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Background: Atopic dermatitis (AD) is the most common chronic inflammatory skin

AD skin has not been fully understood.

Methods: Skin tissues examined for spatial gene expression were derived from the
Funding information

€ . upper arm of 6 healthy control (HC) donors and 7 AD patients (lesion and nonlesion).
Novartis Research Foundation

We performed spatial transcriptomics sequencing to characterize the cellular infiltrate
in lesional skin. For single-cell analysis, we analyzed the single-cell data from suction
blister material from AD lesions and HC skin at the antecubital fossa skin (4 ADs and 5
HCs) and full-thickness skin biopsies (4 ADs and 2 HCs). The multiple proximity exten-

sion assays were performed in the serum samples from 36 AD patients and 28 HCs.

Abbreviations: AD, atopic dermatitis; CCL, C-C motif chemokine ligand; CCR, C-C motif chemokine receptor; COL, collagen; ITGB, integrin beta; LAMP3, lysosome-associated
membrane glycoprotein 3; MRC, mannose receptor C; PTPRC, protein tyrosine phosphatase receptor; TNC, tenascin C.
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Results: The single-cell analysis identified unique clusters of fibroblasts, dendritic cells,
and macrophages in the lesional AD skin. Spatial transcriptomics analysis showed the
upregulation of COL6A5, COL4A1, TNC, and CCL19 in COL18A1-expressing fibro-
blasts in the leukocyte-infiltrated areas in AD skin. CCR7-expressing dendritic cells
(DCs) showed a similar distribution in the lesions. Additionally, M2 macrophages ex-
pressed CCL13 and CCL18 in this area. Ligand-receptor interaction analysis of the
spatial transcriptome identified neighboring infiltration and interaction between
activated COL18A1-expressing fibroblasts, CCL13- and CCL18-expressing M2 mac-
rophages, CCR7- and LAMP3-expressing DCs, and T cells. As observed in skin lesions,
serum levels of TNC and CCL18 were significantly elevated in AD, and correlated with
clinical disease severity.

Conclusion: In this study, we show the unknown cellular crosstalk in leukocyte-
infiltrated area in lesional skin. Our findings provide a comprehensive in-depth knowl-

edge of the nature of AD skin lesions to guide the development of better treatments.
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GRAPHICAL ABSTRACT

Single-cell RNA- and spatial RNA-seq identified complex cellular interactionsin lesional skin of AD. COL18A1" fibroblasts express COL6A5,
COL4A1, TNC, and CCL19 and interact with CCR7 positive LAMP3" dendritic cells and T cells. CCL13" and CCL18% M2 macrophages show

an interaction with T cells by MRC1-PTPRC
severity.

and CD14-ITGB1/2. The serum level of TNC and CCL18 shows a positive correlation with AD

Abbreviations: AD, atopic dermatitis; CCL, C-C motif chemokine ligand; CCR, C-C motif chemokine receptor; COL, collagen; ITGB, integrin

beta; LAMP3, lysosome-associated membra
TNC, Tenascin C

ne glycoprotein 3; MRC, mannose receptor C; PTPRC, protein tyrosine phosphatase receptor;

1 | INTRODUCTION

Atopic dermatitis (AD) is a chronic inflammatory skin disorder af-
fecting up to 3%-5% of adults and 20% of children worldwide.}”
The pathophysiology of AD involves various factors including host
genetics, altered skin barrier function, and immunological abnormal-

ities.2*5 A defective skin barrier and aberrant immune activation

are characteristic features of AD. Immunologically, AD is consid-
ered a primarily Th2/Th22-driven disease with varying degrees of
Th1/Th17 skewing.®"® Molecular studies of skin biopsy samples
that utilized high-throughput analyses revealed their immune ab-
normalities. Recent advances in functional genomics technologies,
including single-cell and proteomics analyses, facilitate the detailed
molecular and immunological characterization of AD. Single-cell
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transcriptomics has provided fundamental new insights into disease
pathogenesis and the regulatory mechanisms at the molecular and
cellular level.” 12 Nevertheless, these studies lack spatial informa-
tion and often suffer from reconstructing the locations of many cell
types. Moreover, they cannot properly characterize cell-cell interac-
tions to extrapolate where and how neighboring cells affect proin-
flammatory and transcriptional networks inside the tissue.

Although blockade of type 2 inflammation, such as an IL-4 recep-
tor o blocking monoclonal antibody and Janus kinase inhibitors, have
shown high treatment efficacy,>™*° these agents do not work uni-
formly in each patient, most likely due to the heterogeneity of this
disease. AD can be divided into phenotypes based on clinical factors
such as severity and age of onset and endotypes such as degrees of
type 2 activation and non-lgE-associated disease mechanisms. The
mechanisms behind the complexity of AD are still not fully under-
stood. Clinical trials using novel targeted treatments were instru-
mental to better understand AD pathogenesis.'®*” Nevertheless,
biomarkers for the stratification of patients, the prediction and mon-
itoring of treatment responses and severity are not yet in clinical use,
mandating a better understanding of the disease.

Combining two powerful transcriptomics methods: single-cell and
spatial transcriptomics, we identified unique subgroups of inflamma-
tory fibroblasts, M2 macrophages, and activated dendritic cells (DCs)
that shape the cellular and molecular characteristics of skin inflamma-
tion in the leukocyte-infiltrated area of lesional skin in AD. Moreover,
ligand-receptor analysis showed molecular interactions between
these immuno-active cells. In addition, we showed the signature of
these novel inflammatory interactions in the serum levels of circulat-

ing inflammatory proteins and correlations with AD symptom severity.

2 | METHODS
2.1 | Study design

Skin tissues examined for spatial gene expression were derived from
6 healthy control donors and 7 AD patients, which were obtained at
Augsburg University Hospital with written consent. Healthy control
donors—2 males and 4 females—were aged 24-63years and had no
history of skin disease. The demographics of the study population
are shown in Table 1.

TABLE 1 Demographic characteristics
of the study subjects for spatial
transcriptomics.

Demographics

Female/Male

Onset month (mean+SD; range) —

SCORAD (mean=+SD)
EASI (mean+SD)

Total IgE (IU/mL; mean+SD; range) 15+7.4(5.2-45; n=5)

Age (years; mean=+SD)

For single-cell analysis, suction blister material from untreated
AD lesions and HC skin at the antecubital fossa skin (4 ADs and 5
HCs) were collected and CD45™" cells were enriched by FACS for fur-
ther analysis.10 Enzymatically digested full-thickness skin biopsies (4
ADs and 2 HCs) were also collected and similarly enriched for CD45"
(50% for each sample). The multiple proximity extension assay in-
cluded 36 patients diagnosed with AD at the High-Altitude Clinic in
Davos, Switzerland, and 28 HCs.'® The included AD patients were
18-85years of age. Bulk RNA-seq was performed from 4-mm skin
biopsies of 13 chronic-phase patients with AD with a lesion in the
upper arm (mean SCORAD score, 57.3; range, 32-99.5) and seven
healthy control subjects.” TwoAD and one healthy samples were
excluded from analysis due to technical difficulties or low RNA yield.
See the Online Repository/OR Methods for additional details.

2.2 | Visium spatial transcriptomics sequencing

Frozen human skin biopsy samples were cryosectioned and trans-
ferred onto a Visium Spatial Gene Expression Slide (10X Genomics).
Tissue sections were stained with hematoxylin and eosin, and images
were captured using an Axio Z1 slide scanner (Zeiss). Gene expres-
sion libraries were prepared according to the Visium Spatial Gene
Expression Reagent Kits User Guide (Rev D, 10X Genomics). Visium
libraries were sequenced on a NovaSeq 6000 System (lllumina) using
a NovaSeq S4 Reagent Kit (200 cycles, 20,027,466, lllumina), at a se-
quencing depth of approximately 73-180 Mio reads per sample. The
median UMI counts per spot in the raw data are 1694, and the me-
dian feature counts per spotin the raw data are 1101. Visium libraries
were sequenced, and raw Binary Base Call (BCL) files were processed
in Space Ranger v.1.2.0 and demultiplexed using “spaceranger mk-
fastg.” The resulting FASTQ files were mapped to the human ge-
nome build GRCh38.p13 and annotated using the GENCODE gene
annotation release 32 with “spaceranger count.” Secondary analysis
was performed using the Seurat R package (v4.0.3). Each sample was
log-normalized using Seurat's NormalizeData function with default
parameters and scaled. All samples were integrated using recipro-
cal principal component analysis (RPCA). For dimensionality reduc-
tion and clustering, the Louvain modularity optimization algorithm
was run at a resolution of 0.1 to identify broad clusters. See the OR
Methods for additional details.

Healthy control (h=6) Atopic dermatitis (n=7)

4217 +17.46 39.00+15.92
4/2 3/4
5+2.92(1-10)
= 44.49+13.73
- 16.90+14.79

1321+2764.37 (9.2-7500; n=6)

Abbreviations: EASI, Eczema Area and Severity Index; SCORAD, Scoring atopic dermatitis.
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2.3 | Single-cell RNA-seq reference
data processing

Previously published feature-barcode matrices were obtained from
Gene Expression Omnibus (Accession Nr: GSE153760) and re-analyzed
and prepared as a cell-type reference with Seurat (v4.0.3). The data set
was log-normalized and scaled, using the same parameters as for the
spatial transcriptomics data set. Integration was performed by RPCA.
We performed a two-step approach for accurate cell type identifica-
tion. First-level clustering determined broad cell type categories and
second-level clustering on selected subsets identified more specific cell
types. The prediction scores in each spot were calculated by Seurat's
label transfer method. See the OR Methods for additional details.

2.4 | Spatial differential gene expression analysis

Differential gene expression analysis was performed using the Seurat
package with the function FindMarkers with “test.use” parameter
set to DESeq2. Heatmap was obtained after the calculation of aver-
age expression for all of the genes in cluster 1 in each group (HC,
NL, LS) using the AverageExpression function (Table S1). Volcano
plots were made using EnhancedVolcano (ver. 1.12.0) R package. In
addition, the distribution of the gene expression between disease
status (HC, NL, and LS) in the Cluster 1 was shown in violin plots.
Moreover, ligand-receptor interaction analysis was performed with
the curated Ligand/Receptor Interaction Database.?’ Significantly
correlated ligand-receptor pairs within Visium spots were identified
with the function correlatePairs from the scran package (ver. 3.1.3)
separately for the three groups (HC, NL, and LS). To further eluci-
date ligand-receptor interaction within specific cell types, we used
a single-cell data set'® and calculated the LRscore with a threshold
of 0.5.2° To show the colocalized ligand-receptor pairs supported by
the Visium Spatial Transcriptome data, the significantly correlated
pairs identified from the previous analysis with their LRscore are dis-
played on the heatmap (Figure 5B). The pairs with LRscore <0.5 are
shown as gray in the heatmap. The average expression of selected
molecules was calculated within each cell type, and the results are
displayed in Figure S5B. See the OR Methods for additional details.

2.5 | RNA-sequencing in skin biopsy samples

We analyzed the database of our previous study.’’ We performed
RNA-seq analysis on matched lesional and nonlesional skin tissue bi-
opsy specimens from patients with AD (n=11) and healthy subjects
(n=6). See the OR Methods for additional details.

2.6 | Immunohistochemistry staining

The cryosection samples from frozen tissue blocks (4 LS, 4 NL,
and 4 HC) were stained with an anti-COL18A1 antibody (Abcam,

ab275390, rabbit IgG, 1:200), an anti-TNC antibody (Invitrogen,
MA5-16086, mouse IgG1, 1:2000), an anti-CD3 antibody (BioRad,
MCA1477, rat IgG1, 1:150), an anti-CCL19 antibody (R&D Systems,
MAB361-100, mouse IgG2b, 1:200), an anti-1B10 (fibroblast sur-
face marker) antibody (Novus, NB100-1845, Mouse IgM, 1:200),
an anti-CCR7 antibody (Abcam, ab253187, rabbit IgG, 1:200), an
anti-CD11C antibody (Abcam, ab11029, mouse IgG1, 1:500), an
anti-MMR (MRC1, CD206) antibody (NOVUS, MAB2534, rat 1gG2a,
1:200), and an anti-CD45RO antibody (Biolegend, No. 304239,
mouse I1gG2a, x, 1:200). See the OR Methods for additional details.

2.7 | High-throughput targeted proteomics
from serum

Serum samples (29 AD patients before the treatment and 20 HC)

from a previous cohort'® were newly analyzed using another Olink
Target 96 panel, named the cardiometabolic panel, by proximity ex-

tension assay (OLINK). See the OR Methods for additional details.

3 | RESULTS

3.1 | Spatial gene profiling of atopic dermatitis
lesions

To explore the cell-cell interactions and the complex networks in le-
sion formation of AD, we performed RNA-sequencing (RNA-seq) spa-
tial transcriptomics on nonlesional (NL) and lesional (LS) AD skins, and
compared them to the skin of healthy controls (HC). We investigated
the histopathological features of AD in hematoxylin and eosin images
together with specific gene expression, followed by separating the
spots in the Visium array into eight clusters (Figure 1A,B; Figures S1).
An extracellular matrix with lower numbers of cell infiltrates and fi-
broblasts was identified as cluster O, and cluster 3 consists of a denser
fibroblast population. LS showed a significant expression of leuko-
cyte infiltration at the upper dermis (cluster 1). Epidermal thickness in
LS was associated with a predominant cluster in the lower epidermis
(cluster 2) and upper epidermis (cluster 4). The larger number of spots
in LS compared to NL and HC in the uniform manifold approxima-
tion and projection (UMAP) graphs are indicative of increased cellular
infiltration, particularly leukocyte infiltrate, and high cell numbers
in the lower and upper epidermis (Figure 1B). The heat map list-
ing each cluster's top 10 most significantly differentially expressed
genes shows that cluster 1 represents the leukocyte infiltration and
resident immune cells with a high expression of surface proteins from
the group of major histocompatibility complexes (MHC) of class Il in
humans such as human leukocyte antigens (HLAs-DRA, HLAs-DRBI,
HLAs-DPA1, and HLAs-DPB1) and CD74 as predominantly expressed
genes (Figure 1C). Clusters O and 3 contain fibroblasts with the ex-
pression of collagens (COL1A1 and COL6A2). Cluster 2 represents
the lower epidermis with keratinocyte (KRT5 and KRT14) and mel-
anocyte (PMEL) markers. Cluster 4 represents the upper epidermis
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FIGURE 1 Spatial transcriptomic analyses of healthy control skin, and nonlesional and lesional skin of atopic dermatitis. (A) Hematoxylin
and eosin staining and overlaid clustering of spatial transcriptomics spots of tissue sections. Clustering according to the similarity of
transcriptome resulted in eight different color-coded clusters. ECM, extracellular matrix; HC, healthy control skin; LS, lesional skin; NL,
nonlesional skin; (B) UMAPs of clusters separated in atopic dermatitis nonlesional skin (NL, n=5), lesional skin (LS, n=7), and skin of healthy
controls (HC, n=6). Eight different color-coded clusters as in A. (C) Heat map displaying the top 10 differentially expressed genes for each

cluster compared with the rest of the data set.

with the expression of barrier molecules, filaggrins and desmosomes
(FLG, FLG2, and CDSN). Cluster 5 represents sweat glands with the
expression of MUCL1, AQP5, and DCD. Cluster 6 represents hair fol-
licles with the upregulation of KRT79 and KRT17. Cluster 7 contains
smooth muscle cells with the expression of ACTA2 and MYL9.

3.2 | Cellular landscape of the lesions and
leukocyte-infiltrated area in atopic dermatitis

To explore the phenotype and topographical distribution of the
T cell and leukocyte infiltrates in AD, we integrated the spatial
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FIGURE 2 Cellular landscape of the lesions and leukocyte-infiltrated area in atopic dermatitis. (A) Single-cell RNA-seq UMAP of
annotated clusters of cell types from 15 donors (four AD and five HC suction blister samples and four AD and two HC biopsy samples).
DC, dendritic cells; FB, fibroblasts; LC, Langerhans cells, LEC, lymphatic endothelial cells; MAC, macrophages; MEL, melanocytes; NK,
natural killer cells; PDC, plasmacytoid dendritic cells; sbKC, suprabasal keratinocytes; SMC, smooth muscle cells; Treg, regulatory T cells;
VEC, vascular endothelial cells. (B) Spatial feature plots of cell type prediction scores in spatial transcriptomics of LS sections. (C) Adverse
prediction scores for each cell type per cluster (left), normalized spot count of each group per cluster as percentage (middle), average UMI
count per cluster (right). (D) Heat map displaying the top 20 highly expressed genes in each group within the “leukocyte infiltration” cluster
compared with the rest of the data set. (E and F) Violin plots of the indicated gene expression within the leukocyte infiltration cluster.
*p<.05, **p=<.01, ***p<.001, ****p<.0001, n.s.=not significant, Wilcoxon rank-sum test.

transcriptomics data with single-cell data.'® Each cell type was iden-
tified by the resemblance to findings in single-cell RNA-seq study
of AD skin (Figure 2A; Figure S2A-D).1° Further clustering of the
single-cell data demonstrated the expression of T cells, CD8" T
cells, and Treg cells. The main effector T-cell population (Main T)
showed CD3 expression and was devoid of CD8" T cell, Treg cell,
and NK cell markers. CD8* T cells were similar to NK cells in the
expression of GZMB and NKG7 in addition to CD3 and CD8A. Treg
cells showed a distinct population with the expression of FOXP3
and CTLA4. Myeloid cells were visible as DCs, Langerhans cells, and
macrophages. CD1C* DCs were present as LAMP3-expressing DCs,
IRF8" DCs that were also expressing CLEC9A, and main DCs that
were IRF8 and LAMP3 negative. IRF8 and CLEC9A are known as the
markers for conventional DC1, and LAMP3 is known as a marker
of mature DCs. Type 1 macrophages (M1) are characterized by ex-
pression of proinflammatory cytokines IL1B and downregulation of
MRC1. Type 2 macrophages (M2) were more dominant with the ex-
pression of CD163 and MRC1.

We predicted the cell type in each spot by probabilistic label
transfer of cell type annotations from single-cell RNA-seq data
(Figure 2B,C). The leukocyte-infiltrated area in LS consists of DCs, M2,
and T cells, located in the upper dermis layer closer to the epidermis.
These cells and leukocyte infiltrate were negligible in HC and NL skin,
and T cells, DCs, and macrophages were colocalizing in the leukocyte-
infiltrated area in the AD lesions. Suprabasal and basal keratinocytes
were located in the epidermis. We were able to divide the fibroblasts
into four subgroups (MFAP5*, COL18A1*, APOE™, and SFRP1* fibro-
blasts). MFAP5™ fibroblasts were the main fibroblast subgroup with
the expression of MFAP5, FBN1, and WISP2. These fibroblasts were
named group 1 (FB-1). The remaining subgroups of COL18A1", APOE",
and SFRP1" fibroblasts were combined as group 2 fibroblasts (FB-2).

Cluster 1 was characterized by a high probability of predicted
lymphoid cells, macrophages, DCs, and endothelial cells. Clusters
2, 3, 4, 6, and 7 were predominantly defined by their respective
cell type of interest. The number of spots among groups was high-
est in LS for clusters 1, 2, 4, and 7, showing leukocyte infiltrate
and thick epidermis. The more dominant clusters 1, 2, and 4 in LS
are caused by a thicker epidermal layer and denser cellular infil-
tration showing higher unique molecular identifier (UMI) counts.
However, LS expressed relatively low numbers of cells originating
from sweat glands. Cluster 3 contained mainly FB-1 fibroblasts
expressing MFAP1 as the main fibroblast cluster. The dominant fi-
broblast group switched in the leukocyte-infiltrated area to FB-2
(Figure 2C).

We further explored the gene expression profiles in the
leukocyte-infiltrated area in three groups (HC, NL, and LS) in
comparison (Figure S3A). The heat map in Figure 2D shows the
top 20 significantly upregulated genes in cluster 1 for each group
(Figure S3B). Genes that are characteristic of endothelial cells
(VWF and CLDN5) were expressed in all groups, suggesting that
this cluster includes capillaries (Figure 2D). We identified that the
gene expression of CCL18, CCL19, and CCL21 was highly upregu-
lated especially in the leukocyte-infiltrated area in lesions. The leu-
kocyte marker genes, such as PTPRC (CD45), CD3D, CD1C, ITGAX
(CD11C), and CD14, are shown prominently in the cluster 1 and
these leukocytes are prominently increased in lesional AD skin and
CD3D, CD1C, and CD11C are already increased in the nonlesional
AD skin. (Figure 2E). In addition, MHC class ll-related molecules
(CD74, HLA-DRA, HLA-DRB5, HLA-DPA1, and HLA-DQB1) were
downregulated in NL compared to HC and LS, suggesting that the
antigen-presentation capacity of MHC class Il-expressing cells is

downregulated in NL (Figure 2F).

3.3 | Identification of activated fibroblasts and
dendritic cells in the leukocyte-infiltrated area in
lesional skin

The RNA-seq analyses of full-thickness skin biopsies from previous
independent AD cohorts’ detected increased gene expression of
CCL19, CCR7, CCL17, CCL22, and TNC in LS (Figure 3A). CCL19 was
one of the top upregulated genes in the leukocyte-infiltrated area in
LS compared to HC (Figure S3A). To explore how distinct cell types
may contribute to immune activity through the expression of the
ligand-receptor couple CCL19 and CCR7 in AD, we investigated the
subgroups of cell types in our single-cell data set. The CCL19- and
CCR7-expressing cell types were monitored in LS of AD (Figure 3B).
Many cell types, including basal keratinocytes and smooth muscle
cells, express CCL19 in the skin. COL18A1" fibroblasts and LAMP3™"
DCs are the top two sources of CCL19. LAMP3* DCs are the pre-
dominant cell types among CCR7-positive cells, which may suggest
an interaction between these two cell types.

After the detection of CCL19* COL18A1* fibroblasts and
CCR7" LAMP3* DCs, we further determined the location of each
cell type in the leukocyte-infiltrated area in LS. We identified that
gene expression of extracellular matrix (COL6A5, COL4A1, COL4A2,
and TNC) and proinflammatory cytokines/chemokines (IL32 and
CCL19) were highly upregulated in COL18A1" fibroblasts from
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FIGURE 3 Characterization of dendritic cells and fibroblasts in atopic dermatitis by spatial/single-cell transcriptomics. (A) Bar plots of
bulk RNA-seq depicting the gene expression of indicated AD-related genes in the skin comparing healthy control (HC, n=6), nonlesional

AD (NL, n=11), and lesional AD (LS, n=11). Each dot indicates the expression level in an individual. Normalized counts are shown. Graph
shows mean with SD. ***p <.001, ****p <.0001, n.s.=not significant, edgeR. (B) Stacked bar graph depicting the distribution of CCL19 (left)
and CCRY (right) expressing cells among all identified cell types in the AD subset of the single-cell RNA-seq data. bKC, basal keratinocytes;
DC, dendritic cells; FB, fibroblasts; MAC, macrophages; SMC: smooth muscle cells; Treg, regulatory T cells; VEC, vascular endothelial cells.
(C) Gene expression dot plots of single-cell RNA-seq showing the expression frequencies of selected genes in COL18A1" fibroblasts (blue:
healthy control, red: atopic dermatitis). Distinct gene signatures of other fibroblasts subpopulations are depicted in Figure S4A. (D) Spatial
feature plots of expression of cluster-specific marker genes of COL18A1* fibroblasts. The leukocyte-infiltrated area is highlighted as yellow
area on blank sections. (E) Gene expression dot plots of single-cell RNA-seq data of dendritic cell subpopulations. (F) Spatial feature plots

of cluster-specific marker genes of LAMP3" DCs. (G) Violin plots of the indicated gene expression within the leukocyte infiltration cluster.
**p<.01, ***p<.001, ****p<.0001, n.s.=not significant. Wilcoxon rank-sum test.
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FIGURE 4 Identification of CCL13- and CCL18-expressing M2 macrophages in atopic dermatitis. (A) Bar plots of bulk RNA-seq depicting
the gene expression of CCL13 and CCL18 in the skin comparing healthy control (HC, n=6), nonlesional AD (NL, n=11), and lesional AD (LS,
n=11). Each dot represents an individual. Normalized counts are shown. Graph shows mean with SD. **p <.01, ****p <.0001, edgeR. (B) Gene
expression dot plots of single-cell RNA-seq showing the expression frequencies of selected genes in M1 and M2 macrophages (blue: healthy
control, red: atopic dermatitis). (C) Stacked bar graph depicting the distribution of CCL13 (left) and CCL18 (right) expressing cells among all
identified cell types in the AD subset of the single-cell RNA-seq data. DC, dendritic cells; MAC, macrophages; NK, Natural killer cell; pDC,
plasmacytoid dendritic cells; Treg, regulatory T cells; VEC, vascular endothelial cells. (D) Spatial feature plots of cluster-specific marker genes
of M2 macrophage. (E) Violin plots of the indicated markers in gene expression within the leukocyte infiltration cluster. Each dot shows the
expression level in individual spots. ****p<.0001, n.s.=not significant. Wilcoxon rank-sum test.

AD (Figure 3C; Figure S4A). These extracellular matrix and proin- collagens such as COL6A1 did not follow this trend (Figure S4B,C).
flammatory cytokines/chemokines expressing fibroblasts are ac- Although TNC was more broadly expressed, it was also accumulated
tivated fibroblast in AD skin. On the contrary, APOE™ fibroblasts in the same area. In addition to this LAMP3* DCs and COL18A1"
and MFAP5™ fibroblasts had a higher expression of FGF7, which fibroblasts interaction area, CCL19 showed additional hot spots
was more pronounced in AD lesions compared to HC. Importantly, which warrant further investigation.

COL18A1" fibroblasts were found across the whole dermis, but We were able to discern spatial information of DCs in AD skin.
activated COL18A1* fibroblasts were particularly localized in We found that CCL17, CCL22, and CCR7 were highly expressed in
the leukocyte-infiltrated area in LS and colocalized with LAMP3* LAMP3* DCs, but were not significantly different in the skin from
DCs (Figure 3D-F). COL4A1 and COL4A2 were also upregulated in HC and AD individuals (Figure 3E). LAMP3" DCs appeared not
the leukocyte-infiltrated area in the skin lesions; however, other only in the leukocyte-infiltrated area in LS, but also partially on
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the surface of epidermal layers (Figure 3F). It should be noted that place in the dermis and that some activated LAMP3* DCs exist very

Langerhans cells do not express LAMP3 (Figure S2D). These results close to the surface of the epidermis. Figure 3G shows all of these
suggest that most of the professional antigen-presentation is taking fibroblast- and DC-related genes were upregulated in LS.
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FIGURE 5 Demonstration of the cellular activation and interaction between COL18A1" fibroblasts, M2 macrophages, and T cells in
AD. (A) Example images of the expression of COL18A1 (green), TNC (red), CD3 (white), and DAPI (blue) in three visual fields per individual
donors (healthy control; HC, n=4, nonlesional skin of AD: NL, n=4, and lesional skin of AD: LS, n=4). The bottom images depict the low
magnifications with isotype control (IC) on the bottom right and the images on the top row depict the zoomed in areas in orange dotted
box. Top right picture shows the highest magnification view of yellow dotted box in the lesional skin on the top row. The scale bars (white
line) are 50 um (top) and 100 um (bottom). (B) Quantification of average pixel intensity of COL18A1 fibroblasts and TNC in the skin. Each
plot depicts the intensity of randomly selected square images. *p <.05, ****p <.0001, n.s.=not significant, one-way ANOVA. (C) Example
images of the expression of CCL19 (green), CCR7 (red), IB10 (magenta), and DAPI (blue) in three visual fields per individual donors. The
middle images depict the zoomed-in areas in the orange dotted box with isotype control (IC) on the bottom. The images on the right show
the results of indicated staining of the yellow dotted box. The scale bars (white line) are 100 um (left), 50 um (middle), and 25 pm (right). (D)
Example images of the expression of CD11C (green), CCR7 (red), and DAPI (blue) in the lesional skin. The merged image is shown with the

WiLEY-LZ®

results of indicated staining with isotype control (IC). The scale bars (white line) are 50 um. (E) Example images of the expression of CD45RO
(red), MRC1 (white), and DAPI (blue). The large images on the right side depict the individual markers and the merged image of the zoomed-in
area of the orange box. The scale bar (white line) is 50 pm. Dotted lines denote the position of the basement membrane. Arrowheads indicate

the MRC1* cells in HC skin. (F) The numbers of CD45RO" cells and MRC1* cells in the skin. Each plot depicts the cell counts of CD45RO
and MRC1 in randomly selected square images. *p <.05, n.s.=not significant, one-way ANOVA. (G) Volcano plot of the Olink proteomics
data comparing the healthy control data (n=20) to that from patients with AD (n=29). p value <.05 and log2 fold change 2|0.5| were taken

as a significance threshold. The significantly differentially regulated genes are shown as red dots. Moderated t-test. (H) Box plots of selected
molecules are shown. Normalized protein expression (NPX) is shown on a log2 scale. Whiskers indicate minimum to max value. *p<.05,
****p<.0001, Moderated t-test. (I) Correlation of Protein NPX of indicated molecules and SCORAD. ****p <.0001. The Pearson correlation

coefficient r and p values (two-tailed) are shown.

3.4 | Spatial characterization of atopic dermatitis
lesion-infiltrating macrophages

CCL18 was one of the top upregulated genes in the leukocyte-
infiltrated area in LS (Figure S3A). Accordingly, we investigated the
source of CCL18 in the skin of AD patients. Recently, it was reported
that CD14" macrophages expressed inflammatory cytokines includ-
ing CCL13 and CCL18.7* Whole skin biopsies showed that expression
of CCL13 and CCL18 was significantly upregulated both in NL and LS
from AD patients compared to HC (Figure 4A). M1 macrophages ex-
pressed the EGFR ligands amphiregulin (AREG), but did not express
CCL13 and CCL18 (Figure 4B). The spatial gene expression of AREG
was also upregulated in LS (Figure S4D,E). We identified M2 mac-
rophages by their high expression of CD163 and MRC1, also known
as CD206 or MMR. The single-cell analysis showed that M2 mac-
rophages showed high expression of CCL13 and CCL18 only in AD
lesions (Figure 4B,C). Colocalized spatial gene expression of CCL13
and CCL18 showed activated M2 macrophages in the leukocyte-
infiltrated area in LS (Figure 4D). Expression of M2-related genes
was upregulated in LS (Figure 4E).

3.5 | The levels of tissue and circulating serum
proteins related to fibroblasts, DCs and macrophages
correlate with the severity of AD

The localization of TNC expressing COL18A1" fibroblasts and M2
macrophages within skin was further investigated using immunoflu-
orescence and immunohistochemistry. We stained the skin biopsy
samples from the same donors that we used for our spatial tran-
scriptomics analysis by anti- COL18A1, TNC, and CD3 antibodies
(Figure 5A). COL18A1™" fibroblasts were identified in the dermis
and at the basement membrane in all groups. COL18A1 and TNC

co-expressing spindle-shaped cells are detected in the leukocyte-
infiltrated area (the high magnification picture of yellow dotted
square in Figure 5A). Importantly, TNC was localized particularly
around COL18A1 expressing cells in the skin of AD patients, and it is
significantly increased in LS (Figure 5B). We further investigated the
cellular crosstalk in the leukocyte-infiltrated area. CCR7-expressing
cells are shown in the leukocyte-infiltrated area in lesional skin and
are located in the close proximity with CCL19-expressing 1B10™ (fi-
broblast surface marker) fibroblasts (Figure 5C). In addition, these
CCR7-expressing cells do not express CCL19. Figure 5D shows the
co-expression of CCR7 and CD11C. Some of the CCR7-expressing
cells are CD11C positive DCs. The rest of CCR7-expressing cells
are supposed to be CD11C-negative DC or T cells according to the
single-cell transcriptome data (Figure 3B). We found CD3* T cells in-
filtrating around COL18A1* fibroblasts. Moreover, we found MRC1,
which is known as macrophage mannose receptor (MMR), and
CD45RO0 positive cell infiltration into lesional AD skin. CD45RO™
subsets of T cells and MRC1" subsets of macrophages were in close
proximity (Figure 5E). Furthermore, frequencies of both subsets
were higher in samples from AD lesions (Figure 5F).

To investigate whether this cellular signature was paralleled by
a distinct serum biomarker expression pattern, we used proteomic
multiplex data from serum samples of AD patients. We analyzed the
expression of 92 biomarkers and we identified the increase of three
biomarkers (CCL18, TNC, REG1A) but not COL18A1 in the serum
of AD patients compared to the serum from control (Figure 5G,H).
We also re-analyzed our current multi proteomics study data*® and
serum levels of CCL19 and AREG were significantly upregulated
in AD (Figure S4F). Importantly, serum levels of CCL18, TNC, and
AREG in AD patients showed a significant correlation with the scor-
ing atopic dermatitis (SCORAD)?! (Figure 5I; Figure S4G). These
results suggest a systemic impact of the proinflammatory skin mi-
croenvironment in AD.
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FIGURE 6 Cellular crosstalk landscape between dendritic cells, macrophages, fibroblasts, and T cells in atopic dermatitis. (A) The Venn
diagram depicting the shared or unique significantly correlated ligand-receptor pairs between leukocyte-infiltrated clusters in healthy
control (HC), nonlesional (NL), and lesional (LS) AD skin (p <.05, |log2 fold change|>0). (B) Heatmap of spatial gene expression analysis
depicting ligand-receptor pairs enriched only in the leukocyte-infiltrated cluster in AD lesion with the Spearman correlation rate and the
false discovery rate (FDR). The threshold of significance is FDR <.001. (C) Heatmap of single-cell gene expression analysis depicting ligand-
receptor pairs across subclusters of cell types. Paracrine (left) and autocrine (right) interactions are shown with LR score. LR score of <.5 is
indicated in gray. Correction for multiple hypothesis testing was performed with the Benjamini-Hochberg procedure, and the threshold for
significance was set to .05.
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3.6 | Ligand-receptor interactions in the
leukocyte-infiltrated areas in AD lesional skin

As we observed an extensive colocalization of DCs, macrophages,
fibroblasts, and T cells, we investigated the interacting ligand-
receptor pairs between these cells. A Venn diagram depicts the
number of ligand-receptor pairs that were significantly correlated
in each group in our data of spatial transcriptomics (Figure 6A). The
leukocyte-infiltrated area in LS shows 68 ligand-receptor pairs, of
which 54 of them are specific for AD lesions. Of these, 13 of them
overlap with HC and 6 of them overlap with NL. The Gene ontology
(GO) term analysis of these pairs demonstrates that the expression
of leukocyte chemotaxis, cytokine-mediated signaling pathway, and
extracellular matrix organization-related ligand-receptor pairs were
significantly correlated within the Visium spots of LS, but not in HC
or NL (Figure 6B; Figure S5A). These ligand-receptor pairs included
CCL19-CCR7, COL4A1-CD93, MRC1-PTPRC, and the interactions of
f2 microglobulin and HLA-A/B/C with CD3 and CD1B. Figure 6C
and Figure S5B show the expression of ligands and receptors in
each cell type and their correlations at the single-cell level. Results
are split in two different types of cell-cell interaction, namely in a
paracrine and autocrine modes. In these heatmaps, we can observe
that COL18A1" fibroblasts and LAMP3* DCs or LAMP3* DCs them-
selves are the main sources of CCL19-CCR7 pairs. A correlation
between the COL4A1-CD93 pair indicates the possible interaction
between COL18A1" fibroblasts and M2 macrophages. CD14-ITGB2
and MRC1-PTPRC pairs represent a significant interaction between
M2 macrophages and T cells in the leukocyte-infiltrated area in LS.
We demonstrated the CCL19-CCR7 interaction in the leukocyte-
infiltrated area in LS by using spatial images and ligand-receptor
analysis. Additionally, we showed a positive correlation between
COL18A1, COL4A1, COL4A2 and their receptors in this area. The
CD3D/G-B2M, CD3D/G-HLA-A/B/C, and CD2-CD48 pairs indicate
that interactions between T cells and antigen-presenting cells may
be taking place. Moreover, other ligand-receptor pairs such as C3-
IFITM1 point to an interaction between COL18A1" fibroblasts and T
cells. VCAM1-ITGB2 and VWF-SELP pairs may indicate that endothe-
lial cells in the leukocyte-infiltrated area attract leukocytes into
lesions. These results suggest that positively correlated ligand- or
receptor-expressing cell pairs exist nearby in leukocyte infiltration
in LS and have functions in chemotaxis, antigen-presentation, and
T-cell activation. These data define novel molecular interactions be-
tween fibroblasts, macrophages, DCs, and T cells in the leukocyte-
infiltrated area in LS, which may play a central role in the lesion

formation and inflammation of AD.

4 | DISCUSSION

In the present study, the integration of spatial transcriptomics and
single-cell transcriptomics in skin biopsies allowed us to dissect cel-
lular localization, as well as to identify novel cell subsets, expres-
sion of novel molecules, and interaction between neighboring cells.

Several recent studies have demonstrated the complex inflammatory
characteristics of the AD skin.??"?® In addition, recently reported
single-cell RNA-seq analyses provided a wealth of information on
skin-infiltrating cell subsets and demonstrate the clear difference
between AD and psoriasis,?”?® but there was a lack of information
on spatial and neighboring cells, particularly in the leukocyte infil-
trating area.”'%2%30 Spatial transcriptomics enables us to molecu-
larly characterize transcriptomes of the specific localizations.> 3% In
this study, we provide cell-type resolution of gene expression prop-
erties and identify the detailed characteristics of leukocyte infiltra-
tions and resident tissue cells and the interactions between them.
Another important contribution of the current study is that all of the
presented data demonstrate the direct in vivo analysis without using
cell cultures, as the data are based on analyses of affected tissues and
serum of patients. We demonstrate that fibroblasts, macrophages,
and DCs show AD lesion-specific transformations, and may inter-
act not only with each other but also with T cells in skin lesions.
These cell types and their specifically interacting ligand or receptor
molecules are not expressed in unaffected skin of AD patients, sug-
gesting that these interactions have developed in association with
skin lesion formation. In addition, we highlight the potential targets
of ligand-receptor pairs for drug development that characterize the
cross-talk between these cells. The reflection of the expression of
these molecules in peripheral blood suggests their potential use as
biomarkers of inflammation and disease severity.

A compelling finding of the present study is the observed change
in the fibroblasts characteristics that also play a role as lymphoid
tissue organizer-like function during lesion formation. COL18A1*
fibroblasts are located in the whole dermis of healthy skin, and ap-
parently, they changed their phenotype by expressing CCL19, TNC,
COL6A5, COL4A1, and COL4A2 especially in the leukocyte-infiltrated
area in lesions. Prior to the present study, the interactions between
fibroblasts and DCs in vivo in the skin have not been studied in
detail. It was recently reported by single-cell transcriptomics that
COL6A5* and COL18A1" fibroblasts upregulate CCL19 and may
attract CCR7 positive DCs and T-cell populations into AD skin le-
sions.” Reynaud. et al. also detected CCL19-expressing fibroblasts
and CCR7-expressing DC population in the skin of AD patients in
their single-cell study.28 Here, we demonstrate that activation of
COL18A1* fibroblasts are specific for the leukocyte-infiltrated area
inlesions and that they most likely interact with neighboring DCs and
macrophages. CCR7 is a chemokine receptor for the CCL19 ligand
that is expressed mainly on T cells and semi-mature/mature DCs.3*
A Dermatophagoides farinae body extract-induced mouse model of
AD showed upregulation of Ccr7 in skin DCs.% It has been reported
that CCL19*, CCL21* stromal cells, called lymphoid tissue organizer
cells recruit CCR7' lymphocytes and myeloid cells into secondary
lymphoid organs.3®¥” Similarly, in inflammatory bowel disease,
CCL19* and CCL21% stromal cells have recently been identified in
single-cell analysis.®® These kinds of lymphoid tissue organizer-like
cells induce tertiary lymphoid structures (TLSs) formation in chronic
inflammatory tissues.?® He et al. demonstrated that the CCL19-
expressing COL18A1" COL6A5" fibroblast, LAMP3* CCR7' DC,
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and CCL13* CCL18* macrophages by single-cell RNA sequencing.’
In the present study, we contributed some additional points, such
as the change of their phenotype between healthy and AD skin,
cells in their close proximity and interaction between their ligands
and receptors as well as the serum levels of their activated markers.
Spatial transcriptomics provided more evidence on the interaction
of the cells in addition to single-cell transcriptomics. We identified
upregulation of CCL19 and CCL21 in the leukocyte-infiltrated area in
AD skin lesions. In addition, we present images of spatial gene ex-
pression of activated CCL19-expressing COL18A1" fibroblasts and
CCR7-expressing LAMP3* DC subsets in the leukocyte-infiltrated
area in LS. Moreover, we showed that CCR7-expressing cells infil-
tration into the leukocyte-infiltrated area in lesional skin and are
located in the close proximity with CCL19-expressing fibroblasts.
Our data may suggest that these CCL19-expressing fibroblasts and
CCR7-expressing cells represent TLSs. Importantly, our ligand-
receptor interaction analysis identified the expression of COL18A1,
COL4A1, COL4A2, CCL19 and their receptors, and revealed that
there was a significant correlation in the cell-cell interactions within
the leukocyte-infiltrated area in LS.

Although the functions of COL6A5, COL4A1, and COL4A2 are
currently elusive, it has been reported that polymorphisms located
in COL6A5, COL8A1, and COL10A1 may be linked to disease suscep-
tibility in AD in a Mediterranean cohort.®? Depletion of Ikkb in Prx1*
fibroblasts induce AD-like skin lesions and show the upregulation of
Col6A5 in conditional knockout mouse.*® COL4A1 and COL4A2 are
used as common fibrosis markers.*! Development of fibrosis and
avoidance of severe fibrosis are important elements both taking
place in the AD skin.*?> TNC is an element of the extracellular matrix
of various tissues, including the skin, and is involved in modulating the
extracellular matrix integrity and cell physiology.*® The present study
demonstrates that TNC expression is increased around COL18A1"
fibroblasts especially in the leukocyte-infiltrated area in the lesional
skin. This is in agreement with previous studies showing that TNC is
upregulated in the lesional skin of AD.** However, TNC's potential
as a biomarker is currently not well explored. We showed upregu-
lation of tissue and serum levels of TNC may reflect the activation
of COL18A1" fibroblasts in lesions of AD. In addition, our findings
suggest that these molecules may serve as potential biomarkers for
disease activity. Different fibroblast subtypes show different charac-
teristics. MFAP5* or APOE™ fibroblasts express more FGF7 compared
to COL18A1" fibroblasts. FGF7, also known as keratinocyte growth
factor, modulates keratinocyte viability, proliferation, and differen-
tiation.*> Recently, the various types of heterogeneity in fibroblasts
have been characterized at a single-cell resolution in multiple organs
and previous studies suggest that they can gain pathological features
that drive disease progression and persistence.>¢*¢ Supporting this
concept, an increased subpopulation of fibroblasts in fibrotic skin dis-
eases interact with type 2 responses have been reported.*’*®

Macrophages represent an important component of leukocyte
infiltrations in lesions due to their molecular interactions with other
cells. Stimuli such as IL-4, IL-10, IL-13, and TGF-f favor macrophage
polarization to M2 subpopulation,*’ which plays a central role in

response to parasites, tissue remodeling, angiogenesis, and allergic
diseases. It has been reported that IL-4, IL-13, or IL-10-activated M2
macrophages induce CCL18 expression and histamine further facili-
tates the expression of CCL18 in activated M2 macropha\ges.50 Type
2 inflammation, mediated by IL-4 and IL-13, plays an essential role in
AD. Because spatial transcriptome is prone to incomplete detection
of genes expressed at low levels, we can estimate their existence
by detecting downstream molecules, such as chemokines. CCL13
and CCL18 are known as type 2 chemokines. Here, we identified
CCL13- and CCL18-expressing M2 subpopulations in the leukocyte-
infiltrated area in LS that show similar distribution with AD-specific
fibroblasts, DCs, and T cells. Zhang et al. also reported increased ex-
pression of CCL13 and CCL18 in the macrophage along with AD se-
verity?” Rapamycin, which is a macrolide compound, downregulates
the release of CCL13 and CCL18 from IL-4-treated macrophages and
inhibits Dermatophagoides farinae body antigen-induced dermatitis
inNC/Nga mice.’? M2 macrophages may represent a potential target
for the mTOR inhibitors; rapamycin, cyclosporine, and tacrolimus.
Of note, serum levels of CCL18 were increased in AD patients and
showed a significant correlation with the severity of AD. Dupilumab
(anti-IL4 receptor o antibody) significantly decreased the levels of
CCL18 in serum from AD patients.’* It has been reported that the
serum levels of CCL13 were upregulated in AD and correlated with
barrier dysfunction.!® These studies may lead to the identification
of novel biomarkers to monitor AD to predict exacerbations and fol-
low-up of response to therapy.

In this study, we present data that suggest antigen-presentation
is taking place inside the dermis as a TLS-like cellular infiltrate.
These molecular interactions may play a central role in the lesion
formation of AD. We demonstrate that skin-infiltrating T cells show
a cross-talk with surrounding cells through CD3D, CD3G, and their
receptor pairs, such as HLA molecules between the T cells and fi-
broblasts, macrophages, or DCs. In addition, CD48 and its recep-
tor CD2 expressed on T cells show the interaction between T cells
and antigen-presenting cells. CD14, MRC1, and their corresponding
receptor pairs indicate that M2 macrophages significantly interact
with T cells, and LAMP3" DCs in the leukocyte-infiltrated area in
LS. PTPRC, also known as CD45, is a transmembrane glycoprotein
expressed on almost all hematopoietic cells. CD45RO is known as
one of the isoforms which is expressed on CD4" memory T lympho-
cyte subset and activated T lymphocytes. Our immunohistochem-
istry and spatial transcriptomics results demonstrate that there is
a potential cellular crosstalk between CD45RO"* T lymphocytes
and M2 macrophage in lesions. The establishment of TLS in human
skin at sites of inflammation, which may play a key role as patho-
genic hubs of acquired immune responses, has been reported in the
skin.>?>® However, the formation of TLS in AD skin has not been
fully understood. The findings in this study suggest the formation
of TLS and local antigen-presentation is taking place in the skin.

In addition, our findings demonstrate specific ligand-receptor in-
teractions that facilitate leukocyte infiltration in the dermis. CCL19-
CCRY7 interaction in the leukocyte-infiltrated area involves CCR7*
T-cell interaction with COL18A1* fibroblasts and LAMP3* DCs, and
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there is a higher interaction between these DCs and fibroblasts. This
interaction may also play an important role in the formation of a TLS
in the dermis.>* Additionally, we show that COL18A1* fibroblasts
start to express molecules that are involved in cellular cross-talk, such
as COL4A1, COL4A2, and CCL19 in the lesional skin. The analyses of
healthy skin demonstrate that COL18A1" fibroblasts do not express
these molecules in non-atopic individuals, suggesting that their dif-
ferentiation in the AD skin is taking place to stimulate the CCR7 and
CCL19 interaction, and maybe one of the initiating factors to attract
DC and T cells into the leukocyte-infiltrated area in the dermis. ITGB2,
which is known as lymphocyte function associated antigen 1, shows
the interaction with ICAM3 and VCAM1. These pairs contribute to
lymphocyte-endothelial cell interactions. Identification of VWF-SELP
pair suggests that the leukocyte recruitment into lesions are activated
by P-selectins expressed on the endothelial cells.

Despite the multitude of novel findings highlighted in this study,
it does have some limitations. First, the Visium assay has a resolution
of 55um diameter in each spot and therefore detects 2-10 cells in the
spots adding to the heterogeneity of the results. The differences in
cell density, which were shown as differences in average UMI counts,
led to spillover gene detection in the dermis from the epidermis. This
is the reason why the heatmap in Figure 2D includes some keratin
markers. However, the extensive statistical analyses of every indi-
vidual spot and combined with other Visium spots helped us reduce
this noise and identify molecular interactions between the cells. If
there was only one cell per spot, we would not have the advantage
to identify cellular cross-talks in such detail. Second, we identified
cell types through the alignment with previously published single-cell
data,”® which allowed us to predict constituent-cell types in each
cluster. Some cell types known to be involved in AD pathogenesis, for
example, mast cells, have not been investigated in this study. Third, it
is not easy to separate autocrine from paracrine interaction in ligand-
receptor analysis, because those results rely on the pooled predic-
tions of cellular cross-talk. Fourth, our study involved instantaneous
and single time point analyses of the lesions, which is one of the main
shortcomings of almost all previous studies due to the limitation of
taking sequential biopsies from patients. Future research efforts
should focus on longitudinal analyses of the skin biopsies and further
development of the techniques used towards a higher resolution.

Takentogether, the combination of spatial transcriptomics, single-
cell transcriptomics, and proteomics analyses enabled a detailed
characterization of skin lesions and the TLS in the dermis, namely
the leukocyte infiltrate and cellular cross-talk between the involved
cells. We demonstrated unique molecular interactions between
AD lesion-specific CCL19-, TNC-, COL6A5-, COL18A1-expressing
fibroblasts, CCR7- and LAMP3-expressing DCs, CCL13- and CCL18-
expressing M2 macrophages, and T cells in the leukocyte-infiltrated
area of skin lesions. Our findings provide a comprehensive in-depth

knowledge of the nature of AD skin lesions.
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