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The pathogenesis of spongiosis, which is a well-known hallmark of acute eczema, is not fully understood. We
sought to clarify the mechanism for the influx of tissue fluid into the epidermis and the loss of cohesion
between keratinocytes in acute eczema that result in spongiosis. We first demonstrated increased intercellular
accumulation of hyaluronan (HA) in the spongiotic epidermis by immunochemical staining using hyaluronic-
acid-binding protein (HABP) and augmented hyaluronan synthase 3 (HAS3) mRNA expression by spongiotic
keratinocytes using in situ hybridization. We also showed that the epidermis where the intercellular space was
strongly stained with HABP showed weaker expression of membrane E-cadherin. Next, we demonstrated—by a
sandwich assay using HABP, real-time PCR, and flow cytometry—that, among various cytokines, only IL-4, IL-13,
and IFN-g increased HA production, enhanced HAS3 mRNA expression, and decreased membrane E-cadherin
expression by normal human epidermal keratinocytes in both low- and high-Ca media. Finally, we demonstrated
IL-4, IL-13, their combination, and IFN-g could induce intercellular space widening of the epidermis with
increased HA accumulation and decreased E-cadherin expression in the organotypic culture. These results
suggest that the augmented production of HA and the decreased E-cadherin expression by keratinocytes
stimulated with IL-4/IL-13 or IFN-g cause spongiosis in acute eczema.
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INTRODUCTION
Spongiosis is a characteristic histopathological feature in
acute eczema (Holden and Berth-Jones, 2004). However,
studies on its pathogenesis are limited. It has been believed
that spongiosis is caused by the secondary loss of cohesion
between epidermal cells due to the influx of tissue fluid into
the epidermis. Serous exudate extends from the dermis into
the intercellular compartment of the epidermis; as it expands,
epidermal cells remain in contact with each other only at the
sites of desmosomes, acquiring a stellate appearance and
giving the epidermis a sponge-like morphology (Wolff et al.,
2003).

Recently, Trautmann et al. (2000, 2001) have demonstrated
that in allergic contact dermatitis (ACD), IFN-g-producing
T cells trigger Fas-induced apoptosis of keratinocytes and that

apoptotic keratinocytes have decreased E-cadherin expres-
sion that results in cleavage of E-cadherin, while maintaining
desmosomal cadherins. When we consider that E-cadherin
and desmosomal cadherin, both of which are Ca2þ -
dependent transmembrane glycoproteins, constitute adherens
junction and desmosome, respectively (reviewed by Jensen
and Wheelock, 1996), these observations can partly explain
the mechanism of spongiosis formation in ACD. However,
the mechanism for the influx of tissue fluid into the epidermis
has not yet been clarified.

Moreover, although, classically, ACD in mice was
regarded as a Th1 cytotoxic cell-mediated immune response

(Cher and Mosmann, 1987; Fong and Mosmann, 1989;

Grabbe and Schwarz, 1998), recent evidence indicates that

the induction of contact hypersensitivity responses is
dependent on the activity of Th2 cells (Dieli et al., 1994;

Salerno et al., 1995; Yokozeki et al., 2000; Takeshita et al.,

2004). Moreover, Neis et al. (2006) have reported that the

large majority of biopsy specimens of ACD in human

displayed high expression levels (more than fivefold median

increase) of IL-4 and IL-13, whereas a more than fivefold

increase in IFN-g mRNA levels was only detected in a limited

number of patients. These data strongly suggest that IL-4 and/
or IL-13 are more crucial than IFN-g in the pathogenesis of

ACD in both human and mice. Therefore, IFN-g alone seems

to be insufficient to explain the pathogenesis of spongiosis.
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Hyaluronan (HA) is a high-molecular-weight linear
glycosaminoglycan consisting of alternating glucuronic acid
and N-acetylglucosamine residues (Fraser et al., 1997).
Although HA is a well-known component of connective
tissues, for example, the cartilage of joints and the dermis of
skin, its importance in the skin epidermis is now gaining
attention (Maytin et al., 2004). In human epidermis, Tammi
et al. (1988) and Wells et al. (1991) have reported, using
hyaluronic-acid-binding protein (HABP) that HA is localized
in the matrix between keratinocytes in the middle and upper
parts of the spinous layer. Moreover, we have recently
reported that even the normal stratum corneum contains HA
supplied by keratinocytes (Sakai et al., 2000).

The carboxyl groups of HA are fully ionized at extra-
cellular pH. Its osmotic activity is nonideal and is dispro-
portionately high in relation to its molecular weight. In
addition, the molecular meshwork of HA causes steric
exclusion of other macromolecules. For these reasons, HA
is capable of having profound effects on the distribution and
movement of water and plays a major part in water
homeostasis (Laurent and Fraser, 1992; Fraser et al., 1997).

To clarify the mechanism for the movement of water in
spongiosis, in this study we first compared HA accumulation
in the epidermis in acute eczema showing spongiosis and
other inflammatory skin diseases using histochemical staining
with HABP. We then conducted in situ hybridization (ISH) to
demonstrate hyaluronan synthase 3 (HAS3) mRNA expres-
sion by spongiotic keratinocytes. Next, we examined whether
HA accumulation was localized in the epidermis with
decreased E-cadherin expression, as decreased E-cadherin
expression in spongiotic epidermis has been reported
(Trautmann et al., 2001). To explore the mechanism by
which spongiotic epidermis increases the production of HA,
we investigated HAS1 mRNA, HAS2 mRNA, and HAS3
mRNA expression and HA production by normal
human epidermal keratinocytes (NHEK) stimulated with
various cytokines including IL-4 and IL-13. In addition,
we examined the regulation of membrane E-cadherin
expression by keratinocytes treated with IL-4, IL-13, or
IFN-g. Finally, we confirmed the role of IL-4, IL-13, and
IFN-g in the pathogenesis of spongiosis using an organotypic
culture.

RESULTS
Increased HA in the intercellular space of spongiosis

We first examined the localization of HA in the various tissue
samples by histochemical staining with HABP. Representa-
tive tissue samples stained with hematoxylin–eosin and HABP
are shown in Figure 1. As reported previously (Tammi et al.,
1988; Wells et al., 1991), HABP staining was mainly
localized in the middle and upper parts of the spinous layer
of normal skin, although the staining was not necessarily
intense (Figure 1b). In contrast, strong HABP staining from the
basal layer to the upper spinous layer was present in all of the
specimens of acute eczema (Figure 1d). More intense staining
was localized to the regions exhibiting widened intercellular
spaces, that is, spongiosis (Figure 1e). In our study, we
included ACD and dysidrotic eczema as acute eczema, both

of which showed obvious spongiosis histologically. Between
these two disorders, we did not detect any significant
difference in HABP staining. To examine whether strong
HABP staining was a common feature of the histopathologi-
cal changes accompanying the widened intercellular spaces
in the epidermis, we examined the localization of HA in
acantholytic epidermis of pemphigus vulgaris (Figure 1f). In
contrast to acute eczema, significant HABP staining was not
detected in the acantholytic clefts of any cases or in the
intercellular spaces surrounding those clefts, suggesting that
HA is not deposited in the intercellular space of the epidermis
due to the lack of epidermal cohesion. When we examined
the lesional skin of psoriasis and parapsoriasis en plaque as
control skin disorders accompanied by lymphocytic exocy-
tosis, HABP staining was more intense in the epidermis with
either disease than in normal epidermis (Figures 1g and h).
However, the staining intensity was far weaker than that in
the spongiotic epidermis.

Figure 1. The accumulation of HA in various skin disorders. Deparaffinized

4mm sections of normal skin (a and b) and various skin disorders including

acute eczema (c, d, and e), pemphigus vulgaris (f), psoriasis vulgaris (g),

and parapsoriasis en plaque (h) were stained with hematoxylin–eosin (a and

c) and with biotinylated HABP and streptavidin-Texas Red (b, d, e, f, g, and h).

Original magnification was �100 except for (e) (�200), bars¼0.1 mm (a–h).
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Augmented HAS3 mRNA expression by keratinocytes in
spongiotic lesions

Recently, we reported that cultured human keratinocytes
expressed HAS1 and HAS3 mRNAs, whereas HAS2 mRNA
was undetectable or detected as a trace band by northern blot
analysis using total RNA or poly(A)þ RNA. In addition, only
HAS3 mRNA was dramatically upregulated in keratinocytes
treated with IFN-g and downregulated by TGF-b (Sayo et al.,
2002). Therefore, in this study, we evaluated the expression
of HAS3 mRNA in the epidermis of acute eczema and normal
skin by in situ mRNA hybridization (Sayo et al., 2002). Using
a digoxigenin (DIG)-labeled HAS3 anti-sense RNA probe, we
found that HAS3 mRNA was expressed in the basal to
granular layers in normal skin (Figure 2a). Interestingly, HAS3
mRNA was more intensely expressed in the middle part of the
spongiotic epidermis (Figure 2c). No significant signals were
detected by the DIG-labeled mitogen-activated protein-
kinase-binding protein 1 (Mapkbp1) sense RNA probe
(Figures 2b and d), indicating that the signals derived from
the DIG-labeled HAS3 anti-sense RNA probe were specific.

Spongiotic epidermis increased HA in the intercellular space
and downregulated membrane E-cadherin expression

Recently, Trautmann et al. (2000, 2001) reported that the
spongiotic epidermis of atopic dermatitis (AD) as well as that
of ACD showed a reduction in keratinocyte membrane
E-cadherin, but not in desmosomal cadherins. Therefore, we
next examined the correlation between HABP staining and
E-cadherin expression in the lesional skin of acute eczema.
When compared with normal skin (Figure 3a–c), even the
epidermis of acute eczema, which did not show significant
widening of the intercellular space, that is, spongiosis, had
decreased E-cadherin expression (Figure 3d–f). However, the
epidermis where the intercellular space was strongly stained
with HABP showed weaker expression of membrane
E-cadherin. These findings demonstrate that the augmented

HA production correlates with the downregulation of
membrane E-cadherin expression, suggesting a possible link
between these phenomena.

Augmented HAS3 mRNA expression by keratinocytes
stimulated with IL-4, IL-13, and IFN-c
To elucidate the mechanism by which keratinocytes augment
HAS3 mRNA expression, we examined HAS3 mRNA
expression by NHEK in low-Ca medium 24 hours after the
stimulation with three different concentrations, 10, 30, and
100 ng ml�1, of various cytokines. Among these cytokines,
both IL-4 and IL-13 in addition to IFN-g, which we previously
reported as augmenting HAS3 mRNA expression (Sayo et al.,
2002), stimulated HAS3 mRNA expression. None of the other
cytokines—TNF-a, IL-1b, IL-5, IL-6, IL-15, IL-17A, IL-18, or
IFN-a—augmented HAS3 mRNA, even at the highest
concentration (Figure 4a and b). Lower concentrations of
TNF-a, IL-1b, IL-5, IL-6, IL-15, IL-17A, and IL-18 also failed to
stimulate HAS3 mRNA expression (data not shown).
Although the effects of the cytokines on HAS3 mRNA
expression by NHEK were consistent, the magnitude of
HAS3 mRNA induction varied depending on the cell lot. To
further clarify the augmentation of HAS3 mRNA expression
by keratinocytes stimulated with IL-4, IL-13, and IFN-g, we
performed three additional experiments and calculated the
percent augmentation of HAS3 mRNA expression by
keratinocytes stimulated with three different concentrations
of these cytokines and statistically analyzed the effects (Figure
4c). In addition to IFN-g, 10–100 ng ml�1 of IL-4 and
100 ng ml�1 of IL-13 significantly augmented the HAS3
mRNA expression by keratinocytes, although the augmenta-
tion was smaller than that with IFN-g. When we examined
HAS3 mRNA expression by NHEK cultured in high-Ca
medium, identical results with those from NHEK cultured in
low-Ca medium were obtained. Only IL-4, IL-13, and IFN-g
augmented HAS3 mRNA expression (Figure S1a).

In our previous studies (Sayo et al., 2002), we demon-
strated that cultured NHEK expressed both HAS1 and HAS3
mRNA, but not HAS2 mRNA and that only HAS3 mRNA was
regulated by IFN-g and TGF-b. In these studies, however, we
examined HAS1, HAS2, and HAS3 mRNA expression only in
low-Ca medium. Therefore, in the current study, we
examined HAS1 and HAS2 mRNA expression by NHEK
cultured in both low- and high-Ca media. In both low- and
high-Ca media, NHEK did not express detectable HAS2
mRNA after any cytokine treatment (data not shown). On the
other hand, NHEK cultured in both low- and high-Ca media
expressed HAS1 mRNA, although no cytokines affected their
expression significantly (Figures S1b and Sc).

Augmented HA production by keratinocytes stimulated
with IL-4, IL-13, or IFN-c
As IL-4, IL-13, and IFN-g significantly augmented HAS3 mRNA
expression, we measured HA in the culture supernatants of
NHEK treated for 24 hours with IL-4 (10, 30, and 100 ng ml�1),
IL-13 (10, 30, and 100 ng ml�1), and IFN-g (25 ng ml�1).
Initially, NHEK produced substantial amounts of HA without
any stimulation. Consistent with the mRNA expression results,

Figure 2. HAS3 mRNA expression in normal skin and acute eczema by

in situ hybridization. HAS3 mRNA expression in normal skin (a and b) and

acute eczema (c and d) was examined by ISH using a DIG-labeled anti-sense

RNA for human HAS3 mRNA (a and c) and DIG-labeled mouse Mapkbp1

sense RNA (b and d). Original magnification was � 100, bars¼ 0.1 mm (a–d).
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NHEK stimulated with 10–100 ng ml�1 of IL-4, 30 ng ml�1, and
100 ng ml�1 of IL-13, or 25 ng ml�1 of IFN-g significantly
augmented the production of HA (Figure 5).

Suppressed E-cadherin expression by keratinocytes treated with
either IL-4 or IL-13
As IL-4 or IL-13 increased HAS3 mRNA expression and HA
production, we next examined whether these cytokines
affected the E-cadherin expression by keratinocytes. Fujii-
Maeda et al. (2004)reported that IL-4/IL-13 downregulated
E-cadherin expression by a spontaneously transformed
keratinocyte cell line, HaCaT, and by NHEK. However, the
suppression of E-cadherin expression by NHEK treated with
IL-4 or IL-13 was not statistically significant. As they
examined the effects of these cytokines in NHEK cultured
in low-Ca medium, we examined their effects on NHEK that
were cultured in low- or high-Ca medium. Consistent with
the previous studies using confocal scanning microscope that
demonstrated stronger expression of E-cadherin by NHEK
cultured in high-Ca medium than those in low-Ca medium
(Fujii-Maeda et al., 2004), our flow cytometry also clearly
demonstrated that high-Ca medium significantly augmented
E-cadherin expression by NHEK. Interestingly, only keratino-
cytes cultured in high-Ca medium significantly downregu-
lated E-cadherin expression in the presence of IL-4 or IL-13.
In this experiment, IFN-g also downregulated E-cadherin
expression in the keratinocytes cultured in high-Ca medium,
but the difference was not statistically significant (Figure 6).

Induction of spongiosis with increased HA accumulation and
decreased E-cadherin expression in the organotypic culture
treated with cytokines

To further confirm the importance of IL-4, IL-13, or IFN-g in
the pathogenesis of spongiosis, we treated the three-dimen-

tional EpiDerm culture (EPI-200) with these three cytokines
(Figure 7). Interestingly, IL-4, IL-13, their combination, or
IFN-g clearly induced intercellular space widening of the
epidermis with visible intercellular bridges. Together with
spongiosis formation, these cytokines increased HA accumu-
lation in the intercellular space of the epidermis and
decreased epidermal E-cadherin expression. Among these
treatments, the combination of IL-4 and IL-13 showed the
most prominent effect.

DISCUSSION
In this study, we first demonstrated HA accumulation in the
intercellular space of the epidermis in specimens of acute
eczema and its more abundant accumulation in the
spongiotic epidermis. Wells et al. (1991) have reported
diffuse HABP staining in epidermis with positive patch-test
reactions. However, they did not report a correlation
between HA accumulation and spongiotic changes, probably
because their specimens were obtained from lesions
with more intense inflammation than our specimens. Our
histochemical staining demonstrated that the lesional
epidermis of pemphigus vulgaris, which also exhibited
intercellular space widening caused by acantholysis, did
not have increased HA accumulation in the intercellular
spaces or in the clefts of the epidermis. This indicated that
increased HA in the intercellular spaces of spongiotic
epidermis was not a simple consequence of the loss of
epidermal cell cohesion. Furthermore, the examination of
other skin disorders with exocytosis of lymphocytes, for
example, psoriasis vulgaris and parapsoriasis en plaque,
indicated that the significantly high HA accumulation
observed in the spongiotic epidermis was not a general
phenomenon of skin disorders characterized by lymphocyte
exocytosis, although psoriasis vulgaris and parapsoriasis en

Figure 3. HA accumulation and E-cadherin expression in spongiotic epidermis. HA accumulation and E-cadherin expression were determined by double

fluorescence staining using a combination of biotinylated HABP and streptavidin-Texas Red and anti-human E-cadherin Ab and FITC-labeled goat anti-mouse Ig.

(a, b, and c): normal skin; (d, e, and f): acute eczema; (a and d): anti-E-cadherin Ab; (b and e): HABP; (c and f): merged. Original magnification � 100,

bar¼ 0.1 mm (a–f).
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plaque did show increased HA accumulation in the
epidermis.

HA is synthesized by hyaluronan synthase plasma
membrane proteins encoded by the corresponding members
of a multi-gene family: HAS1, -2, and –3 (Sayo et al., 2002;
Monslow et al., 2003). We have reported that human
keratinocytes express only HAS1 and HAS3 (Sayo et al.,
2002), whereas all hyaluronan synthase isoenzymes are
expressed in the monolayers of rat keratinocytes and at least
HAS1 and HAS2 are expressed in mouse keratinocytes
(reviewed by Pasonen-Seppänen et al., 2003). In addition,
only HAS3 mRNA expression is regulated by cytokines such
as IFN-g and TGF-b in human keratinocytes (Sayo et al.,
2002). Because, in our previous studies, we focused on the

effects of IL-1a, TNF-a, IL-8, IL-10, IFN-g, and TGF-b and
examined their effects on NHEK cultured in only low-Ca
medium, in this study, we investigated the effects of cytokines
including IL-4, IL-5, IL-6, IL-13, IL-15, IL17A, and IL-18 on
HAS1, HAS2, and HAS3 mRNA expression by NHEK
cultured in both low- and high-Ca media. These studies
confirmed that only HAS3 mRNA was upregulated by IL-4,
IL-13, and IFN-g irrespective of Ca concentration. Moreover,
HA production was also augmented by these three cytokines.
Unexpectedly, although IFN-g augmented HAS3 mRNA
more vigorously than either IL-4 or IL-13, HA production
was not necessarily increased more abundantly by IFN-g than
IL-4 or IL-13. This may be due to the promoting effects of
IFN-g on keratinocyte differentiation, which suppresses the
growth of keratinocytes (Saunders and Jetten, 1994).

On the basis of these in vitro studies, we focused on HAS3
mRNA expression in acute eczema. Consistent with the
increased HA concentration, keratinocytes in the spongiotic
epidermis showed increased HAS3 mRNA expression. In our
ISH, we used a DIG-labeled mouse Mapkbp1 sense RNA
probe. Initially, we attempted to use a DIG-labeled HAS3
sense probe; however, northern blot analysis demonstrated
that the DIG-labeled HAS3 sense probe reacted with an
unknown mRNA, other than HAS3, extracted from cultured
human keratinocytes and fibroblasts. Therefore, we used a
DIG-labeled mouse Mapkbp1 sense RNA probe of a length
and GC content similar to those of the HAS3 anti-sense
probe, which did not show any cross-reactivity with mRNA
from human tissue (data not shown). Our in vitro studies
using NHEK suggested the major role of HAS3 in HA
production by keratinocytes in the spongiotic epidermis
because NHEK did not express HAS2 mRNA in either low- or
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high Ca-medium, whereas HAS1 mRNA expression was not
affected by any cytokines. However, it is necessary to
examine HAS1 and HAS2 mRNA expression in the spongiotic
epidermis by ISH to obtain a final conclusion. This issue is
currently under the investigation.

Next, we examined the localization of HA accumulation
and E-cadherin expression in acute eczema, because
Trautmann et al. (2000, 2001) have demonstrated decreased
E-cadherin expression and maintained desmosomal cadherin
expression in ACD. Interestingly, in all the examined cases
with acute eczema, the epidermis in which the intercellular
spaces were strongly stained with HABP showed weaker
membrane E-cadherin expression.

Although Trautmann et al. (2000, 2001) have demon-
strated the role of IFN-g in the pathogenesis of spongiosis,
recent evidence indicates the crucial role of Th2 cells in the
pathogenesis of ACD (Salerno et al., 1995; Asherson et al.,
1996; Yokozeki et al., 2000; Takeshita et al., 2004; Neis
et al., 2006). Therefore, it is conceivable that IL-4 and/or IL-
13 are involved in the pathogenesis of spongiosis. Indeed, our
current study clearly demonstrated that IL-4/IL-13 down-
regulated membrane E-cadherin expression by NHEK cul-
tured in high-Ca medium.

On the basis of these observations, we propose the
following mechanism for the spongiosis formation in acute
eczema. In acute eczema, IL-4/IL-13-producing T cells and/or
IFN-g-producing T cells infiltrate into the epidermis. Both IL-
4/IL-13 and IFN-g induce decreased membrane E-cadherin
expression by keratinocytes possibly through different

mechanisms, while they increase HAS3 mRNA expression
and HA production in keratinocytes. Increased HA in the
intercellular space of the epidermis induces the movement of
water into the epidermis by osmosis and its molecular
meshwork (Laurent and Fraser, 1992; Fraser et al., 1997). The
resulting increased hydrostatic pressure widens the inter-
cellular space, elongating and distorting portions of the
epidermal cell surfaces that lose their E-cadherin adhesion
but retain desmosomal adhesion. This suggested mechanism
was strongly supported by our observation that IL-4, IL-13,
their combination, and IFN-g clearly induced intercellular
space widening in the epidermis with augmented HA
accumulation and decreased E-cadherin expression in the
oragnotypic culture.

Thus far, the biological significance of spongiosis has not
been considered extensively. Rather, it has been understood
as a simple consequence of epidermal damage by the haptens
themselves and by T-cell-mediated cytotoxicity. However,
our study shows that keratinocytes stimulated by IFN-g and
IL-4/IL-13 actively synthesize HA, which suggests that
spongiosis is an adaptive process by keratinocytes to dilute
noxious chemicals by increasing water in the intercellular
space of the epidermis.

MATERIALS AND METHODS
Reagents

Recombinant human TNF-a, IL-1b, IL-4, IL-5, IL-6, IL-13, IL-15,

IL-17A, IL-18, IFN-a, and IFN-g were purchased from Peprotech EC

Ltd, London, UK.
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Tissue samples

Following ethical approval of Tohoku University Graduate School of

Medicine, Sendai, Japan, and adhering to the Declaration of Helsinki

Principles, we analyzed formalin-fixed paraffin-embedded lesional

skin specimens from 28 patients with acute eczema showing

spongiosis histologically (17, contact dermatitis; 11, dysidrotic

eczema), 12 with psoriasis, 6 with pemphigus vulgaris, and 10 with

parapsoriasis en plaque, and 10 normal skin specimens from the

Department of Dermatology, Tohoku University Graduate School of

Medicine. All the subjects gave informed consent before the

examinations.

Cell culture

NHEK from neonatal foreskin (Kurabo, Osaka, Japan) were cultured

in a fully supplemented (10 mg ml�1 bovine insulin, 0.5 mg ml�1

hydrocortisone, 0.1 ng ml�1 human epidermal growth factor, 0.4%

vol/vol bovine pituitary extract, 50mg ml�1 gentamicin, 50 ng ml�1

amphotericin B), low calcium (0.15 mM Ca2þ ), serum-free keratino-

cyte growth medium (HuMedia-KG2; Kurabo). They were used at

the second passage. For 24 hours before and during the following

experiments, the cells were cultured in medium without insulin,

hydrocortisone, human epidermal growth factor, and bovine

pituitary extract. To examine the effects of cytokines on HA

production and HAS3 mRNA expression by NHEK, TNF-a, IL-1b,

IL-4, IL-5, IL-6, IL-13, IL-15, IL-17A, and IL-18 (10, 30, and

100 ng ml�1), IFN-a (25 ng ml�1), and IFN-g (25 ng ml�1) were added

to the culture media. After 24 hours of culture, total RNA was

extracted from the cells for the quantitative analysis of HAS3 mRNA

expression. In some experiments, supernatants were assayed for HA

production. To explore the effects of IL-4, IL-13, and IFN-g on

E-cadherin expression by NHEK, NHEK were cultured with these

cytokines in both low-calcium (0.15 mM Ca2þ ) and high-calcium

(1.2 mM Ca2þ ) conditions and the expression of E-cadherin was

examined 72 hours later by flow cytometry.

Organotypic culture

We used a Standard EpiDermTM kit that consists of 24 individual

tissues (EPI-200), each tissue 8 mm in diameter (Kurabo), as a human

skin equivalent. In the EPI-200 tissues, keratinocytes are grown on a

substrate that is coated with chemically modified collagen. The

EPI-200 culture inserts are grown at air–liquid interface in six-well

plates. After they were equilibrated at 37 1C overnight in 900ml of

the culture medium (EPI-100-NMM; MatTek Corporation, Ashland,

MA), they were then cultured using 5.0 ml of medium by placing

the culture inserts atop two stainless steel washers in the six-well

plates. To examine the effects of cytokines on the EPI-200 culture,

we added 100 ng ml�1 of IL-4, IL-13, their combination, or

25 ng ml�1 of IFN-g. After 4 days of the culture, EPI-200 tissues

were collected and processed for hematoxylin–eosin staining,

immunofluorescence staining for E-cadherin, or immunochemical

staining using HABP.

Fluorescence staining of HABP and E-cadherin

Formalin-fixed paraffin-embedded tissue samples were sectioned to

4mm and deparaffinized. Deparaffinized sections were treated with

biotinylated HABP (Seikgaku Corp., Tokyo, Japan) overnight at 4 1C,

followed by incubation for 1 hour at room temperature with

streptavidin-Texas Red (Biosource, Camarillo, CA). For double-

immunofluorescence staining, deparaffinized sections were treated

with biotinylated HABP and mouse anti-human E-cadherin Ab (Dako

North America Inc., Carpinteria, CA) overnight at 4 1C, followed by

incubation for 1 hour at room temperature with streptavidin-Texas

Red and FITC-labeled goat anti-mouse Ig (Invitrogen, Carlsbad, CA).

After washing with 0.1% Tween 20/phosphate-buffered saline three

Control

IL-4

IL-13

IL-4/IL-13

IFN-γ

H-E E-cadherin/FITC HABP/Texas red E-cadherin/HABP

Figure 7. The histological change, HA accumulation, and E-cadherin expression in the organotypic culture treated with cytokines. The EPI-200 cultures

were grown at the air–liquid interface and stimulated with 100 ng ml�1 of IL-4, IL-13, their combination, or 25 ng ml�1 of IFN-g for 4 days. After culture,

they were processed for hematoxylin–eosin staining, immunofluorescence staining for E-cadherin, or immunochemical staining using HABP. They are

representative data from triplicate cultures. Bar¼0.1 mm.
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times, the slides were mounted in Perma Fluor and observed under

AxioVision (Carl Zeiss, Hallbergmoos, Germany).

Quantification of mRNA expression by real-time PCR

RNA from NHEK was extracted 24 hours after stimulation using the

guanidinium thiocyanate method as described by the manufacturer

(ISOGEN; Nippon Gene Inc., Toyama, Japan). cDNAs were obtained

from total RNA using a TaKaRa RNA PCR kit (AMV) (Takara

Biochemicals, Osaka, Japan), as described by the manufacturer.

Quantitative, fluorescent PCR was performed using the TaqMan

system (ABI 7700; PE Applied Biosystems, Foster City, CA). We

chose forward primers and reverse primers to span exon–intron

boundaries. The TaqMan probes to be used with these primers were

chosen with Primer Express version 1.0 (PE Applied Biosystems). The

forward and reverse primers were made by Operon (Nihon Gene

Research Laboratories Inc., Sendai, Japan), and the TaqMan probes

were made by PE Applied Biosystems. The primers and probes used

in this study are listed in Table S1 and S2. PCRs were performed in

triplicate in 30 ml total reaction volume with 66 nM TaqMan probe,

400 nM forward primers, 400 nM reverse primers, and 2� TaqMan

Universal PCR Master (PE Applied Biosystems). Thermal cycling was

performed for 2 minute at 50 1C to deplete contaminating RNA, with

a 10-minute denaturation at 95 1C, followed by 40 cycles at 95 1C for

15 s, and 60 1C for 1 minute in an ABI Prism 7700 detection system

(PE Applied Biosystems). The levels of cDNA for HAS1, -2, -3, and

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) generated

from cellular RNA were calculated using standard curves generated

with bona-fide human cDNAs for HAS1, -2, -3, and GAPDH, where

there was a linear relationship between the number of cycles

required to exceed the threshold and the number of added copies of

the cDNA (Anonymous, 1997). Triplicate data for the ratios of HAS1,

-2, or -3 mRNA/GAPDH mRNA from keratinocytes treated with

various cytokines were calculated by dividing each HAS1, -2, or -3

mRNA level by the mean of the triplicate data for GAPDH mRNA

levels.

In situ hybridization

A DIG-labeled RNA probe was used to detect human HAS3 mRNA

in human skin tissues by ISH. The anti-sense RNA probe was

complementary to bases 3,085–3,557 of the nucleotide sequence of

the human HAS3 gene (GenBank accession number NM_005329).

For the negative control, we used a DIG-labeled mouse Mapkbp1

sense RNA probe corresponding to bases 6,258–6,648 of Mapkbp1

(GenBank accession number NM_011941). It was 491 bases in

length with a CG content of 49.69%, similar to the HAS3 anti-sense

probe (Genostaff Inc., Tokyo, Japan). Formalin-fixed paraffin-

embedded 5-mm sections were loaded onto a Discovery automated

slide-processing system (Ventana Medical Systems Inc., Tucson, AZ).

Baking and deparaffinization steps were performed as programmed

in the protocol for the RiboMap ISH reagent system (Ventana

Medical Systems Inc.). ISH protocols after the deparaffinization step

were based on the standard protocol described in the manufacturer’s

RiboMap application note using a ready-to-use protease reagent

(PROTEASE 2; Ventana Medical Systems Inc.). After incubation with

the streptavidin–alkaline phosphatase conjugate (Jackson ImmunoR-

esearch Laboratories Inc., West Grove, PA) for 16 minutes at 37 1C,

the signal was detected automatically using a BlueMap NBT/BCIP

substrate kit (Ventana Medical Systems Inc.) for 3 hours at 37 1C.

Finally, the sections were counterstained with a nuclear fast red-

equivalent reagent, ISH Red (Ventana Medical Systems Inc) for

2 minutes before applying coverslips.

Assay of HA synthesis by keratinocytes

IFN-g (25 ng ml�1), IL-4 (10, 30, and 100 ng ml�1), or IL-13 (10, 30,

and 100 ng ml�1) was added to the NHEK cultures and the culture

supernatants were harvested 24 hours later. To measure the HA

content of the culture supernatants, a sandwich type assay was

performed as described previously (Rilla et al., 2004). Briefly, 96-

well maxisorp plates (Nunc, Roskilde, Denmark) were precoated

with (nonbiotinylated) HABP (Seikgaku Corp.) to remove HA from

the samples and standards (range 0–800 ng ml�1). After washing,

HABP labeled by a EZ-Link Maleimid Activated Horseradish

Peroxidase Kit (Pierce, Rockford, IL) was added to detect the bound

HA for spectrophotometric quantification using a substrate solution

consisting of 0.5% 3,30,5,50-tetramethylbenzidine in dimethyl

sulfoxide (Sigma Chemical Co., St Louis, MO) diluted 1:50 with

0.1 M sodium acetate, 1.5 mM citric acid, and 0.005% H2O2.

Flow cytometry

NHEK that were cultured with IL-4 (100 ng ml�1), IL-13

(100 ng ml�1), or IFN-g (25 ng ml�1) in low- and high-Ca conditions,

were trypsinized, and further treated with 10 mg ml�1 of anti-E-

cadherin Ab (Immunotech, Beckman Coulter Company, Marseille,

France) or isotype-matched control Ab for 30 minutes followed by

incubation with PE-conjugated anti-mouse Ig (Tago Immunologicals,

Camarillo, CA). After washing, the expression of E-cadherin by

NHEK was analyzed by FACScan using a CellQuest software (Becton

Dickinson). Dead cells were gated out by adding 0.5 mg ml�1

propidium iodide solution.

Statistical analysis

The statistical significance of differences in the ratio of HAS3 mRNA/

GAPDH mRNA between untreated and treated NHEK in each

experiment was analyzed using a paired t-test. To compare the data

from different donors, we calculated the percent augmentation of the

HAS1, -2, or -3 mRNA/GAPDH mRNA ratio as follows:

% augmentation of HAS1, -2, or -3 mRNA expression¼A/

B� 100

where A is the HAS1, -2, or -3 mRNA/GAPDH mRNA ratio from

NHEK stimulated with cytokines, and B is the HAS1, -2, or -3 mRNA/

GAPDH mRNA ratio from untreated NHEK.

The statistical significance of differences in the percent augmen-

tation of HAS1, -2, or -3 mRNA expression between the untreated

and treated NHEK of multiple subjects was evaluated by the paired

t-test. The statistical significance of differences in the production of

HA between untreated and treated NHEK was analyzed using the

unpaired t-test.
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