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 2 

Abstract 24 

T cells coordinate with structural cells in the skin to promote appropriate inflammatory responses and 25 

subsequent restoration of barrier integrity following insult. Gene expression studies cataloging human skin 26 

have defined transcriptionally distinct structural cell populations in healthy tissue and identified inflammatory 27 

disease-associated changes in epithelial keratinocytes and dermal fibroblasts. Cutaneous T lymphocyte 28 

activity is implicated in the development of inflammatory skin disease, but the mechanisms by which T cells 29 

promote disease-associated changes in the skin remain unclear. We show that subsets of circulating and 30 

skin-resident CD4+ T cells promote distinct transcriptional outcomes in human keratinocytes and fibroblasts. 31 

Using these in vitro generated transcriptional signatures, we identify T cell-dependent gene modules 32 

associated with inflammatory skin diseases in vivo, such as a set of Th17 cell-induced genes in keratinocytes 33 

that are enriched in the skin of patients with psoriasis and normalized in response to anti-IL-17 therapy. 34 

Interrogating clinical trial findings using in vitro generated structural cell gene networks enables investigation 35 

of the immune-dependent contribution to inflammatory skin disease and the heterogeneous patient response 36 

to biologic therapy. 37 

 38 

Introduction 39 

The skin is an immunologically active barrier tissue specialized to deal with a litany of stresses. It contains 40 

many immune and structural cell populations whose frequencies and transcriptional profiles are altered during 41 

inflammatory skin disease1–6. For example, in the epidermis, 11 distinct cell states were described in healthy 42 

skin by single cell RNA-seq and disease-associated changes in keratinocyte (KC) gene programs were found 43 

in individuals with psoriasis (Ps)1. Transcriptional diversity in the dermis is similarly evident and supported by 44 

single cell analyses detailing the gene programs of structural cells such as fibroblasts, pericytes, and 45 

endothelial cells3–6. One study described 10 distinct dermal fibroblast (Fib) clusters in healthy skin and 46 

monitored these in individuals with systemic sclerosis (scleroderma, SSc). A progressive loss of LGR5-47 

expressing Fibs (Fib-LGR5), a dominant gene signature in healthy skin, corresponded with SSc severity4. 48 

Despite the practical advances made in defining the broad transcriptional diversity of skin structural cells, a 49 

conceptual framework on how the distinct gene states of skin are regulated during health and disease is 50 

lacking. 51 

Functionally specialized skin T cells cooperate with cells of the epidermis and dermis to respond to 52 

chemical, biological, and physical stresses7. Skin T cells are important in the context of responses to 53 

pathogens, allergens, and tumors, in barrier maintenance and wound healing, and they drive disease 54 

pathogenesis in many autoimmune and inflammatory diseases. Healthy adult human skin has an average 55 

surface area of 1.8m2 and contains numerically more T cells than any other non-lymphoid tissue: an estimated 56 

2 x 1010 T cells or ~6% of the total T cell mass in the body8. Most skin T cells express cutaneous lymphocyte 57 

antigen (CLA), an inducible carbohydrate modification of P-selecting glycoprotein ligand-1 (PSGL-1) and 58 

other cell surface glycoproteins9,10. CLA-expressing T cells in the blood are a skin-tropic population expressing 59 

markers of tissue homing – CCR4, CCR6, CCR8, CCR10 – and make up 5-15% of the circulating CD4+ T cell 60 
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pool. As with conventional circulating CD4+ T cells, CLA+ skin-tropic cells in the blood can be subdivided into 61 

distinct Th subsets using standard chemokine receptor identification strategies11. In addition to traditional Th 62 

subsets, we previously identified CD4+CLA+CD103+ T cells, a distinct population of skin resident-memory T 63 

cells (TRM) that have the capacity to exit the tissue and form a stable population of migratory TRM in the 64 

circulation of healthy individuals12. We showed that CD4+CLA+CD103neg and CD103+ skin-resident T cells 65 

from healthy control donors are transcriptionally, functionally, and clonally distinct populations. Collectively, 66 

CD4+ T cells of the skin include functionally specialized populations, though how they exert their influence on 67 

the structural cells of the epidermis and dermis to coordinate essential aspects of skin biology remains 68 

incompletely understood. 69 

The contribution of T cells and their cytokines is essential to the development of inflammatory skin disease. 70 

Accumulation of T cells in lesional tissue and T cell cytokines in patient serum often serve as indicators of 71 

active disease, while GWAS have identified polymorphisms in cytokines and cytokine receptors that increase 72 

the risk of developing inflammatory skin disease13–15. Attempts to target cytokine signaling therapeutically in 73 

the skin date back four decades to the use of recombinant IFN in cutaneous T cell lymphoma patients16. More 74 

recently, IL-17 and IL-23 neutralizing therapies have had immense success at reversing skin pathology during 75 

Ps17,18. Many candidate therapeutics aimed at altering the abundance or activity of T cell subsets and 76 

cytokines are now being used or tested in patients with inflammatory and autoimmune diseases including Ps, 77 

atopic dermatitis (AD, eczema), alopecia areata, hidradenitis suppurativa, and SSc19,20. While clinical 78 

interventions targeting T cell activity during inflammatory skin disease are promising, it remains unclear to 79 

what extent functionally specialized cutaneous T cell populations instruct the structural cell gene programs of 80 

healthy and diseased skin. 81 

In this study, we show that different subsets of circulating and skin-resident CD4+ T cells promote 82 

transcriptionally distinct states in primary human epithelial KCs and dermal Fibs including the induction of 83 

gene programs involved in the inflammatory response, proliferation, barrier integrity, and wound repair. We 84 

use this knowledge of T cell-dependent effects to investigate gene expression changes occurring during 85 

different inflammatory skin diseases and following intervention in these patients using anti-cytokine therapies. 86 

These data inform how T cells promote the diverse gene states of skin structural cells, forming the basis for 87 

a method to monitor immune-dependent differences between healthy and inflamed tissues and predict patient 88 

responses to T cell-targeted therapeutic interventions. 89 

 90 

Results 91 

Functional characterization of circulating and skin-resident human T cell populations 92 

To assess T cell functional capacity, we isolated 7 distinct blood or skin derived CD4+CLA+ Th subsets (Blood: 93 

Th1, Th2, Th17, Th22, CD103+; Skin: CD103neg, CD103+) from healthy controls as described previously11,12,21 94 

(Figure 1a, 1b). Sorted T cell populations were stimulated through the TCR and co-stimulatory receptors for 95 

48 hours and the production of 13 common T cell cytokines was measured in culture supernatants (Figure 96 

1c, S1). As expected, Th cell signature cytokines were enriched: Th1 (IFNγ), Th2 (IL-4, IL-5, IL-13), Th17 (IL-97 
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17A, IL-17F), Th22 (IL-22), CD103+ (IL-13, IL-22). Relative to the blood-derived T cells, those isolated from 98 

healthy skin produced lower levels of most measured cytokines (Figure 1c). However, both blood- and skin-99 

derived T cells produced comparably high levels of IL-9, a transient signature cytokine of recently activated 100 

CLA+ T cells (Figure S1)10. Thus, CD4+CLA+ T cell populations were found in both blood and skin and 101 

 
Figure 1. Isolation and functional characterization of circulating and skin-resident human CD4+CLA+ T cell populations. (a) Experimental 
design and study schematic: Blood and skin CD4+CLA+ Th cell population isolation, activation, and subsequent stimulation of keratinocytes (KC) or 
fibroblasts (Fib), followed by structural cell gene expression analysis using bulk RNA-seq, and comparison to public gene expression data sets. (b) 
CD4+CLA+ Th cell sorting strategy for indicated blood and skin cell populations. (T Conv, conventional T cells; T Reg, regulatory T cells). (c) 
Quantitative cytokine bead array measurement of all stimulated T cell supernatants for the 8 indicated analytes (n=5-6 donors per population). Full 
statistical analysis of cytokine production is provided in Supplementary Table 1. 
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produced signature cytokines that contribute to host defense, tissue repair, and have been implicated in many 102 

inflammatory skin diseases22.  103 

 104 

CD4+CLA+ T cells induce distinct transcriptional states in epithelial keratinocytes and dermal fibroblasts 105 

Assessing the effects of individual cytokines on the skin has uncovered targeted aspects of tissue biology, 106 

but this approach fails to recreate the complexity of an inflammatory response. To determine how CD4+CLA+ 107 

Th cell subsets impact the gene expression profiles of skin structural cells, we cultured T cell-stimulated 108 

supernatants from 5-7 distinct donors per sorted group together with healthy donor primary KCs or Fibs for 109 

24 hours. Transcriptional changes were then assessed by bulk RNA-seq (Figure 1a). An unsupervised 110 

analysis using principal component analysis (PCA) revealed that the T cell tissue of origin and Th cell 111 

population are the major sources of variance in the KC data (Figure 2a, 2b). Each CD4+CLA+ T cell population 112 

promoted a distinct transcriptional state in the KCs. The top differentially expressed (DE) genes in KCs across 113 

all conditions clustered according to both the T cell subset and its tissue of origin (Figure 2c). Patterns in T 114 

cell-induced gene expression were reflected by the concentrations of cytokines measured in the supernatant 115 

of those T cells (IFNγ, IL-4, IL-5, IL-13, IL-17A, IL17F, IL-22, TNFα). A subset of inflammatory response genes 116 

known to be induced by Th1 (i.e. IDO1, CXCL11), Th2 (i.e. CCL26, IL13RA2), and Th17 cells (i.e. CSF3, IL23A) 117 

also showed expression patterns that corresponded with levels of IFNγ, IL-4/IL-5/IL-13, or IL-17A/F, 118 

respectively (Figure 2d). By comparison, skin derived CD103+ T cells and to a lesser extent the migratory 119 

CD103+ fraction from the blood drove the expression of genes associated with cell cycle and proliferation in 120 

KCs (i.e. MKI67, CDK1).  121 

To understand the biological significance of T cell-dependent KC transcriptional states, we performed a 122 

functional enrichment analysis. Interferon response was largely Th1 cell-dependent while IL-10 123 

immunoregulatory signaling and chemokine receptor pathways were highly enriched in response to Th17 cell 124 

supernatants (Figure 2e, S2a-e). Skin-derived T cell effects showed enrichment of keratinization and cell 125 

cycle pathway genes for CD103neg and CD103+ fractions, respectively (Figure 2d, 2e, S2f, S2g). T cell activity 126 

broadly altered the baseline cytokine response potential of epithelial cells, as evidenced by dramatic changes 127 

in cytokine receptor expression by KCs (Figure S3). At rest, KCs constitutively expressed genes required for 128 

responsiveness to most T cell cytokines we measured, although CSF2RA (GM-CSF receptor) expression 129 

was near the limit of detection and neither IL2RA nor IL5R was detected in either cell type. In response to 130 

stimulation, expression of IL10RB and IL22R1 were most highly induced in KCs and Fibs by Th1 cells, 131 

corresponding to the level of IFNγ measured in stimulated cell supernatants. This is consistent with IFNγ 132 

induction of IL-10R as described in gut epithelial cells during barrier restoration23. IL17RA and IL17RC 133 

expression by KCs, required for IL-17 signaling, were strongly induced by most CD4+CLA+ T cells tested. 134 

Expression of IL2RG, the common gamma chain, was strongly induced in response to stimulation, which 135 

potentiates the response to multiple other cytokines (IL-2, IL-4, IL-7, IL-9, IL-15). Thus, the action of CD4+CLA+ 136 

T cell subsets is important in shaping the outcome of cutaneous immune responses.  137 
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 138 

 
Figure 2. CD4+CLA+ T cells induce distinct transcriptional states in epithelial keratinocytes. (a) Principal component (PC) analysis of primary 
human KCs from a healthy donor cultured for 24 hours with the indicated activated blood- or skin-derived T cell supernatants, compared with 
matched unstimulated controls. (b) PC analysis showing each blood (n=7) and skin (n=5) healthy donor-treated KC sample. (c,d) Top: Heat map 
showing z-score expression changes of KC genes (rows) occurring in response to culture with the indicated donor T cell population supernatant 
(columns). Bottom: A relative measure of the cytokine production by each donor T cell population for indicated analytes, quantified in Figure 1. All 
measures are scaled by quantile with IL-5, IL-17a, and IL-17f which are truncated at the 95% quantile due to extreme outliers (c) The top 20 
differentially expressed KC genes are shown in response to each indicated donor T cell population. (d) Expression of 18 well-characterized 
inflammatory and proliferative response elements in KC averaged across all donor samples for each indicated T cell subset. (e) Dot plot showing 
functional enrichment analysis of differentially expressed, T cell-induced KC genes within the indicated modules (n=5-6 donors per population). The 
-log10 adjusted P value is plotted as a statistical measure for enrichment within each module. 
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As observed with KCs, stimulation with blood and skin T cell supernatants had a strong effect on the 139 

dermal Fib gene programs in a healthy donor (Figure 3a). The largest effect size comes from T cell tissue of 140 

origin – blood versus skin – and while the impact of individual Th populations was evident, this was less 141 

pronounced than that observed in KCs as seen both by PCA and DE gene analyses (Figure 3a-c, S4). The 142 

top DE genes in Fibs were separated into three main blocks: those associated with Th1 activity and high levels 143 

of the pro-inflammatory cytokine IFNγ; those associated with blood-derived Th cells producing either type 2 144 

or type 17-associated cytokines; and those associated with skin-derived T cells that largely produced IL-22 145 

and IL-9 (Figure 3c). Each T cell population induced a different set of genes, though the main response in 146 

Fibs occurs largely downstream of either Th1/IFNγ or Th17/IL-17 (Figure 3d, S4b, S4c). Fib cell cycle and 147 

proliferation genes were elevated in response to skin-derived T cell supernatants, as described in KCs, but 148 

also Th17 and blood CD103+ activity. Pathway analysis of the Fib response revealed broad engagement of 149 

cytokine signaling downstream of canonical CD4+ T cell cytokines including IFNγ, IL-4, IL-13, and IL-10 150 

(Figure 3e). Skin CD103neg T cells strongly promoted Fib responses to metal ions, an essential component 151 

of wound healing and the fibrotic response24. As with KCs, treatment with T cell supernatants substantially 152 

altered cytokine receptor expression on Fibs (Figure S5). For example, induction of IFNGR1 and IL17RA in 153 

Fibs was induced by both blood- and skin-derived CD4+CLA+ T cells, consistent with our observation that a 154 

large part of the dermal Fib response to T cells is dependent on Th1/IFNγ and Th17/IL-17 signaling. In contrast, 155 

IL13RA2 expression is promoted by Th2, Th17, Th22 and blood CD103+ T cells, which each produce varying 156 

degrees of IL-13 and low levels of IFNγ. Once thought to be only a decoy receptor, IL13RA2 is an important 157 

mediator of IL-13-dependent fibrotic responses in barrier tissues25,26. The baseline expression of IL31RA and 158 

OSMR were also elevated in stimulated Fibs, potentiating responsiveness to IL-31, a T cell cytokine involved 159 

in pruritis and atopic dermatitis27,28. Finally, TGFBR1 and TGFBR2 expression were antagonized by blood- 160 

but not skin-derived CD4+CLA+ T cells. Collectively, these data show that CD4+CLA+ T cells can induce 161 

transcriptionally distinct states in epithelial KCs and dermal Fibs including those associated with inflammatory, 162 

regulatory, proliferative, and fibrotic gene programs of the skin.  163 

 164 

T cell-dependent gene signatures are enriched in the epidermis during inflammatory skin disease and 165 

normalized by anti-cytokine therapy  166 

Phenotypically and functionally distinct T cell populations accumulate in lesional tissue during inflammatory 167 

and autoimmune skin diseases7,13. Ps (~3% prevalence in the US) and AD (~7% prevalence in the US) are 168 

two common skin inflammatory diseases in which dysregulated T cell responses are central to tissue 169 

pathology7,29,30. Ps is primarily associated with elevated Th17 cell and IL-17 responses in the skin, whereas 170 

AD is driven largely by cutaneous Th2 cells and IL-13 activity, while IL-4 and IL-5 responses are mostly 171 

absent31,32. The pathogenic role of T cell-derived cytokines in these diseases is highlighted by the success of 172 

biologic therapies: secukinumab and ixekizumab for Ps (anti-IL-17A); dupilumab and tralokinumab for AD 173 

(anti-IL4Rα, anti-IL13)33–36. Using the structural cell gene signatures generated in Figures 2 and 3, we 174 

assessed the relationships between T cell activity, dysfunctional gene programs in skin structural cells during 175 
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inflammatory disease, and patient responses to anti-cytokine therapy. As KCs are the majority population in 176 

the epidermis and alongside Fibs are the most abundant cells in human skin37, we expected an analysis of 177 

full thickness skin biopsies would largely reflect changes in KC and Fib gene programs.  178 

 
Figure 3. CD4+CLA+ T cells induce distinct transcriptional states in dermal fibroblasts. (a) Principal component (PC) analysis of primary human 
Fibs from a healthy donor cultured for 24 hours with the indicated activated blood- or skin-derived T cell supernatants, compared with matched 
unstimulated controls. (b) PC analysis showing each blood (n=7) and skin (n=5) healthy donor-treated Fib sample. (c,d) Top: Heat map showing z-
score expression changes of Fib genes (rows) occurring in response to culture with the indicated donor T cell population supernatant (columns). 
Bottom: A relative measure of the cytokine production by each donor T cell population for indicated analytes, quantified in Figure 1. All measures 
are scaled by quantile with IL-5, IL-17a, and IL-17f which are truncated at the 95% quantile due to extreme outliers.  (c) The top 20 differentially 
expressed Fib genes are shown in response to each indicated donor T cell population. (d) Expression of 18 well-characterized inflammatory and 
proliferative response elements in Fibs averaged across all donor samples for each indicated T cell subset. (e) Dot plot showing functional 
enrichment analysis of differentially expressed, T cell-induced Fib genes within the indicated modules (n=5-6 donors per population). The -log10 
adjusted P value is plotted as a statistical measure for enrichment within each module. 
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We combined publicly available gene expression data of lesional, non-lesional, and healthy control donor 179 

skin from three clinical trials [GSE137218, GSE166388, GSE31652]38–40  that demonstrated the efficacy of 180 

anti-IL-17A therapies in patients with Ps, then applied batch correction to adjust for study-specific effects. The 181 

concatenated transcriptomic data sets clustered by disease state and treatment (Figure 4a, S6a). Differential 182 

gene expression analysis revealed a transcriptional profile shared across donor lesional skin samples before 183 

treatment initiation, and over the course of anti-cytokine therapy the transcriptome of Ps patient skin shifted 184 

to resemble that of healthy control and non-lesional skin (Figure 4b), reflecting the efficacy observed for these 185 

drugs41.  186 

We next looked for T cell-dependent gene expression changes in Ps patient skin over the course of anti-187 

IL-17A therapy. We found that gene signatures induced by T cell populations in KCs (Figure 2) were broadly 188 

increased as a part of the dysregulated transcriptional signature of disease (Figure 4c). The Th17-KC gene 189 

signature showed both the strongest association with the transcriptional dysregulation measured in Ps 190 

lesional skin and the response to therapy, compared to other T-dependent effects measured (Figure 4d). By 191 

day 84, both Th17-KC and Th22-KC signatures were decreased in patient skin in response to therapy relative 192 

to day 0 lesional skin, consistent with the known role of IL-17 producing CD4+ T cells in Ps (Figure 4c, 4d). 193 

Of the 93 Th17-induced signature genes measured in patient skin biopsies by microarray analysis (Figure 194 

S2c), we found 24 (26%) that were DE between Ps and healthy skin. Of these 24 genes, 13 (54%) were 195 

significantly responsive to anti-IL-17A therapy while 11 (46%) were not (Figure S6b). We assessed the 196 

expression changes of all T cell signature genes in Ps donor skin and found that many of the largest 197 

differences observed were for Th17-induced genes, especially those that are both disease-associated and 198 

responsive to therapy (Figure 4e).  199 

Further investigation revealed Th17-dependent KC genes that have Ps-associated GWAS SNPs near their 200 

transcriptional start site (TSS) (Figure 4f). The risk allele rs7556897 is located 10.3kb from the CCL20 gene42. 201 

It has a high variant-to-gene (V2G) score and impacts CCL20 as shown by expression and protein quantitative 202 

trait locus (eQTL, pQTL) mapping studies43–45. Another, rs9889296, is located 75.9kb from CCL8 and is 203 

implicated by fine mapping as an eQTL42,46. IL19 has 3 reported Ps GWAS hits: rs3024493, an eQTL for IL19 204 

located 141bp from the TSS42; rs55705316, located 10.6kb from the TSS with Hi-C data showing promoter 205 

proximity47,48; rs12075255, 17.5kb from TSS42. CCL20 and CCL8 coordinate immune cell recruitment to the 206 

tissue49 while IL19 is a part of the IL-17/IL-23 inflammatory axis of Ps and among the most DE cytokines 207 

measured between Ps50. Our analysis demonstrates that CCL20, CCL8, and IL19 are Th17-dependent genes 208 

in KCs, which are each essential to the inflammatory axis in the epidermis of Ps patients and significantly 209 

impacted in those subjects undergoing anti-IL-17A therapy (Figure 4f). Published V2G mapping, eQTL and 210 

Hi-C studies complement our findings, reinforcing the functional relevance of these T cell-dependent target 211 

genes during Ps.  212 

However, not all T-dependent KC genes that we identify as DE in lesional Ps skin were significantly 213 

impacted by anti-IL-17A therapy. Two examples are CXCL2, a neutrophil recruitment factor described to be 214 
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Figure 4. T cell-dependent gene signatures are enriched in the epidermis during psoriasis and normalized by anti-IL-17A. (a) PC analysis 
of gene expression in Ps lesional or non-lesional skin compared with healthy controls (HC) from the indicated public data sets. Ps patients were 
treated with an anti-IL-17A drug – secukinumab (Sec), ixekizumab (Ixe) – or placebo. Samples merged from these three data sets were batch 
corrected to adjust for study-specific effects. (b) Heat map showing z-score expression changes of KC genes determined to be T cell-dependent 
(Figure 2) within publicly available Ps patient data shown in ‘a’ for the indicated groups. (c) Plots show the gene set score analysis, an averaging of 
all T cell-dependent KC gene expression across all clinical trial subject groups. (d) Radar plots show T cell-KC signature gene enrichment values 
across the indicated pairwise comparisons from public clinical trial data (Ps and HC) with -log10 p-values increasing along the radial axis. (e) 
Bivariate plot of the log2 fold change between clinical trial subject groups for T cell-dependent KC genes (Ps vs HC, ‘Disease associated’; Ps vs 
anti-IL17A, ‘Drug responsive’). Individual genes are colored according to their T cell signature membership and compared genes altered in disease 
versus those responsive to therapy. (f) Plots show batch corrected gene expression for each clinical trial study group. Genes shown contain at least 
one known Ps GWAS-identified SNP and known to impact expression of that gene (i.e. eQTL). All statistical measures shown are compared to the 
Ps Lesional D0 group. Error bars indicate mean ± SD; ns = not significant, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001 (Student’s t-test).  
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part of the inflammatory axis of Ps51, and NES, a gene encoding the intermediate filament nestin, which is 216 

expressed in skin epidermal stem cells and posited to be important during epithelial cell proliferation52 (Figure 217 

S6b). CXCL2 and NES along with 9 other Th17-dependent genes are Ps-associated, but their expression is 218 

not significantly altered by anti-IL-17A blockade. Thus, we report a variable effect of in vivo cytokine blockade 219 

on T cell-dependent gene expression in the skin, though it remains unclear which of these genes are central 220 

indicators of patient outcome to therapy. 221 

We took a similar approach to analyze publicly available skin biopsy RNA-seq data from an AD clinical 222 

trial that tested the efficacy of IL-4R blockade, which interferes with both IL-4 and IL-13 cytokine activity 223 

[GSE157194]53, and from matched AD patients and controls [GSE121212]54. Most of the variance in the 224 

combined data set could be explained by disease state, while a smaller effect was evident in response to 225 

treatment (Figure 5a, S7a). We focused our analysis on DE genes that we identified as T cell-dependent in 226 

KCs (Figure 2). Using this strategy, the data separated largely by lesional versus non-lesional and healthy 227 

skin. Samples in dupilumab treated groups were dispersed throughout hierarchical clusters, indicating a mild 228 

treatment effect on total T cell-dependent KC genes (Figure 5b). When comparing population-specific T cell-229 

KC gene set expression across all patient groups we found a significant effect of dupilumab on the expression 230 

of CD4+CLA+ Th2, Th22, and CD103+ T cell-dependent genes within lesional skin (Figure 5c). All T cell subset-231 

KC gene sets were significantly upregulated within lesional skin compared with healthy skin, an effect that 232 

was diminished in response to therapy (Figure 5c, 5d). Dupilumab targets IL-4 and IL-13 activity, two 233 

cytokines made simultaneously and in abundance by CD4+CLA+ Th2 cells (Figure 1d). We identified seven 234 

Th2-induced KC genes that were both DE between lesional AD patient skin and controls and impacted by 235 

therapy (Figure 5e, S7b). Of these, CA2, SLC5A5, and SLC26A9 were significantly impacted by dupilumab 236 

in lesional AD patient skin (Figure S7c). CA2 encodes a carbonic anhydrase important for cellular pH and 237 

ion homeostasis, previously shown to be elevated in AD patient skin and differentiated KCs55,56. SLC5A5 and 238 

SLC26A9 encode iodine and chloride channel proteins, respectively, and neither have a known role in 239 

promoting pathology during AD. We now demonstrate that these 3 genes are directly Th2-cell inducible in 240 

KCs and indicative of a positive patient outcome to dupilumab therapy. 241 

Our findings demonstrate that T cell-dependent KC gene networks experimentally derived in vitro are: (1) 242 

enriched in vivo within human tissue; (2) associated with inflammatory skin disease; and (3) normalized in 243 

response to anti-cytokine biologic therapy. Further disease relevance is highlighted by fine-mapping studies 244 

that link GWAS-identified SNPs to the expression of T-dependent genes we describe. Thus, we validate a 245 

method of identifying candidate genes to explain immune-dependent effects during inflammatory disease and 246 

patient response to therapy. Importantly, some of the T-dependent KC genes we identify that are enriched in 247 

lesional patient skin are not responsive to FDA approved drugs assessed in this study, information that could 248 

be used to develop new therapeutic strategies targeting these gene networks in patients that fail to respond 249 

to a given biologic intervention.  250 
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 251 

T cell-dependent gene signatures are enriched in healthy skin fibroblast populations that are altered during 252 

fibrotic disease. 253 

T cell infiltration and aberrant cytokine production can cause pathology such as tissue fibrosis and vascular 254 

abnormalities in people with fibrotic disease57. SSc is a rare inflammatory disease (~0.1% prevalence in the 255 

US) with highest mortality of any rheumatic illness. In the skin, pathology is commonly associated with 256 

 
Figure 5. T cell-dependent gene signatures are enriched in the epidermis during atopic dermatitis and normalized by anti-IL-4Rα therapy. 
(a) PC analysis of gene expression data of AD donor lesional or non-lesional skin compared with healthy controls (HC) from the indicated publicly 
available data sets. AD patients were treated with dupilumab (Dupi), an anti-IL-4Rα drug. Samples merged from these two data sets were batch 
corrected to adjust for study-specific effects. (b) Heat map showing z-score expression changes of KC genes determined to be T cell-dependent 
(Figure 2) within publicly available AD patient data shown in ‘a’ for the indicated groups. (c) Plots show the gene set score analysis, an averaging 
of all T cell-dependent KC gene expression across all clinical trial subject groups. (d) Radar plots show T cell-KC signature gene enrichment values 
across the indicated pairwise comparisons from public clinical trial data (AD and HC) with -log10 p-values increasing along the radial axis. (e) 
Bivariate plot of the log2 fold change for T cell-dependent KC genes within public clinical trial data from AD or HC subjects (AD vs HC, ‘Disease 
associated’; AD vs anti-IL17A, ‘Drug responsive’). Individual genes are colored according to membership in a single or multiple T cell signature 
groups and compare genes altered in disease versus those responsive to therapy. Error bars indicate mean ± SD; ns = not significant, *p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001 (Student’s t-test). 
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elevated Th2 cell infiltration that promotes myofibroblast activity and alternatively activated macrophage 257 

differentiation58,59. Effective therapies for SSc are severely lacking and ongoing clinical trials are targeting T 258 

cell activation and cytokine signaling networks (i.e. IL-4, IL-13, TGFb, IL-6, JAK/STAT)60. Despite strong 259 

evidence implicating T cells in fibrotic disease progression, the specific mechanisms by which T cells perturb 260 

stromal cell biology remain largely undefined.  261 

To determine whether and to what extent T cell-dependent gene signatures can be found in dermal Fib 262 

populations and whether this changes during disease, we analyzed publicly available scRNA-seq data from 263 

SSc patients and healthy controls [GSE195452]4. In this study, the authors identified 10 transcriptionally 264 

distinct Fib subsets including Fib-LGR5, a population that is selectively enriched in healthy skin and 265 

significantly diminished during severe SSc. The various functions of these Fib populations and their 266 

contribution to disease remain an area of intense interest. Our independent analysis of these data confirmed 267 

that LGR5 expression is enriched in healthy control Fibs compared with SSc donor cells (Figure 6a, 6b) and 268 

that the fraction of Fib-LGR5 is diminished progressively in patients with limited and diffuse cutaneous disease 269 

(Figure 6c). MYOC2 and POSTN Fib populations increased in the skin of SSc patients, corresponding with 270 

the decreased frequency of Fib-LGR5, elevated autoantibody levels, and increase in skin disease score 271 

(Figure S8a, S8b). T cell-dependent gene signatures (Figure 3) were detected throughout the 10 Fib subsets 272 

 273 

 
Figure 6. T cell-dependent gene signatures are enriched in healthy donor dermal fibroblast populations that are altered during 
scleroderma. Analysis of publicly available scRNA-seq data from donor skin biopsies [GSE195452]. (a-c) Uniform Manifold Approximation and 
Projection (UMAP) dimensionality reduction and cell frequency analysis of public RNA-seq data from full thickness skin biopsies, filtered to include 
only cells annotated as ‘fibroblasts’. (a) Subject group information is overlaid onto UMAP space, including healthy controls and individuals with 
limited or diffuse systemic sclerosis (lSSc, dSSc). (b) Donor skin Fib log10 normalized expression of LGR5 plotted onto UMAP space. (c) Plot shows 
the frequency of the LGR5-Fib population as a percentage of total Fibs for each subject group. (d) Heat map shows the enrichment of T cell-
dependent Fib gene signatures (Figure 3) within 10 described Fib subsets pseudobulk profiles from all three subject groups: Control, lSSc, dSSc. 
(e) Plot shows T cell-dependent gene signature enrichment score in LGR5-Fib and MYOC2-Fib of Control and dSSc profiles pseudobulked at the 
subject level. Error bars indicate mean ± SD; ns = not significant, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001 (Student’s t-test). 
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and the most pronounced effect observed was the enrichment of skin CD4+CD103+ T cell-induced genes in 274 

the Fib-LGR5 subset (Figure 6d). We also found that skin CD4+CD103+ T cell-dependent Fib gene 275 

enrichment observed in healthy donors Fib-LGR5 cells was reduced in severe SSc samples while the opposite 276 

effect was seen for the Fib-MYOC2 subset (Figure 6e). These data demonstrate that cutaneous CD4+ T cells 277 

have the capacity to promote the gene programs of healthy skin-associated Fibs that are progressively 278 

diminished during fibrotic disease. 279 

 280 

Discussion 281 

In this study, we constructed an atlas of T cell-induced gene states in human skin, cataloging the 282 

transcriptional reprogramming of epidermal keratinocytes and dermal fibroblasts by CD4+CLA+ Th cell 283 

populations and applying our findings towards an understanding of clinical data sets. Although the use of CLA 284 

to track cutaneous T cells goes back over two decades9,10, our approach uniquely combines CLA identification 285 

of both blood- and skin-derived T cells together with chemokine receptor gating strategies and CD103 286 

designation of migratory TRM
11,12 to isolate broad and functionally diverse CD4+CLA+  Th cells, which we 287 

leverage to study the changing transcriptional landscape of healthy and inflamed human skin.  288 

T cells elicited significant effects on both KCs and Fibs, substantially altering the transcriptional landscape 289 

of both cell types. Cytokine-dependent gene modules were especially enriched, mainly through the activity of 290 

blood-derived CLA+ T cells. There was abundant IFN-associated gene expression in both KCs and Fibs, most 291 

strongly induced by Th1 cells in association with the highest levels of IFNγ. IL-4 and IL-13 responses were 292 

also highly engaged by blood-derived CD4+CLA+ T cell populations, but only in Fibs. Skin-derived T cells were 293 

more likely to promote gene networks required to execute critical homeostatic functions of skin. For example, 294 

keratinization, cornification, and proliferation processes – essential for maintenance and renewal of a healthy 295 

epithelium61 – were induced specifically in KCs by CD103neg or CD103+ skin T cells, while metal ion response 296 

pathways involved in wound healing24 were induced by CD103neg T cells and only in Fibs. Thus, functionally 297 

unique CD4+CLA+ T cell populations promote distinct transcriptional outcomes in skin structural cells. These 298 

findings have important implications for how changes in T cell number and function in the skin impact the 299 

inflammatory response against harmful pathogens, but also the upkeep of homeostatic tissue functions such 300 

as barrier maintenance, recovery from injury, and regulated self-renewal. 301 

Blocking T cell cytokine responses during Ps (IL-17) and AD (IL-4/IL-13) reduces leukocyte accumulation 302 

in the tissue and reverses skin pathology. While many studies have shown the efficacy of these drugs, not all 303 

patients meet the desired clinical endpoints and severe adverse events occur in a small but significant 304 

proportion of individuals, warranting further investigation to define the mechanisms of drug action and to 305 

identify new candidate drugs as alternative therapies62–67. Other drugs such as anti-TNFa or anti-IL-23 offer 306 

substitutes for Ps patients failing anti-IL-17A therapy, and the IL-13 specific agonist tralokinumab is an 307 

alternative for those with AD. Specific biomarkers of disease and the response to therapy will help guide the 308 

most effective course of treatment on an individual patient level. Our study adds important context that can 309 

help interpret clinical outcomes following anti-cytokine therapy. We describe the T cell-dependent gene 310 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 31, 2024. ; https://doi.org/10.1101/2024.07.31.606077doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.31.606077
http://creativecommons.org/licenses/by-nc-nd/4.0/


 15 

networks in KCs that are enriched in lesional skin of Ps and AD patients compared with non-lesional and 311 

healthy controls, and we demonstrate how the expression of these T-dependent genes is impacted during 312 

anti-cytokine therapy in patient skin.  313 

By combining this approach with public immunogenetics data from Ps patients, we identified CCL20, 314 

CCL8, and IL19 as critical targets of anti-IL-17A therapy. Expression of each of these genes is elevated in 315 

lesional skin compared with controls, returned to baseline by therapy, and each contains GWAS risk alleles 316 

for Ps that are eQTL. Taken together with other published studies, our findings support a cooperative 317 

functional role for these genes: CCL20 recruits IL-17 producing CCR6+ Th17 cells to the skin that are 318 

implicated in Ps49,68; CCL8 can recruit many leukocytes including CCR5+ CD4+ T cells that are involved in 319 

barrier integrity maintenance and implicated in Ps pathogenesis69,70; IL-19 expression is positively associated 320 

with Psoriasis Area and Severity Index – a measure of skin pathology. Expression of IL-19 is both IL-17-321 

dependent and further enhances the effects of IL-17A, increasing IL-23p19 expression and production of 322 

CCL2050. IL-19 is part of the IL-23/IL-17 inflammatory signaling network of Ps and is a proposed biomarker 323 

of disease. Guselkumab (anti-IL-23) is an approved drug for Ps that showed superior long-term efficacy to 324 

secukinumab71, but no current therapy targets other components of the T cell/KC/Ps axis we describe such 325 

as IL-19, CCL8, or skin-tropic CCR5+ T cells. Thus, the transcriptional network we describe in KCs is 326 

composed of individual genes known to potentiate a pro-inflammatory feed-forward loop in the epithelium, 327 

validating our approach for the identification of novel targets to monitor or manipulate during inflammatory 328 

skin disease.  329 

We also assessed T cell-dependent effects on the epidermis and identified Th2-dependent KC genes that 330 

are significantly altered in lesional AD patient skin, some of which were also responsive to dupilumab. For 331 

example, CA2 was previously shown to be induced in KCs and engineered skin equivalents by IL-4 and IL-332 

1356,72. In comparison NTRK1, an early IL-13 target involved in allergic responses, is not clearly connected to 333 

AD73. Some of the genes we identify, such as TNC, CHI3L2 and SLC5A5, were shown to be upregulated in 334 

AD patient lesional skin74–76, but in each case, the role of these factors in disease remain unclear. Thus, we 335 

describe an array of T cell-dependent targets in KCs, each representing a potentially new avenue of 336 

exploration to understand both the mechanisms of disease and responses to therapy in AD patients.  337 

In the context of the dermis, our analyses revealed potential T cell-dependent Fib transcriptional networks 338 

including skin CD4+CD103+ T cell regulation of LGR5-Fib. The LGR5 expressing population is transcriptionally 339 

similar to PI16-Fibs described previously3, with both LGR5- and PI16-Fibs independently shown to be reduced 340 

in SSc patient skin4,77. Individuals with severe SSc and reduced Fib-LGR5 are the most likely to have anti-341 

topoisomerase I (scl-70) autoantibodies, which puts them at the highest risk for severe pulmonary fibrosis 342 

and end-organ disease78. Identifying immune-dependent events that support the survival or development of 343 

disease-associated Fib populations is therefore critical to devising new treatment strategies. We show that 344 

skin-resident CD4+CD103+ T cell-dependent genes are enriched in healthy donor LGR5-Fib compared with 345 

diffuse SSc patients. This raises the possibility that CD4+CD103+ T cell activity is essential to maintain LGR5-346 

Fib in healthy skin, and that when perturbed during severe SSc, LGR5-Fib are lost and replaced by 347 
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myofibroblast lineages typical of fibrosis such as MYOC2-, SFRP2-, or PRSS23-Fib6,79. We have previously 348 

shown that skin CD103+ TRM cells uniquely co-produce IL-13 and IL-22 and have a TGFb gene signature, 349 

implicating them in wound healing and barrier maintenance12, but whether these T cells are altered in number 350 

or function within scleroderma patients remains unknown. We looked for T cell-dependent gene enrichment 351 

in Fibs from other published datasets3,6,77 but found no statistically significant associations (data not shown). 352 

Thus, many open questions remain on the regulation of healthy skin- and SSc-associated Fibs by T cells, 353 

meriting further investigation to discern the critical immune-fibrotic axes of disease. 354 

Our study design and subsequent analysis contains several caveats. First, we measure only 13 analytes 355 

produced by activated T cells, which accounts for only a fraction of the cytokines, metabolites and other 356 

soluble factors that are part of the T cell-dependent regulation of skin structural cell gene programs. Second, 357 

our study uses KCs and Fibs from a single anatomical skin site and so we are unable to comment on site-358 

specific differences, for example owing to changes in moisture content, microbiome, or hair follicle density 359 

across this large barrier tissue. Finally, publicly available transcriptional data from interventional clinical trials 360 

that we assessed in this study were generated using either bulk sequencing or microarray methods. Future 361 

single-cell studies are required to solidify connections between a given T cell population or cytokine and 362 

specific gene networks within KC or Fib subsets during health and disease. 363 

The atlas of T cell-dependent gene expression responses that we introduce in this study presents a new 364 

tool to facilitate a deeper understanding of the complex biology and transcriptional networks of skin. Through 365 

the practical application of our data to published clinical and human studies we were able to yield new insights 366 

into the pathogenesis of Ps, AD, and SSc. These observations reinforce the utility of our approach to dissect 367 

the immune-dependent contribution to inflammatory and fibrotic disease, and similar methodologies could be 368 

applied to understand the transcriptional response to pathogens or during barrier restoration following injury. 369 

 370 

Methods 371 

Human subject enrollment and study design 372 

The objective of this research was to characterize the effect of human T cells on the gene expression profile 373 

of epithelial KCs and dermal Fibs. Immune cell isolation was performed using healthy blood and skin tissue 374 

– donor range 32 to 71 years of age. Human skin was obtained from patients undergoing elective surgery –  375 

panniculectomy or abdominoplasty. The cohort size was selected to ensure a greater than 80% probability of 376 

identifying an effect of >20% in measured variables. All samples were obtained upon written informed consent 377 

at Virginia Mason Franciscan Health (Seattle, WA). All study protocols were conducted according to 378 

Declaration of Helsinki principles and approved by the Institutional Review Board of Benaroya Research 379 

Institute (Seattle, WA).  380 

 381 

Sex as a biological variable 382 

Our study examined both male and female tissue with similar findings reported for both sexes. The study was 383 

not powered to detect sex-based differences. 384 
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 385 

Isolation of T cells from blood 386 

PBMC were isolated using Ficoll-Hypaque (GE-Healthcare; GE17-1440-02) gradient separation. T cells were 387 

enriched using CD4 microbeads (Miltenyi; 130-045-101) then rested overnight at a concentration of 2 x 106 388 

cells/mL in ImmunoCult™-XF T Cell Expansion Medium (StemCell; 10981) with 1% penicillin/streptomycin 389 

(Sigma-Aldrich; P0781) in a 15 cm2 dish. The next morning cells were harvested and prepared for cell sorting, 390 

as indicated.  391 

 392 

Isolation of T cells from skin 393 

Fresh surgical discards of abdominal skin were treated with PBS + 0.1% Primocin (Invitrogen; ant-pm-1) for 394 

5 minutes to eliminate contaminating microorganisms. Sterile tissue processing was performed on ice and 395 

skin was periodically sprayed with 1x PBS to keep samples from drying out. A biopsy tool (Integra™ Miltex™) 396 

was used to excise 4mm tissue biopsies from each sample. The subcutaneous fat was removed from biopsies 397 

before an overnight digestion of approximately 16 hours at 37°C, 5%CO2. The digestion mix contained 0.8 398 

mg/mL Collagenase Type 4 (Worthington; LS004186) and 0.04 mg/mL DNase (Sigma-Aldrich; DN25) in RPMI 399 

supplemented with 10% pooled male human serum (Sigma-Aldrich; H4522, lot SLC0690), 2 mM L-glutamine, 400 

100 U/mL penicillin, and 100 mg/mL streptomycin. We used 1 mL of RPMI digestion media for each 40-50mg 401 

tissue in a 6-well non-tissue culture treated dish. The next morning tissue samples were washed excess RPMI 402 

+ 3% FBS and combined into a single tube per donor. Filtration on a 100µM membrane was performed at 403 

each wash step, five total on average, to generate a single-cell suspension of skin mononuclear cells free of 404 

contaminating fat and debris. Skin mononuclear cell suspensions were then prepared for cell sorting, as 405 

indicated.  406 

 407 

Flow cytometry, cell sorting, and fluorescently labeled antibodies 408 

Cell labelling of surface antigens was performed with fluorescently tagged antibodies diluted in cell staining 409 

buffer containing HBSS and 0.3% BSA. A list of all antibody specificities, conjugated fluorophores, clones, 410 

vendors, catalog numbers, and final staining concentrations used to label blood- and skin-derived T cells is 411 

presented as a part of Supplementary Table 5. Viability dye staining using Fixable LiveDead was performed 412 

first in HBSS containing no additional protein, as recommended by the manufacturer. Surface staining was 413 

performed at 5% CO2, 37°C for 20 minutes. Cell sorting of labelled samples was performed in cell sorting 414 

buffer – for yield sorts, HBSS + 5.0% BSA, for purity sorts HBSS + 1.0% BSA – using a BD FACSAria™ 415 

Fusion (85µM nozzle, 45 p.s.i.). The indicated conventional Th cell populations (TConv) were sorted from blood 416 

and TReg were excluded by purity sort following CD4+ T cell microbead enrichment. Skin mononuclear 417 

preparations were first enriched by a CD3 yield sort followed by purity sort of CD4+ TConv and exclusion of 418 

TReg. Additional sample collection was performed using the BD LSR™ Fortessa cell analyzer. Resulting data 419 

(.FCS 3.1) were analyzed using FlowJo software (BD, v.10.9). 420 
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 421 

T cell stimulation and cytometric quantification of cytokines 422 

Sorted T cell populations were pelleted by centrifugation at 300 x g for 5 minutes and resuspend in 423 

ImmunoCult™-XF T Cell Expansion Medium with 1% penicillin/streptomycin. Cultured T cells were stimulated 424 

for 48 hours at 1 x 106 cells/mL with ImmunoCult™ Human αCD3/αCD28/αCD2 T Cell Activator reagent 425 

(StemCell; 10970) used at the manufacturer recommended concentration. Cytokine containing supernatants 426 

from each unique donor were harvested and stored at -20C°. Frozen blood and skin activated T cell 427 

supernatants from all donors were thawed as a single batch to assess cytokine concentrations by cytometric 428 

bead array (BioLegend; LEGENDplex™ reagent) using a custom analyte panel: GM-CSF, IFNγ, IL-2, IL-4, 429 

IL-5, IL-6, IL-9, IL-10, IL-13, IL-17A, IL-17F, IL-22, TNFα. Data were analyzed using the manufacturer 430 

provided LEGENDplex software. The remaining thawed T cell supernatants were used immediately, without 431 

additional freeze-thaws, in culture of KCs or Fibs, as described. Freeze-thawed cell-free ImmunoCult™-XF T 432 

Cell Expansion Medium was used for unstimulated controls. 433 

 434 

Keratinocyte and fibroblast cell culture and activation 435 

Donor matched, primary human epithelial KCs and dermal Fibs were purchased from a commercial vendor 436 

(ZenBio; KR-F or DF-F) and cultured at low passages (p = 2-7) using either the KGM™ Keratinocyte Growth 437 

Medium BulletKit™ (Lonza; CC-3111) for KCs or DMEM supplemented with 10% FBS, 2 mM L-glutamine, 438 

100 U/ml penicillin, and 100 mg/ml streptomycin (Gibco™; 10938025) for Fibs. Cytokine containing T cell 439 

supernatants were diluted using a 1:1 ratio of appropriate cell culture media and added to KCs or Fibs growing 440 

at 50% confluence – approximately 1-2 x 104 – in a 96-well flat bottom plate. Structural cells were cultured 441 

with activated T cell supernatants for 24 hours prior to isolation for RNA-sequencing (RNA-seq). Unstimulated 442 

controls used a 1:1 ratio of T cell media with either KC or Fib culture media. 443 

 444 

Bulk RNA-sequencing (RNA-seq) 445 

High-quality total RNA was isolated from approximately 2 x 104 T cell supernatant-treated KCs or Fibs using 446 

TRIzolTM Reagent (InvitrogenTM; 15596026). Next, cDNA was prepared using the SMART-Seq v4 Ultra Low 447 

Input RNA Kit for Sequencing (Takara). Library construction was performed using the NexteraXT DNA sample 448 

preparation kit (Illumina) using half the recommended volumes and reagents. Dual-index, single-read 449 

sequencing of pooled libraries was run on a HiSeq2500 sequencer (Illumina) with 58-base reads and a target 450 

depth of 5 million reads per sample. Base-calling and demultiplexing were performed automatically on 451 

BaseSpace (Illumina) to generate FASTQ files. 452 

   453 

Analysis of bulk RNA-seq data 454 

The FASTQ files were processed to remove reads of zero length (fastq_trimmer v.1.0.0), remove adapter 455 

sequences (fastqmcf tool v.1.1.2), and perform quality trimming from both ends until a minimum base quality 456 

≥ 30 (FASTQ quality trimmer tool v.1.0.0). Reads were aligned to the human reference genome (build hg38) 457 
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with TopHat (v.1.4.0) and read counts per Ensembl gene ID were quantified with htseq-count (v.0.4.1). Quality 458 

metrics for the FASTQ and BAM/SAM files were generated with FastQC (v.0.11.3) and Picard (v.1.128). 459 

Processing of FASTQ and BAM/SAM files was executed on the Galaxy workflow platform of Globus 460 

genomics. Statistical analysis of gene expression was assessed in the R environment (v.4.3.2). Sample 461 

inclusion for final analysis was based on a set of pre-established quality control criteria: total number of fastq 462 

reads > 1 x 106; mapped reads > 70%; median CV coverage < 0.85. Randomization was not applicable as no 463 

treatment or intervention groups were included in the study. Blinding was not applicable as no treatment 464 

groups were compared.   465 

 466 

Additional bioinformatic analyses 467 

All differential expression and pathway enrichment analyses were performed in R. To assess differential 468 

expression, the limma package (v.3.58.1) was used80. A log2 expression fold change of at least 1 in magnitude 469 

and an FDR of less than 0.05 were used as cutoffs to define differentially expressed genes. T cell-induced 470 

gene sets were formed by first excluding genes which were shared between all blood- or skin-cell-associated 471 

T cell-induced signatures and then selecting up to the top 200 differentially expressed genes ranked by FDR 472 

and associated with a T cell subset supernatant stimulation condition.  473 

In analysis of public bulk microarray and RNA-seq GEO datasets, the ComBat function from the sva 474 

package (v.3.50.0) was used to adjust for dataset-specific batch effects81. Pathway enrichment analysis was 475 

performed using the enrichR package (v.3.2)82 with the Reactome 2022 database83 to query pathways 476 

associated with T cell-induced genes. T cell signatures were treated as a custom database and expression 477 

of these signatures were examined as lists of differentially expressed genes associated with Ps or AD. 478 

GWAS hits associated with the trait “psoriasis” were downloaded from the NHGRI-EBI GWAS Catalog on 479 

February 7th, 2024. Within these results, GWAS SNPs with a “DISEASE/TRAIT” value of “Generalized 480 

pustular psoriasis”, “COVID-19 or psoriasis (trans-disease meta-analysis)”, or “Paradoxical eczema in 481 

biologic-treated plaque psoriasis” were excluded to ensure Ps-specific SNPs were analyzed84. 482 

Single cell gene expression data from SSc patient skin was re-analyzed using the Seurat R package 483 

(v.4)85. Pseudobulking was applied to defined Fib clusters [GSE195452]4 and the average expression of T 484 

cell-induced genes was computed for each pseudobulk profile as a gene set score.  485 

 486 

Data availability 487 

Values for all data points presented in figure graphs are reported in the Supporting Data Values file. All gene 488 

expression data sets generated in this study are available to the public in the Gene Expression Omnibus, 489 

GSE272623. Computer code generated and used for analysis in this study is available in Github: 490 

• Commit URL, https://github.com/BenaroyaResearch/Morawski-T-cell-transcriptional-programs-in-skin 491 

• Commit ID, 61c0224 492 

  493 
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Supplementary Figures 

 

 
Supplementary Figure 1 (related to Figure 1). Additional cytokine production capacity by circulating and skin-resident human CD4+CLA+ T 
cell populations. Quantitative cytokine bead array measurement of all stimulated T cell supernatants for the 5 indicated analytes (n=5-6 donors 
per population). Full statistical analysis of cytokine production is provided in Supplementary Table 1. 
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Supplementary Figure 2 (related to Figure 2). CD4+CLA+ T cell-induced differential gene expression analysis of epithelial keratinocytes. (a-
g) Volcano plots showing differential gene expression analysis for KCs stimulated with each indicated CD4+CLA+ Th population. Cutoffs: log2 fold 
change >1 and -log10 FDR <0.05. The top 20 genes, ranked by FDR, are labeled on each plot.  

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 31, 2024. ; https://doi.org/10.1101/2024.07.31.606077doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.31.606077
http://creativecommons.org/licenses/by-nc-nd/4.0/


 23 

 

 
Supplementary Figure 3 (related to Figure 2). Cytokine receptor gene expression changes induced by CD4+CLA+ T cells in epithelial 
keratinocytes. Plots of log2 normalized expression counts using trimmed mean of M values (TMM) for each cytokine receptor gene in KCs 
stimulated with the indicated T cell populations (n=5-6 donors per population). Full statistical analysis of cytokine receptor gene expression is 
provided in Supplementary Table 2. 
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Supplementary Figure 4 (related to Figure 3). CD4+CLA+ T cell-induced differential gene expression analysis of dermal fibroblasts. (a-g) 
Volcano plots showing differential gene expression analysis for Fibs stimulated with each indicated CD4+CLA+ Th population. Cutoffs: log2 fold 
change >1 and -log10 FDR <0.05. The top 20 genes, ranked by FDR, are labeled on each plot.  
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Supplementary Figure 5 (related to Figure 3). Cytokine receptor gene expression changes induced by CD4+CLA+ T cells in epithelial 
keratinocytes. Plots of log2 normalized expression counts using trimmed mean of M values (TMM) for each cytokine receptor gene in Fibs 
stimulated with the indicated T cell populations (n=5-6 donors per population). Full statistical analysis of cytokine receptor gene expression is 
provided in Supplementary Table 3. 
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Supplementary Figure 6 (related to Figure 4). CD4+CLA+ Th17-dependent genes are altered in psoriasis patients undergoing anti-IL-17A 
therapy. (a) Summary table showing cohort information for each of the three public Ps clinical trial data sets analyzed in Figure 4. (b) Heat map 
showing z-score expression changes of KC genes determined to be Th17-dependent (Figure 2) within publicly available Ps patient data shown in 
Figure 4 for the indicated groups. Bolded genes are those that are significantly impacted by anti-IL-17A therapy compared with Ps Lesional D0. Full 
statistical analysis of Th17-dependent gene expression is provided in Supplementary Table 4. 
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Supplementary Figure 7 (related to Figure 5). CD4+CLA+ Th2-dependent genes are altered in atopic dermatitis patients undergoing anti-IL-
4Rα therapy. (a) Summary table showing cohort information for the two public AD clinical trial data sets analyzed in Figure 5. (b) Heat map showing 
z-score expression changes of KC genes determined to be Th2-dependent (Figure 2) within publicly available AD patient clinical data shown in 
Figure 5 for the indicated groups. (c) Individual gene plots for each Th2-dependent KC gene identified within public AD clinical trial data sets. Error 
bars indicate mean ± SD; ns = not significant, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001 (Student’s t-test). 
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Supplementary Figure 8 (related to Figure 6). Dermal fibroblast population analysis in healthy donors and scleroderma patients. (a) Plots 
show the frequency of 10 previously described Fib subsets [GSE195452] as a percentage of total Fibs for each subject group. (b) Heat map shows 
the percentage of each Fib subset (rows) for each individual donor (columns). Group, Autoantibody Category, and scleroderma Skin Score (mRSS) 
is also shown for each donor. ACA, anti-centromere antibody; U-RNP, U1 small nuclear ribonucleoprotein particle; ANA, anti-nuclear antibody; Neg, 
auto-antibody negative; RNA-PIII, RNA polymerase III; scl70, scleroderma 70kDa/DNA-topoisomerase-1; mRSS, modified Rodnan skin score. Error 
bars indicate mean ± SD; ns = not significant, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001 (Student’s t-test). 
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