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Purpose of review

Dendritic cells are essential for the generation of innate and adaptive immune
responses, which makes them stay on center stage when studying the immuno
pathogenesis of atopic dermatitis. This review will discuss recent findings on the role of
dendritic cells subsets in atopic dermatitis and will report novel findings on how the
microenvironment conditions dendritic cells to fuel atopic dermatitis.

Recent findings

Several microenvironmental factors characteristic for atopic dermatitis and with direct
relevance for the disease have been defined. We now increasingly understand how
thymic stromal lymphopoietin and histamine contribute to the disease by modulating the
function of dendritic cells. We have learned much about the pathogenesis of atopic
dermatitis by the studies on inflammatory dendritic epidermal cells. However, the current
analysis on the functional and phenotypic heterogeneity of dendritic cells in eczematous
skin lesions may lead to the definition of additional dendritic cell types relevant in the
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pathogenesis of atopic dermatitis. In this respect, it appears interesting to further
discuss the parallels and differences in atopic dermatitis and psoriasis.

Summary

Understanding the heterogeneity of dendritic cells and their functional alteration by local
factors in the inflamed skin will provide essential clues to the immunopathogenesis of

atopic dermatitis.
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Introduction

Dendritic cells stand out by their unique capacity of
priming naive T cells to become effector cells. In order
to function as professional antigen presenting cells, den-
dritic cells have an efficient machinery to present high
levels of major histocompatibility complex (MHC) mol-
ecules charged with antigenic peptides, which serves as
the antigen-specific signal 1. In addition, the expression
of very high levels of costimulatory molecules enables
dendritic cells to activate naive T cells and provides the
second signal. The cytokine production of dendritic cells
and the balance between the expression of different
costimulatory and inhibitory molecules (signal 3) deter-
mines the quality of the stimulation and thereby deter-
mines the differentiation of T’ cells in more or less
functionally fixed subsets, Th1, Th2, regulatory T cells
(Treg), Th17 and others.

In a broader view, DCs orchestrate immune responses for
the defence of our body against invading pathogenic
micro-organisms. In the steady state, regulatory mech-
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anisms of epithelial cells are keeping up with low level
activating signals. In chronic inflammatory diseases, den-
dritic cells can become misguided by a stimulatory micro-
environment and drive harmful immune responses. This
may also apply to atopic dermatitis, a chronic inflamma-
tory skin disease affecting many children (10-20%) and
adults (1-3%). The local skin micromilieu in atopic
dermatitis is the result of epidermal barrier defects and
genetically fixed immune abnormalities. An important
component of the epidermal barrier is filaggrin. During
the maturation of keratinocytes, filaggrin aggregates
keratin filaments into keratin fibrils. When filaggrin is
proteolytically degraded, it serves as an osmolyte and
accounts for the corneocyte hydration. Epidemiologic
studies have shown that mutations in filaggrin pose an
increased risk of ecarly onset, severe, persistent atopic
dermatitis and an increased risk of asthma [1]. It is on
hand that a defective skin barrier allows allergens as well
as pathogenic microbes to penetrate it. Once the epider-
mal barrier is conquered, allergens can induce immune
activation by their enzymatic activity and allergens as
well as microbes activate the innate immune defence by
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their stimulation of pattern recognitions receptors like
toll-like receptors (TLLR). However, this TLR-triggered
immune response appears deficient in patients with
atopic dermatitis. Many patients carry TLR-2 poly-
morphisms and show a reduced clearance of Staphylococ-
cus aureus from the skin. This is in line with in-vitro
observations of a reduced production of proinflammatory
cytokines when the patient’s macrophages are stimulated
with toll-like receptor 2 ligands. Furthermore, when
compared with psoriasis, the expression of antimicrobial
peptides is reduced in atopic dermatitis and can lead to an
increased bacterial colonization. We also have to take into
account that the skin in atopic dermatitis is severely
damaged by the scratching due to excessive pruritus.
This mechanical damage often completely disrupts the
epidermal barrier, creates inflammation by generating
additional autologous danger signals and stimulates
keratinocytes to produce the proallergic cytokine
thymic stromal lymphopoietin (T'SLP) [2,3°]. So even
in the absence of an ongoing local antigen-specific and
T cell-mediated immune response, the skin micromilicu
in atopic dermatitis is highly stimulatory for dendritic
cells. Dendritic cells are built to integrate these
signals and they have an extensive inherent functional
plasticity. Dendritic cells are heterogeneous and
individual dendritic cell subtypes, are differentially
distributed in tissues, express distinct sets of pattern
recognition receptors and also differ in their capacity to
program naive T cells.

Epidermal dendritic cells

Langerhans cells are located in the epidermis and are the
first line of a cellular immune defense in the skin. Here
they form a network of cells that sample antigens getting
through the skin barrier. Langerhans cells are CD1a™
and contain characteristic Langerin® Birbeck granules
[4]. Chorro ez al. [5] recently reported on the precursors
of Langerhans cells. They could show that Langerhans
cell precursors (CD115", CD1357, CD11b~, CD45™,
CX;CR17") in mice enter the epidermis before birth
and acquire a dendritic morphology and the expression
of MHC II, CDl1l1c, and Langerin immediately after
birth. These cells undergo a massive burst of prolifer-
ation between day 2 and 7 after birth, expanding their
numbers by 10-20-fold. A low level of Langerhans cell
proliferation (3—4%) was also evident in human epider-
mis of adults. Interestingly, the authors also studied two
patients with atopic dermatitis in which they could
demonstrate a three to four times increased percentage
of proliferating L.angerhans cells. Schuster ez 4/. [6] found
that CD45"HLA-DR™®"CD1c* dendritic cells are
already present in the epidermis and dermis at 9 week
estimated gestational age and that transforming growth
factor B1 production precedes Langerin and CD1a expres-
sion on CD45"CD1c" Langerhans cell precursors.

Key points

e We now increasingly understand how thymic stro-
mal lymphopoietin contribute to the disease by
modulating the function of dendritic cells.

e Histamine signaling through the histamine receptor
1 and histamine receptor 4 on dendritic cells results
in a strong anti-inflammatory activity and promotes
Th2 programming.

e The functional and phenotypic heterogeneity of
dendritic cells in eczematous skin lesions 1is
increasingly recognized.

In atopic dermatitis, Langerhans cells express the high-
affinity IgE receptor (FceRI), and internalize IgE-bound
allergens for their presentation to T cells [7].

The number of Langerhans cells (CD207", CDI1a")
appear similar in healthy skin and in atopic dermatitis
[8]. Atopic dermatitis harbours a population of CD1a™,
CD207" dendritic cell inflammatory dendritic epidermal
cells as reported by Schuller er /. [9]. These cells are
identified by flow cytometry in epidermal/dermal cell
suspensions by their expression of CD1a and the absence
of CD207. Although initially described by Schuller ez a/.
in the epidermis, some authors regard them rather as a
population of inflammatory dermal dendritic cells [8,10].
This cell type is found in atopic dermatitis but not in
significant number in psoriasis or healthy skin.

Little is known about the traffic of Langerhans cells to the
inflamed epidermis and dermis. Gros e /. [11] studied
shave biopsies from chronic atopic dermatitis skin lesions
as well from skin lesions developing after cutaneous appli-
cation of house dust mite allergen (atopy patch test).
During the development of an allergen-induced eczema-
tous skin lesion, they observed a decrease in the Langer-
hans cell numbers. The number of CD1at, CD207~
dendritic cells increased. Among the chemokine receptors
tested, a strong expression GCR5 and CCR6 was found.

Acanthosis is a hallmark in atopic dermatitis and particu-
larly in psoriasis. I11.-22 is held responsible for inducing
acanthosis in psoriasis [12—15]. Also in atopic dermatitis
IL.-22-producing CD4* and CD8" T cells were found.
Nograles ¢ al. [16] provided evidence that Langerhans
cells are strong inducers of 11.-22-producing T cells [17].
These I1.-22-producing T cells were either CD4 or CD8
positive and the majority of them lacked the production
of IL-17, IFN-v, and I1.-4 and are, therefore, regarded as
T22 cells [18].

Dermal dendritic cells
Based on the expression of a number of surface markers
we can now differentiate between different populations
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of myeloid dendritic cells. They can be identified by
their expression of CD11c and the expression of either
CD1c™ or CD14™. The population of CD1c* dendritic
cells were termed resident dendritic cells, as their fre-
quency remains fairly constant in healthy skin and in
lesional psoriasis [19]. CD14" dendritic cells primed
CD4" T cells into cells that induce naive B cells to
switch isotype and become plasma cells. With the help of
slan (6-sulfo LLacNAc)-specific monoclonal antibodies,
our group has identified an additional population of
myeloid dendritic cells in healthy skin and psoriasis
(Giinther ez al. submitted), [20]. These cells appear to
differ from the other dendritic cells so far described in
the skin as they lack expression of CD1c and CD14 as
well as the haemoglobin scavenger receptor CD163.
CD163 is used as a marker for macrophages [20]. The
role of CD1ct dendritic cells, CD14" dendritic cells
or slan-dendritic cells in atopic dermatitis is yet to be
determined.

An in-depth phenotypic analysis of dendritic cells in
skin lesions of patients with atopic dermatitis was per-
formed by Guttman-Yassky ez 4/. [10]. Dendritic cell-
specific intercellular adhesion molecule-3-grabbing
nonintegrin (DC-SIGN) was the most abundantly
expressed dendritic cell/macrophage marker in the der-
mis. DC-SIGN positive cells also expressed the man-
nose receptor (CD206) and may represent a population
of macrophages or dendritic cells. These cells may be
relevant for stimulating a local inflammatory immune
response as they were outnumbering CD3" T cells in
the inflamed skin. In psoriasis DC-SIGN™, CD206™,
CD163" macrophages were shown to frequently express
"TNF-a in situ and thereby appear to be important for
stimulating the local inflammatory response [21]. These
dendritic cell/macrophage-like cells were found scat-
tered throughout the dermis in atopic dermatitis [10].
Only few mature CD83", DC-Lamp™ dendritic cells
were identified in atopic dermatitis and they strictly
localized in clusters also containing 'T" cells. Although
interesting as an observation, we unfortunately know
very little about the topography of immune cells in the
dermis so far.

Plasmacytoid dendritic cells

Plasmacytoid dendritic cells (pDCs) are characterized as
CD123", BDCA-2", CD11c¢™ cells [22]. They are dis-
tributed in peripheral tissues and lymph nodes and pre-
sent antigens to 1" cells [23]. pDCs appear important for
the defence against viral infections, as they produce high
amounts of type I IFNs (IFN-a/B) when stimulated with
viral nucleic acids through TLLR7 and TLRO [24]. Type I
IFNs have been implicated in the pathogenesis of
systemic lupus erythematosus and psoriasis, in which
pDCs have been described [25,26].
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In atopic dermatitis, the frequency of pDCs in the dermis
is increased as determined by staining skin section for
BDCA-2 or CD123 [8,10]. pDCs were absent in the
epidermis but accounted for roughly one-third of the
dermal dendritic cells. A significant proportion of these
cells (20-40%) were activated as revealed by their
expression of CD80, CD86 and CD40. The role of pDCs
in atopic dermatitis is not completely understood. pDCs
from patients with atopic dermatitis were shown to
express FceRI occupied by IgE. Cross-linking of IgE
on pDC largely attenuated their proinflammatory
capacity. Specifically, it induced the production of IL-
10, reduced the levels of IFN-a/f and supported a Th2
response [27]. This is true for dendritic cells activated by
TRL9 ligands, a pattern recognition receptor for DNA-
viruses, and were basically reproduced and extended by a
recent study by Gill ez a/. [28°] using FceRI™ pDCs from
patients with allergic asthma, stimulated with TLR7-
ligands derived from influenza virus. This FceRI-depen-
dent inhibition of IFN-a production of pDCs in patients
with atopic dermatitis may in part explain the risk of
patients with severe atopic dermatitis to develop wide-
spread herpes simplex infection.

Lessons from the microenvironment: thymic
stromal lymphopoietin, histamine and IL-31
Severe pruritus is a hallmark of atopic dermatitis. Scratch-
ing in response to pruritus leads to wounding and severe
mechanical injury of the skin. Antigen application to skin
mechanically injured by tape stripping is known to result
in Th2-dominated skin inflammation in mice. In this
model, Oyoshi ¢z al. [29°] now provided the direct link
between the mechanical injury, the induction of TSLP,
and the programming of Th2 cells by dendritic cells
exposed to T'SLP in the tape stripped skin. Therefore,
scratching in patients with atopic dermatitis can serve as
adjuvants for the induction of Th2-responses to antigens
present in the skin.

Hulse ez al. [30°°] could show that in-vitro generated
monocyte derived dendritic cells express only low levels
of the TSLP-receptor. TSLP in their hands exerted only
weak Th2-promoting effects. Interestingly, TSLP-recep-
tor expression was strongly induced by cross-linking of
FceRI. Consequently, targeting the antigen to FceRI
in the presence of T'SLP led to a strong induction of
"Th2 cells. Therefore, this study establishes an important
proallergic role for TSLP, especially in the context of
dendritic cells conditioned by cross-linking of their
FceRI by allergens.

T'SLLP may also be induced by an air-borne pollutant, as
revealed by Shigeno ez a/. [31]. These authors show that
dibutyl phthalate when used as a solvent for an allergen
[fluoresceinisothyocyanat (FI'TC)] induced T'SLP. This
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solvent-induced TSLP production served as a critical bias
for the induction of a Th2-dependend contact allergic
response.

An inhibition of the proallergic TSLP-function was
described by Jungezal. [32]. They could show that agonists
of the peroxisome proliferator-activated receptor gamma
(PPARY) inhibited proinflammatory effects of 'T'SLP. In
their experiments, the PPAR+y agonist rosiglitazone pre-
vented the onset and exacerbation of atopic dermatitis in
NC/Tnd mice. These effects could be attributed to the
action PPAR+y agonists on the level of dendritic cells.

Figure 1 Network of dendritic cell-subsets in atopic dermatitis

Histamine is a long studied and classic mediator of
allergic skin inflammation mainly released by mast cells
and basophils. Both cell types as well as histamine are
increased in atopic dermatitis. Histamine mediates its
effects through four receptors (histamine Receptors 1-4).
Vanbervliet ¢z a/. [33] studied the relevance of the his-
tamine receptor 1(HR1) in the context of dendritic cells
and skin inflammation. They demonstrated that hista-
mine signaling through the HR1 on dendritic cells in
mice is an important early event in the induction of an
atopic-like dermatitis. Specifically, they could show that
the lack of HR1 expression on dendritic cells led to
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Trauma and scratching lead to a disrupted skin barrier and enable allergens and microbes to enter the skin in atopic dermatitis patients. Flagellin and
host-derived danger signals (RNA, DNA) induce the expression of TSLP in keratinocytes [3°]. A simultaneous stimulation of dendritic cells with allergen
targeted to FcyRI and TSLP enhance the Th2-response [30°°]. Langerhans cells as well as dermal dendritic cells preferentially induce Th22 cells
[17,18]. IL-22 delays keratinocyte differentiation and causes acanthosis [16]. Besides Langerhans cells and IDECs, pDCs express the high-affinity
FceRI. Moreover, IgE cross-linking prior to viral challenge results in an abrogated IFN-a release by pDCs and a diminished viral-induced TLR7-
upregulation in pDCs [28°]. IL-31, a cytokine released by T cells following activation, induced the production of proinflammatory cytokines in

macrophages [37°].
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diminished IL.-12, upregulated IL.-23, and IL-6 pro-
duction upon allergen stimulation.

Other studies focussed on the relevance of the histamine
H4 receptor being strongly expressed on dendritic cells.
The histamine receptor 4 (HR4) mediates strong
immune regulatory effects in that it modulates cytokine
production, chemotaxis and chemokine expression. Cow-
den et al. [34°] have studied the role of the HR4 in a
model of FITC-mediated contact allergy model, a Th2-
cell-mediated mouse inflammation model that mimics
features of atopic dermatitis. Blocking HR4-signalling
with two different HR4-antagonist had a strong anti-
inflammatory activity with reduced dendritic cell
migration to lymph nodes and reduced IL.-4, IL-5 and
IL.-17 levels when restimulating lymp node T cells. In-
vitro stimulation of the HR4 is known to result in che-
motaxis and a reduced IL.-12 production of in-vitro
generated monocyte derived dendritic cells. Gschwandtner
et al. [35] now studied a population of proinflammatory
native human dermal dendritic cells. These dendritic
cells are best characterized by their expression of slan
(6-sulfo LacNAc), which is expressed on the P-selectin
glycoprotein ligand 1 [36]. Interestingly, the HR4 was
upregulated in atopic dermatitis in response to [FN-y.
Stimulation of HR4 on slan-dendritic cells induced a
substancial downregulation of TNF-a and I1.-12. These
data strengthen the role of the HR4 as a therapeutic
target in atopic dermatitis.

A study by Kasraie ¢z al. [37°] provides a new link
between staphylococcal colonization and the sensitivity
for 11.-31. IL.-31 is a T’ cell-derived cytokine associated
with atopic dermatitis [38,39]. Mice overexpressing
IL.-31 developed skin inflammation, pruritus and severe
dermatitis [40]. Focussing on human monocytes and
macrophages, the authors could show that staphylococcal
exotoxins significantly upregulated IL-31RA expression
on monocytes and macrophages. Furthermore, I1.-31
stimulation of monocytes pretreated with staphylococcal
exotoxins strongly enhanced the secretion of IL-1(, IL.-6
and IL-18 and upregulated the expression of the costi-
mulatory molecule CID86.

Conclusion

Atopic dermatitis is one of the most important dermato-
logic diseases with a complex, not completely understood
immunopathology.

Acquired and genetically fixed reductions of the skin
barrier together with local trauma due to scratching
predispose to an abnormal micromilieu in the skin. These
local changes lead to an increased recruitment and func-
tional modulation of different subsets of dendritic cells
and macrophages (Fig. 1) [3°,16-18,28°,30°°,37°]. 'The
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responsiveness of dendritic cell to 'T'SLP, histamine and
their expression of the high-affinity IgE receptor (FceRI)
are characteristic features of dendritic cells in atopic
dermatitis that foster the Th2-dominated allergic inflam-
mation. Although the functional heterogeneity of den-
dritic cells in atopic dermatitis as well as in other discases
such as psoriasis is increasingly recognized, more work is
required to define how dendritic cells as a whole orches-
trate the chronic inflammation in atopic dermatitis.
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