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Vi) Abstract and keywords

Background: Modelling atopic dermatitis (AD) in vitro is paramount to understand the disease
pathophysiology and identify novel treatments. Previous studies have shown that the Th2
cytokines IL-4 and IL-13 induce AD-like features in keratinocytes in vitro. However, it has not been
systematically researched whether the addition of Th2 cells, their supernatants or a 3D structure

are superior to model AD compared to simple 2D cell culture with cytokines.

Methods: For the first time, we investigated what in vitro option most closely resembles the
disease in vivo based on single-cell RNA sequencing data (scRNA-seq) obtained from skin
biopsies in a clinical study and published datasets of healthy and AD donaors. In vitro models were
generated with primary fibroblasts and keratinocytes, subjected to cytokine treatment or Th2 cell
cocultures in 2D/3D. Gene expression changes were assessed using gPCR and Multiplex

Immunoassays.

Results: Of all cytokines tested, incubation of keratinocytes and fibroblasts with IL-4 and IL-13
induced the closest in vivo-like AD phenotype which was observed in the scRNA-seq data.
Addition of Th2 cells to fibroblasts failed to model AD due to the downregulation of ECM-
associated genes such as POSTN. While keratinocytes cultured in 3D showed better stratification
than in 2D, changes induced with AD triggers did not better resemble AD keratinocyte subtypes

observed in vivo.

Conclusions: Taken together, our comprehensive study shows that the simple model using IL-4
or IL-13 in 2D most accurately models AD in fibroblasts and keratinocytes in vitro, which may aid

the discovery of novel treatment options.

Key words:

single-cell RNA sequencing — Th2 cells — in vitro models — human skin equivalents — atopic

dermatitis
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vii) Main text

1. INTRODUCTION

Atopic dermaititis (AD) is a common non-infectious inflammatory skin disease that is characterized
by a Th2/Th22 dominated immune reaction, a dysfunctional epidermal barrier and pronounced
itch. The skin barrier changes involve keratinocytes downregulating differentiation and cell
adhesion genes such as FLG or CLDN1*. Keratinocytes typically also upregulate genes encoding
anti-microbial peptides such as S100A7 and P13, and genes associated with proliferation (KRT16),
neuronal survival and activity (NELL2, TSLP) and inflammation (e.g. CCL2, CCL20, CCL27)?". In
the dermis, fibroblasts upregulate genes associated with type 2 inflammation such as specific
cytokines (e.g. CCL26, CCL2, CCL19) and drivers of fibrosis (e.g. COL6A6, COL6A5, TNC,
POSTN)*®,

Most AD research has focussed on modelling the disease in vivo and in vitro to find new AD
treatments. Fully human in vitro models are particularly sought after for ethical and translational
concerns regarding animal models. The Th2 cytokines IL-4 and IL-13 have been found to be
especially useful in inducing key hallmarks of AD in 2D and 3D cultured skin cells, driving the
epidermal barrier dysfunction, fibrosis and inflammation described above®?!° (also reviewed in 2%
22), However, many of the genes typically tested are not AD-exclusive but are also changed in
other inflammatory skin diseases such as in Th1/Th17 cell-driven psoriasis. Only some genes
such as CCL27 in keratinocytes and TNC and POSTN in fibroblasts are differently regulated
between AD and psoriasis®*%°. Distinguishing different skin diseases and specifically modelling
AD therefore require carefully selected marker gene sets. Since prior research on AD in vitro
models typically tested for only few marker genes mainly utilizing a single modelling approach, a
comprehensive and AD-specific comparison between different modelling approaches is still
lacking. Additionally, there is currently no direct comparison of in vitro approaches with in vivo
data. The recent advent of scRNA-seq allows us to assess pathological conditions in vivo on cell-
subtype levels and can therefore serve as an ideal reference for mRNA-readouts from in vitro
experiments. Moreover, unlike T cells or Th1 cells for psoriasis?’-?°, the effect of Th2 cells, one of
the main Th2 cytokine producers has not been assessed so far on keratinocytes and fibroblasts
in human skin equivalents (HSEs). To address these issues, we aimed at comparing different in
vitro models in order to identify the one that most closely resembles the active disease state in the

patients, using scRNA-seq data as reference.



83

84
85
86
87
88

89
90
91
92

93
94
95
96
97
98
99

100
101
102
103
104

105
106
107
108

109
110

111
112
113
114

2. RESULTS

2.1 Different scRNA-seq datasets show similar changes for specific AD genes

To evaluate different AD modelling approaches, we generated a list of genes described to be
specifically altered in AD and associated with fibroblasts or keratinocytes®+”®, To distinguish
between cutaneous inflammation in general and changes specific to AD, we also included genes

described to have opposite regulation in psoriasis, such as POSTN, TNC and CCL276:24-26:30.31,

To verify this AD gene selection, we analysed 6 healthy and 4 AD lesional samples (Table S1) in
a scRNA-seq study. We identified keratinocytes and fibroblasts as the largest cell groups (Fig.
1A). We also compared and integrated our own data with two other published scRNA-seq AD

datasets by He et al® and Reynolds et al*? (Table S2), to reduce data bias.

Similar distinct differences between AD and healthy control samples were observed among the
fibroblast genes in all three datasets (Fig. 1B). For example, extracellular and matricellular proteins
such as COL6A6, COL6A5, TNC and POSTN were all upregulated (Fig. 1B). ILL3RA2 and IL6
regulation was similar in our and the He et al datasets. In keratinocytes most AD genes were also
regulated similarly (such as S100A7, KRT16, NELL2, CA2 and FLG) with few exceptions (CCL27,
CCL20, CCL2, TSLP) (Fig. 1C). We used the average gene expression of all three studies to

generate an in vivo benchmark for all further analyses.

To further evaluate the AD gene panel, we compared changes between AD and healthy samples
to data from psoriasis lesions published by Reynolds et al*2. Many of the AD defining genes such
as CCL2, CCL26, and POSTN were downregulated in psoriasis fibroblasts (Fig. 1D). In contrast,
most keratinocyte genes increased in AD were also increased in psoriasis, except for TIMP1,
CCL27 and CLDNL1 (Fig. 1E).

2.2 1L-4 and IL-13 can induce changes to fibroblasts and keratinocytes in vitro that
resemble cells from AD patients

We next tested key gene expression in response to the cytokines IL-17A, IFNy, IL-4 or IL-13 and
a type 2 cytokine mix (IL-4, 1L-13, IL-25, IL-33 and TNFa) on fibroblasts and keratinocytes in
conventional 2D cultures. Relative changes in gene expression to the untreated control were

compared to changes found in the in vivo ScCRNA-seq datasets.

For both cell types, gene expression in response to Th2 cytokine treatment resembled strongly in
vivo AD data, whereas IL-17A induced psoriasis-like features (Fig. 1D, E). Clustering probability
to AD in vivo was highest for IL-4 and IL-13 treatment in fibroblasts (Fig. S1A), with induction of

all expected AD-associated genes in fibroblasts except for ICAM1. In keratinocytes these Th2
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cytokines also induced expression of most AD genes except for TIMP1 and CLDNL1. Interestingly,
no differences between IL-4 and IL-13 treatment were observed in any cell type, clustering
together with very high probability (Fig. S1A, S1B). The AD cytokine mix did not induce
significantly different changes in keratinocytes compared to IL-4 or IL-13 treatment alone but more
strongly promoted AD genes such as IL13RA2, CCL5 and IL-6 in fibroblasts, deviating from the
scRNA-seq data. IFNy or IL-17 treatment resulted in different expression patterns in both cell types
compared to Th2 cytokine treatment, for instance due to the lack of POSTN and TNC expression
in fibroblasts but increased CXCL8 and CCL20 expression in keratinocytes. Since IL-13 but not
IL-4 was upregulated in lymphoid cells from lesional compared to healthy samples (Fig. S2A), we

decided to use IL-13 as in vitro AD reference for subsequent experiments.

2.3 IL-13 treated fibroblasts resemble AD more closely than fibroblasts cultured with Th2
cells

Van den Bogaard et al?” previously showed that Th1 cells, one of the main contributors to psoriasis
pathology, were able to induce psoriasis-like characteristics HSEs. We therefore investigated
whether complex models with one of the main producers of Th2 cytokines, i.e. activated Th2 cells,

or their supernatants could model AD in vitro even better than simply cytokine treatment.

To this end, we isolated mature CD4+CRTh2+ Th2 cells from blood (Fig. S2B, S2C). As these
cells only make up approximately 2% of peripheral blood cells, we also generated induced Th2
cells (iTh2) from naive blood T cells for greater cell yield. Both Th2 cell types produced high
amounts of IL-13 and low amounts of IFNy, confirming their general Th2 characteristics (Fig. 2A).
However, mature Th2 cells (mTh2) showed much higher ability to produce Th2 cytokines than
iTh2 cells, particularly IL-4 and IL-31.

Activated Th2 cells were able to survive in direct contact with fibroblasts but not with keratinocytes
(Fig. 2B). Consequently, we only tested the effects of Th2 cells on fibroblasts in direct 2D
cocultures. When added to fibroblasts, iTh2 cells required continuous activation during coculture
to still produce cytokines and induce strong gene expression changes (Fig. S2D, S2E). When
cocultured with Th2 cells, fibroblasts strongly upregulated key AD genes such as CCL26, COL6A5
and IL6 (Fig. 2C). However, both mTh2 and iTh2 cocultures did not cluster as closely with the in
vivo AD scRNA-seq data as the IL-13 treatment due to the significant downregulation of the ECM
proteins POSTN (P = 0.043), COL6A1 (P = 0.013) and COL3A1 (P = 0.013) compared to IL-13
treated controls (Fig. 2C). MTh2 coculture more closely resembled the in vivo data than +iTh2.
While the iTh2 supernatant induced similar changes as the direct T cell cocultures in fibroblasts,

the mTh2 supernatant more closely resembled IL-13 treated fibroblasts. In any of these cases
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however, clustering probability was not very high (Fig. S1C). Some genes could also be evaluated
on protein level in the supernatant, confirming a similar profile for type VI collagens and COL6A5

in fibroblasts after incubation with IL-13 and mTh2 supernatant (Fig. S3A).

Since these experiments were conducted with T cells and fibroblasts from allogenic donors, we
additionally determined the effect of MHC mismatches. Interestingly, fibroblast origin itself was

more relevant for gene expression than T cell matching (Fig. S3B).

Since T cells were not able to survive in direct coculture with keratinocytes in 2D, we tested Th2
cells in 3D skin models in the additional presence of fibroblasts. After seeding iTh2 cells into HSES,
we could still detect T cells 8 days later (Fig. 2D). When comparing the effects of Th2 cells on
keratinocytes in 3D culture compared to IL-13 treated 3D models, the general gene expression

profile did not strongly differ (Fig. 2E).

2.4 The response to IL-13 is not better modelled in 2D than in 3D
Since keratinocytes stratify in vivo and we expected that 3D cultured keratinocytes show a higher
range of differentiation, we next determined whether 3D keratinocytes modelled AD more

accurately than in 2D.

First, we compared profiles between more and less differentiated keratinocytes in vivo. We
subclustered the keratinocyte scRNA-seq data and identified six different groups: basal,
proliferating, spinous, granular, cornified and gland-associated keratinocytes (Fig. 3A). Expression
profiles in different healthy keratinocyte subsets revealed that S100A7, KRT16, P13 and FLG were
mostly expressed in differentiated, i.e. granular and cornified, keratinocytes. In contrast, CCL2

and KRT15 were more highly expressed in basal keratinocytes (Fig. 3B).

We then compared changes of these AD genes in untreated keratinocytes cultured in 3D versus
2D. As depicted in Fig. 3C, most AD genes were strongly upregulated in 3D compared to 2D
cultured keratinocytes in general, particularly differentiation genes including S100A7, PI3 and
FLG. Genes connected with basal keratinocytes such as CCL2 and KRT15 were also upregulated
in 3D. Interestingly, TSLP was the only gene reproducibly downregulated in 3D. We confirmed the
expression of selected genes at protein level using immunohistochemistry on HSEs, showing clear
filaggrin expression in the stratum corneum and keratinl5 expression in the stratum basale (Fig.
3D).

We next assessed if the 3D model would also resemble in vivo AD more closely when undergoing
IL-13 treatment compared to 2D. We again first looked at changes in lesional compared to healthy

skin in vivo (Fig. 3E). Some of the genes in the AD gene panel were differentially expressed by all
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keratinocyte subtypes in lesional compared to healthy skin, such as KRT16 and CCL27. However,
TIMP1, CCL2 and KRT15 were mainly changed in undifferentiated keratinocytes (basal and
proliferating), NELL2, HAS3, CA2 and KRTL1 in intermediate keratinocytes (spinous and granular)
and S100A7, PI3 and FLG in highly differentiated, cornified keratinocytes. When comparing
subsets from in vivo lesional skin with IL-13-treated keratinocytes in vitro in 2D and 3D, changes
in 2D culture most closely resembled changes in spinous and granular AD keratinocytes (Fig. 3F).
Compared to 2D, IL-13-treated 3D keratinocyte gene expression was less like basal keratinocytes.
Surprisingly, they also failed to model the response to IL-13 of more differentiated AD keratinocyte

subtypes.

3. DISCUSSION
Based on a set of AD-associated genes, we showed that 2D cell cultures treated with IL-13
induced AD-like features as good as or better than more complex models including 3D or co-

culture.

We used skin scRNA-seq data obtained from patients with AD and healthy individuals as
benchmark for the comparison of different culture conditions of fibroblasts and keratinocytes.
Since sample and data processing typically vary between scRNA-seq studies and can therefore
lead to inconsistent results, we compared our own scRNA-seq results with two other scRNA-seq
studies, involving healthy and lesional AD skin and used the mean as reference for the in vitro
experiments. Minor differences in the fibroblast dataset by Reynolds et al might be due to longer
and different enzyme treatment of the dermis (Table S2). Differences in keratinocytes in our
scRNA-seq data could result from the presence of more differentiated keratinocytes, possibly

since we refrained from dead cell removal steps.

We then used the in vivo scRNA-seq data to test how different AD in vitro models perform. We
confirmed that Th2 cytokines induced AD-like characteristics in both fibroblasts and keratinocytes
in vitro, particularly regarding ECM-related genes in fibroblasts. Many of the upregulated genes in
fibroblasts such as COL6A5, COL6A6, CCL2, and CCL19 corresponded to the AD specific
(COL6A5+COL18A1+) subtype of fibroblasts described by He et al®. We detected no significant
differences between IL-4 and IL-13 treatment, implying a less prominent role for IL13RA2, which
was suggested as an IL-13 sink®, since IL-4 binds to IL13RAL but not to ILI3RA2. Interestingly,
complex additives such as the AD cytokine mix or Th2 cell supernatants did not provide clear

benefits over just IL-4 or IL-13 treatment, emphasizing their role in AD pathophysiology.
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More complex cultures involving Th2 cells did not result in gene expression profiles closer to AD
scRNA-seq data. While Th2 cells increased the expression of tested pro-inflammatory cytokines
and chemokines such as CCL5, IL-6 and CCL2 in keratinocytes and fibroblasts, they strongly
downregulated ECM genes such as POSTN and COL6AL in fibroblasts. T cells have been shown
to downregulate collagens in direct coculture with fibroblasts®*3, potentially mediated via
membrane-bound TNF-0%. TNF-a was produced by the Th2 cells in our study and we additionally
found a downregulation of TGF-B in supernatants of fibroblast/T cell coculture (data not shown),
another well-known regulator of ECM production®. We also revealed that these effects are more
pronounced in iTh2 cells compared to mTh2 cells, most likely since mTh2 cells produced higher
amounts of IL-4 and IL-13, which might counteract ECM downregulation. The limited potential to
induce AD-like features in direct contact with fibroblasts suggests a role for other type 2 cytokine
sources, such as granulocytes and ILC2s. For instance, Jiao et al*” showed the pro-inflammatory
effect of basophils and eosinophils in an in vitro coculture with fibroblasts in presence of NOD2
and TLR2 ligands. In a recent scRNA-seq study ILC2s have been confirmed to infiltrate human
AD skin and express high levels of Th2 cytokines®®. Since T cells cluster with other lymphoid cells
in vivo, the contact ratio of T cells to fibroblasts might be much lower than 1:2 used in the in vitro
experiments and therefore might mutually alter gene expression. Interestingly, we did not detect
significant gene expression changes in fibroblasts after allogenic and autologous coculture with

iTh2 cells, alleviating the potential downside of allogenic cocultures for AD modelling.

To our knowledge, no results on HSEs incorporating functional Th2 cells have been published so
far. Prior 3D skin models either only involved total/bulk blood-derived T cells?®2° or cells that did
not appear to produce Th2 cytokines?’. We could only test direct coculture of Th2 cells with
fibroblasts but not with keratinocytes in 2D. This ability of fibroblasts to prevent apoptosisin T cells

and the potential mediators have been described in the literature®-42,

In HSEs, addition of T cells induced gene expression changes in keratinocytes that closely
resembled the in vivo reference similarly to IL-13 treatment. While three-dimensionality did
increase stratification of untreated keratinocytes and resulted in a higher expression of most
genes, IL-13 treatment did not generate more AD-like changes compared to 2D culture. High
expression variability of HSEs might contribute to that. SCRNA-seq would need to be performed
to obtain subset-specific gene expression in 3D cultured keratinocytes upon IL-13 treatment. Due
to low benefit and high effort to construct HSEs, we recommend using the simplest IL-4 or IL-13
induced AD model in 2D. For more specific questions however, which for instance consider spatial

gene expression differences, 3D models might still be indispensable.
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To our knowledge, this study is one of the most comprehensive efforts to model AD in vitro and
the first to directly compare larger gene sets to in vivo patterns identified within individual patient
cell populations using scRNA-seq. However, we are aware that a larger set of genes might
produce even more accurate results. While some of the top upregulated genes in AD are included
in this study, it would be interesting to expand the list for other highly upregulated genes such as
PLA2G2A and SERPINB4. However, in summary we believe it is good news that a simpler model
(IL-13 treatment of 2D cultures) is more accurate in recapitulating disease features in vitro since

it will simplify and accelerate the identification of new treatments for AD.
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4. MATERIALS AND METHODS

Patient recruitment and samples

Clinical studies were approved by the ethics committee of the MHH (Nr. 8775_B0_S_2019 and
Nr. 9464 _B0_K_2020). All participants provided written consent prior to sample taking. For in vivo
AD reference data, one half of a 5 mm skin biopsy was used for scRNA-seq from each participant
(Table S1). Skin fibroblasts for autologous coculture were collected from skin cancer local wide
excisions. Peripheral blood was collected from the same donors (Table S3). Other fibroblasts and
keratinocytes were isolated from excess abdominal skin from cosmetic surgery and provided by
Alphenyx® (female, age 18 — 46 years).

Droplet based scRNA-seq

Fresh biopsies (Table S1) were immediately processed with the Whole Skin Dissociation Kit
(Miltenyi-Biotec) and prepared for loading on the Chromium Controller (10X Genomics; Single Cell
3' Library & Gel Bead Kit v3.1) according to the manufacturers’ instructions. The samples were

sequenced on an Illlumina NovaSeq 6000 sequencer as described in the Supplement.
Isolation of primary skin cells and blood T cells

Epidermis was separated from dermis using 2.4 U/ml dispase Il. Fibroblasts were isolated from
the dermis using the Whole Skin Dissociation Kit (Miltenyi-Biotec) and keratinocytes from the
epidermis using a 0.025% trypsin-EDTA solution.

iTh2 were generated by isolating naive CD4+ T cells from blood PBMCs (EasySep™ Human
Naive T Cell Isolation Kit and Human CD4+ T Cell Isolation Kit, STEMCELL) and polarized for
one week using anti-CD2/CD3/CD28 MACSiBeads Particles (Miltenyi-Biotec), IL-4 (50 ng/ml,
STEMCELL) and anti-IFNy antibodies (5 pg/ml, BioLegend). mTh2 cells i.e. CD4+CRTh2+ T cells,
were isolated from PBMCs using the EasySep™ Human CD4+ T cell isolation kit and subsequent
FACS.

2D- and 3D cocultures

For cytokine treatments, fibroblasts or keratinocytes were treated for 3 days with IL17 (100 ng/ml),
IFNy (200 U/ml), IL-4 (100 ng/ml), IL-13 (100 ng/ml) or an AD cytokine mix (20 ng/ml IL-4, 25 ng/ml|
IL-13, 25 ng/ml IL-25, 15 ng/ml IL-31, 20ng/ml TNFa).

For 2D culture T cells were (re-)activated for 24 hours before being added in a ratio 1:2 to
precultured fibroblasts or keratinocytes. For continuous activation either MACSiBeads Particles or

Concanavalin A (= ConA; 10pg/ml) were added. After three days of coculture, T cells and
10
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fibroblasts or keratinocytes were collected separately and analysed for purity and viability using
flow cytometry. Additionally, cell pellets and supernatants were frozen for RNA and protein

analysis.

Control HSEs were generated as described previously*3. For immune-competent skin models Th2
cells were added to fibroblasts in a ratio 1:1 when fibroblasts were seeded into 3 mg/ml bovine
type | collagen (PureCol®, Advanced Biomatrix) and cultured with ConA after adding
keratinocytes. After airlift and one week of culture, the epidermis was collected for RNA analysis
or the whole skin model was frozen in O.C.T for immunohistochemistry. For cytokine treatment

100 ng/ml IL-13 was added 3 days before the collection of cells.
Flow cytometry and FACS

To assess viability and purity via flow cytometry or sort T cells with FACS, cells were stained
(Table S4) and analyzed using a BD LSRFortessa™ X-20 Analyzer (BD Biosciences) or sorted
using a BD FACSMelody Cell Sorter (BD Biosciences) and interpreted using FlowJo 7.6.5.

Real-time PCR

RNA was extracted from fibroblasts and keratinocytes using the RNeasy Mini Kit (Qiagen). After
RNA quality assessment cDNA was synthesized and quantified using TagMan MasterMix
Reagent Kits and the 7900HT Fast Real-Time PCR System (AppliedBiosystems). Gene
expression was normalized to GAPDH and YWHAZ and quantified using the AACt analysis. Ratios
of treated and untreated controls were used to compare the similarity of different culture conditions

in heatmaps, which were created with R using the Manhattan distance function.
Protein analysis

T cell supernatants were analysed using ELISAs (IFNy, IL-4, IL-13, IL-31, TNFaq, IL-5; R&D
Systems). Additionally, periostin (R&D Systems) and type VI collagen levels (Assay Genie) were
assessed from fibroblast supernatants cultured under different conditions using ELISAs, and IL-6,
CCL2, CCL20 and CCL26 were measured using the Bio-Plex 200 System (Bio-Rad), to validate

MRNA differences on a protein level.
Immunohistochemistry

Cryosections (7 um) of frozen HSEs were fixated with 4% PFA for 20 min, incubated in fish serum
blocking buffer (Thermo Scientific) for 1 h to prevent unspecific binding, and incubated with

primary antibodies overnight at 8°C (Table S4). On the next day, samples were incubated for 1 h
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with fluorescent-dye-conjugated secondary antibodies and analysed using a Zeiss Axio Observer
(ZEISS).

Data and Statistical analyses

Downstream analysis of the scRNA-seq data was performed in R (v. 4.0.3). Background
contamination from lysed cells was removed using SoupX (v. 1.5.2) and doublets identified and
filtered using scDblFinder (v. 1.4.2). Further processing and analysis of the data was performed

using Seurat (v. 4.0.2) and is described in detail in the Supplement.

Statistical analyses of the heatmaps were performed using the pvclust function in R. For
comparisons of single genes Mann-Whitney U tests were used and differences were considered

significant if P < 0.05 after Bonferroni-correction.

Biorender was used for designing selected images.
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viii)  Tables
Only Tables in Supplementary Material
iX) Figure legends

Figure 1: Relative AD marker gene expression in in vivo skin samples and comparison to

cytokine-treated fibroblasts and keratinocytes in vitro.

(A) UMAP of integrated scRNA-seq data from healthy and lesional AD full thickness skin

biopsies (our scRNA-seq data only).

(B), (C): Comparison of scRNA-seq data of fibroblasts (B) or keratinocytes (C) from three
different studies showing the changes in AD lesional skin compared to healthy skin (log10 fold

changes displayed).

(D), (E): Comparison of RNA differences in fibroblasts (D) or keratinocytes (E) induced with
cytokine treatment in in vitro 2D culture (relative to untreated cells; using RT-gPCR) to
differences in in vivo AD or psoriasis (pso) skin samples (compared to healthy controls; using

scRNA-seq). Means of at least 3 different independent experiments for the in vitro data.
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AD cyt mix (20 ng/ml IL-4, 25 ng/ml IL-13, 25 ng/ml IL-25, 15 ng/ml IL-31, 20 ng/ml TNFa), IL-17
(200 ng/ml), IFNy (200 U/ml), IL-4 (100 ng/ml), IL-13 (100 ng/ml).

Figure 2: Effect of Th2 cell coculture on fibroblasts and keratinocytes in vitro compared

to in vivo.

(A) Cytokine profiling of supernatants from iTh2 or mTh2 cells after 3d of (re-)activation using
ELISA.

(B) Viability of iTh2 cells after 2D coculture with keratinocytes and fibroblasts using flow

cytometry.

(C) Heatmap showing relative changes of AD RNA in fibroblast cultured in 2D after incubation
with IL-13 or coculture with iTh2 or mTh2 cells or after incubation with their supernatants
(sup) compared to untreated controls (log10) using RT-gPCR compared to changes in AD

skin using scRNA-seq.

(D) Representative immunostaining of fibroblasts (vimentin) and T cells (CD45) in a 3D skin
model containing keratinocytes, fibroblasts and iTh2 cells, which were continuously activated

using ConcanavalinA.

(E) Heatmap containing relative changes of AD RNA in keratinocytes extracted from epidermis
in 3D skin models after incubation with IL-13 or with iTh2 cells compared to untreated

controls (log10 values) using RT-qPCR compared to changes in AD skin using scRNA-seq.
All data summarized at least three independent experiments. Mann-Whitney U test, **P<0.01

Figure 3: Relative AD marker gene expressions in subsets of healthy and lesional

kerationcytes compared to keratinocytes cultured in 2D or 3D in vitro.

(A) UMAP plots of keratinocyte subsets from lesional and healthy full thickness skin biopsies

using our scCRNA-seq data.

(B) Dot plot showing the expression strength for all keratinocyte subtypes from healthy skin

samples using scRNA-seq data from this study.

(C) Log10 fold changes of AD related genes in keratinocytes cultured in 3D (HSEs) compared to
2D using RT-gPCR. Means of 3 independent experiments.

(D) Representative immunostaining filaggrin (green) and keratin15 (red) in epidermis of human

skin equivalents.
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(E) Dot plot showing expression differences in lesional and healthy samples using sScRNA-seq
(this study only), with upregulation being colored in red and downregulation in blue,
percentage of expressing cells being encoded by circle size and significance being depicted

by filled circles.

(F) Correlogram depicting Pearson correlation coefficient of gene expression changes among
different keratinocyte subsets cultured in 2D and 3D in vitro (RT-gPCR) compared to AD
keratinocytes in vivo (SCRNA-seq), with positive correlation colored in red and negative

correlation in blue.
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