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Abstract

The mechanisms involved in the initiation and maintenance
of skin inflammation in atopic dermatitis (AD) are poorly
understood. Recent data suggest that the pattern of cyto-
kines expressed locally plays a critical role in modulating
the nature of tissue inflammation. In this study, we used in
situ hybridization to investigate the expression of interleukin
4 (IL-4), IL-5, and interferon-gamma (IFN-y) messenger
RNA(mRNA) in skin biopsies from acute and chronic skin
lesions of patients with AD. As compared with normal con-
trol skin or uninvolved skin of patients with AD, acute and
chronic skin lesions had significantly greater numbers of
cells that were positive for mRNA, IL-4 (P < 0.01), and IL-
5 (P < 0.01), but not for IFN-y mRNAexpressing cells.
However, as compared with acute AD skin lesions, chronic
ADskin lesions had significantly fewer IL-4 mRNA-express-
ing cells (P < 0.01), but significantly greater IL-5 mRNA(P
< 0.01). T cells constituted the majority of IL-5-expressing
cells in acute and chronic AD lesions. Chronic lesions also
expressed significantly greater numbers of activated EG2+
eosinophils than acute lesions (P < 0.01). These data indicate
that although acute and chronic AD lesions are associated
with increased activation of IL-4 and IL-5 genes, initiation
of acute skin inflammation in AD is associated with a pre-
dominance of IL-4 expression whereas maintenance of
chronic inflammation is predominantly associated with in-
creased IL-5 expression and eosinophil infiltration. (J. Clin.
Invest. 1994. 94:870-876.) Key words: atopic dermatitis
inflammation * cytokines - eosinophils * T cells

Introduction

Atopic dermatitis (AD)' is a chronic skin disease affecting up
to 10% of children and is the major cause of occupation-related
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disability caused by skin disease. It is associated with intense
pruritus, increased serum IgE levels, and peripheral blood eosin-
ophilia (1, 2). The actual events that result in this inflammatory
skin condition are poorly understood. However, it is thought
that genetic susceptibility, environmental trigger factors such
as allergens, and altered immune responses contribute to its
pathogenesis (3). Acute and chronic skin lesions in AD are
characterized by the infiltration of activated T cells and mono-
cyte-macrophages (4, 5). Although eosinophils are not prevalent
by routine histology, chronic AD is associated with extensive
dermal deposition of eosinophil-granule major basic protein (6).
In this regard, serum levels of sIL2R and eosinophil cationic
protein have been reported to correlate with severity of skin
disease (7, 8). Favorable clinical responses of AD patients to
cyclosporin A also implicate immune activation as an important
mechanism in the pathogenesis of AD (9, 10).

Identification of the immunologic elements that play a role
in initiating and maintaining skin inflammation in AD is critical
for the development of new approaches to treat this common
and often debilitating skin disease. Studies of T cell clones
support the concept that activation of a subpopulation of helper
cells leads to the release of cytokines important in the pathogen-
esis of allergic diseases. In mice, two types of CD4+ T cell
clones have been described on the basis of their cytokine gene
transcription and secretion (11). T helper type 1 (ThI) cells
express mRNAand secrete IL-2 and interferon-gamma (IFN-
y) but not IL-4 or IL-5. In contrast, Th2 cells elaborate IL-4
and IL-5 but not IFN-y. Both subpopulations of T cells produce
IL-3, GM-CSF, and TNF-a. IL-4 acts as an IgE isotype-specific
switch factor (reviewed in reference 12), promotes mast cell
growth (13), and induces the expression of vascular cell adhe-
sion molecule (VCAM-1), an adhesion molecule involved in
the migration of mononuclear cells and eosinophils into sites
of tissue inflammation (14). IL-5 promotes the differentiation,
vascular endothelial adhesion and survival of eosinophils as
well as enhances histamine release from basophils (reviewed in
reference 15). In contrast, IFN-y inhibits IgE synthesis as well
as the proliferation of IL-4 and IL-5-producing Th2 lympho-
cytes (16, 17). The lack of IFN-y production, as well as the
concomitant activation of IL-4 and IL-5, is thought to play a
critical role in the pathogenesis of AD and asthma (17-19).

1. Abbreviations used in this paper: AD, atopic dermatitis; CLA, cutane-
ous lymphocyte antigen; DTH, delayed type hypersensitivity; LPR, late
phase reactions; MBP, eosinophil major basic protein; Thl, T helper
type 1; VCAM, vascular cell adhesion molecule.
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To date, there have been no studies directly examining cy-
tokine expression in AD skin lesions. Since the pattern of local
cytokine expression may play a critical role in the nature of the
inflammatory response in AD, the current study used in situ
hybridization to determine the cytokine mRNA, particularly of
IL-4, IL-5, and IFN-y, in acute and chronic skin lesions as
well as uninvolved skin of AD patients. Furthermore, since
eosinophils play an important role in allergic inflammation, the
numbers of EG2+ cells in the different AD skin lesions were
also examined.

Methods

Skin biopsy specimens. As indicated in Table I, a total of 19 punch skin
biopsy specimens were obtained from 12 patients meeting the diagnostic
criteria for AD (1, 2): 7 biopsies from acute, erythematous AD lesions
of less than 3 d onset, 7 biopsies from chronic lichenified AD lesions
of greater than 2 wk duration, and 5 biopsies from uninvolved skin.
The clinical severity of each skin lesion was graded on the following
bases: Acute skin lesions were assessed by averaging the degree of
erythema, papulation, and excoriation. Chronic skin lesions were as-
sessed by averaging the degree of scaling/dryness and lichenification.
Each parameter was measured on a half-point incremental scale from
0-3 (1 = mild, 2 = moderate, and 3 = severe). Skin biopsies were
fixed immediately in freshly prepared 4% paraformaldehyde for 2 h,
then washed twice (1 h each) with 15% sucrose in 0.1 Mphosphate-
buffered saline (PBS) pH 7.4. Tissues were blocked with ornithine
carbamyl transferase and kept at -80'C until used.

The AD patients' ages ranged from 19 to 49 yr old (median age
= 28 yr); 6 were male and 6 were female. All patients had a history of
AD dating back to early infancy and had associated respiratory allergy
(allergic rhinitis and/or asthma). Serum IgE levels ranged from 269 to
10,700 IU/ml (median IgE level = 5,300). None of these patients had
other skin conditions and none had previously received oral steroids.
Topical steroids were withheld for at least 2 wk before biopsies were
performed. Control specimens of normal skin were also obtained from
7 healthy individuals (ages 24-33 yr). Informed consent was obtained
from all subjects prior to performing these studies.

In situ hybridization. In situ hybridization was performed as we
have previously described (19-22). In brief, riboprobes, both antisense
(complementary to mRNA)and sense (having an identical sequence to
mRNA) were prepared from cDNA for IL-4, interferon-gamma (IFN-
y) and IL-5 as described (22). cDNAwere inserted into different pGEM
vectors and linearized with appropriate enzymes before transcription.
Transcription was performed in the presence of 35S-UTP and the appro-
priate T7 or SP6 RNApolymerases. For in situ hybridization, cryostat
sections were permeabilized with Triton X-100 and proteinase K (1 ,ug/
ml) in 0.1 MTris containing 50 mMEDTA for 20 min at 37°C. To
prevent nonspecific binding of 35S-labeled RNAprobes, the preparations
were incubated with 10 mMN-ethyl maleimide and 10 mMiodoacet-
amide for 30 min at 37°C and then in 0.5% acetic anhydride and 0.1
Mtriethanolamine for 10 min at 37°C (21). Prehybridization was carried
out with 50% formamide and 2x standard saline citrate (SSC) for 15
min at 40°C. For hybridization, antisense or sense probes (106 cpm/
section) diluted in hybridization buffer were used (23). Dithiothreitol
(100 mM) was included in the hybridization mixture to ensure blocking
of any further nonspecific binding of the 35S-labeled probes. Posthybrid-
ization washing was performed in decreasing concentrations of SSC at
45°C. Unhybridized single-strand RNAswere removed by RNase A (20
Mg/ml). After dehydration, the sections were immersed in NBT2 emul-
sion and exposed for 10 d. The autoradiographs were developed in
Kodak D-19, fixed and counterstained with hematoxylin.

Slides were coded and positive cells counted blindly using xl10
magnification with an eyepiece graticule. The results were expressed as
mean number of positive cells/field. The number of fields/section

counted were two to six depending on the size of the biopsy and the
pattern of alignment of the grid covering an intact area of epithelial and
subepithelial tissue. The within observer coefficient of variation for
repeated measures was less than 5%.

For the negative controls, skin biopsies were hybridized using sense
probes for the relevant cytokines. In addition, sections were treated
with RNase-A solution before the prehybridization step with antisense
probes. Specific hybridization was recognized as dense deposits of silver
grains in the photographic emulsion overlaying the tissue sections. Cells
were identified as dense, discrete, well circumscribed areas of silver
grains. When hybridizing cells were in close proximity, their numbers
were determined by visualizing the individual nuclei using dark field
illumination. Positive cells were only observed with an antisense probe;
preparations treated with sense probes or pretreated with RNase were
negative with only baseline background signals.

Immunohistology and cytokine mRNAlocalization. Cryostat sections
(6 gm) were freshly cut from skin biopsies, mounted on slides coated
with 0.1% poly-L-lysine (Sigma Chemical Co., St. Louis, MO) and air-
dried for 2 h at room temperature. The alkaline phosphatase anti-alkaline
phosphatase (APAAP) technique was used to detect EG2 and BMK-
13 immunoreactivity. Monoclonal antibody (mAb) EG2 recognizes the
cleaved and secreted form of eosinophil cationic protein, and hence,
identifies activated eosinophils within tissues (24). Mab BMK-13, a
kind gift from Dr. R. Moqbel (National Heart and Lung Institute, Lon-
don) was raised against eosinophil major basic protein (MBP) and thus
recognizes all eosinophils (25). The APAAP technique was used to
enumerate activated and total eosinophils as previously described (20).
EG2 antibody and BMK-13 were both used at a 1:30 dilution. As
described in a previous publication (20), an irrelevant IgG isotype con-
trol was used as a negative control.

In selected experiments, cell localization of cytokine mRNAwas
performed using double immunostaining and in situ hybridization with
digoxigenin labeled-IL-S RNA probes and monoclonal antibodies to
CD3 (T cells) and BMK-13 (total eosinophils). Wepreviously described
the details of this method in reference 26.

Quantification and statistical analysis. For both immunohistology
and in situ hybridization slides were counted "blind" using an eyepiece
graticule. For each biopsy at least two sections were immunostained or
hybridized from which two to six fields were counted depending on the
size of the biopsy and the pattern of alignment of the grid coverning
an intact area of epithelial and subepithelial tissue. Results were ex-
pressed as positive cells per field (0.202 mm2). The within observer
coefficient of variation was < 5%.

Statistical comparison of immunohistology counts and in situ hybrid-
ization results was performed with the Mann-Whitney U test with
Minitab PC software (Minitab Project, University Park, PA).

Results

Skin biopsies were obtained from a total of 19 donors: 12 with
AD and 7 normal controls (Table I). From the 12 AD patients,
skin biopsies were obtained from 7 acute erythematous lesions,
7 chronic lichenified plaques, and 5 uninvolved areas. The 5
biopsies of each type of lesion were derived from different
donors. However, as shown in Table I, four biopsies of acute
lesions and four chronic lichenified lesions were derived from
the same donor. Biopsies of uninvolved areas were obtained
from five donors, three of whom also provided biopsies from
either acute or chronic lesions.

In agreement with previous reports (3-5), the histologic
appearance of sections from involved skin of patients with AD
depended on whether the biopsy specimen was taken from an
acute lesion or a chronic lichenified plaque. In general, acute
erythematous lesions demonstrated varying degrees of epider-
mal hyperplasia with focal intercellular edema (spongiosis) and
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Table L Source and Clinical Severity of ADSkin Biopsies

AD patient Acute lesion* Chronic lesion Uninvolved skin

1 Leg (2) Arm (3) Abdomen
2 Arm (2) Thigh (3) Thigh
3 Arm (2) Arm (2)
4 Arm (3)
5 Thigh (3) Arm (2) Thigh
6 Arm (3)
7 Arm (3)
8 Arm
9 Arm

10 Thigh (3)
11 Arm (3)
12 - Arm (2)

* The skin disease severity for each acute vs chronic skin lesion
was graded on a scale from 0-3 in parentheses as described in
Methods.

an epidermal infiltrate. Perivascular infiltrates were also ob-
served around the superficial capillary venous and superficial
venous plexuses of the papillary and upper reticular dermis.
In contrast, chronic lichenified lesions were characterized by
acanthosis, with minimal epidermal infiltration.

All biopsies of acute AD skin lesions showed positive hy-
bridization signals for IL-4 and IL-5 mRNA(Fig. 1). In contrast,
normal skin had virtually no cells giving hybridizations for IL-
4 mRNAor IL-5 mRNA. When acute AD skin lesions were
compared with normal control skin, acute AD skin lesions had
significantly greater numbers of cells expressing mRNAfor IL-
4 (P < 0.01) and IL-5 (P < 0.05). In contrast, only very few
cells positive for IFN-y mRNAwere detected in either the acute
AD or normal control skin biopsies.

In general, the cytokine mRNA-positive cells in acute AD
skin lesions were located among the inflammatory infiltrate in
the epidermis and at the upper part of the dermis. An example
of the strong signals obtained for IL-4 mRNA, as compared to
IFN--y mRNA, in the acute AD lesions is shown in Fig. 2.
The absence of hybridization signals with the respective sense
probes and/or RNase pretreatment provides support for the spec-
ificity of the hybridization reaction. Of note, silver grains in the
epidermis of Fig. 2 C represent nonspecific background rather
than specific binding of the probe and are present in both sense
and anti-sense preparations and post-RNase treatment.

Uninvolved AD skin also contained significantly greater
numbers of cells expressing mRNAfor IL-4 (P < 0.05) than
found in normal control skin. This is not surprising since in-
creased numbers of perivascular infiltrating T cells (as com-
pared to normal skin) have been reported even in the uninvolved
skin of patients with AD (4, 5). However, uninvolved AD skin,
as compared with acute lesions, had significantly fewer numbers
of cells expressing IL-4 mRNA(P < = 0.01). Furthermore, no
significant hybridization was detected for IL-5 mRNAor IFN-
y mRNAin uninvolved skin.

As compared with normal skin or uninvolved AD skin,
chronic ADskin lesions were found to have significantly greater
numbers of cells expressing mRNAfor IL-4 (P < 0.01) and
IL-S (P < 0.01), but not for IFN-y mRNAexpressing cells.
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Figure 1. In situ hybridization of AD skin lesions and normal skin, by
using riboprobes for IL4, IL-5, and IFN-y. Comparisons were made
between acute and chronic skin lesions by using the Mann-Whitney U
test. The standard error represents the variability in the mean count of
individual patients. *P value < 0.05 or **P value < 0.01, respectively,
as compared to the same cytokine mRNAin normal skin.

However, as compared with acute AD skin lesions, chronic
ADskin lesions had significantly fewer 1L-4 mRNA-expressing
cells (P < 0.01). In contrast, significantly greater numbers of
IL-S mRNA(+) cells (P < 0.01) was found in chronic ADskin
lesions as compared to acute AD lesions.

Eosinophil major basic protein has been demonstrated to be
deposited in chronic ADskin lesions (6). Furthermore, IL-5 has
been found to play a critical role in the differentiation and
survival of eosinophils (15). To study the potential functional
role of increased IL-5 expression in chronic AD we assessed
the numbers of EG2+ cells as a measure of activated eosino-
phils, and MBP+ cells as a measure of total eosinophils in
chronic vs acute AD skin lesions. No EG2+ cells were found
in either uninvolved skin or normal control skin biopsies. How-
ever, as shown in Fig. 3, chronic AD lesions expressed signifi-
cantly greater numbers of EG2+ and MBP+eosinophils than
acute lesions (P < 0.01). Furthermore, there was no significant
difference in the numbers of EG2+ and MBP+eosinophils in
each biopsy. These data suggest that the increase in EG2+
cells seen in chronic AD is the result of enhanced eosinophil
recruitment as well as enhanced eosinophil activation.

To determine whether the increased IL-5 expression in
chronic AD lesions was derived from T cells or eosinophils,
we carried out double immunostaining and in situ hybridization
on three acute and three chronic AD lesions. As shown in Table
II, in the acute AD lesions, there is a mean of 92%T cells and
2% eosinophils in the IL-5 mRNAexpressing cell population.
In contrast, in chronic AD lesions, a mean of 86% T cells
and 12% eosinophils are present in the IL-5 mRNAexpressing
population. Thus, T cells are the predominant cell expressing

L-5 in both acute and chronic ADskin lesions. However, there
is an increase in IL-5 expressing eosinophils during the transi-
tion from acute to chronic AD skin lesions.
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Figure 2. Darkfield illumination of autoradiographs
of skin biopsies from an acute AD skin lesion hy-
bridized with IL-4 cRNA probe (A), IFN-y-cRNA
probe (B), IL-4 sense RNAprobe (C), and RNase
treatment done before application of the IL-4 ribo-
probe (D). x300.

Discussion

Previous studies by our group (5), as well as others (27) have
established that acute AD skin lesions, and to a lesser extent,
uninvolved areas are associated with increased numbers of in-
filtrating CD3+, CD4+ activated T cells, compared with normal
control skin. This is also a feature of antigen-induced, e.g.,
tuberculin, delayed type hypersensitivity (DTH) skin reactions.
Therefore, it has been suggested that acute ADis a specialized
form of DTHreaction. However, the observation that keratino-
cytes in the AD skin lesion do not express HLA-DR suggests
that it is not a typical DTHreaction (28). In this regard, keratino-
cytes in DTH reactions express HLA-DR presumably due to
the local production of IFN-y by infiltrating T cells (21).

By using the technique of in situ hybridization, we recently
demonstrated that the classical DTH (tuberculin) reaction in
human skin is associated with the preferential infiltration of
IFN-y-expressing Thl cells (21). Skin lesions from patients

with chronic psoriasis have also been reported to exhibit infil-
tration of Thl, but not Th2, cells (29). In contrast, allergen-
induced cutaneous late phase reactions (LPR) (20) and asthma-
tic airways (19) are associated with mRNAexpression for the
cytokine gene cluster IL-3, LL-4, IL-5, and GM-CSF, i.e., Th2
cell infiltration. Similar studies have not been carried out pre-
viously in AD. Although mite-specific Th2 cells have been
cloned from skin lesions of a few patients with AD- and IgE-
specific antibody to dust mites (30, 31), these clones are likely
to have represented only a small proportion of the T cell infil-
trate in the AD lesion. Furthermore, since they were grown in
the presence of mite allergen and IL-4, such T cell clones may
have been selected by the culture conditions. Of note, these
studies also did not define the nature of the skin lesion from
which such clones were derived and therefore did not address
the possibility that different patterns of cytokine production
might accompany acute vs chronic skin lesions.

This study demonstrates that acute and chronic AD skin

Cytokines in Atopic Dermatitis 873



P40.01 Figure Laod The observation that IL-5 expression rises in chronic AD
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.202 mm2). The difference in EG2+ eosinophil numbers and eosinophils can also be a source of IL-4 and IL-S (15, 38).
and chronic skin lesions are statistically significant (P The observation that T cell clones from ADskin lesions produce

)arisons were made between acute vs chronic skin lesions
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infiltrating T cells are a critical source of these cytokines. Fur-ilmarker in normal skin.
thermore, in studies of bronchoalveolar lavage fluid obtained
from asthmatic airways, as well as nasal biopsies from allergic
rhinitis, it has been found that T cells are the predominant

ssociated with increased numbers of cells express- source of 1L-4 and IL-S (19, 26).
for IL-4 and IL-5, but not IFN-y. However, the Using double immunostaining and in situ hybridization, this
acute skin inflammation in AD is associated with study also indicates that in acute and chronic AD skin lesions,
ice of 11L-4 expression. In contrast, the maintenance T cells are the major source of 11-5. However, it is of interest
fiammation is associated with decreased numbers that the rise in 11-5 expression during the transition from acute
VTA (+) cells, increased numbers of 11-5 mRNA to chronic AD was accompanied by a rise in IL-S expression
d eosinophil infiltration. The mechanism by which in activated eosinophils. These data indicate that IL-5 secretion
)ates in the acute phase of allergic inflammation in chronic AD lesions may support eosinophil survival and
e elucidated. In support of a critical role for L1-4 differentiation via autocrine and paracrine pathways. Although
ion of skin inflammation in AD, Muller et al. (32) our data in Fig. 1 suggest an increase in the percentage of
nu

demonstrated that murine Th2 cells are just as cytokine positive inflammatory cells in chronic AD, future stud-
nducing skin inflammation as Thi cells. However, ies are needed to confirm this by double staining with CD45.
n of skin inflammation by Th2 cells is I1-4, but These observations raise the interesting issue of what immu-
pendent. One important action of IL-4 which may nologic mechanisms may control the local infiltration of Th2
Iflux of inflammatory cells likely involves the m- cells into the airways of asthmatics vs the skin of patients with
{CAM-i, an adhesion molecule involved in the AD. In this regard, recent studies have demonstrated that T cells
mononuclear cells and eosinophils into the sites migrating to the skin express the homing receptor cutaneous
mmation (14). Indeed, recent studies have demon- lymphocyte antigen (CLA) (39). In contrast, T cells isolated
Vascular endothelial cells in AD lesions do express from the bronchoalveolar lavage fluid of asthmatics have only

a low level of CLA expression which is no greater than that
seen in peripheral blood (40). Thus, the propensity of a given
individual to develop AD as opposed to asthma may depend on

Source of IL-5 Expression in Atopic Dermatitis Skin differences in the tissue migratory behavior of their memory T
cells. This concept is supported by the observations that chronic
ADskin lesions express E-selectin, the ligand for CLA, whereas

Percent IL-5 mRNA(+) cells expressing: asthmatic airways only express minimal levels of E-selec-
CD3 surface antigen Major basic protein tion (41).

Memory/effector T cells preferentially express homing re-
93 3 ceptors that return them to the same lymphatic beds in which
90 2 they were first activated (42). CLA is preferentially activated
92 0 in lymphoid beds that drain the skin (39). Therefore, the immune

Chronic AD-1 86 12
Chronic AD-2 88 10
Chronic AD-3 84 13

* In these experiments, skin biopsies of acute vs chronic AD lesions
were subjected to in situ hybridization and double-immunostaining using
digoxigenin-labeled IL-5 RNAprobes and monoclonal antibodies to
CD3 (T cells) and BMK-13 (total eosinophils), respectively. The pre-
dominant source of IL-5 expression localized to T cells.

system remembers not only that it has previously encountered
a particular antigen, but also the regional lymph node in which
that antigen was encountered and directs lymphocyte homing
accordingly. This model would suggest that patients with
asthma and AD have in common the genetic predisposition to
stimulate Th2 cells and IgE responses to specific allergens.
However, allergen sensitization of an individual via their bron-
chial-associated lymphoid tissue will predispose to asthma,
whereas sensitization via the skin-associated lymphoid tissue
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system will predispose to AD. Further studies are obviously
needed to confirm this hypothesis.

The mechanisms determining the selection of the Th2 phe-
notype in allergic diseases are of considerable importance. In
both mice and humans, the genetic predisposition of the host
as well as the nature of the antigen plays a role in the selection
of cytokine patterns. It is now also well established that the local
cytokine milieu plays a critical role in selecting the subgroup of
T cells that predominates in an inflammatory response. IL-4
favors the development of Th2 cells whereas IFN-y favors the
development of Thl cells (16, 43). Thus, the lack of IFN-y
production, coupled with the local secretion of IL-4, may con-
tribute to the cytokine pattern observed in the acute AD skin
lesion.

In summary, our current data indicate that the initiation of
acute AD is associated with the local infiltration of LL-4 and
IL-S expressing Th2 cells. These data may explain the elevated
IgE levels and increased numbers of eosinophils associated with
this disease. The finding that chronic ADskin lesions are associ-
ated with a predominance of IL-5 expression and increased
infiltration of eosinophils is a new and somewhat surprising
finding. However, previous studies have demonstrated that T
cells infiltrating into the AD skin lesion bear the CD45RO
memory phenotype, suggesting previous encounter with antigen
(44). The studies by Gundel et al. (45), in primates, demonstra-
ting that repeated antigen inhalation results in a prolonged air-
way eosinophila and airway hyperresponsiveness is consistent
with the possibility that chronic AD lesions that express in-
creased eosinophil infiltration are the result of repeated antigen
exposure and IL-5 secretion. Thus, our current study provides
a new direction in studying mechanisms that contribute to the
pathogenesis of chronic allergic inflammation. Furthermore, our
data suggest that future studies into the pathogenesis of ADand
development of new strategies in the treatment of this common
skin disease should take into account the changing patterns of
local cytokine expression in acute vs chronic lesions.
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