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Abstract

Background: Nickel-induced allergic contact dermatitis (nACD) remains a major occupational 

skin disorder, significantly impacting the quality-of-life of suffering patients. Complex cellular 

compositional changes and associated immunological pathways are partly resolved in humans, 

thus, the impact of nACD on human skin needs to be further elucidated.

Methods: To decipher involved immunological players and pathways, human skin biopsies were 

taken at 0, 2, 48 and 96 hours after nickel patch test in six nickel-allergic patients. Gene expression 

profiles were analyzed via microarray. 

Results: Leukocyte deconvolution of nACD affected skin identified major leukocyte 

compositional changes at 48 and 96 hours, including natural killer (NK) cells, macrophage 

polarization and T cell immunity. Gene set enrichment analysis mirrored cellular-linked functional 

pathways enriched over time. NK cell infiltration and cytotoxic pathways were uniquely found in 

nACD affected skin compared to sodium lauryl sulfate induced irritant skin reactions.

Conclusion: These results highlight key immunological leukocyte subsets as well as associated 

pathways in nACD, providing insights into pathophysiology with the potential to unravel novel 

therapeutic targets.
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Introduction

Nickel is the leading contact allergen in industrialized countries displaying a tremendous impact 

on socioeconomics as well as quality-of-life of suffering patients1,2. The prevalence lies between 

8% - 19% in adults, and 8% - 10% in children and adolescent, with a strong bias towards female 

gender3-6. Despite attempts to restrict the use of nickel, it is widely used in various products 

including metallic items, household products and cosmetics due to its beneficial elemental 

properties and low-cost2,7-10. Therefore, nickel skin contact avoidance in everyday life is hard to 

accomplish.

Nickel contact allergy is a cell-mediated type IV hypersensitivity reaction, involving both, innate 

and adaptive immune mechanisms. In the multifarious cellular system of the human skin, different 

complex pathways and interwoven networks are activated during nickel-induced allergic contact 

dermatitis (nACD)11-13. 

Various studies derived from mice and human investigated diverse cellular subsets and 

mechanisms to illuminate central pathways in allergic contact dermatitis (ACD). Although the 

sensitization phase is extensively characterized11,14, immunological events during the elicitation 

phase, including cellular immune subsets as well as underlying mechanisms and cellular pathways, 

are not completely elucidated.

To decipher immune cell involvement and immunological pathways in more detail, we conducted 

time-course transcriptome experiments in nickel allergic patients assessing gene expression profile 

changes during nickel patch tests. Thus, we aim to unravel novel pathomechanistical insights into 

nickel-induced ACD in the context of temporal dynamics of cell in- and efflux.
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Methods

Patient recruitment and sample collection

Patients over 18 years of age were recruited at the University of Helsinki at the Finnish Institute of 

Occupational Health. The study was approved by the Ethics Committee of Medicine, Helsinki 

University Central Hospital (§214/3.9.2014, dnro 171/13/03/01/20214) and all patients gave 

written informed consent prior to study inclusion. The patient selection was based on clinical 

history as well as patch test results over-time. Only patients with a full ACD reaction at 96 hours 

were included in the study. Patch test reactions against sodium lauryl sulfate (SLS) were taken 

from the same patients. Exclusion criteria included large or disseminated eczema or other skin 

disorders. Application of topical medications and emollients as well as bathing was avoided 24 

hours before study start. Reactions strengths are summarized in Table 1.

Patch tests were performed on the back of the patients, containing 5% NiSO4 (petrolatum as 

vehicle) and 1% SLS (aqua as vehicle). Biopsies (one test chamber per biopsy- 8mm diameter) 

were taken at 0, 2, 48 and 96 hours after nickel challenge, and 48 hours after SLS application. The 

0 hours timepoint represents untouched skin without any application of allergens or irritants. A 3 

mm punch biopsy was taken at the corresponding time point. The biopsy was immersed in 

RNAlater liquid (Thermo Fisher Scientific, Wilmington, USA), and stored at -80°C until further 

analysis.

RNA preparation and Microarray analysis

RNA was extracted from the patient skin biopsies stored in RNAlater solution using the AllPrep 

DNA/RNA mini kit (Qiagen, Hilden, GER). The purity of RNA was analysed by NanoDrop ND-

1000 (Thermo Fisher Scientific), where a ratio A260/A280 >1.8 was considered pure. 300 ng of 

RNA was reverse transcribed into cDNA and labeled with fluorescent color for analysis by DNA 

microarrays (SurePrint G3 Human Gene Expression Microarrays, Agilent). After hybridization of 

the fluorescence-labeled targets to the microarrays, a fluorescence image of the array was scanned, 

and fluorescence image data were generated. The fluorescence image was converted into 

expression level values for each probe on the array. Data pre-processing and differential 

expression analysis of the gene expression data were done in eUTOPIA15. Probe profile expression 

data were normalized using quantile normalization and corrected for batch processing effects A
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using ComBat16. After mapping from probe sets to gene symbols, a differentially expressed gene 

(DEG) list was identified for each time point using limma17. DEGs were defined as a fold change 

± 1.5 and a p-value < 0.05 after adjustment for multiple comparisons (Benjamini-Hochberg). Data 

can be accessed via ArrayExpress database under the accession number: E-MTAB-8945.

Leukocyte deconvolution analysis

The CIBERSORT algorithm was used to estimate the leukocyte subset proportions of 22 

individual immune cell utilizing the “L22” validated gene signature matrix18. Estimations are 

based on 1000 permutations. No significance filter has been applied to the estimated cell fractions 

to include all samples for further analysis.

Gene set enrichment analysis and network analysis

Gene set enrichment analysis (GSEA) was performed with software version 4.0.1 19,20. GO 

Biological Processes and Reactome gene sets were downloaded from “Molecular Signature 

Databases v7.0” from the Broad Institute (http://software.broadinstitute.org/gsea/msigdb). GSEA 

pre-ranked analysis was performed was using default settings with optimized time-course 

parameter (collapse dataset = FALSE, permutation type = gene_set, Metric for ranking genes = 

Pearson). Highly significant gene sets (p<0.01 & FDR < 0.01) were visualized using the 

EnrichmentMap plugin (v3.2)21 for Cytoscape (v3.7.2)22. Modules with ≥ 3 nodes and normalized 

enrichment scores (NES) > 2 and < -2 were included in the final visualization. Modules were 

manually labelled using the WordCloud plugin23 for Cytoscape22. An interactive network map can 

be accessed via CyNetShare (www.cynetshare.ucsd.edu; URL: 

https://gist.githubusercontent.com/lukaswisgrill/21d51fd8bdff0de49133d203daebd3d3/raw/6abf9e

d7aa8958fe5309b4f359c413772daa0398/nickel_time_course).

Enrichment analysis and gene expression data visualisation 

Further data analysis and graph visualization was conducted using R software (v3.6.1, R core team 

2019) with the ggplot224, ggpubr25 and ggfortify26 package for R. Venn diagrams were generated 

using the VennDiagram27 package. Enrichment analysis of DEGs were performed using the A
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clusterProfiler28 and ReactomePA29 R package. KEGG pathway illustrations were generated with 

the pathView30 package for R. 

qPCR validation

Validation of the array results was performed by real-time qPCR. To this end, some of the samples 

from patients exposed to nickel for 48h (n=4), 96h (n=5) and healthy skin (n=4) were used for 

technical validation of the results. In addition, samples of an independent group of patients 

exposed to nickel for 48 hours (n=4) and baseline control (n=3) were included for biological 

validation of the results. In brief, a sample input of 300 ng RNA from skin biopsies was reverse 

transcribed into cDNA using the High Capacity cDNA Reverse Transcription kit (Life Science 

Technologies, Carlsbad, USA) in 25 µl per reaction. The thermocycler program for cDNA 

consisted of a start cycle at 25 ºC for 20 min followed by one cycle at 37 ºC for 120 min. Levels of 

MMP12, SOCS3, ARG1 and NOS2 were analyzed by quantitative RT-PCR using TaqMan 

chemistry and the 7500 Fast Real-Time PCR system (Applied Biosystems, Foster City, USA). The 

thermocycler program used consisted of one cycle at 50 ºC for 2 min, one cycle of 95 ºC for 30 

seconds followed by 40 cycles of 3 sec at 95 ºC and 30 sec at 60 ºC. PCR amplification of the 

endogenous GAPDH for human targets was performed for each sample as a loading control and 

for normalization between samples. Primers and probes were purchased from Applied Biosystems. 

The results are expressed as relative units, which were obtained by calculations using the 

comparative CT method. 

Immunohistochemistry

To detect the number of macrophages and CD8+ T cells, immunohistochemistry was performed. 

Paraffin embedded, 3 µm thick skin tissue sections were stained for CD68 (1:100, clone PG-M1, 

Dako, M087629-2) and CD8alpha (1:150, clone 144B, Abcam, ab17147) using the Mouse specific 

HRP/DAB detection IHC kit (Ab64259, Abcam) according to manufacturer’s protocol. In brief, 

after deparaffinization tissue sections were blocked for endogenous peroxidases using hydrogen 

peroxide for 10 min. Antigen retrieval was performed by HIER (microwave in TE buffer pH 8.0), 

and blockage of unspecific binding was done by incubating sections with protein block for 10 min. 

Between each step, buffer washes using TBST (5 mM Tris-HCl (pH 7.6), 150 mM NaCl and 0.1% 

(v/v) Tween-20) were interposed. Incubation with primary antibody was done overnight (12-14 

hours) at 4 ºC. After washing, the sections were incubated with secondary antibody for 10 min. 

The reactions were visualized with DAB and counterstained with Mayer’s Htx (Dako).A
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Digitalization of samples and image analysis

The stained skin biopsy slides were digitalized with a whole-slide scanner (Zeiss Axio Scan.Z1, 

ZEISS Microscopy, Jena, Germany) equipped with a 40x objective (numerical apperature 0.95) 

and camera set consisting of Hitachi HV-F203 f with an 1X adapter with 1600 x 1200 pixels sized 

4.4 x 4.4 um, resulting in an image in which one pixel represents an area of 0.11 um x 0.11 um. 

Images were stored in a whole slide image format (CZI., ZEISS Microscopy, Jena, Germany) and 

compression of the files were performed using JpegXR with a quality setting of 85% in Zen Blue 

v.3.1 (ZEISS Microscopy, Jena, Germany). The compressed images were then uploaded to the 

whole-slide image management server Aiforia (Aiforia Technologies Oy, Helsinki, Finland). The 

proportion of positive cells were counted manually in five randomly selected areas (4000 x 4000 

pixels), covering most of the area of interest, for each sample.  
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Results

Patient characteristics

Six patients with verified nickel allergy were recruited to the study, all females, of ages 21-66 

years (average 44 years). All patients developed clear, positive reactions against nickel at 96h after 

application of the nickel patch tests. One skin biopsy sample at 48 hours was removed due to 

processing failure. 

Nickel induce strong gene expression dynamics over time

Gene expression profiles were analyzed using microarrays from skin biopsies at baseline 

(indicated as 0 hours) as well as 2, 48 and 96 hours after nickel exposure. Differential gene 

expression analysis revealed 1554 (784 up/770 down; Supplemental Table 1) and 3065 (1548 

up/1517 down; Supplemental Table 2) genes at 48 and 96 hours, respectively. We found no 

significant differentially expressed genes at 2 hours (Figure 1A). Visualization via a Venn diagram 

illustrated that the majority of differentially expressed genes (DEG) are shared between 48 and 96 

hours, with 1347 uniquely DEGs at 96 hours (Figure 1B). These distinct gene expression profiles 

are represented in the PCA analysis, displaying an overlap between 0 and 2 hours timepoints, with 

a clear separation between 48 and 96 hours (Figure 1C). In parallel, hierarchical clustering of the 

most significant DEGs over time evinced that 48 and 96 hours form unique and distinct clusters 

compared to 0 and 2 hours (Figure 1D). 

Nickel-induced allergic contact dermatitis cause leukocyte compositional changes

Allergic contact dermatitis involves the recruitment, activation, differentiation and proliferation of 

various immune cells; therefore, we employed a leukocyte deconvolution algorithm on each 

individual sample over time. At baseline levels, resting mast cells and macrophage subsets were 

the predominant cell types observed, accounting for 50% of cells on average. Remaining 

leukocyte subsets were represented individually with mean fractions <10% (Figure 2A and 

Supplemental Figure 1). Upon nickel exposure, significantly higher estimations of M1 

macrophages, activated mast cells, neutrophils, activated NK cells, CD4+ memory T cells and 

CD8+ T cells was observed, reaching a maximum peak at 48 hours (96 hours for CD8+ cells). 

Concomitantly, estimated numbers of M2 macrophages, resting mast cells, γẟ-T cells and 

regulatory T cells (Treg) decreased significantly during the stimulation period, reaching lowest A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

values after 48 and 96 hours (Figure 2B). Similarly, immunohistochemical staining of 48-hour 

exposed skin biopsies revealed accumulation of CD8+ and CD68+ cells in nickel and SLS 

exposed skin (Supplemental Figure 2).

Time-course GSEA determines important gene sets in nickel contact allergy reaction

Nickel-induced ACD perturbs skin leukocyte composition over time, leading to the recruitment of 

different cellular subsets into the affected skin area. To unravel pivotal mechanisms from invading 

leukocytes, a time-course gene set enrichment analysis (GSEA) utilizing the GO biological 

processes database was applied to identify central gene sets with biological meaningful functions 

during nickel exposure. 1217 gene sets were positively, while 691 gene sets were negatively 

enriched with a FDR < 25%. Nodes with tight clustering, indicating high gene redundancy, 

involved immune responses (e.g. leukocyte mediated immunity, regulation of cell killing, T cell 

mediated immunity, NK cell mediated immunity), T cell activation, cell extravasation & migration 

and cell cycle & DNA-repair associated gene sets (Figure 3). Additionally, gene sets for 

macrophage activation, cytokine production (IL-6, IL-8, IL-12, TNF superfamily, IFN-γ), 

TH1/TH2 responses, apoptosis, mast cell activation, TLR pathway and others were also enriched 

positively over time. The whole dataset is provided in Supplemental Table 3. Top negatively 

enriched skin-related gene sets included keratinocyte proliferation and regulation of water loss via 

skin (Supplemental Table 4).

Enriched cell-related gene sets are associated with leukocyte composition estimations

To determine the relevance and linkage between the leukocyte composition estimates and enriched 

genes sets, gene set results were filtered according to the highest rank at max metric, highest NES 

(>2.5) and a FDR < 0.001, resulting in a condensed table of 165 highly enriched gene sets. Within 

this data set, responses involving T cells, B cells, macrophages, dendritic cells, neutrophils and 

mast cells are highly enriched, which is in line with up-/down-regulation of highlighted estimated 

leukocyte populations (Figure 2B). Cell-associated functional gene sets included IFN-γ response 

and signaling, cell killing & cytotoxicity, regulation and release of cytokines (IL-1β, IL-4, IL-10, 

IL-12, IL-17) as well as extravasation and cellular chemotaxis (Supplemental Table 3). Utilizing 

the annotation enrichment analysis tool EnrichR, the ARCHS4 Tissues database was used to 

decipher relevant cell types based on DEGs. Down-regulated DEGs from 48 and 96 hours 

represented enrichment for “Skin (bulk tissue)”, “Keratinocytes” and “Basal cells” without A
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enrichment of any immune cell subsets. Contrary, up-regulated DEGs displayed significant 

enrichment for immune cells including “Macrophage”, “Natural Killer Cells”, “Plasmacytoid 

Dendritic Cells”, “CD4+ T Cell”, “Regulatory T Cell” and “Dendritic Cell” without enrichment of 

skin-related cells. Additionally, we analyzed activation and differentiation markers of macrophage 

polarization based on previous findings 31. MMP12 and SOCS3 were among the top up-regulated 

DEGs as well as GSEA ranked genes (Supplemental Table 5) at 48 and 96 hours. Interestingly, 

ARG1 was significantly downregulated at 48 hours, but NOS2 displayed unchanged expression 

over time (Supplemental Figure 3). The expression levels of MMP12, SOCS3, ARG1 and NOS2 

were validated by qPCR using technical replicates, and an independent group of patients for 

biological validation (n=7), confirming the findings from the microarrays (Supplemental Figure 

4). 

Notch & interferon signaling pathways are highly enriched during nickel-induced contact 

allergy

To deepen our understanding of underlying pathways in nickel-induced ACD, we performed an 

additional time-course GSEA utilizing the Reactome database. 498 gene sets were positively, 

while 71 gene sets were negatively enriched over-time with a FDR < 25%. Interferon signaling, 

including signaling of IFN-ɑ/β/γ, as well as neutrophil degranulation and PD-1 signaling was 

highly positively enriched (Figure 4A; Supplemental Table 6). Contrary, Notch-4 & Notch-1 

dependent signaling as well as keratinization were highly negatively enriched (Figure 4B; 

Supplemental Table 7).

Comparison of nickel and SLS skin exposure identifies NK cells as important cell subset in 

ACD 

To point out relevant cellular subsets specific in nickel-induced ACD, we investigated the impact 

of sodium lauryl sulfate (SLS), a skin irritant, on leukocyte composition and induced immune 

reaction at 48 hours post-stimulation. SLS skin irritation led to a significant change in gene 

expression profiles with 385 DEG (274 up/ 111 down; Supplemental Table 8). However, irritant 

stimulation resulted only in a small fraction of 16 uniquely DEGs compared to nickel with 1185 

uniquely DEG (Figure 5A). Unique SLS DEGs are enriched for skin-related biological processes, 

whereas unique nickel DEGs involves mainly T cell activation & migration. Shared DEGs are 

mainly enriched for inflammatory responses, T cell activation & responses as well as cell A
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migration (GO Biological Processes; Supplemental Figure 5). Leukocyte deconvolution exhibited 

a significantly higher estimated fraction of neutrophils and NK cells in nickel-induced ACD 

compared to SLS-induced ICD (Figure 5B, whole dataset Supplemental Figure 6). Next, we 

performed KEGG pathway enrichment analysis to unravel unique functional themes between 

DEGs from nickel and SLS stimulation. We revealed 14 unique pathways in the nickel samples, 

including “JAK-STAT signaling”, “Natural killer cell mediated cytotoxicity” and “T cell receptor 

signaling pathway”. In SLS, “TNF signaling pathway” was uniquely enriched (Figure 5C).

In-depth analysis of NK cell-related pathways

The higher estimated NK cell counts as well as functional enrichment highlights a potential role of 

NK cells in nickel-induced ACD. To deepen our insights, the KEGG pathway “Natural killer cell 

mediated cytotoxicity” was analyzed to study the NK cell involvement in more details. The 

pathway was enriched of 29 DEGs, all of being upregulated at 48 hours nickel-induced ACD 

(Supplemental Figure 7). Essential key genes in this pathway included KLRD1, ITGAL, GZMB 

and FASLG (Figure 6A). Additionally, the KEGG pathway “JAK-STAT signaling” was enriched 

with 38 DEGs. Furthermore, the Reactome database was used to identify additional enriched 

immunological pathways. Reactome analysis uncovered interferon signaling and interferon 

gamma as highly enriched pathways in nickel-induced ACD. Further highly enriched key 

pathways included signaling by interleukins, neutrophil degranulation, extracellular matrix 

organization, keratinization as well as IL-4 and IL-13 signaling (Figure 6B). 
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Discussion

Time course gene expression analysis revealed novel dynamics in the immune cell flux as well as 

related immune pathways in human skin during nickel-induced ACD. Our study provide novel, 

data-driven, circumscribed cellular targets with associated pathways for deeper mechanistic 

studies in nickel contact dermatitis, the most common contact allergen in industrialized countries2.

During the elicitation phase, re-entered nickel ions bind directly to MHC complexes as well as are 

taken up by dendritic cells leading to activation of skin-resident memory T cells as well as to 

migration of memory T cells into the skin32. Memory T cells are known central players in ACD, 

initiating the inflammatory cascade, and, furthermore trigger the recruitment of immune cells into 

inflamed tissue33. Since the involvement of memory T cells is well described, we aimed to unravel 

enigmatic roles of further involved cell types34. In the early response phase, represented at the 2 

hours timepoint, leukocyte composition did not differ significantly compared to unaffected skin. 

The result is in line with a previous study showing no induction of associated genes by nickel at 

early time points 35. We identified significant changes in estimated immune cell fractions during 

late-phase (48 - 96 hours) nickel challenge, dominated by influx and/or activation of memory T 

cells, cytotoxic cells (NK cells, CD8+ T cells), mast cells and M1-polarized macrophages. 

Recent mice data suggest that splenic NK cells are activated during nickel challenge in a NKG2D-

dependent fashion36. Moreover, mice NK cells display the capability to maintain a persistent, 

hapten-specific immune memory37. Although human data concerning these mechanistic insights 

are missing, ACD patients display a significant higher number of NK cell infiltrates in affected 

skin38,39. Thus, activated NK cell might amplify the immune reaction via secretion of IFN-γ, 

additionally activating dendritic cells which leads to enhanced T cell responses. Furthermore, 

nickel-specific CD4+ and CD8+ T cells have been described in nickel allergic patients being 

capable to produce IFN-γ and granzyme B40. Earlier studies suggest that CD8+ T cells selectively 

kill human IFN-γ primed keratinocytes, rendering them prone towards TH1 dependent 

cytotoxicity41. Those findings are underlined by our time course GSEA. We identified highly 

enriched gene sets (Supplemental Table 3) related to cytotoxicity including IFN-γ signaling and 

NK cell mediated cytotoxicity. Contrary, gene sets concerning epithelial development, skin 

integrity and keratinocyte proliferation are highly negative enriched. Asserting the robustness of 

our results, cytotoxic mediated cellular damage seems to play a major role in the acute-phase of A
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nickel-induced ACD. To strengthen our hypothesis that these mechanisms are essential in ACD, 

we compared nickel-induced ACD with SLS-induced ICD. The latter arises from chemical and 

physical stimuli releasing proinflammatory mediators and, therefore, results in skin barrier 

disruption, epidermal damage and inflammation42,43. Irritant compounds are able to directly 

activate innate immune mechanisms, which in turn attract non-specific T cells44. Hence, dissimilar 

initial mechanisms might trigger different immune cell subsets. We discovered that activated NK 

cells were uniquely upregulated in nickel-induced ACD, highlighting the importance of this 

cellular subset. 

The involvement of IFN-γ and associated pathways might explain the bias towards M1 

macrophage polarization found in our study cohort. Macrophages are subgrouped by two 

antagonistic arginine metabolic pathways: iNOS representing M1-like (pro-inflammatory), and 

Arg1 representing M2-like macrophage (anti-inflammatory) phenotypes45. Thus, the induced pro-

inflammatory skin milieu lead to M1-polarization, triggering higher iNOS expression which is 

worsening contact dermatitis46. However, we observed a relatively high fraction (10- 15%) of M2-

macrophages at baseline levels compared to M1-macrophages. Although well-known for the 

suppression of TH1 responses and tissue repair properties, M2-macrophages might exacerbate 

contact dermatitis via the secretion of CXCL247 and matrix-metalloprotease MMP1248,49. 

Although MMP12 was linked with tissue-remodeling processes, this enzyme exhibits an essential 

role in cellular recruitment via the induction of chemokines50-52. Our data suggest a potential link 

of the described mouse data in human skin, as MMP12 and SOCS3 are highly upregulated and 

enriched in our analysis. 

Mast cells appear to elicit a dual role in contact dermatitis; first they seem to promote 

inflammation (e.g. boosting antigenicity of haptens, activation of hapten-specific IgM, 

complement activation), followed by inhibitory immune mechanism and limitation of tissue 

injury53-55. In our study, mast cell kinetics displayed highest value of activated cells at 48 hours, 

concomitantly with neutrophils. GSEA revealed highly positive enrichment of mast cell activation 

related gene sets over time. However, the importance of mast cell during contact dermatitis is still 

controversial56-59. Recently, transgenic mice study revealed that mast cell activation is required for 

induction of contact dermatitis, but merely needed for dermatitis resolution53. Nonetheless, 

detailed insights into human mast cell biology during contact dermatitis is scarce.  A
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Lastly, we observed negative kinetics of estimated numbers of Tregs and γẟ T cells over time. 

The role of human epidermal γẟ T cells in nickel-induced ACD is barely investigated, but earlier 

conducted mouse studies suggest that this cell population may suppress contact dermatitis60,61. 

Moreover, Tregs appear to play a pivotal role in immune regulation during nickel allergy with 

altered functional profiles. Tregs from nickel-allergic patients demonstrate limited capacity to 

suppress nickel-specific effector T cells. In contrast, Tregs from healthy probands showed strong 

regulatory properties in a cell-contact-dependent manner62,63. GSEA revealed a highly negative 

enrichment of Notch1 and Notch4 signaling during nickel-induced ACD. Notch signaling is an 

evolutionally highly conserved pathway, significantly regulating cell fate as well as T cell 

differentiation and function64-66. Since this pathway is involved in epidermal processes and Treg 

function, it is not possible for us to determine the involvement of this pathway specifically on 

Tregs. Nevertheless, Notch signaling seems to be a major pathway in other skin diseases such as 

atopic dermatitis67.

In summary, we comprehensively profiled nickel-induced transcriptomic changes over time. 

Utilizing an integrative and data-driven approach, we identified major leukocyte compositional 

changes, biological processes and pathways associated with ACD. Our findings confirm previous 

findings, but also highlight novel associated cellular and gene expression changes not shown in 

humans before. Thus, our findings serve as a useful basis, indicating target cell population and 

genes, to further elucidate the underlying mechanisms of ACD, with the potential to unravel new 

treatment strategies.
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Table 1. Reaction strength to nickel and SLS exposure after removal of the patch test.

Exposure ?+ + ++ +++ IR

SLS (48h) 3 n/a n/a n/a 3

Nickel (48h) 3 1 2 - n/a

Nickel (96h) - 1 4 1 n/a

(?+) uncertain reaction; (+) weak allergic reaction; (++) moderate allergic reaction; (+++) strong 

allergic reaction; (IR) irritant reaction; (n/a) not applicable
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Figure Legends

Figure 1. Differentially expressed genes (DEGs) over time during nickel-induced allergic 

contact dermatitis in human skin. Significantly up- (red) & down-regulated (green) genes over 

time (A). Venn diagram representation to identify uniquely and shared DEGs between time point 

comparisons (B). Principal component (PC) analysis of gene expression profiles over time (C).  

Heatmap of highly significant DEGs across timepoints (D).

Figure 2. Nickel-induced contact allergy perturbates skin leukocyte composition. Estimated 

cell fractions from transcriptome wide gene expression signatures, partitioned according to the 

investigated time point (A).  Significantly changed cell populations over the allergen stimulation 

time course (B). *p<0.05, **p<0.01

Figure 3. Time course gene set enrichment analysis of skin biopsies after nickel exposure. 

Each node(circle) represents a gene set with either positive (red circles) or negative (blue circles) 

normalized enrichment score (NES). Edges link gene sets with overlapping genes. Only gene sets 

with an FDR < 0.01, p < 0.05 and NES < -2 & > 2 were included in the visualization and 

disconnected clusters < 3 nodes were removed.  Data were visualized with Cytoscape Enrichment 

Map.

Figure 4. Time-course GSEA result using the Reactome database. Selected highly enriched 

(p<0.01, FDR < 0.05) pathways which are positively (A) and negatively (B) enriched over-time 

course. The x-axis depicts genes represented in gene sets as the y-axis represents the enrichment 

score (ES). ES represents the degree of over-representation of a gene set at the top or bottom of 

the ranked gene list. The colored band under the x-axis represents the correlation of genes with 

time points (red = later time points, blue = early time points). 

Figure 5. Analysis of nickel vs. SLS skin exposure at 48 hours.  Venn diagram representation to 

identify uniquely and shared differentially expressed genes between nickel and SLS comparisons 

(A). The Cibersort algorithm was used to identify different cell subsets after nickel and SLS 

exposure after 48 hours (B). KEGG pathway enrichment analysis was conducted using A
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clusterProfiler. Uniquely enriched pathways in nickel exposure are highlighted in bold text, 

whereas uniquely enriched pathways in SLS are highlighted in oblique text (C). *p<0.05

Figure 6. Natural killer cell & cytotoxicity associated genes identified in KEGG pathway 

analysis. Expression of single essential NK cell mediated cytotoxicity genes over time (B). 

Reactome pathway analysis of differentially expressed genes at 48 hours of nickel stimulation (C).
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