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Abstract: Atopic dermatitis (AD, eczema) is an inflammatory skin condition whose histopathology
involves remodeling. Few preclinical AD studies are performed using male mice. The
histopathological mechanisms underlying AD development were investigated here in male mice at a
pre-lesional stage using a human AD-like mouse model. Hypodermal cellular infiltration without
thickening of skin layers was observed after one epicutaneous exposure to antigen ovalbumin (OVA),
compared to controls. In contrast to our previous report using female mice, OVA treatment did not
activate skin mast cells (MC) or elevate sphingosine-1-phosphate (S1P) levels while increasing
systemic but not local levels of CCL2, CCL3 and CCL5 chemokines. In contrast to the pathogenic
AD mechanisms we recently uncovered in female, SI1P-mediated skin MC activation with
subsequent local chemokine production is not observed in male mice, supporting sex differences in
pre-lesional stages of AD. We are proposing that differential involvement of the MC/S1P axis in
early pathogenic skin changes contributes to the well documented yet still incompletely understood
sex-dimorphic susceptibility to AD in humans.
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Abbreviations: AD: atopic dermatitis; OVA: ovalbumin; MCs: mast cells; SI1P:
sphingosine-1-phosphate; BV: blood vessels

1. Introduction

Atopic dermatitis (AD) affects nearly 31.6 million (10.1%) people in the United States [1] and
of these, 18 million adults (7.2%) over the age of 18 have AD [2]. Gender disparities have been
noted in the prevalence of AD with females being more prone during adulthood [3—12]. Data is
lacking in males that supports mechanistic differences between the two sexes. Thus, many preclinical
AD studies utilize female mice [13—14], with rare exceptions [14,15].

The pathophysiology of AD involves epidermal barrier dysfunction, a Th2/Th22 helper cell
immune response and genetic polymorphisms which have a more uncertain role [16,17]. Current
therapies for AD are developed for lesional skin, although non-lesional skin is perturbed [17]. We
previously reported pre-lesional skin remodeling and increased activation of mast cells (MC),
skin-resident innate immune cells, via the signaling of a potently bioactive sphingolipid metabolite,
sphingosine-1-phosphate (SI1P), observed in female mice after 1 week of OVA treatment [18,19].
This novel finding uncovered histologic and biochemical perturbations occurring in the skin before
the development of any overt lesions. Here, we report pre-lesional skin responses in male mice upon
a similar short 7-day epicutaneous exposure to OVA. We found that, conversely to female mice [18,19],
males did not exhibit any pre-lesional disease-inducing skin remodeling or MC activation.
Importantly, samples from our previous report on female mice [18] and from the current report on
male mice were collected and analyzed at the same time, following a gender-matched experimental
design. While we did not ascertain the mechanism leading to the observed gender disparity, we
established histological and biochemical differences in OVA-exposed male mouse skin compared to
females that may partly elucidate the sex differences substantiated in adult AD prevalence.

2. Materials and methods
2.1. Atopic dermatitis model

AD was induced in 8 to 12 weeks old male C57B1/6J (WT) mice exactly as previously described
and at the same time as the female mouse study [18,20] (Charles River NCI, Frederick, MD, USA and
The Jackson Laboratory Bar Harbor, ME, USA). Mouse randomization was performed using shuffled
pieces of paper indicating treatment to assign mice to either experimental group. One by one
centimeter square-sized gauze pad (“patch’) containing one hundred microliters of solution of either
100 pg OVA (Sigma-Aldrich, St Louis, MO, USA) or 0.9% saline vehicle only (saline control) was
positioned on the shaved dorsal skin area after tape stripping. Patches were secured in position for
seven days using a transparent dressing (Tegaderm, 3M HealthCare, St Paul, MN, USA) and bandages.
Treated skin areas were harvested from euthanized mice. The AD model was validated as previously
(our results [18] and [20]) through serum IgE level quantification in male mice that received three
epicutaneous exposures, performed at the same time as in female mice. The full AD protocol consists
in three rounds of one seven-day skin exposure via patch followed by fourteen days without patch.
Circulating IgE levels were measured in sera from blood samples collected by cardiac puncture from
euthanized mice and kept at —80 °C until use.
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2.2. Ethics approval of research

All protocols were approved by the University of South Carolina Institutional Animal Care and
Use Committee (Protocol 2403-101303-010818, “Mast cells and sphingosine-1-phosphate in allergic
inflammation”). All experiments were performed in accordance with guidelines and regulations.

2.3. Histopathological analysis

Paraffin-embedded skin tissues were fixed with fresh paraformaldehyde (4%) and cut into 4 um
sections. Some sections were hematoxylin and eosin (H&E)-stained for morphometric analysis as
previously described [18]. Others were stained with 0.1% methylene blue (MB) for 5 seconds, rinsed
with water, dehydrated, and coverslip-mounted to locate MC and MC activation status [18,21,22].
All imaging and measurements were performed by blinded investigators. Imaging was performed at
10x and 40x magnifications using a Nikon E-600 microscope (Nikon Inc., Melville, NY) and a
Micropublisher digital camera model 5.0. The QImaging software version 2.0.13 (QImaging Corp.,
Surrey, BC, Canada) was utilized for image analysis of 24-bit color or 8-bit monochrome images.
The MetaMorph® 6.1 software (Molecular Devices, Sunnyvale, CA, USA) and the HarFa imaging
software (www.fch.vutbr.cz/lectures/imagesci/) were employed to calculate morphometric and fractal
parameters of nuclei allowing for infiltration quantification and measure MC status. Infiltration was
measured in 25 to 30 ROIs per image using at least twelve 40x images per skin section and 4 skin
sections per 2 mice from each treatment group. MC activation status (percent degranulation) was
calculated in situ after analyzing fifty 40x images and 310 to 485 total MC present in 4 skin sections
from 2 mice in each treatment group [18,22].

2.4. Skin layer measurements

Epidermis, dermis, and hypodermis thickness was measured in saline- and OVA-treated
samples with an ocular micrometer (Klarmann Rulings, Inc., Litchfield, NH, USA), exactly as
described [18,22]. The average thickness was calculated from 3 to 5 measurements (n = 3—5 mice per
treatment group for each skin layer).

2.5. Computer-aided measurement of cellular infiltration

We adapted our innovative imaging methods [22] to measure hypodermal cellular infiltration [18],
using at least twelve high-magnification H&E images per individual mouse. First, the
set-color-threshold subroutine (MetaMorph software) was used to isolate nuclei by color
thresholding [18]. Next, the hypodermis in each section was surveyed using a fixed 75 um
diameter-sized region of interest (ROI) [18]. Thus, 25 to 30 ROIs were evaluated per skin section for
a total of 2 sections per slide, using 2 slides for each individual mouse and 2 mice for each treatment
group. Our previous work validated the morphometric parameters of area, perimeter, and integrated
optical density (MetaMorph software’s Integrated Morphometry Analysis subroutine) for accurate
quantification of nuclei with elimination of nonspecific staining [18].
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2.6. Independent confirmation of infiltration quantification using fractal dimension analysis

After thresholding (Section 2.5), fractal dimensions (D) were measured after 8-bit grayscale
image conversion exactly as previously described [18,22].

2.7. Quantification of mast cell degranulation in skin tissue samples

We established an imaging method to quantitatively described the cytoplasm of MC using
fractal geometry [22], demonstrating that a fractal dimension (D) value of 1.378 £ 0.062 specifically
designated intact/resting MC, whereas a D value of 1484 =+ 0.048 characterized
degranulated/activated MC [22]. Here, we used these D values for nonsubjective measure of MC
activation in male skin tissue samples (n =2 to 5 mice per treatment group).

2.8. Quantitative real-time polymerase chain reaction (qPCR)

Harvested skin tissue samples were immediately snap-frozen, and kept at —80 °C until use. Total
RNA was extracted from 4 to 10 mice per treatment group using the miRNeasy kit (Qiagen, Valencia,
CA, USA) and cDNA synthesized by reverse transcription (iScript cDNA synthesis kit, Bio-Rad,
Hercules, CA, USA). A CFX Connect (Bio-Rad) was used to perform qPCR (duplicate
determinations), using SensiFAST™ SYBR No-ROX Kit (Bioline, Taunton, MA, USA). We used the
following primers (all purchased from Thermo Fisher Scientific, Inc., Waltham, MA, USA). for
qPCR amplification: GAPDH forward primer CAGAAGGGGCGGAGATGAT and reverse primer
AGGCCGGTGCTGCTGAGTATGTC, FceRla forward primer ATTGTGAGTGCCACCGTTCA and
reverse primer GCAGCCAATCTTGCGTTACA, CCL2 forward primer CACTCACCTGCTGCTACTCA
and reverse  primer GCTTGGTGACAAAAACTACAGC, CCL3  forward  primer
GCCATATGGAGCTGACACCC and reverse primer TAGTCAGGAAAATGACACCTGGC,
and CCL5 forward primer TGCCCTCACCATCATCCTCACT and reverse primer
GGCGGTTCCTTCGAGTGACA. We used the following qPCR conditions: initial step at 95 °C for
5 minutes and 40 cycles, as follows: 10 seconds at 95 °C, followed by annealing for 1 minute
at 55 °C and extension for 1 minute at 72 °C. Data were analyzed with CFX Manager™ Software,
after normalization to control (saline-treated) samples and to the amount of reference gene, GAPDH
mRNA levels.

2.9. Multiplex chemokine assays

CCL2, CCL3 and CCLS5 chemokine quantifications were conducted in mouse serum and whole
skin protein extracts prepared exactly as previously described [18], using a Bio-Plex Array Reader
(LUMINEX 100; Bio-Rad Laboratories, Hercules, CA, USA) and Milliplex panels (EMD Millipore,
Billerica, MA, USA). Whole skin protein extracts were weighed and immediately snap-frozen using
liquid nitrogen. After homogenization with a mortar and pestle, skin samples were digested
for 2 hours at 4 °C in reporter lysis buffer (Promega, Madison, WI, USA) supplemented with
complete mini-protease inhibitors (Roche Diagnostics, Indianapolis, IN, USA). Supernatants were
kept at —80 °C until use.
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2.10. IgE ELISA

Total IgE was quantified in mouse serum by ELISA (R&D Systems, Minneapolis, MN, USA).
N =6 and 9 mice per experimental group for 1 and 3 exposures, respectively.

2.11.  Lipidomics

Lipids were extracted from snap-frozen skin tissues and S1P or sphingosine was quantified by
liquid chromatography-electrospray ionization-tandem mass spectrometry (4000 QTRAP; AB Sciex,
Foster City, CA, USA), as before [18], and normalized to skin sample weights. Saline and OVA
solutions contained no detectable levels of S1P or sphingosine (data not shown). N = 3 to 4 samples
per experimental group.

2.12.  Statistical analysis

Expressed as means = SEM (unless otherwise indicated), data was analyzed using the unpaired
2-tailed Student’s #-test, with Welch’s correction for samples of unequal variance (Prism 6; GraphPad
Software, La Jolla, CA, USA). Significance for all statistical tests is provided in figures. Each
experiment was repeated at least 3 times in triplicate determinations with consistent results.

3. Results
3.1. A single OVA skin exposure leads to cellular infiltration without skin remodeling in male mice

We previously demonstrated that the epidermis and dermis were thickened in female mice after
a single dose of OVA applied to the skin [18]. Moreover, there was an increase in cellular infiltration
particularly around blood vessels (BV) [18]. Representative images of H&E-stained saline (Figure 1a)
and OVA (Figure 1b) exposed male mice skins illustrate that no significant change was evidenced in
epidermal, dermal or hypodermal thickness after 1 week of OVA treatment compared to controls
(Figure 1c), in contrast to our reported findings in female mice collected at the same time [18]. We
then measured cellular infiltration in the hypodermis by color thresholding the nuclei in the entire
hypodermis of H&E-stained skin sections, exactly as previously described [18]. We report increased
cellular infiltration in the hypodermis and around BV (Figure 1d—e) after OVA exposure of male
dorsal skins, compared to saline controls. In order to independently confirm these results, we applied
yet another of our previously published computerized imaging modalities to quantify cellular mass, a
proxy for cell numbers/infiltration, by means of fractals, or space filling capacity [18,22]. Cellular
infiltration of the hypodermis (Figure 1d—e) was confirmed by an increase in cellular mass,
expressed as augmented fractal dimension (D) values in the hypodermis and around BV (Figure 1f)
after OVA treatment and compared to saline controls.
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Figure 1. Skin remodeling quantitation in differentially treated male skin samples.
Hypodermal cellular infiltration does not cause skin thickening after OVA exposure.
Representative images of H&E-stained skin sections of (a) control (b) OVA treated mice.
Original magnification 10x (scale bar = 50 um). (c) Epidermal, dermal and hypodermal
thickness. (d) Representative nuclei quantification in each region of interest across the
hypodermis of one saline- (empty circles) and one OVA-treated (filled circles) mice, also
distinguishing blood vessel (BV)-containing ROI (red symbols). (¢) Quantification of
cellular infiltration (nuclei per ROI) after saline (black symbols) or OVA (red symbols)
skin treatment. (f) Validation of cell quantification by fractal dimension (D) of each ROI.
N = 10-20 individual measurements collected from 3 to 5 mice per treatment group and
per skin layer. ROI determinations: 25 to 30 ROI per image, at least 12 40x-images per
skin section, 4 skin sections, 2 mice per treatment group.

3.2. OVA treatment does not cause elevation of skin MC numbers or degranulation in male mice

We previously reported that mRNA levels coding for FceRla, the IgE-binding sub-unit of the
high-affinity receptor for IgE reflected local MC numbers in this animal model of AD [18], yet were
not significantly increased after OVA treatment, neither was MC degranulation (Figure 2b,d)
compared to saline controls (Figure 2a,c) and in contrast to female mice [18].

AIMS Allergy and Immunology Volume 5, Issue 3, 160-174.



166

NS

a b
80- NS
37 I I M saline

- = OVA
<g mZGO | |
Z o Q T
x - 3 I - [

c
Eo 5
3 0 s c
- 0
© o <L
o Q < 9
w X 4]

w m]

Figure 2. Mast cell activation status in differentially treated male skin samples. OVA
exposure does not cause skin MC activation after one OVA exposure in male mice.
FceRla (a) and percentage of degranulated MC (b) after OVA treatment (grey columns)
compared to saline controls (black columns). Representative images of methylene
blue-stained skin sections collected after saline (c) or OVA (d) exposure. Arrows indicate
intact (red) and degranulated (yellow) MC, as detected by a validated computer-aided
image analysis method. The insets represent magnifications of resting (red frame) or a
degranulated (yellow frame) MC at 40x. Bar = 50 pum. Unpaired 2-tailed Student’s #-test
with Welch’s correction. NS, not significant.

3.3. The MC-activating S1P/SphK1 axis is not induced in male mice skin upon one OVA application

As expected, the serum levels of IgE were not increased after one single OVA exposure but
were increased after 3 OVA exposures (Figure 3a). Thus, we previously established that skin MC
degranulation at this early stage of AD was not due to the classical IgE/Ag activation pathway but
rather depended on S1P signaling in MC [18,19]. Unaltered MC degranulation in male skin was
concurrent to unchanged local levels of sphingolipid metabolites sphingosine (Figure 3b) and S1P
(Figure 3c) and Sphkl mRNA after OVA treatment compared to saline controls (Figure 3d),
confirming the newly identified mechanistic insights we reported that pertained to AD onset [18,19].
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Figure 3. Circulating IgE levels, skin-associated sphingolipid sphingosine and S1P and
SphK1 mRNA levels in differentially treated male skin samples. One OVA exposure does
not elevate skin sphingosine or SIP levels, SphK1 mRNA expression or circulating IgE
levels in male mice. (a) Serum IgE levels after 3 OVA or saline treatments. Skin levels of
sphingosine (b), S1P (¢) and SphK1 mRNA expression (d). Unpaired 2-tailed Student’s

t-test with Welch’s correction. NS, not significant.

3.4. Serum not local chemokines are elevated in OVA treated male mice

The elevation of local cytokines/chemokines drives the development of AD, whereas their
systemic augmentation correlates with disease progression and/or severity [17]. We previously
demonstrated that airway [23] and skin [18] inflammatory responses were linked to local rather than
systemic elevation of chemokines, thus demonstrating their pathogenic function in atopy. Whereas
local levels of CCL2 (Figure 4a,b), CCL3 (Figure 4a,c) and CCL5 (Figure 4a,d) chemokines did not
augment upon OVA skin treatment, circulating CCL2, CCL3 and CCLS5 were significantly elevated
in OVA-exposed male mice skin, compared to saline controls (Figure 4e).
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Figure 4. Skin-associated versus circulating levels of chemokines in differentially treated
male mice. Systemic but not local chemokines are elevated after one OVA exposure in
male mice. (a) Skin CCL2, CCL3 and CCL5 mRNA expression. Skin protein levels of
CCL2 (b), CCL3 (c) and CCLS5 (d) and their circulating levels (e) in OVA- or
saline-treated mice. Unpaired 2-tailed Student’s #-test with Welch’s correction. NS, not
significant.

4. Discussion and conclusions

Female mice are predominantly used in established preclinical models of AD that encompass
epicutaneous applications of OVA [20], partly because they feature stronger antigen-dependent
cutaneous inflammatory responses than males, similar to the female preponderance of AD observed
in adolescent and adult humans [12,24-26]. Although no single murine model fully recapitulates all
dysregulated immune and barrier functions of human AD skin, OVA-challenged mice replicate
activation of inflammatory pathways observed in patients with AD. Moreover, OVA as an
AD-inducing agent can be used on different mouse backgrounds to account for genetic variability
allowing to identify key players of cutaneous inflammation [14]. In gender-matched experiments, we
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noticed that male mice do not feature the same histopathological patterns seen in female mice.
Pre-lesional skin changes occurring in males after one OVA exposure include hypodermal cell
infiltration without epidermal or dermal thickening, suggesting a difference in the nature or the
distribution of infiltrating cells between the two sexes. One limitation of our study is that we did not
identify the cell types that were increased in the hypodermis. However, reports in mice identified
eosinophils, MC and CD3+CD4+ cells [27] and human skin samples featured CD3+ T-cells and
CD11c+ dendritic cells in non-lesional skin from patients with AD [28]. Skin changes occurring over
time featured gradual chemokine increase, including CCL3 in female Balb/c mice after OVA
treatment [27], in agreement with our data [18]. The paucity of reports analyzing the sequence of
skin alterations at the onset of AD mouse models in males is noteworthy. Local CCL2, CCL3 and
CCL5 mRNA and CCL2 and CCL3 protein levels were elevated in female mice [18] but not in male
mice (our current study). These chemokines have been shown to induce recruitment of macrophages,
granulocytes, CD3+ and CD4+ cells [23,29]. Importantly, MC secrete these chemokines [30] and our
group previously reported that S1P-mediated MC activation is essential to their local production in
early allergic responses of the lung [23] and the skin [18]. In humans, data is mainly collected using
skin samples from patients affected with moderate-to-severe AD, with overt skin lesions.
Interestingly, many inflammatory chemokines, including CCL2, CCL3 and CCLS5 are associated with
human chronic, supporting leukocyte recruitment [31]. More recently, seminal studies focusing on
the analysis of nonlesional skin specimens collected from patients with lesional AD, also
demonstrated an increased inflammatory T cell infiltration, with elevated CCL5, CCL11, CCL17,
CCL18 and CCL22 [28]. However, the authors acknowledged that their dataset does not reveal the
key chemokines involved in primary pathogenesis of AD, which our studies are focusing on. Using
immunohistochemistry, Su et al. established the chemokine profiles to study the evolution of T cell
subsets in skin biopsies of 48 patients and their association with the progression of human AD from
acute to chronic disease [32]. CCL5 was associated with sub-acute AD. Our current study established
that male skin MC are not activated after a single OVA exposure, further supporting that MC
activation does promote pre-lesional skin remodeling through local chemokine elevation. It has been
postulated that increased local chemokine levels may result in systemic dissemination and elevated
serum levels [33]. However, male mice did not display any elevation of local chemokines despite
augmented serum levels. Brunner et al. suggested the occurrence of a mutual regulation with
correlation of blood and skin markers in lesional and nonlesional human AD skin [34]. In this study,
chemokines shared concomitant regulation between chronic lesional skin and serum in patients with
moderate-to-severe AD. The authors found a strong systemic inflammation with elevated skin
chemokine levels in this cohort of overweight patients, a plausible explanation for a pre-existing
systemic inflammatory state. Because AD leads to systemic inflammation, Lauffer et al. proposed to
use serum levels of chemokines, including CCL2, CCL3 and CCLS, as possible predictors of AD
persistence in children [35]. However, no data was provided pertaining to skin-associated chemokine
levels. Our data suggests that systemic detection of chemokines may perhaps mark resistance to AD
development whereas local elevation may denote AD onset, susceptibility or a sign of active disease.
Little is known about the dynamics of chemokine production in serum and in skin tissue or about the
relative contributions of skin resident cells to inflammation development during the pre-lesional
phase of AD, which both warrant further investigation.

It is noteworthy that serum IgE levels are elevated in ~80% of patients with AD however, IgE
levels do not necessarily correlate with disease severity [16]. In male mice, IgE levels were
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significantly elevated after 3 OVA patches, thus validating this AD model for both genders, although
three skin exposures to OVA induced 2.5 times more serum IgE in female [18] compared to male
mice (Figure 3a). Similar to our findings in female mice and as expected, a single OVA skin
exposure did not suffice to elevate serum IgE levels in male mice (Figure 3a).

Previous reports have demonstrated that epidermal thickening is observed in AD lesions with or
without the presence of MC in filaggrin-deficient mice, rendering MC dispensable in this genetic
model [36]. Notably, the disruption of the epidermal barrier due to filaggrin deficiency preceded any
local MC activation in this model. It is tempting to speculate that MC may further perturb the skin
barrier to enable AD. In contrast, other reports concluded that MC were protective to the epidermal
barrier, also suggesting that MC mediators regulated skin barrier integrity [37]. However, the mouse
gender was not revealed in their study where transgenic rather than allergen-induced AD models
were employed, perhaps contributing to MC function discrepancies. Indeed, AD lesions feature
neo-angiogenesis with MC-associated vascular endothelial growth factor-A (VEGF) [38]. In human
AD lesions, epidermal thickening is observed, independently of MC localization to the
epidermis [39]. In our current study, increased cellular infiltrate in the hypodermis and around BV
was seen, as in female mice [18], but the absence of male skin remodeling was linked to lack of MC
activation and of local CCL2, CCL3 and CCL5 mRNA and proteins.

We previously identified a novel signaling pathway in MC by which SphK1-produced S1P from
substrate sphingosine binds S1P receptor 2 (SIPR2) [23,39-43], signaling through signal transducer
and activator of transcription 3 to release CCL2, CCL3, CCLS, resulting in T-cell recruitment [23].
S1P/S1PR2 signaling in MC also triggered VEGF and matrix metalloproteinase 2 release, further
pointing to an important role for MC in pre-lesional AD skin remodeling [44]. However, the MC/S1P
axis was not disease inducing in male mice using the OVA-induced AD model, as skin levels of
sphingosine, S1P or mRNA coding for SphK1 were not elevated. Moreover, MC degranulation was
not augmented after OVA compared to control male mice, further supporting a critical role for
S1P-mediated MC activation in pre-lesional AD skin remodeling, as observed in female mice.
Nonetheless, OVA exposure did increase hypodermal cellular infiltration and systemic chemokine
levels in male mice and three OVA exposures resulted in elevated serum IgE. Together, our results
suggest that male mice may undergo an attenuated and/or delayed skin inflammation due to the
absence of MC activation. Indeed, previous studies suggest that female sex hormones may exacerbate
Th2 inflammation. Subcutaneous estradiol injection initiates allergic sensitization [45] and estradiol
promotes in vitro MC degranulation [46,47]. Anaphylactic responses are also more severe in female
than male mice [48].

There are potential limitations to this study. First, we are well aware that the mechanisms that
underlie sex-related differences in skin disease and inflammation, while, mostly unknown, have not
been addressed here. In addition to sex hormones as discussed above, genetic background and
differences in skin barrier properties may also contribute to these differences. A better understanding
of sex-related differences in skin inflammation may help better prevent, diagnose, and treat
inflammatory skin diseases. Second, while we previously demonstrated an essential role for SphK1
in the upregulation of skin S1P levels after stimulation [18], SphK1 was similarly yet only assessed
transcriptionally. Nonetheless, the unaltered levels of skin S1P after stimulation strongly supported
an essential role for SphK1 in S1P elevation over any other isoform of SphK. Collectively, the
current study demonstrates contrasted pathogenic mechanisms enabling skin inflammation in
preclinical AD in male mice, compared to reports using female mice [18,19].
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Clinical evidence had demonstrated that anti-IgE biologics do not affect the course of
AD [16,49], but may have therapeutic potential at high doses [50]. Thus, identifying S1P as a key
MC stimulus of pre-lesional skin remodeling may be an important milestone in our understanding of
factors that govern the transition from healthy to AD-prone skin. Estrogen exerts immunomodulatory
functions on IgE-independent MC degranulation and chemokine production and higher susceptibility
of human and mouse females to multiple sclerosis is due to higher production of SIPR2 compared to
males [10], further supporting important inflammatory disease enabling functions of the MC/S1P
axis.

Our data suggests that S1P-mediated activation of MC is a critical event in early-stage AD,
absent in male mice, perhaps relevant to higher prevalence of AD in females, supporting MC
intervention to regulate the magnitude and/or perhaps time course [51] of inflammatory skin
responses in a gender-dependent manner.
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