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Purpose of review

The manifestation of atopic eczema/dermatitis syndrome is
believed to result from a complex interrelationship of
environmental factors, pharmacological abnormalities, skin
barrier defects, and immunological phenomena. Although we
are only beginning to understand the molecular basis of this
disease, much progress has been made in defining key events
leading to the manifestation of allergic inflammation. Here, we
review recent findings that underscore the importance of
dendritic cells as being central to shape these proinflammatory
responses.

Recent findings

Evidence for a differential regulation of the high affinity receptor
for IgE, FceRl, on the surface of atopic dendritic cells compared
with non-atopic dendritic cells became apparent. In atopic
donors, in contrast to non-atopic donors, the intracellular
expression of the y-chains of FceRl is sufficient, thus leading to
the assembly with the a-chain and surface expression of the
receptor. This finding is of considerable interest for an
understanding of the pathophysiology of IgE-mediated dendritic
cell functions in atopic eczema/dermatitis syndrome. In addition,
it has been shown that keratinocytes from the epidermal skin of
individuals with atopic eczema/dermatitis syndrome express
human thymic stromal lymphopoietin, which activates dendritic
cells to attract T helper type 2 cells into the skin. Furthermore,
these activated dendritic cells prime naive T cells into T helper
type 2 cells.

Summary

The past few years have seen a remarkable process of
refocusing in atopy. Dendritic cells in particular have been at the
centre of this process. It has become unequivocally clear that
these cells have the power of shaping the allergic response.
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AEDS  atopic eczema/dermatitis syndrome
APC antigen-presenting cell
DC dendritic cell

ER endoplasmic reticulum
IDEC  inflammatory dendritic epidermal cell
LC Langerhans cell

MHC  major histocompatibility complex
TSLP  thymic stromal lymphopoietin
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Introduction

In Western societies, approximately 20% of the popula-
tion suffers from allergic diseases such as allergic rhinitis,
allergic asthma and the atopic eczema/dermatitis syn-
drome (AEDS). The current immune homeostasis and
genetic composition of the individual predominantly
influence the immunological events that follow antigen
exposure. Histologically, AEDS is characterized by
increased numbers of Langerhans cells (I.Cs), inflam-
matory dendritic epidermal cells (IDECs), macrophages,
basophils, eosinophils, T helper type 2 cells, and dermal
dendritic cells (DCs).

The very first event after an allergen encounter is the
event that seems to regulate the immune response.
Whereas mast cells and other cells of anaphylaxis
mediate the effector phase of the allergic response,
DCs seem to be of crucial importance in determining the
allergic response. Under normal circumstances, allergen
challenge results in specific T-cell hyporesponsiveness,
the process of which requires (a series of) efficient
immunological responses. Under different circum-
stances, the same proteins are able to elicit a T helper
type 2 biased allergic reaction.

In this review we will focus on the central role of DCs in
AEDS. We attempt to present the current knowledge
about the molecular events leading to allergic inflamma-
tion, and to relate this information to the pathophysiol-
ogy of AEDS.

Atopic eczema/dermatitis syndrome

The atopic eczema/dermatitis syndrome is a highly
pruritic skin disease characterized by alternating periods
of inflammation and remission. Major features are
eczematous lesions, especially in the large skin folds of
the joints. Worldwide, 10-20% of children and approxi-
mately 1-2% of adults are affected but there are reports
about an increasing prevalence of AEDS, especially in
industrialized countries [1,2°°]. It is believed that
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changes in the environment such as improved hygiene
and fewer infections during childhood are responsible for
this increase [3°4]. Infectious diseases such as hepatitis
or tuberculosis, which are far less common today, may
serve to activate the innate immune system and balance
the T helper type 2 biased immune system present
during early life [5°°]. Several groups have demonstrated
the hypothesis that newborns are poorly equipped to
respond to microbial assault and must therefore rely on
exogenous factors for immunity. It has been found, for
example, that reduced soluble CD14 levels, a protein
that interacts with lipopolysaccharide from bacteria, in
maternal amniotic fluid and breast milk is associated with
the development of atopy and eczema in infants [6].

Genetics alone cannot explain the rapid increase of
AEDS, although several chromosomal regions have been
identified that are pathophysiologically relevant for
AEDS. Most of the AEDS susceptibility loci consist of
polymorphisms of T helper type 2 cytokine genes, e.g.
the T allele of the —590C/T polymorphism of the 1L.-4
gene promoter region [7]. This allele is associated with
an increased activity of the 1.-4 gene promoter and is
frequently above average in AEDS.

Two types of AEDS are currently recognized [8°]. The
extrinsic form of AEDS results from specific IgE-
mediated sensitization to allergens and affects approxi-
mately 70-80% of patients. Patients with the intrinsic
type of AEDS do not show increased IgE levels to
frequent (aero) allergens such as house dust mites or
pollen. This form of AEDS represents approximately
20-30% of patients. The mechanism of the allergic
response that distinguishes the intrinsic form from the
extrinsic form of AEDS is far from being understood
but is being intensively investigated. Therefore, most
of the progress made in understanding the pathophy-
siological mechanism of AEDS is related to the
extrinsic form.

Dendritic cells and atopic eczema/dermatitis
syndrome

Antigen-presenting cells (APCs) constitute a heteroge-
neous group of cells with the common task of presenting
antigens in the context of the major histocompatibility
complex (MHC). Among professional APCs, epidermal
L.Cs and DCs are unique in their ability to prime naive
T cells, and are thus responsible for the primary immune
response (i.e. the sensitization phase of allergy).

Origin and characteristics of dendritic cells
Professional APCs are mainly divided into 2 systems: the
DCs, including blood and tissue DCs and epidermal
LCs, and the monocyte-macrophage system. All these
cell types originate from pluripotent bone marrow
CD34" haematopoictic progenitor cells.

Langerhans cells

Epidermal LLCs are components of the DC line and are
located in the epidermis and in mucosal tissues. They
are increased in number in atopically affected skin [9].
LCs are the only cells of the epidermis that constitu-
tively express MHC class II, CD1la and Langerin on
their cell surface. They lack the monocyte-macrophage
marker CD14. LCs differ ultrastructurally from other
DCs by the presence of Birbeck granules, which
constitute a subdomain of the endosomal-recycling
compartment of the cell [10°]. Langerin is a transmem-
brane type II Ca2*-dependent lectin, which is involved
in the biosynthesis of Birbeck granules.

As immediate precursors of epidermal LCs in human
dermal skin have been morphologically characterized,
knowledge of their life cycle has been elucidated [11°°].
Epidermal [LCs seem to be maintained by a stable
precursor population in the dermis under steady-state
conditions. With inflammation, however, blood-borne
LC precursors are actively attracted to the epidermis
under the influence of the CCR2 chemokine receptor.

Dendritic cells

Two distinct DC precursor cells have been characterized
in the blood: DC1 cells carry the myeloid surface antigen
CD11c¢ and plasmacytoid DCs or DC2s are CDl1l1c
negative [12]. DC2 cells are characterized by a unique
surface phenotype: CD4*CD3 IL-3Ro"""HLA-DR™.
These DCs produce large amounts of IFN-1 (IFN-«
and IFN-f) in response to a viral infection. Interestingly,
plasmacytoid DCs can be found in increasing numbers in
specific skin infiltrates, such as Lichen ruber or lupus
erythematosus, whereas in AEDS, DC2s are present in
very low numbers [13°]. In addition, human activated
plasmacytoid DCs respond to histamine by downregulat-
ing their capacity to secrete IFN [14]. These findings
may help explain the increased susceptibility observed
in atopic individuals to viral skin infections such as
eczema herpeticum.

Peripheral blood monocyte precursors of immature DC1
cells have been designated pDC1. They give rise to
myeloid DC1 upon culture with granulocyte macrophage
colony-stimulating factor and IL.-4. The surface markers
of DC1 mirror their origin from myeloid precursors:
CD11¢"'CD33*~CD1a*MHC  class II*CD80*CD86".
After maturation with CDA40 ligand or endotoxin, the
cells produce large amounts of IL-12. CD11c-positive
DCs and LCs represent key cells for the activation of T
cells in lymph nodes after they have emigrated and
matured during antigen uptake [15].

Inflammatory dendritic epidermal cells
IDECs are a distinct DC population that is mainly found
in inflammatory skin diseases such as AEDS, contact
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dermatitis or psoriasis [16]. In the lesional skin of AEDS,
the number of IDECs exceeds the number of LCs,
whereas normal skin does not contain IDECs [17°]. In
epidermal cell suspensions, IDECs can be distinguished
from CD1a-positive LLCs on the basis of the surface den-
sity of the high affinity receptors for IgE, FceRI, and the
expression of CD11b: LCs are CD1a"™"CD11b ™ FceRI™*
and IDECS are CD1a*CD11b™*FceRI™™. Morpho-
logically, IDECs resemble L.Cs, but in contrast to these
cells IDECs lack the typical Birbeck granules and are
Langerin negative.

After the successful topical treatment of atopic lesions,
the number of IDECs in epidermal skin decreases below
the detection level, suggesting substantial involvement
in atopic inflammation of this cell type.

Recently, an in-vitro model using reducing agents such
as mercaptoethanol was developed to generate FeeRI™ME"
IDECs from FceRI-positive atopic monocytes [18].
Apparently, reducing agents are able to stabilize the
redox-sensitive disulfide dimers of the y-chain, which are
essential for FceRI surface expression (see below).

The high-affinity receptor for IgE, Fc:RI

One of the hallmarks of APCs in AEDS-affected skin is
the presence of the high-affinity receptor for IgE, FceRI,
on the cell surface [19]. FceRI is central in mediating
immunoregulatory signals into the cell upon ligation by
complexed IgE. In addition, as the binding of allergen—
IgE complexes on FceRI represents the very first event of
the immune cascade, this receptor provides a key to the
onset and propagation of allergic diseases. Upon binding
of polyvalent antigens by receptor-bound IgE, FceRI
forms aggregates and triggers cellular activation. Distinct
mediators are subsequently released that critically deter-
mine the outcome of the immune response (see Fig. 1).

Structure of FceRI

On effector cells of anaphylaxis such as mast cells and
basophils, the ‘classic’ tetrameric FceRI consisting of an
o-chain, one f-chain and two disulfide linked y-chains, is
constitutively expressed. By contrast, a trimeric form of
FceRI (ay2) is variably expressed on L.Cs, IDECs, DCs
and monocytes. The a-chain of FceRI allows the binding
of IgE, the f-chain increases stability and maturation and
increases the signalling capacity of the receptor. The y-
chain dimer, which is also shared by other Fc receptors,
has a common immunoreceptor tyrosine-based activation
motif with the f-chain and is thought to be involved in
signal transduction. Although the receptors on APCs lack
the f-chain, they are fully functional [20].

Regulation of Fc:RIl surface expression
FceRI surface expression on APCs is positively asso-
ciated with the atopic status of the individual. It is

expressed on in-vitro generated DCs from atopic donors,
whereas on DCs from non-atopic donors it is nearly
absent. Recently, evidence for a differential expression
of the y-chain of FceRI in the DCs of atopic versus non-
atopic donors could be established [21°°]. For trimeric
FceRI surface expression intracellular assembly of the -
and y-chains of the receptor seems to be of major
importance. In the endoplasmic reticulum (ER), folding
and core glycosylation of an immature FceRIz-chain
occurs followed by cleaving of the terminal glucose
residues. The transport of immature FceRIo-chains from
the ER to the Golgi compartment is influenced by the
proper cleaving after glycosylation and combining with
the y-chains. In non-atopic donors, intracellular expres-
sion of the y-chains is weak, leading to the accumulation
of immature o-chains in the ER. In atopic donors,
expression of the y-chains is sufficiently upregulated
allowing combination with the a-chain and FceRI surface
expression. This finding is of considerable interest for
clucidating the pathophysiology of IgE-mediated DC
functions in AEDS. In addition, the modulation of
FceRIy-chain expression in DCs may lead to possible
treatment options for atopic diseases.

Dendritic cells and the sensitization phase
After encountering an allergen, 2 distinct phases can be
distinguished. First is the sensitization phase, where
DCs take up the allergen for the first time and migrate to
regional lymph nodes. There they pime naive T cells,
which develop into effector cells and T" memory cells.
The second phase is the elicitation phase, in which, on a
second encounter of an allergen, induction of inflamma-
tory and regulatory reactions take place.

Role of Fc:RI during antigen uptake

In the phase of sensitization, DCs take up allergen for
the first time and migrate to regional lymph nodes. To
internalize high molecular weight molecules of pollens
or dust mites, receptor-mediated endocytosis or unspe-
cific macropinocytosis is probably used by DCs [22].
FceRI on LCs and DCs may play an important role
during the sensitization phase besides its role in the
effector phase of IgE-mediated hypersensitivity reac-
tions. The complex of allergen-specific IgE is fixed on
FceRI of APCs and internalized for efficient processing
[23]. In the process of intracellular degradation and
assembly, the unmasking of hidden epitopes of this
allergen may arise and lead to a variety of antigenic
peptides. Some of these unmasked peptides may share
molecular homology to peptides from unrelated aller-
gens, a process called molecular mimicry. Subsequently,
DCs or LLCs might activate naive T cells with a different
T-cell receptor repertoire. This in turn may lead to a
widening of the IgE spectrum because of the homology
of epitopes, or may lead to the crossreactivity of IgE
between different allergens.
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Figure 1. Immunomodulatory consequences of dendritic cell
activation in donors with atopic eczema/dermatitis syndrome
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(a) Dendritic cells (DCs) are activated upon FceRI crosslinking by
allergen-bound IgE. This causes enhanced presentation of allergen
peptides to T cells, and leads to the secretion of immunomodulatory
cytokines. (b) FceRI crosslinking by allergen-bound IgE. (c) Activated
DCs from an atopic genetic background seem to exert their pro-
inflammatory role twofold: matured DCs polarize naive T cells into T
helper type 2 cells and chemotactic cytokines selectively attract T helper
type 2 cells to inflammatory sites.

M, Monocytes; MCP-1, monocyte chemoattractant protein 1; MDC,
macrophage-derived cytokine; MHC, major histocompatibility complex
class Il; MIP-1, macrophage inhibitory protein 1; TARC, thymus and
activation-regulated chemokine; TCR, T-cell receptor.

Migration

The migration of leukocytes to and from inflammatory
sites depends on a cascade of discrete events, partly
mediated by chemokines and their receptors [24].
Chemokines are mainly released from activated APCs
themselves and from surrounding keratinocytes. Imma-
ture DCs express a chemokine receptor profile (CCR1,
CCR2, CCR5 and CCR6) that reacts with chemokines
released at the inflammatory site [25]. Maturing DCs
that have captured antigens upregulate constitutively

expressed chemokine receptors such as CXCR4, CCR4,
and CCRY7 [26]. Concomitantly, the downregulation of
cognate receptors occurs.

LC-derived IL-16 has been found to be produced in
skin from AEDS patients, where it acts as a strong
migratory signal for CD4 T helper type 2 cells into the
epidermis [27°°]. The engagement of FceRI on LCs
further upregulates IL.-16 production of these cells and
thus contributes to the inflammation in AEDS. Impor-
tantly, only recently it has been shown that human
keratinocytes from the epidermal skin of AEDS patients
express human thymic stromal lymphopoietin (T'SLP), a
protein that activates CD11c-positive DCs to produce
thymus and activation-regulated chemokine (or CCLL17)
and macrophage-derived chemokine (MDC or CCL22),
which directly attract 'T" helper type 2 cells [28°°]. In
addition, TSLP is involved in the activation and
emigration of LCs from the epidermis. It also plays a
role in the recruitment of LLC precursors into the dermis
because the production of TSLP is associated with the
appearance of dermal Langerin-positive DCs. The
migration of LLC precursors into the epidermis seems to
be seclectively regulated by macrophage inflammatory
protein 3o [29°]. These data provide evidence for a tight
interaction of human epithelial cells, DCs and T helper
type 2 cells in triggering allergic inflammation in AEDS.

Dendritic cells and lymphocyte responses in the atopic
eczema/dermatitis syndrome

T helper type 2 cells and DCs are implicated in playing
key roles in the upstream steps of allergic inflammation,
whereas mast cells, basophils, and eosinphils are effector
cells. Atopic individuals show an inherited preference for
T helper type 2 responses. The exact molecular
mechanisms, however, and cellular events enabling
DCs to achieve this polarization are unknown [30].

Recently, investigations shed new light on the mechan-
ism whereby atopic tissues contribute to the pathophy-
siology of allergic inflammation. Keratinocytes in AEDS
lesions activate DCs via TSLP, which results in the
strong proliferation and activation of naive T" cells [28°°].
These 'T" cells are primed to produce high amounts of
IL.-13, IL-15 and TNF-a, moderate levels of 1L.-4, and
no or very low levels of IL.-10 and IFN-y. ILL.-13 acts as a
possible differentiation factor towards T helper type 2
cells in the cutaneous microenvironment [31°]. The
production of IL.-10 in airway inflammation is associated
with the development of allergen-specific regulatory T
cells and not necessarily with the presence of classic T
helper type 2 cells [32]. In addition, these regulatory IL.-
10-producing T cells confer protection against airway
inflammation instead of inducing it. Taken together,
T'SLP-activated DCs seem to play a key role for the
polarization and attraction of pro-allergic T cells.
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Apart from these functions that are exerted on T cells,
IL.-4 and 11.-13 are principal mediators promoting B-cell
antibody class switching to IgE, and are therefore key
initiators of IgE-mediated diseases [33]. Allergen-speci-
fic IgE binds to FceRI on effector cells of anaphylaxis
and on APCs in the epidermis—dermis and airway
mucosa.

It was believed that after an initial acute phase of AEDS
involving mainly T helper type 2 cells, a switch to IFN-
y-producing ‘T helper type 1 cells occurs in chronically
affected skin. A new concept arises if the above-
described T'SLP-activated CD11c-positive DCs are
taken into account. In addition to facilitating the
proliferation of CD4 T cells, naive CD8 T cells also
respond to this signal [34°°]. The triggering of TSLP-
activated DCs by CD40L seems to induce cytolytic CD8
T cells that produce large amounts of IFN-y. Therefore,
CD40L-expressing DCs activated by TSLP may parti-
cipate in the chronicity of AEDS and cause tissue
damage by the generation of IFN-y .

The elicitation phase

After a second encounter of an allergen, memory T cells
and IgE bound to FceRI on tissue APCs and effector
cells rapidly respond to known antigenic structures.
FceRIME" IDECs are known to respond with large
quantities of chemoattractive and inflammatory cyto-
kines after receptor crosslinking occurs [17°]. Monocyte
chemoattractant protein 1, macrophage inflammatory
protein 1, TNF-o and others are released that attract
more APCs to the site of inflammation [35]. In addition
to other known FceRI-facilitated effector mechanisms
such as antigen uptake, antigen presentation and an
increase in APC stimulatory capacity, DC activation in
allergy results from various sources and surrounding
stromal cells seem to be critically involved.

Conclusion

The activation of DCs appears to be a critical step in the
pathogenesis of T helper type 2-mediated allergic
inflammation such as AEDS. The high affinity receptor
for IgE, FceRI, as well as defined mediators of epithelial
cells seem to be critically involved in this step. The
blocking of important mediators or functionally relevant
structures linked to the pathophysiology of AEDS
should lead to successful strategies for attenuating the
severity of allergic discase.
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