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Abstract
Background—Cutaneous PGD2 levels increase following scratching. CRTH2 mediates
chemotaxis to PGD2 and is expressed on Th2 cells and eosinophils, which infiltrate skin lesions in
atopic atopic dermatitis (AD).

Objective—Examine the role of CRTH2 in a murine model of AD.

Methods—CRTH2−/− mice and WT controls were epicutaneously (EC) sensitized by repeated
application of ovalbumin (OVA) to tape-stripped skin for 7 weeks, then challenged by OVA
application to tape-stripped previously unsensitized skin for one week. Skin histology was assessed
by H&E staining and immunohistochemistry. Cytokine mRNA expression was examined by
quantitative RT-PCR. Levels of PGD2, antibody and cytokines were measured by ELISA.

Results—PGD2 levels significantly increased in skin 24 hrs after tape-stripping, but not in skin
subjected to repeated sensitization with OVA. Allergic skin inflammation developed normally at
sites of chronic EC sensitization with OVA in CRTH2−/− mice, but was severely impaired in
previously unsensitized skin challenged with OVA, as evidenced by significantly decreased skin
infiltration with eosinophils and CD4+ cells and impaired Th2 cytokine mRNA expression. Impaired
skin inflammation at sites of acute OVA challenge in CRTH2−/− mice was not due to impaired
systemic response to EC sensitization, as OVA specific IgG1 and IgE antibody levels and OVA
driven splenocyte secretion of cytokines in these mice were comparable to those of WT controls.

Conclusions—CRTH2 promotes allergic skin inflammation in response to cutaneous exposure to
antigen in previously sensitized mice.
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Clinical Implications
Blockage of PGD2 production may inhibit allergic skin inflammation elicited in AD patients by re-exposure to antigens to which they
have been sensitized.
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INTRODUCTION
Prostaglandins (PGs) are lipid-derived mediators generated by the sequential metabolism of
arachidonic acid (AA) by the cyclooxygenase (COX) and prostaglandin synthase enzymes.
Upon its release from the membrane by phospholipase A2, AA undergoes oxidation by COX-1,
and COX-2 to PGG2 followed by reduction to the unstable endoperoxide PGH2, which serves
as substrates for prostaglandin synthase enzymes that are responsible for the generation of the
bioactive PGs and thromboxane. PGs include PGD2, PGE2, PGF2α and PGI2 1.

PGD2 is the predominant PG produced by activated mast cells, which initiate type I allergic
responses 2. PGD2 is also released by other immune cells, that include Th2-type helper T cells,
dendritic cells (DCs) and skin Langerhans cells, and by keratinocytes 3–6. PGD2 is released
into the airways following antigen challenge, and PGD2 inhalation challenge elicits
bronchoconstriction and airway eosinophil infiltration. PGD2 is also released in skin during
an acute allergic response 2.

PGs are potent inflammatory mediators and mediate their effects through rG-protein-coupled
receptors. PGD2 has two receptors: DP1, which shares 20–30% identity with receptors for
other PGs, and a second receptor, DP2, also known as chemoattractant receptor-homologous
molecule expressed on Th2 cells (CRTH2), which is more closely related to chemoattractant
receptors than to DP1 and the other PG receptors 1. Both DP1 and CRTH2 bind PGD2 with
similar high affinity.

Mice deficient in DP1 exhibit decreased Th2 mediated airway inflammation and airway
hypersensitivity in the OVA-induced model of asthma 7. DP1 is expressed on airway epithelial
cells and likely mediates PGD2 driven mucus secretion in asthma and rhinitis. CRTH2 is
expressed on Th2 lymphocytes, eosinophils, mast cells and basophils and mediates PGD2
driven chemotaxis of these cells in vitro 8–12. CRTH2 amplifies Th2 responses by preventing
apoptosis of Th2 cells and enhancing their capacity to secrete cytokines 3, 13, 14. CRTH2 also
amplifies eosinophil function by mobilizing them from the bone marrow, preventing their
apoptosis, and promoting their chemokinesis and degranulation 15–17.

Expression of CRTH2 is increased on T cells and eosinophils in patients with allergic asthma
and there is accumulation of CRTH2+ lymphocytes in human allergic nasal mucosa 18–20.
Genetic variations in CRTH2 have been associated with allergic asthma in different ethnic
groups 21–23. Activation of CRTH2 exacerbates allergic inflammation in an allergic
inflammatory mouse model of asthma24, while CRTH2 antagonism ameliorates airway
inflammation and hyperreactivity in this model 25, 26. However, in one study using the same
model, CRTH2−/− mice had the same degree of allergen-induced airway eosinophilia as WT
controls 27, and in another study, they showed enhanced eosinophil recruitment into the lung
and produced significantly more IL-5 and IL-13 in vitro 28. Thus, the exact role of CRTH2
asthma remains unresolved.

Atopic dermatitis (AD) is characterized by skin barrier dysfunction. This results in scratching
of the dry skin and sensitization to cutaneously introduced protein allergens. CRTH2 mRNA
expression is high in peripheral blood mononuclear cells of patients with AD, and circulating
eosinophils and T cells in AD patients have increased surface expression of CRTH2 29, 30.
Since AD skin lesions are characterized by infiltration with Th2 cells and eosinophils, it is
important to define the potential role of CRTH2 in AD. We have developed a mouse model of
allergic skin inflammation with many similarities to AD. In this model, repeated EC
sensitization of tape-stripped skin with OVA results in a Th2 dominated systemic immune
response characterized by elevated total and antigen specific IgE, and in dermatitis
characterized by dermal infiltration of CD4+ T cells and eosinophils and increased local
expression of Th2 cytokines 31, 32. We have taken advantage of the availability of
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CRTH2−/− mice to examine the potential role of CRTH2 in allergic skin inflammation. The
results demonstrate that CRTH2 is essential for the development of allergic inflammation in
skin acutely challenged with OVA.

METHODS
Mice

CRTH2−/− mice on BALB/c background were kindly provided by Millennium Pharmaceuticals
Inc. BALB/c wild-type (WT) mice were purchased from Charles River Laboratories
(Wilmington, MA). J-KitW/KitW-v (WBB6F1) mice, which virtually lack tissue mast cells and
possess <1.0% of the number of mast cells in the skin, and congenic WBB6F1 wild-type (WT)
mice were obtained from the Jackson Laboratory (Bar Harbor, Me). All mice were kept in a
pathogen-free environment and fed an OVA-free diet. All procedures performed on the mice
were in accordance with the Animal Care and Use Committee of the Children’s Hospital
Boston.

EC sensitization with ovalbumin and antigen challenge
Four- to six-week-old female mice were EC sensitized as described previously 31. Briefly, the
dorsal skin of anesthetized mice was shaved and tape stripped 6 times. 100 μg OVA (Grade
V; Sigma Chemical Co.) in 100 μL of normal saline, or placebo (100 μL of normal saline),
were placed on a patch of sterile gauze (1×1 cm), which was secured to dorsal skin with a
transparent bio-occlusive dressing (Tegaderm, Westnet Inc.). Each mouse had a total of three
one-week exposures to the patch separated by two-week intervals. In the first model, mice were
studied at the end of the 7 week sensitization protocol (day 49). In the second model, mice
were challenged on days 0 and 4 after sensitization (days 50 and 54 from the start) by
application of OVA or saline to shaved and tape stripped previously unsensitized skin, and
were studied on day 7 of challenge (day 57 from the start).

Histological and immunohistochemical analysis of mouse skin
Skin specimens were fixed in 10% buffered formalin and embedded in paraffin. Multiple 4
μm sections of skin were stained with hematoxylin and eosin (H&E) by HistoScientific
Research Laboratories. CD4 staining of skin sections was performed as previously described
31. Eosinophils and CD4+ cells were counted blinded in 10–15 high-power fields (HPFs) at a
magnification of 400X.

Quantitative RT-PCR
Skin specimens were homogenized using a Polytron RT-3000 (Kinematica, AG) in lysis buffer
solution provided in the RNAqueous extraction kit (Ambion Inc.). Reverse transcription was
performed using iScript cDNA synthesis kit (Bio-Rad). PCR reactions were run on an ABI
Prism 7300 (Applied Biosystems) sequence detection system platform. Taqman primers and
probes were obtained from Applied Biosystems. The housekeeping gene β2-microglobulin was
used as a control. Relative gene expression was determined using the method described by
Pfaffl 33.

Serum antibody determination
The BD-PharMingen protocol for sandwich ELISA was used to quantify OVA specific serum
antibody levels.

Cell culture and in vitro cytokine production
Single cell suspensions of spleen cells were cultured in complete RPMI 1640 (JRH Biosciences
Inc., Lenexa, Kansas) supplemented by 10% FCS, 1 mM sodium pyruvate, 2mM L-glutamine,
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0.05 mM 2-mercapto-ethanol, 100 U/ml penicillin, and 1 mg/ml streptomycin at 2×105/ml in
96 well plates or 2×106/ml in 24 well plates in the presence of OVA (200 μg/ml). Cytokine
secretion in supernatants from 24 well plates after 96 hrs of culture was determined by ELISA
following the manufacture’s instructions (BD-PharMingen).

Measurement of PGD2
PGD2 levels in skin were determined using solid phase extraction followed by PGD2-EIA kit
measurement or PGD2-MOX ELISA according to the manufacturer’s instructions (Cayman
Chemical Company). Results obtained with these two assays we found to be similar.

Statistical analysis
Student’s t-test for unpaired data was used. A p value smaller than 0.05 was considered
statistically significant.

RESULTS
Mouse models of allergic skin inflammation used

We examined the effect of lack of the PGD2 receptor CRTH2 on allergic skin inflammation
in two models. In one model, mouse skin was chronically sensitized with OVA over a total of
7 weeks and the site of repeated sensitization was examined on day 49 (Fig. 1A). In a second
model, the mice were sensitized similarly, then previously unsensitized skin was tape stripped
and challenged by application of OVA twice at days 50 and 54, and examined at day 57 (Fig.
1B).

PGD2 levels are modestly elevated in tape stripped skin, but not in skin chronically sensitized
with OVA

Scratching is a hallmark of AD and triggers skin flares. Fig. 2A shows that PGD2 is readily
detectable in mouse skin and its levels modestly, but significantly increased 24 hrs after tape
stripping. In contrast, we found no significant differences in PGD2 levels between unsensitized
skin and skin EC sensitized for three cycles by repeated tape stripping and application of either
saline or OVA (Fig. 2B).

Since mast cells are a rich source of PGD2 2, we examined the effect of acute mechanical skin
injury on PGD2 levels in mast cell deficient WBB6F1/J-KitW/KitW-v mice. There was
significantly lower PGD2 levels in injured skin of WBB6F1/J-KitW/KitW-v mice compared to
genetically matched WBB6F1 controls (Fig. 2C), suggesting that mast cells are an important
source of increased PGD2 skin levels in skin injured by tape stripping.

Allergic skin inflammation in skin sites repeatedly sensitized with OVA is intact in
CRTH2−/− mice

As we previously reported 31, 32, skin sites of WT BALB/c mice repeatedly sensitized with
OVA, developed Th2-dominated inflammation characterized by epidermal thickening, dermal
infiltration with mononuclear cells, CD4+ cells and eosinophils (Fig. 3A) and upregulation of
IL-4 and IL-13, but not IFN-γ, mRNA expression (Fig. 3B). Dermal infiltration with CD4+

cells and eosinophils and upregulation of IL-4 and IL-13 were comparable in CRTH2−/− mice
and WT controls (Fig. 3). These results suggest that CRTH2 does not play an important role
in chronic skin inflammation elicited by repeated sensitization with antigen application to the
same site.

He et al. Page 4

J Allergy Clin Immunol. Author manuscript; available in PMC 2011 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Impaired skin inflammation in OVA challenged skin of CRTH2−/− mice EC sensitized with OVA
We next examined the potential role of CRTH2 in the development of skin inflammation in
mice EC sensitized with OVA in response to antigen application to acutely tape-stripped
previously unsensitized skin. Twenty four hours after challenge, there was a significant
increase in PGD2 levels in OVA challenged previously unsensitized skin compared to saline
challenged previously unsensitized skin (Fig. 4A). Skin challenge of EC sensitized WT mice
with OVA at a previously unsensitized skin site caused increased dermal infiltration with
mononuclear cells (Fig. 4B), a significant increase in dermal infiltration with CD4+ cells and
eosinophils (Fig. 4C), and significant upregulation of IL-4 and IL-13 mRNA expression
compared to skin challenge with saline (Fig. 4D). There were no significant differences in the
numbers of CD4+ and eosinophils between tape-stripped saline challenged skin and
unmanipulated skin of mice EC sensitized with OVA (data not shown). Skin challenge of EC
sensitized CRTH2−/− mice with OVA caused less dermal infiltration with mononuclear cells
(Fig. 4B), significantly less dermal infiltration with CD4+ cells and eosinophils (Fig. 4C), and
significantly less increase in IL-4 mRNA compared to WT mice (Fig. 4D). There was also less
IL-13 mRNA expression, but the difference was not significant (Fig. 4D).

Intact systemic immune response to OVA in EC sensitized and OVA-challenged CRTH2−/−

mice
We considered the possibility that decreased skin inflammation in response to acute skin
challenge with OVA in EC sensitized CRTH2−/− mice was secondary to a less vigorous
systemic immune response to EC sensitization. Fig. 5A shows that serum IgG1 anti-OVA and
IgE anti-OVA antibody levels were comparable in CRTH2−/− mice and WT controls that were
EC sensitized with OVA. Fig 5B shows that secretion of the Th2 cytokines IL-4 and IL-13 and
of the Th1 cytokine IFN-γ was also comparable in CRTH2−/− mice and WT controls.

DISCUSSION
This work demonstrates that CRTH2 is essential important for the development of allergic
inflammation at sites of cutaneous antigen challenge.

PGD2 levels were modestly, but significantly increased in skin 24 hrs after tape stripping, a
procedure that mimics mechanical injury caused by scratching (Fig. 2A). In contrast, PGD2
levels were not elevated in skin subjected to repeated sensitization with OVA, although with
each cycle of sensitization the skin was tape stripped (Fig. 2B). These findings are consistent
with the previous observation that PGD2 levels transiently increase in mouse skin after
mechanical injury inflicted by scratching with a wire brush, but not in skin chronically
subjected to scratching 34. Mast cells were shown to be an important, but not the sole, source
for increased PGD2 levels after acute mechanical skin injury (Fig. 2C). Increased PGD2 levels
in acutely tape stripped skin, but not in chronically sensitized skin, is consistent with our
previous finding that mRNA levels of COX-2 mRNA, the enzyme that generates PGG and
PGH, the substrates for PGD2 synthase, are rapidly, but transiently, upregulated in the skin
after acute tape stripping, but are not elevated in skin sites repeatedly subjected to tape-stripping
and exposure to OVA or saline for 7 weeks 35.

We found no detectable role for CRTH2 in the development of allergic skin inflammation in
skin sites repeatedly sensitized with OVA (Fig. 3). This suggests that Th2 and eosinophil
attractant chemokines other than PGD2 are important for chronic allergic inflammation. Levels
of the Th2 chemoattractant CCL17/TARC and of the eosinophil chemoattractant CCL11/
eotaxin are elevated both in the skin lesions of patients with AD 36, 37 and in mouse skin
chronically sensitized with OVA 32, 38. Furthermore, CCL11/eotaxin was essential for
eosinophil infiltration in skin chronically sensitized with OVA 38, and infiltration of CD4+
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cells in these sites was significantly diminished in CCR4−/− mice (our unpublished
observations). Expression of CCL17/TARC and CCL11/eotaxin mRNAs were elevated to a
comparable degree in chronically EC sensitized skin of CRTH2−/− mice and ET controls (Fig.
6), suggesting that these chemokines may account for the normal infiltration of CD4+ cells and
eosinophils in chronically sensitized skin CRTH2−/− mice.

Boehme et al. recently reported that a proprietary CRTH2 antagonist inhibits allergic skin
inflammation in skin EC sensitized with OVA using a protocol similar to ours 39. However,
mice treated with the CRTH2 antagonist had impaired immune response to EC sensitization.
This was evidenced by reduced total IgE, OVA specific IgE, IgG1 and IgG2a antibody levels
and cytokine secretion by OVA stimulated splenocytes. In addition, there was evidence that
the antagonist interfered with the migration of antigen bearing DCs from skin to draining lymph
nodes. These findings raise the possibility that the inhibitory effect of the CRTH2 antagonist
used by Boehme et al. on skin inflammation could have been secondary to a CRTH2
independent inhibitory effect of the antagonist on the immune response to EC sensitization. In
contrast, we found that CRTH2−/− mice had an intact systemic immune response to EC
sensitization with OVA, as evidenced by comparable levels of OVA specific IgE, IgG1 and
IgG2a antibody and splenocyte secretion of Th2 and Th1 cytokines in response to OVA
stimulation that were comparable to those in WT controls (Fig. 5).

In contrast to normal allergic inflammation at skin sites that have been chronically sensitized
with OVA, allergic inflammation in previously unsensitized skin sites that were tape stripped
and acutely challenged with OVA was significantly impaired in CRTH2−/− mice. This was
evidenced by significantly decreased dermal infiltration with eosinophils and CD4+ cells and
impaired induction of Th2 cytokine mRNAs in antigen challenged skin (Fig. 4B–D).
Furthermore, PGD2 levels were significantly higher in previously unsensitized skin sites that
were tape stripped and challenged with OVA, compared to those challenged with saline (Fig.
4A). These findings suggest that PGD2 is a critical chemoattractant for Th2 cells and
eosinophils following acute mechanical injury inflicted by scratching and introduction of
antigen in previously uninflamed skin sites in patients with AD. Our results are in agreement
with impaired skin inflammation in CRTH2−/− mice sensitized by painting FITC or 2,4-
dinitrofluorobenzene on abdominal skin, then acutely challenged by painting hapten on the
ears 40. This impairment was evidenced by reduced ear swelling, decreased infiltration of
lymphocytes, eosinophils and basophils and decreased production of macrophage-derived
chemokine and RANTES at inflammatory sites.

Although no significant increase in the numbers of CD4+ cells and eosinophils were detected
in tape stripped and saline challenged skin compared to unmanipulated skin of WT mice, we
cannot rule out the possibility that these cells were transiently recruited in response to a transient
increase in PGD2 levels in skin acutely injured by tape stripping. In the presence of OVA,
recruited CRTH2+ Th2 cells would be engaged and activated by antigen presenting dermal
DCs to proliferate and secrete Th2 cytokines, which would cause accumulation of eosinophils
by stimulating resident skin cells to produce eotaxins and cytokines that promote eosinophil
survival 32, 38.

Scratching of dry skin, because of a defective barrier, is a hallmark of AD. To the extent that
tape stripping mimics mechanical injury inflicted by scratching, our results suggest that
CRTH2 blockade may be beneficial in preventing AD flares caused by scratching of non-
inflamed dry skin and cutaneous introduction of antigen.
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Abbreviations used

AA arachidonic acid

AD atopic dermatitis

COX cyclooxygenase

CRTH2 Chemoattractant receptor-homologous molecule expressed on receptor on Th2
cells

DCs dendritic cells

DP1 prostaglandin D2 receptor 1

EC epicutaneous

FITC fluorescein isothiocyanate

IL-4 interleukin-4

IL-13 interleukin-13

IFN-γ interferon-gamma

OVA ovalbumin

PG prostaglandin
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Figure 1. Mouse models of allergic skin inflammation
(A) Skin site subjected to repeated EC sensitization. (B) Acute skin challenge by application
of OVA to tape stripped previously unsensitized skin of EC sensitized mice.
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Figure 2. Levels of PGD2 levels in tape stripped skin and in chronically EC sensitized skin
(A) PGD2 levels in tape stripped skin of WT BALB/c mice (n=4 mice per group). (B) PGD2
levels in unsensitized skin of BALB/c mice taken immediately after shaving, and in skin taken
at the end of 7 week sensitization with saline or OVA (n=4–5 mice per group). Experiments
in A and B were performed at different times. (C) PGD2 levels in tape stripped skin of
WBB6F1/J-KitW/KitW-v mice (n=3 mice per group). *p<0.05, **p<0.01, ***p<0.001.
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Figure 3. Allergic skin inflammation in skin sites repeatedly sensitized with OVA is intact in
CRTH2−/− mice
(A) Dermal infiltration with eosinophils and CD4+ cells. (B) Q-PCR analysis of mRNA levels
of IL-4, IL-5 and IL-13 and IFN-γ Results are expressed as fold induction relative to saline
sensitized skin of WT mice (n=5–6 mice per group). **p<0.01.
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Figure 4. Impaired allergic skin inflammation in response to acute skin challenge with OVA in EC
sensitized CRTH2−/− mice
(A) PGD2 levels in challenged previously unsensitized skin from BALB/c mice previously EC
sensitized with OVA. Measurement was performed 24 hrs after tape stripping and challenge
with OVA or saline. (B) Representative skin histology. Magnification 200X. (C) Skin
infiltrating CD4+ T cells and eosinophils. (D) Q-PCR analysis of mRNA levels of IL-4 and
IL-13. Results are expressed as fold induction relative to saline challenged skin of EC sensitized
WT mice (n=4–5 mice per group). *p<0.05, **p<0.01.
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Figure 5. Intact systemic immune response to OVA in EC sensitized CRTH2−/− mice
(A) Serum levels of OVA-specific immunoglobulin isotypes. (B) Cytokine secretion by
splenocytes in vitro in response to OVA stimulation (n=4–5 mice per group). N.D.= not
detectable
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Figure 6. Expression of CCL17/TARC and CCL11/eotaxin in chronically sensitized mouse skin
CCL17/TARC (A) and CCL11/eotaxin (B) mRNA levels in skin from CRTH2−/− mice and
WT BALB/c controls, chronically sensitized with saline or OVA sensitized. Results are
expressed as fold induction relative to saline sensitized skin of WT mice (n=4–5 mice per
group).
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