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Pulmonary fibrosis (PF) is a life-threatening condition characterised by excessive extracellular matrix deposition and tissue scarring.
While much of PF research has focused on alveolar epithelial cells and fibroblasts, endothelial cells have emerged as active
contributors to the disease initiation, especially in the context of systemic exposure to pro-fibrotic substances. Here, we investigate
early transcriptomic and secretory responses of human umbilical vein endothelial cells (HUVEC) to subtoxic doses of bleomycin, a
known pro-fibrotic agent, and TGF-beta, a key cytokine in fibrosis. Bleomycin exposure induced a rapid and extensive shift in the
endothelial transcriptional programme, including signatures of endothelial to mesenchymal transition, cellular senescence, and
immune cell recruitment. These findings suggest endothelial cells as early initiators of pro-fibrotic signals, independent of
contributions from other cell types. In contrast, TGF-beta effects were limited and transient, indicating its pro-fibrotic action may
require another initial stimulus and interplay with other cells like fibroblasts. This study highlights the sensitivity of endothelial cells
to pro-fibrotic exposure and provides a blueprint of early pro-fibrotic mechanisms that may operate on organs such as the lungs
systemically via the endothelium, emphasising its pivotal role in PF pathogenesis.
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INTRODUCTION

Fibrosis, causing up to 45% of deaths due to organ failure, involves
excessive collagen and extracellular matrix (ECM) deposition,
leading to tissue scarring and finally loss of tissue function [1-5].
Pulmonary fibrosis (PF) is notably prevalent and fatal, affecting
10-60 per 100,000 overall and up to 400 per 100,000 in those over
65. It is driven by factors like air pollution and certain drugs but
also unknown factors [6]. PF can be initiated externally by inhaled
stimuli affecting alveolar epithelial cells and triggering immune
responses and fibroblast activation, or internally via the pulmon-
ary endothelium, which then orchestrates downstream processes
in the lung interstitium. In the past, pro-fibrotic stimuli exerting
their effects from the outside compartment of the lungs have
been more extensively studied with especially fine particulate
matter, carbon nanotubes, asbestos and titanium dioxide being
known inhalation hazards [7, 8]. More recent research is stressing
the crucial and active role of endothelium in various diseases, and
the awareness that endothelial cells are not only responsible for
forming the barrier that compartmentalises blood from tissues but
also exert an active role in metabolism and are drivers of
physiological and pathophysiological processes [9].

One of the best-studied pro-fibrotic substances is bleomycin, a
cytostatic glycopeptide whose chemical properties ultimately
result in DNA breaks. Used as a chemotherapeutic for several
malignancies, it is associated with drug-induced interstitial

pneumonitis and PF as spontaneous adverse outcome [10].
Bleomycin is further used to induce experimental PF in rodents
by tracheal administration of the chemical [11, 12]. Importantly, in
the clinical context, bleomycin is administered systemically. Thus,
there is evidence that bleomycin exerts pro-fibrotic effects via
both the external (alveolar epithelium) and the internal (alveolar
endothelium) entrance to the lungs. When administered systemi-
cally, the alveolar microvasculature by design is substantially
exposed to the chemical given that the lungs receive 100% of the
cardiac output within short time. The role of endothelial cells as
mediators in fibrosis is now acknowledged. Endothelial cellular
processes observed in the context of fibrosis in clinical and animal
studies have been summarised under endothelial to mesenchymal
transition (EndMT), cellular senescence, fibroblast activation and
immune cell recruitment by secretion of pro-fibrotic and pro-
inflammatory mediators, as well as vascular rarefaction and
capillary leaking [13, 14].

Several candidate biomarker studies investigated the effects of
pro-fibrotic substances directly administered to endothelial cells
showing an induction of immune cell recruitment machinery
including interleukin-8, E-selectin, and ICAM1 [15-17]. Besides
bleomycin, TGF-beta, a key driver of tissue repair that becomes
dysregulated in fibrosis, has been used to model processes such as
EndMT as demonstrated by upregulation of SNAIL and ACTA2 and
downregulation of CD31 and tight junction machinery [18-21].
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Aside from a few in vitro candidate biomarker studies, most
investigations of endothelial cells in the context of fibrosis have
been conducted in vivo focusing on advanced stages of PF. Of
those, most studies used a rodent model with intratracheal
instillation of bleomycin or TGF-beta triggering externally initiated
PF leaving endothelial cells rather as secondary reactors to stimuli
by other cell types that had direct contact with the pro-fibrotic
substances [20, 22-27]. Though different routes of bleomycin
administration cause PF, mechanistically they are different. One
dose of intratracheal administration in rodents is enough to cause
PF-like conditions after 14-28 days, which however are self-
limiting and resolve after 6 weeks [11]. With intravenous
administration of bleomycin, it takes longer time to establish
fibrotic conditions in the lung including alveolar epithelial
hyperplasia and therefore it is less practical for in vivo studies,
although mechanistically it would resemble bleomycin-induced
development of PF in humans. It has been hypothesised that
bleomycin induces PF in two stages, an early inflammatory and
later fibrotic stages [28]. However, in in vivo studies, molecular
signatures are derived mostly from already established states of
PF, which neglects to study early initiating events. Recent spatial
transcriptomic and genetic studies have begun to highlight that
early disruption of the alveolar-capillary interface, including loss of
capillary endothelial integrity, may precede fibroblast activation
and macrophage recruitment, challenging traditional views of PF
as a late-stage, fibroblast-dominated process [29, 30]. Moreover,
endothelial cells are increasingly implicated as contributors to
early disease pathogenesis. These findings underscore the need to
resolve the early molecular responses of endothelial cells to pro-
fibrotic stimuli.

To this end, we profiled the transcriptome of human umbilical
vein endothelial cells (HUVEC) exposed to bleomycin as exogen-
ous as well as TGF-beta as endogenous pro-fibrotic substance,
over 3 days and at 3 subtoxic doses. In contrast to studies focusing
on clinically established fibrosis resulting from chronic chemical
exposures, our aim is to identify early triggers in endothelial cells
that, upon acute exposure, initiate molecular changes potentially
leading to fibrotic remodelling. Transcriptome analysis was
accompanied by the analysis of secreted factors. We demonstrate
that endothelial cells are extremely sensitive to bleomycin,
showing a significant shift of the transcriptome involving known
PF-related fingerprints such as EndMT and immune cell recruit-
ment signatures. In contrast, TGF-beta had limited effects to the
cells both in terms of time and extent, suggesting that TGF-beta
alone is not a potent pro-fibrotic stimulus on endothelial cells.
Taken together, our results offer a potential starting point of pro-
fibrotic mechanisms initiated by the endothelium under systemic
exposure regimen.

RESULTS AND DISCUSSION
To investigate the early response of endothelial cells to pro-
fibrotic stimuli, we performed transcriptome analysis of HUVEC
cells grown in a monolayer and exposed to multiple concentra-
tions of bleomycin (0, 7, 14, and 21 pg/ml) as exogenous pro-
fibrotic substance, and TGF-beta (0, 5, 10, and 20 ng/ml), known as
endogenous pro-fibrotic compound, respectively. We carried out
our analysis at 3 consecutive time points by taking samples at 24,
48 and 72 h of exposure in replicates of 4 for each experimental
condition. In addition, we measured the secretion of 22 candidate
cytokines and peptidases in response to different doses of
bleomycin and TGF-beta and at multiple timepoints to evaluate
secreted factors related to the initiation of pro-fibrotic conditions.
The applied bleomycin concentrations were selected based on
prior viability screening, corresponding to subtoxic 1C5-1C20
exposures, and were chosen to elicit non-lethal but mechan-
istically active responses over a 72-h window. While administered
doses in the clinical context vary depending on the treatment
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regimen, plasma concentrations typically range from 1 to 10 [U/ml
(approximately 0.7 to 7 ug/ml) (Bleomedac®). For TGF-beta, no
reduction in cell viability was observed at doses up to 100 ng/ml.
Thus, the selected concentrations were based on literature values
and align with the upper physiological range of total plasma TGF-
B1 levels in humans (typically 1-10 ng/ml) [31]. While acknowl-
edging the limitations of direct in vitro-in vivo extrapolation,
including pharmacokinetics, protein binding, local tissue accumu-
lation, and metabolic clearance, the applied bleomycin and TGF-
beta concentrations provide a reasonable approximation of
potential tissue-level exposures.

Significant difference between exogenous and endogenous
pro-fibrotic stimuli on endothelial cells
Transcriptional data exploration by principal component analysis
showed clear dose-dependent (first component) effects of
bleomycin exposure, but not for TGF-beta exposure (Fig. S1A, B).
After confirming that both datasets, bleomycin and TGF-beta
experiments, had overall non-different numbers of raw counts per
sample reflecting the effective sequencing dataset size (Fig. 1A),
we investigated the distribution of measured expression height
over all genes in the unexposed and exposed cells of both
datasets. In the unexposed cells, the distribution of expression
levels resembled each other in both datasets, as it would be
expected (Fig. 1B). In contrast, in the exposed cells, we observed
different distributions for the bleomycin and TGF-beta exposure
(Fig. 10). In bleomycin-exposed cells, a higher number of genes
was expressed at low level indicated by low RNA-Seq counts,
whereas in TGF-beta-exposed cells, a higher number of genes was
expressed at high level. Further, the number of detected genes
(=1 count in the dataset) differed between the two datasets, with
52,921 and 37,989 detected genes in the bleomycin and TGF-beta
dataset, respectively, while the number of genes detected in
controls of both datasets was 30,881 and 31,638, respectively. This
indicates that bleomycin induces the expression of multiple genes,
while under TGF-beta, the overall gene expression profile remains
comparable to unexposed cells. In bleomycin-exposed cells, 152
genes were expressed (=10 counts in at least 4 samples), that were
neither detected in unexposed nor TGF-beta-exposed cells (0
counts in all samples) (Table S1). Among those genes exclusively
induced by this exogenous pro-fibrotic substance were genes
involved in immune-cell chemotaxis (CCL22 and CCR3), tissue
remodelling (ADAMTS20 and MMP12), and cell-cell adhesion (DSG1
and DSG3). We tested DSG1 and DSG3 by gPCR with extended
timepoints of 6, 12, and 96 h of exposure and the observed gene
expression changes for DSG1 were in accordance with observa-
tions based on RNA sequencing (Fig. S2A and Tables S2 and S3).
Upon TGF-beta treatment, no genes were expressed (=10 counts
in at least 4 samples) that were not also detected in the
unexposed cells, confirming that TGF-beta does not alter the
number of expressed genes as compared to the unexposed cells.
Bleomycin significantly altered the transcription of 35.5% of all
detected genes (18,780 of 52,921 genes, significant by differential
expression and/or dose-dependent analysis), while TGF-beta
affected only 3.6% (1364 of 37,989) of the transcriptome, and
the fold changes were overall smaller than for bleomycin
(Figs. 1D and S3 and Tables S4-S6). Importantly, the TGF-beta
signalling machinery including genes encoding the TGF-beta
receptors and key downstream mediators such as SMAD family
members was expressed in HUVEC cells (Fig. S9). Furthermore,
according to public expression databases such as the Human
Protein Atlas and Expression Atlas, endothelial cells generally
express the TGF-beta receptor-encoding genes, demonstrating
their capability to respond to TGF-beta [32, 33]. Indeed, among the
overall mild expression changes under TGF-beta, we identified a
comparably small set of 39 genes that were dose-dependently
altered over all 3 timepoints of the experiment. Sixteen of these
genes were either direct interaction partners of TGFBT or linked to
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Fig. 1 Overview of RNA-Seq data. A Total raw counts obtained per sample for both datasets. Wilcoxon rank sum test showed no significant
difference in raw counts between the two datasets (p value = 0.12). B Distribution of total normalised counts per gene summed up over all
samples (n = 12) of unexposed cells in both datasets. C Distribution of total normalised counts per gene summed up over all samples (n = 36)
of exposed cells in both datasets. D Set size and intersection size of dose-dependent (DD) and differentially expressed (DE) genes in both

exposures. The union of DD and DE genes detected in the different experimental sub-groups (timepoints, concentrations) is plotted.

it via one other partner in the human interactome indicating that
TGF-beta causes a narrow persistent response in HUVEC cells
centred around TGF-beta signalling, while most other transcrip-
tional changes were of short duration only (Fig. S4). The stark
difference in transcriptional responses between bleomycin and
TGF-beta may be attributed to the nature of the two compounds.
TGF-beta is an endogenous signalling molecule that endothelial
cells encounter in homoeostatic conditions, where their
responses are tightly regulated. In contrast, bleomycin is an
exogenous cytotoxic agent. Additionally, TGF-beta is primarily
known as a key activator of fibroblasts, which in turn can
influence endothelial cells through paracrine signalling or matrix
remodelling. In our experimental setup, the absence of
fibroblasts may render the endothelial response to TGF-beta
inherently self-limited. This self-regulation seems particularly
relevant at the apical surface of endothelial cells, where TGF-beta
was applied in our experiment. In vivo, TGF-beta plays a critical
role in mediating processes like platelet adhesion and leucocyte
recruitment during vascular injury [34, 35]. However, these
functions must be finely modulated and promptly deactivated to
prevent excessive inflammation and collateral damage once the
injury is resolved. This necessity for transient and restrained
activity may explain the limited transcriptional changes observed
in endothelial cells exposed to TGF-beta in our study. In another
study, TGF-beta exhibited pro-fibrotic effects on endothelial cells
only when the cells were derived from fibrotic lung tissue, but
not when they originated from healthy lung tissue suggesting
that endothelial cells respond to TGF-beta predominantly under

Cell Death and Disease (2025)16:500

pathophysiological conditions, likely due to prior reprogramming
associated with the diseased state [36].

To understand what the responses of HUVEC cells to exogenous
and endogenous pro-fibrotic substances have in common, we
performed functional enrichment analysis of differentially
expressed genes dysregulated in the same direction under both
substances. Since there were only 3 dysregulated genes in
common at 48 h, enrichment analysis was performed for 24 and
72 h only. At 24 h, commonly upregulated genes upon bleomycin
and TGF-beta exposure were enriched for chemokine activity,
while downregulated genes were enriched for the process of
branching involved in blood vessel morphogenesis indicating an
early inflammatory signal together with compromised cellular
development (Fig. S5 and Table S7). At 72h, commonly
upregulated genes were enriched for ECM related processes,
functions, and compartments suggesting remodelling processes
of ECM under both substances, whereas downregulated genes
were enriched for processes and functions related to cell cycle
homoeostasis.

Given the remarkably high number of genes affected by an
exogenous pro-fibrotic substance, we compared this with our
recent observations (Morikka et al. [37]), where we investigated
the transcriptomic effects of bleomycin on macrophages on a
model of differentiated THP-1 cells. THP-1 macrophages exposed
to bleomycin showed 918, 1119, 1707, 2499 and 3072 differen-
tially expressed genes (adjusted p value <0.01, log2 fold change
(LFC) =0.58) at doses of 20, 40, 60, 80, and 100 pg/ml bleomycin
after 24 h, respectively, whereas the HUVEC cells showed 6967,
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10,608, and 12,741 differentially expressed genes at doses of 7, 14,
and 21 ug/ml bleomycin (adjusted p value <0.01, LFC=0.58),
respectively [37]. The doses in both experiments were chosen
based on cell viability (IC5 to 1C20). Together we conclude that (1)
HUVEC cells have a lower threshold for subtoxic doses of
bleomycin as compared to THP-1 macrophages, and (2) despite
comparable viability measured under the exposure, HUVEC cells
present a higher degree of dysregulation in gene expression as
compared to THP-1 cells suggesting that endothelial cells are
more sensitive to exogenous pro-fibrotic substances than macro-
phages. Macrophages are primed to withstand and respond to
xenobiotic and inflammatory stimuli, which may render them
inherently more resilient than endothelial cells, whose primary
roles as structural and signalling gatekeepers of tissue homo-
eostasis may make them more vulnerable to stress-induced
transcriptional changes. This functional distinction may contribute
to the comparatively muted transcriptomic response observed in
macrophages under matched subtoxic conditions. Nonetheless,
this comparison does not account for intercellular interactions
present in the physiological context. In pulmonary fibrosis,
macrophages and endothelial cells occupy distinct yet intercon-
nected roles within the fibrotic cascade. A more comprehensive
understanding of these dynamics would require co-culture
models that capture crosstalk between these cell types. Differ-
ences in morphological characteristics like cell size, shape, and
structure, and thereby exposure surface, between THP-1 macro-
phages and HUVECs also affect experimental comparability.
However, within the limitations of a monoculture framework, this
comparison still provides a meaningful estimate of overall cellular
resilience to bleomycin. Ultimately, we find it striking that even in
this reductionist setup, substantial differences emerge in the
magnitude of transcriptomic plasticity between an endothelial
and an immune cell type.

Endothelial cell response to exogenous pro-fibrotic stimulus
in vitro recapitulates known events in relevant adverse
outcome pathways

To link the observed transcriptomic changes to higher-order
biological effects and to contextualise them with respect to
potential health outcomes, we integrated adverse outcome
pathways (AOPs) in our analysis. AOPs offer a multiscale
perspective connecting molecular responses to cellular, tissue,
and organism-level outcomes. In brief, AOPs systematically map
the progression of biological events from a molecular initiating
event (MIE) at the smallest scale (e.g., receptor binding or DNA
damage) through cellular, tissue, and organ-level changes
organised in key events (KEs), culminating in an adverse outcome
(AO) at the organism or population level. This approach connects
processes across scales, enabling a comprehensive understanding
of how molecular-level perturbations propagate to impact the
whole system [38]. Thus, the integration of omics data with AOPs
enables a robust and multiscale analysis framework for under-
standing the broader implications of molecular changes. Currently,
eight AOPs for PF are deposited in the AOP-Wiki repository
(aopwiki.org). Although most of them are still under development
and miss suggestions of prototypical stressors, neither of the MIEs
of those AOPs is directly and clearly linked to endothelial cells. A
recent effort to update biological information of KEs failed to
annotate specific cell types to MIEs of PF, underscoring the
multiplicity in PF initiation [39].

We investigated how the transcriptomic dysregulation observed
in HUVEC cells upon exposure to bleomycin and TGF-beta maps to
the AOP network. We performed an enrichment analysis against
the recently curated gene sets for 969 KEs of 231 AOPs using
genes that were both dose-dependently and differentially
expressed under bleomycin and TGF-beta, respectively [39, 40].
For bleomycin, 293 KEs part of 185 AOPs were enriched, with 49
MIEs, 206 KEs, and 57 AOs (Table S8). For TGF-beta, 124 KEs part of

SPRINGER NATURE

125 AOPs were enriched with 10 MIEs, 88 KEs, and 32 AOs (Table
S8). We explored which AOPs have the highest fraction of their KEs
enriched by the two exposures. Under TGF-beta, 4 of the 8
existing PF AOPs were among the top covered AOPs, while for
bleomycin only one was among the top 15 covered AOPs
(Fig. S6A, B). AOPs for TGF-beta were focused on lung and liver
diseases, while for bleomycin, cardiac outcomes and various forms
of cancer, glucocorticoid system/receptor activation, and male
fertility were among the top enriched outcomes challenging a
one-chemical one-endpoint view. Here, we focused on the early
mechanism of action (MOA) of exogenous pro-fibrotic stimuli on
endothelial cells and how this relates to PF as adverse outcome.
Thus, we investigated the AOP subnetwork of PF and the enriched
parts under bleomycin and TGF-beta. AOP:173, the only OECD-
endorsed AOP for PF to date, was affected by bleomycin at
multiple KEs, surprisingly not only early KEs, but also anatomical-
scale KEs such as accumulation of collagen and the adverse
outcome PF itself (Fig. 2A). Multiple, but especially later parts of PF
AOPs were fully enriched (at each timepoint) by genes altered
through bleomycin exposure as prototypical exogenous pro-
fibrotic stimulus, while it was striking that some KEs in the PF AOPs
were systematically skipped in the enrichment including KEs such
as epithelial to mesenchymal transition (EMT), increased activation
of T (T) helper (h) type 2 cells, and loss of alveolar capillary
membrane integrity (Table S9). This highlights that individual cell
types such as endothelial cells are representing only one part in
the development of a phenotype, while KEs and KE relationships
are determined by intertwined networks of multiple cell types
within a tissue. Although under bleomycin, the transcriptomic shift
comprised a distinct signature indicating mesenchymal transition
(later in the article), the KE EMT, which refers to mesenchymal
transition occurring in epithelial cells, was not enriched. This
underscores that extrapolations from the epithelial to the
endothelial barrier are limited and both cell types come with
specific responses to pro-fibrotic substances further emphasising
the need of studying specific mechanisms of the endothelium to
model systemically initiated PF. Besides inflammation and
recruitment of immune cells, however, the KEs collagen accumu-
lation and increased fibroblast proliferation, and mesenchymal
differentiation were enriched suggesting that endothelial cells
adopt mesenchymal characteristics without the involvement of
fibroblasts. Further, the gene set of PF itself as AO was enriched by
genes altered at any measured timepoint including 24h as
extremely early timepoint with view on the development of organ
fibrosis. We observed a comparable pattern in the other AOPs for
PF, which naturally share many KEs with AOP:173 (Table S9).
Despite the limitation of using AOPs to model chains of events
using only a single cell type, we find it remarkable that under
exposure to pro-fibrotic stimuli, endothelial cells beside early
initiating events show multiple putatively later signatures of PF
after a short duration of exposure. Interestingly, under TGF-beta,
primarily later KEs of PF were consistently enriched, while early
KEs related to pro-inflammatory conditions were not enriched
suggesting that TGF-beta cannot be seen as a prototypical
initiator of pro-fibrotic conditions, but rather a maintaining factor
during the pathogenesis (Table S9).

To investigate if the overall enriched KEs under bleomycin and
TGF-beta exposures differ in terms of biological scale, we
compared the fraction of enriched molecular and cellular KEs
with the fraction of higher-level organ-systemic KEs comprising
KEs on the tissue, organ, and individual level. While 56% and 37%
of enriched KEs under bleomycin and TGF-beta were of molecular-
cellular biological scale, 44% and 63% were of organ-systemic
scale, respectively, suggesting that bleomycin as prototypical
exogenous pro-fibrotic substance is primarily a molecular initiator,
whereas TGF-beta is a downstream regulator of cellular networks
and thus more actionable in higher organ or tissue (dys)functions
with intertwined actions of multiple cell types (Fig. 2B). The most
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annotated by Saarimdki et al. for bleomycin (top) and TGF-beta (bottom). D Experimental data in comparison with public RNA-Seq data sets of
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8127 common genes according to their fold changes. BAL bronchoalveolar lavage.

covered body systems under TGF-beta were digestive and
respiratory system, while for bleomycin it was nervous system
and reproductive system, likely given the known genotoxic role of
bleomycin (Fig. 2C). Interestingly, the reproductive and nervous
system are two systems that have a specialised endothelium
preventing an uncontrolled entrance of molecules from the
circulatory system, while liver and lungs are, by function, very
accessible.

Beside using the AOP framework to place molecular findings on a
broader and phenotype-related level, we contextualised our in vitro
observations with real-world PF scenarios. Therefore, we made use of
a recently curated data repository of clinical PF transcriptomic
datasets (https://doi.org/10.5281/zenodo.10692129). We used pre-
computed fold changes of those public datasets resembling
transcriptomic changes in individuals with PF as compared to
healthy controls and compare them with our observed transcriptomic
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changes in in vitro exposed endothelial cells as compared to
unexposed cells (Fig. 2D). Whole-tissue samples such as biopsies and
bronchoalveolar lavages showed differences to isolated cell popula-
tions from clinical samples such as epithelial cells and fibroblasts.
Though our data were derived from isolated cell cultures that have
never been part of a cellular network in a fibrotic organ, HUVEC cells
exposed to TGF-beta showed comparable transcriptomic shifts to
epithelial cells and fibroblasts derived from lung fibrosis. Since
constant and exaggerated attempts of tissue repair is a hallmark of
fibrosis, TGF-beta is one of the key maintainers of organ fibrosis [4].
This might explain why short-term exposure of endothelial cells to
TGF-beta establishes a transcriptomic profile similar to other cells
from a fibrotic environment. Bleomycin exposure overall resulted in a
different transcriptomic profile underscoring the importance of
differentiating between MOAs in established fibrotic conditions and
early pro-fibrotic stimuli by exogenous compounds.
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Altogether, TGF-beta-exposed endothelial cells showed tran-
scriptomic profiles closely related to established fibrotic states as
demonstrated by clinical data of PF and higher level KEs in AOPs
of PF. In contrast, bleomycin-exposed cells presented a distinct
signature, highlighting its role as a potent and hazardous
molecular stressor, but already after short time of exposure,
signatures of developing fibrosis can be observed.

Bleomycin shifts the overall transcriptomic fingerprint of
HUVEC cells caused by damage-associated molecular patterns
The described direct MOA of bleomycin, while not inherently
linked to its pro-fibrotic effects, is (1) lipid peroxidation of
membrane fatty acids and (2) binding DNA leading to DNA
breaks [41]. Exploring the transcriptome-wide dysregulation under
bleomycin exposure indeed revealed downregulation of DNA
replication and cell cycle genes at every timepoint and
concentration of bleomycin, as well as a disturbance of DNA
repair mechanisms at the first day of exposure which normalised
over time (Fig. 3A and Table S10). In accordance, the p53 pathway
was upregulated at all measured timepoints, commonly observed
upon DNA damage to halt cell cycle and in case DNA repair fails to
induce apoptosis [42]. Further, MTORC1 signalling was down-
regulated at 24 h of bleomycin exposure indicating a compro-
mised nucleotide and lipid biogenesis, which however recovered
at later timepoints (Fig. S7 and Table S10) [43]. In contrast to the
downregulated fingerprint, the profile of upregulated genes under
bleomycin clearly indicated an inflammatory response involving
TNF alpha and cytokine signalling (Fig. 3A and Table S10). Further,
upregulated genes were enriched in pathways related to ECM
receptor interaction and adhesion molecules indicating a shift in
ECM organisation and cell junctions. Enriched pathways such as
myogenesis and EMT, despite referring to signatures described in
other cell types than endothelial cells, suggest a shift in the
transcriptome of endothelial cells towards a mesenchymal-like cell
type. After 48 h, hallmark pathways such as interferon alpha and
gamma response were upregulated, likely representing an internal
cellular mechanism for immune surveillance of DNA damage
(Fig. S7 and Table S10) [44].

Despite the use of subtoxic doses, we observed an induction of
apoptotic effectors on the transcriptome level. Caspase 3, 7, and 9
(CASP3, 7, 9) encoding genes involved in the activation of the

A [Time | 24h ] 48h
|Dose|[7 14 21 7 14 21 |[7 14 21 7 14 21

714 21714 21
oo

KEGG ECM RECEPTOR INTERACTION® © @
KEGG P53 SIGNALING PATHWAY ® @ [ ) [ L ]
KEGG CYTOKINE CYTOKINE RECEPTOR "X X ) X X ) o0

INTERACTION
KEGG CALCIUM SIGNALING PATHWAY B @ @ [ X N J [ X X J
o0 0 o00

KEGG CELL ADHESION MOLECULES CAMS® @ @

KEGG NEUROACTIVE LIGAND RECEPTOR
INTERACTION poo
KEGG AXON GUIDANCE @

KEGG ARRHYTHMOGENIC RIGHT PYErS
VENTRICULAR CARDIOMYOPATHY ARVC
KEGG COMPLEMENT AND COAGULATION
CASCADES

KEGG DNA REPLICATION

GeneRatio
@ oos
@ oo
@

o008
° L) L) -
[ XN J o000 [ X N | 0004

L) padust

0.002
KEGG CELL CYCLE

KEGG HOMOLOGOUS RECOMBINATION
KEGG MISMATCH REPAIR

KEGG BASE EXCISION REPAIR

KEGG OOCYTE MEIOSIS

=

[Dysregulation
7

intrinsic pathway of apoptosis were upregulated at all concentra-
tions and timepoints of bleomycin as compared to unexposed
cells, whereas CASP8 involved in the extrinsic pathway of
apoptosis became even downregulated under bleomycin
(Fig. 3B) [45]. The intrinsic pathway of apoptosis is initiated when
cells encounter intracellular stress such as in response to DNA
damage due to bleomycin [46]. We validated those observations
by qPCR at extended timepoints (6, 12, and 96 h of exposure)
showing that CASP3 and CASP7 were upregulated from 12h
onwards, while CASP8 was upregulated from 48 h onwards (Fig.
S2A and Table S2). This pattern further suggests that activation of
the intrinsic pathway precedes the extrinsic, although both may
operate in parallel at later stages.

Further, it was shown that bleomycin accumulates in mitochon-
dria, damages mitochondrial DNA and affects mitochondrial
integrity further promoting the intrinsic pathway of apoptosis
[41, 47]. Both nuclear and mitochondrial DNA are sensed as
damage-associated molecular patterns (DAMPs) and promote
wider downstream effects on the cell itself as well as neighbouring
cells such as the induction of controlled or uncontrolled cells
death [44]. Nuclear DAMP receptors sensing nuclear DNA such as
CGAS and AIM2 were upregulated at later timepoints and higher
concentrations of bleomycin only, while RIGI encoding a cytosolic
DAMP receptor (RIG-l) for mitochondrial DNA was upregulated
already at the lowest concentration and 24h of exposure
suggesting that mitochondrial DNA damage might even precede
nuclear DNA damage (Fig. S8) [47].

Since bleomycin initiates decomposition of membrane fatty
acids, a destabilised membrane might further lead to cell leakage
and thus resulting in intercellular DAMP sensing by membrane
receptors of neighbouring cells such as TLR2 and TLR4, both of
whose transcription was impelled immediately after bleomycin
exposure (Fig. S8) [44]. A direct downstream effect of TLR2/
4 signalling is the production of pro-inflammatory cytokines as we
observed it on the transcriptomic level (Fig. 3A). Despite clear
induction of apoptotic machinery, including early downregulation
of BCL2 encoding a suppressor protein of apoptosis, the normal-
isation of BCL2 expression levels in cells exposed to higher doses
of bleomycin from 48 h on indicates an adaptive response to resist
further apoptotic signals enabling cell survival (Figs. S2A and S8
and Table S2) [48].

+ £

KL .,

1500

.
T
3

i
=

L]
S
s &

'gi =

&

1200

CASP3 normalised counts
CASP7 normalised counts

1500 =8

Concentration

E 0 pg/mi
E 7 pg/ml
E 14 pg/ml

* * +
E. _ns _ts .. . e ' 21 pg/ml

-%ﬁ*

24h 48h 72h 24h 48h 72h

2h a8h 72h 24h a8h 72h

300

c'—ED
1 |a
-f-
&

N
38
8

B B
ey

. o
L

CASP8 normalised counts
CASP9 normalised counts
.

Fig. 3 Transcriptomic changes under bleomycin exposure. A Functional analysis of up- and downregulated genes under bleomycin
exposure. Overrepresentation test with dysregulated genes (absolute LFC 21, adjusted p value <0.01) against the gene sets of KEGG pathways.
The dot size indicates the gene ratio, i.e., the ratio of identified genes to pathway genes. The colour code indicates the Benjamini-Hochberg-
adjusted p value of the Fisher's exact test. The top five enriched pathways are plotted, and already existing pathways are filled even if they are
not among the top five pathways. B Expression of apoptosis marker genes for the different experimental conditions of bleomycin exposure.

Plotted are the size-factor normalised RNA-Seq counts.

SPRINGER NATURE

Cell Death and Disease (2025)16:500



L. Mobus et al.

e - group
A B I TGFBR2 3
M PECAM1
[} 1 MIR126
] TEK 2
. 781
NG Ba # HIFIA 1
'C 1 T2
& | TGFB1 o
Bleomycin & o cD31¥ d Sore
Interstitial AcTa2t " e
Capillary leakin Qe ON TR SNAZ
TGF-beta ¥ P y zaxing space Bleomycin & M A B
AN . o -
- I M COL3A1
ol TGF-beta 3 = 53 i S——
R unexposed_24h
i 3 2 Time-dose modelling Differential expression lowest_24h
Bleomycin 4/ ECM N i 8| [Wsensive-cary dierentaly expressed midde 2
dell \%\ P Sensitive-Middle not differentially expressed .mgheslﬁh o
remodelling \ &\ Lah unexposed_4
TGF-beta 9\ P s s
- Alveolus Intermediate-Late dose dependent middie_48h
ResiientMiddle ot dose dependent M vignest_sgn
fo S unexposed_72h
lowest_72h
0:¢co _— - W recp middle_72h
A 2 Immune cell | Bleomycin 44 - TooF Wnighest 720
’ Cellular recruitment " Torshi
Bleomycin & \ genescence ’ oo M-
(&= /v IL6 TGF-beta I 1 HEA
TGF-beta 7. 1 | PR
X . L8 i §EE? 2
( & SarB1
N mim [} o °
EX
IL1A +/ Process affected 1 ' : géﬁg‘ .
Process mildly affected yinizs
¥ Process not affected " otz .

Fig. 4 Fibrosis-associated cellular processes in endothelial cells. A Cross-section of an alveolus and the surrounding capillaries highlighting
key endothelial cell processes associated with PF. Processes are annotated as follows: a green checkmark indicates that RNA-Seq data showed
the process was affected by bleomycin and TGF-beta exposure, respectively; a red cross indicates the process was not affected; and a yellow
circle indicates that the process was only mildly or transiently affected. B Marker genes of EndMT under bleomycin exposure. The colour
annotation of columns indicates the experimental condition, the row annotations refer to the label of the time-dose modelling, and the
results of the differential expression and dose-dependent analysis. The heatmap colour code represents row-wise z-scores based on vst-
transformed counts. C Marker genes of EndMT under TGF-beta exposure. Annotations and colour codes are the same as described in (B).

In summary, bleomycin-induced DNA damage and lipid
peroxidation is a source for DAMPs, triggering apoptosis, which
subsequently generates additional DAMPs that amplifies the
inflammatory response of endothelial cells. This chain of events
offers a possible link of bleomycin’s direct MOA to its observed
pro-fibrotic effects.

PF associated gene signatures can be observed in HUVEC cells
exposed to exogenous pro-fibrotic stimulus, but not TGF-beta
To understand the mechanistic events that eventually promote a
pro-fibrotic environment starting from a dysregulation of
endothelium, we investigated reviewed key cellular processes of
PF propagation related to endothelial cells by transcriptomic
signatures and cytokine secretion (Fig. 4A).

EndMT is a process where endothelial cells undergo the
transition towards a mesenchymal phenotype characterised by
increased expression of mesenchymal markers such as ACTA2,
decreased expression of vasculature-specific genes such as
PECAM1 (encoding CD31), and loss of barrier integrity [27, 49].
Under bleomycin, EndMT markers were overall differentially
expressed in HUVEC cells, and all of them were dose-
dependently altered (Fig. 4B), while time-dose modelling indi-
cated that most genes responded early sensitive, i.e., they are
changing early (24h) and at low subtoxic doses already
(Table S11). Quantitative PCR at extended timepoints confirmed
this observation with ACTA2 showing clear induction as early as
6 h of exposure and sustained upregulation through 96 h, while
PECAM1 was downregulated in a slightly delayed manner starting
from 24 h onward (Fig. S2A and Table S2). Beside commonly
investigated markers for EndMT, we observed an induction of
MYOCD, a gene specific for smooth muscle cells (Fig. S9) [32].
MYOCD was neither detectable in unexposed HUVEC cells nor
when they were exposed to TGF-beta. Significant MYOCD
induction upon bleomycin could be confirmed by qPCR at 24,
72, and 96h of exposure (Fig. S2A and Table S2). TGF-beta
signalling, central to EndMT and fibrotic conditions, was induced
under bleomycin as shown by upregulation of TGFB1, TGFBIR, and
SMAD3, but downregulation of TGF-beta-signalling inhibitory
SMAD6 (Figs. S2 and S9 and Table S2) [50, 51]. In contrast to
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bleomycin, exposure of the cells to exogenous TGF-beta 1 itself
led to an initial suppression of TGF-beta signalling with later
recovery likely reflecting a negative feedback loop (Fig. S9).
Importantly, EndMT marker genes including landmark mesench-
ymal transition markers such as ACTA2 and PECAMI1 did not
indicate a progression of HUVEC cells to a more mesenchymal-like
cell type under TGF-beta exposure within 24 to 72 h (Fig. 4C). This
was supported by qPCR, with both ACTA2 and PECAM1 showing
no exposure-dependent dysregulation at any measured timepoint
(6 to 96 h) or dose (Fig. S2B and Table S3). We had further tested
extended doses of TGF-beta in a gPCR panel and observed no
increase in gene expression of mesenchymal markers such as
ACTA2, COL3A1, and S100A4 upon 30, 40, and 50 ng/ml TGF-beta
within at 24, 48, and 72 h of exposure (Table S12).

In PF, early markers of EndMT include endothelial dysfunction
and capillary leakage, both of which are closely linked to the
disruption of cell-cell junctions [51]. Bleomycin exposure caused
dose-dependent dysregulation of cell-junction related genes,
including suppression of CLDN5, a key tight junction component,
consistent with observations in bleomycin-PF mouse models
(Fig. S10) [21, 52]. In contrast, TGF-beta exposure did not affect the
expression of cell-cell junction components including CLDNS5,
contradicting observations of Ohta et al. [21]. To investigate the
transition towards a mesenchymal phenotype on the protein level,
we performed immunocytochemical staining of hallmark endothe-
lial and mesenchymal markers. Under bleomycin exposure, HUVEC
cells exhibited reduced and disorganised adherens and tight
junctions, as indicated by altered VE-cadherin and ZO-1 staining
patterns (Fig. S11A). Concurrently, alpha-SMA expression was
increased and localised to the cytoplasm. This extent of change
was not observed under TGF-beta exposure (Fig. S11B). Together,
these findings support the conclusion that bleomycin induces
functional characteristics of EndMT, including the loss of cell-cell
contacts and cytoskeletal remodelling.

As shown above, both bleomycin and TGF-beta exposure
altered genes enriched in ECM related processes and functions.
Differential expression and altered protein secretion of PDGFB and
MMP7 further indicated that cells underwent ECM remodelling
processes upon exposure with bleomycin, a hallmark of fibrosis
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development and concomitant mesenchymal transition of cells
(Figs. S2A and S12) [4]. Besides, PDGF is a chemoattractant for
fibroblasts [53, 54].

Cellular senescence occurs when apoptotic signals are insuffi-
cient, and environmental conditions inhibit active cell cycle and
metabolism [55]. Using the SenMayo gene set, we found
widespread dose-dependent induction of senescence-associated
genes under bleomycin exposure, whereas TGF-beta had only
minor effects (Fig. S13) [56]. In endothelial cells, interleukin-1
alpha was shown to indicate cellular senescence, and we observed
both a dose-dependent upregulation of ILTA on the transcript
level and a dose-dependent increase of secreted IL-1 alpha under
bleomycin, while IL-1 beta secretion was undetectable
(Figs. S2 and S14) [57]. Interestingly, while comparable concentra-
tions of TGF-beta were shown to induce senescence in human
bronchial epithelial cells, endothelial cells appeared more resistant
to such effects of TGF-beta [58].

Key chemoattractants for monocyte recruitment such as IL-6
and IL-8 showed an early dose-dependent upregulated expres-
sion and increased secretion under bleomycin exposure (Figs.
S2 and S15) [59, 60]. TGF-beta, however, had only transient and
dose-independent effects on IL-6 and IL-8 transcript levels and
did not influence their secretion at the 3 measured timepoints,
further indicating self-limited effects of TGF-beta on endothelial
cells. We acknowledge that especially for TGF-beta exposure,
24 h might be already too late to detect early MOAs given that
we observed a reversion of signals already at 48 h. However,
qPCR at earlier timepoints confirmed that even at 6 and 12 h of
TGF-beta exposure, neither IL6 nor CXCL8 was induced (Fig. S2B
and Table S3).

Altogether, our findings demonstrate that bleomycin as
prototypical exogenous pro-fibrotic substance induces EndMT-
and senescence-associated gene profiles, accompanied by signa-
tures of disturbed cell-cell junctions. An increased secretion of IL-6
and IL-8 under bleomycin suggests the ability of endothelial cells
to effectively recruit monocytes from the blood stream early after
contact with this exogenous pro-fibrotic compound. While TGF-
beta altered expression levels of genes related to the ECM
remodelling machinery, its effects on endothelial cells appear
minor and time-limited. Without cues from surrounding stromal or
immune cells, as would be present in vivo, TGF-beta signalling in
endothelial cells may default to a restrained, homoeostatic state.
Its activity is further shaped by cellular context, including matrix
composition, mechanical environment, and prior conditioning, all
of which are absent in simplified monocultures. The muted
transcriptomic response we observed likely reflects both this
physiological restraint and the lack of crosstalk needed to amplify
fibrotic programming.

CONCLUSION

Our findings highlight the exceptional sensitivity of endothelial
cells to subtoxic doses of bleomycin, a prototypical exogenous
pro-fibrotic compound, with pronounced transcriptomic altera-
tions observed shortly after exposure. Bleomycin emerged as an
early initiator of pro-fibrotic signals without the contribution of
other cell types like fibroblasts and monocytes. Endothelial cells
displayed signatures characteristic of established organ fibrosis,
including profiles of EndMT, cellular senescence, and immune cell
recruitment. In contrast, TGF-beta exposure resulted in minimal
and self-limited transcriptomic effects, suggesting its pro-fibrotic
activity may require a cellular network involving fibroblasts or
prior stimulation by exogenous factors, and reflecting the context-
dependent nature of TGF-beta signalling in healthy endothelial
cells in the absence of crosstalk that may otherwise amplify its
effects in a multicellular environment. Given the limitations of
studying the transcriptome, we explored multiple timepoints and
doses of exposure and complemented this with studying secretion
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of candidate proteins. Nonetheless, transcriptomic snapshots can
only be used to interpolate a dynamic expression landscape and
derive a MOA. We aimed to partially mitigate this by integrating
AOPs in our analysis to connect processes across scales and model
the propagation of perturbations offering an alternative to non-
linear and mono-scale pathway and ontology analyses. However,
this approach is inheritably constrained by data incompleteness
and simplification of biological complexity, and thus the integra-
tion of AOPs serve as a supportive, not primary, tool for
interpreting our findings. Importantly, the outcomes of this
approach align with our experimental observations and help
reinforce the proposed mechanisms. Bleomycin-induced DNA
damage, particularly in mitochondria, initiates intrinsic apoptotic
pathways, with damaged DNA acting as a source of DAMPs that
drive inflammation and mesenchymal transitions. Three days of
subtoxic bleomycin exposure provide a blueprint for how
endothelial cells reprogramme their transcriptional activity toward
pro-fibrotic and pro-inflammatory processes, laying the founda-
tion for extensive downstream effects within the tissue context.
While this reductionist setup does not replicate the full cellular
complexity of fibrotic tissue, it offers a controlled and reproducible
system to isolate early endothelial-specific responses. The use of
HUVECs—a well-characterised, scalable, and standardisable model
—aligns with our broader aim of developing robust and up-
scalable in vitro assays capable of resolving early mechanisms of
action across time and dose. A key limitation of this model lies in
the fact that HUVECs originate from the macrovasculature and
may not fully reflect the behaviour of lung microvascular
endothelial cells, particularly in the context of PF. Endothelial
cells are known to lose part of their tissue-specific characteristics
in culture, further highlighting the trade-off between physiological
relevance and experimental robustness. In this light, parallel
approaches using microvascular or tissue-specific endothelial
models may be needed to refine mechanistic understanding.
Nevertheless, establishing foundational models like HUVECs is a
critical step toward more advanced co-culture or organoid models
incorporating stromal and immune cells that remain physiologi-
cally relevant while meeting the demands of throughput,
reproducibility, and standardisation, essential criteria for transla-
tional toxicology and mechanistic testing frameworks. While
endothelial cells may not be the primary drivers of fibrosis, their
role in its initiation is likely underestimated compared to epithelial
cells and fibroblasts. Our study highlights the critical early
initiating events triggered by an exogenous pro-fibrotic substance
upon contact with endothelial cells, underscoring their potential
as potent initiators of pro-fibrotic mechanisms.

METHODS

Cell culture

Human umbilical cord blood vein cells (HUVEC) were ordered from ATCC.
Cells were cultured in Endothelial Cell Growth Medium-2 (EGM-2,
Promocell #C-22011). Prior to the experiment, cells were expanded in
T-75 flasks for 1-2 passages. For the experiments, passages 6-8 were used
and cells were plated on 12-well (for transcriptomics) or 96-well (for
viability) plates with a density of 40,000 cells/cm?. Cells were settled for
24 h prior to experimentation.

Exposures

The cells were exposed to bleomycin (Sigma-Aldrich, #B7216) in 96-well
plates for conducting a viability assay using concentrations of 0 to 520 pg/ml
with continuous exposure. Thereafter, subtoxic concentrations of 7, 14, and
21 pg/ml bleomycin were used in 12-well plate format for further analyses
corresponding to IC5, IC10 and 1C20 (Fig. S16).

TGF-beta (Sigma-Aldrich #T7039) was used in concentration of 0 to
100 ng/ml for conducting a viability assay. TGF-beta was not compromising
the viability of the cells. Therefore, concentrations of 5, 10, 20 ng/ml TGF-
beta were used in 12-well plate format according to concentrations found
in the literature and which mimic physiologically relevant concentrations
given that the cells were exposed from their apical site [31, 36, 61, 62].
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Viability assay

Real time Glo MT Cell Viability Assay (Promega, G9713) was used to
determine the viability of the cells. The assay was mixed into cell culture
medium and added to the cells together with exposure. Luminescence was
measured after 72 h incubation in +37 °C, and 5% CO,. Luminescence was
measured using a Spark microplate reader (Tecan).

Immunoassay against cytokines and peptidases

Procartaplex immunoassay was designed for potential secreted factors
important to pro-fibrotic processes. Selected cytokines and peptidases
were: CXCL11, FGF-2, IFN gamma, IL-1 alpha, IL-1 beta, IL-10, IL-13, IL-17A,
IL-18, IL-6, IL-8, IP-10, MCP-1, MIG, MIP-1 alpha, MMP-1, MMP-7, MMP-9,
PDGF-BB, SDF-1 alpha, TNF alpha, and VEGF-R2. Immunoassay was run
from supernatant collected from bleomycin or TGF-beta exposed cells at
24 h, 48 h, and 72 h, respectively. The assay was read using a Luminex 200
(BioRad). Statistical testing was performed by ANOVA and pairwise two-
sided t-tests. Differential secretion was defined by a false discovery rate (as
defined by Benjamini-Yekutieli) of <5%. Prism (v10.3.1, Graphpad) was
used for both testing and visualisation.

Dose-dependent analysis of cytokines and peptidases
Dose-dependent cytokine and proteinase secretion under bleomycin
exposure was assessed using the BMDx software [63]. Only proteins with
4 replicates across all conditions (4 doses and 3 timepoints) were analysed.
The relative intensities from the immunoassay were log-transformed using
the formula log2 (x + 1) to normalise the data and reduce skewness. A list
of dose-response models up to the third degree was fitted to the data of 4
doses per timepoint including linear, polynomial, and nonlinear types (e.g.,
Weibull, exponential). Models were filtered using an R-squared (R?)
threshold of 0.6, which is a suitable trade-off between variance of the
data and complexity of the model. For each protein, a representative
optimal model was selected as the one with the minimum Akaike
Information Criterion value, since it provides a good compromise between
goodness of fit and model complexity. Only proteins with at least one
model after filtering are deemed dose-dependent.

RNA extraction

RNA was extracted from cells in 12-well plates after 24 h, 48 h, and 72 h of
exposure using the RNeasy Mini kit (Qiagen). Four parallel samples were
collected per experimental group (biological replicates). Prior to cell lysis,
supernatant was collected for cytokine secretion assay. DNase 1 (Thermo
Scientific, EN0521) treatment was used prior to downstream analyses.

RNA sequencing (RNA-Seq)

RNA-Seq was performed in two batches namely the two exposure
experiments of bleomycin and TGF-beta, respectively. This strategy
ensured that all doses and timepoints of one exposure experiment
including the respective control samples (48 samples in total) could be
processed together for library preparation and sequencing by Novogene.
Prior to library preparation, the quality of the samples was determined by
gel electrophoresis using Bioanalyzer 2100 (Agilent Technologies, USA).
Library preparation and RNA sequencing was conducted by the company
Novogene using the protocols described earlier [37]. Libraries were
sequenced using the lllumina NovaSeq X platform, according to effective
library concentrations and data amounts using the paired-end 150 strategy
(PE150). Library preparation and sequencing was repeated for 3 samples of
the TGF-beta experiment (C_91, C_96, and C_173) due to exceptionally low
GC content in the first sequencing datasets based on the criterion that the
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GC content deviates by more than 2 SDs from the mean GC content (Table
S13). On average, 24 and 28 million read pairs were generated per sample
in the bleomycin and TGF-beta experiment, respectively (Table S13).

High throughput qPCR

To confirm the key findings from RNA-Seq data, high throughput qPCR
analysis was performed with independent experiments for TGF-beta
exposures of doses 0, 5, 10, and 20 ng/ml and bleomycin exposures of
doses 0, 7, 14, and 21 pg/ml, respectively. Four parallel samples were
prepared for each concentration. Samples were collected after 6, 12, 24, 48,
72, and 96 h of exposure. RNA was extracted as described above. RNA was
transcribed into ¢cDNA (High Capacity cDNa kit, Applied Biosystems
#4368813). Thereafter, cDNA was pre-amplified according to manufac-
turer’s instruction using Fluidigm Preamp Master Mix (Standard Biotools,
#100-5581), a custom gene panel (Standard Biotools, #ASY-GE), and
Exonuclease 1 (Thermo Fisher, #EN0581). Finally, qPCR reaction was
performed in a microfluidic chip (48.48 Dynamic Array, #BMK-M10-
48.48GT, Standard Biotools) using SsoFast EvaGreen Supermix with Low
ROX (Bio-Rad, #1725211) according to manufacturer’s instructions using a
Biomark HD device (Standard Biotools). The gene panel is listed in Table
S14. The data was analysed applying the comparative CT(2 —(ddCt))
method as described recently [37]. Statistical significance was evaluated
using ANOVA and Tukey’'s post hoc test. p value <0.05 is considered
significant.

Immunocytochemical staining

Cells were cultured on top of gelatine (1%, Gelatine from Porcine skin,
Sigma-Aldrich, #G1890) coated coverslips and exposed to 0, 5, 10, and
20 ng/ml of TGF-beta and 0, 7, 14, and 21 pg/ml of bleomycin, respectively.
Five parallel samples were prepared for each concentration. Samples were
collected 24 and 72 h after exposure. Cells were fixed for 10 min in ice-cold
EtOH (Anora Group, #1025877). After fixation, cells were washed three
times with PBS. Samples were blocked using Animal Free Blocking and
Diluent (Vector Laboratories, # SP-5035) for 1 h at room temperature (RT)
and permeabilised using 0.1% triton-X100 (Sigma-Aldrich, #X100) in 5%
blocking solution in PBS. Anti-Alpha-smooth muscle actin (a-SMA,
Invitrogen PA5-34787), Zonula Occludens-1 (ZO-1, Invitrogen, #61-7300),
and Vascular Endothelial-cadherin (VE-cad, Cell Signalling Technologies,
#2158) primary antibodies were incubated at +4 °C over night. Samples
were washed 3 times using PBS and secondary antibodies (Alexa Fluor 488,
Invitrogen, # A-11001 and Alexa Fluor 568, Invitrogen #A-11011) were
incubated at +4 °C over night. Samples were washed two times with PBS,
and thereafter incubated with Hoechst 33342 (Thermo Scientific, #62249)
for 10 min, followed by two PBS washes. Finally, the coverslips containing
the samples were mounted (ProLong Glass, Invitrogen, #P36982) onto the
microscope slides. Samples were imaged using a Zeiss LSM 800 confocal
microscope (Zeiss) using 25x oil immersion objectives (Zeiss LD LCl Plan-
Apochromat 25x). Settings are described in Table 1. Maximum intensity
projection (MIP) was performed from each of the z-stack images using
Image J software (National Institute of Health, v. 1.54p).

RNA-Seq data processing

Sequencing data quality was assessed using FastQC (v0.12.1, https://
www.babraham.ac.uk) and summarised with MultiQC (v1.7) [64]. Raw RNA-
Seq reads were trimmed for low-quality bases (Phred quality score <20)
and lllumina sequencing adaptors using Cutadapt (v4.4) [65]. Reads shorter
than 60 bases post-trimming were discarded. Alignment of the trimmed
sequencing reads to the Genome Reference Consortium Human Build

Table 1. Immunocytochemical staining imaging settings.
Excitation max [nm] Emission wavelength [nm] Exposure [ms] Gain [V]

Hoechst 348 455 450 662
VE-cad 577 603 670 681
a-SMA 493 517 540 641
Z0-1 577 603 670 681
No primary control 493 517 540 641
No primary control 577 603 670 681

nm nanometres, ms milliseconds, V volts.
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(GRCh38) Ensembl version 110 was performed using HISAT2 (v2.2.1) with
default settings [66]. Bam files were filtered for uniquely mapped reads (as
flagged by “NH:i:1") and sorted by coordinates using Samtools (v1.18) [67].
To quantify expression per gene, read summarisation was conducted with
the featureCounts function from the Rsubread package (v2.16.1) against
the Ensembl GTF file version 110 [68].

RNA-Seq analysis

Count matrices were handled and processed in R using DESeq2 (v1.36.0)
functions [69]. Counts normalised for the effective RNA-Seq library size
(SizeFactors as computed by DESeq2) were used to illustrate gene
expression heights in gene plots using the plotCounts function. For other
downstream analyses, unless explicitly mentioned, counts were normalised
and transformed using the variance stabilising transformation (vst)
function from DESeq?2 after filtering for genes with at least 10 counts in
a minimum of 4 out of 48 samples (due to replicates of 4). Vst was
performed in a condition-aware manner (blind parameter set to FALSE).
Principal component analysis was performed to assess overall data quality
and global data structure.

Differential expression analysis was performed using the parametric
Wald test and subsequent independent filtering of the results as
implemented in DESeq?2 [69]. For each of the two experiments (bleomycin
and TGF-beta exposure), pairwise comparisons were conducted between
samples of exposed cells (combination of timepoint and concentration)
versus unexposed controls. Importantly, the two exposure experiments
had their own controls to avoid experimental batch effects. This approach
allowed for the identification of gene expression changes specific to each
experimental condition. Differentially expressed genes were generally
defined by a false discovery rate (as defined by Benjamini-Hochberg) of
<1% without any further filter regarding fold change. Since expression
changes under bleomycin were vast (in total 18,531 differentially
expressed genes), a fold change filter was used in two cases of enrichment
tests as described further below.

Dose-dependent gene expression analysis was conducted with 4
replicates at 4 doses for each timepoint using the BMDx tool [63]. Since
4 doses of exposure were tested, statistical models up to the third degree
were fitted to the vst-transformed counts including linear, Hill, power,
polynomial, log-logistic, and Weibull models. An R-squared (R?) threshold
of 0.6 was applied ensuring a strong and reliable dose-response
relationship. For each gene, the model with the lowest Akaike Information
Criterion was selected as the best fit.

AOP enrichment analysis using the gene-key event (KE) annotation as
published in Saarimaki et al. was performed as described recently [39, 40].
The intersection of dose-dependent genes (at least at one timepoint) and
differentially expressed genes (at least at one timepoint and one dose)
under bleomycin and TGF-beta, respectively, was used for KE enrichment
analysis. Given the high degree of dysregulation under bleomycin, an
absolute LFC threshold of >1 corresponding to doubled or halved
expression [log,(2) = 1, log,(0.5) = —1] was applied as further criterion to
define differentially expressed genes under bleomycin (yielding 6833
genes in total as input for the enrichment analysis). Since effects of TGF-
beta on HUVEC cells were overall small, we analysed the data deliberately
without applying a LFC filter (yielding 281 genes in total as input for the
enrichment analysis). The fraction of KEs enriched in each AOP was
calculated and the top 15 enriched AOPs were illustrated. The biological
annotation of AOPs and KEs as published in Saarimdki et al. was used to
define KEs of lower- and higher-level biological scale [39]. In detail, KEs of
molecular and cellular biological level were merged, presenting MIEs and
early KEs of an AOP, while KEs of tissue, organ, and individual biological
level were considered as of organ-systemic biological scale, presenting
later KEs and AOs of an AOP. Network visualisation of AOP subnetworks
was performed with the igraph R package (https://doi.org/10.5281/
zenodo.7682609).

Time-dose modelling was conducted using the TinderMIX R package
[70]. Pairwise LFC for each gene, computed as the difference between the
vst counts of each pair of exposed and unexposed samples per timepoint
were used to fit a linear and 2nd- and 3rd-order polynomial models. Model
selection was performed using a nested analysis of variance (ANOVA) and
the best fitting model was used to predict an activity map (contour plot)
for each gene. The dynamic dose-responsive area was identified under the
condition that a 10% increase or decrease with respect to controls was
reached (activity threshold for the benchmark-dose modelling). To label
each gene with an activation label specifying its point-of-departure, the
lowest dose and earliest timepoint of activation was identified, and the
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gene was labelled as “sensitive”, “intermediate”, or “resilient” regarding the
dose, and “early”, “middle” or “late” regarding the time.

A recently curated data repository of clinical PF transcriptomic datasets
was used to contextualise the observed transcriptomic changes under the
exposure with changes observed in real-life PF specimens (https://doi.org/
10.5281/zeno0do.10692129). Precomputed fold changes of those public
datasets resembling transcriptomic changes in individuals with PF as
compared to healthy controls were compared with the observed
transcriptomic changes in in vitro exposed endothelial cells as compared
to unexposed cells. In detail, LFCs for each gene as computed by DESeq2
were retrieved for each comparison of the clinical datasets (n=51
comparisons) and of the in vitro datasets i.e., 9 comparisons for bleomycin
and TGF-beta, respectively (3 timepoints and 3 doses). The 8127 genes the
69 comparisons had in common were ranked according to the LFC in each
comparison. Based on the gene ranks, Euclidean distance was computed
between the comparisons and visualised in a multi-dimensional
scaling plot.

Functional enrichment analysis of differentially expressed genes under
bleomycin was conducted using the clusterProfiler R package (v4.4.4) with
gene sets from Gene Ontology (GO) and the Molecular Signatures
database (MSigDb) including the KEGG pathway and Hallmark pathway
sets [71-77]. Overrepresentation tests were performed for each set of
differentially expressed genes for an experimental group and an absolute
LFC threshold of >1. For the functional enrichment analysis of dysregulated
genes that bleomycin and TGF-beta exposure had in common, differen-
tially expressed genes were not filtered by fold change for both exposures,
as TGF-beta had overall small and narrow effects on the cells and a fold
change filter did not leave enough genes for functional analysis.
Overrepresentation test was performed with overlapping differentially
expressed genes at each timepoint under the two exposures against the
GO gene sets using clusterProfiler [71, 72, 76].

Candidate gene sets reflecting signatures of key endothelial processes
associated with PF were determined based on literature in the field
[27, 49, 56, 78-80]. For the exploration of changes under TGF-beta
exposure, genes that were significantly dose-dependently altered under
TGF-beta at all timepoint were uploaded to the STRING database in the
“multiple protein” mode to derive protein-protein-interactions from the
STRING interactome [81]. RNA-Seq data analysis was performed using R
(v4.2.1). Visualisations were performed with R, Biorender, and Inkscape. The
raw sequencing count matrices as well as the raw RNA-Seq data are
available at NCBI GEO accession number GSE286040. The code for the
RNA-Seq data analysis is available at Zenodo https://doi.org/10.5281/
zenodo.14613141.

Statistical analysis

Differential gene expression analysis was performed in R using DESeq2,
which applies a pairwise Wald test suited for RNA-Seq count data with
non-normal distributions and mean-variance dependence. Differentially
expressed genes were identified using an FDR-adjusted p value threshold
of <0.01 to reduce the risk of false positives, which is a known concern in
high-dimensional RNA-Seq datasets. For bleomycin-treated samples, an
additional LFC cutoff of 1 was applied to focus on genes showing the
most pronounced changes and to extract biologically meaningful
expression signatures. For TGF-beta, no LFC threshold was applied due
to the lower magnitude of response observed, and the aim to detect more
subtle but consistent transcriptional shifts. Each RNA-Seq condition
included four biological replicates, and a total of 48 samples (4
doses x 3 timepoints x4 replicates) were processed together in one
sequencing batch to minimise technical variability. For immunoassays,
statistical comparisons were performed using two-tailed Student’s t tests
and one-way ANOVA, as appropriate, using GraphPad Prism (v10.3.1). For
high-throughput gPCR, differences were tested by ANOVA and Tukey’s
post hoc test using R. For both, an FDR threshold of <0.05 was used to
define significance. The bleomycin and TGF-beta exposure experiments
were conducted as two separate experimental runs with experiment-
specific controls. All RNA-Seq samples within one exposure experiment
were processed and sequenced together. Independent analyses were
performed for the bleomycin and TGF-beta exposure series, and
transcriptional alterations were compared post hoc. Therefore, batch
effects between the two series are not considered relevant. Cell culture
replicates were grouped by timepoint on the plate for practical reasons,
and because all comparisons were made within time-matched groups.
RNA-Seq was performed once, and the results presented reflect this single
experimental round.
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