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Atopic dermatitis (AD) is a chronic inflammatory skin disease characterized by type
2 cytokine-driven skin inflammation and epithelial barrier dysfunction. The latter is
believed to allow the increased penetration of chemicals, toxins, and allergens into
the skin. House dust mite allergens, particularly Der p 2, are important triggers in
sensitized individuals with AD; the precise actions of these allergens in epithelial
biology remain, however, incompletely understood. In this study, we compared
the effects of the protein allergen Der p 2 and a mix of non-IgE-reactive Der p
2 peptides on skin cells using patch tests in AD patients and healthy participants.
We then analyzed mRNA expression profiles of keratinocytes by single-cell RNA-
sequencing. We report that existing barrier deficiencies in the non-lesional skin of
AD patients allow deep penetration of Der p 2 and its peptides, leading to local
microinflammation. Der p 2 protein specifically upregulated genes involved in the
innate immune system, stress, and danger signals in suprabasal KC. Der p
2 peptides further downregulated skin barrier genes, in particular the
expression of genes involved in cell–matrix and cell–cell adhesion. Peptides
also induced genes involved in hyperproliferation and caused disturbances in
keratinocyte differentiation. Furthermore, inflammasome-relevant genes and
IL18 were overexpressed, while KRT1 was downregulated. Our data suggest
that Der p 2 peptides contribute to AD initiation and exacerbation by
augmenting hallmark features of AD, such as skin inflammation, barrier
disruption, and hyperplasia of keratinocytes.
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1 Introduction

The human skin shields the body against physical, chemical, and
immunological threats, preventing the loss of body fluids and the
entry of substances from the environment. The epidermis is the
outermost layer of the skin and builds the first line of defense. It
consists of keratinocytes (KCs) that are continuously renewed and
maintained by proliferating cells in the basal layer (Blanpain and
Fuchs, 2009). Basal KCs are located on the basement membrane
(BM), a sheet-like extracellular matrix (ECM) that separates the
dermis and epidermis. The BM is composed of collagen type IV (Col
IV), laminin, and fibronectin. Basal KCs strongly adhere to ECM
molecules of the BM through supramolecular cell adhesion
complexes called hemidesmosomes that contain α6β4 integrin
receptors (Garrod, 1993). These complexes establish connections
with keratin intermediate filaments (KRT5 and KRT14) and
transmembrane Col XVII (Nahidiazar et al., 2015). Basal KCs
also exhibit focal adhesion through α/β1 integrins, linking F-actin
fibers to the ECM and allowing cell attachment to the BM
(Muroyama and Lechler, 2012).

When differentiating into suprabasal KCs, encompassing cells of
the stratum spinosum and granulosum, basal KCs weaken their
connection with the BM and migrate to the upper layers of the skin.
During this process, differentiating KCs reduce their mitotic activity
and increase cell–cell interactions in a calcium-dependent
mechanism (Carter et al., 1990). Suprabasal KCs downregulate
the expression of KRT5 and KRT14 and instead express
KRT1 and KRT10, which are connected to robust intercellular
junction complexes called desmosomes that stabilize cells and the
epithelium (Garrod, 1993; Candi et al., 2005; Blanpain and Fuchs,
2009). Another stabilizing cell–cell connection in the epidermis is
adherens junctions, which connect the actin cytoskeleton to the
plasma membrane through cadherins (Candi et al., 2005).
Additionally, KCs in the granular layer form tight junctions,
which contribute to the formation of a dense skin barrier,
limiting the entry of molecules that are larger than 500 Da (Da)
(Kabashima et al., 2019; Beck et al., 2022). Tight junctions are
intercellular belt-like adhesion complexes that connect to F-actin
and consist of occludins, claudins, and junctional adhesion
molecules (Mertens et al., 2005). They regulate the paracellular
molecule passage and prevent transepidermal water loss (Tsakok
et al., 2019; Yazici et al., 2022). The barrier function of the skin is
mostly dependent on tight junctions and the stratum corneum, the
outermost epidermal layer. The stratum corneum is formed through
crosslinking of structural proteins and lipids during the terminal
differentiation of KCs (Zeeuwen, 2004). Desmosomes,
hemidesmosomes, and focal adhesions further regulate the skin
barrier function and must be dynamically controlled during cell
proliferation and differentiation (Huber et al., 2023).

Atopic dermatitis (AD) is a chronic or relapsing inflammatory
skin disease affecting 10%–20% of people in the Global North
(Weidinger and Novak, 2016). AD typically develops in early
childhood and can persist into adulthood, manifesting in dry,
itchy, and inflamed skin lesions (Weidinger and Novak, 2016).
This skin disease is characterized by elevated type 2 cytokines,
high allergen-specific IgE (in atopic forms), an imbalance of skin
microbiota, and a pronounced disruption of the epidermal barrier.
In 20%–40% of patients, the barrier dysfunction is caused by a

loss-of-function mutation of filaggrin, which is mainly expressed in
granular KCs (Langan et al., 2020). Filaggrin binds keratin filaments
and is secreted into the stratum corneum, contributing to the barrier
formation along with lipids (Langan et al., 2020). Even in the
absence of this mutation, filaggrin expression is often decreased
in AD patients through downregulation by type 2 cytokines such as
IL-4 and IL-13 (Moosbrugger-Martinz et al., 2022). Type 2 immune
responses also weaken the skin barrier by reducing the expression of
stratum corneum lipids and genes involved in the formation of tight
junctions (Langan et al., 2020; Beck et al., 2022). A dysfunctional
epidermal barrier induces stress on KCs, resulting in the secretion of
proinflammatory cytokines and chemokines, DAMPs, and alarmins,
such as IL-1 family cytokines, KRT6, and KRT16 (Lessard et al.,
2013; Leung et al., 2020). Pruritus-induced scratching and an
imbalance in the bacterial skin microbiome can also induce
alarmins, which, in turn, can provoke type 2-mediated immune
responses (Leung et al., 2020). This often results in chronic
inflammation through a positive feedback loop.

The factors responsible for initiating the development of AD and
triggering relapse after the clearance of inflammation are yet not well
understood. However, it has been suggested that a dysfunctional
epidermal barrier plays a crucial role by allowing the penetration of
chemicals or allergens. House dust mite (HDM) allergens, in
particular, can induce skin inflammation in allergic patients with
AD, but the exact mechanisms are not fully understood (Kaplan
et al., 2012; Serhan et al., 2019). Der p 2 from Dermatophagoides
pteronyssinus is one of the major air-borne HDM allergens (Huang
et al., 2019). It can trigger type I hypersensitivity reactions, resulting
in IgE responses, high type 2 cytokine production, and histamine
release. HDM allergens can also act as a contact allergen and cause
local skin inflammation in sensitized individuals, which has been
shown in isolated human cells and mouse models (Liedén et al.,
2009; Kaplan et al., 2012; Stremnitzer et al., 2014). In healthy skin,
allergens with molecular weights of >500 Da cannot pass through
the epidermal barrier due to size constraints (Smith et al., 2017). The
HDM allergen Der p 1 is approximately 25 kDa in size and can
directly bypass the skin barrier using its intrinsic papain-like
proteases to disrupt cell–cell adhesions between KCs (Reithofer
and Jahn-Schmid, 2017). This is in contrast to Der p 2 (15 kDa),
which has no protease activity but may be fragmented into peptides
through highly abundant proteases in HDM feces. Furthermore, the
skin of people with AD is believed to be more permissive due to a
barrier deficiency and may allow deeper penetration of allergens
compared to healthy skin.

To date, there is limited understanding of the mechanisms
underlying the transition from a non-lesional skin with a barrier
deficiency to acute lesional skin with a pronounced barrier
disruption in AD. In this study, we compared the ability of the
recombinant HDM allergen Der p 2 and a mix of hypoallergenic Der
p 2 peptides, which lack IgE reactivity and do not induce basophil
activation (Huang et al., 2019), to induce skin inflammation in both
AD patients and healthy participants using single-cell RNA
sequencing (scRNA-seq). We report here that the existing barrier
deficiency in the non-lesional skin of AD patients allowed deep
penetration of both protein and peptide allergens. Der p 2 protein
caused local microinflammations, as evidenced by the activation of
immune system-relevant genes. Non-IgE-reactive Der p 2 peptides
downregulated the expression of KRT1 and upregulated the
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expression of the inflammasome gene PYCARD and the alarmin
IL18. Furthermore, Der p 2 peptides significantly disrupted the skin
barrier by downregulating the expression of cell–cell and cell–matrix
adhesion genes and induced genes associated with
hyperproliferation in KCs. Based on our observations, we
propose that Der p 2 peptides are involved in disrupting the skin
barrier in AD patients sensitized to HDM and thereby contribute to
acute disease exacerbations.

2 Materials and methods

2.1 Study participants and ethics statement

The study was approved by the Ethics Committee of the Medical
University of Vienna (#2472/2020) and is in accordance with the
Declaration of Helsinki principles. Patients were informed about the
study procedures, benefits, and risks and gave their written informed
consent. Four patients, who were diagnosed with atopic dermatitis
according to the Hanifin–Rajka criteria and with reported allergy to
house dust mite (HDM), and four healthy participants without any
records of chronic inflammatory skin diseases and HDM
sensitization were recruited to participate in this study. All
participants were aged between 18 and 80 years (Supplementary
Figure S1A). Adult human skin samples were obtained as discarded
materials from routine plastic surgery in accordance with the
Declaration of Helsinki principles and after approval by the
Ethics Committee of the Medical University of Vienna.

2.2 Expression and purification of
recombinant Der p 2 and synthesis of Der p
2-derived peptides

For the expression and purification of recombinant Der p 2 (Der
p 2 rec), the cDNA coding for Der p 2 (GenBank accession number
AF276239) was amplified by RT-PCR using mite RNA, as previously
described (Chen et al., 2008). PCR products of Der p 2 cDNA
contained NdeI and EcoRI sites in the upstream region and an EcoRI
site in the downstream region, as well as six His codons, and were
subcloned into the plasmid pET-17b expression vector (GenScript,
United States). The vector was introduced into ClearColi™ BL21
(DE3) electrocompetent cells (Lucigen,Wisconsin, United States) by
electroporation using a MicroPulser Electroporator (program Ec2:
0.2-cm cuvette and 2.5 kV) (Bio-Rad, United States). Expression of
Der p 2 rec was induced by adding 1 mM isopropyl-β-
thiogalactopyranoside (IPTG) at an OD600 of 0.6 for 4 h at 37°C
in the LB medium with 100 μg/mL ampicillin. Cells from 500 mL
cultured medium were harvested by centrifugation (2,000 g for
20 min at 4°C), and cell pellets were then dissolved in 15 mL lysis
buffer (25 mM imidazole, 0.1% Triton X-100, and pH 7.4) by mixing
for 20 min at room temperature. Cell lysates were obtained by three
consecutive freeze–thaw cycles (−70°C/+50°C). Incubation with 2 μg
DNase I for 10 min at room temperature was performed to remove
DNA, and thereafter, 100 mM NaCl was added to the lysates. Der p
2 rec was detected in the pellets (inclusion body) after centrifugation
(38,900 g for 20 min at 4°C) and solubilized by mixing with a buffer
containing 8 M urea, 100 mMNaH2PO4, and 10 mMTris-Cl (pH 8)

for 3 h at room temperature. After centrifugation (38,900 g for
20 min at 4°C), Der p 2 rec protein in the supernatant was
incubated with Ni-NTA resin overnight at 4°C and bound Der p
2 rec was eluted from Ni-NTA resin affinity columns (QIAGEN,
Hilden, GER) using 8 M urea, 100 mM NaH2PO4, and 10 mM Tris-
Cl (pH 4.5). Purified Der p 2 rec was then dialyzed with 10 mM
NaH2PO4 (pH 4.7) to increase solubility and prevent precipitation.
Endotoxin of Der p 2 rec was <10 EU/mL determined by LAL assays
(Pierce™ LAL Chromogenic Endotoxin Quantitation Kit, Thermo
Scientific, United States).

Five overlapping peptides derived from Der p 2 with a length
between 31 and 42 amino acids covering the full sequence of Der p
2 were synthesized using a peptide synthesizer (Liberty, CEM
Corporation, Kamp-Lintfort, GER) and reconstituted in sterile
endotoxin-free water, as previously described (Huang et al.,
2019). Der p 2 peptides were defined as hypoallergenic peptides
due to the lack of IgE reactivity and the disability to induce basophil
activation. Five Der p 2-derived peptides (Der p 2 pep) and Der p
2 rec were filtered using 0.2-μm sterile syringe filters (Thermo
Scientific), and the concentration of protein and peptides was
determined using the BCA Protein Assay Kit (Pierce, Rockford,
Illinois, United States).

2.3 Patch test, tissue sampling, and cell
isolation

Non-inflamed skin on the upper back of AD patients and
healthy participants was tape-stripped 10 times, and 40 μg of Der
p 2 rec, and an equimolar mix of Der p 2 pep, saline (0.9% NaCl),
and water (all sterile) were applied onto four separate nonwoven
fabric spots of adhesive strips for patch tests (Curatest®, Lohmann &
Rauscher, GER). The adhesive strips were further secured using a
water-repellent plaster. Participants were invited back to the clinics
72 h later, and patch test areas were evaluated for inflammation. One
6-mm biopsy was taken from the skin treated with allergen and one
from the skin treated with allergen-derived peptides (two biopsies in
total per participant), and biopsies were separately stored in sterile,
precooled phosphate-buffered saline for a maximum of 20 min until
further processing. Skin biopsies were cut into small pieces using a
scalpel, and cells were isolated via enzymatic digestion for 1.5 h
using the Gentle MACS Whole Skin Dissociation Kit, according to
the manufacturer’s protocol (Miltenyi Biotec, GER). Single cells
were resuspended in scRNA-seq resuspension buffer (1x PBS
+0.04% BSA (w/vol), sterile), and counted using 0.4% trypan blue
solution in saline (Corning, United States). Overall, all samples were
processed within 3 h from taking the biopsy until processing for
next-generation sequencing.

2.4 Single-cell RNA sequencing (scRNA-seq)

In total, 30,000 living cells were loaded into a 10x Genomics
Chromium Controller for the generation of single-cell droplets.
DNA and transcriptome libraries were generated following the
10x Genomics Next GEM Single Cell 5ʹ V2 protocol. Quality
control was performed using Qubit (Invitrogen #Q33231) and
the TapeStation system (Agilent). Libraries of six samples from
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three donors were sequenced on two lanes of one NovaSeq SP flow
cell using a NovaSeq 6000 system with a read length of 2 × 50 bp,
resulting in an average of 100 million reads per sample. Reads were
demultiplexed and analyzed using Cell Ranger.

2.5 EmptyDrops, doublet removal, and
quality control (QC) for scRNA-seq

To differentiate between background noise and cell containing
droplets, we used emptyDrops (Lun et al., 2019), which models the
ambient RNA background within the dataset and identifies
deviations from this background RNA. We applied a false
discovery rate cut off of 0.05 to identify cells to be included into
further analysis. To eliminate droplets containing more than one
cell, we utilized the scran package from Bioconductor (Lun et al.,
2016). The doublet score was calculated based on the simulation of
thousands of doublet cells by adding together two randomly chosen
single-cell profiles. For the doublet score calculation, the cells and
the set of randomly generated doublet cells were clustered. Then, for
each cell, the number of simulated doublets in its neighborhood was
recorded and used as the input for score calculations. We used
200 nearest neighbors for each cell and applied a threshold of
doublet score >4 to identify doublets in each dataset separately.
The doublet score was defined as log10 of the ratio between
simulated doublet cells and the total number of neighbors taken
into consideration for each cell. Following the quality control
process, we obtained a count of more than 3,000 cells for each
sample (total of 50,000 cells), with approximately 1,690 genes per
cell and 169 UMI per gene for the final analysis (Supplementary
Table S1).

2.6 Analysis of scRNA-seq data

After performing individual quality control of the samples,
the raw read counts from all datasets were merged into one count
matrix. To conduct principal component analysis and differential
gene expression analysis, we used Pearson residuals that were
derived from a generalized negative binomial model of UMI
counts, which is implemented in the R package sctransform
(Hafemeister and Satija, 2019) using Seurat (Satija et al.,
2015). In addition, we adjusted the regression model for
sequencing depth, mitochondrial RNA content, and
experimental batch effects. We removed cells with the
mitochondrial RNA content above 15%. Furthermore, batch
correction across individual datasets was performed using the
Harmony algorithm (Korsunsky et al., 2019). Harmony uses
batch information provided by the user and then utilizes fuzzy
clustering to assign cells to multiple clusters in a manner that
maximized batch diversity within each cluster. Correction factors
for each cell were obtained by calculating global and batch-
specific centroids for each cluster, and the procedure was
repeated until convergence of global and batch-specific
centroids. tSNE analysis of whole skin samples was performed
using PCs 1–15. Clusters were assigned based on the nearest-
neighbor-based clustering analysis. We observed a saturation of
possible generated cluster at a resolution of 0.7, which was then

chosen for further analysis. To assign clusters to known cell types
in the skin (Tan et al., 2013; Shih et al., 2017; Cheng et al., 2018;
Haensel et al., 2020; Wang et al., 2020; Reynolds et al., 2021;
Polkoff et al., 2022), we visualized known cell type-specific
markers within the tSNE plot. We also performed a cluster-
specific regression analysis, providing us with a list of specific
markers for each cluster. Out of approximately 50,000 analyzed
cells, we identified 18 skin cell clusters, among which we found
4 KC clusters that were extracted for further analysis (data not
shown). Extracted KC cells were re-analyzed including filtering
out low expressed genes, calculating Pearson residuals from
count data (i.e., data normalization), PC calculation, and
clustering. Due to less variability in the keratinocyte dataset, it
was sufficient to include PC 1–5 into cluster analysis and tSNE
projections. We performed cluster assignment at a resolution of
0.2 to identify eight separate KC clusters. Based on the visual
inspection of gene expression of cluster-specific markers
(Supplementary Figure S1C) and analysis of gene lists from
the Wilcoxon rank-sum test specific for each KC cluster, we
defined the following KC cell clusters: basal 1, basal 2,
proliferating/mitotic, granular 1, granular 2, spinous, hair
follicle, and sebaceous gland KC clusters. To see whether or
not the numbers of cells per cluster differ between AD patients
and healthy controls, we counted the cells per cluster separately
for AD and healthy control samples and performed a chi-squared
test to evaluate whether cell numbers differed significantly.

2.7 Trajectory analysis

Trajectory analysis was performed using scVelo (La Manno
et al., 2018). The analysis framework is based on the abundance
of unspliced and mature (spliced) mRNA. This method
assumes that differentiation takes place on a timescale
similar to the typical half-life of mRNA. The ratio of spliced
and unspliced mRNAs in each cell is used to model the
progression of cell states. Thus, the arrows in the trajectory
analysis plot (Figure 2) indicate a decrease in unspliced mRNA
and/or an increase in spliced mRNA, as shown in
Supplementary Tables S11–S13.

2.8 Pathway analysis

Downregulated genes in AD versus healthy skin (Supplementary
Table S6) and differentially regulated genes in AD_pep versus AD_
rec (Supplementary Table S10) were used to identify gene sets
enriched in GO biological process pathways in the STRING
database (Snel et al., 2000). Furthermore, pathway analyses of all
genes differentially regulated in AD_pep versus AD_rec were
analyzed using the fold change values for gene expression data in
the Reactome database (Fabregat et al., 2015). Genes driving RNA
velocity trajectories for the merged dataset comprising AD_rec, AD_
pep, H_rec, and H_pep were analyzed using Enrichr (Chen et al.,
2013). Identified pathway genes were used for bubble plots and to
visualize the percentage of cells expressing involved genes in AD, H,
AD_rec, or AD_pep using Prism (GraphPad Software,
United States).
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2.9 Intercellular communication network
analysis

The probability of cell–cell communications via soluble cytokines
and ligands was analyzed using CellChat (Jin et al., 2021). Briefly, gene
expression data from our scRNA-seq dataset were integrated with the
published data on signaling ligands and receptors to model the
probability of cell–cell communications. We modeled the
intercellular communication probability for keratinocyte and
fibroblast subsets of the merged AD or H datasets for CCL and
CXCL signaling pathways to investigate signals from the epidermis
to the dermis and vice versa using hierarchy plots.

2.10 In vitro barrier disruption assay

KCs were isolated from human skin after 16–18 h incubation with
2.4 U/mL dispase II (Roche Diagnostics) in PBS at 4°C. The epidermis
was separated from the dermis, and single cells were prepared using 0.5%
trypsin-EDTA (Invitrogen). KCs were expanded using a serum-free Ca2+

low growth medium (PromoCell). For imaging, KCs were seeded into
eight-well imaging dishes (IBIDI) and differentiated using 2mM Ca2+.
KC sheets were incubated with 5 μg/mL sterile Der p 2 rec or Der p 2 pep
(or equal volumes of the solvents PBS or H2O) for 24 h and thereafter
washed with 1x PBS, fixed with 4% PFA, permeabilized with 0.2% Triton
X-100, blocked for 1 hwith 5%BSA–PBS, incubated for 2 hwith primary
Ab, (monoclonal mouse anti-human claudin 1, clone 2H10D10,
Invitrogen), and detected with an anti-mouse secondary Ab
conjugated to AF488 (Invitrogen). Cell nuclei were stained with
DAPI, and cells were imaged using a confocal microscope
(FV3000 from Olympus). Images were analyzed using Fiji (Schindelin
et al., 2012), and intensities were expressed as arbitrary units (mean
fluorescence intensity) normalized to the respective control.

2.11 ELISA

IL18 was detected andmeasured in the serum fromHDM-sensitized
AD patients or non-sensitized healthy participants using an ELISA Kit
(Cloud-Clone Corp.), according to the manufacturer’s instructions.

2.12 Statistical analysis

Statistical tests were performed using Prism 9 (GraphPad).
Unless stated otherwise, statistical differences were evaluated
using the Student’s t-test. Data are expressed as mean ± SD, and
a p-value < 0.05 was considered significant.

3 Results

3.1 KC subsets in the human skin

Allergic diseases and chronic inflammatory skin pathologies are
increasing, but whether skin flares and epithelial barrier impairment
can be directly triggered by aeroallergens is still elusive. Here, we
investigated the effect of the house dust mite allergen Der p 2 on the

skin of AD patients sensitized to house dust mite (HDM) and
healthy non-sensitized individuals (Supplementary Figure S1A).
Recombinant Der p 2 allergens (Der p 2 rec) or a mix of
hypoallergenic Der p 2 peptides (Der p 2 pep) were applied onto
the non-inflamed back skin of HDM-allergic AD patients or non-
allergic healthy individuals (Figure 1A; Supplementary Figure S1B).
Biopsies for rec and pep-exposed skin were taken after 72 h, and KCs
were analyzed by single-cell RNA sequencing (scRNA-seq).

We identified eight KC clusters (Figure 1B; Supplementary Figure
S1C) in our merged dataset with a unique expression pattern of specific
genes (Supplementary Tables S2–S5 and Figure 1D). Cells of all KC
clusters were found in the skin of AD patients (AD) and healthy
participants (H) 72 h after Der p 2 protein and peptide exposure at
slightly varying amounts (Figure 1B). KCs from the clusters basal 1,
granular 2, and sebaceous gland were reduced, whereas KCs from the
clusters basal 2, proliferating/mitotic, and spinous were increased in AD
compared to H skin. The basal 1 cluster was defined by high expression
of hemidesmosome genes, such as alpha 6 and beta 4 integrins
(ITGA6 and ITGB4), which bind to laminin, and collagen type 17
(COL17A1, Figure 1D). Both basal 1 and basal 2 expressed high
amounts of the intermediate filaments keratin KRT5 and
KRT15 and the integrins ITGA2 and ITGB1, which localize to focal
adhesions and bind to collagen but have also been shown to be
important for cell–cell interactions (Carter et al., 1990). KCs of the
basal 2 cluster expressed high amounts of ASS1, which is enriched
between rete ridges and may play a role in regulating dermal papilla
integrity (Wang et al., 2020). The proliferating/mitotic KC cluster was
defined by elevated expression of cell cycle regulator genes, such as
RRM2, PTTG1, CDC20, TYMS, and HIST1H4C (Wang et al., 2020).
KRT1 gene expression was already detectable in mitotic KCs and was
most abundant in granular KCs (clusters granular 1 and 2), as described
previously (Cohen et al., 2022). The granular KC clusters granular 1 and
granular 2 and spinous KC specifically expressed KRT10, CDH1,
EPHA2, and the desmosome-specific genes desmoglein (DSG1) and
desmocollin (DSC1) at various levels (Figure 1D) (Wang et al., 2020).
Spinous KC expressed high levels of the differentiationmarker cornifin-
B (SPRR1B), CD24, involucrin (IVL), and mesotrypsin (PRSS3) (Tan
et al., 2013; Miyai et al., 2014; Cheng et al., 2018;Wang et al., 2020). The
spinous cluster also expressed KRT6A, KRT6C, and KRT16, which
have been associated with inflammatory skin diseases and barrier
dysfunction (Lessard et al., 2013; Cheng et al., 2018; Leung et al.,
2020). Both spinous and hair follicle KCs expressed the gap junction
genes GJB2 and KRT17. KCs in the hair follicle cluster expressed the
stem cell marker SOX9, galectin 1 (LGALS1), basonuclin 2 (BNC2), and
latrophilin 3 (ADGRL3), and KCs from the sebaceous gland cluster
expressed KRT79, fatty acid-binding protein FABP7, fatty acid
hydroxylase FA2H, fatty acid synthase FASN, and the sebocyte
marker MGST1 (Shih et al., 2017; Cheng et al., 2018). Taken
together, we found all major KC subsets that have been previously
identified in the adult human skin (Cheng et al., 2018; Reynolds et al.,
2021).

3.2 Trajectory and pathway analyses identify
AD-specific perturbations in KCs

To understand the relationship between different KC clusters,
we analyzed KC data using the trajectory analysis pipeline scVelo.
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FIGURE 1
Keratinocyte subsets from AD and H after exposure to HDM allergens. (A) Schematic outline of the study strategy: 1) the recombinant HDM allergen
Der p 2 (Der p 2 rec), a mix of five hypoallergenic Der p 2 peptides (Der p 2 pep) and negative controls were 2) applied onto the non-lesional back skin of
four non-sensitized participants without AD (healthy) and four HDM sensitized participants with AD using patch tests. 3) Biopsies of Der p 2 rec- and pep-
treated skin were taken after 72 h, and single cells were produced by the digestion of whole skin tissue. 4) NGS libraries were prepared and 5)
sequenced using scRNA-seq technology. 6) Sequencing data from 16 skin sampleswere processed and KC analyzed. (B) tSNE plot showing eight different
KC clusters from the merged dataset comprising 16 skin biopsies (4x AD and 4x H, each 1x rec and 1x pep; summing up to 52,975 KC in total). (C) Bar
charts showing the relative abundance of KC subsets within AD and H samples (n = 8 biopsies for AD and H). (D) Bubble plot shows the expression of
cluster specific markers (x-axis) for KC subsets (y-axis). The average expression is represented by blue values (low expression, light blue; high expression,
dark blue). The percentage of cells expressing the respective marker is represented by the size of the circles. AD, atopic dermatitis; H, healthy; HDM,
house dust mite; KC, keratinocyte; scRNA-seq, single-cell RNA sequencing; rec, recombinant; pep, peptide; tSNE, t-distributed stochastic neighbor
embedding.
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FIGURE 2
Analysis of the ratio between unspliced and splicedmRNAs reveals AD-specific disturbances in KC differentiation. (A) Left: RNA velocity vectors were
projected on the tSNE plot from Figure 1B showing KC clusters of the whole dataset (cells from 16 biopsies, AD and H). Right: 140 genes that were driving
RNA dynamics were analyzed using Enrichr (Chen et al., 2013). The bar graph shows gene set enrichments in the GO biological process 2023 database
(sorted by p-value ranking). (B) RNA velocity vector projections are shown for KC from treated AD (left) and H (right) skin. (C) Functional enrichment
analysis identified cell–cell junction perturbations in AD. Downregulated genes in AD were analyzed using the STRING network database The network
view of gene names (circles) and their predicted associations (lines) is shown. (D) Percentage of KC fromAD andH skin expressing genes listed in (C) (eight
biopsies per group). AD, atopic dermatitis; H, healthy; KC, keratinocyte; tSNE, t-distributed stochastic neighbor embedding.
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This tool identifies cell differentiation paths and cell states by
analyzing the ratio of unspliced to spliced mRNAs in each cell
for a gene transcript (Supplementary Tables S11–S13). When all
KCs were used for analysis (AD and H; rec and pep), we found that
basal and suprabasal KCs originate from the mitotic cell cluster, and
hair follicle and sebaceous gland KCs (skin appendage-associated
KCs) have their own progenitor cells (Figure 2A). The four major
pathways that were identified as drivers of the trajectory analysis
were “supramolecular fiber organization,” “epidermis
development,” “RNA destabilization,” and “epithelial cell
differentiation,” suggesting that ECM organization, keratinocyte
differentiation, and epidermis development are the main
pathways associated with RNA dynamics in the whole dataset
comprising AD and H samples. When we analyzed KC data
from AD and healthy participants separately, we found that
trajectories from healthy KC (Figure 2B, right panel) showed
again a clear separation between basal and suprabasal KCs. Data
from healthy skin highlighted a clear dependency between cell
division and KC differentiation and a fluid transition between
spinous and granular KCs. A closer look on AD-derived KCs
(Figure 2B, left panel) revealed highly disordered trajectories.
Mitotic cells were again the origin of basal and suprabasal KCs,
but there was higher entropy within different clusters, in particular
for the KC clusters basal 1 and basal 2 and the spinous KC cluster.
Interestingly, KRT5 and KRT14 expression levels, which is highest
in basal KCs in healthy skin, were not efficiently downregulated in
differentiating cells in AD patients, further suggesting a disturbance
in KC differentiation pathways in AD skin (Supplementary Figure
S2A). Suprabasal KCs comprising clusters granular 1 and granular
2 and spinous KC maintained high expression levels of KRT5/14.
Our data confirm disturbances in KC cell differentiation pathways in
AD skin, which contributes to the disease-specific weakened skin
barrier function.

To further understand preexisting perturbations in AD skin, we
compared the gene expression profile of AD with healthy skin
(pooled data from rec and pep for each group, Supplementary
Table S6; see also Supplementary Tables S7, S8 for individual
analysis of separate KC clusters). We identified over
2,000 significant genes that were differentially regulated between
AD and H (Supplementary Table S6). As we aimed to identify
pathways involved in AD barrier dysfunction, we further analyzed
genes that were downregulated in AD using the STRING database.
We identified functional enrichments in GO biological process
pathways, such as the “cell–cell junction assembly,” (Figure 2C)
“tight junctions,” and “cell–cell adhesion mediated by cadherin”
(Supplementary Figure S1D), which are essential components of a
functional epidermal barrier. When we had a closer look at genes
that are specific for the cell–cell junction assembly (Figure 2C), we
identified downregulated gene expression for adherens junction
markers, such as E-cadherin (CDH1), alpha- and delta-catenin
(CTNNA1 and CTNND1), afadin (AFDN), DLG1, GRHL2, and
plakoglobin 4 (PKP4). T-cadherin (CDH13) was previously
described to be expressed in basal KCs, and it has been suggested
that it plays a role in cell–matrix adhesion (Zhou et al., 2002;
Mukoyama et al., 2007). Furthermore, we identified
downregulated genes that are involved in the tight junction
assembly, such as claudin 1 (CLDN1), PATJ, and PARD3
(Figure 2C; Supplementary Figure S1D). Reduced protein kinase

C alpha (PRKCA) expression may downregulate both adherens and
the tight junction assembly. Gene expression for cell–cell junction
genes was not only downregulated, but also the percentage of KCs
expressing those genes was reduced in AD compared to H skin
(Figure 2D). Furthermore, we analyzed cell–cluster-specific
expression of the tight junction genes CLDN1, PARD3, and
TIAM1 (Mertens et al., 2005) in KCs from AD patients treated
with recombinant Der p 2 (AD_rec) and Der p 2 peptides (AD_pep)
and compared it with KCs from healthy individuals that were treated
with the same allergens and allergen peptides (H_rec and H_pep)
(Supplementary Figure S2B). Tight junction gene expression was
highest in granular, spinous, and hair follicle KCs from healthy skin
and clearly downregulated in AD patients, independent of allergen
exposure. Our data reveal preexisting epithelial barrier damage in
AD patients in suprabasal KCs, which is mainly driven by
downregulation of cell–cell adhesion genes and confirms
previously published data for chronic type 2-driven inflammation
(Akdis, 2021).

3.3 Der p 2 induces a pro-inflammatory gene
expression signature in granular and
spinous KCs

We then wanted to investigate the potential of HDM allergens
and allergen peptides to induce the expression of inflammation
markers in AD and H skin (Figure 3A). Analysis of relevant immune
system-related genes in KC from AD_rec, AD_pep, H_rec, and H_
pep revealed an upregulation of pro-inflammatory markers that can
be assigned to the innate immune system (POLR2L, PYCARD, PI3,
CST3, FABP5, FLT, SERPINB1, SERPINB3, and CXCL1) in AD_rec
and AD_pep, compared to H_rec and H_pep. Furthermore, markers
reported to be relevant for adaptive immune responses (CALR,
CLEC2B, AP2S1, and CCL27) and genes encoding for interleukin
signaling molecules (NMU, IL18, and HMGV1) showed increased
expression, and a high number of KCs from Der p 2 rec- and Der p
2 pep-treated AD skin were expressing these genes. Remarkably,
there was also a tendency for increased IL18 levels in the serum of
AD patients (Supplementary Figure S3E). Markers that are relevant
for stress response and danger signaling, such as the alarmins
S100A7, S100A8, and S100A9, the antimicrobial peptide
lactotransferrin (LTF), and the interferon inducible protein
(IFI27) were upregulated in KCs from AD patient skin treated
with either Der p 2 rec or Der p 2 pep. In contrast, expression of
the actomyosin stabilizing non-muscle myosin IIA (MYH9) and
moesin (MSN), and the anti-inflammatory gene ANXA1 were
downregulated by Der p 2 rec and pep treatment (Figure 3A).
Some of the genes with increased expression levels have been
reported to be specifically upregulated in lesional skin in AD. For
instance, the serine protease inhibitor SERPINB3 is upregulated in
AD patients, where its expression correlates with skin inflammation
and returns to baseline levels in non-inflamed skin upon treatment
(Kawashima et al., 2000; Mitsuishi et al., 2005). Interestingly, despite
only mild inflammation after patch testing (Supplementary Figure
S1B), SERPIN levels were strongly induced in KC upon Der p 2 rec
and pep exposure in AD patients (Figure 3A). Further analysis of
SERPINB1 and SERPINB3 in KC clusters revealed that SERPIN was
highly upregulated in both AD_rec and AD_pep (Figure 3B), but the
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FIGURE 3
House dust mite allergen Der p 2 initiates inflammatory pathways in KC. (A) Bubble plot depicting the expression of immune system-relevant genes
in KC from skin exposed to Der p 2 protein (AD_rec, H_rec) and Der p 2 peptides (AD_pep, H_pep). Blue rectangles highlight genes relevant for the innate
IS, the adaptive IS, interleukin (IL), and stress/danger signaling. (B) Violin plots show the average gene expression in KC clusters from AD_rec (dark pink),
AD_pep (light pink), H_rec (dark blue), and H_pep (light blue) skin samples (n = 4). (C) Analysis of signaling crosstalk via soluble and membrane-
bound factors in KC and FB. Hierarchy plots with the signal source plotted left for autocrine signaling (pink) and right for paracrine signaling (green) are
shown. The receiving cell subsets (signal target) were plotted in the middle (left plot: signaling to epidermis; right plot: signaling to dermis). The plots
illustrate the probability of cell–cell communications in AD and H for CCL (top panel) and CXCL signaling pathways (lower panel). Thick lines represent
high probability of cell–cell interactions. AD, atopic dermatitis; H, healthy; FB, fibroblast; IL, interleukin; IS, immune system; KC, keratinocyte; rec,
recombinant; pep, peptide.
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fully functional protein Der p 2 rec induced the strongest response in
KCs from AD patients, particularly in suprabasal KC (Figure 3B).
This suggests that Der p 2 rec induced sub-clinical inflammation,
which is called microinflammation in AD skin (Akdis, 2021). It has
been shown in an AD mouse model that SERPINB3 regulates the
epidermal barrier function, and its overexpression is accompanied
by increased expression of S100 proteins (Sivaprasad et al., 2015).
Especially, the onset of acute skin lesions in AD is associated with
elevated S100A7, S100A8, and S100A9 levels in humans (Gittler
et al., 2012). We found that S100A7 expression was highly
upregulated in all KC clusters, except sebaceous glands
(Figure 3B). S100A7 expression was highest in granular and
spinous KC clusters of AD patients upon exposure to Der p
2 rec. Moreover, genes that are relevant for adaptive immune
responses appeared to be specifically induced by recombinant
Der p 2. CCL27, for instance, acts as a chemotactic signal for
T cells, enabling KCs to recruit T cells into the skin upon an
allergen encounter. CCl27 expression was upregulated in KCs of
the spinous and granular 2 clusters in AD patients through the
recombinant Der p 2 protein and remained lower in AD_pep, H_
rec, and H_pep samples, reinforcing the idea that the Der p 2 protein
can efficiently induce a pro-inflammatory environment in
suprabasal KCs.

KCs are one of the first cells that encounter environmental
allergens and respond quickly by secreting cytokines that may
distribute into deeper layers of the skin. To investigate
transcriptional changes in the dermis in response to epidermis-
derived signals and vice versa, we analyzed CCL and CXCL signaling
interaction pathways between KC and fibroblasts (FB) using
CellChat (Jin et al., 2021). Interestingly, we found that in AD, FB
did not respond to KC-derived CCL signals with altered gene
expression, whereas FB from healthy skin responded to signals
originating from late differentiating KCs (Figure 3C, upper
panel). In contrast, KC-derived signals assigned to CXCL
signaling pathways could be associated with gene expression
responses in FB clusters 2, 3, and 4 with a high probability for
AD (Figure 3C, lower panel). Interestingly, there was no association
of KC responses to CXCL signaling derived from FB in AD, whereas
KC received signals from FB cluster 4 in healthy skin (Figure 3C,
lower panel). This suggests that CCL and CXCL signaling crosstalk
pathways between KC and FB may be disrupted in AD.

3.4 Der p 2-derived peptides downregulate
cell–cell and cell–matrix adhesion genes in
AD patients

Our next aim was to understand the differences between the
effects of Der p 2 rec and Der p 2 pep on the skin of AD patients
and healthy participants. We did not observe any differential gene
expression for the comparison of H_pep versus H_rec, suggesting
that recombinant Der p 2 protein and Der p 2 peptides did not
induce any significant changes in healthy skin. The global
comparison of gene expression data from AD_rec versus AD_
pep revealed 19 differentially expressed genes and an enrichment
for genes belonging to cell cycle and mitosis pathways
(Supplementary Tables S9, S14). In contrast, when we
calculated average log2 fold changes between AD_pep and

AD_rec for each KC cluster separately, we identified in total
98 significantly down- and 197 significantly upregulated genes
(Supplementary Table S10). Downregulated genes were imported
into the STRING database and lead to the identification of genes
enriched in the GO pathway “cell–matrix adhesion,” such as
TIAM1, LYPD3, β4 integrin (ITGB4), β1 integrin (ITGB1),
beta-catenin (CTNNB1), COL17A1, BCAM, and alpha-actinin-1
(ACTN1). (Figure 4A). When we had a closer look at the
percentage of KC expressing cell–matrix adhesion genes, we
saw a reduction in the percentage of KC expressing these
marker genes in AD_pep compared to AD_rec (Figure 4B).
TIAM1 (T-lymphoma invasion and metastasis) is a Rac-specific
guanine nucleotide exchange factor and has been shown to control
tight junction biogenesis in KC, thereby controlling barrier
formation (Mertens et al., 2005). Alpha actinin-1 (ACTN1) is
an F-actin crosslinking protein, which connects F-actin fibers to
focal adhesions and hemidesmosomes through interaction with
integrins and Col XVII and thereby promotes matrix adhesion
(Carter et al., 1990; Hamill et al., 2015). Both BCAM (laminin
α5 receptor) and LYPD3 (Ly6/PLAUR domain-containing protein
3) bind laminin in the BM, whereas beta-catenin (CTNNB1)
indirectly regulates cell–matrix adhesions by controlling the
hemidesmosome assembly through WNT signaling (Kosumi
et al., 2022). In addition, the expression of known cell–cell
adhesion and ECM organization genes was even further
downregulated upon AD skin exposure to Der p 2 pep
compared to Der p 2 rec (Supplementary Figures S3A,B). To
investigate whether Der p 2 rec or Der p 2 pep could reduce
cell–cell adhesion molecules in vitro, isolated primary KC were
differentiated to form tight junctions incubated with Der p 2 rec or
Der p 2 pep, and claudin 1 (CLDN1) expression was analyzed by
confocal microcopy (Supplementary Figure S3C). Interestingly, we
found that Der p 2 pep significantly reduced CLDN1 protein
expression after 24 h of incubation (Supplementary Figure
S3D), suggesting a potential direct effect of Der p 2 peptides on
keratinocytes.

For a more comprehensive observation at cell–cell and
cell–matrix adhesion molecules, we included additional pathway-
specific markers into our analysis and compared the average
expression and percentage of cells expressing the respective genes
for AD_rec, AD_pep, H_rec, and H_pep (Figure 4C). The majority
of cell–matrix and cell–cell adhesion genes and genes encoding for
ECM organizational proteins (see also Supplementary Figure S3B)
was downregulated in KC from the skin of AD patients exposed to
Der p 2 pep (AD_pep) compared to AD_rec with the exception of
the upregulation of cathepsin L (CTSL) and cathepsin D (CTSD)
expression (Figure 4C, blue rectangle). Our data suggest an IgE-
independent downregulation of cell–cell and cell–matrix gene
expression in the KCs of AD skin, identifying a yet unknown
effect of Der p 2 peptides on the skin barrier function.

3.5 Der p 2-derived peptides upregulate
IL18 and downregulate KRT1 gene
expression in AD patients

Cathepsins are proteases, which are considered to be
involved in various biological processes such as proenzyme
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FIGURE 4
Der p 2 peptides downregulate cell–matrix adhesion genes and upregulate alarmin IL18 in AD. (A) Differential gene expression analysis of AD_pep
and AD_rec revealed the downregulation of cell–matrix adhesion genes by Der p 2 peptides in KC. The STRING network and predicted functional
associations of cell–matrix adhesion genes (n= 4) are shown. (B) Percentage of KC-expressing genes (A) from AD_pep and AD_rec skin (four biopsies per
group). (C) Bubble plot showing the expression of cell–cell and cell–matrix interaction genes in KC from skin exposed toDer p 2 protein (AD_rec and
H_rec) and Der p 2 peptides (AD_pep and H_pep). (D) Percentage of KC expressing PYCARD, IL18, and KRT1 from AD skin exposed to Der p 2 peptides
(pep) and recombinant protein (rec). (E) Violin plots depicting the average gene expression of PYCARD (upper plot), IL18 (middle plot), and KRT1 (bottom
plot) in KC clusters from AD_rec (dark pink), AD_pep (light pink), H_rec (dark blue), and H_pep (light blue) skin samples (n = 4). AD, atopic dermatitis; H,
healthy; KC, keratinocyte; KRT, keratin; rec, recombinant; pep, peptide.
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and enzyme activation, tissue remodeling, and matrix
remodeling (Zeeuwen, 2004). In particular, lysosomal
cathepsins have been shown to activate
NLRP3 inflammasomes, which are involved in the
recognition of pathogen-associated molecular patterns
(PAMPs) and danger-associated molecular patterns
(DAMPs) (Li et al., 2021). This prompted us to further
investigate inflammasome-related genes that may be
involved in danger sensing in the human skin. When we
plotted the percentages of KC expressing PYCARD, we
found higher amounts of KC expressing this NLRP3-
inflammasome adapter protein, which is involved in
recruiting the protease caspase-1, in AD_pep compared to
AD_rec (Figure 4D, left plot). Interestingly, all KC subsets
expressed high levels of PYCARD in AD_pep, except sebaceous
gland KCs (Figure 4E, upper plot). In addition, the percentage
of KCs expressing the alarmin IL18, a substrate of caspase-1,
was increased in KC from the skin of AD patients exposed to
Der p 2 pep (Figures 4D and E, middle plots). The upregulation
of NLRP3 inflammasome and IL18 gene expression suggests
the activation of PAMP or DAMP receptors by Der p 2 pep, and
enhanced cathepsin expression may further boost
NLRP3 inflammasome activity. Pro-IL18 is processed by
activated inflammasomes into its biologically active form. A
mouse study has shown that downregulation of KRT1 can
further upregulate IL18 expression and diminish the skin
barrier function (Roth et al., 2012). In accordance with this
study, KRT1 expression was downregulated in KCs from AD_
pep (Supplementary Figures S4C, E), and we found elevated
IL18 protein levels in the serum from AD patients, although
not significant (Supplementary Figure S3E). However, we only
identified a minor reduction in the percentage of KC expressing
KRT1 (Figure 4D, right plot), suggesting that KRT1 expression
was decreased specifically in KRT1-expressing KC subsets.
When observing different KC clusters, we identified the Der
p 2 pep-specific downregulation of KRT1 expression in
proliferating/mitotic, granular, and spinous KCs (Figure 4E,
bottom plot). In addition to PYCARD, IL18, and CTSD, we
found several other leukocyte-related activation genes to be
upregulated in KCs from AD_pep compared to AD_rec such as
S100A7-9, which is reported to be upregulated in KRT1 knock-
out mice alongside IL18 (Roth et al., 2012) (Supplementary
Figures S4A, B). Furthermore, several genes involved in KC
differentiation and epidermal keratinization were differentially
regulated in AD_pep versus AD_rec (Supplementary Figure
S4C). For instance, KRT5, KRT6A/B/C, KRT14, and
KRT16 gene expression was upregulated, whereas KRT1,
KRT10, and KRT15 expression was downregulated.
KRT6 and KRT16 are involved in danger sensing via
DAMPs and their expression levels have been shown to be
elevated in stressed KC during wound healing and chronic skin
inflammation (DePianto and Coulombe, 2004; Hobbs et al.,
2012; Rotty and Coulombe, 2012; Lessard et al., 2013). KRT15,
in contrast, is expressed in the hair bulge and in
undifferentiated KCs of the basal layer (Cheng et al., 2018;
Cohen et al., 2022). Hence, our data suggest that Der p
2 peptides induce perturbations in KC differentiation and
keratinization in basal, suprabasal, and hair follicle KCs.

3.6 Der p 2-derived peptides upregulate the
expression of mitotic and cell cycle
progression genes in AD patients

Overexpression of alarmin IL18 can promote hallmark features
of AD, such as type 2 skin inflammation and IL4- and IL13-induced
epidermal hyperplasia (Leung et al., 2020; Beck et al., 2022). As
hyperplasia is the result of increased cell proliferation, we
investigated the expression of cell cycle and mitotic genes in KCs
from AD_rec, AD_pep, H_rec, and H_pep samples (Figure 5A).
Interestingly, a plethora of cell cycle and mitotic genes were
upregulated in KCs from AD patients exposed to Der p 2 pep
(Figure 5A, blue rectangle), such as DNA topoisomerase 2 (TOP2A)
and centromere protein F (CENPF), which are important for
chromosome segregation in mitosis; cytoskeletal genes such as
tubulin beta (TUBB2); microtubule-stabilizing NUSAP1 and
microtubule-destabilizing stathmin (STMN1); the cyclin-
dependent kinase CKS2; and CDC20, UBE2C, and UBE2S, which
encode for anaphase-promoting complex/cyclosome-regulating
genes. When we analyzed genes that were specifically upregulated
in AD_pep using STRING, we identified an enrichment of genes in
the GO biological process pathway “mitosis” (Figure 5B) and found
that a higher percentage of KCs from AD_pep expressed mitosis
relevant genes compared to AD_rec (Figure 5C). This suggests that
Der p 2-derived peptides can activate KC hyper-proliferation and
thereby increase epidermal hyperplasia. Further investigation of
genes reportedly upregulated in hyperplasia (Beck et al., 2022)
revealed that Ki-67 (MKI67) expression is increased upon Der p
2 pep exposure in KC clusters basal 1 and basal 2, mitotic and hair
follicle KC, and also in the suprabasal KC clusters granular 1 and
granular 2 but not in spinous and sebaceous gland KCs (Figure 5D,
upper panel). We found a similar expression pattern for CDC20 and
the G2/M-specific cell cycle gene CCNB1, which both showed
increased expression for AD_pep in basal, mitotic, and hair
follicle KCs. Similar to MKI67, CDC20 was upregulated in
granular KCs as well (Figure 5D, middle and bottom panel). Our
data reveal the specific induction of hyperplasia-related genes in KC
through Der p 2-derived peptides that were applied to non-inflamed
skin of AD patients.

4 Discussion

The epidermal barrier plays a crucial role in preventing the entry
of microbes, chemical irritants, and allergens into the skin. To date,
there is limited information available on how allergens affect human
tissue-resident skin cells at the single-cell level in terms of gene
expression. To address this, we conducted patch tests on the non-
lesional skin of patients with AD and healthy participants using the
HDM allergen Der p 2. Although Der p 2 itself does not possess
proteolytic activity like Der p 1, proteases present on the skin or in
HDM feces can break down Der p 2 into smaller fragments.
Therefore, we chose to compare gene expression responses to
both Der p 2 protein and a mix of Der p 2 peptides in KCs from
AD patients and healthy individuals using single-cell RNA
sequencing technology.

Our KC cluster analysis of allergen-exposed skin confirmed the
presence of all major KC subsets reported for adult skin
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FIGURE 5
Der p 2 peptides upregulate KC hyperproliferation in AD. (A) Bubble plot showing the expression of cell cycle and mitotic genes in KC from skin
exposed to Der p 2 protein (AD_rec and H_rec) and Der p 2 peptides (AD_pep and H_pep). (B) Functional enrichment analysis identified mitotic genes
enriched in AD skin exposed to Der p 2 peptides. Genes identified by differential gene expression between AD_pep and AD_rec were further analyzed
using the STRING network database. Identified genes are visualized by circles and their predicted associations with lines. (C) Percentage of KC-
expressing genes identified with STRING is shown in (B) for AD skin exposed to Der p 2 peptides (pep) and recombinant protein (rec). (D) Violin plots show
the average gene expression in KC clusters from AD_rec (dark pink), AD_pep (light pink), H_rec (dark blue), and H_pep (light blue) skin samples (n = 4 per
group). AD, atopic dermatitis; H, healthy; KC, keratinocyte; rec, recombinant; pep, peptide.
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(Cheng et al., 2018; Reynolds et al., 2021) (Figure 1). However, we
could not identify a decrease in the percentage of spinous KCs in AD
compared to healthy individuals, as previously suggested (Leung
et al., 2020). Overall, our data revealed a clear AD-specific signature
in KC from patients compared to healthy participants, confirming
that skin cell differentiation is disrupted even in the absence of
severe skin inflammation, as described previously (Suárez-Fariñas
et al., 2011). This finding was confirmed by the global comparison of
gene expression data from AD and H, where we found a significant
impairment of the skin barrier in AD patients (Akdis, 2021;
Mitamura et al., 2021) characterized by the downregulation of
genes involved in the cell–cell junction assembly (Figures 2B, C).
Consistent with this, we also observed a profound downregulation of
genes regulating tight junctions, namely, CLDN1 (De Benedetto
et al., 2011), PARD3 (Ali et al., 2016), and TIAM1 (Mertens et al.,
2005), another hallmark of AD (Supplementary Figure S2B).

Recombinant Der p 2, but not hypoallergenic Der p 2 peptides,
can be presented by IgE-facilitated mechanisms. This may explain
the specific upregulation of certain immune system relevant genes
by the full protein, such as SERPINB1, CALR, CCL27, and S100A7
(Figure 3). Furthermore, Der p 2 protein has been shown to activate
the innate immune system by mimicking MD2-related lipid
recognition domains (Trompette et al., 2009; Kaplan et al., 2012;
Eyerich and Novak, 2013; Reithofer and Jahn-Schmid, 2017; Smith
et al., 2017). The protease inhibitor SERPINB3 has been found to be
upregulated in the lesional skin of AD patients, and its expression is
induced by type 2 cytokines (Mitsuishi et al., 2005). Despite low
inflammation scores in our patch tests, we observed an upregulation
of SERPINB3 in basal, spinous, granular, and hair follicle KCs of AD
skin (Figure 3). Previous studies in mice have shown that
SERPINB3 likely contributes to early skin inflammation in AD
(Sivaprasad et al., 2015). Interestingly, exposure to Der p
2 recombinant proteins further increased SERPINB3 expression,
particularly in spinous KC. This suggests that even without
proteolytic cleavage of tight junctions, allergens can overcome the
skin barrier in AD, induce inflammatory pathways, and activate an
early inflammatory gene expression signature in KC. This fact can be
attributed to the preexisting barrier dysfunction in AD, allowing
proteins such as allergens to penetrate deep into the skin.

Increased expression of S100A7 in suprabasal KCs has been
reported after barrier disruption by tape stripping of the healthy skin
(Gläser et al., 2009). Analysis of S100A7 expression in our samples
using feature plots (data not shown) and violin plots (Figure 3B)
revealed that S100A7 was not uniformly expressed in KCs. In
particular, granular and hair follicle KCs illustrated a bimodal
expression pattern of S100A7. We speculate that certain KC cells
that reside on the outer surface of the skin may be more prone to
experiencing environmental impacts and consequently respond
with similar gene expression patterns compared to KC in deeper
epidermal layers. Further studies will show whether cells expressing
high levels of S100A7 localize to the same niche within the skin.

Comparing gene expression changes induced by Der p 2 protein
and Der p 2 peptides, we found amarked reduction in the expression
of genes associated with hemidesmosomes and focal adhesions in
KCs fromAD skin treated with Der p 2 peptides (Figures 4A, B). In a
mouse model, the disruption of the anchorage of intestinal epithelial
cells to the BM through loss of hemidesmosomes led to caspase-1
activation and increased IL18 secretion (De Arcangelis et al., 2017).

Similarly, exposure of skin in AD patients to Der p 2 peptides
reduced the expression of hemidesmosome genes and increased
PYCARD and IL18 expression in proliferating/mitotic, spinous, and
granular KCs (Figures 4D, E). This suggests a similar activation
pathway in skin KC, which may be further enhanced by the
disruption of ECM organization (Supplementary Figure S3B)
(Bhattacharjee et al., 2019; Pfisterer et al., 2021). Another study
in mice demonstrated that the downregulation of KRT1, along with
increased IL18, S100A8, and S100A9, caused barrier defects in the
skin (Roth et al., 2012). In AD patients, HDM extracts have been
shown to increase the Th2 signature and upregulate S100A7 and
S100A8 in the skin (Malik et al., 2017). Our in vitro barrier
disruption experiment suggests that Der p 2 peptides can directly
affect tight junctions by downregulating claudin 1 expression in the
absence of other cells. Although the mechanism remains elusive, our
findings suggest that Der p 2 peptides in HDM feces may play a role
in driving this switch.

KRT1 expression was particularly downregulated in KC clusters,
showing the upregulation of PYCARD and IL18 upon skin exposure
to Der p 2 peptides (Figure 4E). In vitro studies with isolated KC
have shown that Der p 1, but not Der p 2, induced the assembly of
the NLRP3 inflammasome, leading to caspase-1 activation, and IL-
1β and IL18 secretion (Dai et al., 2011). In contrast, we observed a
clear upregulation of PYCARD and IL18 by Der p 2 peptides and a
less pronounced effect by the full protein. This discrepancy may be
due to the higher sensitivity of scRNA-seq, which can detect subtle
changes in gene expression on the single-cell level. Moreover, our
data suggest that the effect seen for recombinant Der p 2 protein may
depend on IgE-dependent immune system activation, whereas Der p
2 peptides may directly affect KCs in the absence of IgE reactivity.
High levels of IL4 and IL13 have been reported to reduce
KRT1 expression in the lesional skin of AD patients (Beck et al.,
2022). Interestingly, we found in our study that KRT1 expression
was particularly downregulated upon AD skin exposure to Der p
2 peptides (Supplementary Figure S4C). In contrast, KRT6A/B/C
and KRT16 were upregulated, which, along with
KRT1 downregulation, have been implicated in causing barrier
disruptions (Hobbs et al., 2012).

IL18, a proinflammatory pleiotropic cytokine, can modulate
both the innate and the adaptive immune systems. When
IL18 was identified and named interferon-gamma-inducing
factor, it was found to induce type 1 cytokine production in the
presence of IL12. However, in the absence of IL12, IL18 enhances
type 2 cytokine production by helper T cells, mast cells, and
basophils (Yoshimoto et al., 1999). Our data suggest that Der p
2 peptides induced IL18 and may skew the immune system toward
an elevated type 2 response as we detected IL13 but not IL12 in our
dataset comprising all skin cells (data not shown). As IL18 can
potentially regulate both type 1 and type 2 cytokine productions, it
makes it a prominent candidate to control the switch between acute
and chronic AD, which are characterized by type 2 and type
1 cytokines, respectively (Langan et al., 2020).

IL4 and IL13 promote epithelial cell proliferation and
hyperplasia, which are specifically triggered during AD initiation
and acute lesions (Gittler et al., 2012; Beck et al., 2022). We
examined the expression of cell cycle and mitosis genes and
found a specific upregulation of mitosis genes in KC from AD
skin exposed to Der p 2 peptides (Figure 4). Further analysis of
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upregulated genes in Der p 2 peptide-treated skin revealed an
enrichment of genes involved in the mitosis pathway and a
higher percentage of KC expressing mitosis genes in AD_pep
compared to AD_rec. Known markers for hyperplasia, such as
MKI67, S100A8, S100A9 (Beck et al., 2022), and K16, were all
upregulated. Interestingly, MKI67 was upregulated in most KC
clusters, indicating a proliferative response to Der p 2 peptides in
both basal and suprabasal KC, with the exception of spinous and
sebaceous KCs.

In conclusion, our findings suggest that Der p 2 peptides may
contribute to initiating major hallmark features of AD, including
allergic inflammation, barrier disruption, and hyperplasia. Future
studies will reveal that whether the observed net effect on KC is due
to immune cell activation or a direct effect of Der p 2 peptides on KC
in AD.

Data availability statement

The analyzed datasets for this study can be found in
Supplementary Tables S6–S14. The raw count matrix (https://doi.
org/10.6084/m9.figshare.23898333.v1) and phenotype file (https://
doi.org/10.6084/m9.figshare.23898330.v1) presented in this study
were deposited in Figshare.

Ethics statement

The studies involving humans were approved by
Ethikkommission der Medizinischen Universität Wien. The
studies were conducted in accordance with the local legislation
and institutional requirements. The participants provided their
written informed consent to participate in this study.

Author contributions

KP planned experiments, supervised the study, and organized
participant appointments; CB, KP, SV, and RV developed patch test
protocols; H-JH and RC prepared recombinant allergens and
allergen peptides; RC verified the allergic status of patients via
IgE ELISA; DoS took biopsies and blood; KP and MF designed
sample processing pipelines for sequencing; KP and PW isolated
cells from the skin; LS processed single cells for scRNA-seq; MW
planned and supervised data analysis; MW and DaS analyzed data;

WW conceived the study; WW and RV planned the initial study
outline, KP interpreted the data and wrote the manuscript with
critical input from all authors. All authors contributed to the article
and approved the submitted version.

Funding

This project is part of the Danube Allergy Research Cluster and
was funded by the Government of Lower Austria (Land
Niederösterreich).

Acknowledgments

The authors would like to thank all the participants that made
this study possible. The illustration in Figure 1A was created with
BioRender.com using (academic licence).

Conflict of interest

RV has received research grants from Worg Pharmaceuticals,
Hangzhou, China and HVD Biotech, Vienna, Austria and serves as
consultant for Worg and Viravaxx AG, Vienna, Austria.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors, and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcell.2023.1240289/
full#supplementary-material

References

Akdis, C. A. (2021). Does the epithelial barrier hypothesis explain the increase in
allergy, autoimmunity and other chronic conditions? Nat. Rev. Immunol. 21, 739–751.
doi:10.1038/s41577-021-00538-7

Ali, N. J. A., Dias Gomes, M., Bauer, R., Brodesser, S., Niemann, C., and Iden, S.
(2016). Essential role of polarity protein Par3 for epidermal homeostasis through
regulation of barrier function, keratinocyte differentiation, and stem cell
maintenance. J. Investigative Dermatology 136, 2406–2416. doi:10.1016/j.jid.
2016.07.011

Beck, L. A., Cork, M. J., Amagai, M., De Benedetto, A., Kabashima, K., Hamilton, J. D.,
et al. (2022). Type 2 inflammation contributes to skin barrier dysfunction in atopic
dermatitis. JID Innov. 2, 100131. doi:10.1016/j.xjidi.2022.100131

Bhattacharjee, O., Ayyangar, U., Kurbet, A. S., Ashok, D., and Raghavan, S. (2019).
Unraveling the ECM-immune cell crosstalk in skin diseases. Front. Cell Dev. Biol. 7, 68.
doi:10.3389/fcell.2019.00068

Blanpain, C., and Fuchs, E. (2009). Epidermal homeostasis: A balancing act of stem
cells in the skin. Nat. Rev. Mol. Cell Biol. 10, 207–217. doi:10.1038/nrm2636

Candi, E., Schmidt, R., and Melino, G. (2005). The cornified envelope: A model of cell
death in the skin. Nat. Rev. Mol. Cell Biol. 6, 328–340. doi:10.1038/nrm1619

Carter, W. G., Wayner, E. A., Bouchard, T. S., and Kaur, P. (1990). The role of
integrins alpha 2 beta 1 and alpha 3 beta 1 in cell-cell and cell-substrate adhesion of
human epidermal cells. J. Cell Biol. 110, 1387–1404. doi:10.1083/jcb.110.4.1387

Frontiers in Cell and Developmental Biology frontiersin.org15

Pfisterer et al. 10.3389/fcell.2023.1240289

https://doi.org/10.6084/m9.figshare.23898333.v1
https://doi.org/10.6084/m9.figshare.23898333.v1
https://doi.org/10.6084/m9.figshare.23898330.v1
https://doi.org/10.6084/m9.figshare.23898330.v1
BioRender.com
https://www.frontiersin.org/articles/10.3389/fcell.2023.1240289/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2023.1240289/full#supplementary-material
https://doi.org/10.1038/s41577-021-00538-7
https://doi.org/10.1016/j.jid.2016.07.011
https://doi.org/10.1016/j.jid.2016.07.011
https://doi.org/10.1016/j.xjidi.2022.100131
https://doi.org/10.3389/fcell.2019.00068
https://doi.org/10.1038/nrm2636
https://doi.org/10.1038/nrm1619
https://doi.org/10.1083/jcb.110.4.1387
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1240289


Chen, E. Y., Tan, C. M., Kou, Y., Duan, Q., Wang, Z., Meirelles, G. V., et al. (2013).
Enrichr: interactive and collaborative HTML5 gene list enrichment analysis tool. BMC
Bioinforma. 14, 128. doi:10.1186/1471-2105-14-128

Chen, K. W., Fuchs, G., Sonneck, K., Gieras, A., Swoboda, I., Douladiris, N., et al.
(2008). Reduction of the in vivo allergenicity of Der p 2, the major house-dust mite
allergen, by genetic engineering. Mol. Immunol. 45, 2486–2498. doi:10.1016/j.molimm.
2008.01.006

Cheng, J. B., Sedgewick, A. J., Finnegan, A. I., Harirchian, P., Lee, J., Kwon, S., et al.
(2018). Transcriptional programming of normal and inflamed human epidermis at
single-cell resolution. Cell Rep. 25, 871–883. doi:10.1016/j.celrep.2018.09.006

Cohen, E., Johnson, C., Redmond, C. J., Nair, R. R., and Coulombe, P. A. (2022).
Revisiting the significance of keratin expression in complex epithelia. J. Cell Sci. 135,
jcs260594. doi:10.1242/jcs.260594

Dai, X., Sayama, K., Tohyama, M., Shirakata, Y., Hanakawa, Y., Tokumaru, S., et al.
(2011). Mite allergen is a danger signal for the skin via activation of inflammasome in
keratinocytes. J. Allergy Clin. Immunol. 127, 806–814. e1-4. doi:10.1016/j.jaci.2010.
12.006

De Arcangelis, A., Hamade, H., Alpy, F., Normand, S., Bruyère, E., Lefebvre, O., et al.
(2017). Hemidesmosome integrity protects the colon against colitis and colorectal
cancer. Gut 66, 1748–1760. doi:10.1136/gutjnl-2015-310847

De Benedetto, A., Rafaels, N. M., Mcgirt, L. Y., Ivanov, A. I., Georas, S. N., Cheadle, C.,
et al. (2011). Tight junction defects in patients with atopic dermatitis. J. Allergy Clin.
Immunol. 127, 773–786. e1-7. doi:10.1016/j.jaci.2010.10.018

Depianto, D., and Coulombe, P. A. (2004). Intermediate filaments and tissue repair.
Exp. Cell Res. 301, 68–76. doi:10.1016/j.yexcr.2004.08.007

Eyerich, K., and Novak, N. (2013). Immunology of atopic eczema: overcoming the
Th1/Th2 paradigm. Allergy 68, 974–982. doi:10.1111/all.12184

Fabregat, A., Sidiropoulos, K., Garapati, P., Gillespie, M., Hausmann, K., Haw, R.,
et al. (2015). The reactome pathway knowledgebase. Nucleic Acids Res. 44, D481–D487.
doi:10.1093/nar/gkv1351

Garrod, D. R. (1993). Desmosomes and hemidesmosomes. Curr. Opin. Cell Biol. 5,
30–40. doi:10.1016/s0955-0674(05)80005-5

Gittler, J. K., Shemer, A., Suárez-Fariñas, M., Fuentes-Duculan, J., Gulewicz, K. J.,
Wang, C. Q., et al. (2012). Progressive activation of T(H)2/T(H)22 cytokines and
selective epidermal proteins characterizes acute and chronic atopic dermatitis. J. Allergy
Clin. Immunol. 130, 1344–1354. doi:10.1016/j.jaci.2012.07.012

Gläser, R., Meyer-Hoffert, U., Harder, J., Cordes, J., Wittersheim, M., Kobliakova, J.,
et al. (2009). The antimicrobial protein psoriasin (S100A7) is upregulated in atopic
dermatitis and after experimental skin barrier disruption. J. Investigative Dermatology
129, 641–649. doi:10.1038/jid.2008.268

Haensel, D., Jin, S., Sun, P., Cinco, R., Dragan, M., Nguyen, Q., et al. (2020). Defining
epidermal basal cell states during skin homeostasis and wound healing using single-cell
transcriptomics. Cell Rep. 30, 3932–3947. doi:10.1016/j.celrep.2020.02.091

Hafemeister, C., and Satija, R. (2019). Normalization and variance stabilization of
single-cell RNA-seq data using regularized negative binomial regression. Genome Biol.
20, 296. doi:10.1186/s13059-019-1874-1

Hamill, K. J., Hiroyasu, S., Colburn, Z. T., Ventrella, R. V., Hopkinson, S. B., Skalli, O.,
et al. (2015). Alpha actinin-1 regulates cell-matrix adhesion organization in
keratinocytes: consequences for skin cell motility. J. Invest. Dermatol 135,
1043–1052. doi:10.1038/jid.2014.505

Hobbs, R. P., Lessard, J. C., and Coulombe, P. A. (2012). Keratin intermediate filament
proteins - novel regulators of inflammation and immunity in skin. J. Cell Sci. 125,
5257–5258. doi:10.1242/jcs.122929

Huang, H. J., Curin, M., Banerjee, S., Chen, K. W., Garmatiuk, T., Resch-Marat, Y.,
et al. (2019). A hypoallergenic peptide mix containing T cell epitopes of the clinically
relevant house dust mite allergens. Allergy 74, 2461–2478. doi:10.1111/all.13956

Huber, M., Casares-Arias, J., Fässler, R., Müller, D. J., and Strohmeyer, N. (2023). In
mitosis integrins reduce adhesion to extracellular matrix and strengthen adhesion to
adjacent cells. Nat. Commun. 14, 2143. doi:10.1038/s41467-023-37760-x

Jin, S., Guerrero-Juarez, C. F., Zhang, L., Chang, I., Ramos, R., Kuan, C.-H., et al.
(2021). Inference and analysis of cell-cell communication using CellChat. Nat.
Commun. 12, 1088. doi:10.1038/s41467-021-21246-9

Kosumi, H., Watanabe, M., Shinkuma, S., Nohara, T., Fujimura, Y., Tsukiyama, T.,
et al. (2022). Wnt/β-Catenin signaling stabilizes hemidesmosomes in keratinocytes.
J. Invest. Dermatol 142, 1576–1586.e2. doi:10.1016/j.jid.2021.10.018

Kabashima, K., Honda, T., Ginhoux, F., and Egawa, G. (2019). The immunological
anatomy of the skin. Nat. Rev. Immunol. 19, 19–30. doi:10.1038/s41577-018-0084-5

Kaplan, D. H., Igyarto, B. Z., and Gaspari, A. A. (2012). Early immune events in the
induction of allergic contact dermatitis. Nat. Rev. Immunol. 12, 114–124. doi:10.1038/
nri3150

Kawashima, H., Nishimata, S., Kashiwagi, Y., Numabe, H., Sasamoto, M.,
Iwatsubo, H., et al. (2000). Squamous cell carcinoma-related antigen in children
with atopic dermatitis. Pediatr. Int. 42, 448–450. doi:10.1046/j.1442-200x.2000.
01253.x

Korsunsky, I., Millard, N., Fan, J., Slowikowski, K., Zhang, F., Wei, K., et al. (2019).
Fast, sensitive and accurate integration of single-cell data with Harmony. Nat. Methods
16, 1289–1296. doi:10.1038/s41592-019-0619-0

La Manno, G., Soldatov, R., Zeisel, A., Braun, E., Hochgerner, H., Petukhov, V., et al.
(2018). RNA velocity of single cells. Nature 560, 494–498. doi:10.1038/s41586-018-
0414-6

Langan, S. M., Irvine, A. D., and Weidinger, S. (2020). Atopic dermatitis. Lancet 396,
345–360. doi:10.1016/S0140-6736(20)31286-1

Lessard, J. C., Piña-Paz, S., Rotty, J. D., Hickerson, R. P., Kaspar, R. L., Balmain, A.,
et al. (2013). Keratin 16 regulates innate immunity in response to epidermal barrier
breach. Proc. Natl. Acad. Sci. 110, 19537–19542. doi:10.1073/pnas.1309576110

Leung, D. Y. M., Berdyshev, E., and Goleva, E. (2020). Cutaneous barrier dysfunction
in allergic diseases. J. Allergy Clin. Immunol. 145, 1485–1497. doi:10.1016/j.jaci.2020.
02.021

Li, Y., Huang, H., Liu, B., Zhang, Y., Pan, X., Yu, X.-Y., et al. (2021). Inflammasomes as
therapeutic targets in human diseases. Signal Transduct. Target. Ther. 6, 247. doi:10.
1038/s41392-021-00650-z

Liedén, A., Ekelund, E., Kuo, I. C., Kockum, I., Huang, C. H., Mallbris, L., et al. (2009).
Cornulin, a marker of late epidermal differentiation, is down-regulated in eczema.
Allergy 64, 304–311. doi:10.1111/j.1398-9995.2008.01856.x

Lun, A. T. L., Riesenfeld, S., Andrews, T., Dao, T. P., Gomes, T., Marioni, J. C., et al.
(2019). EmptyDrops: distinguishing cells from empty droplets in droplet-based single-
cell RNA sequencing data. Genome Biol. 20, 63. doi:10.1186/s13059-019-1662-y

Lun, A. T., Mccarthy, D. J., and Marioni, J. C. (2016). A step-by-step workflow for
low-level analysis of single-cell RNA-seq data with Bioconductor. F1000Res. 5, 2122.
doi:10.12688/f1000research.9501.2

Malik, K., Ungar, B., Garcet, S., Dutt, R., Dickstein, D., Zheng, X., et al. (2017). Dust
mite induces multiple polar T cell axes in human skin. Clin. Exp. Allergy 47, 1648–1660.
doi:10.1111/cea.13040

Mertens, A. E. E., Rygiel, T. P., Olivo, C., Van Der Kammen, R., and Collard, J. G.
(2005). The Rac activator Tiam1 controls tight junction biogenesis in keratinocytes
through binding to and activation of the Par polarity complex. J. Cell Biol. 170,
1029–1037. doi:10.1083/jcb.200502129

Mitamura, Y., Ogulur, I., Pat, Y., Rinaldi, A. O., Ardicli, O., Cevhertas, L., et al. (2021).
Dysregulation of the epithelial barrier by environmental and other exogenous factors.
Contact Dermat. 85, 615–626. doi:10.1111/cod.13959

Mitsuishi, K., Nakamura, T., Sakata, Y., Yuyama, N., Arima, K., Sugita, Y., et al.
(2005). The squamous cell carcinoma antigens as relevant biomarkers of atopic
dermatitis. Clin. Exp. Allergy 35, 1327–1333. doi:10.1111/j.1365-2222.2005.02353.x

Miyai, M., Matsumoto, Y., Yamanishi, H., Yamamoto-Tanaka, M., Tsuboi, R., and
Hibino, T. (2014). Keratinocyte-specific mesotrypsin contributes to the desquamation
process via kallikrein activation and LEKTI degradation. J. Invest. Dermatol 134,
1665–1674. doi:10.1038/jid.2014.3

Moosbrugger-Martinz, V., Leprince, C., Méchin, M. C., Simon, M., Blunder, S.,
Gruber, R., et al. (2022). Revisiting the roles of filaggrin in atopic dermatitis. Int. J. Mol.
Sci. 23, 5318. doi:10.3390/ijms23105318

Mukoyama, Y., Utani, A., Matsui, S., Zhou, S., Miyachi, Y., andMatsuyoshi, N. (2007).
T-cadherin enhances cell-matrix adhesiveness by regulating beta1 integrin trafficking in
cutaneous squamous carcinoma cells. Genes cells. 12, 787–796. doi:10.1111/j.1365-2443.
2007.01092.x

Muroyama, A., and Lechler, T. (2012). Polarity and stratification of the epidermis.
Seminars Cell and Dev. Biol. 23, 890–896. doi:10.1016/j.semcdb.2012.08.008

Nahidiazar, L., Kreft, M., Van Den Broek, B., Secades, P., Manders, E. M. M.,
Sonnenberg, A., et al. (2015). The molecular architecture of hemidesmosomes, as
revealed with super-resolution microscopy. J. Cell Sci. 128, 3714–3719. doi:10.1242/jcs.
171892

Pfisterer, K., Shaw, L. E., Symmank, D., and Weninger, W. (2021). The extracellular
matrix in skin inflammation and infection. Front. Cell Dev. Biol. 9, 682414. doi:10.3389/
fcell.2021.682414

Polkoff, K. M., Gupta, N. K., Green, A. J., Murphy, Y., Chung, J., Gleason, K. L., et al.
(2022). LGR5 is a conserved marker of hair follicle stem cells in multiple species and is
present early and throughout follicle morphogenesis. Sci. Rep. 12, 9104. doi:10.1038/
s41598-022-13056-w

Reithofer, M., and Jahn-Schmid, B. (2017). Allergens with protease activity from
house dust mites. Int. J. Mol. Sci. 18, 1368. doi:10.3390/ijms18071368

Reynolds, G., Vegh, P., Fletcher, J., Poyner, E. F. M., Stephenson, E., Goh, I., et al.
(2021). Developmental cell programs are co-opted in inflammatory skin disease. Science
371, eaba6500. doi:10.1126/science.aba6500

Roth, W., Kumar, V., Beer, H.-D., Richter, M., Wohlenberg, C., Reuter, U., et al.
(2012). Keratin 1 maintains skin integrity and participates in an inflammatory network
in skin through interleukin-18. J. Cell Sci. 125, 5269–5279. doi:10.1242/jcs.116574

Rotty, J. D., and Coulombe, P. A. (2012). A wound-induced keratin inhibits Src
activity during keratinocyte migration and tissue repair. J. Cell Biol. 197, 381–389.
doi:10.1083/jcb.201107078

Frontiers in Cell and Developmental Biology frontiersin.org16

Pfisterer et al. 10.3389/fcell.2023.1240289

https://doi.org/10.1186/1471-2105-14-128
https://doi.org/10.1016/j.molimm.2008.01.006
https://doi.org/10.1016/j.molimm.2008.01.006
https://doi.org/10.1016/j.celrep.2018.09.006
https://doi.org/10.1242/jcs.260594
https://doi.org/10.1016/j.jaci.2010.12.006
https://doi.org/10.1016/j.jaci.2010.12.006
https://doi.org/10.1136/gutjnl-2015-310847
https://doi.org/10.1016/j.jaci.2010.10.018
https://doi.org/10.1016/j.yexcr.2004.08.007
https://doi.org/10.1111/all.12184
https://doi.org/10.1093/nar/gkv1351
https://doi.org/10.1016/s0955-0674(05)80005-5
https://doi.org/10.1016/j.jaci.2012.07.012
https://doi.org/10.1038/jid.2008.268
https://doi.org/10.1016/j.celrep.2020.02.091
https://doi.org/10.1186/s13059-019-1874-1
https://doi.org/10.1038/jid.2014.505
https://doi.org/10.1242/jcs.122929
https://doi.org/10.1111/all.13956
https://doi.org/10.1038/s41467-023-37760-x
https://doi.org/10.1038/s41467-021-21246-9
https://doi.org/10.1016/j.jid.2021.10.018
https://doi.org/10.1038/s41577-018-0084-5
https://doi.org/10.1038/nri3150
https://doi.org/10.1038/nri3150
https://doi.org/10.1046/j.1442-200x.2000.01253.x
https://doi.org/10.1046/j.1442-200x.2000.01253.x
https://doi.org/10.1038/s41592-019-0619-0
https://doi.org/10.1038/s41586-018-0414-6
https://doi.org/10.1038/s41586-018-0414-6
https://doi.org/10.1016/S0140-6736(20)31286-1
https://doi.org/10.1073/pnas.1309576110
https://doi.org/10.1016/j.jaci.2020.02.021
https://doi.org/10.1016/j.jaci.2020.02.021
https://doi.org/10.1038/s41392-021-00650-z
https://doi.org/10.1038/s41392-021-00650-z
https://doi.org/10.1111/j.1398-9995.2008.01856.x
https://doi.org/10.1186/s13059-019-1662-y
https://doi.org/10.12688/f1000research.9501.2
https://doi.org/10.1111/cea.13040
https://doi.org/10.1083/jcb.200502129
https://doi.org/10.1111/cod.13959
https://doi.org/10.1111/j.1365-2222.2005.02353.x
https://doi.org/10.1038/jid.2014.3
https://doi.org/10.3390/ijms23105318
https://doi.org/10.1111/j.1365-2443.2007.01092.x
https://doi.org/10.1111/j.1365-2443.2007.01092.x
https://doi.org/10.1016/j.semcdb.2012.08.008
https://doi.org/10.1242/jcs.171892
https://doi.org/10.1242/jcs.171892
https://doi.org/10.3389/fcell.2021.682414
https://doi.org/10.3389/fcell.2021.682414
https://doi.org/10.1038/s41598-022-13056-w
https://doi.org/10.1038/s41598-022-13056-w
https://doi.org/10.3390/ijms18071368
https://doi.org/10.1126/science.aba6500
https://doi.org/10.1242/jcs.116574
https://doi.org/10.1083/jcb.201107078
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1240289


Satija, R., Farrell, J. A., Gennert, D., Schier, A. F., and Regev, A. (2015). Spatial reconstruction
of single-cell gene expression data. Nat. Biotechnol. 33, 495–502. doi:10.1038/nbt.3192

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T.,
et al. (2012). Fiji: an open-source platform for biological-image analysis. Nat. methods 9,
676–682. doi:10.1038/nmeth.2019

Serhan, N., Basso, L., Sibilano, R., Petitfils, C., Meixiong, J., Bonnart, C., et al. (2019).
House dust mites activate nociceptor–mast cell clusters to drive type 2 skin
inflammation. Nat. Immunol. 20, 1435–1443. doi:10.1038/s41590-019-0493-z

Shih, B. B., Nirmal, A. J., Headon, D. J., Akbar, A. N., Mabbott, N. A., and Freeman, T.
C. (2017). Derivation of marker gene signatures from human skin and their use in the
interpretation of the transcriptional changes associated with dermatological disorders.
J. Pathol. 241, 600–613. doi:10.1002/path.4864

Sivaprasad, U., Kinker, K. G., Ericksen, M. B., Lindsey, M., Gibson, A. M., Bass, S. A.,
et al. (2015). SERPINB3/B4 contributes to early inflammation and barrier dysfunction
in an experimental murine model of atopic dermatitis. J. Invest. Dermatol 135, 160–169.
doi:10.1038/jid.2014.353

Smith, A. R., Knaysi, G., Wilson, J. M., and Wisniewski, J. A. (2017). The skin as a
route of allergen exposure: part I. Immune components and mechanisms. Curr. allergy
asthma Rep. 17, 6. doi:10.1007/s11882-017-0674-5

Snel, B., Lehmann, G., Bork, P., and Huynen, M. A. (2000). String: A web-server to
retrieve and display the repeatedly occurring neighbourhood of a gene. Nucleic Acids
Res. 28, 3442–3444. doi:10.1093/nar/28.18.3442

Stremnitzer, C., Manzano-Szalai, K., Starkl, P., Willensdorfer, A., Schrom, S., Singer, J., et al.
(2014). Epicutaneously applied Der p 2 induces a strong TH 2-biased antibody response in
C57BL/6 mice, independent of functional TLR4. Allergy 69, 741–751. doi:10.1111/all.12399

Suárez-Fariñas, M., Tintle, S. J., Shemer, A., Chiricozzi, A., Nograles, K., Cardinale, I.,
et al. (2011). Nonlesional atopic dermatitis skin is characterized by broad terminal
differentiation defects and variable immune abnormalities. J. Allergy Clin. Immunol.
127, 954–964. e1-4. doi:10.1016/j.jaci.2010.12.1124

Tan, D. W., Jensen, K. B., Trotter, M. W., Connelly, J. T., Broad, S., and Watt, F. M.
(2013). Single-cell gene expression profiling reveals functional heterogeneity of
undifferentiated human epidermal cells. Development 140, 1433–1444. doi:10.1242/
dev.087551

Trompette, A., Divanovic, S., Visintin, A., Blanchard, C., Hegde, R. S., Madan, R., et al.
(2009). Allergenicity resulting from functional mimicry of a Toll-like receptor complex
protein. Nature 457, 585–588. doi:10.1038/nature07548

Tsakok, T., Woolf, R., Smith, C. H., Weidinger, S., and Flohr, C. (2019). Atopic
dermatitis: the skin barrier and beyond. Br. J. Dermatology 180, 464–474. doi:10.1111/
bjd.16934

Wang, S., Drummond, M. L., Guerrero-Juarez, C. F., Tarapore, E., Maclean, A. L.,
Stabell, A. R., et al. (2020). Single cell transcriptomics of human epidermis identifies
basal stem cell transition states. Nat. Commun. 11, 4239. doi:10.1038/s41467-020-
18075-7

Weidinger, S., and Novak, N. (2016). Atopic dermatitis. Lancet 387, 1109–1122.
doi:10.1016/S0140-6736(15)00149-X

Yazici, D., Ogulur, I., Kucukkase, O., Li, M., Rinaldi, A. O., Pat, Y., et al. (2022).
Epithelial barrier hypothesis and the development of allergic and autoimmune diseases.
Allergo J. Int. 31, 91–102. doi:10.1007/s40629-022-00211-y

Yoshimoto, T., Tsutsui, H., Tominaga, K., Hoshino, K., Okamura, H., Akira, S., et al.
(1999). IL-18, although antiallergic when administered with IL-12, stimulates IL-4 and
histamine release by basophils. Proc. Natl. Acad. Sci. U. S. A. 96, 13962–13966. doi:10.
1073/pnas.96.24.13962

Zeeuwen, P. L. (2004). Epidermal differentiation: the role of proteases and their
inhibitors. Eur. J. Cell Biol. 83, 761–773. doi:10.1078/0171-9335-00388

Zhou, S., Matsuyoshi, N., Miyachi, Y., Liang, S.-B., Takeuchi, T., and Ohtsuki,
Y. (2002). Expression of T-cadherin in basal keratinocytes of skin.
J. Investigative Dermatology 118, 1080–1084. doi:10.1046/j.1523-1747.2002.
01795.x

Frontiers in Cell and Developmental Biology frontiersin.org17

Pfisterer et al. 10.3389/fcell.2023.1240289

https://doi.org/10.1038/nbt.3192
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/s41590-019-0493-z
https://doi.org/10.1002/path.4864
https://doi.org/10.1038/jid.2014.353
https://doi.org/10.1007/s11882-017-0674-5
https://doi.org/10.1093/nar/28.18.3442
https://doi.org/10.1111/all.12399
https://doi.org/10.1016/j.jaci.2010.12.1124
https://doi.org/10.1242/dev.087551
https://doi.org/10.1242/dev.087551
https://doi.org/10.1038/nature07548
https://doi.org/10.1111/bjd.16934
https://doi.org/10.1111/bjd.16934
https://doi.org/10.1038/s41467-020-18075-7
https://doi.org/10.1038/s41467-020-18075-7
https://doi.org/10.1016/S0140-6736(15)00149-X
https://doi.org/10.1007/s40629-022-00211-y
https://doi.org/10.1073/pnas.96.24.13962
https://doi.org/10.1073/pnas.96.24.13962
https://doi.org/10.1078/0171-9335-00388
https://doi.org/10.1046/j.1523-1747.2002.01795.x
https://doi.org/10.1046/j.1523-1747.2002.01795.x
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1240289

	Non-IgE-reactive allergen peptides deteriorate the skin barrier in house dust mite-sensitized atopic dermatitis patients
	1 Introduction
	2 Materials and methods
	2.1 Study participants and ethics statement
	2.2 Expression and purification of recombinant Der p 2 and synthesis of Der p 2-derived peptides
	2.3 Patch test, tissue sampling, and cell isolation
	2.4 Single-cell RNA sequencing (scRNA-seq)
	2.5 EmptyDrops, doublet removal, and quality control (QC) for scRNA-seq
	2.6 Analysis of scRNA-seq data
	2.7 Trajectory analysis
	2.8 Pathway analysis
	2.9 Intercellular communication network analysis
	2.10 In vitro barrier disruption assay
	2.11 ELISA
	2.12 Statistical analysis

	3 Results
	3.1 KC subsets in the human skin
	3.2 Trajectory and pathway analyses identify AD-specific perturbations in KCs
	3.3 Der p 2 induces a pro-inflammatory gene expression signature in granular and spinous KCs
	3.4 Der p 2-derived peptides downregulate cell–cell and cell–matrix adhesion genes in AD patients
	3.5 Der p 2-derived peptides upregulate IL18 and downregulate KRT1 gene expression in AD patients
	3.6 Der p 2-derived peptides upregulate the expression of mitotic and cell cycle progression genes in AD patients

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


