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Abstract
Background: Atopic dermatitis (AD) is a complex skin disease involving causative ef‐
fects from both intrinsic and extrinsic sources. Murine models of the disease often 
fall short in one of these components and, as a result, do not fully encapsulate these 
disease mechanisms.
Objective: We aimed to determine whether the protease‐activated receptor 2 over‐
expressor mouse (PAR2OE) with topical house dust mite (HDM) application is a more 
comprehensive and clinically representative AD model.
Methods: Following HDM extract application to PAR2OE mice and controls, AD clin‐
ical scoring, itching behaviour, skin morphology and structure, barrier function, im‐
mune cell infiltration and inflammatory markers were assessed. Skin morphology was 
analysed using haematoxylin and eosin staining, and barrier function was assessed 
by transepidermal water loss measurements. Immune infiltrate was characterised by 
histological and immunofluorescence staining. Finally, an assessment of AD‐related 
gene expression was performed using quantitative RT‐PCR.
Results: PAR2OE mice treated with HDM displays all the characteristic clinical symp‐
toms including erythema, dryness and oedema, skin morphology, itch and inflam‐
mation typically seen in patients with AD. There is a significant influx of mast cells 
(P < .01) and eosinophils (P < .0001) into the dermis of these mice. Furthermore, the 
PAR2OE  +  HDM mice exhibit similar expression patterns of key differentially ex‐
pressed genes as seen in human AD.
Conclusion: The PAR2OE + HDM mouse presents with a classic AD pathophysiology 
and is a valuable model in terms of reproducibility and overall disease representation 
to study the condition and potential therapeutic approaches.
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1  | INTRODUC TION

Atopic dermatitis (AD) is a common, chronic inflammatory and pru‐
ritic skin disease.[1] It affects up to 25% of children worldwide, the 
majority of whom present with symptoms within the first year of 
life; however, up to 70% of patients will go into remission in ado‐
lescence.[2,3] Patients present with erythematous, pruritic papules 
predominantly on the inner folds of skin. As the disease progresses 
from an acute to a chronic stage, lesions become lichenified as a 
result of persistent damage due to inflammation and scratching. 
The aetiology of AD is not fully understood; however, two classical 
mechanistic hypotheses exist that attempt to explain the complex 
mechanisms present within the disease. The first, known as the 
“Inside‐Out,” hypothesis suggests that AD results from inherently 
high levels of Th2 cytokines within the skin that drive inflammation 
and skin barrier disruption.[4] Release of cytokines such as IL‐31, an 
itch‐mediator, can provoke barrier damage through scratching.[5] 
Other mediators that target keratinocytes include IL‐6 which can 
inhibit essential ceramide synthesis and IL‐22 that downregulates 
gene expression of cornified cell envelope genes, for example fil‐
aggrin and cathepsin D.[6,7] The second hypothesis, known as the 
“Outside‐In,” suggests that AD results from fixed, genetic barrier de‐
fects (such as filaggrin null‐mutation) that allow entry to the skin by 
allergens and pathogens.[4] This causes inflammation which results in 
further barrier breakdown through the mechanisms outlined above. 
While the literature supports either of these pathways, ultimately it 
appears that AD may occur as a result of both disease mechanisms 
operating concurrently.

Unfortunately, many murine models do not accurately reflect this 
prevailing theory and are generated through the use of one or other 
of the classical mechanistic hypotheses. Cytokine‐overexpressing 
mice such as the IL‐4tg and IL‐31tg mice exhibit AD‐like dermatitis 
and inflammation. However, the inflammation is restricted to a Th2 
response which is not typical of AD as it has been well‐documented 
that T‐cell subsets in AD vary between Th2, Th17, Th1 and Treg de‐
pending on the disease stage.[8] Murine models such as the trans‐
genic Flg‐mutant (Flgft/ft) or the spontaneous flaky‐tail (Tmem79ma/ma 
Flgft/ft) mouse have genetic barrier disruption through loss‐of‐func‐
tion filaggrin mutations. However, this model is not translatable as 
not all patients with AD have skin barrier mutations nor does the 
presence of such a mutation always result in disease.[9] Application 
of haptens such as oxazolone is commonly used to generate acute 
AD models through repeated exposure while single exposure is more 
often used as a model of allergic contact dermatitis.[10] The overlap 
here presents a debateable assertion in distinguishing between the 
two forms of skin inflammation and whether the resulting pheno‐
type is in fact AD. Finally, one of the best‐characterised AD murine 
models, the NC/Nga mouse with house dust mite (HDM) applica‐
tion, also falls short due to its application of topical sodium dodecyl 
sulfate (SDS) to the skin prior to the HDM application.[11] SDS appli‐
cation to murine skin is a well‐known inducer of irritant contact der‐
matitis and again causes difficulty in establishing the precise nature 
of the dermatitis seen in the model.

Protease‐activated receptor 2 (PAR2) is a G‐protein‐coupled 
receptor that has been linked to multiple aspects of dermatitis in‐
cluding skin barrier function, inflammation and itch.[12‒15] It is acti‐
vated via proteolytic cleavage of its extracellular N‐terminus, which 
in turn acts as the specific ligand for the receptor. It had previously 
been shown that over‐expression of the PAR2‐activating enzyme 
cathepsin S in mice could induce AD‐like symptoms, suggesting a 
key role for this receptor in the disease.[16] Initial generation of a 
mouse with PAR2 over‐expression in the epidermis revealed der‐
matitis‐like symptoms including epidermal hyperplasia, ichthyosis 
and itch.[17] HDM is frequently used in the generation of AD murine 
models, and it contains many allergenic trypsin‐like proteases that 
may cleave and activate the PAR2 receptor.[18,19] Furthermore, many 
patients with AD have high IgE levels specific to HDM allergens and 
avoidance of HDM can lead to improvement of clinical symptoms in 
patients.[20,21] In order to develop an improved AD model, we sought 
to combine both the inherent PAR2 over‐expression and associated 
barrier dysfunction with exposure to HDM and resulting allergic 
inflammation. We hypothesised that the presence of both disease 
mechanisms would better represent the human disease phenotype 
and accelerate the development of the dermatitis present in PAR2 
mice. We found that the mice presented with a reproducible, clinical 
dermatitis consistent with human AD in aspects such as morphology, 
immunology and skin barrier function.

2  | METHODS

2.1 | Animals

Heterozygous Grhl3PAR2/+ (PAR2OE) and FvB/n wild‐type (WT) 
mice were housed in 12‐hr light/dark cycle in individually ventilated 
cages. Routine monitoring and testing verified that mice were free 
from infectious pathogens. Mice were genotyped by PCR using 
genomic DNA from ear‐punch biopsies. Primers used are listed in 
Table S1. Eight‐week‐old mice were shaved on the neck and back 
on day ‐1. The following day, 100 mg of HDM ointment (Biostir, Inc) 
was applied to the neck and ears of mice and thereafter twice/week 
for a total of 6 weeks. All experiments were reviewed and approved 
by the University College Dublin Animal Research Ethics Committee 
and the Health Products Regulatory Agency of Ireland.

2.2 | Clinical assessment

Weight and clinical score were evaluated at each HDM applica‐
tion. A cumulative clinical score out of 12 was calculated from indi‐
vidual values for the symptoms of erythema, oedema, erosion and 
dryness of the skin (absent (0), mild (1), moderate (2) or severe (3)). 
Following the final HDM application, scratching was assessed over 
multiple 10‐minute intervals by double‐blind video recording as pre‐
viously described.[22] A single scratching bout was defined as the 
period between which a mouse raised its hindpaw to its body and 
subsequently lowered it or began grooming. Transepidermal water 
loss (TEWL) and ear thickness measurements were taken using an 
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AS‐WT100RS VapoScan (Asahi Biomed Co.) and an electronic cali‐
per, respectively.

2.3 | Histological staining

Ear skin was fixed in 4% (w/v) paraformaldehyde overnight and 
embedded in paraffin wax. Standard haematoxylin and eosin stain‐
ing was performed on 5  µm sections using an autostainer (Leica 
Biosystems). For Giemsa staining, sections were deparaffinized and 
rehydrated followed by 45‐minute incubation in Giemsa stain (Sigma 
Aldrich). Sections were rinsed with distilled water and fixed with eth‐
anol. Alkaline Sirius Red stain was prepared according to Llewellyn et 
al[23] After rehydration, sections were incubated in Mayer's haema‐
toxylin for 8 minutes followed by 30‐second destaining with acid al‐
cohol. Sections were then incubated in alkaline Sirius Red for 2 hours 
followed by tap water rinse to remove excess stain. Quantification 
of epidermal thickness and infiltrating immune cells was performed 
in 3‐6 fields of view at 200× magnification in a blinded fashion using 
ImageJ software (National Institutes of Health). Care was taken to 
select fields within the dermis that did not include large blood ves‐
sels, glands, muscle or cartilage. Human punch biopsy skin samples 
were acquired with informed consent and in accordance with the 
Ethics and Medical Research Committee, St. Vincent's University 
Hospital, Dublin 4, Ireland.

2.4 | Immunofluorescence and 
immunohistochemical staining

Deparaffinized and rehydrated sections were subjected to heat‐in‐
duced antigen retrieval in sodium citrate buffer (pH6.0). Sections 
were blocked with donkey serum prior to the incubation with either 
anti‐mouse CD3 (1:500, Abcam), anti‐mouse Ly6G (1:250, Biolegend) 
or normal rabbit IgG control (1:250, R&D Systems) overnight at 4°C. 
Postincubation with anti‐rabbit Alexa Fluor®568‐conjugated antibody 
(1:1000, Invitrogen) or anti‐rat Alexa Fluor®488‐conjugated antibody 
(1:1000, Cell Signalling Technologies) for 2 hours at room temperature, 
sections were counterstained with DAPI. Images at ×200 and ×400 
were taken using an IX83 Fluorescent Inverted Microscope (Olympus).

2.5 | ELISA analysis

Tissue was snap frozen and mechanically homogenised in RIPA 
buffer with protease inhibitors using a TissueLyser LT (Qiagen). 
Proteins were extracted and quantified using the Pierce BCA Protein 
Assay Kit (Thermo Fisher). Myeloperoxidase (MPO) was measured 
in samples using a DuoSet ELISA Kit (R&D Systems) following the 
manufacturer's instructions.

2.6 | RNA isolation and quantitative RT‐PCR

Total RNA was extracted and purified from ear tissue using a 
Nucleospin® RNA Isolation kit (Macherey‐Nagel) and quantified 
with a Nanodrop 2000 (Thermo Fisher). Complementary DNA was 

synthesised from 0.5 µg of total RNA with a reverse transcription 
kit (Thermo Fisher). Quantitative RT‐PCR was performed using the 
QuantStudio 7 Flex system (Applied Biosystems). Primers for Il‐4, 
Cxcl1, Il‐36γ, Gzmb, Cd4, Cd8, Flg, Ivl, Lor and Gapdh were purchased 
from Applied Biosystems and are listed in Table S2. The relative 
change in gene expression was calculated using the ΔΔCt method.

2.7 | Statistical analysis

Significance for all experiments excluding fold‐change analysis for 
RT‐qPCR was based on one‐way or two‐way ANOVA with multi‐
ple comparisons using Bonferroni correction. RT‐qPCR data were 
analysed using a Student t test. *P  <  .05, **P  <  .01, ***P  <  .001, 
****P < .0001, ns = not‐significant.

3  | RESULTS

3.1 | Heterogenous development of dermatitis in 
PAR2OE mice

To better understand the nature and progression of the dermatitis 
described by Frateschi et al,[17] we assessed the development of the 
innate skin inflammation that appears in PAR2OE mice over time 
in the FvB/n strain background. Clinical symptoms similar to those 
seen in patients with AD started to appear in the PAR2OE mouse 
around 8 weeks of age (Figure 1A. a‐f). At this age, a slight increase 
in erythema and oedema was observed at the base of the ears 
which progressed gradually in subsequent weeks towards the tip. By 
14 weeks of age, the entire ear was visibly dry and inflamed and in 
some mice began to display small abrasions due to intense scratch‐
ing. From birth, PAR2OE pups were clearly distinguishable from 
their WT counterparts by their flaky and inflamed tails (Figure 1B. 
a‐f). Some mice exhibited autoamputation and necrosis in the tail tip 
or severe swelling; however, this did not appear to negatively affect 
the welfare or behaviour of the mice. The tails continued to present 
these features as the mice aged and necrotic tips fell off with no fur‐
ther necrosis appearing (Figure 1B. a‐f). Length, girth and bluntness 
varied greatly between the tails of PAR2OE mice. Dermatitis lesions 
on the dorsal skin of PAR2OE mice did not appear until 10 weeks 
of age at the earliest (Figure 1C. a‐d). Though not all PAR2OE mice 
develop such lesions, in those that did, lesion development varied 
significantly. Some lesions have the appearance of individual, crusty 
and raised nodules (Figure 1C. d) while others consist of flat, discol‐
oured areas of dorsal skin (Figure 1C. b). Overall, the development 
of skin inflammation in PAR2OE mice is considerably heterogenous 
between mice.

3.2 | Clinical and macroscopic features of 
PAR2OE + HDM mice indicate an AD phenotype

Groups of WT, WT + HDM, PAR2OE and PAR2OE + HDM mice 
were assessed based on their clinical and phenotypic characteris‐
tics of AD (Figure 2A. a‐d). No clinical AD symptoms were recorded 
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in WT mice though intermittently, and mild erythema was seen in 
the WT + HDM group. Both PAR2OE and PAR2OE + HDM mice had 
visibly inflamed ears. No erosion was observed in PAR2OE mice 
during the study; however, some PAR2OE + HDM mice displayed 
abrasions on their ears and necks due to scratching (Figure 2A. d). 
After 6 weeks of topical HDM application to PAR2OE mice, clinical 
symptoms increased at a significantly higher rate than those of the 
untreated PAR2OE mice (Figure 2B. a). Progression of symptoms 
was homogenous between mice within the PAR2OE + HDM group. 
Increase in erythema and oedema in the ears of PAR2OE + HDM 
mice was first seen after 2‐3 weeks of HDM application. Dry skin 
also appeared in the neck area and base of the ears where the 
HDM was applied. Erosion appeared later to a varying degree in 
some, but not all PAR2OE + HDM mice as a result of persistent 
ear scratching.

To determine whether the model presented with increased 
pruritus, scratching behaviour was monitored in WT, PAR2OE and 
PAR2OE  +  HDM mice over multiple 10‐minute intervals. Both 

PAR2OE and PAR2OE + HDM mice exhibited significantly increased 
numbers of scratching bouts than WT mice, in which no scratching 
bouts were observed (Figure 2B. b). No significant difference was 
seen between the PAR2OE and the PAR2OE + HDM groups in terms 
of pruritus. No increase in thickness at any location along the ear was 
seen in WT + HDM mice in comparison with WT mice (Figure 2B. c). 
Ear thickness measurements indicated that swelling was greater in 
both PAR2OE and PAR2OE + HDM at the base of the ear with lesser 
degrees of inflammation seen around the tip. There was significantly 
increased swelling in the middle and base of the PAR2OE + HDM 
ears in comparison with all other groups. Measurement of TEWL 
from the neck showed that a significant increase in water loss oc‐
curs only at the site of HDM application in PAR2OE + HDM mice 
(Figure 2B. d). There was no significant difference in TEWL between 
any groups when untreated skin along the back of the mouse was 
examined. Clinically, the PAR2OE + HDM mouse exhibits a typical 
AD phenotype and presents with key disease features including pru‐
ritus and TEWL.

F I G U R E  1   Phenotypic appearance of the PAR2OE mouse varies between mice. A, Comparison of WT (a‐c) and PAR2OE (d‐f) ears at age 
4, 8 and 14 wk. B, Variability in length and appearance of PAR2OE tails at 14 wk (b‐f) in comparison with WT tail (a). C, Sporadic appearance 
of inflammation and lesions indicated by purple arrowheads on dorsal skin of 14‐wk‐old PAR2OE mice (b‐d) in contrast to WT (a)
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3.3 | Histological assessment of PAR2OE + HDM 
mice displays classical AD morphology

Haematoxylin and eosin staining of WT and WT + HDM ear sec‐
tions displayed identical morphological and cellular sub‐structure in 
these control groups (Figure 3A. a,b). All four layers of the skin (stra‐
tum corneum, epidermis, dermis and hypodermis) were visible with 
minor dermal infiltration. A marked increase in the thickness of the 
stratum corneum and underlying epidermal layers was seen in both 
the PAR2OE and PAR2OE + HDM mice (Figure 3A. c,d). Retention 
of keratinocyte nuclei in the stratum corneum, parakeratosis, was 
visible in both PAR2OE and PAR2OE  +  HDM skin (Figure 3A. 

c,d—black arrowheads). The formation of rete ridges (protrusion of 
epidermis into the dermis) was also evident in PAR2OE + HDM skin 
(Figure 3A. d—red arrowheads). Quantification of epidermal thick‐
ness revealed that both PAR2OE and PAR2OE  +  HDM skin have 
significantly increased thickness (approximately 5‐7 times thicker) 
relative to that seen in WT mice (Figure 3B. a). These measurements 
also demonstrate that application of HDM to WT mice did not in‐
duce any epidermal thickening. Finally, PAR2OE + HDM mice had 
significantly higher numbers of dermally infiltrating cells in com‐
parison with all other groups indicating a higher level of inflamma‐
tion (Figure 3B. b). These morphological changes and features of 
the skin are all characteristic of human AD (Figure 3C).

F I G U R E  2   Clinical and macroscopic 
features of the PAR2OE + HDM model 
are representative of human AD. A, 
Representative appearance of neck 
and ears of WT (a), WT + HDM (b), 
PAR2OE (c) and PAR2OE + HDM (d) 
mice after 6 wk with or without HDM 
treatment. B, Clinical characteristics of 
WT and PAR2OE mice with and without 
application of HDM; clinical score (a), 
scratching bouts (b), ear thickness (c) and 
transepidermal water loss (d). Colour 
coding of the groups is illustrated in (a). 
N = 5 for all groups except scratching 
bouts where N = 3‐4
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3.4 | PAR2OE + HDM mice have high 
numbers of innate immune cells that are relevant to 
AD pathophysiology

Giemsa staining of ear skin revealed the presence of mast cells in the 
dermis of PAR2OE + HDM mice (Figure 4A. a—red arrows). Mast cells 

were identified by metachromatic staining of granules and round nu‐
clei. Several cells containing bi‐lobed nuclei, indicative of eosinophils, 
were also visible using this stain (Figure 4A. a—black arrows). Alkaline 
Sirius Red staining of eosinophil granules confirmed high numbers 
of eosinophils present in the dermis of the PAR2OE  +  HDM mice 
(Figure 4A. b—black arrows). This stain has been shown to provide 

F I G U R E  3   Histological and morphological features of the PAR2OE + HDM model resemble human AD skin. A, Haematoxylin and 
eosin staining of WT (a), WT + HDM (b), PAR2OE (c) and PAR2OE + HDM (d) ear sections. Black arrowheads indicate hypergranulosis and 
parakeratosis in the stratum corneum. Rete ridge protrusion of the epidermis into the dermis is indicated by red arrowheads. Images shown 
are representative of each group. N = 5 for all groups. B, Haematoxylin and eosin staining of normal (a), lesional AD (b) and non‐lesional AD 
(c) human skin. C, Quantitative assessment of epidermal thickness (a) and numbers of infiltrating immune cells in the dermis (b) in each group. 
N = 5 for all groups

(A) (B)

(a) (b) (a)

(c) (d) (b)
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excellent contrast and specificity as a murine eosinophil stain.[24] The 
ear skin of PAR2OE + HDM mice showed low numbers of Ly6g + neu‐
trophils in these mice (Figure 4B. a‐c). At higher magnification, clear 
staining of Ly6G + cells adjacent to a dermal blood vessel was evident 
in a PAR2OE + HDM treated mouse (Figure 4B. d‐e). Negative control 
staining confirmed the specificity of the Ly6G antibody (Figure 4B. f). 
Low numbers of Ly6G + cells were observed in PAR2OE mice while 
Ly6G + cells were absent from the skin of WT and WT + HDM mice 
(data not shown). Quantification of mast cells following Giemsa stain‐
ing indicated no significant difference between WT, WT + HDM and 

PAR2OE groups while the PAR2OE + HDM group were the only mice 
with significantly increased numbers of mast cells in comparison with 
WT mice (Figure 4C. a). Quantification of eosinophils using alkaline 
Sirius Red staining also revealed significant increase in cell numbers 
in PAR2OE  +  HDM in comparison with other groups (Figure 4C. 
b). MPO concentration in ear lysates confirmed the relatively low 
abundance of neutrophils across all groups of mice (Figure 4C. c). 
Morphological pathology assessment indicates chronic, active mas‐
tocytic and eosinophilic perivascular dermatitis with epidermal hy‐
perplasia in the PAR2OE + HDM group consistent with human AD.

F I G U R E  4   The PAR2OE + HDM 
model features a similar innate immune 
cell phenotype as human AD. A, Ear 
skin section of PAR2OE + HDM mouse 
following Giemsa (a) and Sirius Red (b) 
staining. Dermally infiltrating mast cells 
are indicated by red arrows; eosinophils 
are indicated by black arrows. N = 5. 
B, Ear skin section of PAR2OE + HDM 
mouse following immunofluorescence 
staining for Ly6G (a‐e) and control staining 
(f) Ly6G‐positive cells are indicated by 
yellow arrows. N = 3. C, Numbers of 
mast cells (a) and eosinophils (b) were 
quantified per region of interest (ROI) 
in 3‐6 ROI per mouse. Myeloperoxidase 
concentration was quantified by ELISA (c) 
in ear skin extracts of mice. N = 5 for all 
groups
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3.5 | Intraepithelial lymphocytes are present 
in the PAR2OE + HDM mouse model along with 
key differential gene expression patterns seen in 
human AD

High numbers of CD3  +  intraepithelial lymphocytes (IELs) were 
visible in the epidermis of PAR2OE  +  HDM mice (Figure 5A. a‐c). 
Further investigation into the classes of T lymphocytes present in 
the PAR2OE + HDM model indicated no significant upregulation of 
Cd8 gene expression, though it did appear to be increased in com‐
parison with other groups (Figure 5B. a). Interestingly, expression of 

granzyme B (Gzmb), a protease commonly found in CD8 + T cells, 
was significantly increased in the PAR2OE + HDM group when com‐
pared with WT mice (Figure 5B. b). Expression of the Cd4 gene was 
increased significantly in the PAR2OE + HDM mice along with the 
key Th2 and AD‐relevant cytokine Il‐4 in comparison with WT mice 
(Figure 5B. c,d). Additionally, expression of the AD‐relevant cytokine 
Il‐36γ was significantly and homogenously upregulated in both 
PAR2OE and PAR2OE + HDM mice when compared to WT mice as 
was the AD‐relevant chemokine Cxcl1 (Figure 5B. e,f). Expression 
of three skin barrier genes (involucrin, loricrin and filaggrin) was as‐
sessed in the WT and PAR2OE + HDM groups. While there was no 

F I G U R E  5   T‐cell presence and AD‐relevant gene expression patterns are seen in the PAR2 + HDM model. A, Ear skin sections of 
PAR2OE + HDM mouse following immunofluorescence staining for CD3 (a‐c). The broken yellow line denotes the dermal/epidermal 
boundary. CD3‐positive cells are indicated by white arrows. N = 3. B, Expression of Cd8 (a), Gzmb (b), Cd4 (c), Il‐4 (d), Il‐36γ (e) and Cxcl1 (f) in 
ear skin extracts of WT and PAR2OE mice with and without HDM treatment. N = 5 for all groups
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change in expression levels of involucrin, loricrin was significantly 
downregulated and filaggrin upregulated in comparison with WT 
controls (Figure S1).

4  | DISCUSSION

The generation of a murine model that accurately represents a 
human disease becomes particularly challenging when the disease 
is a result of complex interactions between multiple immune path‐
ways, skin barrier destruction and neuroimmune communication.[25] 
In the case of AD, Ewald et al[26] recently compared a selection of 
commonly used murine models to determine which, if any, best rep‐
resented the AD phenotype. The authors concluded that all models 
represented some, but not all, aspects of the disease in terms of cy‐
tokine networks and epidermal pathology. The models fell clearly 
into two groups: those with inflammation‐driven induction (IL‐23 
injection, oxazolone, ovalbumin) and those with barrier dysfunc‐
tion‐driven induction (filaggrin null and flaky tail). Here we present 
a novel model with both allergic inflammation‐(HDM) and barrier 
dysfunction‐(PAR2OE) induced AD that fills the gap left by current 
models.

The application of HDM is essential for the full and consistent 
representation of AD in this mouse model. While the PAR2OE mouse 
alone exhibits dermatitis and lesion formation, this is somewhat vari‐
able between mice in terms of time of appearance and manifesta‐
tion. Lesions on PAR2OE mice following HDM application are more 
consistent in appearance between mice. In addition, mice display 
accelerated symptomatic onset just 1 week post‐HDM application. 
The minimal variation in clinical scoring shows the reproducibility 
and homogeneity of the model. Furthermore, HDM application is es‐
sential for significant increase in TEWL as it is seen only in the neck 
skin of PAR2OE mice where the HDM was applied and not in un‐
treated, dorsal skin. The consistency seen in the model may also be 
partly due to the lack of an initial barrier‐disrupting event, for exam‐
ple tape stripping or SDS application such as in the case of the NC/
Nga model.[11] This severe initial trigger has the ability to effect and 
dictate the progression of the disease in each mouse individually.

Both PAR2OE and PAR2OE + HDM mice show similar levels of 
pruritus, indicating that the increased inflammation, erythema and 
erosion seen in the PAR2OE + HDM group are not the sole result of 
excessive scratching and must be due to other pathophysiological 
factors at play. Histological staining of PAR2OE and PAR2OE + HDM 
skin showed a striking morphological resemblance to human AD skin 
with observable features such as epidermal hyperplasia, oedema, 
parakeratosis and rete ridge formation. Both total ear thickness and 
epidermal thickness are substantially increased in PAR2OE + HDM 
mice in comparison with other groups as a result of epidermal hyper‐
plasia, oedema and dermal cell infiltration. A closer examination of 
perivascular infiltrates shows high numbers of mast cells and eosin‐
ophils typical of AD and atopic diseases.[27,28] The numbers of these 
cells are increased as HDM provides the allergenic irritant that in‐
duces hypersensitivity. In the absence of HDM, PAR2OE mice appear 

to have a predisposition to acquiring this hypersensitivity as they 
too have elevated eosinophil counts. However, HDM application is 
crucial for a robust allergic reaction to occur. Neutrophil involve‐
ment in AD has been an intensively debated topic with suggestions 
that occasionally high neutrophil numbers are primarily a result of 
Staphylococcus infections rather than a result of the pathophysiology 
of AD.[29,30] The PAR2OE + HDM model exhibits relatively low num‐
bers of neutrophils in the dermal infiltrate and a corresponding low 
concentration of the neutrophil‐specific enzyme, myeloperoxidase 
in comparison with other dermatological diseases such as psoriasis, 
which have distinguishing neutrophilic involvement.[31] As none of 
the mice acquired any infection of lesions during the course of the 
study, this is likely the reason that no significant influx of neutrophils 
was seen in the skin.

HDM has previously been shown to induce a robust T‐cell re‐
sponse in AD skin.[32] This PAR2OE + HDM model presents with 
high numbers of CD3 + T cells in both the epidermis and dermis. 
This is similar to what is seen in human AD skin, the pathophys‐
iology of which is comprised of several different classes of T 
cells.[8,33] Those IELs which are predominantly CD8  +  T cells are 
essential for lesion initiation and formation in AD skin.[34] While 
there was no significant upregulation of Cd8 gene expression, 
high expression levels of the CD8‐associated protease GZMB 
were present in the PAR2OE  +  HDM mice, possibly indicating a 
higher cytolytic activity of these cells or production by other 
GZMB‐expressing cell types such as natural killer cells or keratino‐
cytes under stress conditions.[35] Granzyme B is highly expressed 
in human AD skin and is capable of degrading proteins such as 
laminin, fibronectin, E‐cadherin and ZO‐1 which are essential for 
epidermal barrier function.[36,37] Cd4 gene expression along with 
Il‐4 confirmed the presence of CD4 + Th2 cells in the model. The 
upregulation of Il‐4 and Cxcl1 in the PAR2OE + HDM mice selec‐
tively indicates the occurrence of a Th2 and Th17 response in the 
skin. These cytokines are well‐documented mediators involved in 
the pathophysiology of AD and are considered biomarkers of dis‐
ease activity.[8,38‒40] While neither are found within the collection 
of differentially expressed genes identified in the MADAD tran‐
scriptome, their high expression is often seen in patients with AD 
and the success of dupilumab, a therapeutic anti‐IL‐4Rα antibody, 
confirms a central role of IL‐4 in the disease.[41] Il‐36γ and Gzmb 
are two of the top‐25 upregulated genes in human AD with mu‐
rine orthologs.[26,36] Both these genes exhibit a similar magnitude 
increase in the PAR2OE + HDM. Furthermore, in comparison with 
other AD models, the PAR2OE + HDM mice have a more represen‐
tative expression level of Il‐36γ to human AD and therefore may 
constitute an improved model for the study of IL‐36γ in atopic der‐
matitis.[26] Interestingly, while loricrin expression was significantly 
reduced in the PAR2OE + HDM mice in comparison with WT con‐
trols, filaggrin gene expression was conversely upregulated. The 
idea of compensatory redundancy within critical barrier gene ex‐
pression has previously been hypothesised and accounts for the 
unexpected level of functionality in the skin barrier of several 
knock‐out mice strains.[42,43] Flg expression has also been shown to 



     |  1307SMITH et al.

be upregulated postbarrier injury such as tape stripping and thus 
could be upregulated in this model as a result of increased scratch‐
ing.[44] Additionally, Ewald et al[26] found that the only murine 
models of AD with decreased filaggrin expression were those with 
intentional loss‐of‐function mutations within the gene. All other 
models assessed had an increase in expression levels. 

Overall, we have identified that the PAR2OE + HDM mouse is a 
robust and reproducible model representative of human AD. It ac‐
curately displays all aspects of the disease pathophysiology includ‐
ing allergic inflammation, pruritus, barrier dysfunction and immune 
cell involvement. Its highly representative phenotype and broad 
characterisation of the disease may shed light on additional disease 
mechanisms at play in the human condition. Clinically, this model 
can provide valuable insight into the complex pathways that occur 
in AD. Furthermore, its potential to serve as a preclinical model may 
provide a more comprehensive analysis of overlapping functions of 
therapeutic targets for this disease.
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Supplementary Table 2: Primers used for RT-qPCR
Gene TaqMan Assay ID
IL-4 Mm00445259_m1
IL-36γ Mm00463327_m1
CXCL1 Mm04207460_m1
GZMB Mm00442837_m1
CD4 Mm00442754_m1
CD8 Mm00442837_m1
IVL Mm00515219_s1
LOR Mm01962650_s1
FLG Mm01716522_m1
GAPDH Mm99999915_g1

SUPPLEMENTARY FIG 1. Expression of Skin-Barrier Genes in WT and PAR2OE +

HDM Mice. Expression of  IVL, LOR and FLG genes in ear skin extracts of WT and

PAR2OE + HDM mice. Results shown are the average fold change of the PAR2OE + HDM

mice in comparison with WT controls. N=3 for IVL, N=6 for LOR and FLG.

Supplementary Table 1: Primers used for Genotyping
Strain Oligo Name Sequence 5’ to 3’
PAR2OE mGrhP2 for CAC CCC CTC AGC TAA GAA GGA A

mGrhP2 rev CCC TTT GGC AAG AGG AGA GAA A
mGrhP2 KO CTG GGT TTC CAA TCT GCC AAT AAG
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