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Abstract Dermatitis is a group of highly pruritic chronic
inflammatory skin diseases which represents a major
public-health problem worldwide. The prevalence of
dermatitis has increased in recent years affecting up to
20% of the general population. Acute skin lesions are
characterized by extensive degrees of intercellular edema
of the epidermis (spongiosis) and a marked perivenular
inflammatory cell infiltrate in the dermis. Keratinocytes
within eczematous lesions exhibit a modified expression
of proinflammatory cytokines, chemokines and cell-
surface molecules. The pathophysiological puzzle of
dermatitis is far from being elucidated completely, but
skin infiltration of activated memory/effector T cells are
thought to play the pivotal role in the pathogeneses. The
aim of this study was the set-up of organotypic models
mimicking the symptoms of eczematous dermatitis to
provide a tool for therapeutic research in vitro. There-
fore activated T cells (ATs) were integrated in organo-
typic skin and epidermis equivalents (SE, EE). These
models enabled the reproduction of several clinical
hallmarks of eczematous dermatitis: (1) T cells induce
keratinocyte apoptosis, which leads to a reduced
expression of the adhesion molecule E-cadherin (E-cad)
and disruption of the epidermal barrier. (2) Expression
of intercellular adhesion molecule-1 (ICAM-1) allows
the attachment of leukocytes to epidermal cells. (3)
Upregulation of neurotrophin-4 (NT-4) in the epidermis
is thought to mediate pruritus in lesions by supporting
nerve outgrowth. (4) Elevated levels of pro-inflamma-
tory cytokines (IL-1a and IL-6) and chemokines (IL-8,
IP-10, TARC, MCP-1, RANTES and eotaxin) amplify
the inflammatory response and lead to an influx of sec-
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ondary immunocells into the skin. The therapeutics
dexamethasone and FK506 markedly reduce cytokines/
chemokines production and epidermal damaging in
these models. These data underline that activated
memory/effector T cells induce eczematous changes in
this HaCaT cell based organotypic skin equivalent.
Furthermore it can be concluded that these models make
it possible to investigate targets of therapeutics in skin.
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Introduction

Eczematous dermatitis, such as atopic dermatitis and
allergic contact dermatitis, comprises a heterogeneous
group of skin diseases characterized by typical clinical
features include itching, redness, papules and scaling.
Atopic dermatitis, which affects up to 20% of the gen-
eral population [23], usually develops in early childhood
and is frequently seen in children with a personal history
of respiratory allergy and/or a family history of atopic
disease [24]. However, acute skin lesions are character-
ized by extensive degrees of intercellular edema of the
epidermis (spongiosis) and a marked perivenular
inflammatory cell infiltrate in the dermis. Keratinocytes
within eczematous lesions exhibit a modified expression
of proinflammatory cytokines, chemokines, and cell-
surface molecules.

The eczema formation is thought to be mainly related
to the accumulation of activated memory/effector
(CD45RO +) T cells, bearing the cutaneous lymphocyte-
associated antigen (CLA) [9, 37]. In addition, T cells
mediate epidermal barrier disruption [42] and are known
to enhance IgE production and to induce eosinophilia. A
number of pathogenetic mechanisms lead to T cell
activation including aeroallergens, food allergens and
superantigens followed by skin-selective homing [6, 25,
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38]. Given the complexity of the inflammatory cascades
that lead to eczema, a multipronged approach is re-
quired for successful treatment. Besides skin hydration
and elimination of exacerbating factors like irritants,
allergens, emotional stress and infectious agents [14]
topical  glucocorticosteroid (e.g. dexamethasone)
application is still the reference standard of anti-
inflammatory treatment of eczematous dermatitis [26].
Tacrolimus is an effective topical alternative to gluco-
corticosteroids, to reduce clinical symptoms [4].

Several skin equivalents have been developed to
provide useful models for investigations of skin physi-
ology, used for toxicological and pharmacological
investigations. In this study activated CD45RO + T cells
were integrated into the three-dimensional structure of
skin equivalents according to atopic eczematous skin
lesions. In a second in vitro model, T cells were cocul-
tured with epidermis equivalents. The use of the spon-
taneously immortalized keratinocyte cell line HaCaT [5]
in these equivalents instead of primary keratinocytes
assumed a better standardization due to unlimited
availability and avoidance of genetic and morphological
interindividual variability. HaCaT cells have often been
used in reconstructed skin equivalents, e.g., in combi-
nation with human melanocytes [41]. The aim of the
present study was the reproduction of several T-cell-in-
duced hallmarks of eczema using the two newly devel-
oped skin models. In this context the effects of different
therapeutics were investigated.

Materials and methods
Reagents and antibodies

Chondroitin-6-sulphate was obtained from Fluka (Buc-
hs, Switzerland), chondroitin-4-sulphate, cholera toxin,
hydrocortisone, and dexamethasone were purchased
from Sigma (Deisenhofen, Germany). Tacrolimus was
obtained from Calbiochem (San Diego, USA), collage-
nase typ I and dispase were obtained from Invitrogen
(Karlsruhe, Germany). Rat tail collagen type 1 was
purchased from ARS-ARTHRO (Esslingen, Germany),
and fibronectin was purchased from Roche Molecular
Biochemicals (Mannheim, Germany). The following
antibodies were used: anti-E-cad, anti-ICAM-1, anti-
NT-4 (all from Santa Cruz Biotechnology, Heidelberg,
Germany), biotin-conjugated anti-rabbit IgG (Dako-
Cytomation, Hamburg, Germany), anti-CD2 (6F10.3
and 6F10.3, Immunotech, Marseille, France), anti-CD3
and anti-CD28 (both from BD Biosciences, Heidelberg,
Germany).

Isolation of human fibroblasts
Human foreskin fibroblasts were obtained from ten

different donors; the age ranged from 3 years to 8 years.
Appropriate informed consent was obtained for all

subjects, and the study was approved by the local Eth-
ical Committee (Landesdrztekammer BW, Stuttgart).
The skin-biopsies were washed, cut into pieces of
10 mm? and incubated overnight at 4°C in 20 mg/ml
dispase prepared in PBS™ (phosphate buffered saline).
The following day, the epidermis was removed and the
dermal tissue was minced and incubated for 45 min at
37°C in 0.25% collagenase prepared in PBS™ (phos-
phate buffered saline with calcium and magnesium).
Thereafter cells were cultured in DMEM (10% FCS),
pooled and stored in liquid nitrogen until use.

Isolation of CD45RO+ T cells

Mononuclear cells from human peripheral blood were
obtained by Ficoll-Paque Plus (Amersham Pharmacia
Biotech, Freiburg, Germany) density gradient centrifu-
gation.

Blood samples were collected from two healthy vol-
unteers. CD45RO+ T cells were isolated with the
MACS system according to the instructions of the
manufacturer (Miltenyi Biotec, Bergisch Gladbach,
Germany). In brief, non- and naive (CD45RA +) T cells
were depleted with the Pan T Cell Isolation Kit and
CD45RA Microbeads.

Activation of memory-effector (CD45RO+) T cells

Isolated CD45RO+ T cells cultured in RPMI 1640
(10% FCS, 25 mM HEPES) were activated with a
combination of soluble anti-CD3 (0.2 pg/ml), anti-CD2
(1 pg/ml) and anti-CD28 (5 pg/ml) for 12 h before
inserting into the equivalent. Successful activation of the
T cells was monitored by cluster formation (data not
shown).

Skin equivalents (SE)

Dermal equivalents were made from fibroblast cultures
at passage two. When confluency was attained, fibro-
blasts were harvested and suspended in neutralization-
solution (50 vol% S5xDMEM, 25 vol% 1 M HEPES,
25 vol% FBS, 12.5 pg/100 ml chondroitin-4-sulphate,
12.5 pg/100 ml chondroitin-6-sulphate, pH 7.8) to a fi-
nal concentration of 4x10° cells/ml. A collagen solution
mixture was prepared by quickly mixing two volumes of
rat tail collagen type I (6 mg/ml) with one volume of the
cell suspension. Subsequently 600 pl of the fibroblast—
collagen-mixture were transferred into 10 mm polycar-
bonate cell culture inserts (8.0 um; NUNC, Wiesbaden,
Germany) in 24-well culture dishes. After collagen
polymerization 35 pl fibronectin solution (75 pg/ml) was
pipetted on top, and the collagen gels were cultured
submerged in DMEM. After 2 days, the collagen gels
were coated again with fibronectin and HaCaT cells
(Prof. Dr. N.E. Fusenig, German Cancer Research



Center, Heidelberg, Germany) at passage 40-46 were
seeded on top (1x10° cells per insert). After an addi-
tional 2 days the skin equivalents were raised to the air—
liquid interface, and the so-called air-lift medium (3:1
mixture of DMEM and Ham’s nutrient mixture F12
medium supplemented with 10% FBS, 50 gtg/ml ascor-
bate, 0.4 pg/ml hydrocortisone and 107'° M cholera
toxin) was added to the bottom. Media changes were
performed every 2 days.

For further experiments skin equivalents, grown for
12 days at the air-liquid interface, were combined with
activated or non-activated CD45RO+ T cells. During
this part of the experiment, hydrocortisone and cholera
toxin were omitted from the culture medium. First new
cell culture inserts were coated with 100 pl cell-free
collagen solution mixture, next 50 pl of a mixture con-
taining 5x10° T cells were added and allowed to become
solid. Then skin equivalents were stuck on top using
50 pl cell-free collagen solution mixture as adhesive.
After polymerization the equivalents were removed from
the inserts and incubated for additional 3 days with
RPMI (serum-free, 25 mM HEPES) in 6-well culture
dishes at the air-liquid interface.

Epidermis equivalents (EE)

Fibroblasts of passage two were cultured in 12-well cul-
ture dishes in DMEM. When fibroblasts reached con-
fluence, 12 mm polyester cell culture inserts (0.4 um;
Corning Inc., New York, USA) coated with 40 pl type 1
rat tail collagen (1 mg/ml) and 70 pl fibronectin (75 pg/
ml), were placed into the wells. HaCaT cells at passage
40-46 were resuspended in DMEM and 2.5x10° cells in a
volume of 500 pl were seeded on top. The cell culture
inserts were kept submerged for 2 days; thereafter the
membranes were raised to the air—liquid interface. Airlift-
medium was added to the bottom and changed every day.
On day 22 the membrane equivalents were removed from
the fibroblast culture and cocultured with activated or
non-activated CD45RO + T cells (5x10°) in 500 ul RPMI
(serum-free, 25 mM HEPES) for an additional 3 days.

Treatment with the therapeutics dexamethasone
and FK506

The protective effects of therapeutics on epidermal bar-
rier damaging and cytokine production were investigated
by applying them in different concentrations to EE-ATs
(1 uM up to 10 pM) and SE-ATs (10 uM), respectively.
Dexamethasone and FK506 were added topically as well
as into the medium at the time point of co-cultivation of
the different models with the activated T cells.

Trans epithelial electric resistance (TEER)

Electric resistance of membrane-skin equivalents were
measured using the epithelial ohmmeter equipped with a
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STX3 electrode (WPI, Berlin, Germany). Two electrodes
were positioned, one below the membrane in the outer
well and the other above the equivalent, each submersed
in PBS™. The resistance of membranes without cells was
subtracted from each TEER value, and readings were
expressed in ohm (Q).

Quantification of cytokines

Cell-free supernatants were tested for cytokine content
by ELISA. IL-1a, IL-6, 1L-8, 1P-10, MCP-1, TARC,
RANTES and eotaxin concentration were quantified by
Quantikine human ELISA kits (R&D Systems, Wiesba-
den-Nordenstadt, Germany) according to the manufac-
turer’s protocol. Optical density was measured at 450 nm
with Labsystems iIEMS Ia Reader MF (Labsystems,
Helsinki, Finland). Results are given as ng/ml + SD.

Immunohistochemistry

Skin equivalents were frozen in liquid nitrogen, embed-
ded in Tissue-Tek, and stored at —80°C. Sections of
10 pm were prepared with the cryotom HMS560 (Mi-
crom, Walldorf, Germany) and stored at —80°C until
analysis. The samples were air-dried, fixed in 4% para-
formaldehyde for 20 min at room temperature. Sections
were incubated with the primary antibody at 4°C over-
night followed by incubation with biotin-conjugated
goat anti-rabbit IgG and preformed streptABComplex
alkaline phosphatase (DakoCytomation) at room tem-
perature for 1 h. Incubation with Sigma FastRed (Sig-
ma) was used for visualization. For control purposes,
samples were stained with the second antibody only.

Detection of apoptosis

The TUNEL reaction was applied according to the
instructions of the manufacturer (In Situ Cell Death
Detection Kit, Roche Molecular Biochemicals) with
slight modifications: the permeabilization time was re-
duced to 1 min, and the labeling reaction was terminated
by transferring the slides to stop-buffer (300 mM sodium
citrate, 30 mM NaCl) for 15 min (as originally described
by Gavrieli et al. [8]).

Statistical analysis

Results are shown as means + SD of data. Statistical
analyses were performed with the Student 7 test.

Results

In this study two different in vitro models with clinical
hallmarks of eczematous dermatitis were developed:
on the one hand a skin equivalent consisting of an
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epidermis and a dermis part combined with activated
CD45RO+ T cells; on the other hand an epidermis
equivalent differing in the lack of the dermal layer. In
general the following results show the comparison be-
tween equivalents with activated T cells and controls
with non-activated T cells. The integration of non-acti-
vated T cells into the equivalents do not affect histo-
logical appearance or expression of tested markers
compared to T cell-free equivalents (data not shown).

Activated T cells mediate epidermis injury and
expression of ICAM-1 and NT-4 in skin equivalents

The controls show an intact, multilayered and differen-
tiated epidermis, terminated by a horny layer. Most
basal cells were cuboid in shape, as expected for basal
cells in normal human skin (Fig. 1). SE with incorpo-
rated activated T cells in the dermal part (SE-AT) ex-
hibit histological hallmarks of eczematous dermatitis.
The epidermis is characterized by condensation of the
HaCaT cells, widening of the intercellular space and
stretching of remaining intercellular contacts, resulting
in spongiosis. Furthermore an increased thickness of the
epidermis can be observed (31.8 £ 7.7%). Apoptotic
HaCaT cells were detectable in all epidermal layers of
the SE-ATs, whereas in the controls expression of
TUNEL-positive HaCaT cells was barely detectable.
Furthermore in the controls staining of E-cad is clearly
visible at the surface of all epidermal HaCaT cell layers

Fig. 1 Effects of activated T
cells on epidermal damaging,
HaCaT cell apoptosis, E-cad
degradation and expression of
ICAM-1 and NT-4 in skin
equivalents. Frozen sections of
skin equivalents containing
activated T cells (SE-AT) were
stained with hematoxylin/eosin
(H&E), subjected to TUNEL
and immunostained with
antibodies against E-cad,
ICAM-1 and NT-4. Skin
equivalents containing non-
activated T cells served as
control. Scale bar: 100 pm

and showed typical distribution. In contrast in the
spongiotic epidermis of the SE-ATs E-cad staining is
markedly reduced mainly in the stratum spinosum.
Intercellular adhesion molecule-1 (ICAM-1) and neu-
rotrophin-4 (NT-4) expression was found to be upreg-
ulated in the epidermis of the SE-ATs. ICAM-1
expression was localized in basal as well as in suprabasal
layers, at the cell membrane with a slight cytoplasmic
staining. In controls ICAM-1 expression was absent
from epidermal HaCaT cells, and a weak intra- and
extracellular NT-4 staining was observed. In the SE-ATs
NT-4 was found to be upregulated.

Effects of dexamethasone and FK506 on the integrity
of the epidermal barrier

The appearance of spongiosis, which means the loss of
cell-cell interactions in the epidermis, was correlated
with their TEER. Thereby differences in the integrity of
the epidermal barrier can be quantified leading to im-
proved determination of effects of therapeutics. Epi-
dermis equivalents were cocultured for 3 days with
activated CD45RO+ T cells (EE-AT). We demon-
strated that T-cell-induced spongiosis results in de-
creased electric resistance across the epidermis (Fig. 2).
The protective effects of therapeutics on epidermal
barrier damaging were investigated by applying them in
different concentrations to EE-ATs topically and in the
medium, respectively. Dexamethasone and FKS506

SE-AT

control
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Fig. 2 Effects of dexamethasone and tacrolimus on trans epithelial
electrical resistance (TEER) of epidermis equivalents. Epidermis
equivalents were cocultured with activated T cells (EE-AT) and let
untreated or supplemented with different concentrations of
dexamethasone or tacrolimus ranging from 0.01 mmol/l to
10.0 mmol/l, respectively. TEER measurements were performed
after 3 days. Results were expressed in percent related to the
electric resistance of control epidermis equivalents cultured with
non-activated T cells (61.3 Q) and shown as mean + SD (n=3).
*P<0.05 compared to untreated EE-AT. **P<0.01 compared to
untreated EE-AT. ***P <0.001 compared to control EE

significantly prevent the loss of cell-cell interactions in
the epidermis. The effects were dose-dependent with
effective concentrations in the 1-10 pM range.

Dexamethasone and FK506 reduce T-cell-induced
cytokine production in skin equivalents

The capacity of activated T cells to induce production
and release of cytokines in SEs was investigated. In or-
der to distinguish the location of cytokine production
within the skin model, fibroblasts/collagen layers con-
taining activated T cells were used in addition to SE-AT.
Because activated T cells themselves produce cytokines,

Fig. 3 Effects of
dexamethasone and FK506 on
cytokine release of skin
equivalents. Topic application
of 10 uM dexamethasone or
tacrolimus, respectively on skin
equivalents containing
activated cells (SE-AT). Skin
equivalents containing non-
activated T cells served as
controls. Quantification of
cytokines was performed after
96 h. Values represent the mean
ng/ml £ SD (n=3). **P<0.01

IL-1a

ng/mi

104

compared to untreated SE-AT.
*¥#%P<0.001 compared to **
untreated SE-AT
E
B 5
c
ol Il
control

5

the cytokine release of single collagen layers containing
activated T cells was also measured. SEs with non-acti-
vated T cells served as control in order to detect basic
levels of secreted cytokines. Supernatants were collected
at several time points and tested for cytokine content by
ELISA (IL-la, IL-6, I1L-8, IP-10, TARC, MCP-1,
RANTES and eotaxin). The cytokine values at 96 h
were summarized in Table 1 and Fig. 3. The controls
secreted only IL-1a, IL-6, IL-8, MCP-1, TARC and
eotaxin in significant levels. In SE-AT, activated T cells
were able to strongly increase the release of these cyto-
kines and induce further the secretion of IP-10, MCP-1,
TARC, and RANTES in a time-dependent manner. The
secretion of all cytokines increased continually until the
latest time point measured (96 h). The most abundant
cytokines released by SE-AT were IL-6 (999.4
+65.8 ng/ml) and MCP-1 (1008.2 +89.3 ng/ml). IL-8
(47.7 £9.9 ng/ml), IP-10 (8.8 £ 0.7 ng/ml) and RAN-
TES (49.3 £2.0 ng/ml) were released in moderate, and
IL-1a (0.23 +0.03 ng/ml), TARC (0.10 £0.01 ng/ml)
and eotaxin (0.18 £0.01 ng/ml) in very limited but sig-
nificant amounts.

The incorporation of activated T cells promoted
different cytokine patterns in the epidermal compared to
the dermal layer. The amounts of IP-10 and MCP-1
released in the epidermal and dermal layer were com-
parable. However, IL-lao and TARC were predomi-
nantly produced by HaCaT cells whereas 1L-6, 1L-8,
RANTES, and eotaxin were mainly produced by fibro-
blasts. Activated T cells themselves only produced low
amounts of TARC and RANTES. The effect of thera-
peutics on cytokine release was investigated in the fol-
lowing experiment by applying 10 uM dexamethasone
or FK506 topically (Fig. 3). Treatment with dexameth-
asone caused a dramatic decrease of cytokine release.
The amount of IL-1a (96% reduction at 96 h compared
to elevated secretion), IP-10 (97%), MCP-1 (96%),

IL-6 IL-8 TARC
1500- 75- 0.15+
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Table 1 Localization of cytokine production in skin equivalents containing activated T cells

Epidermis ng/ml Dermis ng/ml T cell layer ng/ml

IL-1a ++ + 0.23+0.03 - n.d. - n.d.

IL-6 + 170.3+14.4 ++ 829.1+59.7 - n.d.

IL-8 + 10.2+1.6 ++ 37.5£2.5 - n.d.

1P-10 + + 43+0.4 + + 4.5+0.7 - n.d.

MCP-1 ++ 486.3+45.6 ++ 521.9+37.7 - n.d.

TARC + + 0.080+0.009 + 0.012+0.002 + 0.007 +£0.001
RANTES + 5.5+0.6 ++ 37.9+£3.8 + 59+1.2
eotaxin - n.d. ++ + 0.18£0.01 - n.d.

Number of plus signs indicates the relative amount of the cytokines in the corresponding compartments of the skin equivalent. Values

represent the mean ng/ml £ SD (n=3)

TARC (98%) and RANTES (99%) decreased to con-
centrations comparable to the control, whereas IL-6
(129%), 1L-8 (112%) and eotaxin (116%) decreased to
even lower concentrations than the control. FK506
treatment mediates a strong decrease of MCP-1 (89%),
TARC (95%) and eotaxin (102%), a moderate decrease
of 1L-6 (74%) and RANTES (79%) and a lower de-
crease of IL-1a (57%), IL-8 (56%) and IP-10 (27%).

Discussion

In this study several clinical hallmarks of eczematous
dermatitis were reproduced in an organotypic skin
model (SE-AT) to provide a tool for therapeutic re-
search in vitro. Interactions between T cells and skin
cells via cytokines and adhesion molecules are supposed
to play a central role in the pathophysiology of atopic
dermatitis and other inflammatory cutaneous disorders.
In the organotypic skin model used in this study acti-
vated T cells were incorporated and allow the generation
of complex cytokine cascades and networks between T
cells, fibroblasts and a differentiated epidermis approx-
imate to the in vivo situation.

In the present study we demonstrate that activated
CD45RO+ T cells induce HaCaT cell apoptosis in the
epidermis of our skin model. Apoptotic keratinocytes
are also present in lesional skin of patients with
eczematous disorders. It has been proposed by Traut-
mann et al. that Fas-induced keratinocyte apoptosis,
caused by skin-infiltrating CD45RO+ T cells, is a
major mechanism in the pathogenesis of eczematous
dermatitis [42]. Our skin model exhibits spongiosis in
epidermal areas of intense apoptosis. It is characterized
by rounding and nucleus condensation of the HaCaT
cells and widening of intercellular spaces in the epi-
dermis. Spongiosis is the long-recognized histological
hallmark of epidermis in eczema. It decreases the
effectiveness of the barrier, allowing greater access of
allergens and superantigens to Langerhans cells, dermal
dendritic cells, and T cells, amplifying the inflammatory
process. In the spongiotic epidermis of our skin model
the immunohistological E-cadherin staining was
markedly reduced, comparable to findings in the skin

of AD patients [44]. The development of spongiosis is
initiated by keratinocyte apoptosis due to cell shrinkage
and cleavage of E-cadherin. In healthy skin, adherens
junctions mediated by E-cadherin form strong kerati-
nocyte—keratinocyte contacts. During the early stage of
apoptosis of keratinocytes, E-cadherin is cleaved by
caspases that remove the B-catenin-binding domain
from its cytoplasmic tail [44].

For better quantification, the disruption of the epi-
dermal barrier was reproduced in an epidermis model
(EE-AT). In different studies it was shown that the
TEER allows the characterization of intercellular con-
tacts [28] or skin irritations [34]. We demonstrated that
the degree of epidermal disruption correlates with the
decline of TEER across the epidermis in this model,
offering a tool to investigate protective effects of thera-
peutics. In this study the efficacy of the therapeutics
dexamethasone and tacrolimus in inhibiting T-cell-in-
duced damage of the epidermal barrier was investigated.
The results show, that dexamethasone and tacrolimus
prevent the loss of cell—cell interactions in the epidermis
in a dose-dependent manner, with a higher efficiency of
dexamethasone. This can be explained by the different
modes of action. Dexamethasone is reported to inhibit
early steps of antigen receptor signaling in activated T
cells [3] and FasL expression [52]. Furthermore, it has
been shown that dexamethasone protects epithelial cells
from IFN-y and anti-Fas-induced cell death. Dexa-
methasone inhibits caspase 3 and caspase 7 activation
and therefore blocks apoptosis directly [50]. The bene-
ficial effects of tacrolimus could be attributed mainly to
the inhibition of T cell activation [17] via blocking of
calcineurin activation, which is important for proper
intracellular T cell signaling [32]. Tacrolimus is not able
to directly inhibit keratinocyte apoptosis [43]. This may
explain the greater beneficial effects of dexamethasone.
Trautmann et al. postulate, that keratinocyte apoptosis
induced by activated T cells is a useful parameter to
evaluate the activity of eczematous dermatitis [43].
Therefore monitoring of the integrity of the epidermal
barrier can indicate the severity of the lesion and the
effectiveness of treatment, respectively.

In chronic inflammatory skin diseases lymphocytes
infiltrate the dermis and migrate to the epidermis in an



organized manner. Adhesion molecules, especially
ICAM-1, are necessary for attachment to epidermal
cells. It has been proposed by Nickoloff et al. that
induction of ICAM-1 may be a “final common path-
way” in the pathophysiology of several inflammatory
skin diseases [33]. In our SE-AT model, ICAM-1
expression occurred in basal and suprabasal layers of the
epidermis. This finding correlates with ICAM-1 expres-
sion in atopic dermatitis in vivo, which was observed
mainly in basal cell layers adjacent to T cells infiltrating
the dermis [13]. In contrast, ICAM-1 expression was
absent from control skin equivalents. This finding shows
that there is no alloreaction due to incorporation of T
cells into the HaCaT based skin model. It is also in
accordance with the observation that healthy human
skin contains barely detectable ICAM-1 expressing
keratinocytes [7].

A further clinical hallmark of eczematous dermatitis
is the intense chronic pruritus [36]. Prurigo lesions are
histologically characterized by an increased number of
sensoric nerve fibers. NT-4 has been described to sup-
port nerve survival and outgrowth [16, 35] and is highly
expressed in chronic inflammatory skin diseases, sug-
gesting a pathophysiological role. In our control skin
equivalents only a weak basal level of NT-4 expression
in the epidermis has been observed, which is in accor-
dance with in vivo studies demonstrating a low NT-4
expression in keratinocytes of normal human skin. In
our SE-AT model we observed a strongly upregulated
NT-4 expression in the epidermis. It has been reported
that TFN-y induces NT-4 expression in human kerati-
nocytes [12]. Consequently, T cell derived IFN-vy is
potentially the main inducer of NT-4 expression in our
skin model. This finding underlines a close relationship
between infiltrating of activated CD45RO+ T cells in
eczematous dermatitis and an increased presence of
nerve fibers within the skin lesions.

Activated T cells locally released lymphokines (e.g.,
IFN-y, IL-2, IL-4, IL-5, IL-10 and IL-13) influence the
immune functions of skin cells, including keratinocytes
and fibroblasts. In the present study it was demonstrated
that in the skin model HaCaT cells and fibroblasts are
potent producers of the pro-inflammatory cytokines IL-
la and IL-6 and the chemokines IL-8, IP-10, TARC,
MCP-1, RANTES, and eotaxin in the presence of acti-
vated T cells. The reciprocal activation of T cells and
resident skin cells has a primary role in the amplification
of skin inflammation during immune-mediated skin dis-
eases. IL-1a, a cytokine produced during skin inflam-
mation, participates in the regulation of local and
systemic immunologic and inflammatory reactions [2].
IL-6 controls in synergism with IL-1 the initial step in
peripheral T cell activation and proliferation [46]. TL-8
plays an important role for neutrophil, basophils and T
cell recruitment in the skin [22, 51, 53]. The high levels of
IL-6 and IL-8 found in our skin model combined with
their growth-promoting activity on keratinocytes [20, 45]
suggest that these cytokines are likely to contribute to the
epidermal hyperproliferation seen in our skin model and
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suggest a cause for the hyperplasia in eczematous der-
matitis. In accordance with the in vivo situation in nor-
mal skin conditions the secretion of IL-6 and IL-8 in
control skin equivalents appears weak to moderate [1].
The elevated expression of TARC, IP-10, MCP-1, eo-
taxin, and RANTES in our SE-AT model is also in
accordance with in vivo findings in plasma and skin of
AD patients [11, 30, 39, 47]. Furthermore, Klunker et al.
describe an increased IP-10-expression in primary
keratinocytes in vitro after exposure to IFN-y [19]. These
findings are in accordance to Villagomez et al., who
investigated whether skin fibroblasts, besides keratino-
cytes, are able to produce IP-10 [48]. Villagomez con-
cluded that the main inducer of IP-10 in keratinocytes
was IFN-y, whereas TNF-ao was the main inducer of IP-
10 in fibroblasts [48]. These data provide a potent indi-
cation of the successful activation of the T cells in the
present study and confirm our findings concerning the
IP-10 expression.

Since production of cytokines in the course of
eczematous dermatitis is thought to be a sequential
chain of events [10, 15], this indicates that chemokines
are useful immunologic indicators for monitoring dis-
ease activity in eczematous dermatitis.

Dexamethasone and tacrolimus were also used in the
SE-AT model to proof the reaction of the model to
known therapeutics for eczematous dermatitis on
cytokine production. In the SE-AT model topic appli-
cation of dexamethasone completely inhibited T-cell-
induced production of all tested cytokines. In addition
dexamethasone reduced the IL-6, IL-8 and eotaxin
baseline levels. Treatment with tacrolimus showed a
strong inhibition of MCP-1, TARC and eotaxin but
only a partial inhibition of IL-1a, IL-6, IL-8, IP-10 and
RANTES production. This finding suggests that dexa-
methasone and, in some case to a lesser extent, tacrol-
imus are able to suppress inflammatory cell infiltrates
by inhibiting chemokine production by keratinocytes
and fibroblasts. Several studies reported, that dexa-
methasone directly inhibits the production of different
cytokines in several cell types including fibroblasts and
keratinocytes [18, 21, 27, 31, 40, 49]. There are only few
studies on the effects of tacrolimus on cytokine pro-
duction in skin. It is known that tacrolimus inhibits
production of IL-8 [29] and RANTES in keratinocytes
[38]. It was also reported by Wakugawa et al. that ta-
crolimus inhibits cytokine-induced RANTES produc-
tion by keratinocytes to a lesser extent than
dexamethasone [49]. This finding is consistent with the
data of the present study. Taken together it is evident,
that topical dexamethasone and tacrolimus directly in-
hibit T-cell-induced cytokine expression in our skin
model.

It can be concluded, that this skin model offers the
possibility to investigate targets of various therapeutics
in skin: integrity of the epidermal barrier and immune
functions of skin cells. The model presented in this study
can provide an opportunity for testing candidate drugs,
but data obtained using immortalized cells should be



8

interpreted with caution in terms of the effective con-
centration.
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