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Background: In atopic dermatitis (AD) there is evidence of tissue
fibrosis involving a number of structural changes, including pap-
illary dermal fibrosis and epidermal hyperplasia. These changes
are suggested to be the result of chronic inflammation of the
skin. Several remodeling-associated cytokines, including trans-
forming growth factor (TGF) 1, IL-11, and IL-17, have been
shown to be increased in allergic diseases, including asthma.
Objective: We investigated TGF-1, IL-11, and IL-17 expres-
sion in skin biopsy specimens recovered from acute and chron-
ic skin lesions from patients with AD, as well as from unin-
volved skin of patients with AD and skin from healthy
volunteers. We also examined the correlation between the
expression of these cytokines and the extent of total, type I,
and type III collagen deposition.

Methods: We evaluated the expression of TGF-p1, IL-11, and
IL-17 by means of immunohistochemistry. Collagen deposition
was assessed by means of immunohistochemistry and van
Gieson staining.

Results: TGF-B1 expression was markedly enhanced in both
acute and particularly chronic lesions (P < .001). Although IL-
11 expression was significantly increased only in chronic
lesions (P < .0001), IL-17 was preferentially associated with
acute lesions (P < .005). Although collagen type III deposition
was not significantly different among the groups, type I colla-
gen deposition was significantly increased in chronic AD
lesions (P < .0005). There was a significant correlation between
IL-11 and type I collagen deposition, as well as the number of
eosinophils in skin specimens from patients with AD (2 =
0.527, and 2 = 0.622, respectively; P < .0001).

Conclusion: These results suggest that TGF-$1, IL-11, and IL-
17 are involved in the remodeling of skin lesions in patients
with AD. However, IL-11 and IL-17 are preferentially
expressed at different stages of the disease. Type I collagen
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appeared to be the major subtype involved in this repair
process. (J Allergy Clin Immunol 2003;111:875-81.)

Key words: Atopic dermatitis, skin biopsy, fibrosis, cytokines, col-
lagen, remodeling

Tissue remodeling has been well documented in asth-
matic airways and is characterized by various structural
changes, including airway wall thickening, subepithelial
fibrosis, mucus overproduction, smooth muscle hyper-
plasia-hypertrophy, and epithelial hypertrophy.!-2 Airway
remodeling is a consequence of chronic inflammatory
episodes,? which are associated predominantly with Ty;2-
type cytokines (IL-4, IL-13, and IL-5). Subepithelial
fibrosis is described as the result of an enhanced deposi-
tion in the lamina reticularis of extracellular matrix
(ECM) components, such as type L, type III, and type V
collagens,*¢ that might be regulated by fibrogenic
cytokines (eg, transforming growth factor [TGF] B).

Numerous reports demonstrated that among all 3
TGF-f isoforms synthesized by mammalian cells, TGF-
B1 is predominantly associated with fibrosis. TGF-f is
the major fibrogenic cytokine that has been shown to act
on fibroblasts for the synthesis and secretion of colla-
gens, as well as other mediators.”-12 TGF-f has been
reported to participate in collagen accumulation within
the ECM? and plays a critical role in wound healing and
tissue remodeling. Various cell types, including
eosinophils,!3-15 T lymphocytes, fibroblasts, macro-
phages, and epithelial cells,!6:17 have all been shown to
produce TGF-f.

IL-11 is a hematopoietic cytokine that is produced by
a variety of stromal cells, including epithelial cells,
fibroblasts, and myocytes.!8-21 Studies performed in
transgenic mice revealed that IL-11 induces some fea-
tures of remodeling, such as enhanced deposition of type
I and type III collagens.22:23 [L-17 is a recently described
cytokine mainly released by CD4* T cells that induces
the release of proinflammatory mediators from
macrophages and fibroblasts.24-26 We recently demon-
strated that IL-17 expression was increased in asthmatic
airways, particularly in patients with severe asthma.27.28
We also showed that recombinant IL-17 increased the
release of IL-6 and IL-11 by fibroblasts isolated from
bronchial biopsy specimens in asthmatic subjects.2’
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Abbreviations used
AD: Atopic dermatitis
ECM: Extracellular matrix
HPF: High-power field
TGF: Transforming growth factor

Atopic dermatitis (AD) is a chronic inflammatory
skin disease with increased serum IgE levels and tis-
sue eosinophilia.?9:30 The expression of profibrotic
cytokines has yet to be analyzed in AD. In this study
we speculate that TGF-f3, IL-11, and IL-17 contribute
to tissue remodeling in the skin of patients with AD.
We therefore assessed the expression of these
cytokines and the extent of collagen deposition in skin
biopsy specimens recovered from acute and chronic
skin lesions, and we compared these results with
results from uninvolved skin of patients with AD and
skin from healthy volunteers. Furthermore, we inves-
tigated whether a particular subtype of collagen might
be preferentially expressed or increased at various
stages of the disease.

METHODS

Skin biopsy specimens

Twenty-four skin punch biopsy specimens (2 mm each) were
obtained from 8 patients fulfilling the diagnostic criteria for AD.3!
Three specimens were recovered from each patient, one from acute
erythematous AD lesions less than 3 days from onset, one from
chronic lichenified AD lesions greater than 2 weeks from onset, and
the last from an uninvolved skin area. Punch skin biopsy specimens
were also obtained from 8 nonatopic healthy volunteers. Specimens
were fixed immediately in 4% paraformaldehyde, embedded in
OCT medium and snap-frozen in liquid nitrogen—cooled isopentane
for immunohistochemistry.

The age of patients with AD ranged from 19 to 49 years (medi-
an, 28 years). All patients had a history of AD dating back to early
infancy and had associated respiratory allergy (allergic rhinitis or
asthma). Serum IgE levels ranged from 269 to 10,700 IU/mL (medi-
an, 5300 IU/mL). None of these patients had other skin pathologies,
and none had been previously treated with oral corticosteroids. Top-
ical steroids were withheld for at least 2 weeks before biopsy spec-
imens were taken. The National Jewish Medical and Research Cen-
ter Institutional Review Board approved the study, and all subjects
provided informed written consent before entering the protocol.

Immunohistochemistry

As previously described,32 we used the alkaline
phosphatase—antialkaline phosphatase method to identify cytokines,
collagen subtypes, and inflammatory cell phenotypes within the
skin biopsy sections (5-mm tissue sections). Specific antibodies
were used to identify eosinophils (anti-EG2; Kabi Pharmacia Diag-
nostics AB, Uppsala, Sweden), T cells (anti-CD3; Becton-Dickin-
son Canada, Mississauga, Ontario, Canada), type I and type III col-
lagens (Medicorp, Montreal, Quebec, Canada), TGF-1 (Cedarlane
Laboratories, Hornby, Ontario, Canada), and IL-11 and IL-17
(R&D systems, Minneapolis, Minn). For negative control prepara-
tions, the primary antibody was replaced with either an irrelevant
isotype-matched control immunoglobulin or TRIS-buffered saline
solution.
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Histochemistry

Total collagen was identified on skin biopsy sections by using
van Gieson staining, which allowed collagen fibers to appear as red
fibers.

Quantification

Slides were coded, and positive cells were counted blindly under
a 200x magnification with an eyepiece graticule. Two to 6 fields
were counted per section, depending on the size of the biopsy spec-
imens and the pattern of alignment of the grid covering an intact
area of epithelial and subepithelial areas. Immunoreactive cells
were quantified as the mean cell count expressing the appropriate
positive marker per high-power field (HPF; 0.202 cm?2). The sever-
ity of dermal fibrosis was scored on a 1 to 4 scale according to the
extent of fibrosis within the dermis, with a score of 4 representing
extensive fibrosis that extended to the whole papillary dermis. The
within-observer coefficient of variation for repeated measures was
less than 5%. Data are expressed in the text as means + SD.

Statistical analysis

Statistical analysis of the results was performed by using
Kruskal-Wallis nonparametric ANOVA, and subsequently, post hoc
comparisons were made by using the Scheffe F and Dunn multiple
comparison tests. The coefficients of correlation were calculated
from the Pearson moment coefficient and corrected for multiple
comparisons by using the Bonferroni correction factor (Systat ver-
sion 8.0; SASS, Chicago, Ill). Results were considered as statisti-
cally significant when the P value was less than .05.

RESULTS
Phenotype of inflammatory cells

Skin biopsy specimens from acute AD lesions charac-
teristically showed epidermal hyperplasia with intracel-
lular edema and inflammatory cell infiltration in the epi-
dermis. Mononuclear cell infiltrates were prominent in
perivascular areas. In particular, CD3+ T cells were
markedly accumulated in acute lesions compared with in
chronic lesions, uninvolved skin from patients with AD,
and normal skin (P < .0001, Table I). Although the num-
ber of CD3* T cells was also significantly greater in
chronic lesions than in uninvolved skin from patients
with AD and normal skin (P < .0001), chronic lichenified
lesions showed hyperkeratosis with minimal spongiosis.
Epidermal and particularly dermal infiltrates showed
increased numbers of eosinophils. The EG2+ cell popu-
lation was significantly greater in chronic lesions than in
acute lesions, uninvolved skin from patients with AD,
and normal skin (P < .0001). No significant difference
was seen in the number of eosinophils in normal skin
versus that in uninvolved skin from patients with AD.

TGF-B1, IL-11, and IL-17 expression

TGF-B1 expression was significantly increased in
chronic and acute lesions (13.5 + 1.7 and 9.0 + 3.1
cells/HPF, respectively) compared with that in unin-
volved areas (3.8 = 2.4 cells/HPF; P <.0001 and P < .001
vs chronic and acute lesions, respectively) and normal
skin (1.5 = 1.4 cells/HPF; P < .0001 and P < .005 vs
chronic and acute lesions, respectively; Fig 1). Moreover,
the number of TGF-B1+ cells was higher in chronic than
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FIG 1. TGF-B1, IL-11, and IL-17 immunostainings in acute chronic lesions and uninvolved skin biopsy speci-
mens of patients with AD and in skin of healthy volunteers. Bars represent means. *P < .001 and P < .0001
compared with uninvolved skin from patients with AD and normal skin, respectively; §8P < .005, P < .001,
and P < .0005 compared with chronic lesions, uninvolved skin from patients with AD, and normal skin,
respectively; **P < .005, P <.0001, and P < .0001 compared with acute lesions, uninvolved skin of patients
with AD, and normal skin, respectively; £P < .0001 compared with acute lesions, uninvolved skin from
patients with AD, and normal skin.

TABLE I. Phenotype of inflammatory cells accumulated in skin biopsy specimens

Acute lesions Chronic lesions Uninvolved skin Normal skin

CD3* cells (/HPF)
EG2* cells (/HPF)

99.4 +22.4%*
39+24

60.1 £ 8.37
124 £5.1%

15.0£7.1
0.1+04

9.8+43
0.1+04

Values are presented as means + SD.

*P <.0001 compared with chronic lesions, uninvolved skin of patients with AD, and normal skin.

TP < .0001 compared with uninvolved skin of patients with AD and normal skin.

$P < .0001 compared with acute lesions, uninvolved skin of patients with AD, and normal skin.

in acute lesions (P < .005). No significant difference was
seen between uninvolved and normal skin.

IL-11 expression was only significantly increased in
chronic lesions (9.6 + 4.7 cells/HPF, P < .0001), where-
as it reached similarly low levels in acute lesions and in
uninvolved and normal skin (2.3 +1.7, 1.8 £ 1.5, and 0.6
+ 0.7 cells/HPF, respectively; Fig 1). In contrast, a sig-
nificant increase in IL-17 expression was only detectable
in acute lesions (5.6 + 2.4 cells/HPF) compared with in
the 3 other groups, which had low levels of IL-17 expres-
sion (1.8 £ 1.5 [P < .005], 1.5 £ 1.4 [P < .001], and 1.1
+ 1.6 cells/HPF [P < .0005] in chronic lesions, unin-
volved skin, and normal skin, respectively; Fig 1).

Deposition of total, type I, and type Il
collagens

Total collagen deposition, as assessed by means of van
Gieson staining, was not different among acute and
chronic skin lesions (2.5 + 1.2 and 2.4 + 1.3, respective-
ly), uninvolved skin and normal skin (1.5 +0.9 and 1.3 +
1.0, respectively; Fig 2). However, the score of type I col-
lagen, as assessed by means of immunostaining, was sig-
nificantly higher in chronic skin lesions (3.1 + 0.8) com-
pared with that in acute lesions (1.3 + 0.7, P < .001),

uninvolved skin (1.3 = 0.7, P < .001), and normal skin
(0.6 £ 0.7, P < .0001). Collagen type I deposition was
observed particularly in the upper dermis of skin lesions
(Fig 3). Regarding type III collagen expression, no sig-
nificant difference was seen among the 4 groups (1.6 +
1.1,2.0 £ 1.3, 2.1 + 1.6, and 1.3 + 0.7 in acute lesions,
chronic lesions, uninvolved skin, and normal skin,
respectively).

Correlation studies between eosinophils,
fibrogenic cytokines, and type | collagen
deposition

The results obtained in acute and chronic AD lesions
and uninvolved skin specimens were analyzed together.
We found a significant correlation among the number of
EG2+ cells (Fig 4, A), the number of IL-11+ cells (Fig 4,
B), and the deposition of type I collagen (2 = 0.622 [P <
.0001] and 2 = 0.527 [P < .0001], respectively).

DISCUSSION

Structural changes, including papillary dermal fibro-
sis, epidermal hyperplasia, and diffuse intercellular and
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FIG 2. Papillary dermal fibrosis, as assessed by the extent of collagen deposition in acute chronic lesions
and uninvolved skin biopsy specimens of patients with AD and in skin of healthy volunteers. **P < .0005, P
<.0005, and P <.0001 compared with acute lesions, uninvolved skin of patients with AD, and normal skin,

respectively.

- o

intracellular edema, are features of AD.30.33 Previous
studies have shown that matrix metalloproteinases and
their specific inhibitors contribute to inflammation-
induced tissue destruction and subsequent remodeling in
AD.3* We have established that remodeled asthmatic air-
ways are associated with increased numbers of TGF-1+,
IL-11+, and IL-17+ cells.!8:23.27.28 Ag such, we hypothe-

d -, ‘ -
© ..i"’- as® ‘ﬁ'; -
FIG 3. Representative examples of total collagen deposition, as detected by using van Gieson staining in

chronic (a) and acute (b) AD; immunostaining for type | collagen in chronic AD (¢) and in uninvolved skin
from patients with AD (d); and immunostaining for type lll collagen in chronic (e) and acute (f) AD.

sized that the expression of fibrogenic and fibrosis-asso-
ciated cytokines, such as TGF-B1, IL-11, and IL-17,
might be enhanced within AD skin lesions.

In this study we investigated the expression of TGF-
B1, IL-11, and IL-17 within acute and chronic AD skin
lesions by means of immunohistochemistry. To our
knowledge, this is the first report demonstrating that the
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FIG 4. Correlation analysis. Significant correlation was found between type | collagen deposition and the
number of EG2+ eosinophils (r2 = 0.622, P < .001; A) and the number of IL-11+ cells (r2 = 0.527, P < .0001; B)
in patients with AD. Acute and chronic lesions and uninvolved skin of patients with AD are represented by

diamonds, circles, and triangles, respectively.

number of cells expressing TGF-f1, IL-11, and IL-17 are
increased in AD lesions compared with in uninvolved
skin from the same individual and from normal control
subjects. Moreover, acute skin lesions are associated pre-
dominantly with the expression of IL-17 and, to a lesser
extent, with TGF-B1. In contrast, chronic lesions are pre-
dominantly associated with TGF-B1 and IL-11 expres-
sion. Morphologic analysis of our tissue sections
revealed that the majority of IL-17 was T cells and, to a
lesser extent, eosinophils. However, the main cellular
source of IL-11 and TGF-B was eosinophils and, to a
lesser extent, T cells.

TGEF-B is a potent fibrogenic cytokine that stimulates
fibroblasts to produce ECM components and protease
inhibitors, to inhibit protease synthesis and release, and
to promote fibroblast chemoattraction.!0:35:36 Among
TGF-B1, TGF-B2, and TGF-B3 isoforms, TGF-B1 is pre-
dominantly expressed during fibrosis development.!?
Our data provide evidence for the first time that the
expression of TGF-B1 occurs in the skin of patients with
AD. The fact that this expression was particularly
increased in chronic lesions suggests that this cytokine
might be associated with more persistent lesions. More-
over, when all the AD biopsy specimens were examined,
there was a significant correlation between the number of
accumulated eosinophils and the number of TGF-B1+
cells, which is consistent with our previous study in asth-
ma.!8 Although we previously demonstrated that TGF-31
expression was related to the severity of asthma,!8 its
precise relationship in AD remains to be clarified.

The assumption that IL-11 plays a role in the develop-
ment of subepithelial fibrosis and airway remodeling
comes from studies done in IL-11 transgenic mice.?2 In
vitro studies have also demonstrated that TGF-B1 is a
potent stimulator of IL-11 production, accumulation, and

gene transcription in human fibroblasts, alveolar and
bronchial epithelial cells, and smooth muscle cells.37-40
Our results are in agreement with these data because both
TGF-B1 and IL-11 expression were increased in chronic
lesions. In contrast, the presence of TGF-f1 and the
absence of IL-11 in acute lesions might suggest that
TGF-B1 initiates the upregulation of IL-11 observed in
chronic stages of the disease. In addition, we have recent-
ly demonstrated that IL-11 mRNA expression was more
dramatic as asthma became increasingly severe.23 More-
over, this expression was related to increased type I and
type III collagen deposition.

Because its expression was enhanced only in chronic
skin AD lesions, we speculate that IL.-11 is associated
with the persistence of AD. In support of this is the sig-
nificant correlation we found in our previous study?3
between the number of eosinophils and IL-117* cells.
These results suggest that the accumulated eosinophils at
the site of chronic lesions might be the major producers
of IL-11 through TGF-B1 stimulation in an autocrine or
paracrine manner. In addition, eosinophil-derived major
basic protein has also been described to participate in the
production of IL-11 by lung fibroblasts.4! However,
other IL-11-producing cells should be considered, such
as structural cells, including stromal cells, fibroblasts,
endothelial cells, and epithelial cells.!l:2! The evidence
that TGF-B1 and IL-11 are expressed by eosinophils fur-
ther supports the eventuality that these cells might be
involved in the development of structural remodeling in
the injured skin of patients with AD.

IL-17 is a novel cytokine apparently secreted prefer-
entially by CD4+ activated memory T cells.24-26
Although we found no significant correlation between
the expression of IL-17 and the number of T cells in our
study, the increase in IL-17 in acute lesions paralleled the
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augmentation of T cells. Our previous study showed that
IL-17 expression was increased in bronchoalveolar
lavage fluid, sputum, bronchial biopsy specimens, and
peripheral blood eosinophils recovered from asthmatic
patients.2”28 Moreover, the pattern of IL-17 expression
in asthmatic airways was predominantly associated with
subepithelial fibrosis lesions.28 Thus we hypothesized
that IL-17 might be expressed and associated with der-
mal fibrosis in AD skin lesions. In fact, the increase in
IL-17 expression was observed only in acute, but not in
chronic, AD lesions. This observation is of interest
because we have demonstrated that IL-17 increased the
basal production of IL-11 by normal and asthmatic
bronchial fibroblasts.2? Therefore we might hypothesize
that IL-17 initiates the development of tissue fibrosis in
AD skin lesions indirectly through the release of IL-11.
To further support our hypothesis, IL-17 stimulates
epithelial and endothelial cells, fibroblasts, and
macrophages for the release of IL-6, IL-1f3, TNF-c, and
GM-CSF,24-26 3 number of which are increased in AD
skin lesions. Studies done in transgenic mice demon-
strated that IL-6 is a potent fibrogenic cytokine, leading
to the development of a subepithelial fibrosis in the air-
ways.42 TL-1, TNF-o,, and GM-CSF also stimulate
fibroblasts to induce the proliferation and synthesis of
ECM components. We have shown also that IL-17
enhanced in vitro the basal production of IL-6 by fibro-
blasts isolated from asthmatic bronchial biopsy speci-
mens.2’ Consequently, IL-17 might play a role in skin
remodeling in AD and especially in dermal fibrosis but
more probably in an indirect manner through the release
of profibrotic cytokines, such as IL-11 and IL-6.
Regarding collagen, papillary dermal fibrosis corre-
sponding to lichenified lesions has been well accepted as
a characteristic feature of chronic AD.30 Qur results
showed that type I collagen deposition was increased in
chronic AD lesions, whereas total and type III collagen
accumulation was not modulated among the groups. Of
interest, when all the AD biopsy specimens were exam-
ined, the extent of type I collagen deposition was also
found to be significantly correlated with the number of
eosinophils and IL-11 expression. The lack of correlation
between type I collagen and IL-17 expression was not
surprising because our previous in vitro studies demon-
strated that IL-17 was not able to stimulate bronchial
fibroblasts to upregulate their production of type I and
type IIT collagens.2” On the other hand, type I collagen
deposition and TGF-f expression did correlate; however,
this failed to achieve statistical significance. Although we
expected to find a significant relationship between these
2 parameters, this observation is in agreement with
reports suggesting that some of the effects attributed to
TGF-B1 might be in fact due to IL-11 because we do
have a significant correlation between type I collagen
and TGF-B1 expression. Because type I collagen is the
predominant ECM component in fibrotic diseases,*3 our
results can be regarded as reasonable findings. Although
several studies showed a simultaneous increase in the
deposition of type I and type III collagens in lesions in
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asthma#23 and in scleroderma,** we did not find any
modulation in the extent of total and type III collagen in
any of the skin biopsy specimens used in this study. Nev-
ertheless, according to our results, we might hypothesize
that the evaluation of type I collagen deposition is the
most sensitive parameter for detection of dermal fibrosis
in AD. In asthma, airway remodeling changes, such as
airway wall thickening, might lead to a persistent reduc-
tion in airway lumen diameter and thus to bronchial
hyperresponsiveness.18:4546 Indeed, several studies
showed a link between asthma severity and subepithelial
fibrosis,18:23:45.46 a5 assessed by the thickness of base-
ment membrane. Whether the extent of type I collagen
deposition in the dermis might account for the severity of
AD is not known and should be further investigated.

In summary, the increase in IL-17 and IL-11 expres-
sion was polarized toward acute and chronic AD lesions,
respectively, whereas TGF-f1 expression was increased
in both acute and chronic skin lesions, although at higher
levels in the chronic situation. The finding that chronic
AD skin lesions are associated with a predominance of
TGF-B1- and IL-11-expressing cells and with type I col-
lagen accumulation is also a new and interesting finding.
On the basis of these results, we can speculate that in
addition to TGF-B1, IL-17 initiates the development of
tissue fibrosis in skin lesions in AD, whereas IL-11 is
involved in the development and maintenance of this
process. This process of tissue remodeling can have many
clinical consequences, such as depigmentation or dimin-
ished responsiveness to topical agents. Studies, however,
need to be done to investigate this further. According to
the literature, T cells and macrophages contribute to the
release of TGF-B1, IL-11, and IL-17 in the acute initial
phase of the fibrosis process, whereas eosinophils are the
major cellular source of these cytokines involved in the
progression and perpetuation of fibrosis. Whether these
cytokines are responsible for the characteristic lichenifi-
cation and dermal fibrosis that accompanies chronic AD
skin lesions requires further investigation.
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