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Abstract
CD44 is a transmembrane glycoprotein expressed in various tissues including the skin. Previous
studies indicated that CD44 is required for epidermal permeability barrier homeostasis and
keratinocyte differentiation. Yet, while some studies have demonstrated that CD44 is critical for the
development of inflammation, others have shown that CD44 is not essential for the development of
cutaneous inflammation. In this study, we evaluated the changes in epidermal CD44 expression in a
variety of skin inflammatory models and determined whether CD44 is required for the development
of cutaneous inflammation. Inflammatory responses were compared in CD44 KO versus wild-type
mice in acute models of irritant and allergic contact dermatitis, as well as in a subacute allergic contact
dermatitis induced by repeated hapten treatment. Inflammatory responses were assessed by
measuring ear thickness and epidermal hyperplasia in haematoxylin & eosin-stained sections. Our
results demonstrate that: (i) epidermal CD44 expression increases in both acute and subacute
cutaneous inflammatory models; and (ii) acute disruption of the epidermal permeability barrier
function increases epidermal CD44 expression. Whereas inflammatory responses did not differ
between CD44 KO and wild-type mice in acute models of irritant and allergic contact dermatitis,
both inflammatory responses and epidermal hyperplasia increased in CD44 KO mice following
repeated hapten challenges. These results show first, that permeability barrier disruption and
inflammation stimulate epidermal CD44 expression, and second, that CD44 modulates epidermal
proliferation and inflammatory responses in a subacute murine allergic contact dermatitis model.
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Introduction
CD44 is a ubiquitous transmembrane glycoprotein that also is expressed on the plasma
membrane of both epidermal keratinocytes and leucocytes (1–6). Previous studies
demonstrated that CD44 plays an important role in cutaneous function. For example, CD44
knockout mice show (4): (i) a defect in epidermal permeability barrier homeostasis; (ii)
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epidermal thinning; and (iii) decreased keratinocyte differentiation. Likewise, in cultured
keratinocytes, hyaluronan–CD44 interaction stimulates keratinocyte differentiation and
lamellar body formation (4). Accordingly, hyaluronan induces keratinocyte proliferation both
in primary cell cultures and epidermal hyperplasia in wild-type, but not in CD44-deficient mice
(4,7). In addition, topical application of intermediate-size hyaluronan fragment (50–400 kDa)
reverses skin atrophy in both aged and long-term corticosteroid-treated patients (8). Finally,
keratinocyte proliferation declines in response to phorbol ester stimulation in CD44-deficient
as compared with wild-type mice (7).

Whether CD44 is pro-inflammatory or anti-inflammatory in the skin, however, is controversial.
CD44 regulates lymphocyte proliferation, maturation, activation, homing, extravasation and
infiltration (9–18). Moreover, administration of anti-CD44 antibody reduced cell infiltration
and cutaneous oedema in a delayed type hypersensitive dermatitis model (19–21), and allergic
dermatitis induced by ovalbumin injection is reduced in CD44 KO mice in comparison with
wild-type mice (22). In addition to cutaneous inflammation, CD44 also plays a positive role
in other inflammatory disorders such as arthritis and colitis. Both the severity and the incidence
of arthritis induced by proteoglycans are reduced in either CD44 knockout or anti-CD44
antibody-treated mice (23–28). Moreover, administration of anti-CD44v7 antibody improves
colitis induced by dextran sulphate sodium or trinitrobenzene sulphonic acid (29,30). Finally,
CD44v7-deficient mice developed only a minor colitis after trinitrobenezene sulphonic acid
treatment (31).

Other studies indicate that CD44 suppresses inflammation (32). Inflammatory cell migration
and cytokine production, including TNFα, IL-1β and IL-6, following lipopolysaccharide
treatment, are enhanced in CD44 knockout mice (32). To delineate further the role of CD44
in cutaneous inflammation, in this study, we first determined the effects of barrier disruption
and inflammation on epidermal CD44 expression, and then compared cutaneous inflammatory
responses to various stimuli in CD44 knockout versus wild-type mice. Our results show that
epidermal CD44 expression is up-regulated in response to both barrier disruption and various
types of inflammation. We show further that CD44 negatively regulates cutaneous
inflammation in a subacute allergic contact dermatitis model.

Materials and methods
All animal procedures were approved by the Animal Studies Subcommittee of the San
Francisco Veterans Administration Medical Center and were performed in accordance with
their guidelines.

Materials
Female hairless mice (hr/hr), 6–8 weeks old, were purchased from Charles River laboratories
(Wilmington, MA, USA) and fed standard mouse diet (Ralston-Purina Co, St Louis, MO, USA)
and water ad libitum. Six- to eight-week-old female CD44 knockout and wild-type mice were
purchased from Jackson Laboratory (Bar Harbor, ME, USA). Phorbol 12-myristate 13-acetate
(TPA) and 4-ethoxymethylene-2-phenyl-2-oxazolin-5-one (oxazolone) were purchased from
Sigma Chemical Co (St Louis, MO, USA). Biotinylated hyaluronic acid-binding protein and
monoclonal rat anti-human CD44 antibody (clone 020; isotype IgG2b), which recognizes the
∼85–95 kDa CD44 protein (gp90) in humans and GP85 or Pgp-1 in mice, were from CMB-
TECH Inc (San Francisco, CA, USA). ABC-peroxidase kit was purchased from Vector
Laboratories (Burlingame, CA, USA). FITC-conjugated monoclonal anti-T-cell receptor
(TCR) Vβ 8.1–3 (F23.1) antibody and polyclonal goat anti-IL-1α antibody were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
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Models of inflammatory dermatoses
To minimize the skin damage caused by shaving, all experiments were carried out on hairless
mice except, for experiments in which CD44 KO mice and wild-type control mice were used.

Acute irritant dermatitis model was induced by topical application of 10 µl of 0.03% TPA to
both the inner and outer surfaces of the ears (33). Ear thickness was measured 20 h after TPA
application, followed by biopsies.

Acute allergic contact dermatitis model was induced by first sensitizing animals with a topical
application of 3% oxazolone to the back once daily for 2 days, followed by topical challenge
with 0.5% oxazolone on both inner and outer surfaces of both ears 7 days later (33). Ears treated
with acetone alone served as a vehicle control. Ear thickness was measured with a digital caliper
(Mitutoyo, Tokyo, Japan) both before and 20 h after last oxazolone or TPA application, and
samples were taken at that time-point for haematoxylin & eosin (H&E) staining and
immunohisto-chemistry.

Subacute allergic contact dermatitis model was induced by first topical sensitizing mice with
3% oxazolone once daily for 2 days, followed by topical challenges with 0.1% oxazolone
beginning on the seventh day, once every other day for 10 days (total of five challenge doses)
(34).

Acute permeability barrier abrogation model was achieved by repeated tape-stripping (3 times)
of mouse flank until transepidermal water loss exceeded 2 mg/cm2/h (35). Skin biopsies were
taken at 3, 6 and 24 h following tape-stripping.

Immunohistochemistry
Determinations of cutaneous hyaluronic acid, epidermal CD44 and dermal IL-1α expression
were performed as previously described (4). Briefly, 5-µm paraffin sections were incubated
with an antibody against CD44 or hyaluronic acid-binding protein overnight at 4°C. For TCR
Vβ 8.1–3 staining, 5-µm paraffin sections were incubated with FITC-conjugated monoclonal
anti-Vβ 8.1–3 antibody overnight at 4°C. Immunostaining was detected by ABC peroxidase
method and, in some cases, sections were counter-stained with haematoxylin. Sections were
visualized with a Zeiss Microscope (Jena, Germany), and digital images were taken with Axio
Vision software 3.1 (Carl Zeiss Vision, Munich, Germany) (33,34).

Epidermal thickness measurements and inflammatory cell quantification
Thickness of the epidermal nucleated cell layers was measured on 100× micrographs taken
every 2 cm along the epidermis in biopsies from vehicle and oxazolone-treated skin of both
wild-type and CD44 KO mice. The data presented represent the mean of all measured points
±SEM. The number of eosinophils and the number of inflammatory cells infiltrating the dermis
in subacute allergic dermatitis model was identified and was counted on every 25 mm2 area at
regions between basement membrane and 5 mm below basement membrane on H&E-stained
section with a Zeiss microscope, equipped with AxioVision software 3.1 (34). Data are
presented as the mean of all areas counted ± SEM.

All statistical analyses were performed using the two-tailed Student’s t-test. Data were
expressed as mean ± SEM.
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Results
Epidermal CD44 expression increases in inflamed skin

To determine the role of CD44 in cutaneous inflammation, we first assessed the effects of
different types of cutaneous inflammation on epidermal CD44 expression in hairless mice. As
shown in Fig. 1, a dramatic increase in epidermal CD44 expression occurred in animal models
of both acute allergic (Fig. 1b) and irritant (Fig. 1c) contact dermatitis. In addition, epidermal
CD44 expression increased in the subacute allergic contact dermatitis model (Fig. 1e). No
epidermal CD44 expression was detected in skin samples from CD44 KO mice (Fig. 1f), further
validating the specificity of the immunohistochemical results presented here. Together, these
results demonstrate that epidermal CD44 expression increases in inflamed skin.

Epidermal CD44 expression increases after acute permeability barrier disruption
Previous studies from our laboratory and others have shown that acute barrier disruption
increases epidermal cytokine expression, which if sustained can lead to inflammation (36,
37). To assess whether epidermal CD44 expression changes in response to this pro-
inflammatory stimulus, epidermal CD44 expression in hairless mice was evaluated 3, 6 and
24 h following acute barrier disruption. As shown in Fig. 2, epidermal CD44 expression did
not appear to change 3 h following barrier disruption (Fig. 2b vs 2a), but by 6 h, there was a
detectable increase in epidermal CD44 expression (Fig. 2c), which increased further at 24 h
(Fig 2d). These results suggest that epidermal CD44 expression increases following acute
permeability barrier abrogation.

CD44 deficiency alters the severity of neither acute irritant nor allergic contact dermatitis
As the above results indicate that cutaneous inflammation increases epidermal CD44
expression, we next determined whether CD44 is required for the development of cutaneous
inflammation. In both the acute irritant and allergic contact dermatitis models, the increase in
ear thickness in CD44 knockout mice was comparable with that observed in wild-type mice
(Fig. 3g). In addition, the density of cutaneous inflammatory cell infiltration did not differ
substantially between CD44 KO and wild-type mice, as shown by H&E staining (Fig. 3b vs
3e; Fig. 3c vs 3f). Furthermore, there was no dramatic difference in cutaneous IL-1α
immunostaining between CD44 KO and wild-type mice in both the acute dermatitis models
(Fig. S1). These results suggest that CD44 may not play a crucial role in regulating cutaneous
inflammation in either acute irritant or allergic contact dermatitis models.

Supporting Information
Additional Supporting Information may be found in the online version of this article:
Figure S1. No difference in cutaneous IL-1α expression between CD44 KO and wild-type mice in acute contact dermatitis models: ear
inflammation was induced by topical TPA or oxazolone treatment as described in the Materials and methods section. Ear samples were
obtained 20 h after TPA or the last oxazolone application. No significant difference in IL-1α expression was seen between CD44 KO
and wild-type mice (Fig. S1c vs S1d; Fig. S1e vs S1f). Figure S1a is normal skin from wild-type mice and Fig. S1b is normal skin from
CD44 KO mice. Figure S1c and d are acute dermatitis induced by topical oxazolone in wild-type and CD44 KO mice, respectively. Figure
S1e and f are acute dermatitis induced by topical TPA in wild-type and CD44 KO mice, respectively. Figure S1g is negative control. The
magnifications are the same for all pictures. Scale bar = 20 µm.
Figure S2. Increased TCR Vβ8.1-3 cell infiltration in CD44 KO mice in subacute allergic dermatitis models: subacute allergic dermatitis
was induced as described in the Materials and methods section. Skin samples were taken 24 h after the last oxazolone treatment. TCR
Vβ8.1-3 staining was performed as described in the Materials and methods section and pictures were taken with a digital camera, equipped
with AxioVision software 3.1. There were four mice for each treatment group. Figures shown are representative. Scale bar = 20 µm.
Figure S3. Increased dermal IL-1α expression in CD44 KO mice in subacute allergic dermatitis models: subacute allergic dermatitis was
induced as described in the Materials and methods section. Skin samples were taken 24 h after the last oxazolone treatment. IL-1α
expression was determined as described in the Materials and methods section and pictures were taken with a digital camera, equipped
with AxioVision software 3.1. There were four mice for each treatment group. Figures shown are representative. Scale bar = 20 εm.
Please note: Wiley-Blackwell are not responsible for the content or functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the corresponding author for the article.
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CD44 deficiency enhances cutaneous inflammatory response in subacute allergic contact
dermatitis

As no difference was found in the inflammatory response in the acute dermatitis models, we
next tested whether CD44 deficiency alters the cutaneous inflammatory response in a model
of subacute allergic contact dermatitis (chronic delayed-type hypersensitivity) induced by
repeated hapten (oxazolone) challenges. As shown in Fig. 4, CD44 KO mice showed extensive
skin abnormalities, drier skin and increased scaling, while the skin of wild-type mouse appeared
near normal. Moreover, the epidermis was thicker in CD44 KO mice than in wild-type mouse
(Fig. 5b vs 5d; Fig. 5e).

Previous studies demonstrated increased eosinophil infiltration in subacute allergic dermatitis
(34), and TCR Vβ 8.1–3 positive T cells are a major cell type involved in delayed-type
hypersensitivity (38–40). Indeed, there was a more extensive inflammatory cell infiltrate, with
a higher density of eosinophils (Fig. 5b vs 5d; arrows indicate eosinophils), and an increase in
TCR Vβ 8.1–3 positive T cells (Fig. S2), in CD44 KO mice versus wild-type mice. Finally,
dermal IL-1α expression was also increased in CD44 KO mice as compared with wild-type
mice in this subacute allergic contact dermatitis model (Fig. S3). These results suggest that the
absence of CD44 predisposes to increase cutaneous inflammation in a subacute allergic contact
dermatitis model.

Previous studies have demonstrated that lung inflammation is increased in CD44-deficient
mice, and this increase has been attributed to the accumulation of hyaluronic acid (41).
Therefore, we next assessed whether hyaluronic acid expression also increases in the subacute
dermatitis model in CD44 KO mice. As shown in Fig. 6, after 10 days of vehicle treatment,
there was a modest increase in dermal hyaluronic acid expression in CD44 KO mice compared
with wild-type mice (Fig. 6a,b). Moreover, there was also a significant increase in both dermal
and epidermal hyaluronic acid expression in wild-type mice with the induction of subacute
dermatitis (Fig. 6c). Dermal hyaluronic acid expression did not appear to change (Fig. 6d),
while epidermal hyaluronic acid expression dramatically increased in CD44 KO mice as
compared with wild-type mice with the induction of subacute dermatitis (Fig. 6c vs 6d). These
results suggest that the enhanced cutaneous inflammatory response in CD44 KO mice is not
likely because of dermal hyaluronic acid accumulation. The increased epidermal hyaluronic
acid expression could contribute to enhanced epidermal hyperproliferation as demonstrated
previously (42).

Discussion
Previous studies have shown that CD44 regulates epidermal proliferation, keratinocyte
differentiation and permeability barrier function (4). In this study, we demonstrate that
cutaneous inflammation stimulates epidermal CD44 expression regardless of the method used
to induce inflammation. The mechanisms by which inflammation enhances epidermal CD44
expression remain unclear. However, previous studies demonstrated that cytokines such as
TNFα, IL-1α, IL-1β and IL-10 stimulate CD44 expression in other systems (43–46) and we
showed here that IL-1 level increased in CD44 KO mice with the induction of subacute
dermatitis. Thus, the enhanced epidermal CD44 expression during cutaneous inflammation
could be because of the increased cytokine levels.

This study further demonstrates that CD44 may not be crucial for acute cutaneous
inflammation, although other studies have demonstrated the importance of CD44 in acute
inflammation (16–31,47). There were no significant differences in inflammatory responses
induced by either acute irritant or allergic contact dermatitis in CD44 knock-out and wild-type
mice. These results are consistent with previous studies (48–50), which showed that CD44
deficiency did not alter the inflammatory response in an allergic contact dermatitis model and
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anti-CD44 antibody did not reduce inflammation in either irritant or allergic contact dermatitis.
Moreover, it has been reported that T cells from CD44-deficient mice showed normal immune
responses to type II collagen or other antigen (51). There are at least two mechanisms by which
CD44-deficient mice could develop inflammation. First, other adhesion molecules, such as L-
selectin, E-selectin, as well as ICAM-1, also play roles in inflammation (51–54). Adhesion
molecules, other than CD44, may play a key role in inflammatory cell extravasation during
inflammation (51). Second, there are other proteins, which could bind hyaluronan and initiate
inflammation, thereby compensating for the absence of CD44 (reviewed in (55). Thus, it is not
entirely unexpected that CD44 deficiency does not decrease acute cutaneous inflammation.

In contrast to the acute dermatitis models, this study did demonstrate that CD44 deficiency
enhances chronic cutaneous inflammation, as demonstrated by an increase in dermal
inflammatory cell infiltration and cytokine expression in a subacute allergic contact dermatitis
model. This result is in agreement with others, who showed that CD44 is a negative regulator
in pulmonary inflammation induced by lipopolysaccharide or bleomycin (32,41). Studies
indicated that there are several mechanisms that could cause exaggerated inflammation in
CD44 deficiency. For example, increased inflammatory gene expression occurs in CD44 KO
mice (32). In addition, studies also showed that interaction of hyaluronic acid with CD44
exhibits anti-allergic effect, and topical application of hyaluronic acid improves inflammation
in DNFB-induced atopic dermatitis model (56). Therefore, the enhanced cutaneous
inflammation in CD44 mice may be because of both elevated cytokine production and
decreased interaction of hyaluronic acid with CD44. Thus, while the absence of CD44 does
not affect acute inflammation, CD44 deficiency enhances chronic inflammation.

Previous studies have shown a decrease in epidermal thickness and keratinocyte proliferation
in CD44-deficient mice (4). However, in the studies reported here, we observed that chronic
inflammation provoked an increase in epidermal thickness in CD44-deficient mice. The
mechanism accounting for these discordant results is not clear. It is possible that the increased
inflammation and cytokine production in CD44-deficient mice with hapten challenges results
in a secondary increase in epidermal thickness. It is well-recognized that inflammation and a
concurrent increase in cytokine levels are associated with keratinocyte proliferation (35,56,
57). In addition, increased accumulation of hyaluronic acid in the epidermis of CD44-deficient
mice could result in epidermal thickening. Accordingly, prior studies have shown that the
accumulation of epidermal hyaluronic acid increases epidermal thickness following epidermal
permeability barrier disruption (42), and topical application of low molecular weight
hyaluronic acid fragment accelerates wound healing (58,59). Thus, a number of pathways could
account for the increase in epidermal thickness in CD44-deficient mice with chronic
inflammation.

In conclusion, this study demonstrates that epidermal CD44 expression is stimulated by
cutaneous inflammations regardless of the methods by which inflammation is induced.
Conversely, CD44 may not be crucial for acute cutaneous inflammation, but it appears to play
a role in suppressing chronic inflammation.
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Figure 1.
Epidermal CD44 expression is increased in inflamed skin: cutaneous inflammatory models
were established as described in the Materials and methods section. Tissue sections were
stained with anti-CD44 antibody and counter-stained with haematoxylin. (a) Normal ear; (b)
acute inflamed ear induced by topical oxazolone; (c) acute inflamed ear induced by topical
TPA; (d) normal skin; (e) the subacute dermatitis model induced by repeated topical
applications of oxazolone; (f) acute inflamed ear induced by topical TPA in CD44 KO mice,
which served as a negative control. The magnifications are the same for all pictures. Scale bar
= 20 µm.
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Figure 2.
Permeability barrier disruption increases epidermal CD44 expression: Acute permeability
barrier disruption was induced by repeated tape-stripping as described in the Materials and
methods section. Skin samples were taken at the indicated times following barrier disruption.
Sections were stained with anti-CD44 antibody without counter-staining. (a) Normal skin; (b)
3 h after barrier disruption; (c) 6 h after barrier disruption; and (d) 24 h after barrier disruption.
The magnifications are the same for all pictures. Scale bar = 20 µm.
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Figure 3.
No difference in the inflammatory response between CD44 KO and wild-type mice in acute
models of contact dermatitis: ear inflammation was induced by topical TPA or oxazolone
treatment as described in the Materials and methods section. Ear samples were obtained 20 h
after TPA or the last oxazolone application. No significant difference in inflammatory cell
infiltration was seen between CD44 KO and wild-type mice (3b vs 3e; 3c vs 3f). (a) Normal
skin from wild-type mice and d is normal skin from CD44 KO mice. (b, e) Acute dermatitis
induced by topical oxazolone in wild-type and . (c, f) Acute dermatitis induced by topical TPA
in wild-type and CD44 KO mice, respectively. (g) The ear thickness measured 20 h after last
oxazolone or TPA application as described in Materials and methods section. The
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magnifications are the same for all pictures. Scale bar = 20 µm. N = 10 for normal and n = 4
for all other groups. Data are expressed as mean ± SEM.
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Figure 4.
Gross appearance of wild-type and CD44 KO mice treated with oxazolone: mice were topically
sensitized with 3% oxazolone once daily for 2 days, followed by topical challenge with 0.1%
oxazolone 7 days later, once every other day for 10 days. (a) (left) CD44 KO mice treated with
oxazolone and (b) (right) wild-type mice treated with oxazolone.
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Figure 5.
The inflammatory cell infiltrate and epidermal thickness were increased in CD44 KO mice in
the subacute dermatitis model: subacute dermatitis was induced as described in the Materials
and methods section. Skin samples were taken 24 h after the last oxazolone treatment. (a) Wild-
type mice treated with vehicle; (b) wild-type mice treated with oxazolone; (c) CD44 KO mice
treated with vehicle; (d) CD44 KO mice treated with oxazolone. The arrows indicate
eosinophils. The epidermal thickness was measured on 100× micrographs as described in the
Materials and methods section. The number of inflammatory cells in dermis was randomly
counted in H&E stained sections with a Zeiss microscope, equipped with AxioVision software
3.1. The counted areas were 5 mm below the basement membrane. The density of inflammatory
cells was expressed as the number of cell per 25 mm2. There were four mice for each treatment
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group. (e) The segments counted were 32–37 on three sections; (f) the segments counted were
13–19 on three sections. The differences were significant between wild-type and CD44 KO
mice. Scale bar = 20 µm.
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Figure 6.
Epidermal hyaluronic acid expression was increased in CD44 KO mice in the subacute allergic
dermatitis model: subacute allergic dermatitis was induced as described in the Materials and
methods section. Skin samples were taken 24 h after the last oxazolone treatment. (a) Wild-
type mice treated with vehicle; (b) CD44 KO mice treated with vehicle; (c) wild-type mice
treated with oxazolone; (d) CD44 KO mice treated with oxazolone. Cutaneous hyaluronic acid
staining was performed as described in the Materials and methods section and pictures were
taken with a digital camera, equipped with AxioVision software 3.1. There were four mice for
each treatment group. Figures shown are representative. Scale bar = 20 µm.
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