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A B S T R A C T

Objective: In this study, we examined the molecular response of human skin fibroblasts to an inflammatory 
cytokine to evaluate their suitability as models for immunopathology research.
Methods: Skin fibroblasts were stimulated with tumour necrosis factor (TNF)-α, and the transcriptome was 
profiled via RNA-Seq. The differentially expressed genes were screened to predict immunological pathways and 
interactions. The cytokines and signaling pathways were validated at protein level. Similarly to immune cells, 
TNF-α caused transcriptional and transductional changes in fibroblasts.
Results: Functional analysis revealed significant enrichment of TNF-α signaling and cell chemotaxis (normalized 
enrichment score = 2.59 and 3.42). We also detected enrichment of nuclear factor kappa B (NF-κB) target genes 
and NF-kB activation, confirmed by complete protein degradation of its inhibitor IκBa (p = 0.0019). The MAPK/ 
ERK and p38 MAPK pathways were also activated. Finally, we observed significant secretion of proinflammatory 
cytokines and chemokines, such as interleukin 6 (p = 0.02), CXCL8 (p = 0.027), CCL2 (p = 0.028) and CCL5 (p =
0.016).
Conclusion: This study advances the biological understanding of skin fibroblast responses to TNF-α, revealing 
their intracellular pathways and secretome. It discloses techniques for leveraging fibroblasts’ potential as in vitro 
models to identify inflammatory drivers, particularly when alternative models are inaccessible.
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1. Introduction

The immune response plays a crucial role in the pathogenesis and 
progression of many diseases. The analysis of immunological processes 
is essential for understanding of these diseases [1,2]. However, one 
major challenge to study various diseases is accessing tissue samples due 
to the low patient numbers and the complexity of sampling processes [3,
4]. In fact, tissue sampling involves various professionals, technological, 
institutional and ethical factors to ensure that patients are spared from 
unnecessary procedures and healthcare visits [5]. Patient tissues are 
rationally available in biobanks [6,7], which constitute valuable op
portunities for disease communities, alleviating issues related to sample 
access and facilitating research and drug development [8,9]. One of the 
most commonly collected samples are primary skin fibroblasts, which 
have the capacity to grow with minimal processing and yield informa
tion about an individual’s health [10]. Fibroblasts, owing to their 
accessibility, reprogramming potential and applicability as disease 
models are invaluable resources for various diseases research [10–13].

Fibroblasts, the main component of connective tissue, exhibit vary
ing morphologies and functions depending on their anatomical location 
and yet reflected in unique molecular and structural profiles that sup
port vital functions, including trauma resistance, tissue repair, and 
extracellular matrix (ECM) reorganization [14–20]. Additionally, they 
secrete several mediators of local inflammation, such as cytokines and 
growth factors, allowing cell‒cell communication with immune cells 
[21] express immune receptors essential for signaling pathway activa
tion [22,23]. Among these receptors are the tumor necrosis factor re
ceptors (TNFRs) [24] which respond to TNF-α (responsible for signaling 
pathways leading to necrosis or apoptosis) and play a critical role in 
activating inflammatory, immune-modulatory and apoptotic pathways 
[24,25]. TNFR activation induces the production of several key in
terleukins (ILs) and chemokines in fibroblasts and is involved in various 
biological processes, such as leukocyte differentiation and recruitment 
[23–26]. Thus, fibroblasts are considered sentinel cells for recognising 
pathological stimuli which contribute to immune response modulation 
to maintain homeostasis [22] and support and/or suppress immune 
responses related to infection [27,28], autoimmunity [29,30] and can
cer [31].

Fibroblast features suggest that these cells can be used as in vitro 
models for studying molecular mechanisms underlying immunopa
thology, particularly when cellular and animal models are scarce. This 
approach is particularly important for patients with a genetic aetiology 
due to the reliance on limited single-centre samples such as PMM2-CDG, 
Coffin-Siris and periodontal Ehlers–Danlos syndrome, new models are 
urgently needed to understand immune defects [32–34].

This study aimed to describe the molecular response of skin fibro
blasts to TNF-α and highlights their potential as reliable in vitro models 
for studying inflammatory drivers and responses when other models are 
unavailable.

2. Materials and methods

2.1. Cells, cell culture and TNF-α stimulation

Three primary human skin fibroblasts (GM00498 (3 years male), 
GM00969 (2 years female) and GM03349 (10 years male) from healthy 
donors were obtained from the NIGMS Human Genetic Cell Repository 
at the Coriell Institute for Medical Research. The cells were cultured in 
complete Dulbecco’s Modified Eagle Medium (DMEM) supplemented 
with 1 g/L glucose, l-glutamine (2 mM), penicillin-streptavidin (100 
units/mL and 100 µg/mL) and 10 % (v/v) heat-inactivated foetal bovine 
serum at 37 ◦C in a 5 % CO2 incubator. All cell culture reagents were 
obtained from Gibco. 5 × 105 cells were seeded in T75 flasks, and after 3 
days, the cells were either stimulated with 10 ng/ml TNF-α for 5 h for 
gene expression analysis. 3 × 104 cells/200 μL/well were seeded in 96- 
well plate to perform resazurin assay. After 24 h, the cells were 

stimulated with 200 μL of tenfold serial dilutions of TNF-α in complete 
DMEM. To detect signaling proteins by western blotting, 2 × 105 cells 
were seeded in 6-well plates and stimulated with 10 ng/ml TNF-α for 
0 to 120 min Fig. 1.

2.2. Cell viability and metabolic activity determined by the resazurin 
assay

Cell viability and metabolic activity were assessed by measuring the 
conversion of resazurin to resorufin [35]. After cell stimulation, the cells 
were incubated in complete DMEM containing 44 µM resazurin for 3.5 h 
and absorbance was taken at 600 and 570 nm using a UV‒Vis microplate 
reader (SpectraMax190, Molecular Devices). Resorufin levels were 
estimated by calculating the difference between the absorbance values 
at 600 nm and 570 nm. The results of the stimulated samples were 
normalized against the non-stimulated conditions.

2.3. RNA extraction and quality control

Total RNA was extracted using the GenElute Mammalian Total RNA 
Miniprep Kit (Sigma Aldrich) following the manufacturer’s instructions. 
The RNA purity and concentration were assessed using a NanoDrop 
(Thermo Fisher Scientific). RNA integrity was analysed using the High 
Sensitivity RNA Analysis Kit on a Fragment Analyser (Agilent Technol
ogies, Inc.). RNA was deemed acceptable if the 280:260 nm and 260:230 
nm ratios were greater than 1.9 and 1.5, respectively, and if the 28S:18S 
ratio was greater than 2.0.

2.4. RNA sequencing (RNA-seq)

cDNA libraries were prepared by the Genomics Unit of Instituto 
Gulbenkian de Ciência (Oeiras, Portugal) using the QuantSeq 3′ mRNA- 
Seq Library Prep Kit FWD (Lexogen Ghmb). RNA sequencing was per
formed on a NextSeq500 (Illumina) in 75-base single-end mode, with a 
minimum target coverage of 6 million reads per library.

2.5. Differential gene expression and correlation analyses of TNF- 
α-stimulated fibroblasts

The QuantSeq 3′ mRNA-Seq Integrated Data Analysis Pipeline (Lex
ogen GmbH) on the BlueBee® Genomics Platform was used to obtain the 
read counts for each gene of each sample. Specifically, the quality 
control of the RNA-Seq raw data was assessed using FASTQC (v 0.11.5) 
[36]. BBDuk software (v 35.92) was used to trim and remove the stan
dard adapter sequences and poly(A) tails [37]. The resulting trimmed 
reads were aligned with the GRCh38 reference genome using STAR (v 
2.5.2a) and counted via HTSeq [38,39].

The transcriptomic statistical analysis was done using the R (v 4.1.1) 
computer language as well as most graphical representations, including 
principal component (PC) analysis, boxplots, heatmaps and volcano 
plots [40]. The scripts were developed to conduct the analysis which are 
available at https://github.com/PGranjo/Model-of-inflammation.git. 
The quality-controlled read counts were assembled on a matrix, and the 
low number of read counts on each sample was filtered using the 
“edgeR” (v 3.36) package [41]. This package was also used to screen the 
differentially expressed genes (DEG) between TNF-α-stimulated and 
non-stimulated cells using a false discovery rate (FDR) ≤ 0.05 as the 
cut-off.

To explore similarities in gene expression patterns among fibroblasts 
and various immune cells in response to TNF-α, we analysed publicly 
available data from the CytoSig database [42]. Specifically, RNA-Seq 
transcriptomic profiles of dermal fibroblasts and immune cells upon 
TNF-α stimulation were downloaded (E-MTAB-5622 [43], SE109460 
[44], GSE100382 [45], GSE95588 [46], GSE129210 [47], GSE98624 
[48], GSE40548 [49] and GSE70068 [50]). The parametric Pearson 
correlation was used to examine the similarity of the transcriptome 
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alterations upon TNF-α stimulation (log2 fold change (FC)) between 
immune cells and skin fibroblasts, using FDR ≤ 0.05 as the cut-off, and 
was calculated using the corrplot package (v 0.92) [51].

2.6. Gene set enrichment analysis and cell‒cell interaction analysis of 
TNF-α-stimulated fibroblasts

Based on the ranked gene list obtained using the sign(log2(FC))- 
log10(FDR) as a metric, gene set enrichment analysis (GSEA) was carried 
out with the WEB-based GEne SeT AnaLysis Toolkit 2019 [52] with an 
FDR≤0.05 set as the cut-off and a minimum of 5 and a maximum of 2000 
genes per category. The enriched GO terms were further visualized 
through Cytoscape’s Enrichment Map Plugin [53,54]. For each group, 
the terms with links with >5 nodes were selected using the WordCloud 
plugin and encompassed by a circle [55].

The fibroblast and immune cell interactions were analysed from 
receptor–ligand pairs and repertoires of 144 primary cell types from the 
FANTOM5 project [56]. The corresponding ligand/receptor pairs were 
analysed for their gene expression in different immune cell lines (Sup
plementary Material 1). A threshold of 10 transcripts/million (~3 
transcript copies/cell) was used to identify expressed receptors and li
gands in immune cells, as previously described [56,57].

2.7. Gene expression analysis by real-time quantitative polymerase chain 
reaction (RT–qPCR)

cDNA was obtained with a high-capacity cDNA transcription kit 
(Applied Biosystems) as described previously [58]. RT‒qPCR was per
formed using TaqMan probes and primers (Thermo Fisher Scientific), 
namely, IL-6 (Hs00174131_m1), as well as the endogenous controls 
β-actin (4352935E) and GAPDH (4333764F). The reaction was carried 
out on a Rotor-Gene 6000 Series (Corbett Research Ltd.). Gene expres
sion was assessed by adapting the 2− ΔΔ cycle threshold (CT) method 
[59]. The ΔCT was calculated by the difference between the CT values 
for the gene of interest and the endogenous control genes under a 

particular condition. The ΔΔCT was obtained to compare the stimulated 
versus the non-stimulated condition by subtracting the corresponding 
ΔCT.

2.8. Cytokine and chemokine secretion quantification by ELISA and 
LegendPlex technologies

Cell supernatants were analysed by sandwich ELISA to determine IL- 
1β, IL-4, IL-6, IL12 (p40), IL-15, and IFN-γ concentrations using Immu
notools kits. The absorbance was measured at 450 nm in a UV‒Vis 
microplate reader (SpectraMax190, Molecular Devices). A custom 
LEGENDplex™ Human Proinflammatory Chemokine Panel 1 (Bio
Legend) kit targeting C-X-C motif chemokine ligand (CXCL) 1, CXCL5, 
CXCL8, CCL2 and CCL5 was used [60]. The signal quantification was 
performed with an LSRFortessaTM X-20 Cell Analyser (BD Biosciences). 
The cytokine/chemokine concentrations were calculated using specific 
standard curves and normalized to the protein concentration quantified 
using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific).

2.9. Cell signaling protein detection by Western blot

Following stimulation, the cells were washed with cold PBS and 
lysed in Pierce IP lysis buffer (Thermo Fisher Scientific) supplemented 
with protease (cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail, 
Roche) and phosphatase (1 mM sodium orthovanadate, Sigma‒Aldrich) 
inhibitors. The protein concentration was determined using the Pierce 
BCA Protein Assay Kit. For nuclear factor kappa B (NF-κB) p65 detec
tion, 25 µg of protein was separated on a 12.5 % SDS‒PAGE acrylamide 
gel (Bio-Rad) for 4 h and subsequently transferred to PVDF membranes 
(Millipore) for 2.5 h at 500 mA. For the remaining proteins, 30 µg of 
protein extract was separated on a 10 % SDS‒PAGE gel. The membranes 
were blocked with Carbofree blocking solution (VectorLabs). Immuno
blotting was performed using antibodies against NF-κB p65 (1:500, sc- 
372), Iκ-Bα (1:600, sc-371), p38 (1:1000, sc-728) (Santa Cruz Biotech
nology), P-p38 (1:1000, #9211), extracellular signal-regulated kinase 

Fig. 1. Overview of the study design. A schematic representation of the preclinical research study design aimed at characterizing skin fibroblasts as a potential in vitro 
model for studying immunomodulation upon inflammatory stimuli, providing a platform to aid in the understanding and treatment of rare diseases. Created with 
BioRender. Legend: DEGs – Differentially expressed genes; TNF– Tumour necrosis factor; WB – Western blot.
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1/2 (ERK1/2, 1:1000, #9102) and P-ERK1/2 (1:1000, #9101) (Cell 
Signaling Technology) overnight, followed by 1 h of incubation with the 
secondary antibodies peroxidase AffiniPure donkey anti-rabbit IgG (H +
L) (1:10000, #711-035-152, Jackson Laboratories) or anti-mouse-IgG- 
HRP (1:2500, #554002, BD Biosciences). The signal was visualized 
using the Lumi-Light Western Blotting Substrate (Roche) and X-ray films 
(Amersham HyperfilmTM ECL). For the loading control, the membranes 
were stripped using ReStore® Western Blot stripping buffer (Thermo 
Fisher Scientific) and reprobed using a mouse monoclonal anti-α-tubulin 
antibody (T6074, 1:50000; Sigma‒Aldrich). The band density was 
quantitated using ImageJ v.1.43 software and normalized to that of 
α-tubulin [61].

2.10. Statistical analysis

The normality of the data was assessed by the Shapiro‒Wilk test. The 
remaining data was presented as the mean ± standard deviation. For 
comparisons of means between two groups, a two-tailed unpaired Stu
dent’s t-test was performed. For comparisons of means between three or 
more groups, one-way ANOVA with Dunnett’s multiple comparison test 
was performed. In multiple testing p values were adjusted using the FDR 
method and the statistical significance of the differences was analysed 
using GraphPad Prism (v.8.4.0, GraphPad LLC). Differences were 
considered statistically significant if p value/FDR≤0.05 or marginally 
significant if 0.05<p value/FDR≤0.1. The statistical analysis of the 
transcriptome data is described in the Transcriptome Data Analysis 
section.

Fig. 2. TNF-α causes a shift in the fibroblast transcriptional profile, which is correlated with the immune cell response. (A) Relative IL6 gene expression in response 
to TNF-α stimulation (t = 5 h) at various concentrations (0.1, 1, 10, 100 and 1000 ng/ml) quantified by RT‒qPCR. IL6 mRNA levels were normalized to those of 
β-actin and GAPDH, which were used as endogenous controls, and the relative quantification was performed according to the nonstimulated conditions (2− ΔΔCT 
method). The data are presented as the means ± SDs (n = 3). Statistical significance was assessed by one-way ANOVA with Dunnett’s multiple comparisons (FDR <
0.01 (**)); (B) Cell viability and metabolic activity of fibroblasts after TNF-α stimulation (t = 24 h) at different concentrations (0.1, 1, 10, 100 and 1000 ng/ml) 
quantified by the resazurin assay. The data are presented as the means ± SDs (n = 3). Relative values are related to the nonstimulated conditions. (C) Principal 
component (PC) analysis biplots of human skin fibroblasts before and upon TNF-α stimulation (10 ng/ml, t = 5 h). Stimulated (red dots, n = 3) and nonstimulated 
(NStim, blue dots, n = 2) samples were distinguished by two factors, PC1 and PC2, which accounted for 46.17 % and 31.23 %, respectively, of the data variability. 
The nonstimulated condition of one of the samples was excluded from this analysis due to an RNA sequencing technical issue. (D) Volcano plot of all expressed genes. 
The DEG cut-off criterion was an FDR < 0.05. The red dots represent the downregulated DEGs, the green dots represent the upregulated genes, and the black dots 
represent all genes not differentially expressed upon stimulation (FDR > 0.05). (E) The whole transcriptomic differential expression profile of stimulated fibroblasts 
positively correlated with all TNF-α-stimulated immune cell transcriptomic profiles in the CytoSig database (FDR < 0.001 (***) based on parametric Pearson 
correlation).
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3. Results

3.1. The effects of TNF-α stimulation on skin fibroblasts mimic the 
transcriptome alterations observed in immune cell lines

In the obtained results, the TNF-α induced the expression of the IL6 

gene in skin fibroblasts, with higher doses tending to lead to increased 
gene expression of IL6 (Fig. 2A). Additionally, TNF-α treatment led to a 
10 to 15 % increase in cell metabolic activity without causing a decrease 
in viability (Fig. 2B, Supplementary Material 2–Supplementary Fig. 1). 
The fibroblasts expressed both TNF-α receptors (TNFR1 and TNFR2) 
Supplementary Material 2–Supplementary Fig. 2).

Fig. 3. Gene Set Enrichment Analysis (GSEA) plots of patient-derived fibroblasts in response to TNF-α. GSEA of fibroblasts treated for 5 h was used to identify 
enriched transcription factors, pathways, and biological processes and to predict fibroblast-immune cell interactions based on the DEGs. (A) Normalized enrichment 
score (NES) of the top significantly enriched transcription factor targets. Motifs for which the transcription factors are not annotated (unknown) are not represented 
but can be found in Supplementary material 2–Supplementary Table 1; (B) NES from immune-related pathways (from Reactome). The complete list of pathways is 
found in Supplementary material 4. (C) NESs from nonredundant inflammatory-related biological process terms. All GSEA analyses were performed using the 
WebGestalt platform, and all displayed terms were statistically significant (false discovery rate (FDR) < 0.05). (D) Enrichment map of TNF-α stimulation of skin 
fibroblasts. The visualization network displays the enriched biological process gene sets of stimulated fibroblasts. The size of the nodes characterizes the number of 
genes inserted in each dataset, and the orange gradient represents the significance of each term. Light orange is less statistically significant than strong orange is. 
Clusters of functionally related gene sets were manually circled and labelled with the help of the WordCloud plugin. Links with fewer than 5 nodes were excluded. (E) 
Log2-fold fold change (FC) of differentially expressed receptors and ligands upon TNF-α stimulation in skin fibroblasts annotated with a prediction of cell–cell in
teractions with immune cells. These Log2FCs are statistically significant, with FDR < 0.05 (*), FDR < 0.01 (**) or FDR < 0.001 (***).
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To further investigate the response to TNF-α stimulation, we ana
lysed the overall transcriptomic profile of the fibroblasts, which showed 
a consistent gene expression distribution between the cell lines (Sup
plementary Material 2-Supplementary Fig. 3). Following RNA 
sequencing, a PC analysis showed that TNF-α-stimulated and non- 
stimulated samples clustered separately, indicating that all the stimu
lated samples responded to TNF-α in the same direction (as indicated by 
PC1 explaining 46.17 % of the sample variance) and the two groups of 
samples had distinct transcription profiles (Fig. 2C). Further, the dif
ferential gene expression investigated the presence of 159 DEGs (Sup
plementary Material 3) which involves 130 up regulated and 29 down 
regulated DEGs in the stimulated condition as compared to the non- 
stimulated condition (Fig. 2D).

The fibroblast response similarity with other cells was explored by 
resorting to the CytoSig database, which contains transcriptomic pro
files of different cell lines generated in response to different stimuli, 
including TNF-α. Therefore, the correlation between the transcriptomic 
alterations in TNF-α-stimulated fibroblasts and the profiles of T cells, 
monocytes, macrophages, astrocytes, and other dermal fibroblasts was 
investigated. Correlations with other dermal fibroblasts (r = 0.51), 
macrophages (r = 0.32), neutrophils (r = 0.30 and r = 0.29) and 
monocytes (r = 0.28 and r = 0.24) as well as with T cells (r = 0.17 and r 
= 0.14 for CD4+ memory T and Jurkat T cells, respectively) showed that 
(FDR≤0.05) the response of stimulated fibroblasts not only was signif
icantly correlated with dermal fibroblasts but also with the TNF-α 
response of immune effector cells, including neutrophils, monocytes, 
macrophages and T cells (Fig. 2E).

3.2. Fibroblast response to TNF-α activates signaling pathways congruent 
with predicted fibroblast-immune cell interactions

Following the analysis of the expression profiles of fibroblasts stim
ulated with or without TNF-α, GSEA was performed to assess the 
enriched targets of transcription factors, pathways, and biological pro
cesses (Supplementary Material 4). The changes in the expression of the 
top enriched targets after TNF-α stimulation suggested activation of the 
NF-κB pathway (Fig. 3A, Supplementary Material 2-Supplementary 
Table 1). Indeed, 7 different NF-κB binding motifs (M1-M7) constitute 
the top of this list. Other targets include the binding motifs of interferon 
regulatory factors, signal transducers and activators of transcription 
family members, and nuclear factors in activated T cells. Moreover, a 
total of 150 pathway-related genes, mainly involved in various cytokine 
and chemokine signaling pathways as well as the TNF receptor and 
transforming growth factor b-activated kinase 1 (TAK1)-induced acti
vation of NF-κB signaling, were significantly enriched following TNF-α 
stimulation (Normalized enrichment score (NES)=2.59); these findings 
are consistent with the identified targets of transcription factors 
(Fig. 3B).

The cytokine/chemokine signaling was associated with the immune 
processes such as chemotaxis, leukocyte adhesion, IL-6 production and 
regulation of the inflammatory responses (Fig. 3C). A significant overlap 
was observed between the enriched biological processes (Fig. 3D, Sup
plementary Material 4), where the main clusters corresponded to cyto
kine production and lymphocyte activation and were directly linked to 
the regulation of protein localisation and secretion; the regulation of the 
inflammatory response, chemotaxis, and cell migration; and the 
response to interferon. Other clusters included the regulation of the 
endoplasmic reticulum, which includes several enzymatic reactions, the 
exportation of the proteins to the cytoplasm and subsequent exocytosis, 
apoptotic signaling and negative regulation of stimuli (Fig. 3D).

Fig. 3E showed the changes in the expression of the DEGs that encode 
receptors and ligands in fibroblasts and the possible crosstalk with their 
pairs in immune cells. As shown in Fig. 3E, the upregulation of ICAM1 
may potentiate the interaction between skin fibroblasts and immune 
cells (macrophages, T cells, monocytes, B cells, natural killer (NK) cells, 
dendritic cells, neutrophils, and eosinophils) since these cells express 

one or more receptors known to ligate ICAM1 (ITGB2, ITGAL, ITGAX, 
ITGAM, IL2RA and ILR2G) (Supplementary Material 1). In the stimu
lated fibroblasts, the upregulation of CCL2, CCL5 and CCL7 may influ
ence the recruitment of immune cells expressing corresponding 
chemokine receptors (macrophages, naive and memory regulatory/ 
conventional T cells, monocytes, NK cells, dendritic cells, neutrophils 
and eosinophils). On the other hand, the CXCL1, CXCL2, CXCL3 and 
CXCL5 gene products can potentially attract cytotoxic CD8+T cells, eo
sinophils, and neutrophils according to their CCR/CXCR expression.

3.3. Experimental validation of the TNF-α-induced pathways through NF- 
κB and MAPK signaling activation

The gene expression associated with cytokines, chemokines, 
signaling proteins and transcription factors was analysed. According to 
Fig. 4A, genes that encode cytokines, IL1B, IL6 and IL15, upregulate 
their expression upon TNF-α stimulation, suggesting potential in 
affecting both the acute phase and adaptive immune responses. Other 
transcripts related to well-described proinflammatory and anti- 
inflammatory cytokines were not detected (IL4, IL10, IL12 and IFNG). 
The CXCL1, CXCL5, CXCL8, CCL2 and CCL5 chemokine genes were also 
upregulated in stimulated fibroblasts. The expression of other proteins, 
specifically those encoding transcription factors, namely, NFKB1, 
NFKB2 and NFKBIA, also increased following inflammatory triggering 
(Fig. 4A).

At the protein level, we confirmed significant changes in the 
expression of IL-6 (p = 0.02) while the expression of IL-1β or IL-15 was 
negligible (Fig. 4B). Also the secretion of IL-4, IL-10, IL-12 and IFN-γ was 
very low or not detected. Fibroblasts secreted chemokines, with notable 
overexpression of the proinflammatory chemokines CXCL8 (p = 0.027), 
CCL2 (p = 0.028) and CCL5 (p = 0.016), upon TNF-α stimulation 
(Fig. 4C). Additionally, CXCL5 and CXCL1 exhibited marginal over
expression (p = 0.055 and p = 0.082, respectively). These protein 
changes were consistent across all the cells and validated the above 
mentioned gene expression changes (Supplementary Material 2-Supple
mentary Table 2).

The analysis of proteins involved in TNF-α receptor downstream 
signaling, namely, the NF-κB and mitogen-activated protein kinase 
(MAPK) signaling pathways was done. Considering the high enrichment 
of NF-κB targets, the protein expression of the p65 subunit was analysed 
which was not changed with increasing stimulation time from 0 to 120 
min (Supplementary Material 2–Supplementary Fig. 4). However, the 
expression of the endogenous inhibitor IκBα was completely abrogated 
upon TNF-α stimulation (p = 0.0019; Fig. 4D; Supplementary Material 
2–Supplementary Fig. 5), revealing the activation of the NF-κB pathway. 
Analysis of the other downstream proteins tested also revealed signifi
cant differences upon TNF-α stimulation, namely, the ERK1/2 (FDR =
0.017), p38 (FDR = 0.011) and p-p38 (FDR=0.0003) proteins (Fig. 4D, 
Supplementary Material 2–Supplementary Fig. 5). Further analysis also 
revealed the activation of both the MAPK/ERK and p38 MAPK pathways 
since the p-ERK1/2:ERK1/2 and p-p38:p38 ratios significantly increased 
upon TNF-α stimulation (FDR = 0.017 and FDR = 0.011, respectively).

Overall, our data showed that TNF-α activates several pathways in 
skin fibroblasts, namely, the NF-κB MAPK/ERK and p38 MAPK signaling 
pathways, which, individually or collectively, are responsible for 
increased IL-6 and chemokine expression.

4. Discussion

The new European regulations that restrict the use of animal models 
in research, prioritizing the combination of in vitro cellular models and 
computational analysis is crucial for addressing immune physiology and 
pathology [62]. The scarcity of in vivo, in vitro models and the difficulty 
in obtaining patient samples underscore the importance of the Euro
BioBank, the Telethon Network of Genetic Biobanks and the NIGMS 
Human Genetic Cell Repository, which are critical for supporting basic, 
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translational research and maximizing outcomes with limited resources 
[7,63–65].

Fibroblast cultures were traditionally used for biochemical studies 
and are now part of established biobanks containing genetically stable 
models [66]. They have been used to study immunopathology in the 
context of autoimmune and inflammatory conditions such as psoriasis, 
rheumatoid arthritis, and Crohn’s disease [67–69]. Since pathogenic 
variants can systematically impact molecular mechanisms, irrespective 
of cell type or tissue, our hypothesis is that fibroblasts can serve as a 
valuable tool for studying immune defects. Hence, for many diseases, 
especially those with poorly understood underlying mechanisms, skin 
fibroblasts provide a valuable model for investigating disease 
pathogenesis.

To characterize how the skin fibroblasts respond to inflammatory 
stimuli at the molecular and functional levels, the pro-inflammatory 
cytokine TNF-α was selected. It has already been reported that TNF-α 
causes transcriptional changes in fibroblasts related to cytokine 
signaling, which are controlled by anti-TNF-α therapy [70]. Badran et al. 
performed RNA sequencing of TNF-α-stimulated dermal fibroblasts to 
analyse gene expression disparities in patients with RELA 

haploinsufficiency [71]. However, the study primarily emphasized 
pathogenic alterations, providing limited insights into the full fibroblast 
response to this cytokine. To the best of our knowledge, this is the first 
study to use RNA sequencing to reveal the transcriptome in response to 
TNF-α. Here, we provide comprehensive evidence that fibroblasts 
respond to TNF-α through signaling pathways similar to those of im
mune cell lines (Fig. 2E). These findings highlight the immunological 
role of fibroblasts; however, future research efforts should aim to 
determine which pathways are similarly activated between fibroblasts 
and each immune cell type to investigate their potential as immune cell 
models. The results of this study also bring important insights into skin 
inflammatory diseases. Not only the response of skin fibroblasts to 
TNF-α was described at the transcriptomic level, but also secreted pro
teins and possible interactions with a plethora of immune cells that can 
be further studied. This is particularly relevant in diseases in which the 
pathogenesis is based on or includes exacerbated levels of TNF-α (e.g. 
psoriasis or atopic dermatitis). Besides, in skin inflammatory conditions, 
mechanisms such as alteration in protein levels and cell-cell interactions 
enhance the fibroblast proliferation activity and interaction with im
mune cells. These lead to the activation of different signaling pathways, 

Fig. 4. Gene and protein expression of TNF-α downstream signaling proteins and analysis of inducible cytokines. (A) Heatmap of immune-related gene expression in 
non-stimulated (NS) (light grey) and TNF-α-stimulated (dark grey) fibroblasts (t = 5 h). The green gradient represents the expression of each gene in each sample and 
is presented as a z score, with lighter green indicating lower levels of gene expression and darker green indicating higher levels of gene expression. Genes marked 
with ‘*’ are differentially expressed (false discovery rate (FDR) < 0.05); (B) Cytokine production in NS- and TNF-α-stimulated samples (t = 24 h) measured via ELISA. 
The data are presented as the means ± SDs (n = 3). Statistically significant values were assessed by two-tailed unpaired Student’s t tests (p < 0.05 (*)). Normalized 
values were obtained by dividing the concentration of cytokines (pg/ml) by the concentration of total protein (mg/ml). (C) Chemokine production in the NS- and 
TNF-α-stimulated samples (t = 24 h) quantified using a Mix and Match LegendPlex Kit. The data are presented as the means ± SDs (n = 3). Statistically significant 
values were assessed by two-tailed unpaired Student’s t tests (p < 0.05 (*) and 0.1 < p < 0.05 (#)). Normalized values were obtained by dividing the concentration of 
chemokines (pg/ml) by the concentration of total protein (mg/ml). (D) Relative protein quantification of cell signaling proteins and transcription factors (namely, 
IkBα, p38, p-p38, extracellular signal-regulated kinase (ERK)1/2 and p-ERK1/2) in NS- and TNF-α-stimulated fibroblasts (t = 30 min) via western blotting (n = 3). 
α-Tubulin bands were used as a loading control and housekeeping protein normalization method. Statistically significant values were assessed by two-tailed unpaired 
Student’s t tests for IkBα (p < 0.01 (**) and by one-way ANOVA with Dunnett’s multiple comparisons for ERK1/2, p-ERK1/2, p38, p-p38 and the respective ratios 
(FDR < 0.05 (*), FDR < 0.001 (***)).
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regulating chemokines, melanocyte migration and T cell differentiation 
which results in exacerbating the disease [72]. Thus, our research pro
vides a strong foundation for using fibroblasts in the analysis and 
treatment of skin inflammatory diseases.

Our functional analysis of the transcriptome confirmed the role of 
skin fibroblasts as supporters of an immune response. The results 
showed the activation of immune-related pathways, the production of 
effector cytokines, their chemo-attractant role, and their adhesion to 
leukocytes, which were previously reported to some extent [23]. This 
finding is consistent with the observed enrichment of several motifs in 
the NF-κB, which is well known to be involved in immune and inflam
matory processes [73]. Additionally, the induction of genes related to 
apoptosis was also detected, a response extensively described following 
the engagement of TNFR1 and its death domain [74]. Surprisingly, 
several transcription factors, pathways and biological processes related 
to TLRs and interferon signaling were also enriched. Since TLRs are 
activated after recognition of pathogen-associated molecular patterns, 
enrichment of this pathway was not expected after the TNF-α challenge. 
However, it is well established that TNFR and TLRs share downstream 
signal transduction mechanisms, mainly through the formation of 
TAK1-TAK1-binding protein complexes, which lead to the activation of 
NF-κB, c-Jun N-terminal kinase and p38 signaling [75]. Although TLRs 
are different from TNFR in terms of the usage of intracellular adaptors, 
they ultimately lead to the downstream recruitment of TAK1-binding 
proteins to form a complex, leading to the activation of the same path
ways as those involving TNF-α [76]. The enrichment of interferon 
signaling results from its counteracting and anti-inflammatory effects on 
TNF-α, which are required for the control and fine-tuning of the 
magnitude and extent of the inflammatory reaction, ensuring homeo
stasis and preventing a deleterious response [77]. Accordingly, two of 
the main biological process clusters, interferon signaling and regulation 
of the inflammatory response, were associated (Fig. 3D).

After TNF-α stimulation of fibroblasts, we detected high secretion of 
IL-6, which is in agreement with previous reports on dermal and other 
fibroblast types [78–81], highlighting the pleiotropic functions of IL-6, 
which include roles in innate and adaptive immune responses as well 
as cell proliferation and differentiation [82]. We could not detect 
significantly secreted IL-1β or IL-15 even though the expression of these 
genes was upregulated nearly 13- and 3-fold, respectively, upon treat
ment with TNF-α. IL-1β is produced in an inactive pro-form that needs to 
be cleaved by the caspase-1 inflammasome before it is released and has 
biological activity [83]. It is possible that the mechanism that controls 
this posttranslational modification and other mechanisms involved in its 
regulation depend on the duration and intensity of the stimuli [84,85]. It 
has been reported that very few cells secrete detectable levels of IL-15 
due to the presence of many initiation codons in the 5′ untranslated 
regions that compromise the efficiency of protein translation [86]. 
Therefore, IL-15 expression analysed via different translation-oriented 
approaches would be great advancement in the present knowledge.

For the investigation of fibroblasts role in innate immunity we 
detected the synthesis of chemokines upon inflammatory stimulus, 
which were previously shown to be produced by skin fibroblasts 
following other biological or chemical challenges [87–91]. The expres
sion of these chemokines with IL-6 and the signaling pathways previ
ously discussed confirms the inflammatory response of the fibroblasts 
under study given their association with inflammatory diseases [12,82,
92,93]. Under inflammatory conditions, CXCL1, CXCL5 and CXCL8 have 
major chemotactic effects on neutrophils, but the migration of T cells 
and basophils have also been reported for CXCL8. Additionally, CCL5 
attracts monocytes, eosinophils and subsets of lymphocytes, while CCL2 
regulates the migration and infiltration of monocytes, memory T lym
phocytes, and NK cells [94]. However, our predictive analysis of 
receptor–ligand interactions between fibroblasts and immune cells 
suggested that several additional interactions may occur. Therefore, 
demonstrating the specificity and functional impact of stimulated skin 
fibroblast response products on a range of immune cells would be 

interesting. For example, the role of IL-6 (which potentially interacts 
with all representative immune cell subsets) is complex and context 
dependent, leading to different functional outcomes depending on the 
target cell. Secreted IL-6 can induce the differentiation and activation of 
immune cells, such as monocytes and T and B cells [95–97], stimulate 
antibody production by B cells [98] and activate innate immune cells, 
such as macrophages and neutrophils, enhancing their phagocytosis and 
cytokine secretion [99,100] among other functions. Although these 
studies suggest that skin fibroblast-produced IL-6 has important impli
cations for skin immunity, it is important to note that IL-6 function may 
be influenced by other cytokines and cells present in the skin microen
vironment [96,98]. Therefore, further research is needed to fully 
elucidate the mechanisms underlying the effects of skin 
fibroblast-secreted IL-6 on different immune cells in vitro and in vivo. The 
analysis of cell signaling molecules and transcription factors confirmed 
the activation of the NF-κB, MAPK/ERK and p38 MAPK signaling 
pathways, which have been previously described as TNF-α-induced 
pathways [101,102]. This is not surprising given the well-described 
roles of these proteins in inflammation-related processes [73,103]. In 
future studies, a bigger sample size of primary fibroblasts from different 
genders and age groups can be examined to validate and further support 
the results obtained so far. In the present research, the results obtained 
emphasize the distinct intracellular immunological pathways involving 
fibroblasts, which will contribute to exploring immunotherapeutic 
agents for multiple diseases.

5. Conclusion

This study answers the needs and priorities of the disease community 
by increasing the use of biobanks and available cell models to determine 
the mechanisms and facilitate basic and translational research. Fibro
blasts not only further contribute to widening the body of knowledge on 
skin fibroblast immunity, specifically the inflammatory response to TNF- 
α but also show that even when conventional immune cells are un
available, fibroblasts can be reliable models for studying intra and 
intercellular immunomodulation mechanisms. This approach can 
reduce the impact of challenging sample access in immunopathology 
research on various diseases. Fig 1
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