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33.1
Introduction

Atopic diseases are genetically determined disorders
affecting exclusively tissues such as the skin, the con-
junctiva, and the respiratory mucosa, which demarcate
the host from the environment. In contrast, the gastro-
intestinal tract and genital mucosae, which also pro-
vide a large interface with the outside do not undergo
atopic disorders, at least according to their current def-
inition. The reasons why only selected tissues develop
atopic diseases are probably very complex, but at least
two hypotheses can be put forward. First, the immune
system may be altered to react with exaggerated
responses to apparently harmless antigens (allergens)
that reach the skin and respiratory surfaces. Secondly,
these tissues may harbor resident (and thus tissue-spe-
cific) cells with an abnormal capacity to control
inflammatory responses [1]. Atopic diseases are indeed
characterized by IgE hyperresponsiveness to environ-
mental allergens and a peculiar hyperreactivity of the
target tissues toward a variety of inflammatory stimuli.
The latter aspect is always present whereas the former
is not constant. In fact, up to 40 % of patients with atop-
ic eczema (AE) or bronchial asthma do not show ele-
vated serum IgE or specific IgE [2]. The preferential
development of T-helper 2 (Th2) immune responses in
atopic patients has been extensively studied [3], where-
as the cellular and molecular bases of the tissue hyper-
reactivity have been only recently investigated. Accu-
mulating evidence suggests that keratinocytes of AE
patients produce higher amounts of certain cytokines
and chemokines compared to keratinocytes of nonato-
pic subjects. Exaggerated release of these factors can be
important for enhanced recruitment as well as sus-
tained survival and activation of inflammatory cells,
including dendritic cells and T lymphocytes. More-

over, AE keratinocytes may have a dysregulated activi-
ty of activator protein (AP)-1 transcription factors,
which can help to explain the abnormal expression of
granulocyte-macrophage colony stimulating factor
(GM-CSF) and other cytokines, and indicating the
existence of molecular mechanisms targeting atopic
inflammation to the skin of AE patients.

33.2

Keratinocytes Actively Participate

in the Initiation and Amplification of Skin
Inflammatory Responses

Epithelial cells, including epidermal keratinocytes, are
the outermost component of skin and mucous mem-
branes, and they can be activated by diverse factors to
produce mediators involved in the initiation and
amplification of inflammatory responses. Recent
acquisitions have also demonstrated that any perturba-
tion of the epidermal permeability barrier represents
per se an effective mechanism leading to cutaneous
inflammation, since the cytokines and growth factors
released by keratinocytes as autocrine regulators of
barrier homeostasis, can also favor the development of
inflammatory reactions [4]. Among the environmental
factors, ultraviolet radiation, irritants, reactive hap-
tens, as well as bacteria and viruses have been identi-
fied as triggers of the inflammatory activities of kerati-
nocytes. Keratinocytes express a number of innate
immune-related receptors, including some of the Toll-
like receptors [5, 6], and can thus initiate innate
response. However, the most thoroughly investigated
keratinocyte-activating factors are cytokines released
by T lymphocytes. Indeed, resting keratinocytes
express functional receptors for and are sensitive to
T cell-derived cytokines [7], and actively participate in
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the amplification of skin inflammatory reactions initi-
ated by T cells. T lymphocytes play a fundamental role
in the pathogenesis of chronic skin disorders such as
AE, allergic contact dermatitis to haptens, and psoria-
sis. In these conditions, infiltrating T lymphocytes
release cytokines which stimulate keratinocytes to
express soluble and membrane mediators with a prima-
ry role in the recruitment, retention, and activation of T
cells and other leukocytes in the skin. Interferon (IFN)-
vy is the best-characterized proinflammatory cytokine
for keratinocytes. IFN-y-producing T cell clones domi-
nate psoriasis and allergic contact dermatitis lesions,
but also intervene in the establishment of chronic AE
lesions [66]. After exposure to IFN-y, keratinocytes
express on their surface the intercellular adhesion mol-
ecule (ICAM)-1, crucial for T cell retention in the epi-
dermis [8]. Basal and suprabasal keratinocytes of
chronic AE lesions express ICAM-1, although not to the
extent observed in allergic contact dermatitis or psoria-
sis, and this expression can be an indicator of the pres-
ence of some IFN-y-releasing T cells in the underlying
infiltrate. Moreover, IFN-y upregulates MHC class I
molecules, induces de novo synthesis of mature MHC
class IT molecules and upregulates Fas expression, thus
rendering keratinocytes sensitive to T cell-mediated
Fas-dependent apoptosis [9, 10]. During the early
phases of keratinocyte apoptosis, E-cadherin is cleaved
by caspases. The loss of E-cadherin weakens intercellu-
lar contacts between keratinocytes and contributes to
the formation of epidermal spongiosis, which charac-
terizes eczema [11]. IFN-y induces keratinocyte expres-
sion of cytokines with a well-recognized role in skin
inflammation, including interleukin (IL)-la, IL-1
receptor antagonist (IL-1ra), tumor necrosis factor
(TNF)-a, and GM-CSE, and a variety of chemokines
active in T cell attraction, including CXCL10, CXCL11,
CXCL9, and CCL2 [12]. The efficiency of IFN-y in acti-
vating keratinocytes is enhanced by cotreatment with
other cytokines, such as TNF-a and IL-17 [8]. During
chronic inflammatory diseases, TNF-a is released
throughout the epidermis by activated keratinocytes
and by infiltrating leukocytes, and in turn, TNF-a is
very effective in inducing CXCL8 and CCL5 expression
in keratinocytes. Among T cell-derived cytokines
abundantly released in the skin in the course of AE, IL-4
has been characterized as an active contributor to kera-
tinocyte activation only recently [7, 12]. Cells express-
ing IL-4 can be detected even in the uninvolved skin of
patients with AE, and their number increases promi-

nently in acute and chronic lesions [1]. Keratinocytes
express functional IL-4 receptor, and although IL-4
alone has a modest capacity to induce cytokine release
by keratinocytes, it effectively reinforces the activity of
IFN-y and TNF-a in the induction of CXCR3 agonistic
chemokines, and hence elicits T lymphocyte attraction
into the inflamed skin [12].
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The Role of Keratinocytes in the Recruitment
of Inflammatory Cells in Atopic Eczema

The inflammatory infiltrate of AE consists predomi-
nantly of dendritic cells and memory CD4* T cells.
Essentially all T cells infiltrating the skin lesions
express the cutaneous lymphocyte-associated antigen
(CLA), which functions as a skin homing receptor for T
lymphocytes by mediating T lymphocyte rolling over
E-selectin expressed by activated endothelial cells.
Chemokine receptors are important players in the tis-
sue targeting of T lymphocytes. In line with this con-
cept, it has been shown that skin-seeking CLA* T cells
coexpress the CCR4 receptor, the ligand for CCL17 and
CCL22. CCR4 is also preferentially expressed by Th2
compared to Thl lymphocytes. The proportion of
CD4* T lymphocytes expressing the CCR4 receptor in
the peripheral blood of patients with AE is higher com-
pared to CD4* T cells of healthy controls. In contrast,
AE patients bear a lower percentage of circulating
CXCR3*CD4" T cells [13-16]. Moreover, the percent-
age of blood CCR4*CD4* cells correlates positively
with disease severity and IL-4 and IL-13 secretion by
CD4* T cells [16, 17]. CCR4*CD4* T cells are also posi-
tive for the skin-homing receptor, CLA, and infiltrate
AE lesions in high numbers [15, 16]), indicating not
only increased generation of CCR4* T cells, but also
enhanced recruitment into AE skin.

Keratinocytes offer numerous chemotactic signals
for the attraction of T lymphocytes in lesional AE skin.
In acute and, to a lesser extent, chronic AE lesions,
enhanced keratinocyte expression of IL-16 mRNA has
been associated with increased numbers of skin-infil-
trating CD4" cells [18], although Langerhans cells have
been recognized as the most relevant source of this
chemokine in this disease [19]. IL-16 exerts a strong
chemotactic activity towards different CD4" cells,
including CD4* T cells and CD4-bearing eosinophils as
well as dendritic cells [20], and FceRI engagement has



334

33 Keratinocytes in Atopic Eczema

been shown to upregulate IL-16 production in Langer-
hans cells derived from atopic donors [21]. Recently, an
elevation of circulating IL-16 has been associated to
active AE in children [22]. The ligands for CCR4 are
CCL17 and CCL22, two chemokines present in high
amounts in the plasma of AE patients and whose levels
also correlate with disease activity [23-25]. Both
TARC and MDC are produced abundantly by dendritic
cells in vitro and in vivo in AE lesions [26, 27].
Although keratinocytes can produce small amounts of
CCL17 and CCL22 [13, 39], the major source of these
chemokines appear to be dendritic cells, which may
thus guide not only the activation but also the preferen-
tial accumulation of CCR4" T cells in AE skin. CCL17 is
also expressed on microvascular endothelial cells in AE
lesions, and therefore may be primarily involved in the
arrest of CCR4* T cells [27].

Other chemokines that participate in the accumula-
tion of T cells in AE include CCL5, CCL2, CCL20,
CCL27, CCL11, and CCL13. CCL5 and CCL2, which
attract both Thl and Th2 cells, are expressed by infil-
trating leukocytes but especially by keratinocytes in
diseased skin [28], although only CCLS5 is elevated in
the serum of patients [29]. Via the interaction with
CCR3, CCL5 may play a role in the early recruitment of
Th2 cells and eosinophils, but it is also a powerful che-
moattractant for dendritic cells and monocytes; how-
ever, in chronic lesions, CCL5 can also attract Th1 cells
through CCR5. Noteworthy, keratinocytes cultured
from nonlesional skin of AE patients responded to
stimulation with IFN-y, TNF-a, or phorbol esters
(PMA) with significant higher levels of CCL5 secretion,
when compared to keratinocytes from healthy controls
or psoriatic patients [28]. In line with the evidence that
keratinocytes are committed to an increased synthesis
of this chemokine is the observation that AE patients
carry a functional mutation, responsible for a much
higher transcriptional activity of CCL5 promoter [30,
31]. CCL2 is another chemokine strongly expressed by
basal keratinocytes of lesional AE skin, and effective
towards T cells, monocytes, and dendritic cells [28].
Similarly to psoriasis, acute and chronic AE lesions
exhibit strong CCL27 expression in the epidermis and
numerous CCR10* T cells [32]. CCL27 is constitutively
produced by keratinocytes, can be potently induced by
stimulation with TNF-a and IL-1f3 in synergism, and
preferentially attracts a subset of CCR10*CLA* memo-
ry T cells. CCL20 mRNA is also expressed in AE skin,
although less abundantly than in psoriasis [33], with

immunostaining localizing the chemokine in the basal
epidermis, and CCR6" cells being mainly dendritic
cells and T cells [34]. Interestingly, disruption of the
epidermal permeability barrier upregulates epidermal
CCL20 mRNA, revealing an important mechanism for
the initial influx of dendritic cells and T cells in AE
skin, which constitutively presents epidermal perme-
ability barrier dysfunction [33]. In acute and chronic
AE lesions, keratinocytes have been reported to syn-
thesize CCL11 and CCL13, particularly active in eosin-
ophil attraction and activation [35]. However, no sig-
nificant staining for eotaxin could be found in the kera-
tinocytes of AE skin in a previous work, while its
expression was observed in mononuclear cells and
eosinophils, as well as in fibroblasts [36]. Moreover, in
vitro studies indicated that cytokine-activated fibro-
blasts are major sources of eotaxin and CCL13 in the
lesional AE skin [37, 38]. In contrast to psoriasis,
CXCL8 and CXCL10 are only weakly expressed in some
limited areas of the epidermis in AE lesions. Keratino-
cytes may contribute relevantly to the partial Th2-to-
Thl lymphocyte switch observed in the transition
from acute to chronic AE via the release of chemokines
attracting Th1 cells [39].

Currently, there is an increasing interest in defining
the role of the prominent overexpression of epidermal
growth factor receptor (EGFR) and its ligands (TGF-a
and HB-EGF) in the epithelia affected by atopic disor-
ders [40] The EGFR-ligand system plays a fundamental
role in self-protection and repair to injury in epithelial
tissues, and its activation has been associated to accel-
erated cell regeneration and reduced inflammatory
infiltrate following mechanical, chemical, or ischemic
tissue damage [41 -44]. By contrast, its marked activa-
tion in both intact and damaged bronchial epithelium
in severe asthma has been recently correlated with the
high levels of CXCL8 and consequently with the strong
neutrophilia found in the broncho-alveolar lavage fluid
of these patients [45, 46]. The persistence of a massive
neutrophilic infiltrate cooperates to the perpetuation
of epithelial cell proinflammatory activation and tissue
damage in asthma. Indeed, EGFR activation is a valid
stimulus to induce CXCL8 expression in all epithelial
cells [32, 40, 45]. Recently, however, a deeper investiga-
tion into the effects of EGFR activation unveiled its
complex role in the control of chemokine expression
(at least) in skin keratinocytes, where EGFR-driven
signaling downregulated the expression of a cluster of
chemokines, including CCL5, CCL2, and CXCL10, con-
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comitant to a promotion of CXCL8 induction [40, 47].
In the mouse model of contact hypersensitivity to 2, 4-
dinitro fluorobenzene, pharmacological abrogation of
EGFR signaling induced a deranged expression of
these chemokines and consequently an amplification
of both irritant and immune-specific inflammation in
response to hapten painting [40]. These observations
indicate that targeting EGFR should not be invariably
considered an attractive therapy in the inflammatory
skin disorders accompanied by epithelial hyperprolif-
eration, and that further analyses are necessary to bet-
ter define its specific involvement in atopic diseases.
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Keratinocytes from Atopic Eczema Patients
Produce Increased Amounts of GM-CSF and
Other Proinflammatory Cytokines

GM-CSF is readily produced by epithelial cells in
response to autocrine IL-1o. and TNF-0, and to the T
cell-derived cytokines IFN-y, IL-4, and IL-17 [7, 8]).
GM-CSF promotes the proliferation and survival of
keratinocytes, T cells, eosinophils, monocytes, and
dendritic cell precursors. In addition, GM-CSF favors
the recruitment and activation of monocytes, baso-
phils, eosinophils, and dendritic cells. Finally, GM-CSE,
together with IL-4, induces differentiation of dendritic
cells from monocyte precursors, a phenomenon that
may be particularly relevant to the pathophysiology of
AE. Indeed, lesional skin of AE patients exhibits an
increased number of cells belonging to the dendritic
cell lineage, including epidermal Langerhans cells, der-
mal dendritic cells, and a unique population of CD1a*
dendritic cells expressing CD1b and/or CD36, which
closely resemble dendritic cells generated in vitro by
culturing monocytes in the presence of GM-CSF and IL-
4. Such dendritic cells can efficiently present IgE-bound
allergens to T lymphocytes, since they display an upre-
gulated expression of the high affinity (FceRI) IgE
receptor [48, 49]. In the context of atopic diseases, a
prominent increased expression of GM-CSF has been
documented in nasal and bronchial epithelial cells of
rhinitis and asthma patients, respectively, as well as in
peripheral blood mononuclear cells of AE patients
(reviewed in [50]). We have shown that GM-CSF is over-
expressed in keratinocytes of AE lesions, and that kera-
tinocytes cultured from nonlesional skin of adult AE
patients produce higher levels of GM-CSF, both basally

and in response to IL-la, IFN-y, or phorbol esters
(PMA), when compared to keratinocytes from nonato-
pic individuals [50, 51]. In addition, supernatants from
atopic keratinocytes are able to strongly stimulate
mononuclear cell proliferation in a GM-CSF-dependent
manner, and conditioned medium from PMA-treated
AE keratinocytes, together with exogenous IL-4, can
support phenotypical and functional differentiation of
peripheral blood monocytes into dendritic cells. These
findings could explain the persistence of a heavy infil-
trate of ,,inflammatory“ dendritic cells in AE skin [50].
The relevant role of GM-CSF overexpression is empha-
sized by a rat compartmentalized transgene model,
where a prolonged skin expression of GM-CSF induced
changes commonly observed in AE [52]. Recent studies
have shown that AE keratinocytes express in vivo high
levels of thymic stromal lymphopoietin, a factor which
activates myeloid dendritic cells to a high production of
chemokines attracting CCR4* Th2 lymphocytes and
increased stimulation of T cell responses [53, 54]. More-
over, resting and activated AE keratinocytes release
higher amounts of CCL5 compared to keratinocytes
from psoriatic patients and healthy controls [28], and
more abundant TNF-a, IL-10, and IL-1 receptor antag-
onist following IFN-y stimulation in vitro [55],
although TNF-a expression in lesional AE skin is hardly
detectable compared to psoriasis (unpublished obser-
vation), possibly in relation to the limited amount of
IFN-y available locally in AE skin. At any rate, in the
context of chronic AE lesions, keratinocyte overre-
sponse to IFN-y may serve as a further amplification
mechanism to enhance disease severity [56]. The trig-
gers that activate keratinocytes in the very early phases
may include the altered epidermal permeability barrier
functions [4, 33]. In contrast to bronchial epithelial
cells, environmental allergens such as those of the
house dust mite do not seem to stimulate keratinocyte
production of chemokines or cytokines [57].

33.5

Dysregulated Activation of AP-1 Transcription
Factors May Be Implicated in the Enhanced
Expression of Inflammatory Genes by Atopic
Eczema Keratinocytes

The biochemical mechanisms underlying excessive
production of certain proinflammatory mediators by
epithelial cells are probably multiple. For instance,
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functional polymorphisms in the regulatory/coding
regions of clusters of cytokine/chemokine genes,
including RANTES, have been found in AE patients,
which could be implicated in overproduction by kerati-
nocytes. However, apart from genes coding for Th2
cytokines, polymorphisms for other inflammatory
genes have not been confirmed in other studies [58].
Indeed, the genes that contribute to complex diseases
are difficult to identify because they typically exert
small effects on disease risk; in addition, the magni-
tude of their effects is likely to be modified by other
unrelated genes as well as environmental factors. Thus,
susceptibility loci for complex diseases identified in
one study may not be replicated in other populations.

More interestingly, an altered response to inflam-
matory stimuli could confer specific tissue targeting of
the atopic syndromes. In searching for a molecular
mechanism underlying abnormal cytokine production
in AE keratinocytes, we have examined GM-SCF
expression following PMA stimulation [51]. Similar
GM-CSF mRNA decay kinetics in keratinocytes from
both nonatopic and AE subjects indicated that GM-CSF
mRNA overexpression in AE keratinocytes was not due
to reduced mRNA degradation. Conversely, GM-CSF
gene transcriptional activity was significantly stronger
in AE keratinocytes, both in unstimulated and in PMA-
stimulated conditions, and it was correlated with high-
er nuclear levels of functional activator protein-1 (AP-
1) complexes. A higher expression level of c-Jun, and a
more pronounced PMA-induced phosphorylation of
JunB and c-Fos were observed. Although the activity
of AP-1 depends on complex promoter- and tissue-
specific cooperation with other transcription factors,
an amplification of its function could seriously affect
a variety of AP-1-mediated processes. AP-1 is activat-
ed by various cytokines, including IL-4, IFN-y, and
TNF-a, as well as oxidative stress, and AP-1 binding
sites are located in the promoters of a vast array of
cytokines and chemokines, including IL-1, TNF-a,
and RANTES.

The mechanisms that underlie the selective, exces-
sive activation of c-Jun, JunB, and c-Fos in AE keratino-
cytes are presently unknown. However, it is possible
that abnormal function of diacylglycerol (DAG)-
dependent protein kinase C (PKC) isoforms contrib-
utes to enhanced AP-1 activation [59]. In fact, the epi-
dermis of AE patients is characterized by a marked
decrease in the content of ceramides, which causes a
dysfunction in the cutaneous permeability barrier

[60]. Intracellularly, ceramides can compete with the
activating binding of DAGs on distinct PKC isozymes,
and interfere with PKC functions [61]. A defect in cera-
mide generation could therefore result in enhanced
PKC activation, leading to an excessive AP-1 activation,
and, eventually, to hyperproduction of GM-CSF and
other proinflammatory cytokines by AE keratinocytes.

An important role of AP-1 has been indicated also in
bronchial asthma. Higher levels of AP-1 DNA binding
activity, secondary to increased generation of c-Fos or
phosphorylation of JNK, have been documented
respectively in peripheral blood mononuclear cells and
in tuberculin-induced skin inflammation of corticoste-
roid-resistant patients with atopic asthma [62, 63]. In
addition, a selective inhibitor of Ref-1/AP-1 proved
therapeutically effective in a mouse asthma model
[64].

33.6
Concluding Remarks

Keratinocytes participate in the pathogenesis of AE
through the production of numerous inflammatory
signals, which amplify and sustain skin inflammation.
It is likely that genetic abnormalities affect the consti-
tutive and induced production of mediators by AE
keratinocytes along complex patterns involving
inflammatory genes themselves and/or signal trans-
duction pathways. These alterations can modulate ini-
tiation, amplification, and persistence of skin inflam-
mation in AE patients, and possibly direct the specific
tissue expression of the atopic state [65]. A better
understanding of the molecular bases of this abnormal
behavior may ultimately afford the identification of
novel targets for specific and effective therapeutic
intervention.
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