 μm paraffin embedded sections were deparaffinised and rehydrated in preparation
for immunohistochemical analysis, carried out as previously described (Ouwehand
et al., 2011). In brief, antigen-retrieval was performed using citrate buffer and after
cooling incubated O/N at RT with primary monoclonal antibodies directed against the
different surface markers (see Table 1). After washing in PBS for 5 minutes, sections were
incubated for another 30 minutes with human anti-mouse conjugated to HRP. After
once again washing with PBS, the slides were incubated for 10 minutes with 3-amino-9ethylcarbazole. All sections were counter-stained with haematoxylin. Negative controls
were prepared by omitting the primary antibody and substituting an isotype control
antibody. The sections were embedded in Aquatex®. The number of cells was quantified
with the aid of Nis Elements AR version 3.2 Software (Nikon Instruments Europe B.V.,
Amstelveen, the Netherlands).
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Table I: Monoclonal antibodies used for immunohistochemical staining
Primary mAb

Species

Clone

Serial #

Manufacturer

Langerin

mouse IgG2b

12D6

NCL-Langerin

Leica

HLA-DR

mouse IgG1

TAL.1B5

DC-Sign

mouse IgG2bκ DCN46

BD Pharmingen

CD14

mouse IgG2aκ

TÜK4

Dako

CD83

mouse IgG1

1H4b

Monosan

CD86

mouse IgG1

2331

BD Pharmingen

CD68

mouse IgG1κ

EBM11

M0718

Dako

mouse IgG1

MTB1

MONX10315

Monosan

mouse IgG1

JPM30

NCL-CD1a-220

Leica

Paraffin and cryo

Dako

Paraffin only
CD1a
Cryo only
CD1a

4.3.3 Quantitation of cell populations
Assessment and quantitation of cell numbers after immunostaining were performed by
two independent investigators. The number of positively stained cells in the epidermis,
dermis, mucosal epithelium and subjacent lamina propria, were assessed for each sample
per 100 μm2 tissue at 200x magnification, with an ocular objective of 20×, an eyepiece
of 10× and a tube factor 1. The average number of stained cells was then expressed per
100 μm2 of tissue examined.
4.3.4 Skin and gingival explant preparation and culture
An exact punch biopsy of 6 mm diameter and 3 mm deep was taken from skin or
gingiva, consisting of eptihelium and underlying dermis or lamina propria, respectively.
Of note, the full-thickness skin and gingiva explants were of equivalent depths to
ensure valid comparisons of numbers of emigrated DC and secreted cytokines. Explants
were then placed in 1 ml culture medium (i.e. minimal essential media (MEM)-alpha
(Gibco, Grand Island, NY) supplemented with 20% v/v heat inactivated fetal calf serum
(Hyclone Laboratories, Logan, UT), 1% penicillin-streptomycin, 2mM L-glutamine
(Invitrogen), 50μM 2-ME (Merck, Whitehouse Station, NY) allowing the cells to
migrate from the biopsies for 48 h, after which they were harvested and analyzed by
flowcytometry. The skin and gingiva explants were discarded. Conditioned medium and
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migrated cells were harvested at this time and used for further analyses by flowcytometry,
a mixed lymphocyte reaction (MLR) or Cytometric Bead Assay (CBA).

4.3.6 Flow cytometry
Phenotypic analyses were performed by flow cytometry. Skin or gingiva emigrated cells
were washed and resuspended in PBS supplemented with 0.1% BSA and 0.1% NaN3
(PBA) and incubated for 30 min. at 4°C in the presence of appropriate dilutions in PBA
of FITC, PE, PerCP or APC fluorochrome-conjugated specific mAbs to CD11c, CD14,
CD1a, CCR6, CCR7, CXCR4, CD163, CD3, CD4, CD8, CD19 (BD, San Jose, CA),
Langerin, CD86 or CD83 (Beckman Coulter Immunotech), or corresponding isotypematched control mAbs (BD, San Jose, CA) as described previously (Lindenberg et al.,
2013). The cells were subsequently analyzed, using a FACSCalibur and Cellquest-Pro
FACS analysis software (BD, San Jose, CA).
4.3.7 Allogeneic T cell differentiation induction
Peripheral blood mononuclear cells (PBMC) were isolated by Lymphoprep (Pharma
AS, Oslo, Norway) gradient centrifugation from a buffy coat (Sanquin Blood supplies,
Amsterdam, the Netherlands) and the monocytes were depleted after 2 h plastic
adherence, leaving peripheral blood lymhocytes (PBL). From the explants, the migrated
cells were harvested and the DC population was counted. Three thousand DC (pooled
per condition) were co-seeded with 30,000 PBL in a 96-well round bottom plate, in
duplicate for 6 days in IMDM supplemented with 10% Human Pooled Serum (Sanquin
Blood Supply, Amsterdam, the Netherlands), 100IU/ml sodium penicillin (Yamanouchi
Pharma), 100IU/ml streptomycin sulphate (Radiumfarma-Fisiopharma), 2 mM
L-glutamine (Invitrogen), and 0.01 mM 2-ME (Merck). On day 6 the supernatants
were collected for the simultaneous flowcytometric detection of IL-2, IL-4, IL-6, IL10, TNFα, IL-17A and IFNγ, secreted by the T cells using a Th1/Th2/Th17 CBA kit
(BD, San Jose, CA) following the manufacturer’s instructions and using CBA analysis
software (BD Biosciences).
4.3.8 Statistical Analysis
Differences between migrated DC subsets and cytokine release levels were analysed by
the unpaired student t-test or Mann-Whitney U test, and considered significant when
p<0.05.
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4.3.5 Inflammatory Cytometric Bead Assay (CBA)
Conditioned medium that was collected from the explant cultures after 48 h was analysed
for secreted IL-8, IL-1β, IL-6, IL-10, TNFα and IL-12p70 using the inflammatory
CBA kit (BD, San Jose, CA) according to the manufacturer’s instructions and using
CBA analysis software (BD Biosciences).
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4.4 RESULTS
4.4.1 DC density and localization in skin vs gingiva
Immunohistochemical analysis of full-thickness steady-state skin and gingiva tissue
revealed higher density of CD1a+ LC per mm2 epithelium in skin (figure 1A-B). However,
as shown in figure 1A, the gingival stratified squamous epithelium was considerably
thicker than the epidermis of the skin, which clearly accounted for this observation.
Trans-epithelial assaults by e.g. pathogens, allergens or irritants, will effectively be
countered by the DC encountered on the way. We therefore decided to quantify the
number of LC and interstitial DC over the full-thickness (i.e. the epithelium and the
underlying connective tissue layer) of skin or gingiva over a 100 μm cross-section (see
Figure 1A). As shown in Figure 1B and Table II, this resulted in an opposite result with
an effectively higher density of LC per 100 μm tissue cross-section in gingiva (identified
by CD1a and Langerin staining in the epithelium). Similarly, DC-SIGN+ cell numbers
(located in the connective tissue underlying the epithelium) were higher in gingiva,
as were HLA-DR+ LC and interstitial DC (Figure 1C and Table II). The CD14+ and
CD68+ cell counts were comparable between the two tissue types, as were the CD83+
and CD86+ cells (all localized to the interstitial, connective tissue), although the latter
two showed considerable inter-donor variation (Figure 1C and Table II).
4.4.2 DC subset frequency distribution upon migration from skin or gingiva
Full-thickness skin and gingiva explants of similar size and thickness were cultured for
2 days and crawl-out cells were subsequently harvested, counted and analyzed by flow
cytometry. Of note, substantially higher numbers of migrated cells were observed for
gingiva (mean 32,763 cells/explant, range 22,500-50,050, n=4) than for skin (mean
10,937 cells/explant, range 7,590-15,300, n=3) (P=0.039). Gating on CD11chi cells,
we distinguished five emigrated DC subsets, based on CD1a and CD14 expression, as
described previously6, i.e. 1) CD1ahi LC, 2) CD1a+CD14-, 3) CD1a+CD14+ (double
positive, DP), 4) CD1a-CD14+ , and 5) CD1a-CD14- (double negative, DN) interstitial
DC (see Figure 2A). Of note, the frequency distribution of these subsets within the
migrated cell population was equivalent between skin and gingiva (Figure 2B), with
CD1a+CD14- interstitial DC being the most frequent. The most striking (but not
significant) difference was between the DP interstitial DC subsets, where skin-emigrated
DC on average contained almost twice the amount of DP cells (skin: 15% vs. gingiva:
8%).
4.4.3 Phenotypic profiling of gingiva- vs skin-emigrated DC subsets
We next studied the phenotypes of the migrated DC subsets in more detail, focusing
on maturation/differentiation state (CD83, Langerin, CD163) and migratory capacity
(CCR6, CXCR4) (Figure 3). Of note, in general very similar expression levels of these
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Skin

Gingiva

Figure 1. Dendritic cell (DC) marker expression, density and distribution over full-thickness
human gingiva or skin.
A) CD1a staining of representative full-thickness skin (left panel) and gingiva (right panel) biopsies. Red dotted lines
denote full-area epithelial surface (left panel, used for quantitation as shown in Figure 1B upper panel) and 100 μm
wide full-thickness cross-section (right panel, used for quantitation as shown in Figure 1B lower panel, see also Materials
and Methods). B) Quantitation of CD1a+ Langerhans cells (LC) according to total epithelium area (upper panel) or
epithelium area in 100 μm wide full-thickness cross-section (lower panel), see areas denoted by red dotted lines in
Figure 1A for the respective definitions (n=10). The number of positively stained cells in the epidermis, dermis, mucosal
epithelium and subjacent lamina propria, were assessed for each sample per 100 μm2 tissue. C) Representative staining
of indicated additional DC maturation/differentiation markers shows distribution between epithelial and underlying
connective tissue layers in skin and gingival biopsies (n=10). * P<0.05, ***P<0.001.

markers were observed for each particular subset, irrespective of tissue origins. Both
et al
in skin and gingiva, CD1a+ subsets were more mature as Figure
judged 1:
byKosten
CD83 expression
levels, consistent with our previous observations in skin (Lindenberg et al., 2013). As
expected, highest Langerin surface levels were observed in the LC subsets from both
skin and gingiva. Lower but detectable Langerin expression levels were observed on
the CD1a+ and DP subsets from gingiva, which were notably higher than on their
counterparts from skin, although not significantly so. As previously found for skin,
The M2 macrophage marker CD163 was highest on the CD14-expressing DC subsets.
Expression of CCR6, generally associated with skin/epidermal homing, was very high
on the CD1a+ and DN subsets, but, remarkably, for gingiva also on the CD14+ subsets.
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Table II: Comparison of cell density between full-thickness skin and gingiva per 100µm tissue
skin and gingiva per 100µm tissue cross-section

cross-section
Primary mAb

Skin*

Gingiva*

CD1a

5.71 ± 1.5

14 ± 7.5

Langerin

4.83 ± 1.66

14.5 ± 9.3

DC-SIGN

6.42 ± 1.84

13.78 ± 4.7

HLA-DR

10.29 ± 1.38

18.67 ± 6.6

CD14

6.74 ± 2.32

6.63 ± 2.91

CD68

8.73 ± 2.37

8.76 ± 2.88

CD83

1.45 ± 2.16

2.24 ± 1.6

CD86

2.16 ± 2.23

0.87 ± 0.99

Paraffin and cryo

*Means and standard deviations, calculated over n=10
*Means and standard deviations, calculated over n=10

Finally, the only significant and most profound difference was found in CXCR4 surface
expression levels between skin- and gingiva-emigrated LC and CD1a+ interstitial DC,
with high expression levels on the skin-emigrated subsets and virtually no expression on
gingiva-derived subsets. This finding is highly suggestive of differential epithelium-toconnective-tissue migration mechanisms between these tissue types.
4.4.4 Gingiva explant cultures display a pro-inflammatory cytokine release
profile and gingiva-emigrated DC a superior type-1 T cell induction ability
compared to r skin-emigrated DC
We next tested the conditioned media from 48 h gingival and skin explant cultures for
the release of inflammatory cytokines and observed strikingly higher levels of virtually all
tested cytokines in the gingival cultures (Figure 4). IL-8, IL-6, IL-1β, IL-10 and TNFα
were all significantly higher in the gingiva-conditioned cultures, whereas IL-12p70
levels were below the detection limit for both skin and gingiva. To assess and compare
the ability of 48 h skin- and gingiva-emigrated DC to prime and skew T cell responses,
crawl-out DC were co-cultured with a fixed number of allogeneic lymphocytes (3,000
DC: 30,000 lymphocytes) for seven days after which supernatants were harvested
and the release of Th1-, Th2- and Th17-related cytokines were determined. As shown
in figure 5, gingiva-derived DC turned out to be more powerful inducers of T cells.
Taking IFNγ as an indicator of type-1 T cell priming, gingiva-emigrated DC on average
induced 2.3-fold higher T cell reactivity. Whereas IL-6 and IL-10 may in part also derive
from DC in the co-cultures, concerted release of significantly higher levels of IFNγ, IL-2
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Figure 2. Dendritic cell (DC) subset definitions according to CD1aCD14 expression in DC
migrated from human skin or gingiva.
A) Flow cytometry dot plots with gates denoting five migrated DC subsets (numbered 1 to 5) in skin and gingiva.
B) Frequency distribution of the five subsets among migrated DC (n=9).

and TNFα, together with a complete failure to release detectable levels of IL-4, point
to a preferential Th1 skewing by gingiva-emigrated DC, and at superior levels to skinderived DC.

Figure 2: Kosten et al
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Figure 3. Phenotypic analysis of migratory dendritic cell (DC)Figure
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skin and
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Kosten
et al
Chemotaxis, maturation and differentiation-associated marker expression on DC subsets 1-5 from skin vs. gingiva,
shown per indicated subset (*P<0.05, n=4-9 for skin and gingiva).
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Shown in pg/ml and measured after 48 h of culture. IL-8, IL-6, IL-1β, IL-10 and TNFα were all significantly higher
in the gingiva-conditioned cultures, whereas IL-12p70 levels were below the detection limit for both skin and gingiva
(*P<0.05, **P<0.05; n=3 skin, n=3 gingiva).

Figure 5. T cell cytokine release in allogeneic mixed leukocyte reactions with skin vs. gingiva
emigrated dendritic cells (DC).

Figure 4: Kosten et al

Shown in pg/ml and measured after 7 days of culture. Preferential Th1 skewing by gingiva-emigrated DC was
demonstrated, and at superior levels to skin-derived DC (*P<0.05, **P<0.05; n=3 skin, n=3 gingiva).
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Figure 4. Inflammatory cytokine release profile of skin vs. gingival explants.
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4.5 DISCUSSION
Traditionally the oral route of antigen delivery is regarded as a sure way to induce immune
tolerance. There is however a gap in our knowledge of differences in the phenotype and
functionality between DC subsets of human skin and oral mucosa, which in large part
will determine the outcome of T cell induction upon antigen exposure. The data provided
in this manuscript are a first step towards a more detailed inventory and phenotypic
and functional profiling of DC subsets in the oral mucosa, more specifically gingiva,
in comparative analyses with human skin DC subsets. The skin is commonly regarded
as an attractive gateway for the delivery of (tumor) vaccines whereas the oral mucosa is
regarded as a gateway for the delivery of immune modulatory desensitisation therapies
e.g. hyposensitisation sublingual immunotherapy (SLIT) (Allam et al., 2008;Allam et
al., 2009a;Allam et al., 2009b;Allam and Novak, 2011;Novak and Allam, 2011;Novak
et al., 2011). It is known that DC subsets are able to migrate to draining LN, even in
the steady state, and so maintain peripheral tolerance. Remarkably we found equivalent
LC and DC subsets migrating from skin and gingiva explants and in the same frequency
distribution. As CD14+CD163+ subsets were previously identified as suppressive with
the ability to expand Tregs (Chu et al., 2012;Lindenberg et al., 2013;Palucka and
Banchereau, 2012), one might have expected a predominance of these subsets among
gingiva-migrated DC. This however turned out not to be the case. Indeed, cytokine
release profiling even pointed to a more pro-inflammatory microenvironment in the
gingiva than in skin. Moreover, a superior ability of gingival-emigrated DC to prime T
cells and skew them towards a type-1 functional state was observed.
It is well established that inflammatory responses and allergic reactions can occur in the
oral cavity as well as the skin (Jotwani et al., 2001;Wray et al., 2000). Extensive literature
on mucosal tolerization, generally refers to the gut, which has a clear immunosuppressive
character compared to the inflammatory properties of the skin. When referring to “oral”
tolerance, often “gut” tolerance is actually meant (Cassani et al., 2011;Wang and Toes,
2008;Weiner et al., 2011;Rescigno, 2011;Coombes and Powrie, 2008). Indeed, oral
tolerance induction may be mediated by eventual antigen exposure to mucosa of the
lower gastrointestinal tract rather than to oral mucosa. Our findings certainly support
this notion.
Very little literature is available describing oral mucosal immunology. For oral mucosa,
two alternative scenarios may be possible upon antigen exposure: i) tolerance may occur
in response to the continuous exposure to antigens derived from commensal bacteria,
and other non-pathogenic factors, which otherwise might lead to chronic inflammation
(Hovav, 2014;Novak et al., 2008) or ii) an immune response may be induced to eliminate
pathogenic or noxious factors (e.g. allergens, pathogenic microbes or toxins). Our results
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strongly support the latter scenario as a default setting. This would suggest that rather
than mediating immune tolerance, like the gut, the oral mucosa rather has immune
stimulatory properties more akin to the skin. In line with our findings, Hasséus et al.
demonstrated that LC in human oral buccal epithelium were more efficient primers of
T cells than their counterparts in skin. Additionally, in their study CD83-positive cells
were found in higher numbers in oral buccal epithelium than in skin epidermis, thus
supporting the finding that oral LC are in a higher steady-state maturation state and
have higher T cell stimulating capacity than skin LC (Hasséus et al., 2004). One could
argue that like skin, the mouth is a gatekeeper and major barrier to the outside world
where strong immune defenses should be up at all times, e.g. to keep harmful microbes
from reaching the gastrointestinal tract. In contrast, in the gut it may be more important
to prevent chronic inflammation, which could prove life threatening, and steady-state
antigen exposure there may therefore rather lead to immune tolerance.
A striking difference between the more mature CD1a+ DC subsets from gingiva and
skin was the expression level of CXCR4: high in skin, absent in the oral mucosa.
CXCR4 is a chemokine receptor which has a proven pivotal role in the migration
of maturing LC from epidermis to dermis in response to dermal fibroblast-derived
CXCL12: a first step en route to the draining lymph nodes (Ouwehand et al., 2008).
Our findings indicate that gingival LC in contrast migrate to the lamina propria in a
CXCR4/CXCL12 independent fashion. In keeping with this, researchers found that
CXCL12 was not secreted by gingival fibroblasts, not even after their activation (Kosten
et al., 2015a), and that in gingival equivalents LC migrated to the lamina propria in a
CXCL12 independent manner (Kosten et al., 2015b). There are indications that LC
in the oral mucosa may not even have to migrate to lymph nodes in order to direct a
T cell immune response (Cutler and Jotwani, 2006). Indeed, it has been reported that
oral LC present antigens to T cells in the lamina propria in so-called oral lymphoid
foci, indicating that oral LC do not need to travel to nearby draining lymph nodes
(Cutler and Jotwani, 2006) which would require sequential CXCL12 and CCL19/21
gradients (Lin et al., 1998;Ouwehand et al., 2008;Ouwehand et al., 2010;Saeki et al.,
1999;Sallusto et al., 1998;Sozzani et al., 1998). DC migration to the lamina propria
does not require maturation and could thus potentially contribute to immune tolerance
induction, provided an immune tolerant milieu prevails in the lymphoid foci (Jotwani
et al., 2001;Jotwani and Cutler, 2003). Observations reported by Allam and co-workers
indeed support this scenario.(Allam et al., 2008) It is conceivable that the priming of
type-1 T cell mediated immunity may require a higher maturation state of the migrating
DC and subsequent T cell induction in draining lymph nodes.
Taken together, our data suggest the oral mucosa to be an attractive site for type-1 T cell
immunity induction, possibly even more so than skin. Thus, one might even consider
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oral immunization strategies to combat cancer or viral infection, as long as subsequent
antigen exposure in the gut is prevented (e.g. by the use of aerosol-formulated antigens
in the form of an oral spray). Clearly, more in-depth analysis is warranted to delineate
the functional contribution of the different DC subsets to the induction of type-1 T
cell responses. These studies may be seriously hampered by the scarcity of available
healthy gingival tissue samples and may require the development of representative
gingival equivalent models (Kosten et al., 2015a;Kosten et al., 2015b). Delineation of
the functional abilities of the different DC subsets will eventually allow for the design
of fine-tuned DC-targeted vaccine formulations combined with optimally effective oral
adjuvants.
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5.1 ABSTRACT
Here we describe the first reconstructed full thickness human oral mucosa (gingiva)
equivalent with integrated Langerhans Cells (GE-LC) and use it to compare LC
activation and migration from oral versus skin epithelium. The physiologically
representative models consist of a differentiated reconstructed epithelium (keratinocytes
and Langerhans-like cells derived from the MUTZ-3 cell line) on a fibroblast-populated
collagen hydrogel which serves as a lamina propria for gingiva and dermis for skin. Topical
exposure of GE-LC and the skin equivalent (SE-LC) to sub-toxic concentrations of the
allergen cinnamaldehyde resulted in LC migration out of the epithelia into the fibroblast
populated collagen hydrogel. Neutralizing antibody to CXCL12 blocked allergeninduced LC migration in SE-LC but not in GE-LC. Also, gingival fibroblasts secreted
very low amounts of CXCL12 compared to skin fibroblasts even when stimulated with
rhTNFα or rhIL-1α. Surprisingly, cinnamaldehyde exposure of GE-LC did not result
in an increase in CD1a+ cells in the collagen hydrogel (as was observed for SE-LC),
but did result in an increase in MUTZ-3 LC and CD83 mRNA. These results indicate
that in gingiva, upon cinnamaldehyde exposure MUTZ-3 LC migrate in a CXCL12
independent manner from epithelium-to-lamina propria and in doing so mature and
become CD1a-/CD83+ LC. These physiologically relevant in vitro models which not
only are human but which also resemble specific tissues, may aid in the identification
of factors regulating immune stimulation which in turn will aid the development of
therapeutic interventions for allergy and inflammation, anti-cancer vaccines as well as
improving diagnostics for skin and oral allergy.
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Skin and oral mucosa (e.g. gingiva, buccal mucosa, palatum) are both fully
immunologically competent tissues participating in the induction and effector phase
of the immune response. They both are constantly exposed to harmful environmental
factors, such as pathogens and allergens, and therefore both play a key barrier role in
maintaining homeostasis and regulating immune responses. However, evidence suggests
that these tissues react differently to insults arising from the environment. For example,
whereas nickel exposure via the skin can result in sensitization, oral exposure e.g. in the
form of dental braces has been shown to induce specific tolerance (van Hoogstraten
et al., 1992). This would suggest that skin is immune-stimulatory and oral mucosa
tolerogenic and suggests differential roles for residential cells (e.g. keratinocytes (KC),
fibroblasts and dendritic cells (DC)) residing in these tissues resulting in different crosstalk between cells within skin and oral tissue. Even so, allergies within the oral cavity
have also been reported e.g. nickel and palladium allergy caused by dental restorative
materials (Muris et al., 2009).
Although animals, in particular mice, are extensively used as skin research and testing
models, misleading conclusions can be drawn due to very clear differences between
human and animal immunology. This is illustrated by the fact that extensive differences
have been reported between human and mouse DC subsets (Shortman and Liu,
2002;van de Ven et al., 2011). Importantly no suitable animal models exist to study oral
immunity and in particular, no oral animal models exist to identify potentially hazardous
substances which come into contact with the oral cavity (e.g. ingredients of toothpastes,
mouth wash, dental restorative materials). Within Europe there is an increasing drive
to refine, reduce and to replace (3Rs) test animals with in vitro alternatives wherever
possible (EU Cosmetic Directive 7th Amendment, March 2009). With regards to skin,
a number of in vitro models are available to investigate DC biology, in particular in
the area of human safety and risk assessment of chemicals, and for testing novel drugs
and therapeutic strategies (Roggen, 2014;dos Santos et al., 2009;Gibbs et al., 2013).
Since large pieces of skin are regularly available from routine surgical procedures (e.g.
abdominal dermolipectomy) fresh human skin explants provide a very relevant model
to study Langerhans cell (LC) biology in situ (Ouwehand et al., 2008;Ouwehand et al.,
2010;Jacobs et al., 2006;Lindenberg et al., 2013;Oosterhoff et al., 2013). Even so, the
logistics around getting fresh tissue to the laboratory, the short viability of the tissue ex
vivo (48 h) and the extremely limited size of oral mucosa (gingiva) biopsies in particular
which are also often infected with microorganisms provide profound limitations for
implementing these tissues directly as a research tool. As a first step towards overcoming
these limitations, skin and gingiva equivalents (SE, GE respectively) have been
developed. For example, reconstructed epidermis is now used as a validated method
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for identifying corrosive and irritant chemicals (Fentem et al., 1998;Spielmann et al.,
2007). Also a limited number of studies describe oral mucosa equivalents (Gibbs and
Ponec, 2000;Macneil et al., 2011;Moharamzadeh et al., 2012). Significant applications
of engineered oral mucosa include clinical transplantation (Vriens et al., 2008), in vitro
investigations of the interaction of materials with oral mucosa (Moharamzadeh et al.,
2008;Moharamzadeh et al., 2009), oral disease modelling (Andrian et al., 2007;Claveau
et al., 2004;Rouabhia and Deslauriers, 2002;Yadev et al., 2011) and evaluation of drug
delivery systems (Hearnden et al., 2012). However, none of these reconstructed models
contain DC, and therefore their application is limited as an in vitro testing model. Only
one study described integration of DC into a mucosa equivalent, and notably these were
derived from primary CD34 positive cells isolated from fresh cord blood which creates
a major logistical problem as well as donor variation (Sivard et al., 2003). Therefore,
in this study, we developed a full thickness oral mucosa model with integrated human
Langerhans-like cells derived from the human MUTZ-3 cell line.
The first phase in the activation of the immune system in both skin and oral mucosa
after environmental assault involves triggering of the epithelium and connective tissue
(known as dermis in skin and lamina propria in mucosa) to initiate LC migration out
of the epithelium. The exact role of these migrated LC has yet to be established. With
regards to skin sensitization, LC are recognized as an important immune stimulatory cell
subset (Kimber et al., 2011). However, strong evidence now exists for LC also having an
immune regulatory role related to induction and maintenance of tolerance (Shklovskaya
et al., 2011). Whatever their function, clearly LC migration from the epithelium
(epidermis) into the underlying dermis, as a first step en route to the draining lymph
node, is pivotal for the orchestration of skin immune responses. With regards to oral
mucosa, extremely little is known about mechanisms underlying LC migration due to
the extreme scarcity of available healthy human tissue for functional analysis.
For skin, the key cytokines and chemokines involved in LC maturation and migration
out of the epidermis and into the underlying dermis after topical exposure to harmful
pathogens and contact allergens has been described in detail by us and others (Kosten
et al., 2015b;Cumberbatch et al., 2003;Griffiths et al., 2005;Oosterhoff et al.,
2013;Ouwehand et al., 2008;Kimber et al., 2000). Pro-inflammatory cytokines (e.g.
TNFα, IL-1, IL-18) are rapidly released by epidermal cells and trigger the secretion of
many chemokines from cells residing in the dermis thus initiating the inflammatory
response (Kosten et al., 2015a). One of these chemokines is CXCL12 which is secreted
by dermal fibroblasts (Ouwehand et al., 2008). CXCL12-secretion by fibroblasts
coincides with up-regulation of its receptor, CXCR4, on the surface of maturing LC
thus enabling the LC to migrate in a chemotactic manner from the epidermis into

102

CXCL12 independent LC migration in gingiva equivalents

We have previously described a human immune-competent skin equivalent which
consists of a fully differentiated reconstructed epidermis, containing LC derived from
the MUTZ-3 cell line, on a fibroblast populated collagen hydrogel (Ouwehand et al.,
2011b;Kosten et al., 2015b). MUTZ-3 is an acute myeloid leukemic-derived human
cell line with CD34+ proliferating progenitor cells which can be differentiated into
LC (MUTZ-3 LC) in a cytokine dependent fashion. MUTZ-3 LC closely resemble
their native counterparts, both phenotypically and functionally (Kosten et al.,
2015b;Masterson et al., 2002;Santegoets et al., 2008). Indeed, in the past we have
shown in skin equivalents with integrated Langerhans Cells (SE-LC) that upon allergen
exposure MUTZ-3 LC mature and migrate in a CXCL12 dependent manner from
the epidermis to the dermis whereas upon irritant exposure MUTZ-3 LC migrate in a
CCL5 dependent manner and undergo an IL-10 dependent phenotypic switch into a
macrophage like cell in the dermis closely mimicking our observations in excised skin
(Kosten et al., 2015b;Ouwehand et al., 2008;Ouwehand et al., 2011b). Recently we
have described a full thickness oral gingiva equivalent (GE) consisting of a reconstructed
epithelium on a fibroblast populated collagen hydrogel (lamina propria), and shown
that the GE secretes negligible amounts of key chemokines involved in LC migration
in skin (Kosten et al., 2015a). In this study we have incorporated MUTZ-3 LC into
the epithelium of this GE (GE-LC). We show that migration of maturing MUTZ-3
LC in GE-LC model after allergen exposure is CXCL12-independent in contrast to the
CXCL12-dependent MUTZ-3 LC migration in SE-LC. Our results emphasize the need
for physiologically relevant models which are not just of human origin but which also
resemble the different tissues which are exposed to environmental hazards.
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the dermis (Ouwehand et al., 2008). It is currently unknown whether this CXCL12/
CXCR4-axis is also pivotal for activated LC migration in oral mucosa.
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5.3 MATERIALS & METHODS
5.3.1 Cell culture
Human adult skin and gingiva were obtained after informed consent from patients
undergoing abdominal dermolipectomy or wisdom tooth extraction respectively and
used in an anonymous fashion in accordance with the “Code for Proper Use of Human
Tissues” as formulated by the Dutch Federation of Medical Scientific Organizations
(www.fmwv.nl) and following procedures approved by the institutional review board of
the VU University medical center. Skin and gingiva samples were not donor matched.
Epithelial keratinocytes (KC): adult skin and gingiva KC were isolated and cultured
under similar conditions. KC were isolated from 3 - 6 mm punch biopsies essentially
as described earlier (Kroeze et al., 2012). KC were pooled and cultured in KC medium
(Dulbecco’s Modified Eagle Medium (DMEM) (Lonza, Basel, Switzerland)/Ham’s F-12
(Gibco, Grand Island, USA) (3:1) containing 1% UltroserG (BioSepra S.A. Cergy-SaintChristophe, France), 1% penicillin-streptomycin (Gibco), 1 μmol/L hydrocortisone, 1
μmol/L isoproterenol, 0.1 μmol/L insulin containing 2 ng/mL keratinocyte growth factor
(KGF) for the skin or 2 ng/mL epithelial growth factor (EGF) for the gingival at 37°C,
7.5% CO2. Cultures were passaged when 90% confluent, using 0.5 mM EDTA/0.05%
trypsin (Gibco) and used for experiments at passage 2. Skin and gingiva KC were kept
in culture for the same period of time (10-12 days) to eliminate confounding culture
aging effects. Between 2-3 donors were pooled for each experiment. Skin and gingiva
keratinocytes were not derived from the same donors.
Fibroblasts: adult skin and gingiva fibroblasts were isolated and cultured under identical
conditions. In short, fibroblasts were enzymatically isolated from 3 - 6 mm punch
biopsies and were cultured in DMEM containing 1% UltroserG, 1% penicillinstreptomycin at 37°C, 5% CO2. Cultures were passaged when 90% confluent, and used
for experiments at passage 3. Skin and gingiva fibroblasts were cultured for the same
period of time (28-35 days) to eliminate confounding culture aging effects. Between 2-3
donors were pooled for each experiment. Skin and gingiva fibroblasts were not derived
from the same donors.
MUTZ-3 cell line: The MUTZ-3 progenitor cell line (Deutsche Sammlung von
Mikroorganismen und Zellkulturen [DSMZ], Braunschweig, Germany) was maintained
and differentiated into LC as previously described (Masterson et al., 2002;Ouwehand
et al., 2008). Maturation was induced by a cytokine maturation cocktail, consisting of
100 ng/mL IL-6, 50 ng/mL TNFα, 25 ng/mL IL-1β (Strathmann Biotec, Hamburg,
Germany) and 1 μg/mL PGE2 (Sigma Chemical Co, St Louis, MO, USA) for at least
24 h. Cells were cultured at 37°C, 5% CO2, 95% humidity. MUTZ-3 LC were labelled
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with carboxyfluorescein succinimidyl ester (CFSE) as described previously (Kosten et
al., 2015b).

Chemical exposure of SE-LC and GE-LC: Finn Chamber filter paper discs of 11 mm
diameter (Epitest, Oy, Finland) for SE-LC or gauze filters of 12 mm diameter for GELC (03-150/38, Sefar Nitex, Heiden, Switzerland) were impregnated with allergen
cinnamaldehyde (CA) or the corresponding vehicle (H2O with 0.1% DMSO v/v). The
chemical or vehicle impregnated discs were applied topically to the cultures for 16 h at
37°C, 7.5% CO2 in a non-toxic concentration as described previously (Ouwehand et
al., 2010).
5.3.2 Ex vivo skin and gingival explants
Ex vivo skin and gingival explants: All fat was carefully removed from healthy human
abdominal skin. Pieces of skin or gingiva of approximately 0.3 cm2 were placed on
3.0 μm polyester membrane transwell inserts, in a 12 wells plate (3462, Corning,
Inc., New York, NY, USA) and topically exposed for 3 h to the vehicle as a control
or CA (40 mM) in DMSO (applied at less than 0.1% v/v) at 37°C, 7.5% CO2, 95%
humidity. After the 3 h incubation in MEM-alpha (Gibco, Grand Island, NY, USA)
supplemented with 1% penicillin-streptomycin, 2 mM L-glutamine (Invitrogen) and
50 μM 2-mercaptoethanol (Merck, Whitehouse Station, NJ, USA) at 37°C, 7.5% CO2,
95% humidity, explants were harvested and snap-frozen or embedded in paraffin for
immunohistochemical analysis. At these chemical concentrations, no visible detrimental
changes in tissue histology were observed by light microscopy.
5.3.3 Immunohistochemical staining
All procedures for paraffin embedded sections were performed as previously described
(Ouwehand et al., 2008;Ouwehand et al., 2011b). In brief, antigen-retrieval was
performed using citrate buffer followed by incubation overnight with primary
monoclonal antibodies directed against CD1a (mouse IgG1 clone MTB1, MONX10315,
Monosan), Langerin (mouse IgG2b clone 12D6, NCL-Langerin, Leica) or HLA-DR
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SE-LC and GE-LC culture: Reconstruction of the human SE or GE containing MUTZ3 LC was achieved by co-seeding CFSE labelled MUTZ-3 LC (1x106 cells) with KC
(0.5x106 cells) onto ﬁbroblast-populated collagen gels as previously described (Kosten et
al., 2015b). Cells were submerged for 3 days in KC medium containing 1 ng/mL KGF
for SE or 1 ng/mL EGF for GE. To induce epithelial differentiation, the constructs were
lifted to the air-liquid interface and cultured for 7 days in KC medium containing 1x105
M L-carnitine, 1x10-2 M L-serine, and 50 μg/mL ascorbic acid and 2 ng/mL KGF for
SE or 2 ng/mL EGF for GE. Unless otherwise stated, all additives were purchased from
Sigma Chemical Co. (St. Louis, MO, USA).
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(mouse IgG1 clone TAL.1B5, Dako). After washing and incubating with human antimouse conjugated to HRP the slides were incubated with 3-amino-9-ethylcarbazole as
the chromogen. All sections were counter-stained with Mayer’s haematoxylin. Negative
controls were prepared by substituting the primary antibody with an isotype control
antibody. For morphological analysis haematoxylin and eosin staining was used. The
sections were embedded in Aquatex®.
5.3.4 Transwell chemotactic assay
This assay was performed essentially as described previously (Ouwehand et al., 2008). In
brief, human fibroblasts, either from adult human skin or adult human gingiva (1x104
cell/well) were allowed to adhere overnight in the lower chamber of a 24 transwell
culture plate (3421, Corning). Either immature MUTZ-3 LC (iLC) or cytokine
matured MUTZ-3 LC (mLC) (5x104 cell/well) were placed in the transwell insert (5 μm
pore size, 3421, Corning). Lower chambers without fibroblasts were used as a control.
Migrating MUTZ-3 LC entering the lower chamber were analysed by flow cytometry
after 16 h incubation at 37°C, 5% CO2, 95% humidity.
5.3.5 Quantitation of LC in epithelial sheets
The number of LC in epithelial sheets was quantified as described previously (Ouwehand
et al., 2011b). In short, after removal of the epithelium from the collagen gel with
fine forceps, the density of LC in the epithelia sheets was determined by incubating
sheets for at least 1 h (max. overnight) with 50 μl/mL PE-labelled anti-CD1a or antiHLA-DR (BD Pharmingen, San Diego, CA, USA). Subsequently, the epidermal sheets
were examined using a fluorescence microscope (Nikon Eclipse 80i), G-2a Ex510560, DM575, BA590. The LC density was calculated by determining the measured
fluorescence index with Image J software, and is expressed as CD1a fluorescence
intensity.
5.3.6 Cytokine exposure and neutralization experiments
Exposure to rhTNFα or rhIL-1α: Subconfluent fibroblast monolayer cultures, grown in
6 well plates, were exposed to serial dilutions of rhTNFα or rhIL-1α (0, 100 or 200
International Units / mL) (Strathmann Biotech, Hamburg, Germany) for 4 h in 1.5 mL
medium, after which time the cells were washed with PBS and new medium was added.
After 24 h the culture supernatant was harvested and stored at -20ºC for ELISA analysis.
CXCL12 neutralization assays: for blocking experiments 7 μg/mL goat anti-human
CXCL12 (AF-310-NA, R&D systems, Minneapolis, MN, USA) was added to the
culture medium of SE-LC or GE-LC 30 min prior to chemical exposure (optimal
blocking concentration was previously determined) (Ouwehand et al., 2008;Ouwehand
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et al., 2010), according to manufacturer’s data sheet. Isotype control to assess nonspecific reactions was added at 7 μg/mL goat IgG (6-001-F, R&D systems).

5.3.8 Flow cytometry
The number and phenotype of migrated MUTZ-3 LC was determined by flow
cytometry in the SE-LC and GE-LC after disrupting the collagen gels with collagenase
as described previously (Ouwehand et al., 2011b;Kosten et al., 2015b). Cell staining
was performed using mouse anti-human CD1a-PE (IgG1, BD pharmingen, San Diego,
CA, USA). Isotype control to assess non-specific binding was mouse IgG1-PE (BD
pharmingen). Additionally, a staining with propidium iodine (Gibco) was performed
to confirm the viability of the migrated LC. Cells were washed in PBS containing 0.1%
bovine serum albumin and 0.1% sodium azide, incubated with antibodies for 30 min
and resuspended in the same buffer for FACS analysis on a FACScalibur flow cytometer
(Beckton Dickinson, San Jose, CA, USA). The data were subsequently analyzed using
CellQuestPro software.
Quantitation: an excess amount of Flow-Count fluorspheres (Beckman Coulter,
Fullerton, CA) was added before analysis with a FACScan flow cytometer (Beckton
Dickinson, San Jose, CA, USA) to the cells isolated from the collagen hydrogel as
previously described (Ouwehand et al., 2008;Kosten et al., 2015b). The data were
subsequently analysed using CellQuestPro software.
5.3.9 RT-qPCR
Epithelium was removed from the GE collagen hydrogel using fine forceps. Total RNA
was isolated from the GE collagen hydrogel and RT-qPCR analysis was performed as
described previously (Kosten et al., 2015b). cDNA was amplified by PCR using the
following primer kits: RT2 qPCR Primer Assay for Human CD83 and as housekeeping
genes RT2 qPCR Primer Assay for Human GAPDH and HPRT.
5.3.10 Statistical analysis
Differences between cytokine secretion of unexposed keratinocytes or fibroblasts and
TNFα or IL-1α exposed keratinocytes or fibroblasts were determined using the MannWhitney test. Differences between the amount of LC in SE or GE were determined
using the unpaired student’s t-test. Differences between the amounts of migrated CFSE
labelled cells in GE were determined using the paired student t-test. Differences were
considered significant when P<0.05.
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5.3.7 ELISA
Duoset CXCL12 development systems (R&D systems), was used as described by the
suppliers (R&D systems).
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5.4 RESULTS
5.4.1 Allergen exposure initiates LC migration in ex vivo skin and gingiva
In order to confirm that LC migrate from gingiva epithelium to the underlying lamina
propria (LP) upon allergen exposure in a similar manner to epidermis-to-dermis
migration in skin, human gingiva and skin biopsies were exposed to the contact allergen,
CA. Vehicle-exposed tissue was used as a control. For both gingiva and skin, CD1a+ and
Langerin+ LC were already observed in the LP and dermis respectively after 3 h exposure
to CA whereas no migration occurred after vehicle exposure (Fig. 1).
5.4.2 Mature MUTZ-3 LC migrate towards gingiva-derived fibroblasts
Previously we have shown that dermal fibroblasts play a pivotal role in mediating skin
LC migration from the epidermis to the dermis (Ouwehand et al., 2008). In order to
determine whether gingival LP-derived fibroblasts also mediated LC migration, gingival
fibroblasts were compared to skin fibroblasts and were placed in the lower chamber
of a transwell system with iLC or mLC in the upper chamber (Fig. 2). Fibroblasts
were omitted in the control condition to determine spontaneous migration. iLC did
not migrate
towards
skinFigure
1: Kosten
et alnor towards gingiva-derived fibroblasts. However, mLC
Skin
Vehicle

Cinnamaldehyde

CD1a

Gingiva

Vehicle

CD1a

Vehicle

Cinnamaldehyde

Langerin

Cinnamaldehyde

Vehicle

Cinnamaldehyde

Langerin

Fig. 1. Ex vivo LC migration upon exposure to allergen cinnamaldehyde.
Langerhans Cell migration in skin and gingival tissue sections is shown after topical exposure to vehicle (0.1% DMSO)
or cinnamaldehyde (40 mM) for 3 h. Immunohistochemical staining with CD1a and Langerin is shown. Skin: 200x
magnification; scale bar represents 50 μm. Gingiva: 100x magnification; scale bar represents 100 μm. Representative
photographs from 3 independent experiments each with a different donor are shown.
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5.4.3 Allergen exposure induces LC migration in tissue-engineered skin and
gingiva equivalents
The gingiva equivalent with integrated MUTZ-3 LC was compared with its previously
described skin counterpart, (Ouwehand et al., 2011b). Both models consisted of a
reconstructed differentiated epithelium on a fibroblast populated collagen hydrogel,
which functions as the dermis or LP respectively (Fig. 3A). Immunohistochemical
staining of tissue sections with CD1a, Langerin and HLA-DR showed MUTZ-3 LC
present in the epithelium of gingiva as well as in skin (Fig. 3B). Further immunostaining
of isolated gingiva epithelial sheets showed CD1a positive and HLA-DR / CFSE double
positive cells distributed evenly throughout the epithelium (Fig. 3C).

% migrated CD1a+ cells

Figureand
2: Kosten
et were
al topically exposed for 16 h to the highest non-toxic
Next the SE-LC
GE-LC
concentration of the allergen CA (skin: 1 mM; gingiva: 0.75 mM), a chemical known to
induce migration and maturation of LC in both skin and oral mucosa (Fig. 1) (Wray et
al., 2000). In both SE-LC and GE-LC, MUTZ-3 LC migrated out of the epithelium as
observed by a decrease in the total fluorescence of CD1a+ MUTZ-3 LC in the epithelial
sheets (Fig. 4). Exposure to the vehicle control did not result in a significant change
the density of MUTZ-3 LC, as compared to unexposed SE-LC or GE-LC. Decreased
MUTZ-3 LC densities in the epithelium were consistent with an allergen induced

Fig. 2. MUTZ-3 LC migrate towards soluble mediators secreted by skin and gingival fibroblasts.
Skin (S; grey bars) or gingival fibroblasts (G; black bars) were seeded into the lower chamber of a transwell system and
immature MUTZ-3 LC (iLC) or mature MUTZ-3 LC (mLC) were placed in the upper chamber for 16 h. Spontaneous
migration in the absence of fibroblasts is represented by white bars. The percentage of CD1a+ LC migrating into the lower
transwell chamber was determined by flow cytometry. Data represent the average of at least 6 individual experiments ±
SEM; **p < 0.01 and ***p < 0.001 were calculated using the Mann-Whitney t-test
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were able to migrate towards both skin- (4-fold increase cf. spontaneous migration)
and gingiva-derived fibroblasts (2.5-fold increase cf. spontaneous migration). These
findings confirmed the ability of mature MUTZ-3 LC to migrate in response to gingiva
fibroblast-derived soluble factors and justified their use in the construction of a gingiva
equivalent model containing functional LC.
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Figure 3: Kosten et al
A

Skin

Gingiva

H/E

B
CD1a

Langerin

HLA-DR

C

CD1a

CFSE / HLA-DR

Fig. 3. Characterization of human reconstructed skin and gingiva containing MUTZ-3 LC in
the epithelium.
A) Histology of skin and gingiva equivalents: haematoxylin and eosin (H/E) staining of tissue sections (200 x
magnification; scale bar - 50 μm). B) Visualization of MUTZ-3 LC: immunostaining of tissue sections with CD1a,
Langerin and HLA-DR (200x magnification; scale bar - 50 μm). C) CD1a immunostaining of MUTZ-3 LC in gingiva
epithelial sheet (100x magnification) and high magnification detail of CFSE labelled MUTZ-3 LC stained with HLADR (400x magnification, including insert).

epithelium-to-dermis or LP migration of the maturing MUTZ-3 LC in the SE-LC and
GE-LC (Fig. 1 and 4).
5.4.4 In contrast to skin, LC migration in gingiva is CXCL12 independent
In order to determine whether the LC migration in gingiva was CXCL12-dependent
as it is in skin, a neutralizing antibody to CXCL12 was added to the culture medium
of SE-LC and GE-LC constructs 30 min prior to and during exposure to CA (Fig. 4).
Anti-CXCL12 was able to completely inhibit CXCL12-mediated migration of CD1a+
MUTZ-3 LC from the epidermis in SE-LC in line with our previous observations
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A

Skin

Gingiva

B

Skin

unexposed

vehicle

Gingiva

CA

Fig. 4. CXCL12 independent migration of MUTZ-3 LC out of gingiva epithelium after

B

cinnamaldehyde exposure.
Skin
A) Immunostaining of CD1a positive MUTZ-3 LC in epithelial sheets. SE-LC and GE-LC were unexposed or exposed
to vehicle or cinnamaldehyde (CA) (skin: 1 mM; gingiva: 0.75 mM) for 16 h in the prescence of a neutralizing antibody
against CXCL12 or its isotype control. B) CD1a fluorescence intensity of MUTZ-3 LC in epithelial sheets. SE-LC
and GE-LC were cultured in the prescence of a neutralizing antibody against CXCL12 (+) or its isotype control (-).
Unexposed (U); vehicle exposed (V); allergen cinnamaldehyde exposed (CA). Data represent the average of at least 4
individual experiments performed in duplicate ± SEM; *p < 0.05 was calculated using the Mann-Whitney t-test

Gingiva

(Ouwehand et al., 2011b;Ouwehand et al., 2008). However, surprisingly, in GE-LC,
anti-CXCL12 was not able to inhibit MUTZ-3 LC migration out of the epithelium.
This indicates that LC migration in gingiva, in contrast to skin, is not dependent on the
CXCR4 / CXCL12 axis.
4

In order to investigate this further, we next determined whether gingival fibroblasts
were able to secrete the pivotal chemokine CXCL12. Gingival fibroblasts secreted only
very low amounts of CXCL12 compared to skin derived fibroblasts (unexposed gingiva:
0.02 ng/mL; unexposed skin: 2 ng/mL) even when stimulated with rhTNFα or rhIL-1α
(Fig. 5). Taken together these results indicate that MUTZ-3 LC in GE-LC migrate in a
CXCL12 independent manner after topical exposure to the contact sensitizer CA.
5.4.5 Migrated MUTZ-3 LC in GE-LC are CD1a- /CD83+.
Next we determined by flow cytometric and PCR analysis, the phenotype of the
migrated MUTZ-3 LC entering the collagen hydrogel after CA exposure (Fig. 6). In
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Figure 5: Kosten et al
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secretion (ng/ml)
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Fig. 5. Gingival fibroblasts secrete very low amounts of CXCL12 compared to skin fibroblasts.
Secretion of CXCL12 by fibroblasts upon exposure to serial dilutions of pro-inflammatory cytokines rhTNFα and
rhIL-1α. Skin fibroblasts: black bars; gingiva fibroblasts: white bars. Data represent the average of at least 3 individual
experiments ± SEM; *p < 0.05 was calculated using the Mann-Whitney t-test

line with previous results (Ouwehand et al., 2011b;Kosten et al., 2015b), CA exposure
of SE-LC resulted in CD1a+ LC migrating into the dermis as indicated by an increase
in the relative number of CD1a+ LC in the collagen gel. Furthermore, incubation with
anti-CXCL12 totally abolished this increase in CD1a+ cells in the dermis, in line with
blocking migration of CD1a+ cells out of the epidermis (c.f. Fig. 4). Surprisingly, CA
exposure of GE-LC did not result in an increase in CD1a+ cells in the collagen hydrogel
5
(Fig. 6A) but did result in an increase in CD83 transcripts (Fig. 6B) suggesting that the
migrated MUTZ-3 LC have matured. Additionally, the migration of the CFSE labelled
MUTZ-3 LC could not be blocked with anti-CXCL12 (Fig. 6C). These results indicate
that in gingiva, upon CA exposure MUTZ-3 LC migrate in a CXCL12 independent
manner into the LP and in doing so mature and become CD1a- /CD83+.
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Fig. 6. MUTZ-3 LC become CD1a-/CD83+ and show CXCL12 independent migration into the
collagen hydrogel after allergen exposure.
SE-LC and GE-LC were unexposed or exposed to vehicle or cinnamaldehyde (CA) (skin: 1 mM; gingiva: 0.75 mM) for
16 h in the presence of a neutralizing antibody against CXCL12 or its isotype control. The collagen hydrogel was then
seperated from the epithelium, and migrated MUTZ-3 LC assessed by flow cytometry or RT-qPCR. A) Relative number
of CD1a+ MUTZ-3 LC compared to unexposed, isotype exposed SE-LC or GE-LC. B) RT-qPCR shows increased
number of CD83 transcripts in the GE collagen hydrogel; data represent the average of at least 4 individual experiments.
C) Relative number of migrated CFSE positive MUTZ-3 LC in the GE collagen hydrogel. Except for B), data represent
the average of 6 individual experiments ± SEM; *p < 0.05 was calculated using the Mann-Whitney t-test.
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5.5 DISCUSSION
In this study we describe the first full thickness oral mucosa (gingiva) equivalent with
integrated Langerhans Cells derived from the MUTZ-3 cell line. It enables oral LC
development, maturation and migration to be investigated in a human physiologically
relevant model. Previously we have described the unique plasticity of the MUTZ-3 cell
line. MUTZ-3 are able to differentiate in a cytokine dependent manner into DC-SIGN
expressing dermal DC or Langerin expressing LC (Masterson et al., 2002; van de Ven
et al., 2011b), which in turn are able to prime specific T cell responses (Santegoets et
al., 2006; Santegoets et al., 2008). Furthermore, MUTZ-3 LC are functional when
incorporated into full thickness skin equivalents. Upon topical irritant exposure, MUTZ3 LC migrate in a CCL5 dependent manner into the dermis where they undergo an IL-10
dependent phenotypic change to a macrophage-like cell within the dermal compartment
(Kosten et al., 2015b). In contrast, upon topical allergen exposure epidermal MUTZ-3
LC mature and migrate in a CXCL12 dependent manner (Ouwehand et al., 2011b).
We now show that in contrast to skin, in oral mucosa maturing CD83+ MUTZ-3 LC
migrate in a CXCL12 independent manner and in doing so become CD1a- in the LP
upon allergen exposure.
In this present study we show that, similar to skin, mLC are able to migrate towards
soluble factors secreted by gingiva fibroblasts. Since iLC did not migrate towards
fibroblasts, we can conclude that LC migration is regulated by differential chemokine
receptor expression on maturing LC compared to iLC which in turn enables the LC
to migrate specifically towards chemokines secreted by gingiva fibroblasts as well as
skin fibroblasts (Kosten et al., 2015b;Ouwehand et al., 2008). However, even after
stimulation with rhIL-1α or rhTNFα, gingiva fibroblasts secreted much less CXCL12
which is a pivotal chemokine for skin epidermis-to-dermis migration. This, together with
the finding that anti-CXCL12 was unable to block migration indicates that an as yet
unknown chemokine / receptor pair is responsible for LC epithelium-to-LP migration
in oral gingiva after allergen exposure. Indeed recently, we have shown that GE (without
LC), topically exposed to an allergen or an irritant, secrete negligible amounts of key
cytokines and chemokines (IL-18, CCL2, CCL20, CXCL12) involved in LC migration
compared to skin, whereas the general inflammatory cytokine CXCL8 was secreted at
similar levels by SE and GE (Kosten et al., 2015a). These results further support our
current findings that the cytokines and chemokines triggering innate immunity and
LC migration are very different in skin and gingiva. However, others have reported
that gingival fibroblasts are indeed able to secrete (low amounts of ) CXCL12 upon
stimulation with rhTNFα, and also that biopsies obtained from periodontal diseased
tissue show increased CXCL12 expression indicating that CXCL12 may yet be involved
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It was found that upon entering the LP of GE-LC, the migrating MUTZ-3 LC quickly
lost their CD1a expression. This was in contrast to skin in which the migrating LC still
clearly expressed CD1a after 16 hrs. Our finding is in line with others who reported that
gingiva LC have a lower CD1a expression in comparison to the CD1a expression on
skin LC (Novak et al., 2011). This strongly indicates a difference in antigen presentation
in the oral mucosa as compared to skin (Cutler and Jotwani, 2006). Also, in contrast
to skin where antigen presentation takes place in the draining lymph nodes, it has been
reported that oral LC present antigens to T cells in the oral lymphoid foci within the
LP, indicating that oral LC may not need to travel to nearby draining lymph nodes i.e.
tonsils in order to induce an immune response (Cutler and Jotwani, 2006). This would
make an up-regulation of CXCR4 or CCR7 and their respective chemokine ligands
(CXCL12, CCL19 and CCL21) (Lin et al., 1998;Ouwehand et al., 2008;Ouwehand et
al., 2010) possibly obsolete in gingiva (Allam et al., 2008). Whether or not a suspended
state of iLC (no up-regulation of CXCR4, CCR7, CD86) in the oral cavity would
actively induce tolerance still has to be determined. However, Jotwani et al. suggested
that oral LCs which have taken up antigen mature only partially and migrate into the
basal lamina (Jotwani et al., 2001;Jotwani and Cutler, 2003). However, we did find
that MUTZ-3 LC migrating into the LP of GE-LC, in addition to becoming CD1a-,
became mRNA CD83+. This is in line with our previous findings and those of others
who reported HLA-DR+ DC subsets in human tonsils which lack CD1a expression
(Summers et al., 2001;Lundberg et al., 2013) indicating that migration to the draining
lymph nodes cannot be ruled out. Most likely the loss of CD1a upon migration is
caused by differences in the LP in GE vs. dermis in the SE, consistent with our previous
observations that the phenotype of migrating DC is highly plastic and dependent on
the cytokine balance in the tissue microenvironment (de Gruijl et al., 2006;Ouwehand
et al., 2011a).
Our study is an in vitro study using cultured GE-LC and therefore, even though this
is a highly advanced technical model, we do have to recognize its limitations (e.g. lack
of vasculature and diverse infiltrating immune cell subsets) when studying the complex
mechanisms involved in regulating human immunity. However, the model is most
suitable for studying DC biology and DC responses to substances which influence the
innate immune system. Importantly, our study clearly emphasizes that physiologically
relevant models which not only are human but which also resemble specific tissues
are needed if we are to identify factors regulating immune activation and tolerization
which in turn will aid the development of therapeutic interventions for allergy and
inflammation, anti-cancer vaccines as well as improving diagnostics for skin and
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in oral immunity e.g. in lymphocyte infiltration rather than LC migration (Hosokawa
et al., 2005).
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oral allergy. Importantly, since many drugs are administered orally due to the greater
efficiency of uptake in oral mucosa caused by its lower barrier competency compared
to skin, our results hold great promise for implementation of relevant oral mucosa test
models in this context.
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6.1 SUMMARY, DISCUSSION AND FUTURE PROSPECTS
Over the last years, it has become generally accepted that animal data is not sufficient
for human risk assessment. The drive to reduce, refine and replace the use of test animals
(3Rs), particularly in the area of sensitizer risk assessment, (European Commission
-Statute-;European Commission -Bill/Resolution-;Williams et al., 2009), has led to
increasing pressure to develop superior alternative in vitro human test models. Our
studies emphasize that physiologically relevant and immune competent models are
needed which not only are human but which also resemble specific three dimensional
(3D) tissues, if we are to identify factors in the tissue microenvironment that regulate
immune stimulation which in turn will aid the rational development of therapeutic
interventions for allergy and inflammation, of anti-cancer vaccines as well as the
development of diagnostics for skin and oral allergy.
The goal of the research described in this thesis was to develop superior alternative in
vitro human test models, ranging from a full-thickness skin and gingiva model to a
more comprehensive and functional full-thickness skin and gingiva model containing
Langerhans cells (LC), and to use these to study LC biology in situ under controlled in
vitro conditions.
Upon activation keratinocytes release protective antimicrobial peptides, but also a
variety of cytokines (a.o. IL-1, -6, -10, -18, and TNF) that in turn can activate LC
and condition dermal fibroblasts to secrete chemokines that attract DC and further
recruit immune effector cells (Ouwehand et al., 2008). Beside microbial recognition,
keratinocytes (KC) are also endowed with the ability to sense tissue damage and
stress (e.g. induced by toxins, irritants, UV light or tumor growth) through so-called
Nucleotide-binding domain, Leucin-rich Repeats (NLR) containing proteins, linking
to the inflammasome complex and resulting in the cleavage of IL-1β and/or IL-18 from
their pro-cytokines. This will start a cascade of events, resulting in immune activation
(Nestle et al., 2009). Until now, all of this information has been derived from skin-based
assays, no such information is available for (oral) mucosal tissue.
Therefore, to study the different cytokines released by oral mucosa and skin tissues in more
detail, in Chapter 2 we used monolayers of skin and gingival KC and fibroblasts and an
in vitro full-thickness human skin and gingiva model and we were able to demonstrate
that cytokines playing a pivotal role in skin LC migration were secreted in gingiva to
a lesser extent than skin when cultured in monolayers, even after stimulation with the
potent pro-inflammatory cytokines TNFα or IL-1α. Even though LC are able to migrate
from the epithelium to the underlying connective tissue in both skin and gingiva after a
topical assault, the underlying innate immunology was found to be different. We found
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that pro-inflammatory IL-18 and chemokines CCL2, CCL20, CXCL12, all involved in
LC migration, were predominantly secreted by skin as compared to gingiva. Our results
thus indicated that the cytokines and chemokines triggering innate immunity and LC
migration are different in skin and gingiva. This differential regulation should be figured
into novel therapy or vaccination strategies in the context of skin versus oral mucosa.

In addition to our monolayer studies, we have also devised full-thickness skin and
gingiva equivalents (SE and resp. GE) to study potential synergistic effects on DC
migration induction, possibly brought on by the existence of the basement membrane,
as a result of the interaction and communication between the KC and fibroblasts. These
full-thickness equivalents were not only exposed to TNFα but also to an allergen and an
irritant. We continued to observe different responses between skin and gingiva. These
different responses nevertheless suggested that both tissue types have the potential to
give off chemotactic signals that can initiate infiltration of immune cells into an area
which is exposed to a danger signal, e.g. either an allergen or an irritant.
In conclusion, our results indicate that the cytokines and chemokines involved in
triggering and mediating LC migration and the innate immune response are different in
skin and gingiva. Since extensive cross-talk between KC, fibroblasts and LC may direct
and control LC migration, in future studies physiologically relevant immune competent
skin and gingiva models with integrated LC should be used to investigate this further in
a fully defined and standardized manner.
In Chapter 3 we show that the MUTZ-3 cell line is the most physiologically relevant
LC-like cell line known to date since it shows a unique in vivo like plasticity upon
exposure to environmental stimuli (e.g. allergens, irritants), in keeping with previous in
situ observations for their primary counterparts. In addition to being able to differentiate
in a cytokine dependent manner into Langerin expressing LC or DC-SIGN expressing
dermal DC (Masterson et al., 2002;van de Ven et al., 2011), which are able to stimulate
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The exposure of primary KC and fibroblasts from skin and gingiva to general danger
signals showed that these residential cells release secondary alarm signals that can
trigger an innate immune response. We found that IL-18, a key cytokine involved in
LC migration in skin may not be involved in LC migration in gingiva(Corsini et al.,
2009;Corsini et al., 2013;Galbiati and Corsini, 2012). Moreover, most chemokines
known to be involved in LC migration in skin were secreted in higher amounts in skin
compared to gingiva. This was particularly the case for CXCL12, which was virtually
absent from gingiva. These results strongly suggest that LC migration is gingiva is
orchestrated differently than in skin, especially migration of mature LC (Ouwehand et
al., 2008).
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T cell responses (Santegoets et al., 2006;Santegoets et al., 2008), we now show that these
MUTZ-3 LC remain functional when incorporated into full-thickness skin equivalents
(SE-LC).
In the study featured in this chapter we have illustrated with the aid of allergens and
irritants that MUTZ-3 LC integrated in the SE-LC are fully functional. Depending
on the environmental hazard, i.e. allergenic or irritant, MUTZ-3 LC will migrate and
mature, or migrate and undergo a phenotypic change into a macrophage-like cell (de
Gruijl et al., 2006;Ouwehand et al., 2011a). The SE-LC is therefore most suitable
for chemical hazard identification. It provides an alternative method in particular for
chemical allergens and irritants which are difficult to distinguish from each other since
the read-out consists of physiologically relevant functional changes in LC behaviour.
This also makes the model suitable for a wide range of studies, not just including hazard
identification but also for investigating DC biology of skin disease and in particular
cancer.
Not only did we find that a neutralizing antibody to CXCL12 blocked allergen-induced
migration, but anti-CCL5 blocked irritant-induced migration. In addition, in contrast
to allergen exposure, irritant exposure resulted in cells within the dermis becoming
CD1a−/CD14+/CD68+ which is characteristic of a phenotypic switch of LC to a more
macrophage-like cell. This phenotypic switch was blocked with anti-IL-10 (Kosten et al.,
2015b). With this model we are now able to thus discriminate allergens from irritants,
similarly to previous findings in skin explants (Ouwehand et al., 2011a).
The SE-LC is the only in vitro model to date that enables LC behaviour to be explored
after allergen exposure of the skin to this degree and therefore it provides an alternative
means to identify clinical sensitizers which are yielding ambiguous results in other test
models.
Further research will determine to what extent the full-thickness SE-LC model will be
able to replace animal tests for skin-based vaccination strategies or other pharmaceutical
testing, possibly after incorporation into organ-on-a-chip models (Huh et al., 2010).
The SE-LC was designed to enable complex mechanisms concerning human DC biology
to be investigated in an animal alternative, physiologically relevant test model. A limited
number of epidermal equivalent models (Facy et al., 2005;Regnier et al., 1997;Schaerli
et al., 2005), dermal equivalent models (Guironnet et al., 2001) and full-thickness SE
models (Bechetoille et al., 2007;Dezutter-Dambuyant et al., 2006;Uchino et al., 2009)
have been described with integrated LC or DC. However, all of these models are reliant
on fresh blood-derived precursor cells for their source of LC or DC. This introduces
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extremely difficult logistics for fine-tuning the arrival of blood (LC or DC source) and
skin tissue (primary keratinocyte and fibroblast source) to the laboratory, and fine-tuning
the culture of the different cell types in order to have all cells ready to construct the skin
model on the same day. A number of the epidermal equivalent models have been used
to investigate LC responses to chemical sensitizers. However, as the fibroblast-populated
dermis is absent, the LC do not migrate and only a limited number of LC maturation
state changes have been reported (e.g. increased CCR7, CD86 expression or different
cytokine secretions) (Facy et al., 2005;Regnier et al., 1997;Schaerli et al., 2005). The
phenotypic change of LC to a macrophage-like cell we observed in our SE-LC model
is not only confined to irritancy. We and others have reported the existence of an interrelated population of cutaneous DC and macrophages in flux, trans-differentiating
into each other in response to environmental cues (de Gruijl et al., 2006;Diao et al.,
2012;Ouwehand et al., 2011a). This finding has direct consequences for the type of
immune responses that will follow, as different migratory DC sub-populations have
now been directly linked to the induction of different types of immunity (Lindenberg
et al., 2013). For example, CD1a+ mature LC and dermal DC subsets have been linked
to type-1 T cell mediated immunity, whereas CD14+ immature dermal DC subsets have
been linked to the induction of humoral immunity and expansion of regulatory T cells
(Tregs) (Banchereau et al., 2012;Chu et al., 2012). In order for DC-targeted vaccines
delivered through the skin to be effective, tumor-induced immune suppression needs to
be overcome and T cell-stimulatory DC subsets selectively targeted.
In Chapter 4 we attempted to shed some light on the migratory DC subsets in human
oral mucosa including their phenotype and function. It has proven a major gap in
our understanding of possible routes of drug administration for immune modulatory
purposes. The data provided in this manuscript are a first step towards a more detailed
discrimination of different human skin and oral DC subsets, both in terms of phenotype
and of function. We found equivalent subsets post-migration from gingiva explants in a
similar distribution as we did for skin explants, but surprisingly a differential ability to
stimulate T cells, demonstrating that the cells migrated from gingiva display a more proinflammatory cytokine release profile, leading to more type-1 skewed T cell responses
in an allogeneic Mixed Leukocyte Reaction (MLR). This contrasts sharply with the
generally held view that antigen exposure at oral mucosa would lead to T cell tolerization.
It is well established that inflammatory responses and allergic reactions can occur in
the oral cavity as well as the skin (Jotwani et al., 2001;Wray et al., 2000). Extensive
literature describing mucosal immunology generally refers to the gut which has a clear
immunosuppressive phenotype compared to the inflammatory properties of the skin.
When referring to “oral” tolerance usually “gut” tolerance is meant (Cassani et al.,
2011;Wang and Toes, 2008;Weiner et al., 2011;Rescigno, 2011;Coombes and Powrie,
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2008). Very little literature is available describing oral mucosal immunology. For oral
mucosa, two alternative default immune states may be possible: (i) tolerance to avoid
adverse reactions to the continuous exposure to antigens, bacteria, viruses, fungi and
allergens which otherwise would lead to chronic inflammation in healthy individuals
(Hovav, 2014;Novak et al., 2008) or (ii) an enhanced acute immune response may occur
to immediately eliminate adverse events which may be caused by continuous pathogen
exposure (e.g. allergic contact dermatitis, gingivitis, viral infections). Our results strongly
supported the latter. This would suggest that rather than mediating immune suppressive
tolerance like in the gut, the oral mucosa has indeed strong immune stimulatory
properties. We found striking differences in the secretion of IL-6, CXCL8 and IL-10
in the conditioned medium of skin and gingiva biopsies, demonstrating that gingiva
did not only produce higher amounts of inflammatory cytokines, but also more of the
immune suppressive cytokine IL-10. When determining the T cell skewing properties of
the crawled out DC, it was found that the gingival DC were able to skew the T helper
cells to a more pro-inflammatory Th1 cytokine secretion profile.
If indeed an immunosuppressive environment does exist in the oral mucosa then
other factors present in the oral cavity may be responsible for this, e.g. saliva, which
contains a number of enzymes and proteins, but also IgA, or an influx of regulatory T
cells in the lamina propria secreting IL-10 and TGF-β into the milieu (Cardoso et al.,
2008;Marcotte and Lavoie, 1998;van et al., 2001;Yamazaki et al., 2012).
Apart from LC, interstitial DC (equivalents of dermal DC) also contribute to the
CD83+ mature DC pool in the lamina propria of chronic adult periodontitis (Jotwani et
al., 2001;Jotwani and Cutler, 2003); moreover, these mature CD83+ DC form immune
conjugates with CD4+ T-cells in the oral lymphoid foci (Jotwani and Cutler, 2003). Very
little is known about plasmacytoid DC in oral mucosa, though studies have indicated
that plasmacytoid DC infiltrate the epithelium and lamina propria of oral lichen planus
(Santoro et al., 2005) and express Toll-like receptors for viral pathogen-associated
molecular patterns (PMPs) (Liu, 2005).
Even though the various DC subsets displayed different states of maturation as
demonstrated by differential expression levels of maturation and co-stimulatory
markers, which were identical to the maturation states observed in their cutaneous
equivalents, a significant difference was found in the expression of CXCR4, where the
LC and CD1a+ DC from gingiva did not express CXCR4 at their surface. Together with
CXCL12, CXCR4 forms a chemokine-receptor pair which has a proven pivotal role
in the migration of mature LC to the dermis in skin (Ouwehand et al., 2008). It was
also found that CXCL12 was only secreted at very low levels by gingiva fibroblasts in
comparison to skin fibroblasts (Chapter 2). Combining these results, it becomes clear
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that there is a different mechanism of LC migration at play in the oral mucosa (Cutler
and Jotwani, 2006).
With the aid of the novel gingival equivalent model containing Langerhans cell-like
cells we were able to demonstrate in Chapter 5 that LC migration from the epithelium
into the underlying fibroblast populated connective tissue after allergen exposure in
gingiva occurs in a CXCL12-independent manner. Demonstrating yet again, that the
underlying key LC migration mechanisms are very different from those in skin. This
finding also confirmed our ex vivo data from Chapter 4.

For skin, CXCL12 secretion by fibroblasts coincides with up-regulation of its receptor,
CXCR4, on the surface of maturing LC thus enabling the LC to migrate in a chemotactic
manner from the epidermis into the dermis (Kabashima et al., 2007;Ouwehand et al.,
2008). Until now it was unknown whether this CXCL12/CXCR4 axis was also pivotal
for activated LC migration in oral mucosa.
We were able to demonstrate that mature LC (mLC) migrate towards gingiva-derived
fibroblasts. As with skin, migration is mediated by soluble factors secreted by fibroblasts
and is influenced by the maturation state of the LC (immature LC (iLC) vs. mLC). This
strongly suggests that, as in skin, LC migration is regulated by differential chemokine
receptor expression on maturing LC compared to immature LC which in turn enables
the LC to migrate specifically towards chemokines secreted by fibroblasts. Interestingly,
gingiva fibroblasts were found unable to secrete high amounts of CXCL12 even after
stimulation with high concentrations of IL-1α or TNFα (Kosten et al., 2015a).
Therefore, LC migration in healthy gingiva is regulated by an as yet unidentified
chemokine/receptor pair. Furthermore, in contrast to skin, a rapid down-regulation of
CD1a appears to occur on LC entering the lamina propria in gingiva. Whereas for
skin antigen presentation was shown to take place in the draining lymph nodes, it has
been reported that oral LC present antigens to T cells in the lamina propria in so-called
oral lymphoid foci, indicating that oral LC do not need to travel to nearby draining
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Whilst excised skin and oral mucosa are valuable tissues to investigate DC biology, the
logistics around getting fresh tissue to the laboratory, the short viability of the tissue ex
vivo (48 hrs) and the extremely limited size of oral mucosa (gingiva) biopsies provide
profound limitations for implementing these tissues directly as a research tool. In order
to overcome this handicap we have adapted our previously described human immune
competent skin equivalent which consisted of a fully differentiated reconstructed
epidermis, containing LC derived from the MUTZ-3 cell line, on a fibroblast populated
collagen matrix (Ouwehand et al., 2011b) into a fully functional gingival counterpart.
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lymph nodes i.e. tonsils (Cutler and Jotwani, 2006) which would require the traditional
CXCL12-CCL19/21 gradients (Lin et al., 1998;Ouwehand et al., 2008;Ouwehand et
al., 2010;Saeki et al., 1999;Sallusto et al., 1998;Sozzani et al., 1998). In keeping with
our findings it has been reported that gingiva LC have lower CD1a expression levels in
comparison to the CD1a expression on skin LC (Novak et al., 2011). In addition, it was
found that the HLA-DR+ DC subsets found in the tonsils have no CD1a expression
(Summers et al., 2001) indicative of either CD1a down-regulation or an absence
of mucosa-emigrated CD1a+ LC and DC subsets. Indeed, it has been reported that
activated LC can down-regulate their CD1a expression (de Gruijl et al., 2006;Marks,
Jr. et al., 1987). In ex vivo gingiva, CD1a expression was still clearly observed in the
immunostainings, although this is probably due to the CD1a+ interstitial DC subset
present in the lamina propria. In addition, it should be noted that for ex vivo allergen
exposure experiments, the tissue explant samples were harvested 3 h after ex vivo chemical
exposure compared to GE-LC which were harvested after 16 h allergen exposure. At
time intervals after 4 h, no CD1a was observed in ex vivo tissue, but it could not be
ruled out that the LC had spontaneously migrated out of the small tissue biopsies after
the induced trauma at the site of excision.
In conclusion, using unique tissue engineered skin and gingiva equivalent models with
integrated MUTZ-3 LC we were able to show that MUTZ-3 LC migration from the
epithelium to the underlying lamina propria was CXCL12 independent in gingiva, in
contrast to skin. Figure 1 summarizes our current knowledge about possible LC/DC
migration patterns in gingiva and how this leads to antigen presentation and T cell
activation.
6.2 FUTURE PROSPECTS
Our immune system protects us from a broad range of pathogenic microorganisms while
avoiding misguided or excessive immune reactions that would be deleterious to us. Both
protective and harmful immune responses are principally mediated by T and B cells,
which possess enormous diversity in antigen recognition, high antigen specificity, potent
effector activity, and long-lasting immunologic memory. Because of this potency, serious
damage to us may ensue if aberrant immune responses, such as autoimmunity or allergy,
are triggered. A major challenge in immunology and medicine is to determine how
unresponsiveness of the adaptive immune system to self-antigens (that is, immunological
self-tolerance) is established and maintained, and how the quality and magnitude of
adaptive immune responses to non-self-antigens are controlled so as to avoid damage to
us. It is highly likely that antigen desensitizing trials in autoimmune disease and allergies
will be a key element of immunology research in the next decade. This, in combination
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Figure 1
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knowledge so far.
When an allergen makes contact with the gingival keratinocytes, it penetrates the stratum corneum. KC will start to
produce amongst others IL-1α and TNFα (but no IL-18), which the fibroblasts will recognize as a danger signal.
The fibroblasts will then start to upregulate their secretion of different cytokines and chemokines, but no of CXCL12
(key for mature LC migration). More research is needed to determine if the oral LC will take up the allergen and will start
to (fully) mature and will change their chemokine receptor expression, upregulating CCR7, CD83 or another chemokine
receptor. We do know that they down-regulate their CD1a expression.

with further basic immunology research in the fields of epitope discovery, mechanisms
of immune tolerance when looking at the skin, gut and oral mucosa and regulatory cell
populations, will create an environment in which the safe and successful employment of
antigens to treat unwanted immune responses is developed.
Understanding the mechanisms of immunological (self-)tolerance will also provide
insights into how weak immune responses, such as those against tumor antigens in
cancer patients or against microbial antigens in chronic infection, can be augmented,
or conversely, how unwanted strong immune responses, such as graft rejection, can be
restrained (Kosten and Rustemeyer, 2014).
In regard to skin sensitization, LC are recognized as important immunostimulatory
cells (Kimber et al., 2011). However, strong evidence now exists for LC also having an
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Subscript fig 1: Schematic theoretical overview of LC migration in oral mucosa – based on our
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immune regulatory role related to induction and maintenance of tolerance (Shklovskaya
et al., 2011). Whatever their function, clearly, LC migration from the epithelial tissue
into the underlying connective tissue, as a first step en route to the draining lymph node,
is pivotal for the orchestration of skin immune responses. With regard to oral mucosa,
little is known due to the extreme scarcity of available human tissue for functional
analysis. Our GE-LC model may in future allow identification of involved chemokines
and possibly additional factors.
The skin is commonly regarded as an attractive gateway for the delivery of (tumor)
vaccines whereas the oral mucosa is regarded as a gateway for the delivery of immune
modulatory desensitization therapies e.g. sublingual Immunotherapy (SLIT) (Allam et
al., 2008;Allam et al., 2009;Allam and Novak, 2011;Novak et al., 2011). It is known
that most skin DC subsets are able to migrate to draining LN, even in the steady state,
and so maintain peripheral tolerance (Lindenberg et al., 2013). However, more research
is still needed, not only for safety purposes of cosmetics and therapeutics but also to
understand the underlying mechanisms which will allow us to develop more effective
therapeutics, e.g. (tumor) vaccines and desensitization therapies.
We have developed our in vitro models to eliminate donor variability when studying
DC biology through the use of cell lines. Additionally, the beauty of these human in
vitro models is that they can be made to scale and might be incorporated in an organ on
a chip, possibly in line with reconstructed secondary lymph organs, thereby bringing us
another step closer to developing better alternatives for in vivo animal models and even
more superior in vitro human test models. Importantly, these physiologically highly
relevant human models will allow the further testing and unraveling of mechanisms
involved in immune sensitization and tolerization.
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7.1 NEDERLANDSE SAMENVATTING
Zoals de huid het hele externe oppervlak van het menselijk lichaam bedekt, zo bedekt
het slijmvlies (mucosa) het hele interne oppervlak. Ze vormen samen de eerste barrière
naar de buitenwereld en bieden bescherming aan interne weefsels tegen gifstoffen en
ziekteverwekkers, en in het geval van de huid ook tegen ultraviolette (UV) straling.
Naast dit alles hebben de orale mucosa (inclusief het tandvlees of gingiva) en de huid ook
nog andere belangrijke functies zoals zintuiglijke waarneming (tast, druk, temperatuur),
immunologische surveillance, thermoregulatie en de regeling van vochtverlies.
Huid en mucosa zijn beide volledig immunologisch competente weefsels die een rol
spelen in de inductie en de effector fase van de immuun respons. Gereconstitueerde
huid modellen die immuun effector cellen bevatten, zoals dendritische cellen (DC) en
T cellen (beide van belang in de afweer tegen bacteriën en virussen, maar ook tegen
tumoren), lijken unieke en veelzijdige mogelijkheden te bieden voor het bestuderen van
onderliggende mechanismen die betrokken zijn bij de inductie van een immuun respons
of van perifere tolerantie. Onderzoeksgroepen hebben in het verleden laten zien dat de
interactie tussen keratinocyten, fibroblasten en verschillende DC subsets van groot belang
is voor het tot stand komen van deze immuun responsen, dan wel immuun tolerantie.
Met de op deze wijze verkregen kennis wordt het mogelijk om nieuwe behandelingen
te ontwikkelen voor huidaandoeningen zoals allergieën, autoimmuunziekten en kanker.
Het doel van het onderzoek beschreven in dit proefschrift was de ontwikkeling van
menselijke in vitro test modellen voor huid en orale mucosa die als een meer direct
relevant alternatief zouden kunnen dienen voor dierproeven. Daar het uiteindelijke doel
van het onderzoek was een vergelijking te maken tussen de immuun respons van huid
en de mondholte (met een focus op de DC biologie in relatie tot allergische reacties)
was het nodig een model te ontwikkelen met een grotere fysiologische relevantie dan de
bestaande huid en gingiva modellen; het model moest ruimte bieden aan de interactie
tussen de verschillende cel typen van de huid en het immuun systeem. In dit proefschrift
beschrijven wij de ontwikkeling en het gebruik van een huid en tandvlees (gingiva) model,
beide bestaand uit het bovenliggende epitheel en het onderliggende bindweefsel, met en
zonder incorporatie van Langerhans cellen (LC) in het epitheel. LC zijn de DC van de
opperhuid en het equivalente epitheel van de gingiva. Met behulp van deze modellen
hebben we de biologie van de LC in situ kunnen bestuderen onder gecontroleerde in
vitro omstandigheden. Dit stelde ons in staat om met name de migratie mechanismen
van deze cellen in een vergelijkend onderzoek te ontrafelen in huid versus gingiva.
Allereerst was het nodig de rol van de cytokines en chemokines in de migratie van huid LC
versus gingiva LC te bestuderen. We hebben ons in eerste instantie geconcentreerd op de
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Gebruikmakend van een humaan huid equivalent model, waarin LC afkomstig van de
MUTZ-3 cellijn waren geïncorporeerd in de epidermis (opperhuid), werd de migratie
en plasticiteit van de LC bestudeerd na topicale blootstelling aan allergenen of irritantia.
Zoals beschreven in hoofdstuk 3, bleken LC na topicale blootstelling anders te reageren
op allergenen dan op irritantia. In het geval van blootstelling aan een allergeen, migreerde
en matureerde de MUTZ-3 LC stelselmatig met een vermogen vervolgens T cellen te
activeren in drainerende lymfeklieren (en zo een allergische reactie te starten). In het
geval van blootstelling aan een irritant migreerden de LC ook, maar rijpten niet uit: van
een LC veranderden zij in (c.q. trans-differentiëerden zij naar) CD1a−/CD14+/CD68+
macrofaag-achtige cellen. Het was mogelijk de allergeen-geïnduceerde migratie te
remmen met neutraliserende antilichamen tegen het chemokine CXCL12 en de irritantgeïnduceerde migratie met antilichamen tegen het chemokine CCL5. Ook was het
mogelijk de LC-naar-macrofaag transitie te voorkomen met anti-IL-10. Een belangrijke
constatering is dat al deze waargenomen fenomenen volledig in overeenstemming zijn
met bevindingen voor de fysiologische LC tegenhangers in explant kweken van humane
huid. Zo wordt de fysiologische relevantie van dit equivalente huidmodel onderstreept
en daarmee de bruikbaarheid ervan voor het testen van potentiële allergenen en irritantia.
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cytokines en chemokines die reeds in de huid waren geïdentificeerd als hoofdrolspelers in
het induceren en reguleren van LC migratie en hebben deze bestudeerd met betrekking
tot een mogelijk vergelijkbare rol in gingiva. Er is namelijk behoorlijk wat kennis
vergaard op het gebied van huid en aangeboren immuun reacties hierin, maar er is nog
niet veel bekend over de orale mucosa in dit opzicht. Dit is beschreven in hoofdstuk
2 waar we gebruik hebben gemaakt van keratinocyten en fibroblasten, afkomstig van
zowel huid als gingiva, die gekweekt werden tot een monolaag, evenals gereconstrueerde
3-dimensionale equivalenten, om de cytokine/chemokine secretie te bepalen na een
activerende stimulus (b.v. een allergeen, in het geval van de equivalenten topicaal
toegediend). Het gebruik van equivalenten stelde ons hierbij in staat om de (mogelijk
synergistische) effecten van de interactie tussen keratinocyten en fibroblasten te kunnen
bestuderen. Naast de secretie na stimulatie met TNFa, een allergeen of een irritant, is
hierbij ook de basale, homeostatische secretie bestudeerd. We vonden dat de cytokines
die een belangrijke rol spelen in de LC migratie in de huid in veel lagere hoeveelheden
werden uitgescheiden door keratinocyten en fibroblasten van de gingiva, zelfs nadat
de cellen waren gestimuleerd met potente pro-inflammatoire cytokines zoals TNFα
en IL-1α. Ondanks dat LC in staat zijn om na een topicale blootstelling te migreren
vanuit het epitheel naar het onderliggende bindweefsel in zowel huid als gingiva, blijken
hier verschillende chemokines bij betrokken te zijn. Met deze differentiële regulatie zou
rekening gehouden moeten worden bij het ontwikkelen van een nieuwe behandelingen
of vaccinatie strategieën in de context van huid versus orale mucosa.
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In hoofdstuk 4 staan de resultaten beschreven van een vergelijkende studie waarbij
er is gekeken naar het fenotype en de functionaliteit van DC subsets migrerend uit
explanten van de huid of gingiva. Deze cellen zijn na migratie geanalyseerd door middel
van flow cytometrie en hun cytokine secretie is gemeten, alsmede hun vermogen
allogene T cel responsen te induceren en naar een bepaald cytokine profiel te kunnen
laten differentiëren. Dit was nog niet gedaan voor orale mucosa: we wilden daarom een
betere indruk krijgen van de DC subsets in gingiva en hun vermogen T cel responsen
te beïnvloeden. Met de in dit hoofdstuk verkregen data zijn we zo een stapje dichterbij
gekomen om de verschillen beter te begrijpen tussen humane huid en orale DC subsets,
zowel in fenotype als in functie. Op basis van fenotype hebben we de zelfde DC subsets
aangetroffen (en in vergelijkbare verhoudingen) na migratie uit huid en gingiva explanten,
maar verrassend genoeg was er een opmerkelijk verschil in hun vermogen T cellen te
stimuleren. We zagen dat de DC die uit de gingiva explanten waren gemigreerd veel
krachtiger waren in het stimuleren van T cellen en deze naar een meer pro-inflammatoir
Th1 profiel deden differentiëren. Dit lijkt in tegenspraak met de algemeen heersende
opvatting dat antigeen blootstelling van de orale mucosa automatisch zou leiden tot
T cel tolerantie. Tevens biedt deze bevinding mogelijkheden voor het ontwikkelen van
orale therapeutische vaccins, bijvoorbeeld voor kanker.
Los van het feit dat verse en gezonde huid en gingiva explanten zeer waardevol zijn
om DC biologie te bestuderen, is het niet eenvoudig om ze geregeld en tijdig naar
het laboratorium te krijgen voor het plannen van grootschalige screens op allergene en
irritante eigenschappen van stoffen na topicale blootstelling. De weefsels verliezen hun
viabiliteit en immuun cellen zeer snel (binnen 24-48 uur). Bovendien zal er sprake zijn
van donor variabiliteit en zijn de beschikbare gingiva biopten zeer klein. Dit alles zorgt
voor behoorlijke beperkingen wanneer men deze weefsels wil gebruiken voor onderzoek.
Om deze horde te overkomen hebben we in analogie van ons eerder beschreven huid
equivalent een gingiva equivalent ontwikkeld met geïncorporeerde LC (afkomstig van
de MUTZ-3 cellijn) in het epitheel. Zoals beschreven in hoofdstuk 5 hebben we met
behulp van dit model kunnen constateren dat de LC migratie van het epitheel naar het
onderliggende bindweefsel na topicale blootstelling aan het allergeen cinnamaldehyde
onafhankelijk verliep van CXCL12. In huid equivalenten konden we deze migratie
wèl remmen met neutraliserende antilichamen tegen CXCL12. Deze data zijn volledig
in overeenstemming met onze bevindingen uit hoofdstukken 2 en 3 en bevestigen
wederom onderliggende verschillen in de regulering van LC migratie uit huid en gingiva.
Ze zijn ook in overeenstemming met de observatie (beschreven in hoofdstuk 4) dat LC,
migrerend uit huid explanten, de CXCL12 receptor (CXCR4) tot expressie brengen op
hun oppervlak –en LC, migrerend uit gingiva explanten, niet.
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Tenslotte bediscussiëren we in hoofdstuk 6 het belang van onze bevindingen voor het
onderzoeksveld en mogelijke toepassingen in onderzoek naar huid en orale mucosa
aandoeningen (zoals bijv. allergieën). Tevens worden mogelijke toekomstperspectieven
voor het gebruik van deze nieuw ontwikkelde in vitro 3D equivalent modellen
besproken, onder andere de mogelijkheid ze in te bouwen in chips met kanaaltjes die
een microcirculatie mogelijk maken (“organ-on-chip” modellen). Dit zou het mogelijk
maken de equivalenten langer in leven te houden en ze te bestuderen in de context
van andere 3D orgaan modellen op één chip (bijv. om de migratie tussen organen van
immuun of tumor cellen te bestuderen). Deze opwindende ontwikkelingen, mogelijk
gemaakt door steeds geavanceerdere nanotechnologieën, zou uiteindelijk kunnen leiden
tot een volledig humaan multi-orgaan model dat proefdiermodellen zou kunnen gaan
vervangen.
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DANKWOORD
Het leven is een aaneenschakeling van momenten. Als een mozaïek lijkt het vaak van
dichtbij op losse fragmenten maar vanaf een afstand is “the big picture” wel duidelijk te
zien. Behalve de leuke momenten is er ook goed gepuzzeld om uit het mozaïek van mijn
resultaten een proefschrift te compileren. Het puzzelen is niet alleen door mij gedaan en
zonder de inzet van anderen was het er vast niet van gekomen.
Voor de aaneenschakeling der momenten, wil ik iedereen bedanken die me in de 4 jaar
op het lab en de periode daarbuiten heeft geholpen en heeft bijgestaan, heeft meegedacht
en heeft meegewerkt, maar ook zeker iedereen die met me hebben meegelachen.
In het bijzonder wil ik de volgende personen even noemen:
Mijn promotores Professor dr. Sue Gibbs en Professor dr. Tanja de Gruijl.
Nog voor ik was afgestudeerd wist Sue me al dit promotie traject aan te bieden!
Sue, heel erg bedankt voor je geloof en vertrouwen in mij. Hoe fijn was het dat je uit een
enorme data bundel toch altijd iets positiefs wist te plukken wanneer mij de wanhoop
nabij stond. Heel erg bedankt voor de bergen die je me hebt helpen verzetten.
Lieve Tanja, wanneer ik het niet meer zag zitten was jij de vrolijke noot die mij hielp zien
dat we toch wel met iets nuttigs bezig waren en hoe ik het duidelijker kon overbrengen.
Ondanks dat je druk bent, wist je toch altijd wel even tijd voor me te maken en als ik
dan weer terug liep na een van onze besprekingen, was dat weer met een goed gevoel.
Professor dr. Rik Scheper en Professor dr. Thomas Rustemeyer.
Rik, heel erg bedankt voor jouw inbreng. Jouw enthousiasme en jouw kritische blik
hebben zeker geholpen het onderste uit de kan te halen. Het gaf verlichting te weten dat
je mijn resultaten de moeite waard vond om te publiceren.
Lieve Thomas, wat vond ik het fijn om met jou te kunnen brainstormen over allergieën,
desensibilisatie en de immunologie die daarbij komt kijken. Ik heb veel van je geleerd.
Vanaf mijn studententijd tot in mijn promotie traject heb ik het altijd fijn gevonden om
met je te werken. Hoe de aanhouder altijd wint, werd duidelijk na de publicatie van ons
Treg review.
Ook wil ik je bedanken voor je hulp, aangaande mijn eigen allergieën.
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Dr. Mary von Blomberg en dr. Ingrid van Hoogstraaten.
Bedankt voor jullie nuttige inbreng tijdens onze besprekingen. Ik vond het heel fijn dat
jullie wilden meedenken en mee puzzelen. Jullie waren altijd bereid om te helpen, ook
toen ik nog een Master student was.
Dank aan de leescommissie!
Vriendelijk bedankt dat u de tijd heeft vrij willen maken om mijn proefschrift te lezen
en voor uw deelname aan mijn verdediging.
En snel door naar de werkvloer!
Lieve Grace en Mireille, mijn mede Musketiers. Zonder jullie had ik het echt geen 4 jaar
volgehouden. Dankzij jullie heb ik kunnen ervaren hoe groot de meerwaarde is van in
hetzelfde schuitje te zitten. En toen voer ons schuitje ook nog eens naar de ACTA waar
we zowaar een 4e Musketier troffen, Sabrina! Wat hebben we gelachen, vooral tussen het
klagen en zuchten door. Vooral dat “hoopje giebelende pubermannen” en het “Leven/
dood filter” deden het goed.
Zonder jullie was “de lijst” nooit tot stand gekomen, was er geen “LC en fibjes dans” of
Grace haar “wall of flames”. Met z’n 3-en krijg je zoveel meer gedaan dan in je eentje
en het maakt het er zeker gezelliger op! Ook al “vullen praatjes geen boekjes” en kun je
altijd nog “met jezelf in overleg”.
Lieve Grace, hoe toch? Van smetvrees-Grace tot Space-Grace, van Feest-Grace, naar
Race-Grace en de nieuwe In your face-Grace... Mijn adoptieve Siamese tweeling zus,
wat fijn dat jij er was; in al je vormen. Dat staat als een “Koe op een paal!”
Lieve Mireille, zo gaaf dat jij jouw nuchtere koele kikker approach kan kleuren met je
gevoel voor humor. Het hielp enorm om zo toch een base line te kunnen hebben voor
een oh zo nodige reality check: “3 x rechts is ook links”. Maar als er dan een verhaal
verteld moest worden, dan gaf je in ieder geval zeker de emotie weer. Zelfs wanneer je
“in principe gereduceerd was tot 5”.
Ik ben jullie dankbaar voor een fijne vriendschap die ik me niet had voorgesteld; je hebt
je collega’s nl. niet voor het kiezen en ik heb zeker geluk gehad dat ik jullie in mijn 4 jaar
heb mogen meemaken. Ik heb heel veel leuke en hilarische herinneringen dankzij jullie,
ook buiten het werk om.
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Speciaal wil ik de volgende superhelden bedanken!
Sander en Taco, toen ik als student stage kwam lopen op het derma lab waren jullie daar.
Taco, dank je voor je begeleiding toen. Door jou heb ik zo netjes leren kweken. Jij hebt
me alles geleerd op kweek gebied. Zelfs in de infectie periode kon ik mijn kweekjes
schoon houden.
En Sander, toen ik 2 jaar later als nieuwe OIO begon heb jij me laten zien hoe ik met de
diva cellen a.k.a. MUTZ-3 om moest gaan.
Wat hebben we de MUTZen gepest en op ze gemopperd, maar we hebben ze ook zien
“kwispelen” en er mooie functionele kweken mee gemaakt waar 2 papers op gebaseerd
zijn.
Samen met jou was ik het “immunologische en allergische” deel van de afdeling terwijl
de rest zich bezig hield met littekenvorming en wondgenezing. En om je inbreng en
inzet ben ik je heel erg dankbaar.
Maria, Sanne, Shakun, Sander en Jeroen, zonder jullie hulp waren mijn artikelen nooit
zo ver gekomen als dat ze nu zijn. Men vergeet vaak hoeveel handwerk erin gaat zitten
om toch nog even de puntjes op de “i” te zetten; hier wat blokjes snijden, daar wat
kleuringen en zo ontzettend veel ELISAs. Heel erg bedankt! Allemaal jullie superhelden
cape verdiend hoor!
Christianne, Lenie, Melanie, Hanneke, Michiel, Lambert, Chantal, Angela en Dorine,
heel erg bedankt voor jullie vragen en opmerkingen tijdens de werkbesprekingen, voor
de borrels en uitjes, koffie, thee en stroopwafels.
Dear Dessy, we’ve met when I was still a student but we have gotten along famously
ever since.
I was really happy to find you were “doing allergies” too, because this meant that we
could meet up at conferences. Thank you for the lunches, the meetings and I had a nice
time working with you.
Really had a lot of laughs in Trier and I really enjoyed travelling with you to and through
Paris too!
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Dear Dongmei, thank you so much for your efforts. You really came through in
arranging a supply in gingiva! It was really nice working with you, though I enjoyed our
talks even more. You are as bright as you are funny (and you are hilarious!). Thank you
for spending time with us.
Kamran en Behrouz, ik wil jullie bedanken voor jullie hulp en geduld om mij te leren
Western Blotten.
Zonder jullie was het vast een ramp geworden!
Oliver, Henri & Daniel, zonder jullie hadden we nooit de reguliere aanvoer van gingiva
gehad en had het leeuwendeel van mijn artikelen nooit voltooid kunnen worden. Ik
dank jullie voor je begrip, medeleven en medewerking.
Ook wil ik de mensen op Tanja’s Lab bedanken. Als er iets bij jullie moest gebeuren
dan was dit altijd zo gepiept en ging het op een gezellige manier. In het bijzonder wil ik
Rieneke, Sinéad en Anita nog even noemen. Heel erg bedankt voor het helpen met het
T cel werk, FACSen en de analyses en vooral voor de hulp met de CBA en de analyses.
Rieneke, dank je voor je inzichten en begeleiding. Ik vond het erg fijn om met je te
kunnen samenwerken en heb van je kunnen leren hoe een post-doc het doet.
Krista, heel erg bedankt voor het uitvinden van het wiel. Het was ook fijn om je te
kunnen mailen of bellen als ik er weer eens niet uitkwam. Je vervulde de rol van postdoc prima ook al was je niet langer werkzaam op het derma lab.
Martine, heel erg bedankt dat ik bij je terecht kon als ik iets nodig had zoals de FACS
antibodies.
Huib en Karen, heel erg bedankt voor de tips, tricks en uitleg aangaande de PCR. Ik heb
veel van jullie geleerd in korte tijd.
Lieve Dames van de WiRM: heel erg bedankt dat ik lid mocht zijn van dit selecte
gezelschap. We hebben veel ondernomen en “behandeld” tijdens onze meetingen.
Vooral de meetingen die werden gecombineerd met dinner & a movie waren mijn
favoriet. Fijn dat jullie er waren. Gedeelde smart is halve smart.
Lieve vrienden, vriendinnen en Kamaratski’s. Dank voor jullie begrip en geduld.
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Blij met de afleiding in de vorm van etentjes, borrels en vakanties. Dankzij jullie had ik
iets om naar uit te kijken in mijn vrije tijd. Hoewel ik heel erg blij ben mijn leventje in
de UK, mis ik jullie toch echt wel. Maar gelukkig is de wereld een stuk kleiner dankzij
Skype en whatsapp.
Lieve Omi, ouders, Li, Dé, Lara, tantes en mijn familie op de Antillen dank voor jullie
steun, liefde en afleiding! Lieve mama, dank je dat je altijd in mij hebt geloofd.
Mijn lieve soesje, heel erg bedankt dat je mijn para-nimpfje wilt zijn op deze grote dag
voor mij. Het betekent veel voor me om je aan mijn zijde te hebben en dit met je te
kunnen delen.
Dear Dave, thank you so much for your patience. I do realize this was not easy and I
truly appreciate your love, support and faith. You enabled me to finish this without
coming undone completely. You are my flash light.
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Ph.D. Training
Courses						Year		ECTS
Working with Radioactivity				2010		2
Scientific writing in English				2010		1.5
How to write high impact papers and
what to do when your manuscript is rejected		
2011		
0.6
Basic medical statistics and SPSS			
2011		
1.5
Advanced Immunology					2011		3.0
Real time PCR training course				
2011		
0.3
ESCD:
Immunology of allergic contact dermatitis 		
2013		
1
Employability outside the academia			
2013-14
1
Seminars, Meetings and Lectures
Participation in VUmc CCA evening lectures 		
Participation in weekly CCA meetings			
Participation in weekly ACTA meetings			
Participation in monthly MCBI meetings			

2010-14
2010-14
2012-14
2010-14

0.5
5.7
2.8
0.7

National and international conferences
Participation in conference (without presentation):				
2
Sens-it-iv, in Brussels, Belgium 				
2011		
ITCASS, in Elsinore, Denmark 				
2012		
Participation in conference (with presentation):				
16
ERGECD, in Trier, Germany (oral presentation)		
2012 		
LC2013, in Amsterdam (oral presentation)		
2013		
NVED, in Lunteren, The Netherlands
(poster presentation)					2011-13
(oral presentation)					2014		
ESTIV, in Egmond, The Netherlands
(poster presentation) 					2014		
ERGECD, in Paris, France (oral presentation)		
2014		
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20
6
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Epidermal equivalent dental metal exposures for CXCL8 secretion read-out
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Skin and oral mucosal equivalent exposure to cultured biofilms (Microcosm and
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Dongmei Deng - Department of Preventive Dentistry, ACTA
UV exposure of skin explants after incubation with photosensitizers octocrylene or
ketoprofen
Thomas Rustemeyer – Department of Dermatology &Allergology, VUmc
Western blots after epidermal equivalent dental metal exposures for NF-κB and p38
MAPK activation
Behrouz Zandieh Doulabi – Department of Oral Cell Biology, ACTA
Kamran Nazmi – Department of Oral Biochemistry, ACTA
Intradermal delivery of TLR Agonists in a human explant skin model: Preferential
activation of migratory dendritic cells by polyribosinic-polyribocytidylic acid and
peptidoglycans (see list of publications).
Dinja Oosterhoff et al - Department of Medical Oncology, VUmc
The human glycoprotein salivary agglutinin (SAG) inhibits the interaction of DC-SIGN
and Langerin with oral microorganisms (see list of publications).
Martine Boks et al - Department of Molecular Cell Biology and Immunology, VUmc
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