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Both the immune system and the epidermis likely have
an important role in the pathogenesis of atopic derma-
titis (AD). The objective of the present study was to
develop a human skin equivalent model exhibiting
morphologic and molecular characteristics of AD in a
controlled manner. Skin equivalents generated from
normal adult human keratinocytes were stimulated
with type 2 T-helper cell (Th2) cytokines IL-4 and IL-13,
and morphologic features and gene expression of the
epidermis were studied. Th2 cytokines induced intercel-
lular edema similar to spongiotic changes observed in
lesional AD as assessed at histopathologic analysis and
electron microscopy. Furthermore, genes known to be
specifically expressed in epidermis of patients with AD
such as CAII and NELL2 were induced. In contrast, ex-
pression of psoriasis-associated genes such as elafin and
hBD2 was not changed. Th2 cytokines caused DNA frag-
mentation in the keratinocytes, which could be inhib-
ited by the caspase inhibitor Z-VAD, which suggests that
apoptosis was induced. In addition, up-regulation of the
death receptor Fas was observed in keratinocytes after
Th2 cytokine stimulation. IL-4 and IL-13 induced phos-
phorylation of the signaling molecule STAT6. It was con-
cluded that the skin equivalent model described herein
may be useful in investigation of the epidermal aspects
of AD and for study of drugs that act at the level of
keratinocyte biology. (Am J Pathol 2011, 178:2091–2099;
DOI: 10.1016/j.ajpath.2011.01.037)

Atopic dermatitis (AD) is a highly prevalent inflammatory
skin disease caused by disturbed skin immune function.1

Although the pathologic features of AD were initially at-

tributed to an imbalance in the adaptive immune system,
several studies suggest important abnormalities of the
innate immune system2,3 and skin barrier function.4 Re-
cent studies have identified null mutations in the filaggrin
gene as a major genetic risk factor for AD.5,6 Further-
more, dysregulation of several genes encoding pro-
teases or antiproteases involved in the process of corni-
fication, innate immune receptors, chemotactic factors,
and antimicrobial proteins has been demonstrated in le-
sional AD skin.1,7 Imbalances in epidermal innate immu-
nity may render AD skin more susceptible for bacterial
and viral infections and may explain the higher rate of
skin infections in AD skin compared with psoriasis.2,8

Depending on the stage, histologic examination of le-
sional AD skin demonstrated intraepidermal edema
(spongiosis) and an inflammatory dermal infiltrate domi-
nated by type 2 T-helper cells (Th2) producing high lev-
els of cytokines such as IL-4 and IL-13.9 Gene expression
profiling has identified increased expression of specific
genes including carbonic anhydrase II (CAII) and neural
epidermal growth factor–like 2 (NELL2)8,10 in lesional AD
skin as compared with psoriasis. Subsequent confirma-
tion of these results using quantitative real-time PCR
(qPCR) demonstrated that gene expression of CAII and
NELL2 was increased in AD compared with both psoria-
sis and healthy skin.11 CAII is a member of the family of
metalloenzymes and is involved in maintenance of cellu-
lar pH, water transport, and ion homeostasis.12 NELL2 is
primarily expressed in brain tissue,13 in which it promotes
survival of hippocampal and cortical neurons.14 Expres-
sion of both CAII and NELL2 is induced in submerged
cultured keratinocytes by the Th2 cytokines IL-4 and IL-
13.15 The pathophysiologic role of both of these proteins
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in AD has not been established, although the role of CAII
in water transport and pH regulation makes it a good
candidate protein for mediation of spongiotic changes
and pH abnormalities in AD.

A number of mechanistically distinct anti-AD thera-
pies are available including UVB, corticosteroids, cal-
cineurin inhibitors, and tar. Most of these drugs target
the adaptive immune system rather than the epidermal
keratinocytes or the interaction between the two.
Whereas psoriasis therapy has advanced considerably
as a result of development of biological agents, there is
room for improvement in AD therapy insofar as efficacy
and adverse effects. To study the pathologic features
and pharmacologic intervention of AD, there is a need
for skin models that mimic AD. Because use of in vivo
AD models is limited by their low quality and the ques-
tionable translation of the disease process in mice to
that in humans,16 in vitro three-dimensional tissue-en-
gineered human skin equivalents may be useful for
biological and pharmacologic studies. Development
and validation of a human psoriatic skin equivalent
model by addition of a selected set of proinflammatory
cytokines to human skin equivalents has been recently
demonstrated.17 A model for eczema was described
by Engelhart et al,18 who added lymphocytes to tissue-
engineered skin. The development of relevant high-
content in vitro skin models that mimic AD would be of
great value for pathologic studies and evaluation of
novel therapeutic agents.

The present study describes a skin equivalent model
for AD by addition of relevant proinflammatory cytokines
to healthy human skin equivalents. This model enables
controlled induction of AD-associated features such as
structure and gene expression.

Materials and Methods

Generation of Human Skin Equivalents

Human adult abdominal keratinocytes were isolated and
cultured as described previously.17 De-epidermized der-
mis was generated as reported previously,17 and 8-mm
tissue samples were obtained using a biopsy punch.
De-epidermized dermis was placed in transwells in a
24-well culture plate and seeded with 105 keratinocytes.
After culturing the constructs submerged for 3 days in
medium containing 5% serum, consisting of two parts
Dulbecco’s modified Eagle’s medium and one part
Ham’s F12 medium (both from Life Technologies, Inc.,
Grand Island, NY) supplemented with 5% calf serum
(Hyclone Laboratories, Inc., Logan, UT), 4 mmol/L L-glu-
tamine and 50 IU/mL penicillin or streptomycin (both from
Life Technologies, Inc.), 24.3 �g/mL adenine (Calbi-
ochem, Los Angeles, CA), 1 �mol/L hydrocortisone
(Merck KGaA, Darmstadt, Germany), and 50 �g/mL
ascorbic acid , 0.2 �mol/L insulin, 1.36 ng/mL triiodothy-
ronine, and 10�10 mmol/L cholera toxin (all from Sigma
Aldrich, St. Louis, MO), the constructs were cultured at
the air-liquid interface for 10 days in medium without

serum, consisting of two parts Dulbecco’s modified Ea-
gle’s medium and one part Ham’s F12 medium (both from
Life Technologies, Inc.) supplemented with 4 mmol/L L-
glutamine and 50 IU/mL penicillin or streptomycin (both
from Life Technologies, Inc.), 24.3 �g/mL adenine (Cal-
biochem), 1 mg/mL L-serine and 2 �g/mL L-carnitine
(both from Sigma Aldrich), bovine serum albumin lipid
mix (25 �mol/L palmitic acid, 7 �mol/L arachidonic acid,
15 �mol/L linoleic acid, and 0.4 �g/mL vitamin E; all from
Sigma Aldrich), 1 �mol/L hydrocortisone (Merck KGaA),
and 50 �g/mL ascorbic acid, 0.1 �mol/L insulin, 1.36
ng/mL triiodothyronine, 10�10 mmol/L cholera toxin, 5
ng/mL keratinocyte growth factor, and 2 ng/mL epidermal
growth factor (all from Sigma Aldrich). AD skin equiva-
lents were obtained by incubating healthy skin equiva-
lents for the last 3 days of the air-liquid interface culture
with indicated concentrations of IL-4 and IL-13 (Pepro-
Tech EC Ltd., London, England). For comparison, skin
equivalents were stimulated with a mixture of 10 ng/mL
IL-1� and 5 ng/mL tumor necrosis factor-� (TNF-�; both
from PeproTech EC Ltd.), and 2 � 108 IU/mL IL-6 (Gen-
taur, Brussels, Belgium), with 30 ng/mL IL-17 or IL-22
(PeproTech EC Ltd.). To test the effect of anti-AD drugs,
10 �mol/L cyclosporine A (CsA), tacrolimus, dexameth-
asone, or ethoxzolamide was added to the cytokine mix-
tures for the last 3 days of the air-liquid interface cultures.
Inhibition of apoptosis was studied using 40 �mol/L Z-
VAD (Bachum AG, Bubendorf, Switzerland).

Histologic Analysis and IHC

Human skin equivalents were fixed in buffered 4%
formalin for 4 hours and embedded in paraffin. Sec-
tions 6-�m thick were stained with H&E (Sigma Al-
drich). Alternatively, sections were blocked for 15 min-
utes with PBS with 20% normal rabbit (for CAII and
hBD2) or normal goat serum (for elafin), and subse-
quently incubated with anti-CAII (R&D Systems, Inc.,
Minneapolis, MN) in a 1:1000 dilution, anti-hBD2 (Pe-
proTech EC Ltd.) in a 1:100 dilution, or anti-elafin (own
laboratory) in a 1:500 dilution for 1 hour at room tem-
perature. After washes in PBS, sections were incu-
bated for 1 hour with a secondary antibody: biotinyl-
ated rabbit anti-sheep, biotinylated rabbit anti-goat, or
biotinylated goat anti-rabbit in PBS containing 1% bo-
vine serum albumin (Vector Laboratories, Inc., Burlin-
game, CA). After 30 minutes of incubation with avidin-
biotin complex (Vector Laboratories, Inc.), sections
were treated with 3-amino-9-ethylcarbazole (Calbi-
ochem) for 10 minutes. Nuclei were stained with May-
er’s hematoxylin solution (Sigma Aldrich), and coated
using glycerol gelatin (Sigma Aldrich).

DNA fragmentation was detected using terminal de-
oxynucleotidyl transferase–mediated dUTP nick-end
labeling (TUNEL). Sections 6 �m thick were incubated
with 20 �g/mL proteinase K (Boehringer Mannheim
GmbH, Mannheim, Germany) for 15 minutes, followed
by incubation with a mixture of 200 to 400 U/mL termi-
nal deoxynucleotidyl transferase enzyme (Pharmacia
Biotech Inc., Piscataway, NJ) and 20 nmol/mL biotin-

16-deoxyuridine triphosphate (Boehringer Mannheim
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GmbH) in terminal deoxynucleotidyl transferase buffer
[0.5 mmol/L cacodylate (Fluka Chemie GmbH, Buchs,
Switzerland)], 1 mmol/L cobalt(II) chloride, 0.5 mmol/L
dithiothreitol, 0.05% Boseral Fraktion V, and 0.15
mmol/L NaCl). After incubation at 37°C for 1 hour , the
reaction was stopped by rinsing in transformation buf-
fer (300 mmol/L NaCl and 30 mmol/L 3-sodium citrate-
2-hydrate). The sections were incubated for 30 minutes
with the avidin-biotin complex, followed by 3-amino-9-
ethylcarbazole at 37°C for 10 minutes . Nuclei were
(weakly) stained with Mayer’s hematoxylin solution,
and coated using glycerol gelatin as described above.

Electron Microscopic Analysis

Samples were fixed at 4°C overnight with 2.5% glutar-
aldehyde in cacodylate buffer, and postfixed for 60
minutes at room temperature with 1% OsO4 and 1%
K[Fe(CN)6]*H2O in Pallade buffer. After rinsing with
cacodylate buffer and dehydration with several grades
of ethanol, the samples were incubated with mixtures
of ethanol absolute and increasing concentrations of
Epon 812 (Agar Scientific Ltd., Stansted, Essex, Eng-
land) until 100% Epon was reached. The constructs
were removed from the transwell insert with a small
diamond knife. Transverse sections approximately 1
mm thick were cut manually with a sharp razor blade
and embedded in Epon. Semithin sections 1 �m thick
were cut using a Leica Ultracut (Leica Microsystems
GmbH, Wetzlar, Germany), stained with toluidine blue,
and mounted on a glass slide. After examination and
selection, ultrathin sections were prepared and
mounted on copper grids, followed by staining with
uranyl acetate and lead citrate. Photographs were ob-

Table 1. Primer Sequences of All Genes Examined Using qPCR

Gene
symbol Description* Forward primer

CA2 Carbonic
anhydrase II
(CAII)

5=-AACAATGGTCATGCTTTCAACG

NELL2 Nellike2 (NELL2) 5=-TAAGGGTATAATGCAAGATGTC
DEFB4 hBD-2,

�-defensin-2
(hBD2)

5=-GATGCCTCTTCCAGGTGTTTTT

PI3 SKALP, elafin
(elafin)

5=-CATGAGGGCCAGCAGCTT-3=

IL8 IL-8, CXCL8
(CXCL8)

5=-CTTGGCAGCCTTCCTGATTT-3

CXCL10 IP-10, chemokine
(C-X-C motif)
ligand 10
(CXCL10)

5=-TTCCTGCAAGCCAATTTTGTC-

Fas Fas, TNF
receptor
superfamily,
member 6,
CD95, APO-1
(Fas)

5=-TGCAGAAGATGTAGATTGTGTG

RPLP0 Ribosomal
phosphoprotein
P0 (RPLP0)

5=-CACCATTGAAATCCTGAGTGAT
*Gene/protein name in parentheses is name used in text.
tained using an electron microscope (JEOL 1200 EX/II;
JEOL, Tokyo, Japan) at 60 kV.

qPCR

Epidermis was separated from the skin equivalents via
treatment with dispase (Roche Diagnostics GmbH,
Mannheim, Germany) for 2 hours at 4°C, and total RNA
was isolated from the epidermis using Trizol reagent (Life
Technologies, Inc.). Generation of first-strand cDNA was
performed as described previously.19 The reverse tran-
scription reaction products were used for qPCR amplifi-
cation, which was performed using the MyiQ Single-Color
Real-Time Detection System for quantification with SYBR
Green and melting curve analysis (Bio-Rad Laboratories,
Inc., Hercules, CA). Primers were obtained from Biolegio
BV (Nijmegen, the Netherlands), and sequences are
given in Table 1. DNA was PCR-amplified using iQ SYBR
Green Supermix (Bio-Rad Laboratories, Inc.) under the
following conditions: 2 minutes at 50°C and 10 minutes at
95°C, followed by 40 cycles of 15 seconds at 95°C and 1
minute at 60°C, with data collected in the last 30 sec-
onds. All primer concentrations were 300 nmol/L in a total
reaction volume of 25 �L. The amount of each mRNA was
normalized to the amount of mRNA of the human ribo-
somal phosphoprotein P0 (RPLP0) reference gene in the
same sample. The RPLP0 gene is, at least for human
skin, more suitable than commonly used genes such as
actin or glyceraldehyde-3-phosphate dehydrogenase.20

Primers for qPCR were accepted only if their mean (SD)
efficiency was 100% (10%) (Table 1). Relative mRNA
expression levels of all examined genes were determined
using the 2-��CT method.21

Reverse primer
Primer

efficiency, %

5=-TGTCCATCAAGTGAACCCCAG-3= 101

-3= 5=-AGATCTGGGCACTGAGCAATAAA-3= 104
5=-GGATGACATATGGCTCCACTCTT-3= 99

5=-TTTAACAGGAACTCCCGTGACA-3= 101

5=-TTCTTTAGCACTCCTTGGCAAAA-3= 105

5=-TCTTCTCACCCTTCTTTTTCATTGT-3= 100

3= 5=-GGGTCCGGGTGCAGTTTATT-3= 104

5=-TGACCAGCCCAAAGGAGAAG-3= 100
-3=

CAATT
-3=

=

3=

ATGA-

GT-3=



2094 Kamsteeg et al
AJP May 2011, Vol. 178, No. 5
STAT6 Phosphorylation

First-passage keratinocytes were cultured to confluency
in keratinocyte growth medium composed of keratinocyte
basal medium (Clonetics Corp., San Diego, CA) supple-
mented with 5 �g/mL insulin, 0.1 mmol/L phosphoetha-
nolamine, 0.1 mmol/L ethanolamine, and 10 ng/mL epi-
dermal growth factor (all from Sigma Aldrich), 0.5 �g/mL
hydrocortisone (BD Biosciences, Bedford, MA), and
0.4% bovine pituitary extract (Clonetics Corp.). Medium
was refreshed 4 hours before stimulation with keratino-
cyte growth medium depleted with growth factors (bovine
pituitary extract, epidermal growth factor, hydrocortisone,
and insulin). After stimulation with 30 ng/mL IL-4 and
IL-13 for 10 minutes in keratinocyte growth medium de-
pleted with growth factors, cultures were washed with
ice-cold PBS and lysed in ice-cold lysis buffer [10 mmol/L
Tris (pH 7.8), 5 mmol/L EDTA, 50 mmol/L NaCl, 1% Triton
X-100, 1 mmol/L phenylmethylsulfonyl fluoride, 10 �g/mL
aprotinin, 10 �g/mL leupeptin, 1 mmol/L sodium or-
thovanadate, 10 mmol/L pyrophosphate, and 50 mmol/L
sodium fluoride] and 1x Roche protease inhibitor cocktail
(Roche Diagnostics Nederland BV, Almere, the Nether-
lands) on ice. Insoluble material was removed via cen-
trifugation, and Laemmli sample buffer was added. After
heating for 5 minutes at 95°C, samples were subjected to
SDS–polyacrylamide gel electrophoresis and Western
blot analysis. Membranes were blocked with Tris-buff-
ered saline solution [50 mmol/L Tris HCl (pH 7.5) and 150
mmol/L NaCl] supplemented with 0.2% Tween 20, 2%
nonfat dry milk, and 2% bovine serum albumin. After
blocking, membranes were incubated with one of the
following antibodies: mouse monoclonal anti-pSTAT6
(pY641, 1:500; BD Biosciences Pharmigen, San Diego,
CA) or rabbit polyclonal anti-STAT6 antibody (S-20,
1:1000; Santa Cruz Biotechnology, Inc., Santa Cruz, CA).
After washing, the membranes were incubated with poly-
clonal goat anti-rabbit Alexa Fluor-680 (Molecular

Figure 1. Cytokine-induced spongiosis in human skin equivalents. Skin
equivalents were stimulated (B–D) or not (A) with 3 (B), 10 (C), or 30 (D)
ng/mL IL-4 and IL-13. Skin equivalents were stained with H&E. Skin equiv-
alents stimulated with IL-4 and IL-13 demonstrated increased intercellular
spaces (spongiosis). Scale bar � 100 �m.
Probes, Eugene, OR) and goat anti-mouse IRDye800CW
(LI-COR Biosciences, Lincoln, NE) as a secondary anti-
body, and analyzed using the LI-COR Odyssey Imaging
system (LI-COR Biosciences).

Statistical Analysis

Statistical analysis was performed using a commercially
available software package (STATISTICA; StatSoft, Inc.,
Tulsa, OK). qPCR data were analyzed using dCt values.
For biopsy specimens, the average dCt values for
healthy skin were compared with the average dCt val-
ues for lesional psoriatic and lesional AD skin. Paired
Student’s t-tests were performed on skin constructs,
with comparison of the stimulated skin constructs with
the unstimulated skin equivalents within the same ex-
periment.

Results

IL-4 and IL-13 Induce Spongiosis in Human
Skin Equivalents

Adult abdominal keratinocytes were seeded on de-
epidermized dermis and cultured for 3 days sub-
merged, followed by culturing for 10 days at the air-
liquid interface. To induce an AD phenotype in the skin
equivalents, the constructs were stimulated on the last
3 days of the air-liquid interface culture with 3, 10, or 30
ng/mL IL-4 and IL-13. Histologic examination of the
skin equivalents demonstrated that stimulation of the
constructs with IL-4 and IL-13 induced spongiosis-like
intercellular spaces between the cells, which is a hall-
mark of lesional eczematous skin (Figure 1). In addi-
tion, the individual cytokines induced spongiosis-like
intercellular spaces (data not shown). The greatest
effect was accomplished at the highest concentration

Figure 2. Effect of cytokine stimulation on morphologic features of human
skin equivalents evaluated at electron microscopy. Skin equivalents were
stimulated (B–D) or not (A) with 30 ng/mL IL-4 and IL-13. Desmosomal
contacts (C) and apoptotic cells (D) were clearly visualized at electron
microscopy. a, Apoptotic keratinocyte; n, nucleus; arrow, desmosome; as-

terisk, intercellular space (spongiosis). Scale bars: 8 �m (A and B); 1 �m (C);
and 5 �m (D).
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of IL-4 and IL-13, and this combination of cytokines
was used throughout.

The induced spongiosis in human skin equivalents
was confirmed at electron microscopy, which exhibited
broadening of intercellular spaces in the epidermal
compartment of the skin equivalents stimulated with 30
ng/mL IL-4 and IL-13 (Figure 2, A and B). Desmosomal
contacts were clearly visible in both the unstimulated
and the stimulated constructs, and morphologic fea-
tures of the desmosomes were not affected by stimu-
lation with IL-4 and IL-13 (Figure 2, A–C). While the
number of desmosomes in the nonspongiotic areas of
the epidermis was not affected by stimulation with Th2
cytokines, a slight reduction of desmosomal contacts
was observed in spongiotic areas with relatively large
intercellular spaces. Furthermore, E-cadherin protein
levels were slightly decreased after stimulation with
IL-4 and IL-13 (data not shown). While apoptotic cells
were only sporadically present in the control con-
structs, the number of apoptotic cells was increased

Figure 3. Effect of cytokine stimulation on gene expression in human skin
and 5 ng/mL IL-6; 30 ng/mL IL-4 and IL-13; and 30 ng/mL IL-17 or 30 ng/mL
20 healthy control individuals (NS), lesional skin of 11 patients with psoriasi
(B), hBD2 (C), elafin (D), CXCL8 (E), and CXCL10 (F) was determined usin
normalized to that of healthy skin, and the RNA amount of cytokine-stimu
represent SEM. *P � 0.05 and **P � 0.01 (Student’s t-test). The y axis repre
after stimulation with IL-4 and IL-13 (Figure 2D).
IL-4 and IL-13 Induce AD-Associated Genes in
Keratinocytes of Skin Equivalents

The effect of cytokine stimulation on the skin equivalents
was further investigated by studying genes known to be
overexpressed in diseased epidermis using qPCR.
These included the AD-related genes CAII and NELL2,
the psoriasis-related genes hBD2 and elafin, and the
chemokines CXCL8 and CXCL10. Skin equivalents were
stimulated with IL-4 and IL-13, a mixture of the psoriasis-
related proinflammatory cytokines IL-1�, TNF-�, and IL-6,
or the Th17 cytokines IL-17 or IL-22. For comparison,
gene expression was determined in epidermal sheets of
skin biopsy specimens derived from healthy skin, lesional
psoriatic skin, or lesional AD skin. Stimulation of the skin
equivalents with IL-4 and IL-13 induced a strong increase
in the AD-associated genes CAII (Figure 3A) and NELL2
(Figure 3B) compared with the control constructs. Stim-
ulation with IL-4 or IL-13 alone also induced gene expres-
sion of CAII as demonstrated in submerged cultured

nts. Skin equivalents were stimulated with 10 ng/mL IL-1�, 5 ng/mL TNF-�,
NA was isolated. In addition, RNA was isolated from biopsy specimens from
nd lesional skin of 10 patients with AD. Gene expression of CAII (A), NELL2
. The relative amount of mRNA in AD and psoriasis biopsy specimens was
nstructs was normalized to their unstimulated skin equivalents. Error bars

e relative amount of mRNA of the indicated genes.
equivale
IL-22. R
s (PS), a
g qPCR
keratinocytes (data not shown). In contrast to the effect
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on CAII and NELL2, IL-4 and IL-13 did not affect gene
expression of the psoriasis-associated genes hBD2 (Fig-
ure 3C) and elafin (Figure 3D) or of the chemokines
CXCL8 and CXCL10 (Figure 3E and 3F). Stimulation of
the skin constructs with a mixture of the psoriasis-related
cytokines IL-1�, TNF-�, and IL-6 or with the Th17 cytokine
IL-17 increased expression of hBD2, elafin, and CXCL8,
whereas expression of CAII, NELL2, and CXCL10 was
not increased (Figure 3, A–F). IL-22 did not affect expres-
sion of the studied genes.

Induction of Apoptosis in Human Skin
Equivalents by IL-4 and IL-13

Because increased keratinocyte apoptosis has been re-
ported in acute forms of AD, the effect of IL-4 and IL-13
on DNA fragmentation in human skin equivalents was
evaluated using the TUNEL assay (Figure 4). Stimulation
with 30 ng/mL IL-4 and IL-13 increased the number of
TUNEL-positive cells in the skin equivalents (Figure 4B),
which suggests that these cytokines induce apoptosis in
the keratinocytes. Because apoptotic cell death is char-

Figure 4. Cytokine-induced apoptosis in human skin equivalents. Skin
equivalents were stimulated (B–D) or not (A) with 30 ng/mL IL-4 and IL-13
(B), 30 ng/mL IL-4 and IL-13 and 40 �mol/L Z-VAD (C), or a combination of
10 ng/mL IL-1�, 5 ng/mL TNF-�, and 5 ng/mL IL-6 (D). Induction of apop-
tosis was evaluated using the TUNEL assay, which results in red staining of
cells. Scale bar � 100 �m.

Figure 5. Increased gene expression of Fas in cytokine-stimulated human
skin equivalents. Skin equivalents were stimulated with 30 ng/mL IL-4 and
IL-13. Expression of Fas was determined using qPCR. The relative amount of

mRNA (y axis) of cytokine-stimulated constructs was normalized to unstimu-
lated skin equivalents. Error bars represent SEM. *P � 0.05 (Student’s t-test).
acterized by activation of caspases, the effect of the
caspase-inhibitor Z-VAD on DNA fragmentation induced
by IL-4 and IL-13 was tested. Z-VAD inhibited IL-4– and
IL-13–dependent DNA fragmentation (Figure 4C) for
more than 50%, as calculated from the number of apop-
totic cells (data not shown), which suggests that a
caspase-dependent apoptotic process was induced in
the skin equivalents. Th2 cytokine–induced spongiosis,
however, was not inhibited by Z-VAD, which suggests
that spongiosis and apoptosis are separate processes in
this model. In contrast to stimulation with Th2 cytokines,
stimulation of the constructs with a mixture of psoriasis-
associated cytokines including IL-1�, TNF-�, and IL-6 did
not result in an increase in the TUNEL-positive cell count
(Figure 4D).

Induction of apoptosis in AD was suggested to be
mediated via Fas, also known as CD95,22 and increased
protein expression of Fas was observed on keratinocytes
of AD skin lesions. Therefore, Fas gene expression in skin
equivalents was studied after stimulation with IL-4 and
IL-13. Fas expression was increased by IL-4 and IL-13
(Figure 5).

STAT6 Phosphorylation by IL-4 and IL-13

Because STAT6 is involved in IL-4–mediated biological
responses, activation of STAT6 by IL-4 and IL-13 was
studied. First-passage keratinocytes were cultured sub-
merged until confluency, and stimulated for 10 minutes
with 30 ng/mL IL-4 and IL-13. Both phosphorylated and
total STAT6 levels were determined using Western blot
analysis, which revealed that stimulation with IL-4 and
IL-13 induced STAT6 phosphorylation (Figure 6).

Anti-AD Drugs Do Not Reverse the AD
Phenotype in Skin Equivalents

Most of the known anti-AD drugs (calcineurin inhibitors,
UVB, and corticosteroids) are presumed to target the
immune system, although some (eg, corticosteroids) may
also act at the level of the epidermal keratinocyte. The
obvious prediction would be that the present model
would not demonstrate an effect of T cell–directed drugs
but could be suitable to screen drugs that interfere with
keratinocyte activation. Three conventional drugs (CsA,

Figure 6. Cytokine-induced STAT6 phosphorylation in human skin equiv-
alents. First-passage submerged cultured human keratinocytes derived from
three different donors (d1–3) were stimulated for 10 minutes with 30 ng/mL
IL-4 and IL-13. Both phosphorylated STAT6 (pSTAT6) and total STAT6
(STAT6) levels in cellular lysates were determined using Western blot anal-
ysis.
tacrolimus, and dexamethasone) and an experimental
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drug (ethoxzolamide) were tested. Ethoxzolamide, a car-
bonic anhydrase inhibitor, was included because of the
possible role of CAII in spongiotic changes after Th2
cytokine exposure. None of the drugs tested protected
against Th2 cytokine–induced spongiosis. In addition,
CsA, tacrolimus, and dexamethasone did not inhibit in-
duction of CAII, NELL2, and Fas gene expression (data
not shown).

Discussion

The objective of the present study was to develop a skin
equivalent model that exhibited morphologic and molec-
ular features of AD using a defined set of cytokines. The
combination of cytokines IL-4 and IL-13 induced spongi-
otic changes in the epidermis of human skin equivalents,
which is one of the characteristics of eczematous lesions.
Furthermore, the cytokine mixture induced expression of
the AD-associated genes CAII and NELL2, whereas ex-
pression of the psoriasis-associated genes hBD2 and
elafin was not affected. In addition, IL-4 and IL-13 in-
duced apoptosis in keratinocytes of human skin equiva-
lents. The signaling molecule STAT6 was phosphorylated
after IL-4 and IL-13 stimulation. The skin equivalent
model, demonstrating histologic and molecular charac-
teristics of AD, may be useful for study of the epidermal
pathologic features of AD, and could enable discovery of
anti-AD drugs that act at the level of the epidermal kera-
tinocytes.

The Th2 cytokines IL-4 and IL-13 were used to induce
an AD phenotype in normal human skin equivalents be-
cause these cytokines have an important role in AD.23,24

In the acute phase of the disease, the immune response
is primarily coordinated by Th2 cells, and the Th2 cyto-
kines IL-4, IL-5, and IL-13 predominate in lesional skin.25

During the chronic phase of AD, Th1 cytokines such as
IL-12 and interferon-� (IFN-�) are increased in the
skin.23,24 IL-4 and IL-13 promote immunoglobulin isotype
switch to IgE and IgE production.26 In addition, IL-4 and
IL-13 induce expression of vascular cell adhesion mole-
cules such as VCAM1,26 which may suggest a role for
these Th2 cytokines in regulation of eosinophilic infiltra-
tion in the skin. The present skin equivalent model con-
sists of keratinocytes seeded on de-epidermized dermis
in which no viable dermal cells were present. Therefore,
the effects of IL-4 and IL-13 on epidermal morphologic
features and gene expression are the result of interac-
tions of IL-4 and IL-13 with the keratinocytes, which ex-
press receptors for IL-4 and IL-13.27,28

The combination of IL-4 and IL-13 induced increased
intraepidermal intercellular edema, a clinical hallmark of
acute and subacute eczema. A recent study suggested
that induction of spongiosis by the cytokines IL-4, IL-13,
and IFN-� was mediated by decreased E-cadherin ex-
pression and simultaneously increased hyaluronan pro-
duction by keratinocytes,29 resulting in osmotic move-
ment of water into the intercellular compartment of the
epidermis. Furthermore, T cell–induced Fas-mediated
apoptosis of keratinocytes has been suggested as an

important pathogenic event in the formation of spongio-
sis.22,30–32 Apoptosis induced by the death receptor Fas
involves the binding of Fas ligand to its receptor and
subsequent activation of caspase-8/10 and the effector
caspase-3, resulting in DNA fragmentation. IFN-� was
suggested to have an important role in apoptosis induc-
tion by increasing the expression of Fas on keratino-
cytes.22 The present study exhibited an increased rate of
DNA fragmentation in the epidermis of the skin equiva-
lents after stimulation with IL-4 and IL-13, as demon-
strated at TUNEL staining. Furthermore, the pan-caspase
inhibitor Z-VAD-FMK inhibited cytokine-induced DNA
fragmentation, which suggests that IL-4 and IL-13 induce
apoptosis in the skin equivalents. In addition, mRNA ex-
pression of Fas was increased in the skin equivalents
after stimulation with IL-4 and IL-13. Because no IFN-� or
IFN-�–producing T cells were included in the model, it
seems that IFN-� is dispensable for increased Fas ex-
pression on keratinocytes. Several studies have reported
increased apoptosis in lesional AD skin compared with
healthy skin. Apoptosis is most apparent in biopsy spec-
imens of acute AD, as described in studies by Ohtani et
al29 and Trautmann et al.33 The present model may re-
flect acute rather than chronic AD, in which apoptosis is
less prominent. Clearly, this model has limitations, and
improvements and extensions would include addition of
Th1 cytokines to mimic the chronic phase or even use of
a defined activated T-cell population. This work is cur-
rently in progress.

To evaluate the induction of an AD phenotype in the
skin equivalents by IL-4 and IL-13, expression of the
AD-associated genes CAII and NELL2 was studied.
Gene expression of both CAII and NELL2 was increased
in lesional AD skin compared with healthy skin.11 How-
ever, IHC for CAII did not demonstrate increased staining
in the Th2-stimulated skin equivalents (data not shown).
This corresponds to the mild increase in CAII protein that
was observed in AD lesions, in contrast with the elevated
mRNA levels15 and the limited value of quantification at
IHC. In the eye, CAII has a role in aqueous humor flow,
and inhibition of this enzyme results in reduction of intra-
ocular pressure in patients with glaucoma.34 Thus, it was
tempting to speculate that CAII could be involved in
epidermal abnormalities observed in AD such as spon-
giosis and increased surface pH. Inhibition of CAII by
ethoxzolamide, however, did not prevent Th2 cytokine–
induced spongiosis in the present model system. In ad-
dition to CAII, NELL2 expression was increased in AD.11

NELL2 is strongly expressed in adult and fetal brain,13

where it promotes survival of hippocampal and cortical
neurons14 and increases differentiation of spinal cord
progenitors.35 The function of NELL2 in AD has not been
elucidated; however, it would be interesting to study
whether there is a relation between increased NELL2
expression in AD and the increased amount of nerve
fibers, which has been demonstrated in the epidermis of
patients with AD.36 Corresponding to studies using sub-
merged cultures of keratinocytes,15 the present study
demonstrated that IL-4 and IL-13 increase gene expres-
sion of both CAII and NELL2 in the skin equivalents,
demonstrating that the AD model exhibited molecular

characteristics of AD skin.



2098 Kamsteeg et al
AJP May 2011, Vol. 178, No. 5
In line with the known mechanism of action of CsA and
tacrolimus, an effect of these compounds was not ob-
served in the present model. Addition of dexamethasone
did not demonstrate effects; however, the pan-caspase
inhibitor Z-VAD inhibited apoptosis without affecting the
spongiotic changes. This demonstrates that the model
system is, in principle, suited to detect cytoprotective
effects of drugs. Anti-AD drugs can be divided into com-
pounds that act on the adaptive immune system and
compounds that act on the keratinocytes. CsA and ta-
crolimus are anti-inflammatory drugs that act on lympho-
cyte activation,37 and because no lymphocytes are pres-
ent in the skin equivalents, as expected, these drugs did
not affect the IL-4– and IL-13–induced AD phenotype in
the skin equivalents. While dexamethasone was sug-
gested to affect lymphocytes and keratinocytes, no effect
of dexamethasone on IL-4– and IL-13–induced morpho-
logic and molecular changes in the skin equivalents was
observed, which may be explained by the limited time in
which dexamethasone was present in the culture me-
dium; it may take more time for this drug to exert its
effects. Furthermore, keratinocyte signaling pathways ac-
tivated by T lymphocytes may be potential targets for
dexamethasone, and these pathways were missing in the
present model. In addition to the widely used drugs for
AD, also tested was the effect of the carbonic anhydrase
inhibitor ethoxzolamide38 on IL-4– and IL-13–induced
spongiosis formation because a role for CAII in AD was
suggested. However, ethoxzolamide did not affect spon-
giosis formation in the skin equivalent model.

hBD2 gene expression was increased in skin biopsy
specimens from patients with AD compared with healthy
volunteers. Previous studies, including that by de Jongh
et al,8 also described higher expression levels of antimi-
crobial proteins in lesional AD skin compared with
healthy skin.39–41 In contrast to these in vivo data, stim-
ulation of the skin equivalents with IL-4 and IL-13 did not
affect hBD2 gene expression. This may be explained in
that the skin equivalents do not contain additional cell
types such as lymphocytes or fibroblasts. IL-4 and IL-13
did not affect gene expression of the chemokines CXCL8
(IL-8) and CXCL10, both of which are increased in AD,
psoriasis, and allergic contact dermatitis compared with
healthy skin.11 In contrast, skin equivalents stimulated
with either a mixture of psoriasis-related cytokines or
IL-17 demonstrated increased gene expression of hBD2,
elafin, and CXCL8, whereas CXCL10 gene expression
was unaffected. The lack of effect of the Th1, Th2, and
Th17 cytokines to induce CXCL10 may be explained by
the lack of IFN-� and IFN-�–producing T cells in the
model system because IFN-� induces CXCL10 expres-
sion in vitro and in vivo.42,43 The present study demon-
strated an increase in NELL2 after Th2 cytokine stimula-
tion; however, the Th17-related cytokines IL-17 and IL-22
and the mixture of psoriasis-related cytokines IL-1�,
TNF�, and IL-6 did not induce NELL2 in skin constructs.
This is in accordance with the lack of NELL2 in biopsy
specimens of lesional psoriatic skin because Th17 cyto-
kines have an important role in psoriasis.44

In conclusion, it is suggested that the present model

system can be used to study the epidermal pathologic
features of AD, and may be useful for identification of
drugs that could act at this level.
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