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Abstract

Atopic dermatitis (AD) is a chronic skin inflammation that affects children and adults worldwide,
but its pathogenesis remains ill-understood. We show that a single application of OVA to

mouse skin initiates remodeling and cellular infiltration of the hypodermis measured by a

newly developed computer-aided method. Importantly, we demonstrate that skin mast cell

(MC) activation and local sphingosine-1-phosphate (S1P) are significantly augmented after OVA
treatment in mice. Deficiency in sphingosine kinase (SphK)1, the S1P-producing enzyme, or in
MC, remarkably mitigates all signs of OVA-mediated remodeling and MC activation. Furthermore,
skin S1P levels remain unchanged in MC-deficient mice exposed to OVA. LPS-free OVA does
not recapitulate any of the precursor signs of AD, supporting a triggering contribution of LPS in
AD that, per se, suffice to activate local MC and elevate skin S1P. We describe MC and S1P as
novel pathogenic effectors that initiate remodeling in AD prior to any skin lesions and reveal the
significance of LPS in OVA used in most studies, thus mimicking natural antigen (Ag) exposure.

INTRODUCTION

Atopic dermatitis (AD) is a chronic inflammatory skin disease affecting 15-30% children
and 2-10% adults world-wide (1-8). This complex disorder features hypersensitivity to
environmental agents and immune dysfunction (1, 3, 5, 7, 9-11). Yet, the sequential events
leading to eczematous lesions are not completely understood.

Interestingly, 70-80% of AD patients have increased levels of total serum IgE antibodies (1,
2,5, 7,12, 13). Perivascular accumulation of lymphocytes and mast cells (MC) are observed
in chronic lesions (12). However, few studies have investigated the initial phase leading to
lesions, including prior to IgE production (10, 14-18).
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With receptors for IgE (FceRI) and other ligands, tissue-resident MC are critical first-line
responders to inflammatory signals (19-22). Moreover, MC present the unique ability to
produce and store vasoactive and cytoactive mediators in cytoplasmic granules prior to
trauma and can neo-synthesize bioactive products upon activation (6, 11, 14, 20-24). We
recently established MC and a potent sphingolipid metabolite, sphingosine-1-phosphate
(S1P) at the nexus of inflammatory infiltration in early lung allergic responses (21). We
previously reported that MC-derived S1P, produced by sphingosine kinase (SphK), can be
exported out to amplify MC cytokine/chemakine production and regulate cell trafficking
(21, 22, 25, 26). S1P can also activate MC independently of the canonical IgE/FceRI
pathway (13, 20, 21, 27).

In the current study, we investigated AD pathogenesis using a variation of a well-established
human AD-like mouse model and collected skin samples for analysis after a sing/le
epicutaneous (EC) exposure to OVA Ag (16). We discovered a new pathogenic pathway
leading to AD that links cell infiltration of the hypodermis to local MC activation and S1P
elevation. Next, we examined skin remodeling in mice deficient for SphK1 or MC and after
LPS-free OVA exposure and established an essential role for MC, S1P and LPS at the onset
of AD.

RESULTS AND DISCUSSION

OVA triggers rapid skin remodeling and cellular infiltration

We previously reported that systemic Ag stimulation leads to early lung remodeling in
sensitized mice (21). These studies prompted us to revisit the development of another
inflammatory disease of atopic nature, AD, for which the initiating mechanisms remain
ill-understood (28, 29). We found that epidermal and dermal thickening that is observed in
the 49-day AD mouse model (15, 16), was already significant after one OVA application,
compared to one saline treatment (Figures la—c).

We observed a marked cellular infiltration in the hypodermis, compared to saline controls
(Figures 1la—c). We adapted our recently established image quantification method (30),

to measure cellular infiltration (Figure 1d) in a defined region of interest (ROI) (circle

in Figure 1e) sequentially moved across the entire hypodermis. Figure 1g shows whole
hypodermis survey of infiltration in a representative saline-treated skin sample compared to
an OVA-treated one, in which blood vessel (Bv)-containing ROI are depicted in red. Saline
treatment triggered some infiltration, increased around Bv. The OVA application drastically
increased hypodermal cell numbers, also around Bv (Figure 1g). The statistical validation of
these results was demonstrated by analyzing multiple samples (Figures 1f, h).

Having previously established the relevance of fractal dimension to define morphometric
descriptors (30), we reasoned fractals or measures of space filling capacity could also
represent an accurate method to quantify cellular infiltration. Figures 1i—j describe the
procedure established to isolate nuclei/cells. Next, binary images (Figure 1k) were generated
to calculate fractal dimensions (D) of ROI by quantifying the structural density of the
“objects” (nuclei) or cellular infiltration. Figure 11 independently confirmed the increased
cellular infiltration substantiated in Figures 1f—h after OVA treatment as measured by D
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values of multiple skin samples. The discriminatory performance of D was further validated
in Figure 1m, also showing increased infiltration around the Bv.

Importantly, the present study analyzed prelesional skin specimens, therefore identifying
novel histo-pathological mechanisms of AD. We described a new morphometric method to
quantify rather than score cellular infiltration and uncovered a prevalent although previously
unnoticed hypodermal infiltration after a single OVA treatment, suggesting an important
function for the hypodermis at the onset of AD. We propose this initial infiltration, also
reported in acutely inflamed airways (21), could constitute a novel target to prevent disease
manifestation.

OVA stimulates local and systemic chemokines

We next investigated chemokine expression in skin samples. Skin mRNA expression for
CCL2, CCL3 and CCLJ5, three members of the chemokine network we previously identified
as major contributors to airway inflammation (21) were all significantly increased after
OVA exposure (Figure 2a). Interestingly, skin CCL2 (Figure 2b) and CCL3 (Figure 2c)

(but not CCL5 (data not shown)) protein levels were also increased upon OVA application,
compared to saline controls. As expected, circulating chemokine levels did not exactly
corroborate local levels. Serum CCL2 levels remained unchanged after EC OVA (Figure 2d),
whereas serum CCL3 and CCL5 were enhanced (Figures 2e—f). Recently, a meta-analysis
also described increased chemokine mRNA expression in patients with AD (31). CCL2 and
CCL3 genes were also identified in patients with moderate-to-severe AD by next-generation
RNA-sequencing (32). Combined with our finding, these studies also suggest an important
role of infiltration to establish AD.

OVA exposure elicits significant IgE-independent skin MC degranulation and S1P elevation

We found that mRNA coding for the a chain of FceRI (FceRIa) was significantly up-
regulated in OVA-treated mouse skin samples (Figure 3a). Importantly, the a chain is
responsible for IgE binding to its receptor and initiates MC activation during allergic
responses (33). Although expressed by Langerhans (34) and other cells (35), we reasoned
that skin-resident MC could also contribute to the enhanced FceRla mRNA detection

in these samples. Microscopy examination of methylene blue (MB)-stained skin sections
revealed that metachromatic MC were distributed throughout the skin layers, irrelevant of
treatment (Figures 3b—c). Using our previously reported MC morphometrics, skin sections
were analyzed for MC activation (30). Figures 3b—c show representative examples of resting
(green-framed insert, circle and arrow) MC and degranulated (red-framed insert, circle

and arrow) MC. Figure 3d demonstrated that hypodermal MC were significantly more
degranulated after OVA than after saline application or other controls (Supplemental Figure
1a). While it has been shown that AD features increased perivascular MC (36, 37), MC
numbers were unaltered in either treatment (data not shown). Of note, a recent report
delineated a protective role for MC during the development of spontaneous AD-like disease
in a transgenic mouse model but did not measure local MC activation (38). Our finding

of increased /n situ MC degranulation at this early subclinical stage of AD was novel and
intriguing. As expected, seven days of OVA exposure did not suffice to enhance circulating
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IgE levels (Figure 3e), compared to its abundant detection after 3 OVA treatments (Figure
3e) as originally described (16).

MC can be activated by S1P, an influential sphingolipid metabolite resulting from the
phosphorylation of its precursor sphingosine by SphK (20, 21, 25, 27, 39). Quantitative

lipid analysis using lipidomics mass spectrometry (40), revealed that S1P was significantly
increased in mouse skin after one exposure to OVA, compared to controls (Figure 3f and
Supplemental Figure 1b). In agreement, SphK1 skin mRNA expression was also augmented
after a single OVA application (Figure 3g) while others coding for S1P catabolizing
pathways remained unchanged ((41, 42) Supplemental Figure 2). We have shown that
S1P-mediated MC activation led to the release of pro-inflammatory cytokines, including
IL-6 and TNF, as well as cell recruiting chemokines (20, 21, 25, 43). MC may also serve

as a local source of S1P (25, 26), including when activated by mechanical stress such as
tape-stripping, and induce leukocyte rolling (44). MC are established chemokine producers
in chronic AD (14, 19) and mediate leukocyte recruitment (22, 45-48), although dispensable
in a genetic mouse model (49). In the present study;, it is noteworthy that local chemokine
detection and MC activation occurred prior to IgE production. While augmented in most AD
patients (5, 7, 12), our data suggest that IgE may contribute to AD progression rather than
initiation. Importantly, our results strongly support MC and S1P as early contributors to the
development of pre-AD-related skin alterations.

SphK1 or MC deficiency protects against OVA-driven skin remodeling and infiltration

To determine the relevance of S1P in these pre-symptomatic changes, we repeated the
adapted AD protocol in SphK1 KO mice (50), of genetic background similar to the WT
mice used so far (Figures 1-3). SphK1 deficiency mitigated OVA-initiated skin remodeling
(Figures 4a vs. 1c). The SphK1-null hypodermis surveying revealed a slight but significant
increase in nuclei (i.e., cell) numbers after OVA, compared to saline-treated skins (Figure
4b), that was less pronounced than in SphK1-sufficient mice (Figures 4b vs. 1f) and
absent around the Bv (Figures 4c vs. 1h). Consistent with these results, the pattern of
OVA-restricted chemokine gene induction in corresponding WT skin samples (Figure 2a)
was not observed in SphK1 KO mouse skins (Figure 4d). Importantly, genetic ablation of
SphK1 prevented OVA-initiated local up-regulation of FceRla mRNA expression (Figures
4d vs. 3a) and skin MC degranulation, also observed after administration of the selective
SphK1 pharmacological inhibitor PF-543 ((51), Figures 4e vs. 3d). These results strongly
suggest that S1P is a driving mediator of IgE-independent skin remodeling and infiltration
through local skin MC degranulation in AD pathogenesis.

To investigate MC’s contribution to skin remodeling, we conducted OVA or saline EC
exposure of MC-deficient KifV""W-sh (52) mice. Although some epidermal thickening was
observed, KitV-sS"W-sh dermal layers were unaltered (Figure 4f), compared to MC-sufficient
mice of similar genetic background (Figure 1c). Furthermore, MC deficiency prevented
cellular infiltration of the hypodermis (Figures 4g-h), suggesting a critical role of MC

in skin inflammation. This was further confirmed by the absence of OVA-induced up-
regulation of chemokine, FceRla and SphK1 mRNA levels (Figure 4i). It is noteworthy that
skin-associated S1P levels were significantly lower and not increased upon OVA application
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in KitV-s""W-sh mice (Figure 4j), compared to the corresponding WT mice (Figure 3f),
supporting skin MC as a relevant local source of S1P.

Thus, it is tempting to speculate that MC may act as causative agents of inflammatory
response of the skin, similar to our recent report pertaining to lung allergic responses (21).
Moreover, local elevations of S1P in inflamed skins, absent in SphK1-null or PF-543-treated
mice (data not shown), may contribute to early MC activation at the inception of AD,
prompting MC themselves to further produce S1P. Keratinocytes (53) and Langerhans cells
(54) could also contribute to local S1P release. Nonetheless, our results suggest an important
function for MC-derived S1P at the onset of AD, linking S1P and chemokines to early skin
remodeling, setting the stage for disease progression. Decreased S1P in human AD has been
evoked but not measured (55). In agreement with previous studies (25, 56), our data evoke a
strong interdependency not only between 1) the presence of SphK1 and skin MC activation
but also 2) skin S1P level alterations and the presence of MC. We propose local S1P and MC
are likely triggering components of skin remodeling in early AD.

Cellular infiltration, MC activation and local S1P elevation are abrogated in mice treated
with lipopolysaccharide (LPS)-free OVA

Yoon et al. recently established that endogenous toll-like receptor (TLR)4 ligands are
essential to epidermal thickening observed in EC-sensitized skin after tape-striping (57).
Furthermore, commercial-grade OVA, used in this and most studies, contains high LPS
levels, a TLR4 ligand (58). To investigate the LPS contribution to the early skin
inflammation upon EC OVA exposure, experiments were repeated using LPS-free OVA.

EC LPS-free OVA-triggered hypodermal infiltration was similar to the one observed in
saline-treated animals (Figures 5a—b). Moreover, local MC were not activated (Figure 5c)
and S1P and SphK1 and S1P lyase Sgpl1 mRNA levels remained unaltered following
LPS-Free OVA exposure (Figures 5d—¢). S1P phosphatase Sgppl (but not Sgpp2) mRNA
levels were significantly augmented in LPS-free OVA-treated samples (Figure 5e), perhaps
explaining the lack of S1P increase (Figure 5d). EC LPS application recapitulated enhanced
skin MC degranulation and S1P measured after EC OVA administration (Supplemental
Figures 3a and 3b, respectively). These results suggest that the LPS co-administered

with OVA Ag participated in early skin inflammatory responses. As most environmental
Ag penetrate the body likely combined with LPS, this mimics natural Ag exposure.

Several studies have investigated the effect of LPS “contamination” of OVA in allergic
responses. While some studies reported that LPS/TLR4 signaling prime pro-inflammatory
responses to OVA (59, 60), others described protective effects of LPS (58). Staphylococcus
strains residing on healthy skins produce a peptide inhibiting AD-patient skin-colonizing
Staphylococcus aureus growth (61). Skin microbiome may promote local MC maturation
(62). Our study is the first to compare the effects of OVA to LPS-free OVA in a mouse
model of skin inflammation. Furthermore, our results suggest that LPS exposure may prime
initial inflammatory responses, as recently suggested (57), and promote local MC activation
and endogenous S1P production. Topical exogenous S1P administration attenuated contact
dermatitis in a hapten-induced murine AD-like model (63). We propose that endogenously
produced S1P can exert varied pro-inflammatory functions, compared to exogenously
applied, anti-inflammatory S1P.
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Topical application of Fingolimod (FTY720), a structural analog of sphingosine also
phosphorylated by SphK, acts as an S1P receptor (R) agonist and attenuates skin
inflammation (64). FTY720 treatment prevented enhanced MC degranulation after OVA
treatment (Supplemental figure 4a). FTY720 can be phosphorylated /n vivoto activate
S1PR2 and repress inflammation (65, 66). FTY720 did not alter skin S1P perhaps because
of its inhibitory effect on Sgpl1 that results in S1P increase ((67) Supplemental figure 4b).

Small but statistically significant structural and molecular alterations between saline and
OVA treatment are expected, as these pathogenic events occur prior to any overt sign of
disease. We also observed a range of responses among mice for many of the parameters
measured. However, careful analysis of the data did not indicate any potential classification
into high and low responders. These primary and newly uncovered responses could not be
compared to the large differences reported when comparing acute to chronic AD skin lesions
and further emphasize the relevance of our findings to pre-symptomatic AD pathogenesis.
These initial signs of skin remodeling set the stage to forthcoming clinical features of AD,
including eczematous lesions observed in this preclinical model after 3 OVA exposures and
in human AD. These findings highlight perhaps new prophylactic approaches for this disease
whose treatment management still remains a clinical challenge.

MATERIALS AND METHODS

Atopic dermatitis model

AD was induced in 8 to 12 weeks of age-matched female C57BI/6J (WT), SphK1 KO
(SphK1MIRIpy and MC-deficient KitV-s"W-sh (B6.Cg- Kit""IHNihrJaeBsmGlliJ) mice as
previously described (16), purchased from Charles River NCI (Frederick, MD) and The
Jackson Laboratory (Bar Harbor, ME). After simple randomization using shuffled pieces
of paper that indicated treatment, mice were assigned to either experimental group. Then,
100 pl of OVA solution (100 ug OVA (Sigma-Aldrich, St Louis, MO), LPS-free OVA (100
tg EndoGrade® OVA (Hyglos GmbH, Munich, Germany), LPS (10 or 100 pg £. coli LPS
serotype 055:B5 (Sigma-Aldrich) (68, 69) or 0.9% saline only (shaved and tape-stripped
saline control) were pipetted on a 1 cm x 1 cm square gauze pad (patch) placed on

the shaved and tape-striped upper-back skin area. Next, this area was occluded with a
Tegaderm Transparent Dressing (3M HealthCare, St Paul, MN) using bandages. Untreated
tape-stripped, shaved, and shaved and tape-stripped skin control groups were also analyzed.
Patch was removed after seven days and skin samples collected from euthanized mice.

For patch 3-1gE determinations, the full AD protocol was conducted exactly as previously
described (16). Briefly, each patch was secured for one week followed by two weeks of rest
before next exposure week. Patch 1 and patch 3 sera were prepared from blood collected
by cardiac puncture immediately after euthanasia and stored at —80°C until use. For some
experiments, mice received i.p. injections of PF-543 (20 mg/kg every other day (51) (or
saline vehicle) or topical application of FTY-720 (12 ug/patch area daily ((70) or methanol
vehicle) at the time of saline or OVA exposure. Animal experiments and all experimental
protocols were approved by the University of South Carolina Institutional Animal Care and
Use Committee. Animal experiments and all methods were performed in accordance with
the relevant guidelines and regulations.
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Histology and Microscopy

Skin tissues collected from euthanized mice were fixed in 4% fresh paraformaldehyde,
embedded in paraffin, sectioned (4 pm thickness) and mounted on microscope slides. One
group of slides was stained with Hematoxylin and Eosin (H&E) for skin morphometric
analysis. To visualize MC, a second group of slides was placed in 0.1% methylene blue
(MB) for five seconds, rinsed with water, dehydrated in 100% ethanol and mounted under
coverslips with cytoseal 60 (71). Sections were imaged with a Nikon E-600 microscope
(Nikon Inc., Melville, NY) equipped with a Micropublisher digital camera model 5.0 and
images collected as TIFF files with the Micropublisher software at low (10x) and high
(40x) magnification. Images were analyzed as 24-bit color images or 8-bit monochrome
images, using the QImaging software version 2.0.13 (QImaging Corp., Surrey, BC, Canada).
Morphometric and fractal parameters of nuclei (infiltration, 25-30 ROls/image, a minimum
of twelve 40x-images/skin section; 4 skin sections/2 mice/treatment group) and MC
(percent degranulation, fifty 40x- total images/310-485 total MC; 4 skin sections/2 mice/
treatment group) were measured using the MetaMorph® 6.1 Microscopy Automation and
Image Analysis software (Molecular Devices, Sunnyvale, CA) and the free HarFa imaging
software (www.fch.vutbr.cz/lectures/imagesci/), as previously described (30). For these and
all quantifications described below, the investigators who were making measurements were
blind to slide group allocations (single blind studies).

Morphometric measurement of skin remodeling

The thickness of each skin layer (epidermis, dermis and hypodermis) was measured in
saline- and OVA-treated specimens using an ocular micrometer (Klarmann Rulings, Inc.,
Litchfield, NH). From each slide, uniform regions of the epidermis, dermis and hypodermis
were selected and the average thickness was measured (n= 3-5 measurements/3-5 animals/
treatment group/skin layer (i.e, epidermis, dermis, hypodermis).

Computer-assisted quantification of hypodermal cellular infiltration

An imaging method developed by our laboratory (30) was adapted to quantify cellular
infiltration. A minimum of twelve high-magnification H&E images per animal was used

to determine cellular infiltration in the hypodermis. To this end, nuclei were isolated by
means of color thresholding using the set color threshold subroutine of the MetaMorph
software (orange color overlay) and quantified by applying a fixed circular region of
interest (ROI, diameter=75um) of constant area that was moved sequentially to survey the
entire hypodermis of each section (n=25-30 ROIs/section, 2 sections/slide, 2 slides/animal,
2 animals/treatment). The morphometric parameters of the nuclei (area, perimeter and
integrated optical density determined using the Integrated Morphometry Analysis subroutine
of MetaMorph) were used to refine nuclei measurements and eliminate any background
noise.

Validation of cellular infiltration quantification by independent fractal dimension analysis

As described above, fixed circular ROIs were isolated and collected as TIFF file images
throughout the hypodermis of H&E images in each section. The hue, saturation and intensity
values were adjusted to isolate the nuclei in orange as a thresholded region. The images of
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individual nuclei (green) were converted to a 8-bit gray scale image for fractal dimension
measurements, as we previously described (30). An area featuring cellular infiltration is

an object composed of nuclei, which are fundamentally similar (self-similar). Because

of its complexity, infiltration can be described quantitatively by fractal geometry, with
values falling between two-integer topological dimensions. These numbers define the fractal
dimension (D) of an “object”, here, the distribution of nuclei within a hypodermal ROL. In
two-dimensional images, D values are fractional and lie between the Euclidean integers of 1
and 2.

In situ determination of mast cell degranulation

We previously demonstrated (30) that MC cytoplasm can be described quantitatively by
fractal geometry, with the fractal dimension (D) value uniquely characterizing intact MCs
being 1.378 £ 0.062 and the D value of degranulated MCs, 1.484 + 0.048 (30). These values
were used as a baseline for non-subjective quantification of MC activation in variously
treated skin samples (n=2-5 animals/treatment).

Quantitative Real-Time gPCR

Skin samples were collected, snap-frozen and stored at —80°C until RNA extraction. Total
RNA from variously treated skin samples (n=4-10 animals) was isolated and purified

with the miRNeasy kit (Qiagen, Valencia, CA). The iScript cDNA synthesis kit (Bio-Rad,
Hercules, CA) was used to reverse transcribe cDNA. QPCR was performed on a CFX
Connect (Bio-Rad) with SensiFAST™ SYBR No-ROX Kit (Bioline, Taunton, MA). The
following primers were used for real-time gPCR 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, Sphk1 forward primer
CGTGGACCTCGAGAGTGAGAA and reverse primer AGGCTTGCTAGGCGAAAGAAG,
Sgpl1 forward primer GGTGTATGAGCTTATCTTCCAGC and reverse

primer CTGTTGTTCGATCTTACGTCCA, Sgppl forward primer
TACGGGCTGATTCTCATTCCC and reverse primer GGTCCACCAATGGGTAGAAGA,
Sgpp2 forward primer CACCCACTGGAATATCGACCC and reverse

primer AAGTCTCACAACGGGAGGAAA and CCL5 forward primer
TGCCCTCACCATCATCCTCACT and reverse primer GGCGGTTCCTTCGAGTGACA.
The real-time gPCR conditions were as follows: initial step at 95°C for 5 min and cycles
(m=40) consisted of 10 s at 95°C, followed by 1 min annealing at 55°C and extension at
72°C. All reactions were performed in duplicate. Data were analyzed with CFX Manager "
Software, normalized to saline-treated samples and directly proportional to the amount of
target gene mRNA relative to the amount of reference gene, GAPDH mRNA levels. Primers
were purchased from Thermo Fisher Scientific, Inc. (Waltham, MA).
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Multiplex Assays

Total Serum

Lipidomics

Statistics

Chemokines were measured in mouse serum or skin protein extracts (n=10-12 mice/
treatment/sample type) with a Bio-Plex Array Reader (LUMINEX 100; Bio-Rad
Laboratories, Hercules, CA) using Milliplex panels (EMD Millipore, Billerica, MA):
CCL2/monocyte chemoattractant protein 1, CCL3/macrophage inflammatory protein 1a

and CCL5/RANTES. Protein extracts were obtained from skin specimens harvested

after one week of treatment, weighed, and frozen in liquid nitrogen. Each sample was
homogenized with a mortar and pestle and digested for 2 h at 4°C in Reporter lysis buffer
(Promega, Madison, WI) supplemented with complete mini-protease inhibitor tablets (Roche
Diagnostics, Indianapolis, IN). Supernatants were stored at —80°C until use.

IgE ELISA

Mouse total serum IgE was measured by ELISA (R&D Systems, Minneapolis, MN). N=6
animals/experimental groups for one exposure and n=9 animals/experimental groups for
three exposures.

Lipids were extracted from snap-frozen skin tissues and from saline, OVA and LPS-

free OVA stock solutions used on patches and S1P was measured by using liquid
chromatography-electrospray ionization-tandem mass spectrometry (4000 QTRAP; AB
Sciex, Foster City, CA), as previously described (40). Quantification of S1P was normalized
to weight of skin sample or volume. No detectable levels of S1P were found in any of the
solutions applied on patches. N=3-4 samples per experimental group.

Data are expressed as means + SEM (unless otherwise stated) and were analyzed by using
the unpaired 2-tailed Student #test, with Welch’s correction for samples of unequal variance
(Prism 6; GraphPad Software, La Jolla, CA). Significance for all statistical tests is shown in
figures. All experiments were repeated at least 3 times in triplicates with consistent results.
Each /n vivo experimental group consisted of 4 to 10 mice.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

We are grateful to Dr. Christine Tkaczyk, Medlmmune, Infectious Diseases Department, Gaithersburg, MD, for
generously sharing the mouse skin digestion protocol. We thank VCU Lipidomics/Metabolics Core for lipid
determinations, the National Institutes of Health (NIH)/NCI Cancer Center Support Grant P30 CA016059 to the
VCU Massey Cancer Center, and a shared resource grant (SLORR031535). This study was supported in part by
the Higher Committee for Education Development in Iraq to AA, the University of South Carolina School of
Medicine, and the National Institute of Allergy and Infectious Diseases/NIH R0O1 Al095494, the National Institute
of Arthritis and Musculoskeletal and Skin Diseases/NIH R21 AR067996, and a National Institute of General
Medical Sciences/NIH Bioinformatics Pilot Project P20 GM103499 to CAO.

Allergy. Author manuscript; available in PMC 2023 April 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wedman et al.

Page 10

ABBREVIATIONS

AD atopic dermatitis

Ag antigen

Bv blood vessels

D fractal dimension

EC epicutaneous

H&E hematoxylin and eosin

MC mast cell

S1P sphingosine-1-phosphate

SphK1 sphingosine kinase 1

Sgpll S1P lyase

Sgpp S1P phosphatase

ROI region of interest
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Figure 1. Skin remodeling starts after a single epicutaneous exposureto OVA.
(a-b) H&E staining of skin tissues exposed to saline (a) or OVA (b). Panels a-b are

representative images. Original magnification, x100. (c) Thickness of the epidermis, dermis
and hypodermis layers, as measured in H&E-stained tissues. For epidermis thickness, n = 18
(saline, empty bars), 19 (OVA, grey bars), for dermis, n = 10 and 25 and for hypodermis, n
=10 and 25 individual measurements collected from 3-5 animals/treatment group/skin layer.
(d) Example of H&E stained skin section focusing on the hypodermis (red arrow, original
magnification, x400) in which (e) nuclei are color-thresholded (orange) and a fixed circular

Allergy. Author manuscript; available in PMC 2023 April 25.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wedman et al.

Page 16

region of interest (ROI, black circle) defined. (f) Nuclei numbers per ROI of multiple

saline treated mice, compared to OVA-treated mice. (g) Representative nuclei enumeration
performed in each ROI (n = 25 ROI) throughout the hypodermis of one saline-treated
mouse (empty circles) and of another exposed to OVA (filled circles). Red symbols refer to
blood vessel (Bv)-containing ROL. (h) Infiltration analysis focusing around Bv. (i) Nuclei
within ROI were color-thresholded as in (e) and enumerated (green). (j) Colored nuclei
images were gray-scaled and (k) a binary image was software-created to calculate the fractal
dimension (D) of each ROI. Panels i-k are representative images of an isolated ROI. (I) D
of ROI in skin specimens treated with saline or OVA. (m) Similar determinations of D were
performed focusing around Bv. For all ROI determinations, 25-30 ROIls/image, a minimum
of twelve 40x-images/skin section; 4 skin sections/2 mice/treatment group were analyzed (f,
h, I, m). Statistical differences were determined with unpaired 2-tailed Student’s t test with
Welch’s correction. Bar = 50 um. *p = 0.0142, *** p = 0.0004, **** P<0.0001.
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Figure 2. Chemokines are up-regulated after a single exposureto OVA.
(@) CCL2, CCL3 and CCL5 mRNA levels in OVA-treated skin samples (grey bars),

normalized to those in saline-treated skins (empty bars) and quantified against GAPDH
MRNA levels, n = 6 saline animals, 4-5 OVA animals with duplicate determinations. (b)
CCL2 (* p=0.0383) and (c) CCL3 protein levels in skin extracts (* p= 0.0356) (b,

c) or serum (d, e: * p=0.0255) and (f) serum CCLS5 protein levels (* p=0.0307) all
collected from mice treated with saline or OVA. Protein determinations, n = 4 (saline) and 6
(OVA) with duplicate determinations. Statistical differences were determined with unpaired
2-tailed Student’s t test with Welch’s correction (a-f). *p <0.05, **p <0.01, except otherwise
indicated; ns, not significant.
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Figure 3. Mast cells degranulation and S1P levelsincrease in OVA-treated skin tissues.
(a) Alpha chain for the high-affinity receptor for IgE mRNA levels in OVA-treated

samples (grey bars), normalized to saline (empty bars) treated samples and GAPDH, n =
4 saline animals, 6 OVA animals with duplicate determinations (*** p= 0.0002). (b, c)
Methylene blue-stained skin sections after saline (b) or OVA (c) treatment. Arrows and
inserts show examples of intact (green) or degranulated (red) mast cells (MC). Panels b-c
are representative images. Bar = 50 um. (d) Percent MC degranulation determinations in
saline- and OVA-treated samples (* p= 0.0352, fifty 40x- total images/310-485 total MC;
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4 skin sections/2 mice/treatment group). (e) Determinations of total serum IgE after one
saline or OVA treatment (1 Patch), n = 6 animals/treatment group, averages of duplicate
determinations and after three saline or OVA treatments (3 Patches), n = 9 animals/treatment
group, averages of duplicate determinations (*** p=0.0001). (f) Sphingosine-1-phosphate
(S1P) content of mouse skins after saline or OVA treatment, n = 8 saline and 5 OVA
samples. ** p=0.0088 (g) Sphingosine kinase (SphK)1 mRNA levels in OVA-treated
samples (n = 4), normalized to saline (n = 3) with duplicate measurements (* p=0.0152).
Statistical differences were determined with unpaired 2-tailed Student’s t test with Welch’s
correction.

Allergy. Author manuscript; available in PMC 2023 April 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wedman et al.

Thickness (um)

um)

t

=

Thickness

Page 20

M SphK1 KO Saline [ SphK1 KO OVA

0]
a b c

500 20 20
(L} — °
300 .:. ] [ ™ 8 . E

i TR
100 9 .
20 z @
Epidermis Dermis Hypodermis Dh?

_ —_ e
<3 — 2100
[0] @
z 2 O 5 [ saline/PF-543
o 0 ©
E 2 82 5 B OVA/PF-543
c 0 = c
z 0 c ®©
0 a )
[0
(i ®g

Kit"V-SPW-sh gajine B Kit"V-SMW-shgoya

f g 9 h
500 20 % 20
0 8
300 ” 14 c
100l M. %i ‘§10 %10 7—|—
20+ — 4 I}
Epidermis Dermis Hypodermis 613

i i

0 €3
< ® T
Z e
Y c 0_02
Im} "n £
£ e =1
=2 L °
0 a €
x o8
L =0

VY D 6 A& {:\
VAV A
& Qog" S

Figure 4. Skin remodeling and chemokine expression are mitigated in mice deficient for SphK 1
or mast cells: S1IP-mediated skin mast cell degranulation and mast cell-dependent local S1P
production.

Thickness of the epidermis, dermis and hypodermis layers in SphK1 KO mice (vertical
line patterns) measured in H&E-stained skin tissues. For epidermis thickness, n = 15
(saline, white bars), 15 (OVA, grey bars), for dermis, n = 15 and 13 and for hypodermis,
n = 15 and 15 individual measurements collected from 3 animals/treatment group/skin
layer. (b) Nuclei numbers per ROI within the hypodermis of saline-treated, compared to
OVA-treated SphK1 KO mice. (c) Nuclei numbers per perivascular ROIs after saline or
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OVA treatment (d) CCL2, CCL3, CCL5 and FceRla. mRNA expression in OVA-treated

(n = 3-4) compared to saline-treated (n = 4) SphK1 KO skins, normalized to GAPDH,
with duplicate determinations. (e) Percent mast cell degranulation measured in MB-stained
saline- or OVA-treated SphK1-KO or PF-543-treated mouse skin samples. (f) Thickness
of the epidermis, dermis and hypodermis layers of Kit "W mijce (side-patterned bars),
measured in H&E-stained tissues (n = 13-15 saline (white), 10-15 OVA (grey) individual
measurements collected from 3 animals/treatment group/skin layer. (g) Nuclei numbers
per ROI within the hypodermis of saline-treated compared to OVA-treated Kit W-s/W-sh
mice. (h) Nuclei numbers around perivascular ROIs. (i) CCL2, CCL3, CCL5, FceRla

and SphK1 mRNA expression from OVA-treated normalized to saline-treated Kit W-s//W-sh
mouse skin samples, and to GAPDH, with duplicate determinations. (j) S1P content of
KitW-sW-sh mouse skins after saline or OVA treatment (n = 4 mice/experimental group).
All measurements were conducted as described in Figures 1-3. Statistical differences were
determined with unpaired 2-tailed Student’s t test with Welch’s correction (a-j). **** p<
0.0001.

Allergy. Author manuscript; available in PMC 2023 April 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wedman et al.

Page 22

[ Saline
E LPS-Free OVA
a g b
20- = 20-
O °
@ =
B 10; 510 L N
S N 1 3
z -
0 £ 0
o
S~ c
_ X100, d
[0) ©
O 5 80+ § 1.55 "
% T 60 - : .
0 = o "6 1 O' °
= g 40 n O T ==
- E g 0.5 —x——
Vo) 20_ T—— _O ° é
n o £
O 9 200
e
§ 4_ : *ekkk g
<8 3
14 = ras
E @ 24
g @
Il 2%
o ol Ed ok B O
L&
%é\ %Q gQ)Q gQQ

Figure 5. Cellular infiltration, mast cell degranulation and S1P increase are abated in mouse
back skins exposed to L PS-free OVA.

(@) Nuclei numbers per ROI within the hypodermis of saline (empty bars)-treated compared
to LPS-free OVA (horizontal-patterned grey bars)-treated mice. (b) Nuclei numbers per
perivascular ROIls after saline and LPS-free OVA treatments. (a, b) 20 ROl/animal, 3 mice/
treatment. (c) Skin mast cell degranulation (%) measured in MB-stained saline- or LPS-free
OVA-treated mouse skin samples. (d) S1P content of mouse skins after saline or OVA
treatment. (c, d) n = 8 (saline), n = 12 (LPS-free OVA). (e) Skin SphK1, Sgpl1, Sgppl and
Sgpp2 mRNA expression from LPS-free OVA-treated (n = 6) normalized to saline-treated
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(n = 6) mouse skin samples, and to GAPDH, with duplicate determinations. Statistical
differences were determined with unpaired 2-tailed Student’s t test with Welch’s correction
(a-e). All measurements were conducted as described in Figures 1-3. **** p < 0.0001.
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