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ABSTRACT

Chronic inflammatory skin diseases such as psoriasis and hidradenitis suppurativa are driven by cytokines, including IL-17A
and TNF. Although biologics targeting these cytokines have transformed therapy, the transcriptional contributions of individual
skin-resident cell types remain unclear, and dermal fibroblasts have been largely overlooked compared with keratinocytes. To ad-
dress this, we compared the transcriptional responses of primary human dermal fibroblasts and keratinocytes following in vitro
stimulation with IL-17A, TNF, or both, using bulk RNA sequencing and Western blotting. Dermal fibroblasts mounted a stronger
and broader proinflammatory response than keratinocytes. This was particularly evident in response to TNF and combined
TNF/IL-17A stimulation, with enrichment for immune signalling and chemotaxis pathways and robust induction of chemokine
genes, including CCL20, CXCL8, and IL6. Keratinocytes primarily upregulated genes associated with epithelial differentiation,
barrier function, and protein regulation, including IL36G, SI00A7A, and DEFB4A. The heightened fibroblast responsiveness cor-
related with increased TNF sensitivity and substantially higher TNFR2 (TNFRSF1B) expression and signalling compared with
keratinocytes, suggesting a fibroblast-specific mechanism amplifying inflammatory responses. These findings challenge the
keratinocyte-centric view of skin inflammation and identify dermal fibroblasts as active contributors and potential therapeutic
targets in TNF- and Th17-driven skin diseases.

1 | Introduction activity [3]. In contrast, TNF is produced by a wider range of
immune and stromal cells [5]. Mechanistically, TNF primarily

Chronic inflammatory skin diseases like psoriasis and hidra- signals through the activation of the NF-xB pathway. While IL-

denitis suppurativa (HS) are driven by dysregulated immune
responses involving proinflammatory cytokines [1]. Among
these, interleukin-17A (IL-17A) and tumour necrosis fac-
tor a (TNF) are key mediators of disease development [1, 2].
Although IL-17A can trigger inflammation independently, its
co-activity with TNF often leads to a synergistic effect that am-
plifies inflammatory mediator expression, enhancing immune
cell recruitment and sustaining chronic tissue inflammation
[3, 4]. IL-17A is mainly secreted by the Th17 subset of CD4*
T cells. This subset of T cells differentiates from naive T cells
under the influence of IL-6 and transforming growth factor-
beta (TGF-@), with IL-23 further promoting their pathogenic

17A can also activate NF-xB, its downstream signalling often
involves CCAAT/enhancer-binding proteins (C/EBPs), which
also control the expression of proinflammatory genes [3]. The
clinical significance of IL-17A and TNF is highlighted by the
success of therapies targeting these cytokines in treating both
psoriasis and HS [6, 7]. However, the different responses of dis-
tinct skin-resident cell types to IL-17A and TNF remain poorly
understood.

The skin is composed of multiple immunoresponsive cell
types, with keratinocytes and dermal fibroblasts represent-
ing two key populations [8]. Keratinocytes, the predominant
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cells of the epidermis, serve not only as a physical barrier but
also as active participants in immune surveillance [1, 9]. They
have long been the central focus of studies on inflammatory
skin diseases, recognised for their responsiveness to cytokine
signalling [3, 10]. In chronic skin conditions, keratinocyte
dysfunction is frequently linked to altered proliferation and
differentiation, contributing to disrupted epidermal architec-
ture [1]. IL-17A is known to drive these pathological changes
by promoting keratinocyte proliferation and the expression of
inflammatory genes [11]. However, IL-17A's full inflamma-
tory potential is most evident when acting in synergy with
TNF [11]. Together, these cytokines induce robust expression
of proinflammatory mediators such as CXCL8, CCL20, IL-36
family cytokines, and antimicrobial peptides [1].

In addition to keratinocytes, dermal fibroblasts are a major skin
cell population responsible for maintaining the extracellular
matrix and tissue homeostasis [12]. Early studies, although lim-
ited in scope, have shown that stimulation of dermal fibroblasts
with IL-17A and TNF leads to the upregulation of inflammatory
mediators, including IL-6, CXCLS8, and CXCL1 [13, 14]. These
cytokines exhibit synergistic effects in dermal fibroblasts similar
to those observed in keratinocytes [13-16]. Synovial fibroblasts
are well-established cells of tissue remodelling and inflamma-
tion in rheumatologic diseases, where their activation contrib-
utes to chronic joint damage and the recruitment of immune
cells [17]. Recent evidence increasingly recognises fibroblasts
as active contributors to chronic skin inflammation as well,
with distinct subpopulations displaying proinflammatory phe-
notypes [12, 18]. Yet, comprehensive transcriptional profiling of
dermal fibroblast responses to IL-17A and TNF remains scarce.
No study to date has directly compared the responses of kerati-
nocytes and dermal fibroblasts to these cytokines, representing
a significant gap in our understanding of cell-type-specific in-
flammatory pathways in the skin.

We hypothesize that keratinocytes and dermal fibroblasts ex-
hibit distinct transcriptional responses to IL-17A, TNF, and
their combined stimulation. Despite their abundance, dermal
fibroblasts have been relatively understudied in the context
of skin inflammation and may mount a different inflamma-
tory response than keratinocytes. To address this, we compare
cytokine-induced gene expression in both cell types in vitro
through bulk RNA sequencing (RNA-seq), aiming to deepen
our understanding of the distinct inflammatory mechanisms in
these two cell types.

2 | Methods
2.1 | Cell Cultures

Skin samples obtained from healthy adults undergoing plastic
surgery were used to isolate both primary human dermal fibro-
blasts and keratinocytes (n =4). The dermal fibroblasts were cul-
tured in Dulbecco's Modified Eagle Medium (DMEM) (Gibco,
ThermoFisher Scientific, Waltham, MA, USA), supplemented
with 10% fetal bovine serum (FBS), and antibiotics (10 g/
mL penicillin/streptomycin and 5ug/mL gentamicin) (Gibco).
The keratinocytes were cultured in Keratinocyte serum-free

medium (SFM) (Gibco) supplemented with growth factors
(Gibco) and 5 pug/mL gentamicin (Gibco) as previously described
[19]. Prior to stimulation, the medium was changed to fibroblast
basal medium (DMEM +2% FBS) and keratinocyte basal me-
dium (Keratinocyte SFM without growth factors). The cells
were incubated at 37°C and 5% CO, until they reached 70%-80%
confluency. The cells were stimulated with a vehicle (PBS with
0.15% bovine serum albumin) as a control, 100ng/mL IL-17A
(R&D Systems, Bio-Techne, Minneapolis, Minnesota, USA),
and/or 10ng/mL TNF (R&D Systems). Cells were harvested
after 24 h.

2.2 | RNA Isolation and Bulk RNA Sequencing

RNA was isolated using the SV 96 Total RNA Isolation System
(Promega, Madison, WI, USA) following the manufacturer's
protocol. RNA concentration and purity were assessed using a
NanoDrop 2000 spectrophotometer (ThermoFisher Scientific,
Waltham, MA, USA).

Paired-end RNA sequencing was carried out by Eurofins
Genomics Europe Sequencing GmbH's protocols in Konstanz,
Germany. Employing the NEBNext Ultra IT Directional RNA
Library Prep Kit, sequencing libraries were constructed and
processed on the Illumina NovaSeq 6000 platform using the
2% 150 Sequence mode, to secure at least 20 million read pairs.
Quality assessment of the raw sequence data was accomplished
utilising FastQC (version 0.12.0). The R package Subread (ver-
sion 2.10.3) was used for the alignment of reads to the human
reference genome (GRCh38.pl4 primary assembly) [20].
Unique and unambiguous alignments were retained for subse-
quent analyses. Genes present in > 5 samples with normalised
counts > 5 were included for further analysis. Correction of li-
brary size together with variance stabilisation was effectuated
through the application of variance stabilising transformation
(vst) using the DESeq2 R package (version 1.36.0) [21]. The
vst normalised data were utilised in subsequent analyses, in-
cluding principal component analysis (PCA) and heat map vi-
sualisation using pheatmap (version 1.0.12). DESeq2 was also
employed for conducting differential gene expression analyses,
with independent filtering enabled [21]. Pairwise comparisons
were conducted using the Wald test. Significance thresholds for
identifying differentially expressed genes (DEGs) were set at
False Discovery Rate (FDR)-adjusted p-values <0.05 and llog2
(fold change)l > 1. Gene set enrichment analysis (GSEA) was
performed using fsgea (version 1.28.0) and the genes from the
differential expression analysis ranked by log, (fold change)*—
log,, (p-value). Reactome and Gene Ontology biological pro-
cesses (GO:BP) gene sets were obtained from the Molecular
Signatures Database (MSigDB, version 7.5.1) through the
MSigBR R package.

2.3 | Protein Isolation and Western Blotting

Equal amounts of protein were separated by SDS-PAGE and
transferred onto nitrocellulose membranes. The membranes
were incubated with primary antibodies against TNFR2 (cat-
alogue #72337) and B-actin (catalogue #8457) (Cell Signalling
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Technology, Danvers, MA, USA). Detection was carried out
using either an HRP-conjugated anti-rabbit IgG (Cell Signalling
Technology) or an HRP-conjugated anti-mouse IgG (Dako,
Glostrup, Denmark), as appropriate. Signal development was
performed using an enhanced chemiluminescence (ECL) sys-
tem (Amersham Biosciences, Piscataway, NJ, USA) following
the manufacturer's protocol.

2.4 | Statistical Analysis

Statistical differences were assessed using paired t-tests. For
non-normally distributed data, the Wilcoxon signed-rank or
Mann-Whitney tests were applied. A p-value <0.05 was consid-
ered statistically significant. All analyses were conducted with
GraphPad Prism version 10.6.0 or R version 4.3.2.

a. PCA-plot

3 | Results

3.1 | Dermal Fibroblasts and Keratinocytes Show
Distinct Transcriptomic Responses to IL-17A
and TNF Stimulation

To investigate the inflammatory responses of human dermal fi-
broblasts and keratinocytes, we cultured both cell types in vitro
and stimulated them with proinflammatory cytokines: IL-17A,
TNF, or a combination of both for 24h. Bulk RNA-seq was then
performed to identify DEGs (FDR-adjusted p-value < 0.05 and log2
fold change > 1) relative to vehicle-treated controls. Principal com-
ponent analysis (PCA) showed that transcriptional profiles were
separated by cell type, indicating distinct responses to cytokine
stimulation in keratinocytes and dermal fibroblasts (Figure 1a).
Dermal fibroblasts showed pronounced clustering by treatment,
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FIGURE 1

Transcriptomic profiling of primary human dermal fibroblasts (Fb) and keratinocytes (Kc) following cytokine stimulation. Data are

derived from bulk RNA-seq analysis of in vitro-stimulated dermal fibroblasts and keratinocytes. (a) Principal component analysis (PCA) of gene

expression profiles across stimulation conditions. (b) Venn diagrams showing overlap of DEGs in IL-17A-stimulated dermal fibroblasts and keratino-

cytes. (c) Venn diagrams for TNF stimulation. (d) Venn diagrams for combined IL-17A + TNF stimulation.
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with TNF and TNF+1IL-17A inducing the most divergent expres-
sion profiles relative to controls. Keratinocytes also displayed
treatment-specific shifts, although the separation was less marked
than in dermal fibroblasts. Venn diagrams showed that IL-17A
alone induced a moderate transcriptional response in both cell
types, with 133 DEGs in both dermal fibroblasts and keratino-
cytes, and limited overlap between them (Figure 1b). In contrast,
TNF alone induced a strong transcriptional response, particularly
in dermal fibroblasts, with 2866 DEGs compared to 452 DEGs in
keratinocytes (Figure 1c). The combination of TNF and IL-17A
further increased the number of regulated genes in both cell types,
with 2901 DEGs in fibroblasts and 662 in keratinocytes, and a
moderate degree of overlap between them (Figure 1d). Across all
conditions, the number of upregulated genes outnumbered down-
regulated genes, and the gene overlap between dermal fibroblasts
and keratinocytes was generally higher among upregulated DEGs.
Notably, each condition revealed a substantial number of cell-type-
exclusive DEGs, underscoring distinct transcriptional programs in
fibroblasts and keratinocytes in response to TNF and IL17-A.

3.2 | Dermal Fibroblasts and Keratinocytes
Upregulate Distinct Gene Sets in Response to
Cytokine Stimulation

To characterise the functional profiles of the transcriptional
responses, GSEA enrichment analysis using GO:BP was per-
formed in dermal fibroblasts and keratinocytes following cyto-
kine stimulation. For each condition, the ten most significantly
enriched terms with positive normalised enrichment score
(NES) are presented (Figure 2a). Under IL-17A stimulation, der-
mal fibroblasts showed pronounced enrichment for immune-
and inflammation-related processes, including regulation of
immune effector processes, inflammatory response, and defence

a. Gene Ontology analysis
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Keratinocyte - TNF vs Vehicle
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response, reflecting their chemotaxis- and immune signalling-
dominated transcriptional profile.

In contrast, keratinocytes displayed enrichment for regulatory
and metabolic pathways, including non-coding RNA (ncRNA)
catabolic process, ncRNA metabolic process, microRNA (miRNA)
metabolic process, miRNA catabolic process, regulation of protein
deubiquitination, and autophagy-related processes. Following
TNF stimulation, dermal fibroblasts again exhibited enrich-
ment of immune and inflammatory pathways, with greater
enrichment scores and statistical significance compared to IL-
17A stimulation. Keratinocytes, while still enriched for protein
regulatory processes such as protein deubiquitination processes,
showed activation of immune-related categories. Under com-
bined TNF +IL-17A stimulation, both dermal fibroblasts and
keratinocytes adopted a convergent transcriptional profile dom-
inated by immune and inflammatory processes.

To investigate cell-type-specific transcriptional responses to
proinflammatory cytokine stimulation, we identified DEGs that
were uniquely upregulated in either dermal fibroblasts or kerati-
nocytes following stimulation with IL-17A, TNF, or both. Genes
previously implicated in inflammatory or skin-relevant pathways
were selected for visualisation using a z-score normalised heatmap
(Figure 2b). Distinct expression patterns emerged across the two
cell types. Dermal fibroblasts showed a stronger transcriptional
response to TNF than to IL-17A, whereas keratinocytes responded
more strongly to IL-17A. In both cell types, the combined stimu-
lation of IL-17A and TNF resulted in the highest induction levels,
consistent with previously reported synergistic effects [11, 14].

The transcriptional profile of dermal fibroblasts was character-
ised by the induction of genes linked to chemotaxis and immune
signalling. Notably, strong unique upregulation was observed

b. Heatmap of exclusively DEGs
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FIGURE2 | Cell type-specific inflammatory gene signatures and enriched biological processes following cytokine stimulation. Data are derived
from bulk RNA-seq analysis of in vitro-stimulated dermal fibroblasts and keratinocytes. (a) GO:BP enrichment analysis using GSEA based on the
full ranked gene list from dermal fibroblasts and keratinocytes following stimulation. For each condition, the ten most significantly enriched GO:BP
terms with positive NES are shown. Dot plots display the NES on the x-axis, with dot size representing gene size and colour intensity indicating
adjusted p-value significance. Abbreviations: RESP. response, REG. regulation, POS. positive, NEG. negative, DEUBIQ. deubiquitination, UBIQ.
ubiquitin, LPS lipopolysaccharide. (b) Heatmap showing z-score of vst normalised expression of DEGs uniquely regulated in dermal fibroblasts and

keratinocytes upon stimulation. Genes selected for visualisation were based on prior implication in inflammatory or skin-relevant pathways.
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for multiple chemokines (CCL8, CCL13, CCL3, CCL11, CCL19,
and CCL7). In addition, dermal fibroblasts selectively expressed
several genes involved in receptor-mediated immune signalling
(TNFRSFIB, IL12A, KDR). We also observed upregulation of
several other genes commonly linked to inflammation in dif-
ferent contexts, including HCK, TRPAI, IL6, MMPI12, NFKBI,
and IL33. In contrast, keratinocytes displayed a transcriptional
profile centered on epithelial differentiation, keratinization,
and barrier maintenance. We observed a strong unique induc-
tion of small proline-rich proteins (SPRR2F, SPRR2A, SPRR2E),
hyperproliferation-associated keratins (KRT6B, KRT78), and
barrier-defence genes (S100A7, S100A7A, DEFB4A, LCN2).
Several skin-associated interleukins (IL36G, IL36B, IL36RG,
IL20) were also uniquely expressed in keratinocytes (Figure 2b).

In summary, cytokine stimulation induced cell-type-specific
transcriptional programs, with dermal fibroblasts enriched for
immune signalling and chemotaxis, and keratinocytes for epi-
thelial differentiation, barrier defence, and metabolic regulation
of proteins.

3.3 | Dermal Fibroblasts Exhibit Higher
Expression of Proinflammatory Mediators Than
Keratinocytes

To assess whether dermal fibroblasts exhibit a stronger proin-
flammatory response than keratinocytes, we analysed DEGs
that were upregulated in both cell types in response to each
stimulation. We then restricted the analysis to genes annotated
to inflammatory processes, including inflammatory response
(G0:0006954), acute inflammatory response (G0O:0002526),
innate immune response (GO:0045087), response to cytokine
(G0:0034097), immune response (GO:0006955), and cytokine-
mediated signalling pathway (GO:0019221).

Gene expression patterns were compared between cell types
using z-score normalised heatmaps. Upon TNF stimulation, both
keratinocytes and dermal fibroblasts exhibited upregulation of
a shared set of inflammatory mediators, including chemokines
(CCL2, CCL5, CXCL5, CXCL8, CXCL10, CXCLI1), cytokines
(IL32, TNF), and interferon-induced effectors (GBP4, GBP5,
EBI3) (Figure 3a). These genes were among the most highly
induced compared to vehicle in both cell types, although der-
mal fibroblasts consistently displayed significantly higher fold
changes. For instance, CCL5 and CXCL11 reached fold changes
exceeding 13000 and 8900, respectively, in dermal fibroblasts,
compared to 14.9 and 7.9 in keratinocytes. Keratinocytes, while
responsive, exhibited a lower induction, consistent with their
primary role in maintaining the epithelial barrier rather than
orchestrating broad inflammatory programs.

Upon co-stimulation with IL-17A and TNF, both cell types main-
tained induction of many core TNF-responsive mediators, but
dermal fibroblasts still maintained a more inflammatory profile
with higher fold inductions (Figure 3b). The response remained
dominated by a strong amplification of neutrophil-attracting
chemokines. In the co-stimulation group, additional chemok-
ines emerged, including CXCL1, CXCL2, CXCL3, and CXCL6,
while the recurrent mediators CXCL8 and CXCL5 showed
markedly higher fold changes in both cell types, consistent with

known IL-17A/TNF synergy. Dermal fibroblast, however, had a
higher fold change in 83% of all genes in the list. The strongest
fold change in dermal fibroblasts was observed for IL1B, CCL20,
CSF3, IL23A, and CXCLS, all of which are well-established me-
diators of skin inflammation. However, the gene expression
levels for IL1B, IL1A and ILIRN were greater in keratinocytes.
IL-17A alone (Figure S1) induced a compact profile dominated
by neutrophil-recruiting chemokines (CXCLI, CXCL2, CXCL3,
CXCL5, and CXCL6), with higher fold changes in dermal fi-
broblasts compared to keratinocytes, indicating a continued
fibroblast-dominant induction pattern. Together, these data
demonstrate that dermal fibroblasts act as the primary amplifi-
ers of a broader inflammatory signalling across all stimulation
conditions. In contrast, keratinocytes, despite being responsive,
adopt a more restrained and regulatory role.

3.4 | Enhanced TNF Responsiveness in Fibroblasts
Correlates With Elevated TNFRSF1B Expression

To better understand the enhanced proinflammatory phenotype
of dermal fibroblasts, particularly given their strong response to
TNF, we performed GSEA using Reactome pathways. TNFR2
signalling emerged as one of the top 10 significantly enriched
pathways following both TNF and IL-17A +TNF stimulation
in dermal fibroblasts (Figure S2). This enrichment was not ob-
served in keratinocytes, suggesting a cell-type-specific activa-
tion of TNFR2-associated signalling cascades.

We then examined the expression of TNF receptor subunits.
TNF exerts its effects through two distinct receptors, TNFR1
(TNFRSF1A) and TNFR2 (TNFRSF1B), which differ in expres-
sion profiles and signalling properties [22]. RNA-seq analy-
sis showed that both TNFRSF1A and TNFRSF1B were higher
expressed in dermal fibroblasts compared to keratinocytes
(Figure 4a). TNFRSF1A showed a modest increase (1.35-fold),
whereas TNFRSFI1B (21-fold) was markedly elevated in un-
stimulated dermal fibroblasts compared with keratinocytes.
This finding aligns with the observation that TNFR2 signal-
ling ranked among the top 10 enriched Reactome pathways in
dermal fibroblasts. The mRNA expression levels of TNFRSFI1A
and TNFRSFIB under cytokine stimulation are available in
Figure S3. Given the magnitude of this difference, we focused
specifically on TNFR2 protein levels by western blotting, which
confirmed substantially higher TNFR2 abundance in der-
mal fibroblasts under both basal conditions and stimulation
(Figure 4b).

These findings suggest that the heightened TNF responsiveness
of dermal fibroblasts may be driven by their elevated expression
of TNFR1 and, more prominently, TNFR2, which could amplify
downstream proinflammatory signalling.

4 | Discussion

Keratinocytes have traditionally been regarded as the cen-
tral drivers of inflammatory skin diseases, whereas dermal
fibroblasts have received less attention. Our data demonstrate
that dermal fibroblasts in vitro mount a robust proinflamma-
tory response to TNF and IL-17A, alone and in combination,
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a.
Heatmap of common DEGs under TNF stimulation
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Heatmap of common DEGs under IL-17A+TNF stimulation

r—
‘AropEc
e
couz
cot
| ‘
190
T !
36
34 2 0.5
3.0
G 0
| w2 |
-0.5
T -1
49
38
4.1
T #escore
I
——TE—
—TE— NEURLS
| s35 |
T
[ 2005 |
——
un
SeRPNgs
Stcrsas
—T—
TEPs
fivared
TFSHO
883.4
Zeaoa
¢ & &
& 2 & @ R & o
& & S S o S &
K RO Rl &
o° & P PR
< ¢ Vo v
« & ’

Enhanced inflammatory gene expression in primary human dermal fibroblasts compared with keratinocytes following cytokine

stimulation. Data are derived from bulk RNA-seq analysis of in vitro-stimulated dermal fibroblasts and keratinocytes. (a) Heatmap showing z-score
vst normalised expression of DEGs annotated to inflammatory GO:BP terms and commonly upregulated in both cell types following TNF stimula-

tion. (b) Heatmap showing the same gene set following IL-17A + TNF stimulation. Numbers within heatmap cells indicate fold change in gene ex-

pression relative to the vehicle control of the corresponding cell type.

frequently surpassing keratinocytes in the transcriptional ac-
tivation of inflammatory genes. This enhanced response may
reflect greater TNF sensitivity due to increased receptor expres-
sion, particularly TNFR2. These findings highlight dermal fi-
broblasts as important contributors to cutaneous inflammation,
complementing the epithelial barrier-oriented responses of
keratinocytes.

PCA and Venn analyses revealed that dermal fibroblasts and
keratinocytes activate distinct transcriptional programs upon
cytokine stimulation. Stimulations induced cell-type-specific
transcriptional shifts, with dermal fibroblasts displaying pro-
nounced separation in response to TNF and TNF+IL-17A,
whereas keratinocytes exhibited more restrained changes.
GO:BP enrichment analysis underscored the fibroblasts' engage-
ment in broad inflammatory and chemotactic pathways, while
keratinocytes were enriched for terms related to mRNA regula-
tion and deubiquitination. The latter aligns with keratinocytes'
capacity to modulate cytokine production and differentiation
through miRNAs and ncRNAs [23, 24], and with the known

activation of the ubiquitin—proteasome pathway in psoriasis,
which regulates NF-xB and MAPK signalling [25, 26].

Building on these patterns, we identified cell-type-specific
DEGs uniquely upregulated in either fibroblasts or keratino-
cytes. In agreement with previous studies, keratinocytes upreg-
ulated genes associated with epithelial differentiation, barrier
function, and metabolic regulation following IL-17A and TNF
stimulation [3, 11, 27]. Notably, members of the IL-1 family were
predominantly expressed in keratinocytes, with IL36G showing
uniquely strong keratinocyte-specific expression. In contrast,
dermal fibroblasts upregulated genes primarily associated with
immune signalling and chemotaxis. This included strong induc-
tion of chemokines such as CCL3, CCL7, CCL8, CCL11, CCL13,
and CCL19, mediators that attract neutrophils, monocytes, eo-
sinophils, and T cells [28-30]. Notably, CCL13 and CCLI19 de-
fine the SFRP2* fibroblast subset described in psoriasis and
hidradenitis suppurativa, two Th17-driven diseases, supporting
the notion that fibroblasts adopt immune-like, inflammatory
phenotypes [31, 32]. Rather than serving solely structural roles,
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FIGURE 4 | Differential expression of receptors in primary human dermal fibroblasts and keratinocytes. (a) Bulk RNA-seq quantification of
TNFRSF1A and TNFRSF1B mRNA expression in dermal fibroblasts and keratinocytes. Data are presented as bar plots of normalised counts, with

values shown as the mean +standard deviation. *p <0.05, **p <0.01. (b) Western blot analysis of TNFR2 protein levels in fibroblasts and keratino-

cytes under stimulation. $-Actin serves as a loading control.

dermal fibroblasts seem to adopt immune-like functions. This
is consistent with reports of inflammatory fibroblast subsets in
diseased skin that produce cytokines, chemokines, and antigen-
presentation molecules [18, 31, 33]. We also observed an exclu-
sive upregulation of IL6 in dermal fibroblasts, which aligns with
the clinical use of IL-6 receptor inhibitors such as tocilizumab
in several rheumatologic diseases where synovial fibroblasts are
known to play a pathogenic role [34].

When comparing genes upregulated in both cell types, re-
stricting the focus to those annotated with inflammatory pro-
cesses, dermal fibroblasts consistently expressed higher levels
of key inflammatory mediators upon all stimulation groups.
Interestingly, these large discrepancies in fold change between
cell types were already evident under TNF stimulation alone,
where high fold changes were observed in many genes. This
pronounced TNF effect, which was also evident from the num-
ber of DEGs in dermal fibroblasts compared to keratinocytes,
prompted us to examine TNF receptor expression of the two dis-
tinct receptors, TNFR1 (TNFRSF1A) and TNFR2 (TNFRSFIB).
This analysis was particularly relevant in light of a recently
published study that established TNF signalling in dermal
fibroblasts as a key driver of Thl7-mediated skin inflamma-
tion, contradicting the prevailing view that TNF acts predom-
inantly through keratinocytes [35]. Interestingly, TNFRSFI1B
expression was not detected in this study, whereas our data
challenge this observation, as we observed receptor expression

at the protein level. Our findings were supported by previous
studies that also detected TNFR2 protein levels in dermal fibro-
blasts [13, 36]. The pathogenic effects mediated via the classical
TNFR1-NF-xB or TNFR1-MAPK pathways are well established;
however, studies exploring the potential contribution of TNFR2
are scarce and yield context-dependent, often conflicting results
[37]. Nonetheless, there is evidence that deletion of TNFR2 in
fibroblast-like synoviocytes suppresses the expression of CXCL9,
CXCL10, CXCL11, and TNFSF13B [37], all of which were highly
induced in our TNF-stimulated dermal fibroblasts. It is there-
fore tempting to hypothesize that this receptor may contribute
to the heightened responsiveness of dermal fibroblasts to TNF,
particularly in light of TNFR2's markedly higher expression
in dermal fibroblasts, especially under stimulatory conditions.
However, the link between elevated TNFR2 expression and en-
hanced TNF responsiveness remains correlative. Further func-
tional studies are required to definitively establish causality.

Several limitations should be considered when interpreting our
findings. First, the proportion of dermal fibroblasts in skin tis-
sue is lower compared to keratinocytes, which may contribute
to an overall weaker inflammatory response in the skin sim-
ply due to lower fibroblast abundance. Second, while TNFR2
primarily responds to membrane-bound TNF, we used soluble
TNF in our experiments. Although soluble TNF is traditionally
considered a less potent activator of TNFR2, previous stud-
ies in RA synoviocytes have demonstrated that soluble TNF
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can successfully drive TNFR2-dependent signalling, even at
concentrations as low as 0.5ng/mL [38, 39]. Given our use of a
high concentration of recombinant TNF (10ng/mL), we expect
sufficient receptor occupancy to facilitate functional TNFR2
engagement. Nonetheless, we acknowledge that the signalling
dynamics of soluble TNF may differ from the membrane-bound
form encountered in vivo. Finally, our study relies on bulk RNA
sequencing and in vitro systems. Further work using functional
and spatial approaches will be essential to delineate TNFR2-
mediated pathways and the fibroblasts' interactions with im-
mune and epithelial cells.

In summary, this study provides a direct comparative analysis
of transcriptional responses in dermal fibroblasts and kerat-
inocytes following TNF and IL-17A stimulation. Our findings
challenge the keratinocyte-centric paradigm of Th17-mediated
skin inflammation by identifying dermal fibroblasts as potent
amplifiers of TNF- and IL-17A-driven inflammatory signalling.
Beyond their structural roles, fibroblasts emerge as dynamic
immune-responsive cells and potential therapeutic targets in
chronic inflammatory skin diseases.
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mal fibroblasts and keratinocytes following IL-17A stimulation. Data
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score of vst normalised expression of DEGs annotated to inflammatory
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IL-17A stimulation. Numbers within heatmap cells indicate fold change
in gene expression relative to the vehicle control of the corresponding
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