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Background: Insight into the pathophysiology of inflammatory
skin diseases, especially at the proteomic level, is severely
hampered by the lack of adequate in situ data.
Objective: We characterized lesional and nonlesional skin of
inflammatory skin diseases using skin microdialysis.
Methods: Skin microdialysis samples from patients with atopic
dermatitis (AD, n 5 6), psoriasis vulgaris (PSO, n 5 7), or
prurigo nodularis (PN, n 5 6), as well as healthy controls (n 5
7), were subjected to proteomic and multiplex cytokine analysis.
Single-cell RNA sequencing of skin biopsy specimens was used
to identify the cellular origin of cytokines.
Results: Among the top 20 enriched Gene Ontology (GO;
geneontology.org) annotations, nicotinamide adenine
dinucleotide metabolic process, regulation of secretion by cell,
and pyruvate metabolic process were elevated in
microdialysates from lesional AD skin compared with both
nonlesional skin and controls. The top 20 enriched Kyoto
Encyclopedia of Genes and Genomes (KEGG; genome.jp/kegg)
pathways in these 3 groups overlapped almost completely. In
contrast, nonlesional skin from patients with PSO or PN and
control skin showed no overlap with lesional skin in this KEGG
pathway analysis. Lesional skin from patients with PSO, but not
AD or PN, showed significantly elevated protein levels of MCP-1
compared with nonlesional skin. IL-8 was elevated in lesional
versus nonlesional AD and PSO skin, whereas IL-12p40 and IL-
22 were higher only in lesional PSO skin. Integrated single-cell
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RNA sequencing data revealed identical cellular sources of these
cytokines in AD, PSO, and PN.
Conclusion: On the basis of microdialysates, the proteomic data
of lesional PSO and PN skin, but not lesional AD skin, differed
significantly from those of nonlesional skin. IL-8, IL-22, MCP-1,
and IL-12p40 might be suitable markers for minimally invasive
molecular profiling. (J Allergy Clin Immunol 2024;154:1450-
61.)

Key words: Microdialysis, pruritus, atopic dermatitis, psoriasis
vulgaris

Autoimmune and inflammatory skin disorders are noninfec-
tious diseases with a complex immune-mediated pathophysi-
ology.1 One method to classify these diseases is based on
cytokine profiles and T helper cell involvement. Type 1 immune
responses may induce keratinocyte necroptosis in an IFN-
g–dependent manner in certain autoimmune diseases, such as
lupus erythematosus or lichen planus.1 The physiologic role of
this type of immune responses may involve defense against
intracellular bacteria and protozoa, as well as viruses.2 Type 2
immune responses induce IgE-producing plasma cells and pru-
ritus, the latter via cytokines such as IL-31.3,4 They are impor-
tant for venom neutralization, protection against parasites,
tissue repair, and tissue fibrosis; these responses play critical
roles in allergic diseases such as atopic dermatitis (AD).2,5,6

Type 3 immune responses are mediated primarily by IL-22,
IL-17A, and IL-17F.2 These cytokines mediate epidermal prolif-
eration (acanthosis) as well as recruitment of neutrophils and
antimicrobial peptide synthesis.2 These mechanisms aid in de-
fense against extracellular bacteria and fungi. Type 3 immune
responses are also involved in the pathogenesis of psoriasis vul-
garis (PSO).7 Assessing lesional cytokine profiles is difficult
through conventional diagnostics such as histopathologic classi-
fication of lesional skin including immune cell infiltrates. Thus,
although cytokine profiles are used in basic research, they do not
aid routine diagnostics.

Furthermore, for some diseases, such as AD, several endotypes
have been proposed that cannot be distinguished by conventional
diagnostic methods.8 In PSO and AD, overlapping phenotypes
have been described, resulting in misdiagnosis; these phenotypes
are sometimes referred to as psoriasiform eczema, eczematous
PSO, or sebopsoriasis.9,10 Furthermore, in AD, nonlesional skin
shares many characteristics with lesional skin, such as barrier de-
fects and T-cell infiltrates, and it can be as pruritic as lesional
skin.11-13 Thus, an improved, minimally invasive toolbox would
be highly desirable to detect inflammatory patterns for more accu-
rate diagnosis.
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Abbreviations used

AD: Atopic dermatitis

CCL: Chemokine C-C motif ligand

CXCL: C-X-C motif chemokine ligand

EASI: Eczema Area and Severity Index

FWHM: Full width at half maximum

GO: Gene Ontology (geneontology.org)

KEGG: Kyoto Encyclopedia of Genes and Genomes (genome.jp/

kegg)

LC-MS/MS: Liquid chromatography–MS/MS

MCP: Monocyte chemotactic protein

MIP: Macrophage inflammatory protein

MS: Mass spectrometry

MS/MS: Tandem MS

PASI: Psoriasis Area and Severity Index

PCA: Principal component analysis

PN: Prurigo nodularis

PSO: Psoriasis vulgaris

scRNA-Seq: Single-cell RNA sequencing

SWATH: Sequential windowed acquisition of all theoretical

fragment ions

TSLP: Thymic stromal lymphopoietin
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Current options to characterize inflammatory skin diseases are
based on molecular disease classifiers at the genetic level or
through omics.14,15 These procedures generally require skin bi-
opsies to be performed and are time-consuming and costly. We
hypothesized that classification and diagnosis of inflammatory
skin diseases might be performed on the basis of protein expres-
sion rather than genetic or transcriptomic analyses.We further hy-
pothesized that quantifying individual proteins (including
cytokines and chemokines) as well as other soluble components
in the intercellular space might enable disease profiling, thus al-
lowing invasive skin biopsies to be avoided in the future.

To collect samples for minimally invasive extracellular protein
analysis, we performed skinmicrodialysis. The procedure involves
penetrating the patient’s dermis with a semipermeable polycar-
bonate membrane and subsequent perfusion. Relevant soluble
components penetrate through pores into the dialysate.16-18 Micro-
dialysis causes little pain, leaves no scar, and can be repeated in the
same location, in contrast to punch biopsies of the skin.We demon-
strate the feasibility of skin microdialysis as a minimally invasive
diagnostic tool for profiling the inflammatory skin diseases AD,
PSO, and prurigo nodularis (PN). Furthermore, by comparing le-
sional with nonlesional skin of patients and with skin of healthy
controls, we propose disease markers (cytokines and chemokines)
locally at the protein level.
METHODS
After obtaining informed consent, we performed skin micro-

dialysis on 26 volunteers with AD (n 5 6), PSO (n 5 7), or PN
(n5 6), and healthy controls (n5 7). Additional patient samples
of 3 patients with prurigo simplex subacuta were used for gener-
ating the proteomic library. The Eczema Area and Severity Index
(EASI) score was determined for all patients with AD, and the
Psoriasis Area and Severity Index (PASI) score was determined
for all patients with PSO before the microdialysis procedure. In
all patients, Dermatology Life Quality Index (DLQI) was evalu-
ated, and pruritus was assessed on an 11-point visual analog scale.
This study was conducted in accordance with the World Medical
Association’s Declaration of Helsinki; it was reviewed and
approved by the local ethics committee (approval 31/11/17).
Data sets are available online (www.ebi.ac.uk/pride/archive/
projects/PXD050245).
Skin microdialysis
The microdialysis procedure was performed as previously

described.16 Catheter tubes were custom made in the labora-
tory of Martin Schmelz. Catheters were hollow fibers (0.4
mm in diameter with a pore-size cutoff of 3000 kDa). Patients
were seated in a comfortable position in a temperature- and
humidity-controlled environment for at least 20 minutes
before the start of the procedure (see Fig E1, A, in this article’s
Online Repository available at www.jacionline.org). A 25-
gauge cannula connected to the hollow fiber and an attached
flexible tube were prepared in a germ-reduced environment
(Fig E1, B). The cannula was inserted intradermally over a dis-
tance of 1 cm at the area of interest located on an extremity,
primarily the upper arm. We sampled lesional skin; nonle-
sional skin—that is, skin without visible lesions; and skin of
healthy controls (Fig E1, C and D). The attached hollow fiber
was threaded through the skin. This procedure was generally
well tolerated, and no local anesthesia was required. The cor-
rect intracutaneous positioning of the catheter was verified,
and the needle was detached from the catheter by cutting the
catheter at the outflow side (see Fig E2, A, in the Online Repos-
itory). Ringer solution (B. Braun, Melsungen, Germany) was
perfused at a rate of 5 mL/min with a syringe pump (CMA
4004; Harvard Apparatus, Holliston, Mass) via a Tygon tube
(Novodirekt, Kehl, Germany). A microcentrifuge tube (1.5
mL) was positioned just below the loose end of the catheter
to collect the dialysate (Fig E2, B). In the 40-minute sampling
period, 2 dialysate samples were collected, one every 20
minutes.
Proteomics mass spectrometry sample preparation
For proteomic analysis, samples from 6 patients with AD, 7

patients with PSO, 4 patients with PN, and 7 healthy controls
were available. Two samples from patients with PN could not
be included because of technical issues. For each disease,
lesional and nonlesional dialysates were evaluated in technical
duplicates. Proteins were extracted, purified, and digested
with tryptase according to a magnetic bead-based SP3 proto-
col.19 Digested peptides were dried in a SpeedVac instrument
and stored at 2208C until further analysis. For generation of a
peptide library, equal aliquots from each sample were pooled
to a total amount of 200 mg and separated into 12 fractions
with basic pH reverse-phase C18 separation on a fast protein
liquid chromatography system (€akta pure; Cytiva Lifescien-
ces, Marlborough, Mass) with a 36/3 staggered pooling
scheme. All samples were spiked with a synthetic peptide
standard used for retention time alignment (iRT Standard,
Schlieren, Switzerland).

Protein digests were analyzed on a nanoflow chromatography
system (Eksigent nanoLC425) connected to a hybrid triple
quadrupole-TOF mass spectrometer (TripleTOF 56001) equip-
ped with a NanoSpray III ion source (ion spray voltage 2400 V;
interface heater temperature 1508C; sheath gas setting 12) and
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controlled by Analyst TF 1.7.1 software, build 1163 (all AB
Sciex, Framingham, Mass). In brief, peptides were dissolved in
loading buffer (2% acetonitrile and 0.1% formic acid in water)
to a concentration of 0.3mg/mL. For each analysis, 1.5mg protein
was enriched on a self-packed precolumn (0.15 mm ID3 20 mm,
Reprosil-Pur120 C18-AQ 5 mm, Dr Maisch, Ammerbuch-
Entringen, Germany) and separated on an analytical RP-C18 col-
umn (0.075 mm ID3 200 mm, Reprosil-Pur 120 C18-AQ, 3 mm,
Dr Maisch) with a 100-minute linear gradient of 5-35% acetoni-
trile/0.1% formic acid (vol/vol) at 300 nL/min.

Samples were normalized to same protein amounts loaded
onto the liquid chromatography–tandem mass spectrometry
(LC-MS/MS) system before analysis and using a total area
sums approach following protein quantitation. Qualitative LC-
MS/MS analysis was performed with a top 30 data-dependent
acquisition method with an MS survey scan of m/z 380-1250
over 250 ms, at a resolution of 35,000 full width at half
maximum (FWHM).MS/MS scans ofm/z 180-1500 were accu-
mulated over 100 ms at a resolution of 17,500 FWHM and a
precursor isolation width of 0.7 FWHM, thus resulting in a to-
tal cycle time of 3.4 seconds. Precursors above a threshold
mass spectrometry intensity of 200 cps with charge states of
21, 31, and 41 were selected for MS/MS. The dynamic exclu-
sion time was set to 15 s. MS/MS activation was achieved by
collision-induced dissociation, using nitrogen as a collision
gas and the manufacturer’s default rolling collision energy set-
tings. Two biological replicates per sample were analyzed to
construct a spectral library.

For quantitative SWATH (sequential windowed acquisition of
all theoretical fragment ions) analysis, MS/MS data were ac-
quired with 100 variable size windows20 across the range m/z
400-1200. Fragments were produced with rolling collision energy
settings for charge state 21, and fragments were acquired across
the rangem/z 180-1500 for 40 ms per segment. Inclusion of a 250
ms survey scan resulted in an overall cycle time of 4.3 seconds.
Two replicate injections were acquired for each of the 2 biological
replicates of the 4 samples.

Protein identification was performed in ProteinPilot v5.0, build
4304, software (AB Sciex) with ‘‘thorough’’ settings. All MS/MS
spectra from qualitative analyses were searched against the Uni-
ProtKB Homo sapiens reference proteome (revision 01-2020)
augmented with a set of 51 known common laboratory
contaminants.

SWATH peak extraction was achieved in PeakView v2.1,
build 11041 (AB Sciex), with the SWATH quantification
microApp v2.0, build 2003. After retention time correction on
endogenous peptides spanning the entire retention time range,
peak areas were extracted with information from the MS/MS
library.21 The resulting peak areas were then summed to peptide
and finally protein area values, which were used for further sta-
tistical analysis.
Multiplex electrochemiluminescence assay
Frozen, undiluted samples were thawed and measured with a

customized U-Plex assay (Meso Scale Discovery, Rockville, Md)
featuring 3 multiplex plates. Plate 1 contained TNF-a, IFN-g, IL-
1b, IL-10, IL-4, IL-13, IL-5, IL-8, IL-6, and macrophage inflam-
matory protein (MIP)-3a; plate 2 contained IL-12/IL-23p40,
thymus and activation-regulated chemokine (TARC),
macrophage-derived chemokine (MDC), monocyte chemotactic
protein (MCP)-1, MCP-4, eotaxin, eotaxin-3, MIP-1a, and
MIP-1b; and plate 3 contained IL-31, thymic stromal lympho-
poietin (TSLP), IL-22, IL-23, and IL-17A/F. Measurements
were conducted on a Meso QuickPlex SQ 120 MM (Meso Scale
Discovery) according to the manufacturer’s instructions. One
healthy control sample could not be analyzed. The detection
limits are listed in Tables E1 and E2 in the Online Repository
(available at www.jacionline.org).
Single-cell RNA sequencing
Single-cell RNA sequencing (scRNA-Seq) data from previ-

ous studies from 5 patients with AD, 7 patients with PN, and 3
healthy controls were used.22 In addition, sequencing data from
3 patients with PSO were acquired via Gene Expression
Omnibus (GSE162183).23 For the AD, PN, and healthy control
samples, skin punch biopsy samples were dissolved with a skin
dissociation kit from Miltenyi Biotec (San Diego, Calif) for cell
isolation.

The isolated cells were immediately processed for scRNA-Seq
with a Chromium Single Cell Controller and Single Cell 5ʹ Li-
brary & Gel Bead Kits from 10x Genomics (Pleasanton, Calif).
CellRanger pipeline v6.1.2 was used for aligning the reads to
the GRCH38 human reference genome. The expression matrix
was loaded into Seurat v4.3.0 for further downstream analyses.
Cells with a high percentage of mitochondrial genes (>12%)
and either a very low (<500) or very high number (>6000) of
unique genes (nFeature_RNA) were filtered out. Doublets were
excluded with doubletFinder v2.0.3. Integration via feature selec-
tion and identification of integration anchors was applied. The
standard Seurat workflow was applied to process the samples,
including principal component analysis (PCA) to identify 20 rele-
vant dimensions through an elbow plot; subsequently, unsuper-
vised clustering was performed with a resolution of 0.5. Cluster
visualization was performed with uniform manifold approxima-
tion and projection (UMAP).
Statistical analyses
Proteomics. Data from the 2 available technical replicates

were averaged for each biological replicate and used as repre-
sentative values. PCA was performed on summed protein peak
areas, and the first 2 principal components were visualized in a
scatterplot. Groupwise multivariate t distributions were fit to the
principal components, and ellipses corresponding to the 95%
quantiles were overlaid. Lesional samples were compared with
nonlesional samples with paired t tests and compared with control
samples with Welch t test. The resulting P values were adjusted
for multiple testing with Benjamini-Hochberg correction to con-
trol for the false discovery rate. Standardized values of all proteins
significantly differentially expressed in any pairwise comparison
were displayed (as z scores) in a clustered heat map. Clustering of
samples and proteins was performed via hierarchical clustering
with complete linkage and the Euclidian distance of the standard-
ized expression profiles. Functional enrichment in Gene Ontology
(GO; geneontology.org) biological process terms and KEGG
(Kyoto Encyclopedia of Genes and Genomes; genome.jp/kegg)
pathways were assessed with gene set enrichment tests imple-
mented in clusterProfiler v4.6.2.24 The gene list was ordered by
sign (test statistic)3 [2log10(P value)]. All gene sets with values
between 10 and 500 were tested. The resulting enrichment scores

http://www.jacionline.org
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TABLE I. Patient characteristics

Participant Age (years) DLQI VAS10 (itch) Score Proteomics MSD

Atopic dermatitis (AD, n 5 6)

AD1 36 16 8.5 34.9* Yes Yes

AD2 79 8 2 13.4 Yes Yes

AD3 60 15 2 18.5 Yes Yes

AD4 24 11 6 14.6 Yes Yes

AD5 21 11 0 16.6 Yes Yes

AD6 24 8 6 4.8 Yes Yes

Psoriasis vulgaris (PSO, n 5 7)

PSO1 60 15 8 24.8� Yes Yes

PSO2 55 23 8 22.1 Yes Yes

PSO3 38 29 10 20.9 Yes Yes

PSO4 54 23 3 5.1 Yes Yes

PSO5 64 14 5.5 10.1 Yes Yes

PSO6 73 13 6 4.8 Yes Yes

PSO7 28 — 6 14.6 Yes Yes

Prurigo nodularis (PN, n 5 6)

PN1 62 12 6 Yes Yes

PN2 70 7 7 Yes Yes

PN3 66 7 8 Yes Yes

PN4 57 22 8.5 Yes Yes

PN5 62 18 7 — Yes

PN6 82 10 7 — Yes

Controls (C, n 5 7)

C1 42 1 0 Yes Yes

C2 51 0 0 Yes Yes

C3 47 1 2 Yes Yes

C4 25 0 0 Yes Yes

C5 34 0 1 Yes Yes

C6 71 0 0 Yes Yes

C7 37 0 0 Yes —

DLQI, Dermatology Life Quality Index; MSD, Meso Scale Discovery’s U-Plex assay; VAS10, 10-point visual analog scale.

*EASI score was used for AD.

�PASI score was used for PSO.
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and P values are reported. P values were additionally adjusted for
multiple testing with Benjamini-Hochberg correction to control
for the false discovery rate.25

Multiplex electrochemiluminescence cytokine. Cal-
culations, graphs, and comparisons between the lesional samples
of each disease group and healthy control skin and between
lesional and nonlesional samples within each disease were done
on relative effects and tested for significance using the nonpaired
or paired version of the permutation-based Brunner-Munzel test26

in R 4.2.1 (R Project; www.r-project.org). For statistical calcula-
tions, values below the determination range were set to zero.

Single-cell RNA sequencing. The significance level was
set to alpha 5 5% for all statistical tests. All analyses were per-
formed in R v4.2.1 statistical software. Benjamini-Hochberg
correction was applied for analyses of scRNA-Seq data.
RESULTS

Proteomics analysis of microdialysate reveals

abnormalities in nonlesional skin of patients with

AD
MS-based proteome profiling was performed on 6 participants

with AD, 7 with PSO, 4 with PN, and 7 healthy controls (Table I).
Across all samples, 793 proteins were identified, of which 702
were regularly quantified (see Table E3 in the Online Repository
available at www.jacionline.org). Volumes and total protein con-
tent of microdialysates did not differ significantly between the
groups (see Fig E3 in the Online Repository). After subtraction
of proteins attributable to blood microparticles, according to
their GO annotations, 517 proteins qualified for further analyses
(Fig 1). Among the most differentially expressed gene products
were oxysterol binding protein-like 1A (aka OSBPL1A), serpins
(SERPINB9, SERPINA1), S100 proteins (S100A7A, S100A8,
S100A9), fatty acid binding proteins (FABP4, FABP5), and
alpha-1 type I collagen (aka COL1A1) (see Fig E4 in the Online
Repository). PCA of the proteomic data indicated overlap of le-
sional and nonlesional samples from patients with AD and
healthy control samples. In PN and PSO, the nonlesional samples
overlapped with the control samples, whereas lesional samples
showed a greater variation, with distinct principal components
with respect to both nonlesional samples and healthy control sam-
ples (Fig 2,A).We performed further investigation by hierarchical
clustering of differentially abundant proteins in lesional skin,
nonlesional skin, and healthy control skin for all 3 diseases. For
PSO and PN, lesional samples tended to cluster, whereas nonle-
sional samples overlapped with samples from healthy controls.
For AD, no such clustering was observed (Fig 2, B). Correlation
of proteomic data with clinical parameters such as EASI/PASI
or pruritus intensity did not reveal significant associations (data
not shown).

We next analyzed differentially abundant proteins from group-
wise comparisons for functional enrichment of the top 20 GO
biological processes and KEGG pathways. Three of the top 20
enriched GO annotations (nicotinamide adenine dinucleotide

http://www.r-project.org
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FIG 1. Study outline. Recruited participants with their respective condition are depicted at top. Below are

processes of proteomic (left) and multiplex electrochemiluminescence (right) analyses.
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[NAD] metabolic process; regulation of secretion by cell; pyru-
vate metabolic process) overlapped between lesional AD versus
control skin, and lesional versus nonlesional AD skin (Fig 3;
see Tables E4 and E5 in the Online Repository available at
www.jacionline.org). Healthy control samples versus lesional
and versus nonlesional AD samples shared only one of the top
20 enriched GO annotations (regulation of hormone levels; see
Tables E5 and E6 in the Online Repository). The KEGG pathways
enriched between lesional and nonlesional AD skin almost
completely overlapped with those in healthy control skin (Fig 3,
A, and see Tables E13-E15 in the Online Repository). In PSO, 6
of the top 20 GO annotations were significantly overrepresented
in lesional skin compared with both nonlesional skin and healthy
control skin. The enriched terms included cellular response to
stress (Fig 3, and see Tables E7 and E8 in the Online Repository).
Correspondingly, 15 of 20 KEGG pathways were enriched in le-
sional skin compared with either nonlesional skin or healthy con-
trol skin (see Tables E16-E18 in the Online Repository).
Nonlesional PSO skin was characterized by one overlapping
GO annotation also present in lesional skin, but no KEGG path-
ways overlapped (Fig 3, B, and see Tables E7-E9 and E16-E18
in the Online Repository). Similar results were found for PN,
for which 5 of the top 20GO annotationswere enriched in lesional
skin comparedwith either nonlesional skin from the same patients
or healthy control skin. In nonlesional PN skin versus healthy con-
trol skin, no GO annotation was significantly enriched with
respect to lesional skin (see Tables E10-E12 in the Online Repos-
itory). Likewise, whereas 5 KEGG pathways were enriched in

http://www.jacionline.org


FIG 2. Lesional skin in PSO (n5 7) and PN (n5 4) but not in AD (n5 6) differs from nonlesional skin and skin

of healthy controls (n5 7). (A) Proteomics data visualized through PCA, with ellipses corresponding to 95%

quantiles of fitted groupwisemultivariate t distributions.Gray depicts controls, red AD, lilac PSO, and green
PN. In each PCA, darker color represents lesional skin and lighter color nonlesional skin. (B) Heat map of

hierarchical clustering encompassing all values significantly differing between lesional, nonlesional, and/

or control skin for AD (left), PSO (middle), and PN (right). In hierarchical clustering, black depicts lesional

skin, white nonlesional skin, and gray healthy control skin. Z value is visualized on continuous color scale

from blue (24) via white (0) to red (4).
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comparisons of lesional PN with either nonlesional PN or healthy
control skin, no KEGG pathway was simultaneously enriched in
nonlesional PN versus control skin and in lesional PN (Fig 3, C,
and see Tables E19-E21 in the Online Repository).
Levels of extracellular cytokines IL-12p40, IL-22, IL-

8, and MCP-1 may be suitable disease markers
Most customized multiplex cytokine measurements of micro-

dialysis samples were below the lower detection limit (a full list of
cytokines and corresponding values within the determination
range is provided in Table E2). IL-12p40, IL-22, IL-8, andMCP-1
were widely identified in lesional skin of patients with disease. In
healthy controls, almost all cytokine measurements were below
the detection limit. In patients with PSO, IL-12p40 was signifi-
cantly elevated in lesional skin compared with both nonlesional
skin and healthy control skin (P 5 .031 and P 5 .009, Fig 4, A).
In AD and PN, IL-12p40 abundance did not differ significantly.
IL-22 was significantly elevated in lesional PSO skin compared
with both nonlesional or healthy control skin (P 5 .047 and
P 5 .001, respectively, Fig 4, B). Again, no significant results
were found for AD or PN. IL-8 was significantly elevated in



A

B

C

FIG 3. Proteins overexpressed in lesional skin versus nonlesional skin overlap in enriched GO annotations

and KEGG pathways with lesional skin versus healthy controls in both PSO and PN. Groupwise

comparisons of lesional versus nonlesional, lesional versus control, and nonlesional versus control

samples from proteomic data. Significantly over- or underexpressed proteins in these comparisons were

analyzed with regard to overlaps in their top 20 enriched GO annotations (left) and top 20 enriched KEGG

pathways (right) and visualized in Euler diagrams.
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PSO lesional skin compared with both nonlesional skin and
healthy control skin (P 5 .047 and P 5 .001, respectively; Fig
4, C). In AD, IL-8 was equally significantly elevated in lesional
skin compared with both nonlesional and healthy control skin
(P5 .031 and P5 .001, respectively). In PN, lesional skin signif-
icantly differed from healthy control skin (P5 .002) but not from
nonlesional skin.MCP-1was significantly elevated in skin lesions
of patients with PSO compared with both nonlesional skin and
healthy control skin (P 5 .016 and P 5 .001, Fig 4, D). In AD,
MCP-1 was significantly elevated in lesional skin only compared
with healthy control skin (P 5 .005) but not to nonlesional skin.
Again, no significant differences were found in the samples of
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FIG 4. IL-22 and MCP-1 measured by electrochemiluminescence assay are overexpressed in PSO lesional

skin versus nonlesional skin (n 5 7) and versus healthy controls (n 5 6) but not in lesional versus nonle-

sional AD (n5 6) or PN (n5 6) skin. (A) IL-12p40, (B) IL-22, (C) IL-8, and (D) MCP-1 graphs by disease group,

subcategorized into lesional (L) and nonlesional (nL) skin. Comparisons between L samples of each disease

group and controls and between L and nL samples within each disease were done on relative effects and

tested for significance by nonpaired or paired version of permutation-based Brunner-Munzel test; **P <

.01, *P < .05.
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patients with PN. TSLP was elevated, although not statistically
significantly, in lesions of 3 patients with PSO, but was below
the detection limit in corresponding nonlesional samples (see
Fig E5 in the Online Repository available at www.jacionline.
org). Individual samples contained IL-1b, MCP-4, or
macrophage-derived chemokine, but the patient sample size
with positive results was too low to yield statistically relevant re-
sults (see Figs E6-E8 in the Online Repository).
Identical cellular origin of cytokines in AD, PSO, and

PN in integrated scRNA-Seq data from skin biopsy

samples
The scRNA-Seq data revealed that CCL2 (MCP-1) was pro-

duced by various cells including endothelial cells, fibroblasts,
epithelial cells, and smooth muscle cells (Fig 5). CXCL8 (IL-8)
was produced primarily by antigen-presenting cells in partici-
pants with and without disease. We observed no evidence of IL-
22 transcripts in scRNA-Seq data of healthy individuals. In AD,
PN, and PSO, IL-22 originated from lymphocytes. IL-12B was
not detected via scRNA-Seq.
DISCUSSION
The main goal of this study was to assess skin microdialysis as

a diagnostic tool for profiling various inflammatory skin diseases.
We identified patterns associated with the investigated diseases.
Our findings suggest that pathophysiologic changes in PSO and
PN are limited to inflammatory lesions, whereas skin alterations
in patients with AD also affect nonlesional, noninflamed skin.
These data are consistent with previous research findings
indicating that hallmarks of AD inflammation occur before, and
persist after, clinically visible inflammation has subsided.11,27-29

The second focus of this study was to identify unique protein
disease profiles locally in skin lesions by comparing skin from
patients with AD, PSO, or PN with healthy control skin. Using

http://www.jacionline.org
http://www.jacionline.org


FIG 5. Analysis of scRNA-Seq data revealed that IL-22 originated from lymphocytes and IL-8 from antigen-

presenting cells. (A) Uniform manifold approximation and projection (UMAP) plot (140,363 cells) of inte-

grated scRNA-Seq data. According to differentially expressed genes, multiple cell clusters were identified:

T cells (T1, T2), natural killer (NK) cells, antigen-presenting cells (DC1, DC2), mast cells (MC), melanocytes

(MEL), smooth muscle cells (SCM1, SMC2), blood vascular endothelial cells (BEC1, BEC2, BEC3), lymphatic

endothelial cells (LEC), fibroblasts (FB1, FB2, FB3, proliferative FB [FBpro]), sebaceous gland (SG) cells, and

keratinocytes (KC1, KC2, KC3, KC3, KC5, proliferative KC [KCpro]). Feature plot of proliferating cells marked

by MKI67 expression. (B) Dot plot of hallmark transcripts expressed by identified clusters. (C) Bar chart de-

picting relative proportion of cells from each disease in every cluster. Red indicates AD (n 5 5); blue, PSO
(n 5 3); orange, PN (n 5 7); and gray, control (C; n 5 3). (D) Feature plots showing MCP-1 (CCL2), IL-8

(CXCL8), IL-22, and IL-12p40 (IL-12B)-producing cells in healthy controls, AD, PN, and PSO.
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microdialysis, we found that oxysterol binding protein-like 1A
(OSBPL1A) expression was more than 10-fold higher in AD
compared with PN. Previous research found it decreased in
PSO.30 Contrary to this, alpha-1 type I collagen (COL1A1) was
more than 3-fold increased in PN compared with AD or healthy
control skin, reflecting fibrotic processes and previous findings
from single-cell analyses.22 We detected 7- to 23-fold increased
levels of S100 protein types A7, A8, and A9 in PSO compared
with healthy control skin, as expected from other methods.30 In
PN, protease inhibitors of the serpin family were downregulated,
while serpin B9 was upregulated more than 5-fold in PSO. In all 3
diseases, fatty acid binding protein (FABP) 5 was upregulated at
the expense of FABP4, which was downregulated.

In our study, comparisons of cytokine expression profileswere not
possible through proteomic analyses because the resolution of our
proteomic approach was insufficient to detect many known
cytokines, despite the abovementioned sample processing steps.
Of note, other methods of in situ transcriptome and proteome ana-
lyses also did not register elevated levels of already known central
disease mediators in lesional skin—for example, IL-17 or IL-
23.31,32 Furthermore, performing microdialysis on inflamed skin
often yielded blood-contaminated dialysates. Visible blood
contamination was most prominent in PSO and PN lesions and
was mostly absent in nonlesional skin and healthy control skin.
Therefore, we subtracted proteins attributable to blood microparti-
cles in our statistical analysis. However, blood contamination due
to microlesions seems an inherent problem with this method for an-
alyses of skin with high vascularization, such as PSO skin.

Consequently, we performed protein analyses with the micro-
dialysates by highly sensitive electrochemiluminescence assays.
Most assayed cytokines were below the detection limit, possibly
because we used the second collection vial obtained during
microdialysis. Relevant amounts of cytokines might have been
washed out during the first 20 minutes, thus resulting in a lower
protein concentration in the second vial collection. Key factors
determining the protein concentration in the dialysate are rate of
release, binding to high-affinity receptors in tissue,33 and knowing
the diffusion rate in the tissue toward the dialysismembrane, which
is lower for larger proteins. Indeed, upregulation of IL-4R on fibro-
blasts in AD has been demonstrated by single-cell transcriptom-
ics,34 and therefore upregulation of receptors might have
decreased cytokine availability at the microdialysis catheter. We
already attempted to account for low protein concentrations by us-
ing an assay with high sensitivity (electrochemiluminescence)



J ALLERGY CLIN IMMUNOL

DECEMBER 2024

1460 HOLLSTEIN ET AL
requiring small sample sizes. This process enabled us to analyze all
cytokines without dilution.

The cytokines yielding statistically relevant results included
IL-12B, IL-22, C-X-C motif chemokine ligand (CXCL) 8, and
MCP-1. Previous research indicated that IL-12B (equivalent to
IL-12p40) and IL-1b can be used as biomarkers to guide PSO
therapy,35 and IL-12B can be used to predict disease progres-
sion.36 We found that IL-12p40 was specifically enriched in
PSO lesions, and we verified the presence of IL-1b in some of
the PSO samples, thus validating our measurements. We further
observed MCP-1 (aka chemokine C-C motif ligand [CCL] 2)
elevation in PSO lesions compared with nonlesional or healthy
control skin, and in AD samples compared with healthy control
samples. MCP-1 is a monocyte chemoattractant protein secreted
by various cells, including keratinocytes. Its receptor, C-C che-
mokine receptor 2 (aka CCR2), is expressed on the surfaces of
monocytes, and MCP-1 levels are elevated in PSO, AD, and other
skin disorders,37 and in addition show broad upregulation in fibro-
blasts, keratinocytes, and pericytes34—in agreement with our
findings. CXCL8 (IL-8), a chemoattractant for neutrophils, is
secreted primarily by antigen-presenting cells. In inflammatory
conditions, IL-8 may also be secreted by keratinocytes after stim-
ulation with IL-17A, and its expression is regulated by IL-36,
among other cytokines.38-40 Correspondingly, and in accordance
with previous literature,41 CXCL8 was elevated in lesional sam-
ples of all 3 diseases studied here. Little research has described
the role of CXCL8 in PN. One recent study has indicated
CXCL8 elevation in PN lesions compared with AD lesions
through transcriptomic analysis.42 To our knowledge, our study
reports the first data on lesional IL-8 protein levels. In accordance
with previous research, we found that IL-8 levels were elevated in
lesional skin of both AD and PN. However, we were unable to
confirm higher levels in PN lesions than AD lesions, thus extend-
ing previous results.42 Most cytokines were scarce in our PN sam-
ples, and statistically significant differences were rarely observed,
possibly because of an insufficient number of patients with PN or
because extracellular cytokine levels are generally lower in PN
than in other diseases such as PSO. Furthermore, IL-22, origi-
nating from lymphocytes, was elevated in cytokinemeasurements
of PSO. Greater IL-22 levels in PSO than in healthy control skin
were expected, according to the current pathophysiologic under-
standing of the disease.43 These considerations demonstrated the
integrity of our data. Unfortunately, none of the observed param-
eters could serve as a novel biomarker to distinguish the 3 diseases
or support disease classification. Furthermore, proteomics may
not be an ideal tool to detect cytokines, and other tools might
be necessary, such as transcriptomics and ELISA.Although extra-
cellular cytokine levels should reflect the type and acuity of in-
flammatory responses most accurately, paracrine and autocrine
signaling combined with an extensive capacity of high-affinity re-
ceptors might critically decrease the spillover captured by the mi-
crodialysis membrane. Thus, the integrated approach of
microdialysis combined with scRNA-Seq appears promising.
Further research may combine these techniques within the same
patient and additionally focus on the poorly understood role of
CXCL8 in PN.

The main limitation of this study was its small sample size. The
sample size did not allow us to differentiate different disease
severities or other clinical features of the analyzed lesions. In
future studies, including different molecular subtypes of AD, such
as type 2–high and type 2–low AD, might be beneficial because
these subtypes differ in their cytokine expression profiles.6

Nummular eczema has been suggested to be a variant of AD
with a codominant TH2/TH17 immune response; therefore, the re-
searched diseases might have broad and partly overlapping cyto-
kine expression profiles.44 Such overlap was reflected in our data.
In addition, some patients with ADmay have high IL-31 levels.45

Lesional skin of different patients with AD did not cluster well, in
contrast to samples from patients with PSO. Not only disease sub-
types but also the timing of the microdialysis procedure may in-
fluence results. Inflammatory lesions undergo transformation
over time. Type 3 immune responses—as seen in PSO, for
example—show high plasticity. Over time, type 3–related cells
shift toward IFN-g production, away from type 3 immunity.2 Dis-
ease endotypes and time-dependent plasticity might explain why
certain cytokines, such as TSLP, were elevated in lesions in only
some of our patients. Keratinocyte-derived TSLP is a prominent
protein inducing TH2 polarization via dendritic cells in the
skin.46 However, TSLP has been found to be elevated in PSO
and associated with its pathophysiology.47-49 This finding may
also explain the failure of clinical trials of an antibody to TSLP
for treatment of AD.

In conclusion, microdialysis is a promising method through
which lesional and nonlesional skin samples can be analyzed,
even repetitively. This method yields fluids that can be used for
proteomic analyses and protein measurements. However, we did
not find evidence that microdialysis can easily differentiate
inflammation profiles of different skin diseases. CXCL8 is
elevated in PN, a finding not previously reported. In PN and
PSO, inflammation may be limited to lesional skin, whereas in
AD, nonlesional skin shows characteristics of lesional skin.
Thus, microdialysis may serve as a valuable tool for further un-
derstanding the pathophysiology of chronic inflammatory skin
diseases.
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Key messages

d Microdialysis can be used to analyze inflammatory skin
diseases.

d Microdialysate can be analyzed using omics or high-
sensitivity (multiplex) ELISA.

d In PN and PSO, inflammation may be limited to lesional
skin, whereas in AD, nonlesional skin shows characteris-
tics of lesional skin.
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