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 28 

Abbreviations:  29 

AD:   Atopic Dermatitis  30 

COL1A1:  Alpha-1 Type I Collagen 31 

DLQI:   Dermatology Life Quality Index 32 

EASI:   Eczema Area and Severity Index  33 

FABP:  Fatty Acid Binding Protein 34 

GO:   Gene Ontology  35 

IFN:   Interferon 36 

IL:  Interleukin 37 

KEGG:  Kyoto Encyclopedia of Genes and Genomes 38 

OSBPL1A:  Oxysterol Binding Protein Like 1A 39 

PASI:   Psoriasis Area and Severity Index 40 

PCA:   Principal Component Analysis 41 

PN:   Prurigo Nodularis  42 

PSO:   Psoriasis Vulgaris  43 

TSLP:   Thymic Stromal Lymphopoietin 44 

UMAP:  Uniform Manifold Approximation and Projection 45 

 46 

Key Messages 47 

• Microdialysis can be used to analyze inflammatory skin diseases.  48 

• Microdialysate can be analyzed using -omics or high-sensitivity (multiplex) ELISA. 49 
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• In PN and PSO, inflammation may be limited to lesional skin, whereas in AD, 50 

nonlesional skin shows characteristics of lesional skin. 51 

 52 
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Abstract (200–250 words) 91 

 92 

Background:  93 

Insight into the pathophysiology of inflammatory skin diseases, especially at the proteomic 94 

level, is severely hampered by the lack of adequate in situ data. 95 

 96 

Objective: 97 

Characterize lesional and nonlesional skin of inflammatory skin diseases using skin 98 

microdialysis. 99 

 100 

Methods:  101 

Skin microdialysis samples from patients with atopic dermatitis (AD, n=6), psoriasis vulgaris 102 

(PSO, n=7) or prurigo nodularis (PN, n=6), as well as healthy controls (n=7) were subjected to 103 

proteomics and multiplex cytokine analysis. Single-cell RNA sequencing of skin biopsy 104 

specimens was used to identify the cellular origin of cytokines. 105 

 106 

Results:  107 

Among the top 20 enriched GO annotations, NAD metabolic process, regulation of secretion 108 

by cell, and pyruvate metabolic process were elevated in microdialysates from lesional AD 109 

skin compared with both nonlesional skin and controls. The top 20 enriched KEGG pathways 110 

in these three groups overlapped almost completely. In contrast, nonlesional skin from patients 111 

with PSO or PN and control skin showed no overlap with lesional skin in this KEGG pathway 112 

analysis. Lesional skin from patients with PSO, but not AD or PN, showed significantly 113 

elevated protein levels of MCP-1 compared to nonlesional skin. IL-8 was elevated in lesional 114 

vs nonlesional AD and PSO skin, whereas IL-12p40 and IL-22 were higher only in lesional 115 
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PSO skin. Integrated single-cell RNA-seq data revealed identical cellular sources of these 116 

cytokines in AD, PSO and PN.  117 

 118 

Conclusion:  119 

Based on microdialysate, proteomic data of lesional PSO and PN skin, but not lesional AD 120 

skin, differed significantly from those of nonlesional skin. IL-8, IL-22, MCP-1 and IL-12p40 121 

might be suitable markers for minimally invasive molecular profiling.  122 

  123 
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Capsule Summary 124 

This study proves skin microdialysis is a valuable tool to analyze inflammatory skin lesions 125 

and shows that in atopic dermatitis, contrary to psoriasis vulgaris and prurigo nodularis, 126 

nonlesional skin shows characteristics of lesional skin.  127 
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Introduction 128 

Autoimmune and inflammatory skin disorders are noninfectious diseases with a complex 129 

immune-mediated pathophysiology.1 One method to classify these diseases is based on 130 

cytokine profiles and T helper cell involvement. Type 1 immune responses may induce 131 

keratinocyte necroptosis in an interferon (IFN)-y-dependent manner in certain autoimmune 132 

diseases, such as lupus erythematosus or lichen planus.1 The physiological role of this type of 133 

immune responses may involve defense against intracellular bacteria and protozoa, as well as 134 

viruses.2 Type 2 immune responses induce IgE-producing plasma cells and pruritus, the latter 135 

via cytokines such as interleukin (IL)-31.3,4 They are important for venom neutralization, 136 

protection against parasites, tissue repair and tissue fibrosis; these responses play critical roles 137 

in allergic diseases such as atopic dermatitis (AD).2,5,6 Type 3 immune responses are mediated 138 

primarily by IL-22, IL-17A and IL-17F.2 These cytokines mediate epidermal proliferation 139 

(acanthosis), recruitment of neutrophils and antimicrobial peptide synthesis.2 These 140 

mechanisms aid in defense against extracellular bacteria and fungi. Type 3 immune responses 141 

are also involved in the pathogenesis of psoriasis vulgaris (PSO).7 Assessing lesional cytokine 142 

profiles is difficult through conventional diagnostics such as histopathologic classification of 143 

lesional skin including immune cell infiltrates. Thus, although cytokine profiles are used in 144 

basic research, they do not aid routine diagnostics. 145 

Furthermore, for some diseases such as AD, several endotypes have been proposed that cannot 146 

be distinguished by conventional diagnostics.8 In PSO and AD, overlapping phenotypes have 147 

been described, thus resulting in misdiagnosis; these phenotypes are sometimes referred to as 148 

psoriasiform eczema, eczematous PSO or sebopsoriasis.9,10 Furthermore, in AD, nonlesional 149 

skin shares many characteristics with lesional skin, such as barrier defects and T cell infiltrates, 150 

and can be as pruritic as lesional skin.9-11 Thus, an improved minimally invasive toolbox would 151 

be very desirable to detect inflammatory patterns for more accurate diagnosis. 152 
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Current options to characterize inflammatory skin diseases are based on molecular disease 153 

classifiers at the genetic level or through omics.14,15 These procedures generally require skin 154 

biopsies and are time-consuming and costly. We hypothesized that classification and diagnosis 155 

of inflammatory skin diseases might be performed on the basis of protein expression rather 156 

than genetic or transcriptomic analyses. We further hypothesized that quantifying individual 157 

proteins (including cytokines and chemokines) as well as other soluble components in the 158 

intercellular space might enable disease profiling, thus allowing invasive skin biopsies to be 159 

avoided in the future. 160 

To collect samples for minimally invasive extracellular protein-analysis, we performed 161 

microdialysis of the skin. The procedure involves penetrating the patient’s dermis with a 162 

semipermeable polycarbonate membrane and subsequent perfusion. Relevant soluble 163 

components penetrate through pores into the dialysate.14-16 Microdialysis causes little pain, 164 

leaves no scar, and can be repeated in the same location, in contrast to punch biopsies of the 165 

skin. We demonstrate the feasibility of skin microdialysis as a minimally invasive diagnostic 166 

tool for profiling the inflammatory skin diseases AD, PSO, and prurigo nodularis (PN). 167 

Furthermore, by comparing lesional with non-lesional skin of patients and with skin of healthy 168 

controls, we propose disease markers (cytokines and chemokines) locally at the protein level.  169 Jo
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Patients and Methods 170 

After obtaining informed consent, we performed skin microdialysis on 26 volunteers with AD 171 

(n=6), PSO (n=7) or PN (n=6), and healthy controls (n=7). Additional patient samples of three 172 

patients with prurigo simplex subacuta were used for generating the proteomics library. The 173 

Eczema Area and Severity Index (EASI) was determined for all patients with AD, and the 174 

Psoriasis Area and Severity Index (PASI) was determined for all patients with PSO before the 175 

microdialysis procedure. In all patients, Dermatology Life Quality Index (DLQI) was 176 

evaluated, and pruritus was assessed on an 11-point Visual Analogue Scale. This study was 177 

conducted in accordance with the World Medical Association Declaration of Helsinki and 178 

reviewed and approved by the local ethics committee, approval number 31/11/17. 179 

 180 

Skin microdialysis 181 

The microdialysis procedure was performed as previously described.16 Catheter tubes were 182 

custom-made in the laboratory of MSc. Catheters were hollow fibers (0.4 mm in diameter with 183 

a pore-size cut-off of 3,000 kDa). Patients were seated in a comfortable position in a 184 

temperature- and humidity-controlled environment for at least 20 minutes before the start of 185 

the procedure (Figure S1A). Subsequently, a 25-gauge cannula connected to the hollow fiber 186 

and an attached flexible tube were prepared in a germ-reduced environment (Figure S1B). The 187 

cannula was inserted intradermally over a distance of 1 cm at the area of interest located on an 188 

extremity, primarily the upper arm (lesional skin; nonlesional skin, i.e., skin without visible 189 

lesions; or skin of healthy controls) (Figure S1C, D) and the attached hollow fiber was threaded 190 

through the skin. This procedure was generally well tolerated, and no local anesthesia was 191 

required. The correct intracutaneous positioning of the catheter was verified, and the needle 192 

was detached from the catheter by cutting the catheter at the outflow side (Figure S2A). 193 

Ringer’s solution (B. Braun SE, Melsungen, Göttingen) was perfused at a rate of 5 µl/min with 194 
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a syringe pump (CMA 4004, Harvard Apparatus, USA) via a Tygon tube (Novodirekt, Kehl, 195 

Germany). A microcentrifuge tube (1.5 ml) was positioned just below the loose end of the 196 

catheter to collect the dialysate (Figure S2B). In the 40-minute sampling period, two dialysate 197 

samples were collected, one every 20 minutes. 198 

 199 

Proteomics mass spectrometry sample preparation 200 

For proteomics analysis, samples from six patients with AD, seven patients with PSO, four 201 

patients with PN and seven healthy controls were available. Two samples from patients with 202 

PN could not be included because of technical issues. For each disease, lesional and nonlesional 203 

dialysates were evaluated in technical duplicates. Proteins were extracted, purified and digested 204 

with tryptase according to a magnetic bead-based SP3 protocol.19 Digested peptides were dried 205 

in a SpeedVac instrument and stored at -20°C until further analysis. For generation of a peptide 206 

library, equal aliquots from each sample were pooled to a total amount of 200 µg and separated 207 

into 12 fractions with basic pH reverse phase C18 separation on an FPLC system (äkta pure, 208 

Cytiva, Marlborough, MA, USA) with a 36/3 staggered pooling scheme. All samples were 209 

spiked with a synthetic peptide standard used for retention time alignment (iRT Standard, 210 

Schlieren, Switzerland).  211 

Protein digests were analyzed on a nanoflow chromatography system (Eksigent nanoLC425) 212 

connected to a hybrid triple quadrupole-TOF mass spectrometer (TripleTOF 5600+) equipped 213 

with a Nanospray III ion source (ion spray voltage 2400 V; interface heater temperature 150°C; 214 

sheath gas setting 12) and controlled by Analyst TF 1.7.1 software build 1163 (all AB Sciex, 215 

Framingham, MA, USA). In brief, peptides were dissolved in loading buffer (2% acetonitrile 216 

and 0.1% formic acid in water) to a concentration of 0.3 µg/µl. For each analysis, 1.5 µg protein 217 

was enriched on a self-packed precolumn (0.15 mm ID × 20 mm, Reprosil-Pur120 C18-AQ 5 218 

µm, Dr. Maisch, Ammerbuch-Entringen, Germany) and separated on an analytical RP-C18 219 
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column (0.075 mm ID × 200 mm, Reprosil-Pur 120 C18-AQ, 3 µm, Dr. Maisch) with a 100 220 

min linear gradient of 5–35% acetonitrile/0.1% formic acid (v:v) at 300 nl min-1. 221 

Samples were normalized to same protein amounts loaded onto the LC/MS/MS system prior 222 

to analysis and using a Total Area Sums approach following protein quantitation. Qualitative 223 

LC/MS/MS analysis was performed with a top 30 data-dependent acquisition method with an 224 

MS survey scan of m/z 380–1250 over 250 ms, at a resolution of 35000 full width at half 225 

maximum (FWHM). MS/MS scans of m/z 180–1500 were accumulated over 100 ms at a 226 

resolution of 17,500 FWHM and a precursor isolation width of 0.7 FWHM, thus resulting in a 227 

total cycle time of 3.4 s. Precursors above a threshold MS intensity of 200 cps with charge 228 

states of 2+, 3+ and 4+ were selected for MS/MS. The dynamic exclusion time was set to 15 s. 229 

MS/MS activation was achieved by CID with nitrogen as a collision gas and the manufacturer’s 230 

default rolling collision energy settings. Two biological replicates per sample were analyzed to 231 

construct a spectral library. 232 

For quantitative SWATH analysis, MS/MS data were acquired with 100 variable size 233 

windows20 across the 400–1200 m/z range. Fragments were produced with rolling collision 234 

energy settings for charge state 2+, and fragments were acquired over an m/z range of 180–235 

1500 for 40 ms per segment. Inclusion of a 250 ms survey scan resulted in an overall cycle 236 

time of 4.3 s. Two replicate injections were acquired for each of the two biological replicates 237 

of the four samples. 238 

Protein identification was performed in ProteinPilot Software version 5.0 build 4304 (AB 239 

Sciex) with “thorough” settings. All MS/MS spectra from qualitative analyses were searched 240 
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against the UniProtKB Homo sapiens reference proteome (revision 01-2020) augmented with 241 

a set of 51 known common laboratory contaminants. 242 

SWATH peak extraction was achieved in PeakView Software version 2.1 build 11041 (AB 243 

Sciex) with the SWATH quantification microApp version 2.0 build 2003. After retention time 244 

correction on endogenous peptides spanning the entire retention time range, peak areas were 245 

extracted with information from the MS/MS library.21 The resulting peak areas were then 246 

summed to peptide and finally protein area values, which were used for further statistical 247 

analysis.  248 

 249 

Multiplex-electrochemiluminescence assay 250 

Frozen, undiluted samples were thawed and measured with a customized U-Plex assay (Meso 251 

Scale Discovery, Rockville, MD, USA) featuring three multiplex plates. Plate 1 contained 252 

TNF-, IFN-, IL-1β, IL-10, IL-4, IL-13, IL-5, IL-8, IL-6, and MIP 3; plate 2 contained IL-253 

12/IL-23p40, TARC, MDC, MCP-1, MCP-4, Eotaxin, Eotaxin-3, MIP 1 and MIP 1β; and 254 

plate 3 contained IL-31, TSLP, IL-22, IL-23, and IL-17A/F. Measurements were conducted on 255 

a MESO QuickPlex SQ 120 MM (Meso Scale Discovery) according to the manufacturer’s 256 

instructions. One healthy control sample could not be analyzed. The detection limits can be 257 

found in the supplements (Table S1, Table S2). 258 

 259 

scRNA-seq  260 

Single cell RNA sequencing data from previous studies from five patients with AD, seven 261 

patients with PN and three healthy controls were used.22 In addition, sequencing data from 262 

three patients with PSO were acquired via Gene Expression Omnibus (GSE162183).23 For the 263 

AD, PN and healthy control samples, skin punch biopsies were dissolved with a skin 264 

dissociation kit from Miltenyi Biotech for cell isolation. 265 
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The isolated cells were immediately processed for single-cell RNA sequencing (scRNA-seq) 266 

with a Chromium Single Cell Controller and Single Cell 5ʹ Library & Gel Bead Kits from 10X 267 

Genomics, Pleasanton, CA, USA. The CellRanger pipeline version 6.1.2 was used for aligning 268 

the reads to the GRCH38 human reference genome. The expression matrix was loaded into the 269 

Seurat package version 4.3.0 for further downstream analyses. Cells with a high percentage of 270 

mitochondrial genes (> 12%) and either a very low (< 500) or a high number (> 6000) of unique 271 

genes (nFeature_RNA) were filtered out. Doublets were excluded with doubletFinder version 272 

2.0.3. Integration via feature selection and identification of integration anchors was applied. 273 

The standard Seurat workflow was applied to process the samples, including principal 274 

component analysis (PCA) to identify 20 relevant dimensions through an elbow plot; 275 

subsequently, unsupervised clustering was performed with a resolution of 0.5. Cluster 276 

visualization was performed with Uniform Manifold Approximation and Projection (UMAP).  277 

 278 

Statistical analyses 279 

 280 

Statistical analysis of proteomics data 281 

Data from the two available technical replicates were averaged for each biological replicate 282 

and used as representative values. PCA was performed on summed protein peak areas, and the 283 

first two principal components were visualized in a scatter plot. Groupwise multivariate t-284 

distributions were fit to the principal components, and ellipses corresponding to the 95% 285 

quantiles were overlaid. Lesional samples were compared with nonlesional samples with paired 286 

t-tests and compared with control samples with Welch’s t-test. The resulting p-values were 287 

adjusted for multiple testing with Benjamini-Hochberg correction to control for the false 288 

discovery rate. Standardized values of all proteins significantly differentially expressed in any 289 

pairwise comparison were displayed (as z-scores) in a clustered heatmap. Clustering of samples 290 
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and proteins was performed via hierarchical clustering with complete linkage and the Euclidian 291 

distance of the standardized expression profiles. Functional enrichment in Gene Ontology (GO) 292 

biological process terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways 293 

was assessed with gene set enrichment tests implemented in clusterProfiler (version 4.6.2).24 294 

The gene list was ordered by sign (test statistic) × (-log10(p value)). All gene sets with values 295 

between 10 and 500 were tested. The resulting enrichment scores and p values are reported. P-296 

values were additionally adjusted for multiple testing with Benjamini-Hochberg correction to 297 

control for the false discovery rate.25 298 

 299 

Statistical analysis of multiplex-electrochemiluminescence cytokine data 300 

Calculations, graphs and comparisons between the lesional samples of each disease group and 301 

healthy control skin and between lesional and non-lesional samples within each disease were 302 

done on relative effects and tested for significance using the non-paired or paired version of 303 

the permutation-based Brunner-Munzel-Test26 in R (version 4.2.1, R Foundation for Statistical 304 

Computing, Vienna, Austria). For statistical calculations, values below the determination range 305 

were set to zero. 306 

 307 

Statistical analysis of single-cell RNA-seq data 308 

The significance level was set to alpha = 5% for all statistical tests. All analyses were performed 309 

in R statistical software (version 4.2.1, R Foundation for Statistical Computing, Vienna, 310 

Austria). Benjamini-Hochberg correction was applied for analyses of single cell RNA 311 

sequencing data. 312 

  313 
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Results  314 

Proteomics analysis of microdialysate reveals abnormalities in nonlesional skin of 315 

patients with AD  316 

Mass spectrometry-based proteome profiling was performed on six participants with AD, seven 317 

with PSO, four with PN and seven healthy controls (Table 1). Across all samples, 793 proteins 318 

were identified, of which 702 were regularly quantified (Table S3). Volumes and total protein 319 

content of microdialysates did not differ significantly between the groups (Figure S3). After 320 

subtraction of proteins attributable to blood microparticles, according to their GO annotations, 321 

517 proteins qualified for further analyses (Figure 1). Among the most differentially expressed 322 

gene products were oxysterol binding protein like 1A (OSBPL1A), serpins (SERPINB9 and 323 

SERPINA1), S100 proteins (S100A7A, S100A8, and S100A9), fatty acid binding proteins 324 

(FABP4, FABP5), and collagen (COL1A1) (Figure S4). PCA of the proteomics data indicated 325 

overlap of lesional and nonlesional samples from patients with AD and healthy control 326 

samples. In PN and PSO, the nonlesional samples overlapped with the control samples, 327 

whereas lesional samples showed a greater variation, with distinct principal components with 328 

respect to both nonlesional samples and healthy control samples (Figure 2a). We performed 329 

further investigation by hierarchical clustering of differentially abundant proteins in lesional 330 

skin, nonlesional skin and healthy control skin for all three diseases. For PSO and PN, lesional 331 

samples tended to cluster, whereas nonlesional samples overlapped with samples from healthy 332 

controls. For AD, no such clustering was observed (Figure 2b). Correlation of proteomic data 333 

with clinical parameters such as PASI/EASI or pruritus intensity did not reveal significant 334 

associations (data not shown).  335 

We next analyzed differentially abundant proteins from groupwise comparisons for functional 336 

enrichment of the top 20 GO biological processes and KEGG pathways. Three of the top 20 337 

enriched GO annotations (NAD metabolic process; regulation of secretion by cell; and pyruvate 338 
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metabolic process) overlapped between lesional AD vs. control skin, and lesional vs. 339 

nonlesional AD skin (Figure 3, Tables S4 and S5). Healthy control samples vs. lesional and vs. 340 

nonlesional AD samples shared only one of the top 20 enriched GO annotations (regulation of 341 

hormone levels; Tables S5 and S6). The KEGG pathways enriched between lesional and 342 

nonlesional AD skin almost completely overlapped with those in healthy control skin (Figure 343 

3a, Tables S13–15). In PSO, six of the top 20 GO annotations were significantly 344 

overrepresented in lesional skin compared with both nonlesional skin and healthy control skin. 345 

The enriched terms included cellular response to stress (Figure 3, Tables S7 and S8). 346 

Correspondingly, 15 of 20 KEGG pathways were enriched in lesional skin compared with 347 

either nonlesional skin or healthy control skin (Tables S16–18). Nonlesional PSO skin was 348 

characterized by one overlapping GO annotation also present in lesional skin, but no KEGG 349 

pathways overlapped (Figure 3b, Tables S7–9, S16–18). Similar results were found for PN, for 350 

which five of the top 20 GO annotations were enriched in lesional skin compared with either 351 

nonlesional skin from the same patients or healthy control skin. In nonlesional PN skin vs 352 

healthy control skin, no GO annotation was significantly enriched with respect to lesional skin 353 

(Tables S10–12). Likewise, whereas five KEGG pathways were enriched in comparisons of 354 

lesional PN with either nonlesional PN or healthy control skin, no KEGG pathway was 355 

simultaneously enriched in nonlesional PN vs control skin and in lesional PN (Figure 3c, Tables 356 

S19–21).  357 

 358 

Levels of extracellular cytokines IL12p40, IL-22, IL-8 and MCP-1 may be suitable disease 359 

markers 360 

Most customized multiplex cytokine measurements of microdialysis samples were below the 361 

lower detection limit (full list of cytokines and corresponding values within the determination 362 

range in Table S2). IL12p40, IL-22, IL-8 and MCP-1 were widely identified in lesional skin of 363 
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diseased patients. In healthy controls, almost all cytokine measurements were below the 364 

detection limit. In patients with PSO, IL12p40 was significantly elevated in lesional skin 365 

compared with both nonlesional skin and healthy control skin (p=0.031 and p=0.009, Figure 366 

4a). In AD and PN, IL12p40 abundance did not differ significantly. IL-22 was significantly 367 

elevated in lesional PSO skin compared with both nonlesional or healthy control skin (p=0.047 368 

and p=0.001, respectively, Figure 4b). Again, no significant results were found for AD or PN. 369 

IL-8 was significantly elevated in PSO lesional skin compared with both nonlesional skin and 370 

healthy control skin (p=0.047 and p=0.001, respectively; Figure 4c). In AD, IL-8 was equally 371 

significantly elevated in lesional skin compared with both nonlesional and healthy control skin 372 

(p=0.031 and p=0.001, respectively). In PN, lesional skin significantly differed from healthy 373 

control skin (p=0.002) but not from nonlesional skin. MCP-1 was significantly elevated in skin 374 

lesions of patients with PSO compared with both nonlesional skin and healthy control skin 375 

(p=0.016 and p=0.001, Figure 4d). In AD, MCP-1 was significantly elevated in lesional skin 376 

only when compared to healthy control skin (p=0.005) but not to nonlesional skin. Again, no 377 

significant differences were found in the samples of patients with PN. TSLP was elevated, 378 

although not statistically significantly, in lesions of three patients with PSO, but was below the 379 

detection limit in corresponding nonlesional samples (Figure S5). Individual samples contained 380 

IL-1β, MCP-4 or MDC, but their patient sample size with positive results was too low to yield 381 

statistically relevant results (Figures S6–8). 382 

 383 

Identical cellular origin of cytokines in AD, PSO and PN in integrated single-cell RNA-384 

seq data from skin biopsies 385 

Single-cell RNA sequencing data revealed that CCL2 (MCP-1) was produced by various cells 386 

including endothelial cells, fibroblasts, epithelial cells and smooth muscle cells (Figure 5). 387 

CXCL8 (IL-8) was produced primarily by antigen-presenting cells in diseased and healthy 388 
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participants. We observed no evidence of IL22 transcripts in single-cell RNA sequencing data 389 

of healthy individuals. In AD, PN and PSO, IL22 originated from lymphocytes. IL12B was not 390 

detected via RNA-seq.  391 
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Discussion  392 

The main goal of this study was to assess skin microdialysis as a diagnostic tool for profiling 393 

various inflammatory skin diseases. We identified patterns associated with the investigated 394 

diseases. Our findings suggest that pathophysiological changes in PSO and PN are limited to 395 

the inflammatory lesions, whereas skin alterations in patients with AD also affect nonlesional, 396 

non-inflamed skin. These data are consistent with previous research findings indicating that 397 

hallmarks of AD inflammation occur before, and persists after, clinically visible inflammation 398 

has subsided.11,27–29 399 

The second focus of this study was to identify unique protein disease profiles locally in skin 400 

lesions through comparisons of skin from patients with AD, PSO or PN versus healthy control 401 

skin. Using microdialysis, we found oxysterol-binding protein-related protein 1 (OSBPL1A) 402 

expression was more than tenfold higher in AD compared to PN. Previous research found it 403 

decreased in PSO.30 Contrary to this, alpha-1 type I collagen (COL1A1) was more than three-404 

fold increased in PN compared to AD or healthy control skin, reflecting fibrotic processes and 405 

previous findings from single cell analyses.22 We detected 7-to-23-fold increased levels of  406 

S100 proteins type A7, A8, and A9 in PSO compared to healthy control skin, as expected from 407 

other methods.30 In PN, protease inhibitors of the serpin family were downregulated, while 408 

serpin B9 was upregulated more than 5-fold in PSO. In all three diseases, fatty acid binding 409 

protein (FABP) 5 was upregulated at the expense of FABP 4, which was downregulated.   410 

In our study, comparisons of cytokine expression profiles were not possible through proteomics 411 

analyses, because the resolution of our proteomics approach was insufficient to detect many 412 

known cytokines, despite the above-mentioned sample processing steps. Of note, other 413 

methods of in situ transcriptome and proteome analyses also did not register elevated levels of 414 

already known central disease mediators in lesional skin, for example IL-17 or IL-23.31,32 415 

Furthermore, performing microdialysis on inflamed skin often yielded blood-contaminated 416 
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dialysates. Visible blood contamination was most prominent in PSO and PN lesions and was 417 

mostly absent in nonlesional skin and healthy control skin. Therefore, we subtracted proteins 418 

attributable to blood microparticles in our statistical analysis. However, blood contamination 419 

due to microlesions seems an inherent problem with this method for analyses of skin with high 420 

vascularization, such as PSO skin. 421 

Consequently, we performed protein analyses with the microdialysates by highly sensitive 422 

electrochemiluminescence assays. Most assayed cytokines were below the detection limit, 423 

possibly because we used the second collection vial obtained during microdialysis. Relevant 424 

amounts of cytokines might have been washed out during the first 20 minutes, thus resulting 425 

in a lower protein concentration in the second collection vial. Key factors determining the 426 

protein concentration in the dialysate are rate of release, binding to high affinity receptors in 427 

tissue33 and the diffusion rate in the tissue toward the dialysis membrane, which is lower for 428 

larger proteins. Indeed, upregulation of IL4R on fibroblasts in AD has been demonstrated by 429 

single cell transcriptomics34 and therefore upregulation of receptors might have decreased 430 

cytokine availability at the microdialysis catheter. We already attempted to account for low 431 

protein concentrations by using an assay with high sensitivity (electrochemiluminescence) 432 

requiring small sample sizes. This process enabled us to analyze all cytokines without dilution. 433 

The cytokines yielding statistically relevant results included IL-12B, IL-22, CXCL8 and MCP-434 

1. Previous research indicated that IL12B (equivalent to IL-12p40) and IL-1 can be used as 435 

biomarkers to guide PSO therapy35, and IL-12B can be used to predict disease progression.36 436 

We found that IL-12p40 was specifically enriched in PSO lesions, and we verified the presence 437 

of IL-1 in some of the PSO samples, thus validating our measurements. We further observed 438 

MCP-1 (CCL2) elevation in PSO lesions compared with nonlesional or healthy control skin, 439 

and in AD samples compared with healthy control samples. MCP-1 is a monocyte 440 

chemoattractant protein secreted by various cells including keratinocytes. Its receptor, CCR2, 441 
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is expressed on the surfaces of monocytes, and MCP-1 levels are elevated in PSO, AD and 442 

other skin disorders,37 and show broad upregulation in fibroblasts, keratinocytes and 443 

pericytes,34 in agreement with our findings. CXCL8 (IL-8), a chemoattractant for neutrophils, 444 

is secreted primarily by antigen-presenting cells. In inflammatory conditions, IL-8 may also be 445 

secreted by keratinocytes after stimulation with IL-17A, and its expression is regulated by IL-446 

36, among other cytokines.32-34 Correspondingly, in accordance with previous literature,41 447 

CXCL8 was elevated in lesional samples of all three diseases studied here. Little research has 448 

described the role of CXCL8 in PN. One recent study has indicated CXCL8 elevation in PN 449 

lesions compared with AD lesions through transcriptomic analysis.42 To our knowledge, this 450 

study reports the first data on lesional IL-8 protein levels. In accordance with previous research, 451 

we found that IL-8 levels were elevated in lesional skin of both AD and PN. However, we were 452 

unable to confirm higher levels in PN lesions than AD lesions, thus extending previous 453 

results.42 Most cytokines were scarce in our PN samples, and statistically significant 454 

differences were rarely observed, possibly because of an insufficient number of patients with 455 

PN or because extracellular cytokine levels are generally lower in PN than in other diseases 456 

such as PSO. Furthermore, IL-22, originating from lymphocytes, was elevated in cytokine 457 

measurements of PSO. Greater IL-22 levels in PSO than in healthy control skin were expected, 458 

according to the current pathophysiological understanding of the disease.43 These 459 

considerations demonstrated the integrity of our data. Unfortunately, none of the observed 460 

parameters could serve as a novel biomarker to distinguish the three diseases or support disease 461 

classification. Furthermore, proteomics may not be an ideal tool to detect cytokines, and other 462 

tools might be necessary, such as transcriptomics and ELISA. Although extracellular cytokine 463 

levels should reflect the type and acuity of inflammatory responses most accurately, paracrine 464 

and autocrine signaling combined with an extensive capacity of high affinity receptors might 465 

critically decrease the spillover captured by the microdialysis membrane. Thus, the integrated 466 
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approach of microdialysis combined with scRNA-seq appears promising. Further research may 467 

combine these techniques within the same patient and additionally focus on the poorly 468 

understood role of CXCL8 in PN.  469 

The main limitation of this study is its small sample size. The sample size did not allow 470 

differentiating different disease severities or other clinical features of the analyzed lesions. In 471 

future studies, including different molecular subtypes of AD, such as type 2 high and type 2 472 

low AD, might be beneficial, because these subtypes differ in their cytokine expression 473 

profiles.6 Nummular eczema has been suggested to be a variant of AD with a codominant 474 

Th2/Th17 immune response; therefore, the researched diseases might have broad and partly 475 

overlapping cytokine expression profiles.44 Such overlap was reflected in our data. In addition, 476 

some patients with AD may have high IL-31 levels.45 Lesional skin of different patients with 477 

AD did not cluster well, in contrast to samples from patients with PSO. Not only disease 478 

subtypes but also the timing of the microdialysis procedure may influence the results. 479 

Inflammatory lesions undergo transformation over time. Type 3 immune responses, as seen in 480 

PSO, for example, show high plasticity. Over time, type 3 related cells shift toward IFN-γ 481 

production, away from type 3 immunity.2 Disease endotypes and time-dependent plasticity 482 

might explain why certain cytokines, such as thymic stromal lymphopoietin (TSLP), were 483 

elevated in lesions in only some of our patients. Keratinocyte-derived TSLP is a prominent 484 

protein inducing Th2 polarization via DCs in the skin.46 However, TSLP has been found to be 485 

elevated in PSO and associated with its pathophysiology.41-43 This finding may also explain the 486 

failure of clinical trials of an antibody to TSLP for treatment of AD. 487 

In conclusion, microdialysis is a promising method through which lesional and nonlesional 488 

skin samples can be analyzed, even repetitively. This method yields fluids that can be used for 489 

proteomics analyses and protein measurements. However, we did not find evidence that 490 

microdialysis can easily differentiate inflammation profiles of different skin diseases. CXCL8 491 
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is elevated in PN, a finding not previously reported. In PN and PSO, inflammation may be 492 

limited to lesional skin, whereas in AD, nonlesional skin shows characteristics of lesional skin. 493 

Thus, microdialysis may serve as a valuable tool for further understanding the pathophysiology 494 

of chronic inflammatory skin diseases. 495 
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Table  641 

 642 

Participant Age DLQI VAS10 

(Itch) 

Score Proteomics MSD 

Atopic dermatitis (AD, n = 6) EASI 

AD (1) 36 16 8,5 34,9 yes yes 

AD (2) 79 8 2 13,4 yes yes 

AD (3) 60 15 2 18,5 yes yes 

AD (4) 24 11 6 14,6 yes yes 

AD (5) 21 11 0 16,6 yes yes 

AD (6) 24 8 6 4,8 yes yes 

Psoriasis vulgaris (PSO, n = 7) PASI 

PSO (1) 60 15 8 24,8 yes yes 

PSO (2) 55 23 8 22,1 yes yes 

PSO (3) 38 29 10 20,9 yes yes 

PSO (4) 54 23 3 5,1 yes yes 

PSO (5) 64 14 5,5 10,1 yes yes 

PSO (6) 73 13 6 4,8 yes yes 

PSO (7) 28 - 6 14,6 yes yes 

Prurigo nodularis (PN, n = 6)  

PN (1) 62 12 6  yes yes 

PN (2) 70 7 7  yes yes 

PN (3) 66 7 8  yes yes 

PN (4) 57 22 8,5  yes yes 

PN (5) 62 18 7  - yes 

PN (6) 82 10 7  - yes 

Controls (C, n = 7)    

C (1) 42 1 0   yes yes 

C (2) 51 0 0   yes yes 

C (3) 47 1 2   yes yes 

C (4) 25 0 0   yes yes 

C (5) 34 0 1   yes yes 

C (6) 71 0 0   yes yes 

C (7) 37 0 0   yes - 

Table 1: Patient characteristics 643 
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Figure Legends 644 

 645 

Fig. 1.  646 

Outline. Recruited participants with their respective condition are depicted at the top. Below 647 

are the processes of proteomic (left) and multiplex-electrochemiluminescence (right) 648 

analyses.  649 

 650 

Fig. 2.  651 

Lesional skin in psoriasis vulgaris (PSO, n=7) and prurigo nodularis (PN, n=4) but not in 652 

atopic dermatitis (AD, n=6) differs from nonlesional skin and skin of healthy controls 653 

(n=7). (a) Shows the proteomics data visualized through principal component analysis (PCA) 654 

and ellipses corresponding to the 95% quantiles of fitted groupwise multivariate t-distributions. 655 

Grey depicts controls, red represents AD, lilac illustrates PSO and PN was colored green. In 656 

each PCA, the darker color represents lesional skin whereas the lighter color symbolizes 657 

nonlesional skin. (b) Shows a heatmap of a hierarchical clustering encompassing all values that 658 

are significantly differing between lesional, nonlesional and/or control skin for AD (left), PSO 659 

(middle) and PN (right). In the hierarchical clustering, black depicts lesional skin, white 660 

represents nonlesional skin and grey represents the healthy controls. The z-value is visualized 661 

on a continuous color scale from blue (-4) via white (0) to red (4). 662 

 663 

Fig. 3.  664 

Proteins overexpressed in lesional skin vs nonlesional skin overlap in enriched GO 665 

annotations and KEGG pathways with lesional skin vs healthy controls in both psoriasis 666 

vulgaris (PSO) and prurigo nodularis (PN). Groupwise comparisons of lesional vs 667 

nonlesional, lesional vs control as well as nonlesional vs control samples from the proteomics 668 

data. Significantly over- or underexpressed proteins in these comparisons were analyzed with 669 

regard to overlaps in their top 20 enriched GO annotations (left) and top 20 enriched KEGG 670 

pathways (right) and visualized in Euler diagrams. 671 

 672 

Fig. 4.  673 

IL-22 and MCP-1 measured by electrochemiluminescence assay are overexpressed in 674 

PSO lesional skin vs nonlesional skin (n=7) and vs healthy controls (n=6) but not in 675 

lesional vs nonlesional AD (n=6) or PN (n=6) skin. (a) IL-12p40, (b) IL-22 (c) IL-8 and (d) 676 
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MCP-1 graphs per disease group and subcategorized into lesional (L) and nonlesional (nL) 677 

skin. Comparisons between the L samples of each disease group and controls and between L 678 

and nL samples within each disease were done on relative effects and tested for significance 679 

using the non-paired or the paired version of the permutation-based Brunner-Munzel-Test: **p 680 

< 0.01; *p < 0.05. 681 

 682 

Fig. 5.  683 

Single cell RNAseq data revealed that Il-22 originated from lymphocytes and IL-8 684 

originated from antigen-presenting cells. (a) Uniform Manifold Approximation and 685 

Projection for Dimension Reduction (UMAP) plot (140363 cells) of integrated single-cell RNA 686 

sequencing data. Based on differential expressed genes multiple cell cluster were identified: T 687 

cells (T1, T2), NK cells, antigen-presenting cells (DC1,DC2), mast cells (MC), melanocytes 688 

(MEL), smooth muscle cells (SCM1, SMC2), blood vascular endothelial cells (BEC1, BEC2, 689 

BEC3), lymphatic endothelial cells (LEC), fibroblasts (FB1, FB2, FB3, proliferative FB 690 

[FBpro]), sebaceous gland cells (SG), Keratinocytes (KC1, KC2, KC3, KC3, KC5, 691 

proliferative KC [KCpro]). Feature plot of proliferating cells marked by MKI67 expression. 692 

(b) Dot plot of the hallmark transcripts expressed by the identified clusters. (c) Bar chart 693 

depicting the relative proportion of cells from each disease in every cluster. (red = atopic 694 

dermatitis [AD] (n=5), blue = psoriasis vulgaris [PSO] (n=3), orange = prurigo nodularis [PN] 695 

(n=7), grey = control [C]) (n=3) (d) Feature plots showing the MCP-1 (CCL2), Il-8 (CXCL8), 696 

IL-22, and IL-12p40 (IL-12B) producing cells in healthy controls, AD, PN, and PSO. 697 

 698 Jo
urn

al 
Pre-

pro
of



Hollstein et al. Figure 1

(AD)

Atopic 
Derma��s vulgaris

Psoriasis
( )PSO

Prurigo
nodularis (PN)

Controls
(C)

lesional
n=6

nonlesional
n=6

n=6 n=7 n=6 n=7

lesional
n=7

nonlesional
n=7

lesional
n=6

nonlesional
n=6

regular skin
n=7

1st vial: 0-20 min 2nd vial: 21-40 min

AD 6
PSO 7
PN 4
C 7 A

n
al

yz
ed

 
p

ar
�

ci
p

an
ts

Technical 
replicate 1

Technical 
replicate 2

24 proteins analyzed 
(by electrochemoluminescence)

Plate 1
IL-17
IL-22
IL-23
IL-31
TSLP

Sta�s�cal comparisons 
(paired and non-paired)

Plate 2
IFN-γ

MIP-3α
IL-5

IL-1β
IL-10
TNF-α
IL-8
IL-4
IL-6

IL-13

Plate 3
Eotaxin

Eotaxin_3
IL-12p40

MCP-1
MCP-4

MDC
MIP-1α
MIP-1β
TARC

Proteomics Mul�plex-Assay

A
n

alyzed
 

p
ar�

cip
an

ts

517 proteins qualified

Set enrichment analysis

Go-
Annota�ons

KEGG-
Pathways

793 proteins iden�fied

702 proteins quan�fied

Subtrac�on of proteins a�ributable 
to blood micropar�cles

6AD

PSO 7
PN 6
C 6

Jo
urn

al 
Pre-

pro
of



Hollstein et al. Figure 2

ADa

b

PSO PN

AD PSO PN

0.250.00
PC1 (15.69%) PC1 (15.69%)

-0.25-0.50
-0.6

-0.3

0.0

0.3

P
C

2 
(8

.8
%

)

PC1 (15.69%)
0.250.00-0.25-0.50

-0.8

-0.4

0.0

0.4

lesional
nonlesional
control

lesional
nonlesional
control

lesional
nonlesional
control

0.400.00-0.40-0.80

-0.25

0.00

0.50

0.25

z-score
4
0

-4

biopsy

lesional
nonlesional
control Jo

urn
al 

Pre-
pro

of



Hollstein et al. Figure 3

a    AD

b    PSO

c PN

nL vs C

L vs nL L vs C3

1 8

3

5

6

nL vs C

L vs nL

L vs C

15 nL vs C

L vs nL L vs C

5 nL vs CL vs nL L vs CnL vs CL vs nL L vs C5

nL vs C

L vs nL L vs C6

1

pyruvate

metabolic

process

regulation of 

secretion by cell

NAD metabolic

process

regulation of

hormone levels

cellular response

to stress

cellular

biosynthetic

process

positive regulation of 

biological process

Top 20 GO-Annotations Top 20 KEGG-Pathways

Jo
urn

al 
Pre-

pro
of



AD PSO PN C

L nL L nL L nL L

0

50

100

150

200

IL-12p40

AD PSO PN C

L nL L nL L nL L

0

5

10

IL-22

AD PSO PN C

L nL L nL L nL L

0

50

100

150

200

IL-8

AD PSO PN C

L nL L nL L nL L

0

50

100

150

IL
-2

2
 [

p
g

/m
l]

b

M
C

P
-1

 [
p

g
/m

l]
d

IL
-1

2
p

4
0

 [
p

g
/m

l]

a

IL
-8

 [
p

g
/m

l]

c

Hollstein et al. Figure 4

MCP-1
**

**
**

****

* *

**
**

* * *

Jo
urn

al 
Pre-

pro
of



L
y

KC

FB

BEC

APC

SM
C

LE
C

Hollstein et al. Figure 5

a

b

c

d
AD PSO

IL-12p40
IL-22

IL-8
M
CP-1

PN C

AD PSO PN C

Jo
urn

al 
Pre-

pro
of


