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Abstract 29 

Abundant polyclonal T cells infiltrate chronic inflammatory diseases and characterization of 30 

these cells is needed to distinguish disease-driving from bystander immune cells. Here, we 31 

investigated 52,000 human cutaneous transcriptomes of non-communicable inflammatory 32 

skin diseases (ncISD) using spatial transcriptomics. Despite the expected T cell infiltration, we 33 

observed only 1-10 pathogenic T cell cytokine per skin section. Cytokine expression was 34 

limited to lesional skin and presented in a disease-specific pattern. In fact, we identified 35 

responder signatures in direct proximity of cytokines, and showed that single cytokine 36 

transcripts initiate amplification cascades of thousands of specific responder transcripts 37 

forming localized epidermal clusters. Thus, within the abundant and polyclonal T cell infiltrates 38 

of ncISD, only a few T cells drive disease by initiating an inflammatory amplification cascade 39 

in their local microenvironment.  40 
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Introduction 57 

 58 

Non-communicable inflammatory diseases are based on complex interactions of predisposing 59 

genetic background and environmental triggers that collectively result in altered immune 60 

responses. Several hundred non-communicable inflammatory skin diseases (ncISD) exist, 61 

including psoriasis, atopic dermatitis (AD), and lichen planus (lichen). Despite their 62 

heterogeneity, most ncISD can be categorised according to adaptive immune pathways based 63 

on the interaction of distinct lymphocyte subsets with the epithelium(1, 2). Whereas psoriasis 64 

represents a classical type 3 immune cell mediated disease(3, 4), AD is dominated by type 65 

2(5, 6), and lichen by type 1(7, 8) immune cells. Accordingly, psoriasis can be efficiently 66 

treated with antibodies targeting cytokines of type 3 immunity, i.e., IL-17A or IL-23(9, 10). 67 

Likewise, AD is successfully treated with antibodies targeting cytokines of type 2 immune cells, 68 

such as IL-13(11, 12). However, without models to predict therapeutic responses, many 69 

patients do not respond to a given therapy. Furthermore, we lack curative approaches, since 70 

current therapies neutralize cytokines, but do not target antigen-specificity. More granular 71 

information regarding the profile, kinetics, and spatial distribution of cytokine-secreting 72 

immune cells is needed to achieve a substantial advance in addressing these challenges. 73 

 74 

Emerging molecular techniques allow analysis of mRNA expression in single-cell and spatial 75 

contexts, thus enabling deep phenotyping of relevant cell types in ncISD(13, 14). Conventional 76 

single-cell sequencing techniques require dissociation of the tissue and thereby might bias the 77 

interpretation due to loss of tissue context. Spatial transcriptomics (ST) overcomes this issue, 78 

allowing the study of the inflamed skin architecture(15, 16), but does not provide single cell 79 

resolution. Investigating disease-driving cells together with their direct responder signatures 80 

in a spatial context will offer new insights into the pathogenic microenvironment of ncISD. 81 

 82 

Here, we investigated adaptive immune responses in lesional and non-lesional skin of ncISD 83 

with spatial resolution. We observed that single transcripts of disease-driving T cell cytokines, 84 
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namely IL17A for psoriasis, IL13 for AD, and IFNG for lichen planus, initiated localized 85 

amplification cascades of specific inflammatory responder genes that collectively represent 86 

hallmarks of the respective disease pathogenesis. Thus, a few T cells drive ncISD within an 87 

abundant polyclonal infiltrate. 88 

 89 

 90 

 91 

Results 92 

 93 

To analyze the pathogenic microenvironment across multiple ST sections of non-lesional and 94 

lesional ncISD skin, we characterised the spatial transcriptomic landscape of ncISD (Fig. 1A), 95 

covering psoriasis, AD, lichen, and pityriasis rubra pilaris (PRP). This dataset included 64 96 

samples (18 lesional, 14 non-lesional in duplicates) and the transcriptomes of 52,020 spots. 97 

After removing 8,377 spots with low unique molecular identifier (UMI) counts and high 98 

mitochondrial fraction, 15,285 non-lesional and 28,358 lesional spots entered further 99 

analyses.  100 

We proposed two complementary analysis workflows. The first workflow incorporated spatial 101 

features in differential gene expression (DEG) analysis of spots containing cytokine-positive 102 

versus cytokine-negative leukocytes, followed by pathway enrichment analyses (Fig. 1B-D; 103 

Methods). The second workflow labelled cytokine-positive spots, and then used a density-104 

based clustering method to boost correlations of cytokine and responder gene signatures 105 

according to spatial features (Fig. 1E-G; Methods). This analysis led to the surprising 106 

observation that single cytokine transcripts initiated amplification cascades of thousands of 107 

specific responder transcripts, which are causative and disease driving in the tissue micro-108 

environment (Fig. 1H). We validated the results using a variety of patient cohorts and 109 

techniques such as in situ hybridisation, single-cell and bulk sequencing, 110 

immunohistochemistry, flow cytometry and cell culture analysis (Fig. 1I-N). 111 

 112 
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Low numbers of disease-driving cytokine transcripts are expressed in lesional skin of ncISD 113 

 114 

The tissue inflammation of ncISD is driven by T cell cytokines, therefore we examined the 115 

expression of the major effector cytokines driving the common ncISD psoriasis, AD, and 116 

lichen, namely IL17A, IFNG, and IL13, respectively (Fig. 2A). As expected, the number of 117 

cytokine UMI counts was low in non-lesional skin samples. However, even in lesional ncISD 118 

skin, we detected only a few cytokine transcripts (Fig. 2B-E). The spatial distribution, however, 119 

was distinct for the investigated cytokines. IL17A was detected in all layers of the lesional 120 

epidermis and was virtually absent in the dermis (epidermis vs dermis p=2.96e-13), while IFNG 121 

(epidermis + dermis 1 vs dermis 2-7 p=1.17e-37) and IL13 (basal epidermis + dermis 1 vs upper 122 

+ middle epidermis + dermis 2-7 p=0.0016) were mostly expressed in the basal epidermis and 123 

upper dermis layers (Fig. 2A, C, Fig. S1A). Taking the whole section into account, we detected 124 

only a few transcripts for IFNG, IL13 or IL17A (272, 57, or 92 UMI counts in all sections 125 

respectively) in lesional skin (Fig. 2E). 126 

We validated the low transcript numbers and low numbers of cytokine-positive cells in inflamed 127 

tissue using various ex vivo and in vitro methods. In situ hybridization identified very few 128 

cytokine-positive signals (Fig. 2F). The median number of positive cells per section for IL17A, 129 

IFNG, and IL13 mRNA were 0, 16, and 2 for psoriasis, AD, and lichen, respectively, thus 130 

confirming our observations from the ST analysis (Fig. 2G). Single-cell RNASeq analysis of 131 

psoriasis also indicated few transcripts per IL17A+ or IFNG+ cell, respectively, with a median 132 

UMI count for IL17A or IFNG of 1/ CD4+ cell and 4/ CD8+ cell (Fig. 2H-J). We also investigated 133 

a large cohort of ncISD patients using bulk RNA sequencing. Here, in a third of a 6 mm skin 134 

punch biopsy we detected a median of 0 and 7.5 IL17A transcripts/biopsy in non-lesional and 135 

lesional psoriasis skin, respectively (Fig. 2K-M). AD presented with a median IL13 UMI count 136 

of 2 and 4,5/biopsy and lichen with a median IFNG UMI count of 1 and 25,5/biopsy in non-137 

lesional and lesional skin, respectively. Immunohistochemistry and flow cytometric analysis of 138 

skin-infiltrating T cells revealed comparable numbers of cytokine-positive lymphocytes in 139 

lesional skin (histology: 13.3% IL-17A+ lymphocytes, flow cytometry: 4.2% CD4+IL-17A+, 140 
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4.9% CD8+IL-17A+ (Fig. S5A, B, C). Time course analysis showed that short T cell receptor 141 

(TCR) stimulation in vitro resulted in transient mRNA production with a peak at 10-30 minutes 142 

and a total production time of less than 6 hours. Low numbers of mRNA transcripts per cell 143 

increased with prolonged TCR stimulation (Fig. S5D). 144 

Despite their low UMI counts, cytokines showed a disease-specific expression pattern. IL17A 145 

transcripts were mostly expressed in lesional psoriasis, IFNG in lichen, and IL13 in lichen and 146 

AD (Fig. 2N-P, Fig. S2A, C) with an emphasized expression in upper skin layers (Fig. 3A, Fig. 147 

S2B, C). This held true for other disease-driving T cell cytokines such as IL17F, IL21, IL22, 148 

TNFA, IL10, and IL4 (Fig. S1B). The relative distribution of the signature cytokines confirmed 149 

that psoriasis is a type 3, AD a type 2, and lichen a type 1 immune-driven disease (Fig. 2Q, 150 

Figure S1B, C). Taken together, these findings show that low numbers of disease-specific 151 

cytokine transcripts are produced by a few T cells that have a characteristic tissue distribution. 152 

 153 

Cytokine-producing T cells and nearby cells are characterized by specific driver and responder 154 

gene signatures 155 

 156 

To specifically phenotype these cytokine-producing cells, we performed DEG analysis of spots 157 

containing cytokine-positive leukocytes compared to leukocyte spots without cytokine 158 

expression. DEGs generally consisted of T cell genes and genes induced by the cytokines in 159 

cells in close proximity, so-called responder genes. T cell genes associated with IL17A were 160 

IL17F, IL22, and IL26, and the responder signature of IL17A consisted of e.g., IL19, NOS2, 161 

S100A7A, DEFB4A, CXCL8, and IL36G (Fig. 3B, C). IFNG positive spots were characterized 162 

by genes related to type 1 immune cells, such as GZMB, FASLG, CD70, CXCR3, and CXCR6, 163 

and by IFNG-dependent response genes such as CXCL9, CXCL10, CXCL11, and CXCL13 164 

(Fig. S3A). IL13 positive spots presented themselves with differentially expressed genes 165 

associated with type 2 cells, such as IL2, IL10, and CD48, plus genes associated with their 166 

response, among them CCL17, CCL19, CCL26, and OSM (Fig. S3C). This strength of ST in 167 

revealing driver genes together with their correlating responders was further illustrated by a 168 
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pathway enrichment analysis of lead cytokine-positive spots, showing specific signatures for 169 

both inflammation-driven cell signaling and tissue reaction to inflammation (Figure 3D, Figure 170 

S3B, D).  171 

The identified immune cell driver genes were confirmed by our psoriasis scRNA-seq dataset. 172 

Here, unsupervised clustering identified distinct cell types (Fig. S4A), and disease-driving 173 

cytokines were exclusively detected in the leukocyte and antigen-presenting cell cluster (Fig. 174 

3E, Fig. S4B). Confirming the spatial dataset, most leukocyte-associated genes were also 175 

identified in the single-cell data, whereas the responder gene signatures were widely missing 176 

in the single-cell data (Fig. 3F, Fig. S4C, D).  177 

Besides identifying gene signatures specific for cytokine-producing T cells in their local 178 

microenvironment, we established a gene signature of 14 genes by combining the DEG lists 179 

of IL17A, IFNG, and IL13 to identify genes associated with general T cell activation. This 180 

signature was comprised of cytokines (IFNG, IL-22, CSF2, IL19), chemokines (CXCR6, 181 

CCL3), and further markers of T cell activation (CD80, GZMB, LILRB3, TNFRSF9, FUT7, 182 

NR4A3, G0S2, LAG3) (Fig. S3F).  183 

In essence, we identified gene signatures that define cytokine-producing T cells in lesional 184 

skin as well as responder signatures of genes induced in close spatial proximity by these 185 

cytokines in the inflammatory microenvironment. 186 

 187 

Immune response is spatially correlated with cytokine transcript number   188 

 189 

To investigate the functional relevance of the few cytokine transcripts in lesional ncISD skin, 190 

we studied the correlation between cytokine-secreting cells and their responder signatures 191 

(Fig. 1). To further corroborate the epithelial response signatures for IL17A, IFNG, and IL13, 192 

we compared the specific expression pattern of primary human keratinocytes that were 193 

stimulated with recombinant IL-17A, IFN- or IL-13 in vitro with the spatial DEGs for each 194 

cytokine. Genes that were present in both datasets were used as cytokine-specific tissue 195 

responder genes (Fig. S6). Initially, we correlated these responder gene counts with their 196 
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matching cytokine counts in all ST sections without taking the spatial resolution into account 197 

(Fig. 4A-C). IL17A and IL13 had low positive correlations with the respective responder genes 198 

(Pearson r=0.37; p=4.8e-3 and r=0.42; p=1.21e-3, respectively), and IFNG had a strong 199 

correlation with its responders (Pearson r=0.78; p=9.94e-13). Correlations between cytokine 200 

counts and counts for responder genes of a different cytokine were either non-significant or 201 

lower (Fig. S7A-C). Conditional clustering of spatial information markedly improved the 202 

correlation between cytokines and tissue response in the inflammatory microenvironment (Fig. 203 

4D-I, Methods). The responder maximum UMI counts showed a trend of being higher in close 204 

vicinity to cytokine-positive spots (Fig. 4D-F). The inclusion of the spatial information resulted 205 

in strong positive correlations for IL17A (Pearson r=0.91; p=9.61e-13), IFNG (Pearson r=0.85; 206 

p=1.56e-23), and IL13 (Pearson r=0.71; p=9.56e-4) (Fig. 4G-I). We observed a strong weighted 207 

correlation between IL17A and signature responses of IFNG and IL13 (Pearson r=0.95 and 208 

r=0.86, respectively) upon including the spatial information (Fig. S7D). This did not apply for 209 

the correlation of IFNG and IL13 and the interchanged response. Here, the relationship 210 

strength was maintained (Fig. S7E-F). 211 

In summary, regions with more cytokine transcripts had higher response signatures. 212 

Consequently, the inclusion of the spatial information and density-based clustering enhanced 213 

the biological signal for all cytokines and their response signatures. Altogether, these results 214 

provide comprehensive insights into the relationship between cytokine-expressing cells and 215 

their induced tissue response and confirm our hypothesis that a low number of transcripts is 216 

sufficient to induce pathogenic immune responses in the skin. 217 

 218 

 219 

 220 

 221 

 222 

 223 

 224 
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Discussion 225 

 226 

Causative therapies of common inflammatory skin diseases have seemed unrealistic as the 227 

diseases typically show an infiltrate of abundant and polyclonal immune cells into lesional skin. 228 

However, new molecular techniques and bioinformatic tools allow us to dissect ncISD on a 229 

new level and to undertake first steps in the development of causative therapies. Here, we 230 

investigated ncISD with spatial resolution. Namely, we explored the molecular landscape 231 

using DEG analysis and developed an algorithm to investigate the impact of cytokine-secreting 232 

cells on their direct surrounding environment. We demonstrated that a minority of immune 233 

cells actively drive the pathology of ncISD by producing low numbers of signature cytokine 234 

transcripts. Indeed, these few cytokine transcripts then translate into thousand-fold higher 235 

induction of pro-inflammatory response genes, thus forming an inflammatory 236 

microenvironment and subsequently leading to tissue damage.  237 

 238 

Despite cytokine transcripts being rare in inflamed skin, they were detectable in disease- and 239 

spatial-specific patterns. The distribution matched that of antigens previously described in 240 

ncISD. In psoriasis, cytokine-secreting leukocytes were almost exclusively found throughout 241 

the epidermis, where epidermal and melanocytic autoantigens of psoriasis are expressed, 242 

e.g., ADAMTSL5(17), LL37(18), or lipid antigens presented via CD1(12). By contrast, antigens 243 

reported in lichen are located at the interface of the basal epidermis and the upper dermis, 244 

e.g., DSG(19), and several Hom s proteins(20) as potential antigens of AD are expressed in 245 

a similar location. 246 

 247 

We characterized the cytokine-secreting cells in a tissue-dependent manner by implementing 248 

the annotations as a covariate. In the spatial context, we identified a reliable response 249 

signature of type 3 immune responses mediated by IL-17A, IL-17F, and IL-21 to be markers 250 

of oxidative stress such as NOS2, neutrophil migration such as CXCL8, and antimicrobial 251 
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peptides like S100A7A and DEFB4A. By contrast, markers of type 1 immunity were 252 

chemokines such as CXCL9(21), CXCL10, and cytotoxic markers. The role for IFN- mediated 253 

apoptosis and necroptosis in type 1 ncISD is well established(7, 8) and is reflected by the 254 

expression of FASL and GZMB in IFNG+ spots. Type 2 immunity showed the least well-255 

defined response signature, mostly built of type 2 attracting chemokines such as CCL17, 256 

CCL19, and CCL26. This signature was exclusively mediated by IL13 as IL4 transcripts were 257 

virtually undetectable in lesional skin even of AD.  258 

The amplification cascade described here explains why response genes rather than the 259 

signature cytokines themselves are currently suggested as robust biomarkers for diagnostic 260 

or theranostic purposes in ncISD. Examples are a molecular classifier for differential diagnosis 261 

of psoriasis and eczema using NOS2 and CCL27(22, 23), prediction of the response to anti-262 

IL-17 therapies in psoriasis by IL-19 levels in serum(24), as well as correlation of the severity 263 

of psoriasis with DEFB4A(25) or the severity of AD with CCL17/TARC(26). 264 

 265 

A reliable identification of disease-driving T cells and their cognate antigen might pave the way 266 

for causative treatment strategies of ncISD, e.g., antigen-specific immunotherapy. This has 267 

been attempted e.g., in AD as a global strategy with modest clinical efficacy(27), most likely 268 

because there is the need to identify disease endotypes defined by antigen-specificity of 269 

disease-driving T cells, within this heterogeneous disease. The proof-of-principle that 270 

causative therapies of ncISD are possible was made in the autoimmune blistering disease 271 

pemphigus vulgaris. Here, the causative antigen desmoglein 3 (DSG3) is identical in most 272 

patients and it is thus possible to design targeted therapies for the whole patient group. In fact, 273 

modified CAR T cell approaches neutralizing exclusively Dsg3-specific cells resulted in 274 

impressive and sustainable clinical improvements(28, 29).  275 

Our conditional density-clustering method that extracts a correlation using the spatial 276 

information of the defined clusters based on cytokine-positive spots and their shared tissue-277 

specific responders on in each tissue slice can be generalised to other diseases and tissues 278 

and represents a resource for identifying biomarkers and disease drivers. By integrating three-279 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 10, 2021. ; https://doi.org/10.1101/2021.06.10.447894doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.10.447894


dimensional spatial information using consecutive tissue sections, the algorithm could be 280 

improved to identify disease-driving networks across tissue sections from the same patient, 281 

identifying antigen-specific T cell activation and promising a more precise treatment strategy. 282 

 283 

A blueprint for successful precision medicine can be found in recent developments in 284 

oncology. Typically, tumors such as malignant melanoma are characterized by thousands of 285 

distinct mutations(30). However, few of them are actually driver mutations leading to tumor 286 

growth and metastasis(31). Targeting these driver mutations by specific targeted small 287 

molecules has led to dramatically increased survival rates of melanoma patients in recent 288 

years(32). Here, we demonstrate parallels to inflammatory skin diseases – non-cytokine-289 

secreting T cells may be seen as irrelevant bystander cells, while targeting cytokine-secreting 290 

T cells is a promising strategy for effective and potentially causative treatments of ncISD. A 291 

prerequisite is to localize these cells in the inflammatory microenvironment and to identify the 292 

specific antigen that disease-driving T cells react against, which may pave the way for 293 

precision medicine in ncISD. 294 
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Figures and Legends 339 

 340 

 341 

 342 
Figure 1: The study design highlighting the spatial transcriptomic data set, the analysis pipeline, and 343 

the validation cohorts and techniques  344 

A) ST dataset consisting of 64 spatial samples (18 patients, 36 lesional samples, 28 non-lesional 345 

samples, and four ncISD (psoriasis, atopic dermatitis (AD), lichen planus and pityriasis rubra pilaris 346 

(PRP)) resulting in 52,020 transcriptomes. Every spot in all samples was manually annotated according 347 

to tissue localization (basal-, middle-, upper epidermis, dermis 1-7). Analysis workflow including B) the 348 

assignment of each spatial spot to a tissue localization, C) differential gene expression (DEG) analysis 349 

of cytokine-positive versus cytokine-negative spots, and D) pathway analysis. For spatial correlation of 350 

cytokine-positive spots with cytokine responder genes: E) spots were labeled as cytokine or responder 351 

positive, F) clusters of cytokines and responders were defined, and G) correlation analysis was 352 

performed. H) Hypothesis expecting higher cytokine mRNA counts than observed. Low cytokine counts 353 

in ncISD were confirmed using I) in situ hybridization, J) single cell sequencing, K) bulk sequencing, L) 354 

immunohistochemistry, M) flow cytometry, and N) in vitro stimulation of human T cells 355 
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 356 
Figure 2: Low numbers of disease-driving cytokine transcripts are expressed in lesional skin of ncISD  357 

A) Representative ST sections for psoriasis with IL17A+ spots, AD with IL13+ spots, and lichen with 358 

IFNG+ spots. B, C) UMI-counts of IFNG, IL13 and IL17A expressed in the manually annotated tissue 359 

layers ‘upper, middle, and basal epidermis’ and ‘dermis depth 1-7’ in non-lesional and lesional skin of 360 

all investigated samples (n=56). GAPDH serves as a housekeeping gene (HkG). D, E) Total cytokine 361 

and GAPDH UMI counts in all non-lesional (D) and lesional (E) skin sections. F) In situ hybridization for 362 

IFNG, IL13 and IL17A in representative stainings of lichen (upper left panel), AD (upper right panel) and 363 

psoriasis (lower panel). Scale bar indicates 500 µm; circles represent Ø 55 µm. G) Quantification of 364 
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cytokine positive cells per in situ section. H-J) scRNA-seq analysis of psoriasis biopsies (n=2, 2,187 365 

cells) indicating the UMI count of IFNG (178 cells), IL13 (9 cells), and IL17A (61 cells) per cell in CD4 366 

or CD8 co-expressing cells. K-M) Bulk sequencing analysis of non-lesional and lesional lichen (n=30) 367 

(IFNG), AD (n=48) (IL13), and psoriasis (n=90) (IL17A) biopsies indicating the total UMI counts for 368 

IFNG, IL13, and IL17A, respectively, in each biopsy. N-P) UMI counts for IFNG, IL13, and IL17A in ST 369 

sections separated by disease (each dot represents one section). Q) Percentage of disease relevant 370 

cytokines in lichen, AD, and psoriasis normalised to 100%. 371 

 372 
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 373 

374 
Figure 3: IL17A transcript positive spots are characterized by Th17 markers and IL-17A tissue 375 
response genes.  376 
A) ST data spots expressing leukocyte marker genes and their location in epidermis or dermis. IL17A 377 

positive spots are highlighted in blue. B) Volcano plot analysing the gene expression profile of IL17A 378 

positive (IL17A+) versus IL17 negative (IL17A-) spots. Purple labeling indicates genes expressed in 379 

leukocytes; blue labeling indicates response genes of IL17A in the skin. Coordinates for IL17A (-380 
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37.7/89.2) are not shown. C) Violin plots of selected genes in IL17A+ and IL17A- spots indicate the 381 

general low expression of gold standard genes. D) Pathway enrichment analysis of genes co-expressed 382 

with IL17A in spatial spots. Here, the log2FC score ranges between 0.0 and -4.7 highlighting IL-17A 383 

(log2FC= -37.7) in the same colour as IL-17F (log2FC=-4.7). E) scRNA-seq analysis of psoriasis skin 384 

highlighting IL17A expression in lymphocytes (blue) in a UMAP (Uniform Manifold Approximation and 385 

Projection) plot. F) Comparison of the DEG analysis of IL17A positive spatial spots and IL17A positive 386 

single cells in a signed p-value plot. Significantly expressed genes in both data sets are shown in red. 387 

Purple and blue labeling indicates T-cell derived genes and skin response genes, respectively. IFNG is 388 

marked in orange. 389 

 390 

 391 
 392 

Figure 4: Immune response is spatially correlated with cytokine transcript number   393 

A-C) Pearson correlation between cytokine positive and responder gene positive spots per tissue slice 394 

in the epidermis where each point in the plot represents the sum of all cytokine and responder counts 395 

in a tissue sample. D-F) Tissue slices showing the representative cytokines in relation to the responder 396 

signatures for psoriasis (D), lichen planus (E), and atopic dermatitis (F). Moreover, the counts of 397 

cytokines and responders on each spot are shown and the density-based clusters are highlighted in 398 

blue and graphs connecting cytokine positive spots are shown in red. G-I) Weighted spatial correlation 399 

incorporating the spatial relation of cytokines and their response located in the epidermis. Each point in 400 

the plots represents the sum of the counts of cytokines and responders in a cluster and the size of each 401 
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point represents the number of cytokines in a cluster. The color of each spot is associated with the 402 

corresponding tissue layer. 403 

 404 

Material and Methods 405 

Resource availability 406 

Lead Contact 407 

Further information and requests for resources and reagents should be directed to and will be 408 

fulfilled by the lead contact, Stefanie Eyerich (stefanie.eyerich@tum.de) 409 

 410 

Data and Code Availability 411 

Source code is available at github: https://github.com/Chillig/ST_biostatistical_analysis. RNA 412 

sequencing data can be obtained at GEO (www.ncbi.nlm.nih.gov/geo accession number: ....). 413 

This study did not generate new unique reagents. 414 

 415 

Material Availability 416 

This study did not generate new unique reagents 417 

 418 

Experimental Models and subject details 419 

The study cohort consists of patients suffering from the non-communicable inflammatory skin 420 

diseases (ncISD) psoriasis (n=114), AD (n=52), lichen (n=35) and PRP (n=3). Gender was 421 

equally distributed in the cohort and mean age was 52,84 ± 17,48 years. Lesional and non-422 

lesional skin samples were obtained for each disease. The study was approved by the local 423 

ethical committee (Klinikum Rechts der Isar, 44/16 S) and all patients gave written informed 424 

consent.  425 

 426 

Method Details 427 

Spatial transcriptomics 428 

Tissue sectioning, staining, library preparation 429 
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After obtaining non-lesional and lesional skin biopsies (6 mm), one third of each sample was 430 

immediately snap frozen in liquid nitrogen. Samples were then stored at -80°C until 431 

cryosectioning. Upon cryosectioning, samples were equilibrated to cryostat (NX70, Thermo 432 

Fisher Scientific) chamber temperature for at least 30 min and covered in optimal cutting 433 

temperature compound (OCT). Sections were taken at 10 µm thickness at -17°C and directly 434 

placed onto the Visium Spatial Gene Expression slide (10x Genomics). Slides were processed 435 

using the Visium Spatial Gene Expression Kit (10x Genomics) following the CG000239 Visium 436 

Spatial Gene Expression Reagent Kits - User Guide RevA. Optimal experiment conditions 437 

were investigated using the Visium Spatial Tissue Optimization Kit (10x Genomics) on 438 

independent healthy, lesional and non lesional skin samples, following the CG000238 Visium 439 

Spatial Gene Expression Reagent Kits - Tissue Optimization Rev A. To perform HE staining, 440 

samples were incubated in Mayer’s Hematoxylin (Dako) for 2 min and Eosin (Sigma) for 40 s, 441 

while Bluing buffer was omitted. Sections were permeabilized for 8 or 14 min and imaged 442 

using the Metafer Slide Scanning Platform (Metasystems) or the IX73 Inverted Microscope 443 

Platform (Olympus). Raw images were processed using VSlide software (Metasystems). 444 

Libraries of the individual data sets were pooled together separately and thereafter sequenced 445 

by the National Genomics Infrastructure (NGI, Sweden) on the Illumina NovaSeq platform 446 

using the recommended 28-10-10-120 cycle read setup. 447 

 448 

Sample annotation 449 

HE images of corresponding samples were evaluated and annotated manually by two trained 450 

dermato-pathologists in a blinded manner using Loupe Browser (10x Genomics). Spots being 451 

present on tissue parts that were clearly destructed and broken off the section were marked 452 

and excluded from any further analysis. Samples were annotated for general morphology, 453 

anatomical structures, and specific cell types. Regarding general morphology, spots were 454 

categorized as “upper epidermis”, “middle epidermis”, “basal epidermis”, or “dermis”. Spots 455 

that were localised at the dermo epidermal junction were additionally marked as “interface”. 456 

To make the position of spots within the dermis comparable across the whole dataset, all spots 457 
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categorized as “dermis” were further divided into “dermis 1” to “dermis 7” indicating the depth 458 

of the dermal layer in a standardized fashion. 459 

 460 

Data processing 461 

52,020 spots were sequenced and samples were processed using 10x Visium Space Ranger-462 

1.0.0. Quality control (QC) measures were applied on 64 samples with 56 passing QC. The 463 

sections were normalised and batch correction was applied to account for variances between 464 

the slides. DEG and pathway enrichment analysis were performed. Finally, the correlation 465 

between cytokine-secreting leukocytes and cytokine-dependent responder genes was 466 

investigated via a pseudo-bulk aggregation and a spatially weighted correlation approach.  467 

Due to acute inflammation, a high mitochondrial-fraction was anticipated, thus a conservative 468 

25% cut-off was chosen. Spots with a minimum of 30 detected genes, and genes which were 469 

observed in at least 20 spots were considered. In addition, the QC enforced a minimum and 470 

maximum UMI-count of 50 and 500,000, respectively. The data were normalised using size 471 

factors calculated using the ‘scran’ R-package(33), log10 transformed, and a pseudo count of 472 

one was added to avoid log-transformation of zero(34). Highly variable genes were selected 473 

batch independently using ‘SCANPY’s’ highly_variable_gene function with flavor 474 

cellranger(35). The ST data set was batch corrected with ‘scanorama’(36) accounting for the 475 

variances between the slides. Further, the data set was dimensionally reduced by applying a 476 

principal component (PC) analysis with n_pcs=8 and embedded in a neighborhood graph with 477 

n_neighbors=15. Subsequently, the data were represented in a 2D UMAP plot. 478 

 479 

Clustering of transcriptomes 480 

The ST analysis benefited from expert annotations of dermato-pathologists, thus forming the 481 

clusters based on epidermis layers, interface and dermis depths 1-7. For the clustering of the 482 

scRNA-seq data, we leveraged the Leiden algorithm and determined the number of clusters 483 

by the maximum silhouette score, and prior knowledge, i.e. enriched marker genes in stable 484 

clusters. At a resolution of 0.1, the maximum silhouette score was 0.54.  485 
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  486 

Spatial enrichment of cytokines in specific skin layers 487 

Unnormalised count matrices, and a targeted analysis scrutinised for IL17A, IFNG, and IL13 488 

was used to analyse cytokine expression compared to a housekeeping gene, GAPDH, in ST. 489 

Cytokine expression levels were quantified within the manually curated skin layers, and 490 

significant spatial enrichments were tested with Wilcoxon signed-rank test. 491 

 492 

Differential gene expression (DEG) and pathway enrichment analysis  493 

To characterize cytokine expressing cells, leukocytes were defined by the marker genes CD2, 494 

CD3D, CD3E, CD3G, CD247, and PTPRC in the ST and single-cell datasets. Leukocytes 495 

were defined as cytokine-positive if at least one UMI-count of the cytokine gene was detected. 496 

Prior to the DGE analysis, the counts were normalised using size factors calculated on the 497 

whole data set.  498 

Genes characterising cytokine-positive spots were compared with cytokine-negative spots to 499 

obtain differentially expressed genes on a spot-level using ‘glmGamPoi’(37) and the multiple 500 

testing method ‘Benjamini-Hochberg’ (BH). In addition to the unnormalised counts, the 501 

calculated size factors were provided and biological variances were included as fixed effects 502 

in the design matrix. In the design matrix the covariates cellular detection rate (cdr), patient, 503 

and annotation were included. This enabled to account for variances between the fraction of 504 

genes being transcribed in a cell(38), and the difference in gene expression between cells that 505 

are located in different tissue types and are of different cell types, respectively. The following 506 

model was used for the ST data set 507 

𝑌𝑠𝑔 ∼  𝑐𝑑𝑟 +  𝑝𝑎𝑡𝑖𝑒𝑛𝑡 +  𝑎𝑛𝑛𝑜𝑡𝑎𝑡𝑖𝑜𝑛 +  𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 508 

or for the single psoriasis patient scRNA-seq data set 509 

𝑌𝑠𝑔 ∼ 𝑐𝑑𝑟 +  𝑎𝑛𝑛𝑜𝑡𝑎𝑡𝑖𝑜𝑛 +  𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛, 510 

where 𝑌𝑠𝑔is the raw count of gene 𝑔 in the cell or spot 𝑠. A gene is called significantly 511 

differentially expressed if it meets the cut-off parameters of p-value <= 0.05 and |log2FC| >=1. 512 
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Pathway enrichment analysis was performed using the Bioconductor packages 513 

‘ReactomePA’(39) and ‘org.Hs.eg.db’(40) and illustrated using the Bioconductor package 514 

‘enrichplot’(41). The p-values of the pathways were corrected using the BH method and a p-515 

value and q-value cut-off of 0.05 was applied. 516 

 517 

Correlation between cytokines and responder genes 518 

ST spots were annotated either as cytokine-positive, responder-positive, or other. Spots that 519 

contained both cytokine and responder genes were labelled as cytokine-positive. Spots 520 

containing neither a cytokine nor a responder gene were labelled as other. As the responder 521 

gene signature was obtained from in vitro stimulated primary human keratinocytes experiment, 522 

the correlation analysis focused solely on the epidermis.  523 

To describe the spatial relationship between cytokine-positive and responder-positive spots, 524 

we developed a density-based clustering method that leverages confirmed cytokine-positive 525 

spots as seeds. Our method provides the possibility to cluster cytokine-positive spots based 526 

on three conditions. First, cytokine-positive transcript points were connected if they were in 527 

the neighbourhood of a unit circle resulting in a cytokine graph. Second, a cluster was built by 528 

adding responder spots to the graph if they were among the nearest neighbour spots in the 529 

vicinity of the unit circle. Third, clusters were merged if they shared responder positive 530 

capturing points. By applying these conditions, the clusters were characterized based on the 531 

density of cytokine-positive spots and the response close to them. Accordingly, based on 532 

these conditional density clusters a weighted Pearson correlation was calculated. The weights 533 

were determined by the number of cytokine-positive spots.  534 

In more detail, the adjacent cytokine-positive locations were obtained per sample using the 535 

KDTree algorithm(42) with the Euclidean metric and a maximum distance of 2.0. For this 536 

purpose, the index array provided by 10X Genomics was used. Afterwards, the locations of 537 

adjacent cytokine-positive mRNA capturing points were connected using a graph as 538 

backbone. Here, the nodes were the cytokine-positive spots and the edges equal the distance 539 

between the spots. Moreover, the nearest neighbor responder spots were determined by  540 
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𝐶𝑛 = ∑ ∑ 𝑠𝑗𝑖
2𝑟 − |𝑗|
𝑖=−2𝑟 + |𝑗|

𝑟
𝑗=−𝑟 ,      541 

where r is the radius of the cluster and 𝑠𝑗𝑖 is the nearest neighbor spot in row j and column i. 542 

Then the cytokine-positive graph was merged together with the nearest neighbor responder 543 

spots resulting in an agglomerated graph. Finally, the counts of responder genes and 544 

cytokines in each cluster were read out and a weighted Pearson correlation was calculated. 545 

The weights were determined by the number of cytokine-positive spots in the graph to account 546 

for the size and impact of the density cluster. 547 

 548 

In situ hybridization 549 

In situ hybridization was performed using the RNAScope® Multiplex Fluorescent V2 Assay for 550 

paraffin embedded tissue sections (Advanced Cell Diagnostics, Newark, CA) on lesional skin 551 

sections of psoriasis, AD, and lichen (5 µm each). The assay was performed using probes 552 

designed by ACD targeting human IL17A, IFNG or IL13 mRNA. Positive control sections were 553 

prepared using human peptidylprolyl isomerase B (PPIB) probe whereas negative controls 554 

were assessed using bacterial gene probes. Briefly, target probes were hybridized followed 555 

by signal amplification according to manufacturer’s protocol. Each probe was stained by Opal 556 

690 (Akoya Biosciences, Marlborough, MA) using a single-plex setup. Subsequently, skin 557 

sections were examined using microscope slide scanner (Axio Scan.Z1 Zeiss, Germany) at 558 

20x magnification. Then, images were visualized using QuPath software(43). Images were 559 

individually evaluated by two trained dermato-pathologists in a blinded manner. Cells were 560 

counted positive if punctate-dot RNAscope® signal co-localized with nuclear staining.  561 

 562 

 563 

 564 

 565 

 566 
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 668 

Supplemental Information 669 

Material and Methods 670 

Immunohistochemistry  671 

5 µm sections of paraffin embedded skin samples were air-dried overnight at 37 °C, dewaxed 672 

and rehydrated. Stainings were performed by an automated BOND system (Leica) according 673 

to the manufacturer’s instructions: epitope retrieval was performed at pH6 in epitope retrieval 674 

solution (DAKO) and incubated with goat anti-human IL-17A (R&D Systems) followed by a 675 

biotinylated anti-goat secondary antibody (Vector Laboratories). For detection of specific 676 

binding, streptavidin peroxidase and its substrate 3-amino-9-ethyl-carbazole (DAKO) were 677 

used. All slides were counter stained with hematoxylin. Stainings without primary antibodies 678 

were used as negative control. Positive cells were counted in four to nine visual fields per 679 

condition. 680 

 681 

Isolation of primary human T cells and in vitro stimulation 682 

Peripheral blood mononuclear cells were isolated from peripheral blood of healthy donors by 683 

density centrifugation. Primary human Pan T cells were then isolated using magnetic beads 684 

(Pan T cell isolation kit, Miltenyi Biotec), followed by CD4 (human CD4 microbeads, Miltenyi 685 

Biotech) or CD8 (human CD8 microbeads, Miltenyi Biotec) isolation. Defined numbers of cells 686 

were stimulated with platebound anti-CD3 and anti-CD28 antibodies (0.75 µg/ml; BD 687 

Biosciences) for 10 min, 1 h or 6 h, or were left unstimulated. Stimulated T cells were collected 688 

after 10 min, 30 min, 1 h, 6 h, 12 h, or 24 h stimulation and RNA was isolated for subsequent 689 

real time PCR analysis with the following primers: IL-17A (fw: CAATCCCCAGTTGATTGGAA; 690 

rev: CTCAGCAGCAGTAGCAGTGACA, IFN- (fw: TCAGCCATCACTTGGATGAG; rev: 691 

CGAGATGACTTCGAAAAGCTG), IL-13 (fw: TGACAGCTGGCATGTACTGTG; rev: 692 

GGGTCTTCTCGATGGCACTG), 18S (fw: GTAACCCGTTGAACCCCATT; rev: 693 

CCATCCAATCGGTAGTAGCG). 694 
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 695 

Flow cytometry of skin T cells 696 

Primary human T cells (n=52) were isolated by digestion of fresh human skin biopsies (Ø 6 697 

mm) in RPMI containing FCS, Collagenase type IV (Worthington), and Deoxyribonuclease I 698 

(Sigma) at 37°C overnight followed by dissociation using the gentleMACS Dissociator (Miltenyi 699 

Biotec). Freshly isolated skin T cells were passed over a cell strainer and directly used for flow 700 

cytometric analysis. For flow cytometric analysis, T cells were stimulated with PMA/Ionomycin 701 

(10 ng/ml and 1 µg/ml, respectively) (both Sigma) for 5 h in the presence of Brefeldin A and 702 

Monensin (both BD Biosciences). Surface staining was performed at 4°C and followed by 703 

fixation/ permeabilization using the fixation/permeabilization kit (BD Biosciences). Staining of 704 

intracellular cytokines was performed at room temperature. Antibodies used were CD3-Bv650, 705 

CD4-BV421, CD8-APCCy7 (BD Biosciences), IL-17A-PeCy7, IFN--PerCPCy5.5, TNF--706 

BV510 (BioLegend), IL-22-Pe (eBioscience), IL-10-APC (Miltenyi Biotec). 707 

 708 

Single-cell RNA sequencing 709 

A lesional skin sample (6 mm) was taken from a psoriasis patient and digested immediately 710 

for 3 h at 37 0C using the MACS whole skin tissue dissociation kit (Miltenyi Biotec) and the 711 

gentleMACS Dissociator (Miltenyi Biotec) according to manufacturer’s protocol. The obtained 712 

cells were stained for CD3 (Biolegend, 300450) and CD45 (BD Biosciences, 563880) and 713 

sorted using a FACSAria Fusion (BD). Here, dead cells and doublets were gated out and cells 714 

sorted based on size (FSC/SSC) and CD3/ CD45 expression into three populations: skin cells 715 

(keratinocytes), T cells (CD45+, CD3+), and APCs (CD45+, CD3-). The obtained cells were 716 

mixed in equal ratio (1:1:1) to a final cell number of 16,000 and used as input for the sc library 717 

generation by the 10x Genomics kit (Chromium Single Cell 3’ Kit v3) according to the 718 

manufacturer’s protocol. The libraries were sequenced on an Illumina HiSeq4000 via paired-719 

ends with a read length of 2 x 150 bp at a sequencing depth of 40 million reads.  720 

 721 

scRNA-seq data processing 722 
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The pre-processing and QC of the scRNA-seq data was identical to ST, besides enforcing a 723 

minimum of 500 genes per cell, and a minimum and maximum UMI-count of 600 and 25,000, 724 

respectively. In addition, according to the scrublet pipeline(44), no doublets were detected. 725 

Additionally, no batch effect was detected in the scRNA-seq data and the number of PCs was 726 

set to n_pcs = 7. 727 

 728 

 729 

 730 

 731 

 732 

 733 

 734 

 735 

 736 

 737 

 738 

 739 

 740 

 741 

 742 

 743 

 744 

 745 
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Supplemental Figures 746 

 747 
Figure S1: NcISD are characterized by low cytokine UMI counts in skin  748 

A) Total UMI counts in spatial sections for IFNG, IL17A, IL13 and the housekeeping gene GAPDH 749 

(HkG) in non-lesional and lesional skin separated by the location in the skin. B) UMI counts for selected 750 

cytokines in sections of lichen (n=10), atopic dermatitis (AD (n=10), and psoriasis (n=6). C) Percentage 751 

of disease relevant cytokine UMI counts in lichen, AD, and psoriasis normalised to 100%. 752 

 753 
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 754 
Figure S2: Cytokine positive spots are located in the epidermis and enriched in lesional skin  755 

A) UMAP plot highlighting the origin of each spatial spot according to the lesional and non-lesional skin 756 

as well as disease (psoriasis (Pso), atopic dermatitis (AD), lichen planus (lichen), and pytiriasis rubra 757 

pilaris (PRP)). B) UMAP highlighting the manually annotated tissue layers basal, middle and upper 758 

epidermis and dermis 1-7 in all spatial samples expressing leukocyte markers (n=56). C) UMAP plot 759 

indicating cytokine producing cells in epidermis and dermis in spatial sections expressing leukocyte 760 

markers (n=56).  761 
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 762 
 763 

 764 

Figure S3: Cytokine positive spots are characterized by specific gene signatures 765 

A) Volcano plot analysing the gene expression profile of IFNG positive (IFNG+) versus IFNG negative 766 

(IFNG-) cells in ST sections (n=56). Coordinates for IFNG (-37.4/255) are not shown. Violin plots show 767 

expression of selected genes in both groups. B) Gene set enrichment analysis of genes co-expressed 768 
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with IFNG. C) Volcano plot analysing the gene expression profile of IL13 positive (IL13+) versus IL13 769 

negative (IL13-) cells. Coordinates for IL13 (-38.1/69.7) are not shown. Violin plots show expression of 770 

selected genes in both groups. D) Gene set enrichment analysis of genes co-expressed with IL13. E) 771 

Comparison of the DEG analysis of IFNG positive spatial spots and IFNG positive single cells in a 772 

signed p-value plot. Significantly expressed genes in both data sets are shown in red. Purple and blue 773 

labeling indicates T cell derived genes and skin response genes, respectively. F) Common genes 774 

shared between all cytokine positive spatial spots. 775 

 776 

 777 

 778 
Figure S4: Single cell analysis reveals specific gene signatures for IL-17A and IFN- expressing cells  779 

A) UMAP plot indicating the composition of cellular clusters in the single cell RNASeq dataset. B) UMAP 780 

plot highlighting IFNG positive (IFNG+) leukocytes in orange and IFNG negative (IFNG-) leukocytes in 781 

grey. C) Volcano plot analysing differentially expressed genes (DEG) in IL17A positive (IL17A+) versus 782 

IL17A negative (IL17A-) leukocytes or D) IFNG positive (IFNG+) versus IFNG negative (IFNG-) 783 

leukocytes in the single cell data set. Coordinates of IL17A (-36.9/256) and IFNG (-36/263) are not 784 

shown. 785 
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 786 
Figure S5: IL-17A expression in skin lesions and infiltrating T cells and its short half-life time and low 787 

copy numbers in in vitro stimulated T cells 788 
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A) Representative staining of IL-17A by immunohistochemistry in a psoriasis section. B) Number (left 789 

panel) and percentage (right panel) of IL-17A+ lymphocytes and granulocytes per visual field in 790 

psoriasis sections stained by immunohistochemistry (n=20 patients). C) Representative flow cytometry 791 

staining of T cells derived from lesional psoriasis skin. CD3+IL-17A+ T cells were analysed for co-792 

production of IL-22, TNF-, IL-10, and IFN- by intracellular flow cytometry. The graphs indicate the 793 

percentage of CD4+ and CD8+ cells amongst the CD3+IL-17A+ cells and the frequency of IL-17A 794 

producing cells co-expressing one or two other cytokines (n=52). D) CD4+ T cells were isolated from 795 

blood of healthy donors and stimulated with anti-CD3/anti-CD28 antibodies (TCR activation) for the 796 

indicated time. RNA was isolated over a time course of 24 h and analysed for the expression of IL-17A 797 

by real time PCR. Relative expression of IL-17A was calculated to unstimulated cells (upper panel). 798 

Total transcript numbers of IL-17A were determined in each stimulatory condition using a standard 799 

curve (middle panel). By dividing the total transcript numbers by the number of cells per stimulatory 800 

conditions, the transcript number per cell could be identified (lower panel).  801 

 802 

 803 

 804 
Figure S6: Identification of cytokine responder genes for spatial correlation 805 

Primary human keratinocytes were stimulated in 2D cultures with recombinant IL-17A, IFN- or IL-4/IL-806 

13 (20 ng/ml each) for 16 h. Total RNA was isolated and whole genome expression arrays (SurePrint 807 

G3 Human GE 8X60K BeadChip (Agilent Technologies)) were performed according to the 808 

manufacturer’s instructions. Gene expression data was filtered for p-value <0.05, adjusted p-value 809 

<0.05, and log2 FC >1.5 for A) IL17A and B) IFNG or log2FC >1 for C) IL-13. Differential genes co-810 

expressed in spatial spots with A) IL17A, B) IFNG, or C) IL-13 were filtered for p-value <0.05, adjusted 811 

p-value <0.05, and log2 FC >1.5. Gene expression lists were compared by Venn diagram analysis and 812 

commonly expressed genes were selected as cytokine specific responder genes for the indicated 813 

cytokine. For IL13 only 7 genes were commonly expressed with 3 genes (SECTM1, TNC, MMP9) (*) 814 

being also expressed in IFN- stimulated keratinocytes. These genes were removed and genes in italic 815 

added according to literature analysis. 816 
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817 
Figure S7:  Cytokine UMI counts only correlate with their specific responder genes, but not those of 818 

other cytokines 819 

A-C) Pearson correlations between the sum of counts of cytokines and permuted cytokine responder 820 

genes. Each point represents a tissue sample. Correlation between A) IL17A and responder genes of 821 
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IFNG and IL13, B) IFNG and responder genes of IL17A and IL13, and C) IL13 against IL17A and 822 

IFNG response signatures. D-F) Weighted spatial correlation incorporating the spatial relation of 823 

cytokines and the permuted response located in the epidermis. Each point in the plots represents the 824 

sum of the counts of cytokines and responders in a cluster and the size of each point. D) correlation of 825 

IL17A and responder genes of IFNG and IL13, E) IFNG and responder genes of IL17A and IL13, and 826 

F) IL13 against IL17A and IFNG response signatures. 827 

 828 

 829 
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