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Background: Although ample knowledge exists about
phenotype and function of cutaneous T lymphocytes, much less
is known about the lymphocytic components of the skin’s innate
immune system.

Objective: To better understand the biologic role of cutaneous
innate lymphoid cells (ILCs), we investigated their phenotypic
and molecular features under physiologic (normal human skin
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[NHS]) and pathologic (lesional skin of patients with atopic
dermatitis [AD]) conditions.

Methods: Skin punch biopsies and reduction sheets as well as
blood specimens were obtained from either patients with AD or
healthy individuals. Cell and/or tissue samples were analyzed by
flow cytometry, immunohistochemistry, and single-cell RNA
sequencing or subjected to in vitro/ex vivo culture.
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Results: Notwithstanding substantial quantitative differences
between NHS and AD skin, we found that the vast majority of
cutaneous ILCs belong to the CRTH2™" subset and reside in the
upper skin layers. Single-cell RNA sequencing of cutaneous
ILC-enriched cell samples confirmed the predominance of
biologically heterogeneous group 2 ILCs and, for the first time,
demonstrated considerable ILC lineage infidelity (coexpression
of genes typical of either type 2 [GATA3 and IL13] or type 3/17
[RORC, IL22, and IL26] immunity within individual cells) in
lesional AD skin, and to a much lesser extent, in NHS. Similar
events were demonstrated in ILCs from skin explant cultures
and in vitro expanded ILCs from the peripheral blood.
Conclusion: These findings support the concept that instead of
being a stable entity with well-defined components, the skin
immune system consists of a network of highly flexible cellular
players that are capable of adjusting their function to the needs
and challenges of the environment. (J Allergy Clin Immunol
2022;149:624-39.)

Key words: Innate lymphoid cells, atopic dermatitis, human skin,
single-cell RNA sequencing

T cells are the predominant, but not the only lymphocyte
subpopulation within skin. Apart from a few reports on B cells,’'
natural killer (NK) cells,” and NKT cells,’ particular attention has
recently focused on innate lymphoid cells (ILCs). These cells
exhibit a lymphoid morphology, but lack antigen-specific recep-
tors. Currently, ILCs are phenotypically defined as
CD45"Lin CD3 CD161"CD127" cells and are subdivided into
3 subsets, namely, group 1 ILCs (ILCls) (CD117 CRTH2"),
group 2 ILCs (ILC2s) (CRTH2"), and group 3 ILCs (ILC3s)
(CD117"CRTH2).*3

As compared to unperturbed tissues where they are present in
small numbers only, ILCs are substantially increased upon
inflammation. At the moment, whether these cells assemble in
skin as a consequence of inflammation or, alternatively, serve as an
initiator of this process is unclear. Studies in mice revealed that
cutaneous overexpression of certain cytokines and growth factors
such as IL-25 and IL-33,>" as well as thymic stromal lymphopoie-
tin (TSLP),” results in the expansion of IL-13—producing ILCs and
the appearance of AD-like skin lesions. Interestingly, when appro-
priately stimulated, murine ILCs may cause skin inflammation in
the absence of T lymphocytes.””"'? Another facet of ILC function
is in maintaining skin homeostasis by modulating the equilibrium
of skin commensal bacteria.''

Not that many data on human skin ILCs are available. Using
flow cytometry, several groups of investigators demonstrated an
increase in the numbers of ILC3s in patients with psoriasislz’13
and of ILC2s in patients with atopic dermatitis (AD).° Even less
is known about their in situ phenotype, localization, and
relationship to other cell types. Immunofluorescence
microscopy revealed the occurrence of ILCs in human skin
and increased numbers of Lin"CD25"IL33R™ ILCs, presum-
ably ILC2s, in lesional AD skin.'* In another study, all 3 ILC
subclasses were identified by in situ immunostaining, with
elevated numbers of GATA binding protein 3 (GATA3)-positive
(GATA3™) and aryl hydrocarbon receptor (AHR)-positive
(AHR™") ILCs in AD skin."”
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Abbreviations used
AD: Atopic dermatitis
AHR: Aryl hydrocarbon receptor
GATA3: GATA binding protein 3
HC: Healthy control
ILC: Innate lymphoid cell
ILC1: Group 1 innate lymphoid cell
ILC2: Group 2 innate lymphoid cell
ILC3: Group 3 innate lymphoid cell
NHS: Normal human skin
PB: Peripheral blood
PE: Phycoerythrin
RORA: RAR related orphan receptor A
RORC: RAR related orphan receptor C
scRNA-seq: Single-cell RNA sequencing
TSLP: Thymic stromal lymphopoietin

In this study, we combined immunolabeling techniques and
single-cell RNA sequencing (scRNA-seq) to investigate ILCs and
their subsets in normal and perturbed human skin. We found that
(1) ILCs and NK cells are present in small numbers in normal
human skin (NHS), but their numbers are substantially expanded
in lesional AD skin; (ii) ILC2s are the predominant ILC subset in
both healthy and diseased skin; (iii) ILC2s from lesional AD skin
and, to a much lesser extent, from normal skin exhibit substantial
heterogeneity in their immunoprofile; and (iv) when appropri-
ately stimulated, ILCs from either skin or peripheral blood (PB)
of healthy persons rapidly change their molecular, immunophe-
notypic, and functional profile, making these cells versatile
sentinels in host defense and, under different circumstances,
disease-promoting vehicles.

METHODS
Study approval

The study was approved by the ethics committee of the Medical University
of Vienna, Austria (approval no. EK 071/2005). In accordance with the
Declaration of Helsinki, written informed consent was received from each
participant before inclusion in the study.

Skin and blood donors

Human skin samples were obtained from healthy individuals undergoing
skin reduction surgery (mostly for aesthetic purposes), and in the form of
punch biopsies, from lesional skin of patients with AD. Heparinized blood was
collected by venipuncture from patients with AD and healthy persons (healthy
controls [HCs]). All patients showed active disease, had AD since childhood,
and did not receive any topical (for 2 weeks) or systemic (for 4 weeks) therapy
before skin or blood sampling. Summarized clinical data as well as detailed
demographics of the HCs and patients with AD can be found in Tables E1 and
E2 (available in this article’s Online Repository at www.jacionline.org).

Processing of skin tissue specimens

Enzymatic isolation of cells. Samples (punch biopsies or split-
thickness skin sheets) were processed as described previously with minor
modifications.'” Briefly, dermatomed 0.8-mm-thick NHS sheets (>10 X 10
cm?) and 6-mm punch biopsy samples, collected from either NHS or the le-
sional skin areas of patients with AD, were fragmented and immersed in
500 U/mL of collagenase IV (Worthington Biochemical, Lakewood, NJ)
and 50 U/mL of DNAse I (Sigma-Aldrich, St Louis, Mo) in RPMI 1640 me-
dium (Gibco, Thermo Fisher Scientific, Waltham, Mass) and incubated at
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37°C for 40 minutes. The digested tissue was sieved using a 70-pm cell
strainer (Thermo Fisher Scientific). Cells were pelleted, resuspended in
RPMI 1640 with 10% FCS (Gibco), and, in the case of NHS, further purified
using Ficoll-Paque PLUS density gradient media (GE Healthcare, Chicago,
111). The interphase was collected, pelleted, and stained with fluorescently
labeled antibodies for further fluorescence-activated cell sorting. When neces-
sary, skin tissue remnants containing nondigested epidermis were further pro-
cessed by an additional incubation in 0.25% trypsin-EDTA (Gibco) for 10
minutes at 37°C, sieved using a 70-pm cell strainer, and stained for the sorting
of CD45~ EpCAM */E-cadherin™ HLA-ABC™ keratinocytes.

Explant cultures of NHS. NHS tissue was dermatomed, mechan-
ically fragmented (see Fig E4, A in the Online Repository at www.jacionline.org),
and then incubated in culture flasks with RPMI 1640 growth medium, 10%
FCS, Penicillin-Streptomycin (Gibco; 100 U/mL of penicillin, 100 pg/mL
of streptomycin) and 2 mM L-glutamine (Gibco) at 37°C and 5% CO, for a
time line of 2, 4, 6, 8, and 10 days. At each time point, material was collected
from a flask, sieved through 70-pum cell strainers, and stained with fluorescent-
labeled antibodies for flow cytometry. To analyze ILCs in the nascent state, the
skin obtained immediately after plastic surgery (day 0) was subjected to enzy-
matic tissue digestion (see the earlier section on enzymatic isolation of cells).
The conditions for this procedure were optimized so that the major epitopes
required for the detection of total ILCs were not digested.

Immunoperoxidase and immunofluorescence micro-
scopy and automated analysis of the stainings. For the
microscopic analyses, 4- to 6-mm punch biopsy samples of human skin were
embedded in optimal cutting temperature (O.C.T.) compound (Tissue-Plus,
Scigen Scientific, Gardena, Calif), deep-frozen in liquid nitrogen, and stored
at —80°C until further processing, as previously described.'> Optimal cutting
temperature compound—embedded tissue samples from the patients with
AD and HCs (listed in Table E2) and from our biobank (AD patients
A13-A21 [see Table E2]) were cut into 7-pm sections and mounted on Super-
Frost Plus adhesion slides (Thermo Fisher Scientific). After 30 minutes of air-
drying, the cryostat sections were fixed in ice-cold acetone (Sigma-Aldrich)
for 10 minutes and stored at —20°C. For a detailed description of the immuno-
peroxidase and immunofluorescence procedures, please refer to the Methods
section of the Online Repository (available at www.jacionline.org).

Processing of blood specimens

Mononuclear cells (PBMCs) from peripheral blood samples were isolated
by using Ficoll-Paque PLUS density gradient media (GE Healthcare), stained
with ILC markers, and then analyzed by flow cytometry and/or subjected to
fluorescence-activated cell sorting (FACS). In the experiments in which we
expanded ILCs in culture, PBMCs were depleted of lineage marker—positive
cells if necessary (see the Online Repository materials at www.jacionline.org).

Flow cytometry and cell sorting

Cells isolated from skin or blood specimens were analyzed/sorted with a 13-
color flow cytometer (FACSAria III, BD Biosciences, Franklin Lakes, NJ). The
following antibodies to human proteins were used: purified anti—glycophorin
A (11E4B-7-6 [KC16], Beckman Coulter, Brea, Calif), anti-CD41 (P2,
Beckman Coulter), Alexa Fluor 488—conjugated anti-TCRo/ (IP26, Bio-
legend, San Diego, Calif), fluorescein isothiocyanate—conjugated anti-TCRry/
8 (B1, Biolegend), anti-CD19 (4G7, BD Biosciences), anti-CD16 (NKP15,
BD Biosciences), anti-CD15 (HI98, Biolegend), anti-CD14 (M@P9, BD Biosci-
ences), anti-CD11c (Bul5, Biolegend), anti-CD94 (DX22, Biolegend), anti-
CD303 (BDCA-2) (201A, Biolegend), anti-FceRIa (AER-37 [CRA-1]), Bio-
legend), anti-CDla (HI149, BD Biosciences), anti-CD34 (8G12 [HPCA2],
BD Biosciences), anti-HLA-ABC (W6/32, Bio-Rad, Hercules, Calif), phycoer-
ythrin (PE)-conjugated anti-CD3 (SK7 (Leu-4), BD Biosciences), anti-CD94
(DX22, Biolegend), anti-CLA (HECA-452, Miltenyi Biotec, Bergisch Glad-
bach, Germany), anti-CD194 (CCR4) (L291H4, Biolegend), anti-CD196
(CCR6) (GO34E3, Biolegend), anti-CD69 (FN50, Biolegend), anti-EpCAM
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(1B7, eBioscience, San Diego, Calif), anti-E-cadherin (67A4, Biolegend),
PE-CF594—conjugated anti-CD45 (HI30, BD Biosciences), Alexa Fluor 647—
conjugated anti-CD294 (CRTH2) (BM16, Biolegend), allophycocyanin/
cyanine 7-conjugated anti-CD161 (HP-3G10, Biolegend), PE-cyanine
7—conjugated anti-CD127 (IL-7Ra) (A019DS5, Biolegend); Brilliant Violet
421-conjugated anti-CD117 (c-kit) (104D2, Biolegend), Brilliant Violet 605—
conjugated anti-CD3 (SK7, Biolegend), Brilliant Violet 711-conjugated anti-
CD3 (SK7, Biolegend), Brilliant Violet 650-conjugated anti-CD45RA
(HI100, Biolegend), and Brilliant Violet 785—conjugated anti-CD45RO
(UCHLI, Biolegend). Viability was assessed by using 7-aminoactinomycin
D. The signal from the lineage antibodies in fluorescein isothiocyanate or Alexa
Fluor 488 channels was amplified with second-step Alexa Fluor 488—conju-
gated goat anti-mouse IgG (H+L, Thermo Fisher Scientific).

For a detailed description of the expansion of blood-derived ILCs, real-time
PCR, and intracellular cytokine stainings, please refer to Online Repository
materials at www.jacionline.org.

Statistics

Biologic repeats, acquired with flow cytometry and in situ immunolabel-
ing, were compared either individually or (when available) by using the
mean of technical repeats. The indicated populations were assessed for normal
gaussian distribution with the D’ Agostino and Pearson omnibus normality test
and then analyzed by the nonparametric 2-tailed Mann-Whitney U test using
Prism version 8.0.1 (GraphPad Software, La Jolla, Calif). Median values are
given with interquartile ranges. P values less than .05 were considered
significant.

Droplet-based scRNA-seq

Preparation of libraries and sequencing. Cells sorted from
NHS and AD skin biopsies after mechanical and enzymatic isolation were
used to generate libraries for sSCRNA-seq. Such libraries were generated by
using the Chromium Controller and Single Cell 3’ Library and Gel Bead Kit,
version 2 and version 3 (10x Genomics, Pleasanton, Calif), according to the
manufacturer’s protocol and as previously described.'® For processing of
scRNA-seq data, please refer to the Methods section of the Online Repository.

10x Genomics data sets were made available via Gene Expression Omnibus
(GSE180885) subsequent to acceptance of this article.

RESULTS
Phenotypic characterization of cutaneous ILCs by
flow cytometry

Comparative quantification of skin leukocytes/leukocyte subsets
isolated from two 6-mm punch biopsies from either lesional AD
skin or NHS showed that AD skin contains about 30-fold more
CD45™" leukocytes than NHS does (Fig 1, A and B). Among these
CD45" AD leukocytes, approximately 0.5% could be identified as
CD94™" NK cells and 0.15% as Lin"CD3°CD94"CD127*CD161*
ILCs. The latter consisted, in decreasing order, of CRTH2* ILC2s,
CD117"CRTH2™ ILC3s and CD117"CRTH2™ ILCls (Fig 1, A and
B). In contrast, the numbers of ILCs and also NK cells in NHS were
at the limit of detection and, thus, did not allow for a reliable
quantification.

To address this issue, ie, to gain a clue about frequency and
phenotype of ILCs and their subsets in NHS, we analyzed cells
extracted from larger-sized (>10 X 10 sz) dermatomed NHS
specimens. We then gated the total ILCs and their subpopulations
(NK cells were excluded by adding anti-CD94 and anti-CD16 an-
tibodies to the lineage cocktail) and compared them with those from
the PB of healthy individuals (Fig 1, C). Results obtained showed
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FIG 1. Characterization of ILCs with flow cytometry. A, Gating strategy for ILCs from skin punch biopsies. B,
Numeric differences in leukocytes, NK cells, and ILCs between NHS (n = 2) and AD skin (n = 3) as well as ILC
subpopulations detectable in AD skin samples (Lin for [A] and [B] without CD94 and CD16). C, Gating strat-
egy for ILCs and ILC subsets extracted from NHS sheets and PB. D, Total ILCs and ILC subsets from NHS
sheets (n = 12) and PB of HCs (n = 21). E, CD45RA™ and CD45RO ™" ILC subsets in NHS (n = 4). F, Expression
of CLA and CD69 on ILCs from NHS and PB of HCs (NHS [n = 7] and PB [n = 8] for CLA; NHS [n = 6] and PB
[n = 3] for CD69). CD45"CD3™ T cells (G) and ILCs (H) expressing CCR4 and CCR6 in NHS (n = 7) and PB (n =
8). Dot plots represent medians with interquartile ranges (IQRs). *P < .05; **P < .01; ***P < .001. 7-AAD, 7-
Aminoactinomycin D, FSC-A/H, forward scatter area/height; Lin, lineage cocktail (TCRa/8, TCRv/5, CD19,
CD16, CD15, CD14, CD94, CD11¢c, BDCA-2, FceRla, glycophorin A, CD41, CD1a, and CD34).

that ILCs represent a minor subgroup of leukocytes (<<1% of all  and blood. While the ratio of ILC1s was comparable between these
CD45™ cells) in both skin and blood. Interestingly though, the per- 2 compartments, the percentage of ILC2s among total ILCs in the
centage of total ILCs among all CD45" cells was considerably  skin was one-third higher than that in the blood; in contrast, the per-
lower in the PB than in the skin (Fig 1, D). Furthermore, the distri- centage of ILC3s in the skin was far below that in the blood (Fig 1,
bution of ILC subsets within total ILCs was different between skin D). Notably, the 2 CD45 isoforms, which in T cells signify different
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FIG 2. In situimmunolabeling of ILCs in NHS and AD skin biopsies. A, Anti-CD161 immunoperoxidase stain-
ings of cryosections from healthy and AD skin. B, Subdivision of skin tissue sections into the following
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J ALLERGY CLIN IMMUNOL
VOLUME 149, NUMBER 2

degrees of antigenic experience, are unevenly distributed among
skin ILC subsets: while ILC2s and ILC3s predominantly exhibited
the CD45RA ™ phenotype, the percentage of CD45RO™ ILCls ex-
ceeded that of CD45RA™ ILCIs (Fig 1, E).

One of the reasons why the percentage of ILCs among CD45™
cells is lower in the blood than in the skin could be immigration of
blood ILCs into the skin. We therefore evaluated the presence of
molecules, which are known from T-cell biology to be involved in
skin homing and tissue residency,'”'* on skin and blood ILCs
from healthy individuals. About 90% of skin IL.Cs were found to
be CLA™, whereas only 10% of blood ILCs expressed this marker
(Fig 1, F). Almost all of the skin ILCs were positive for CD69,
whereas in the case of blood ILCs, the rate of CD69 positivity was
approximately only 30%. In contrast to T cells, both skin and blood
ILCs expressed equally high levels of other molecules presumably
involved in skin homing, such as CCR4 and CCR6 (Fig 1, G and H).

In situ immunolabeling of ILCs in NHS and AD skin
biopsies

Characterizing ILCs in situ is challenging due to the
paucity of these cells in NHS as well as to the absence of a single
ILC-specific lineage marker. CD161, which is known to be pre-
sent on NK cells, NKT cells, and T cells,”' > is also expressed
by human ILCs.”* This molecule is even considered to be one
of the positive and uniform definition markers of total ILCs,” pro-
vided that the co-occurrence of CD3 and CD94 has been excluded
before. We therefore stained and enumerated CD1617" cells in
cryosections from healthy and lesional AD skin (Fig 2, A-C)
and found that AD skin contains higher numbers of CD161 ™ cells
than the skin of healthy individuals does. These cells were primar-
ily clustered in the upper dermis zone. To differentiate between
CD161% ILCs and non-ILCs, we performed additional immuno-
fluorescence experiments. We found that in comparison with the
isotype controls and positive stainings for CD3, CD161, and
CD45 (see Fig El, A and B in the Online Repository at www.
jacionline.org), in human skin, CD161 is not coexpressed with
any of the non-lymphocyte lineage markers, neither in situ nor
by flow cytometry. (see Fig E1, C-E). With this in mind, we de-
signed an immunofluorescence staining panel for the total set of
ILCs that excluded T cells (CD3), B cells (CD19), and NK cells
(CD9Y4), but not the other lineage markers. This staining protocol
led to a substantial reduction of the background noise, especially
in the epidermis (Fig 2, D-F). Fig 2, G shows that the counts of
CDI161 Lin~ ILCs per mm? were higher in AD skin than in
NHS, and that these cells were preferentially clustered in the up-
per dermis zone, often directly adjacent to the basement mem-
brane (dermoepidermal junction). We also encountered a few
ILCs in the epidermis of AD skin, but not in that of NHS.
CD94" NK cells were present at a slightly higher frequency
than ILCs in AD lesional skin, and they were also located predom-
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inantly in the upper dermis zone (Fig 2, H and /). These observa-
tions are in line with our flow cytometry data (Fig 1, A and B).

Characterization of cutaneous ILC-enriched samples
by scRNA-seq

To determine the transcriptomic heterogeneity of ILCs, we
performed scRNA-seq on cells from AD and healthy skin, as
previously described.”*® To maintain uniformity between the
different sizes of tissue specimens (the dermatomed 10 X 10-
cm® NHS sheets were much larger than the 6-mm lesional AD
skin punch biopsies) and to guarantee sufficient numbers of cells
required for a sequencing run, we left the NK cells included
when sorting viable CD45 *Lin"CD3 cells (the lineage cocktail
did not contain anti-CD94 and anti-CD16) and also supple-
mented samples with keratinocytes from corresponding speci-
mens, as they belong to a histogenetically different cell lineage
(Fig 3, A). In total, we profiled 3 NHS and 4 AD samples, which
we integrated by using Harmony batch correction with good
mixing between samples.”’”® We performed Leiden clustering
(resolution 0.5) and obtained 17 clusters, which we annotated
on the basis of differential gene expression (Fig 3, B): ILCs ex-
pressing PTPRC (CD45), KLRBI (CD161), and IL7R (CD127)
were located in clusters 0, 4, and 5; KLRDI (CD94)" NK cells
were present in cluster 2; CD3D™ T cells predominated in cluster
7: KRTI" and KRT5" keratinocytes (KC) resided in clusters 1, 3,
6, 8, 10, and 15; a minor subset of CD79A- and IGHGI-
expressing cells of B-cell lineage were found in cluster 11;
LYZ" phagocytes (PH) were present in cluster 12; CLECI4A-
and PECAMI-expressing endothelial cells (EC) were located
in cluster 13; TAGLN™ and ACTA2" smooth muscle cells
(SMC) were present in cluster 14; MLANA™ melanocytes
(MEL) were found in cluster 16; and COL6AI" fibroblasts
(FB) were located in cluster 9 (Fig 3, C and D). Among the
ILC clusters, around 83% of cells originated from NHS and
about 17% came from AD. This was expected, as the differences
in cell counts originate from the available sample size (more
CD45*Lin"CD3™ could be sorted from NHS sheets [>10 X 10-
cm?] than from the two 6-mm punch biopsies from patients
with AD) (Fig 3, E). Fig 3, F shows that probably because of dif-
ferences in tissue processing (punch biopsies vs skin sheets), the
AD skin samples but not the NHS ones cluster close together.

On the basis of differential gene expression analysis (see Table
E3 in the Online Repository at www.jacionline.org), we identified
the top 10 genes characteristic for each of the attributed cell types,
such as KLRBI and IL7R for ILCs; KLRDI and GNLY for NK
cells; CD3D for T cells; JCHAIN and IGKC for the B-cell lineage;
HLA-DQBI, LYZ, and CD74 for phagocytes; ACTA2 and TAGLN
for smooth muscle cells; PMEL, MLANA, and KIT for melano-
cytes; RAMP2 and PECAM|1 for endothelial cells; COLIA2 and
COLG6A? for fibroblasts; and KRT14 for keratinocytes (Fig 3, G).

CD161 immunohistochemistry in NHS (n = 8) and AD skin (n = 6) sections. D, Demonstrative comparison of
applying either all lineage antibodies (“before”) or reduced numbers of first-step antibodies (CD3, CD19,

and CD94) (“after”). E,

Immunofluorescence staining panel for total ILCs: CD161%, CD45", and

CD3°CD19°CD94". F, Fluorescence images of cutaneous ILCs. G, Comparison of the numbers of ILCs per
mm? in various zones of sections of NHS (n = 16) and AD skin (n = 15) biopsy samples. H, Immunofluores-
cence labeling of CD94" NK cells in NHS versus AD skin biopsy samples. I, Numeric comparison of NK cells
between NHS (n = 7) and AD skin (n = 6). Dot plots represent medians with interquartile ranges (IQRs). *P<
.05; **P < .01; ***P < .001; *P < .05; **P < .01; ***P < .001; ****P < .0001.
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FIG 3. Characterization of RNA-sequenced cutaneous ILC-enriched samples. A, Gating strategy of ILC-
enriched samples sorted for scRNA-seq as viable CD45"Lin"CD3" cells (NHS, n = 3; AD skin, n = 4) and sup-
plemented with CD45"EpCAM/E-cadherin™HLA ABC™ keratinocytes (NHS, n = 1; AD skin, n = 4) (lineage
cocktail without CD94 and CD16). B, Uniform Manifold Approximation and Projection for Dimension
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To determine particular signaling features that are character-
istic for all ILCs as a cell group, we processed the object with
assigned cell types by using the R package ReactomeGSA.” Re-
sults obtained implied that ILCs are involved in fatty acid meta-
bolism, cytokine- and chemokine-related pathways, innate
immunity, and some other events such as AHR signaling (Fig 3,
H and see Table E3).

Communication pathways of skin ILCs. We then
applied the CellChat algorithm to explore possible relationships
between the cell types shown in Fig 3, D.”” This analysis infers
communication patterns, namely, connection of cell groups on
the basis of signaling pathways in the context of outgoing
signaling (cells are treated as sources) or incoming signaling
(cells are treated as targets). Among both incoming and outgoing
communication patterns we detected IL2, IL4, CCL, CXCL, MIF,
and BAG (multiple involvement) as communication pathways be-
tween ILCs and various other cell types (mainly NK cells and
phagocytes [Fig 3, I and see Fig E2, A and B in the Online Repos-
itory at www.jacionline.org]). Especially pronounced were ILC
incoming pathways (eg, IL16 from melanocytes and GALECTIN
from phagocytes). In turn, ILCs expressed several outgoing pat-
terns such as LT, IFN-II, and EGF pathway components that
mediate communication primarily with keratinocytes and mela-
nocytes (Fig 3, I). These data are indicative of potential interac-
tions between keratinocytes, melanocytes, phagocytes, and NK
cells on the one hand and ILCs on the other.

Molecular profiles of skin ILCs/ILC subsets and NK
cells. To further characterize the molecular heterogeneity be-
tween the cells of interest, we reclustered ILCs and NK cells
identified in Fig 3, D. Among the 6 newly formed clusters,
numbers 1 and 4 showed a pronounced KLRDI (CD94) signal,
indicating their belonging to the NK cell family (Fig 4, A and
B, Clusters 0, 2, 3, and 5 expressed KLRBI (CD161) and
IL7R (CD127) and, thus, could be attributed to an ILC phenotype.
As shown in Fig 4, C, each cluster contained cells from healthy
donors and patients with AD.

To juxtapose our clusters with known ILC subsets, we used the
reference data on sequenced tonsil ILC subsets (ILC1, ILC2, ILC3,
and NK cells).”" NK cells overlapped nicely with clusters 1 and 4;
the majority of cells in cluster 0 were attributable to the ILC2
phenotype; ILCls overlapped with clusters 2 and 5, and ILCs
from cluster 3 showed certain features of ILC3s (Fig 4, D). We
also performed a comparative prediction probability analysis of
cutaneous ILC/NK cell phenotypes (ILC1_NK, ILC1_3, ILC2,
and NK) based on a recently published data set’” and our ILC/
NK cell clusters depicted in Fig 4, A. The ILC2 subset overlapped
with cluster 0; NK cells showed a slight overlap with cluster 1; the
ILC1_NK phenotype corresponded to signatures of clusters 1, 4
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and 5; and the ILC1_3 group correlated with phenotypes of clusters
2 and 3 (Fig4, E). Thus, cluster O could be attributed to ILC2s; clus-
ters 1 and 4 to NK cells; cluster 2 to ILCls; cluster 3 to ILC3s; and
cluster 5 to ILC1s/ILC3s (ILC1_3).

Within cluster 4 we noticed the expression of MKI67 and
NMURI and would conclude that they represent proliferating
NK cells (NK_pro); EOMES * and TBX21" cells from cluster 1
were assigned to NK cells (NK), and FCERIG™ and KLRCI™
cells from cluster 2 were assigned to ILC1s. Cluster 5 ILCs, which
expressed NCRI (NKp46) and CCR10, demonstrated a mixture of
type 1 and type 3 markers and were, thus, attributed to the ILC1_3
subset (Fig 4, F). Since ILC3s and ILC precursors are known to
share marker genes such as KIT (CD117), ILIRI, and several
others,” we subdivided cluster 3 into the subgroups 3a and 3b
to detect a potential precursor population within cluster 3. We
observed indeed that the subset 3a demonstrated a combination
of markers ZBTB16 (PLZF), ID2, KIT, and ILIRI, which are
characteristic of ILC precursors (ILC_pre) (Fig 4, F).>%% The
subset 3b was assigned to ILC3s because these cells expressed
IL23R, ILIR2 as well as RORC and AHR. Cluster 0 ILCs express-
ing GATA3, RORA, PTGDR2 (CRTH2), CRLF2 (TSLPR),
ILIRLI (ST2), and ILI7RB were assigned to ILC2s.2#31:36-38
Differentially expressed genes for the ILC and NK subsets are
listed in Table E3. Interestingly, only NK cells formed a separate
proliferating MKI67% cluster (number 4), whereas only
individual ILCs showed the presence of this marker, particularly
in ILC1/ILC2 clusters (see Fig E3, A in the Online Repository at
www.jacionline.org). NMURI was reported to be expressed by
ILC2s,” and we were surprised by the observation that cutaneous
NK cells rather than ILCs express this marker (see Fig E3, B).
To substantiate our findings, we evaluated the NMURI expression
in cutaneous ILC/NK subgroups from a published data set™”
and also observed NMUR1 on NK cells rather than in ILC clusters
(see Fig E3, C).

A comparative ReactomeGSA analysis between the ILC and
NK clusters revealed interferon-related pathways for NK cells
and ILCls, IL-23 as well as SCF-KIT signaling for ILC3s and
ILC precursors, and involvement of ILC2s in the IL-33 signaling
pathwayzg (Fig 4, G and see Table E3).

To learn more about the differentiation status of ILCs in
various clusters, we applied the partition-based graph
abstraction (PAGA) algorithm40 to ILCs and NK cells
separately. The ILC precursor (ILC_pre) cluster and
proliferating NK cells (NK_pro) were selected as the “roots”
in diffusion pseudotime analysis for ILCs and NK cells,
respectively. On the basis of this input, cells from ILC3 and
ILC2 clusters were slightly more differentiated, whereas cells
from ILC1 and ILC1_3 clusters showed the highest diffusion

Reduction (UMAP) plot (17,307 cells) of ILC-enriched samples sorted from NHS sheets (n = 3) and AD skin
biopsies (n = 4). C, Dot plot demonstrating mean log. normalized expression of cluster-specific marker
genes. Color scale indicates mean expression, and circle size indicates fraction of cells in a group. D, Cell
types present in the sequenced data set (NHS, n = 3; AD skin, n = 4) from (B) and represented by using a
UMAP plot. E, Numeric distribution of cells among cell types depicted in (D) and color-coded on the basis
of sample origin (see Table E5 [in the Online Repository at www.jacionline.org]). F, Principal component
analysis of the sequenced samples. G, Heatmap, indicating the top 10 differentially expressed genes (P <
.05) between annotated cell types from (D) (see Table E3). H, Major ILC-related pathways, as determined
with the ReactomeGSA package; pathway expression levels are shown as z score normalized values. |,
ILC-related interaction patterns, as revealed by using the CellChat toolkit.
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FIG 4. Detailed analysis of cutaneous ILC and NK cell subsets. A, Uniform Manifold Approximation and Pro-
jection for Dimension Reduction (UMAP) plot (7949 cells) representing reclustered ILCs and NK cells iden-
tified in Fig 3, D. B, Feature plots showing the distribution of KLRB1"IL7R" ILCs and KLRD1* NK cells. C, Bar
chart representing the portion of cells originating from each donor in every cluster of cells depicted in (A). D,
UMAP plot with an overlap of annotations from published data of sequenced tonsil ILC subsets.®' E, Logistic

regression prediction probability: overlap of annotations from sequenced skin leukocytes,

2 in which

ILC1_3, ILC1_NK, ILC2 and NK cell subsets were used for the overlap with current data. F, Differences be-
tween NK cell and ILC clusters from (A) (NHS, n = 3; AD skin; n = 4). Genes were manually curated; scaled
expression is shown. G, Pathways, determined with the R package ReactomeGSA, that are characteristic for
clusters of cutaneous ILCs and NK cell subsets; pathway expression levels are shown as zscore normalized
values. H, Partition-based graph abstraction (PAGA) analysis overlaid onto UMAP coordinates of ILCs (/eft)

and NK cells (right).

pseudotime values (Fig 4, H). As for the NK cell trajectory, the Molecular heterogeneity in ILC subsets in AD skin
NK cell cluster also demonstrated higher pseudotime values  versus NHS. We were surprised to observe in the ILC2 cluster
compared to the NK_pro cluster. the coexpression of the type 2 marker GATA3, the type 3 marker
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FIG 5. Evidence for lineage infidelity in cutaneous ILCs in AD skin. A, Coexpression of various combinations
of transcription factors GATA3, AHR, and RORC in NHS (/eft) and AD skin (right) ILCs from ILC2 cluster (clus-
ter 0in Fig 4, A). B, Chemokines and cytokines of various types detectable in ILC and NK cell clusters; scaled
expression is shown. C, Coexpression of the cytokine transcripts IL13, IL22, and IL26 in either NHS (/eft) or

AD skin (right) cells from the ILC2 cluster.

RORC as well as considerable amounts of AHR, previously
thought to be an indicator of ILC3s.">*" Thus, we wondered
whether the very same cells could coexpress different transcription
factors (TF). We therefore calculated the percentages of GATA3,
AHR, and RORC triple-, various double-, and single-positive cells
in the ILC2 cluster. As can be seen in Fig 5, A, not only a sizable
percentage of AD skin ILC2s (many more in donor A3 than in
other patients), but also a small portion of NHS ILC2s coexpressed
AHR and GATA3. We even detected a minor fraction of triple-
positive cells as well as cells in which both GATA3 and RORC
mRNA were found.

In our search of further biologic properties of skin innate
lymphocytes, we looked at the expression of cytokines and
chemokines from different families in ILC and NK cell clusters
from AD skin and NHS donors. NK cells from healthy individuals
showed higher expression of IFNG, CCL3, CCL3LI, and ILI0
than did those from atopic individuals, whereas AD skin NK cells
upregulated CCL4, CCL5, and CCL4L2 (Fig 5, B). NHS ILC2s
showed abundant amounts of LTB, IL23A, and IL4, whereas AD
skin ILC2s showed a comparatively higher expression of /L5,

IL13, 1122, and IL26. These observations are in line with the pre-
viously reported potential of cell lines generated from normal skin
CRTH2" ILC2s to produce IL-13, IL-22, and IL-17A."* AD skin
ILCls showed a slightly higher expression of CSF2 and
TNFRSF18 than did NHS ILCls; comparatively, cells in the
ILC precursor cluster from NHS demonstrated a more abundant
expression of CXCLS, IL2, and TNFSF4, whereas those from
AD skin upregulated /L20. AD skin ILC3s exhibited higher levels
of IL18 and LTA than NHS ILC3s. Cells from most of the clusters
expressed higher levels of /IL16, TGFBI, and TNF in AD skin as
compared to NHS samples (Fig 5, B). Differentially expressed
genes between AD skin and NHS samples are listed for each
ILC and NK cluster in Table E4 (in the Online Repository at
www.jacionline.org).

The presence of the type 2 cytokine /L13 and type 3 cytokines
1122 and IL26 made us wonder whether single cells could coex-
press these markers in NHS and/or AD skin. Similar to what we
observed with transcription factors in individual AD skin
ILC2s, we identified cells with different cytokine gene combina-
tions (ILI3VIL22FIL26", ILI3TIL26", and ILI3TIL227)
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FIG 6. Exceptional features of ILCs. A, Individual ILC2s from patient AD3 show a mixed
IL137IL5TIL311IL227IL26"IL17A" phenotype. B, Expression of cytokine transcripts (RT-PCR) in PBMC-
derived ILCs and T cells (T/ILC, freshly isolated T cells/ILCs; T_PMA, freshly isolated T cells stimulated
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primarily in ILC2s originating from AD skin (donor AD3 >>
other patients), but almost no such cells in NHS (Fig 5, C).

Moreover, individual ILC2s from 1 particular donor (AD3)
demonstrated an even more “bizarre” combination of markers in
that these cells simultaneously exhibited /L13, IL5, IL31, IL22,
IL26, and ILI7A (Fig 6, A). To determine whether ILCs can
indeed express IL31, we sorted PBMC-derived ILCs from healthy
donors and incubated them with a mixture of 1L-2, IL-4, IL-7,
IL-25, IL-33, and TSLP cytokines for 7 days. We then stimulated
them with the Cell Activation Cocktail (Biolegend) containing
phorbol  12-myristate-13-acetate (PMA), ionomycin, and
brefeldin A for 4 hours and subsequently analyzed the cells by
flow cytometric immunostaining and/or their RNA by RT-PCR.
Fig 6, B shows that ILCs and T cells thus activated exhibited
IL31 mRNA transcripts. In line with these findings, we detected
cytoplasmic anti-IL-31 immunoreactivity in cultured, but not in
freshly isolated ILCs stimulated with Cell Activation Cocktail
(Fig 6, O).

We also detected (by flow cytometry) coexpression of the
conventional type 2 cytokine IL-13 with (i) the itch-inducing type
2 cytokine IL-31 (IL-13 and IL-31 single-positive cells as well as
IL-13/IL-31 double-positive ILCs) and (ii) the type 3 molecules
IL-17A and IL-22 in a stimulated CD45 Lin CD3 CD127"
CD161" ILC/NK cell population from both NHS and AD skin
(Fig 6, D), thus supporting our transcriptional data. It therefore
appears that there are no fixed borders between the individual
ILC subsets and that cutaneous ILCs represent an immunologi-
cally flexible cell population.****

Behavior of ILCs in cultures: Evidence for molecular
metamorphosis

Further support for the validity of the concept of ILC plasticity
(as illustrated in Fig 5, A and C) came from a study on the
behavior of ILCs in cultures of NHS in which we monitored
the phenotype of cells that had been spontaneously released in
the culture media over a time line of 10 days. A schematic repre-
sentation of these experiments is depicted in Fig 7, A and Fig E4,
A.Fig7, B and C shows that the numbers of ILCs recovered from
culture supernatants (expressed in absolute cell counts and as per-
centage of CD45 * cells) were increasing over time, and, more
importantly, ILCs were undergoing a change in phenotype.
While, as expected from what was said above, ILC2s and
ILCls were the predominant subpopulations on day 0, they
soon became outnumbered by CD117 ™ cells (Fig 7, D and E).
This transition occurred rather rapidly and did not result from
an artifact stemming from CD117 epitope digestion, because a
pronounced CD117™" signal was seen on Lin™ cells that had
also been exposed to the very same enzyme mix (see Fig E4,
B). These observations support and extend dermal crawl-out ex-

<
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periments on Lin"CDI127% ILCs from other investigators."’
Conceivably, this phenotypic shift may well be the consequence
of a direct transformation of individual cells with a particular
phenotype into those with another.

The concept of ILC plasticity gained further support from our
studies on the behavior of PB ILCs in culture. To that end, we
sorted CD45"Lin"CD3CD127"CD161" ILCs consisting of
CD117"CRTH2™ ILCls, CRTH2"* ILC2s, and CD117% ILC3s
from the PB of patients with AD and HCs and stimulated them
with a type 2—promoting cytokine cocktail consisting of IL-2,
IL-4,1L-7,1L-33, and TSLP (Fig 7, F). This resulted in clear signs
of proliferative activity that could be maintained for several
weeks. Expanded cells (Fig 7, G) consisted in their vast majority
of Lin"CD3°CD161"CD127" cells, which were almost uni-
formly CRTH2" (see Fig E4, C). Interestingly enough, a propor-
tion of these cells coexpressed CD117 (see Fig E4, D). In line with
this phenotypic shift was the observation that within expanded
cells from both healthy subjects and atopic donors, IL-13 was
frequently coexpressed with varying levels of IFN-vy, IL-17A,
IL-22, and IL-26 (Fig 7, H and I). This indicates that individual
cells coexpress cytokines, which are known to belong to different
subsets, not only at the mRNA levcl (as described for ILC2s in
Figs 5, C and 6, A) but also at the protein level.

DISCUSSION

Over the past decade, it became increasingly clear that the
repertoire of cutaneous lymphocytes is more complex than
previously appreciated. We now know that in addition to T cells
and small numbers of B cells, NK cells, and NKT cells, human
skin harbors a population of CD45 Lin"CD127"CD1617" cells
termed /LCs. In this study, we used different methods to quantita-
tively and qualitatively characterize these cells, aiming for a bet-
ter understanding of their biologic role under physiologic (healthy
donors) and pathologic (lesional AD skin) conditions. Results ob-
tained showed that (i) ILCs represent a minor leukocyte subset in
both skin and blood, with numbers in AD skin clearly exceeding
those in NHS; (ii) the vast majority of ILCs in both NHS and AD
skin belong to the CRTH2" ILC2 subset; (iii) CD117" ILC3s
represent an only minor fraction of skin ILCs, but comprise a
sizable portion of blood ILCs; (iv) ILCs reside mainly in the
epidermis and upper dermis, with their numbers in AD skin being
much higher than those in NHS; (v) sort-enriched skin ILCs,
when subjected to scRNA-seq, consist mainly of ILC2s but
display different signs of activation (eg, expression of type 2-
specific cytokines) in AD skin versus NHS; (vi) ILCs from AD
skin frequently exhibit both type 2 and type 17/3 molecular fea-
tures at the single-cell level; and (vii) a phenotypic shift, at the
single-cell level, from a type 2 into a type 3/17 signature occurs
in cytokine-stimulated blood ILCs and ILCs within skin explant
cultures.

with Cell Activation Cocktail (Biolegend); T_cytokines_PMA/ILC cytokines_PMA, T cells/ILCs expanded in
culture with IL-2, IL-4, IL-7, IL-25, IL-33, and TSLP cytokine cocktail for 7 days and additionally stimulated
with cell activation cocktail at day 7 for 4 hours). C, Protein expression of cytokines on either freshly isolated
ILCs stimulated with a cell activation cocktail or an “ILC_cytokines_PMA"” sample. D, Cell suspensions iso-
lated from either two 6-mm AD skin punch biopsies (upper row) or NHS sheets (>10 X 10 cm?) (lower row)
were incubated with cell activation cocktail containing phorbol 12-myristate-13-acetate (PMA), ionomycin,
and brefeldin A for 4 hours and then immunolabeled for flow cytometry. CD45"Lin"CD3°CD127"CD161"
ILC/NK cells in NHS and AD skin coexpress IL-13 with IL-22/IL-17A/IL-31 at the protein level.
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FIG 7. Behavior of ILCs in cultures: evidence for molecular metamorphosis. A, Experimental design
scheme. B, Absolute and relative numeric increase of viable CD45*Lin"CD3°CD161"CD127" ILCs in skin
explant cultures over 10 days (summary of 3 independent experiments). C, Flow cytometry plots indicating
these quantitative differences. D and E, Shift in phenotype from primarily CRTH2"* ILC2s and CD117 CRTH2~
ILC1s at day O (native skin state) toward a predominance of CD117" ILC3s in skin explant cultures already
starting from day 2 in experiments with skin explant cultures: flow cytometry plots and summary of 3 inde-
pendent experiments. F, Blood ILCs, sorted as viable CD45"Lin"CD3"CD161"CD127" and expanded in cul-
ture with a mixture of the cytokines IL-2, IL-4, IL-7, IL-33, and TSLP. G, Hematoxylin and eosin (H&E) staining
of cytospinned ILCs, expanded in culture. H and I, Coexpression of type 1 and type 3 cytokines in blood ILCs,
expanded in culture with type 2 inducing cytokines (IL-2, IL-4, IL-7, IL-33, and TSLP) (ie, bona fide type 2
IL13* ILC2s): summary for 6 independent experiments (HCs, n = 3; patients with AD, n = 3) and flow cytom-
etry plots. Dot plots represent means = SDs, in which each dot is an individual donor.
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Confirming and extending previous investigations,'” we regu-
larly detected small numbers of CD45"Lin CD3 CDI127"
CD161 " cells (ie, bona fide ILCs” in samples of NHS). By immu-
nohistology, they were found to be located predominantly along
either side of the dermoepidermal junction, but as opposed to
what has been reported for mice,"’ they could not be clearly asso-
ciated with a particular skin-specific structure such as the pilose-
baceous unit. According to the flow cytometry data, they
comprised approximately 0.2 % of all CD45™" cells, which com-
pares favorably with the percentage of ILCs among blood leuko-
cytes (0.05 %). Multicolor immunolabeling revealed that in their
vast majority, ILCs from NHS consisted of CRTH2" ILC2s.
CD117" cells, by contrast, represented only a minor subset of
the entire ILC population. These findings gained further support
from our scRNA-seq experiments, which revealed a predominant
expression of the transcription factor GATA3.

Both Villanova et al'* and Teunissen et al'® have reported on
the occurrence of a cutaneous CD117* ILC3 population that is
devoid of natural cytotoxicity receptors (NCRs), including
NKp44. Supposedly, when allowed to “crawl out” from dermal
explant cultures, these cells do acquire NCR2/NKp44.'w We
have also observed a phenotypic switch of ILCs in skin explant
cultures, but have reasons to believe that CD117" cells
emerging under these conditions are derived from either
CRTH2" ILC2s or CD117~ ILCs/putative ILC precursors. First,
the phenotypic shift happened very rapidly and the numbers of
viable cells recovered during the first 2 days of ex vivo culture
were comparable. This excludes the possibility that the transi-
tion from ILC2 to ILC3 or ILC3-like cells has occurred because
of a massive demise of one subset and replacement and/or over-
growth by another. Second, we have performed enzymatic
digestion experiments showing that critical ILC3 moieties
such as CD117 are not adversely affected by proteases and/or
nucleases. The subcellular/molecular events responsible for
the phenotypic transformation escape us at the present time,
but they may be related to an altered microenvironment in
skin explant cultures.

Issues that urgently need clarification relate to the derivation
and function of skin ILCs under both physiologic and pathologic
conditions. Regarding the former question, it has been reported
that nonlymphoid tissues such as the skin are populated by ill-
defined ILC precursors within the fetal liver and perhaps within
the yolk sac.*’ Following this reasoning, one would postulate that
the microenvironment of the respective tissues would skew such
precursors in one or the other direction. Within the skin, mole-
cules such as IL-33, TSLP, and IL-25, and perhaps others, are
probably responsible for the shift toward ILC2s*; by contrast,
in the gut the predominance of ILC3s may be explained by factors
such as IL-23 and IL-1B.*”*® Alternatively, one could also argue
that certain ILCs and/or ILC precursors in the PB have the capac-
ity to selectively home to peripheral tissues.” Our finding of an
inverse correlation between the numbers of ILC2s in the skin
and in the PB as well as the expression of skin-homing molecules
(CLA, CCR4, and CCR6) lends further support to this concept,
but does not definitively prove it.

As far as the functional role of ILCs in NHS is concerned, our
results obtained by scRNA-seq do suggest an important role of
these cells in the maintenance of skin homeostasis,”” as exempli-
fied by the expression of genes related to the circadian clock
(NRIDI and PERI) and receptors for neurotransmitters
(ADRB2, CHRNA7, and VIPRIY*”" (see Table E4). It remains
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to be seen whether ILC-dependent host defense mechanisms in
experimental animals such as the regulation of the equilibrium
of commensal bacteria'’ or the initiation of wound healing’”
are also operative in humans and, if so, which cellular and subcel-
lular events are underlying these processes. In this context, it has
recently been reported that the capacity of gut ILC3s to maintain
intestinal homeostasis is controlled by the circadian machinery’”
and by the feeding behavior of the animals.”

The situation in AD skin appears to be quite different. Although
we found little, if any, evidence for the expression of proin-
flammatory molecules in the ILC2s of NHS, we observed a
substantial upregulation of cytokine genes typically associated
with type 2 inflammation (IL13, IL5, IL31, and CSF2) in ILCs of
AD skin. The roles of IL-25, IL-33, TSLP, and PGD2 in this pro-
cess are well established,” **” but others that could trigger similar
events may exist.

Also very noteworthy is our additional finding of coexpression
of varying amounts of cytokine transcripts characteristic of type
17 and/or type 3 immunity (ie, ILI7A, IL22, and IL26) within a
given ILC2. This phenomenon was frequently present in AD
skin ILC2s, most notably in donor AD3, but it was only rarely de-
tected in the ILC2s of NHS. Conversely, [LC1 and ILC3 from AD
skin were almost completely devoid of “foreign” subset tran-
scripts. Together with our observations regarding crawl-out cells
from ex vivo skin explant cultures and in vitro—stimulated ILCs
from PB, this points to the occurrence of ILC “unfaithfulness”
under pathologic conditions.”®”*“ It will be important to deter-
mine whether such a mixed marker constellation defines a partic-
ular disease subset. In this context, it should be remembered that
the bulk analysis of AD skin biopsies at the mRNA and protein
levels, although regularly showing the signs of type 2 inflamma-
tion, also revealed the presence of other cytokine gene signatures
under certain conditions.' IL-17A, for example, was detected in
skin biopsies from small children, IFN-y was present in chronic
lesions, and IL-22 was observed throughout the different stages
of the disease.””*’

It will be most interesting to determine, in a larger number of
AD skin biopsy samples, not only the nature of the cellular and
molecular signals leading to this diversity but also the cellular
origin (ILCs vs T cells) of these transcripts. In fact, evidence
exists that in certain animal models of AD'” and psoriasis64 innate
circuits play a more important pathogenic role than classical
T-cell immunity. Methodologies such as those used in this and
many other studies now allow for similar investigations of other
human skin diseases, hopefully resulting in an increasingly
refined Human Cell Atlas and Human Skinatlas.®>°® Most impor-
tantly, these new technologies have taught us that the mechanisms
operative in skin physiology and pathology are flexible processes
and highly diverse between different persons and that a successful
interference with these will require individualized approaches.

‘We thank Professor Wolfgang Weninger for continued support. We are also
thankful to the teams of the core facilities Flow Cytometry and Imaging of the
Medical University of Vienna as well as to the Biomedical Sequencing Facility
at Center for Molecular Medicine of the Austrian Academy of Sciences for
assistance with next-generation sequencing.

Clinical implications: The phenotypic and molecular profile of

ILCs in lesional AD skin makes them candidate players in the
pathogenesis of this disease.
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