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Abstract: The extracellular matrix (ECM) is the common denominator of more than
50 chronic diseases. Some of these chronic pathologies lead to enhanced tissue forma-
tion and deposition, whereas others are associated with increased tissue degradation, and
some exhibit a combination of both, leading to severe tissue alterations. To develop effec-
tive therapies for diseases affecting the lung, liver, kidney, skin, intestine, musculoskeletal
system, heart, and solid tumors, we need to modulate the ECM’s composition to restore its
organization and function. Across diverse organ diseases, there are common denominators
and distinguishing factors in this fibroinflammatory axis, which may be used to foster new
insights into drug development across disease indications. The 2nd Extracellular Matrix
Pharmacology Congress took place in Copenhagen, Denmark, from 17 to 19 June 2024
and was hosted by the International Society of Extracellular Matrix Pharmacology. The
event was attended by 450 participants from 35 countries, among whom were prominent
scientists who brought together state-of-the-art research on organ diseases and asked im-
portant questions to facilitate drug development. We highlight key aspects of the ECM
in the liver, kidney, skin, intestine, musculoskeletal system, lungs, and solid tumors to
advance our understanding of the ECM and its central targets in drug development. We
also highlight key advances in the tools and technology that enable this drug development,
thereby supporting the ECM.

Keywords: extracellular matrix; chronic diseases; drug development; liver disease; solid
tumors; pharmacology congress

1. Introduction

The ECM is a complex and dynamic network of proteins and polysaccharides that
provides structural and biochemical support to surrounding cells. It plays a critical role in
tissue architecture, cellular function, and signaling. The ECM regulates essential cellular



J. Clin. Med. 2025, 14, 1856 3 of 50

processes such as cell adhesion, migration, differentiation, and survival, and is involved in
tissue repair, organ development, and homeostasis. The ECM is controlled by a balance
between the rates of formation and degradation of extracellular macromolecules, predomi-
nantly collagens, which provide structural support to multicellular tissues and are essential
to several biological pathways, particularly in tissue repair [1-4]. Interactions between the
ECM and cells are crucial in promoting successful tissue repair and sustaining a chronic
inflammatory environment that can produce irreversible changes in the ECM, which then
lead to the development of pathologies (see Figure 1).

Inflammation, ECM/immune cell interactions and fibrosis
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Figure 1. Interactions between the ECM and immune cells are the key drivers behind inflam-
matory response, regular tissue repair, and fibrosis development mechanisms. Modified from
Zawadzki et al. [5].

Tissue injury due to bacterial and viral infections, toxins, metabolic dysregulation,
autoimmune reactions, or mechanical stress disrupts ECM homeostasis across its various
compartments, initiating damage to the basement membrane that propagates to the in-
terstitial space [2]. Damage to endothelial or epithelial cells initially induces the release
of proteolytic enzymes that degrade the extracellular matrix and basement membrane,
providing immune cells access to the injured tissues. The basement membrane is a scaffold
composed of a network of collagen IV, laminins, nidogens, and proteoglycans that provide
structural support to endothelial and epithelial cells and protection against mechanical
stress. A degraded basement membrane recruits immune cells such as macrophages to the
injured site, initiating an inflammatory response by secreting proinflammatory molecules,
including cytokines and growth factors [3]. These proinflammatory molecules send profi-
brotic signals to (myo-)fibroblasts located in the interstitial ECM, where they synthesize
large amounts of collagen, predominantly collagen types I and III, to restore the structure
and functional integrity of the damaged tissue. The interplay between macrophages and
(myo-)fibroblasts plays a crucial role in orchestrating tissue repair; as such, abnormal
biological processes that allow inflammation to further progress can lead to fibrosis. Under
normal conditions, the final step of the tissue repair process is characterized by the anti-
inflammatory phase, in which pro-resolution macrophages produce proteolytic enzymes
to remove excess collagenous fibrotic tissue produced by activated [6]. However, during
persistent inflammatory processes and pathological conditions, the tissue repair process is
not completed, and ECM homeostasis is chronically disrupted by excessive formation or
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degradation of collagen, resulting in “wounds that do not heal” and progressive damage to
the tissue architecture, ultimately leading to loss of organ function. Therefore, investigating
ECM composition and ECM—cell interactions is critical to understanding the mechanisms
behind chronic diseases such as fibrosis and to guiding future treatment.

ECM2024 took place in Copenhagen, Denmark, in June 2024, and was hosted by the
International Society of Extracellular Matrix Pharmacology. The event brought together
450 participants from 35 countries and included 175 abstracts, 85 speakers, and 30 sponsors.
Following the successful debut of ECM2022, ECM2024 continued to emphasize the crucial
role of the ECM in more than 50 chronic diseases that affect the musculoskeletal system and
organs such as the liver, heart, kidneys, skin, gut, and lungs. There is a continued need for
ECM-focused pharmacology to develop effective treatments tr halt or reverse tissue damage
and organ function decline. Oral and poster sessions facilitated in-depth discussions
and networking, complemented by industry-sponsored symposia showcasing the latest
advancements in ECM-targeted therapies. The congress focused on target discovery and
drug development, aiming to integrate knowledge across medical specialties and accelerate
new treatments. ECM2024 underscored the power of interdisciplinary collaboration in
ECM research, aiming to improve patient outcomes in chronic diseases. It also highlighted
the ongoing need for exploration and innovation in ECM pharmacology to address the
complexities of managing these disease conditions.

e  Common mechanisms of fibrosis: Studies explored the common molecular pathways
underlying fibrosis across various organs and diseases. An emphasis was placed on
mechanisms of tissue formation by activated fibroblasts and immune cell-mediated
tissue destruction as a central component of the fibroinflammatory axis.

e  Fibroblast action and heterogeneity: The importance of fibroblast activation, ECM
production and deposition for clinical outcomes, and the heterogeneity of fibroblast
function were discussed.

e  Genetic and molecular markers: Research highlighted findings on genetic and molecu-
lar markers implicated in fibrosis and related chronic diseases.

e  Therapeutic approaches: Developments included novel treatments targeting fibro-
sis, drug testing, potential biomarkers for early diagnoses, monitoring of disease
progression, pharmacodynamic effects, and intervention efficacy.

e Disease models: Advancements in the development and utilization of animal models
to study fibrosis and ECM remodeling across organs were showcased. In vitro and ex
vivo technologies that support and advance drug development were highlighted.

These proceedings present 21 areas of high interest, beginning with a focus on individ-
ual organs, in vitro and in vivo models, and proteomics, followed by an exploration of key
topics that enhance our understanding of cellular components and ECM interactions in
organ pathology development.

2. The ECM in Lung Diseases: Genetics, Mechanisms, and Biomarkers of
Interstitial Lung Diseases

Interstitial lung diseases (ILDs) encompass a broad spectrum of lung conditions that
share common features of lung scarring and breathlessness [7]. ILDs can be categorized
into several subgroups, with the main categories being idiopathic, autoimmune-related,
and exposure-related ILDs. Autoimmune-related ILDs are often associated with connective
tissue diseases such as systemic sclerosis (55c) and rheumatoid arthritis (RA). Exposure-
related ILDs may result from inhaling organic particles or undergoing chemotherapy.
Idiopathic pulmonary fibrosis (IPF) is the most common and aggressive form of ILD,
characterized by irreversible lung scarring and a median survival of only three to five years
post diagnosis. Currently, two therapies—nintedanib and pirfenidone—are available to
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slow the decline in lung function, but these treatments are limited by significant adverse
effects and do not effectively halt or reverse disease progression. Therefore, there is a
significant unmet need for earlier diagnosis and more tolerable therapies that can halt
disease progression or ultimately restore the function of fibrotic lung parenchyma.

In this context, leaders in pharmacology met to discuss novel insights into genetic
drivers, disease pathology, novel treatment strategies, and the identification of potential
diagnostic and/or prognostic biomarkers.

Genetic variants linked to disease progression and biological pathways provide a
unique opportunity for the development of novel treatment strategies. In 2011, a single-
nucleotide polymorphism in the mucin 5B (MUC5B) promoter was identified, demonstrat-
ing a substantially increased risk of developing IPF, which was independently replicated
by numerous investigators [8]. The variant alone, however, is not sufficient to cause dis-
ease and is not necessary for disease development, indicating that additional genetic or
environmental factors contribute [8]. Recently, whole-genome sequencing was performed
on 958 patients with PF from two independent cohorts, identifying 90 genes that harbor
significantly rarer variants compared with controls. Variants were classified as loss-of-
function, missense, protein-altering, or protein-truncating. Interestingly, one of the top hits
in both cohorts was hemicentin-1 (HMCN1), a member of the fibulin family [9]. HMCNT1 is
an ECM component that plays a critical role in the actin cytoskeleton, cellular adhesion,
and the TGF-{ signaling pathway [9,10]. TGF-f3, Transforming Growth Factor Beta, is a
family of signaling molecules (cytokines) that play an essential role in regulating various
cellular processes, such as cell growth, differentiation, immune function, and tissue repair.
In addition, several other rare variants were identified and linked to altered gene expres-
sion in the context of disease, including ECM genes COL6A1 and ADAMTSL1, which
encode the alphal chain of type VI collagen and ADAMTS-like protein 1, respectively,
providing a deeper understanding of genetic drivers and disease pathology [9]. Although
significant advances have been made in identifying genetic variants that might contribute
to disease development, a definitive link to clinical outcomes has not yet been established.
Therefore, the regular inclusion of genetic testing in future clinical trials could increase our
understanding of disease causality and aid in identifying novel endotypes.

In the past decade, technical advances in sequencing techniques, including spatial
transcriptomics, have greatly improved our understanding of ILD/IPF pathology. Al-
though fibroblast activation and its associated ECM deposition were historically central to
IPF research, additional cell types, such as epithelial and endothelial cells, have recently
emerged as potential therapeutic targets. To date, recurring epithelial injury has been
considered the root cause of aberrant repair mechanisms, leading to self-perpetuating
fibrosis, ECM deposition, lung stiffening, alveolar collapse, and eventual loss of functional
lung parenchyma. Novel findings suggest that in cases of insufficient basement membrane
repair, subsequent epithelial injury is associated with worse outcomes in IPF. Although
alveolar epithelial cells attempt to regenerate injured alveolar structures, precursor cells
appear to be halted in an intermediate or transitional state, with altered collagen expression
profiles identified through single-cell sequencing [11], further contributing to basement
membrane regeneration failure.

In addition to novel sequencing techniques, such as single-nucleus sequencing, pro-
teome analysis can provide valuable insights into molecular mechanisms and reveal po-
tential biomarkers linked to disease progression and specific patient populations to sup-
port precision medicine. Overlapping proteomic profiles between independent cohorts
strengthen the applicability of biomarkers for interventional trials. This was highlighted in
a presentation of novel proteomics data from Novartis, which, in line with recent studies,
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identified specific autoantibodies and proteins, such as surfactant protein B, associated
with disease progression [12,13].

Collecting biomarker and proteomics data in larger cohorts can not only facilitate the
identification of disease progression biomarkers but also allow for patient stratification in
precision medicine.

TGF- signaling is a major contributor to the development of fibrosis across organs and,
therefore, has been targeted by multiple approaches, such as interference with integrins,
mTORC1, galectin-3, or the inhaled TGF-f3 type I receptor (ALKS5) inhibitor (ALKS5i) [14].
Some compounds targeting TGF-f3 signaling have already reached clinical evaluation,
while new targets interfering with TGF-f3-driven biology are emerging. Galectin-3 was
found to induce TGF-f1 activation by colocalizing with integrins—particularly the av31
integrin—and the TGF-f3 receptor. This facilitated clustering of the integrin with the TGF-3
receptor, which enabled the spatial colocalization required for TGF-§3 activation. This
colocalization was only evident in the lung fibroblasts of IPF patients, indicating that the
proteins exhibited a stronger inherent association in the diseased state [15]. Bexotegrast,
a dual integrin (av6 and avp1) inhibitor developed by Pliant, and data from a Phase
2a clinical trial demonstrate an impact on TGF-f3 signaling in fibrogenic cell populations,
resulting in improved forced vital capacity, a reduction in collagen I in the lungs according to
positron emission tomography (PET) imaging, and changes in PRO-C3 levels in the plasma.

Changes in ECM organization and composition also play a large role in conditions
like emphysema. Therefore, expanding our knowledge of cell type-specific ECM-related
gene expression, the three-dimensional organization of the matrix, and its interactions with
different cell types are key to treating lung diseases such as ILD.

3. Cardiovascular and Renal ECM Research

Biomarkers reflecting the formation (PINP, procollagen carboxyterminal propeptide
(PICP), the N- and C-terminal propeptides of procollagen I) and degradation (CITP) of
collagen type I (COL1) have been used for decades in cardiovascular diseases (CVDs). PICP
and, to a limited extent, CITP have consistently shown promising results in identifying
patients with increased cardiac fibrosis and with a higher likelihood of both progressing
in the disease and responding to treatment [16-18]. However, none of these biomarkers
are currently implemented in clinical biochemistry, and no systematic evaluation of their
prognostic or pharmacodynamic ability has been undertaken. Moreover, the literature
presents contrasting evidence on the usefulness of these biomarkers across different CVDs
because they seem to be mostly relevant in heart failure cohorts. The lack of consistent
results may be due to the use of different assays in detecting these analytes. It is apparent
that COL1, even though it is the most abundant collagen in the human body, fails to
encompass the complex involvement of ECM proteins in CVDs. Moreover, another isoform
of COL1 may be more disease-relevant, and biomarkers quantifying a specific isoform
may be more consistently related to disease progression and responses to treatment. For
example, the homotrimer of COL1, which contains three «1 chains instead of two «1 and
one o2 chains and which is of relevance in pancreatic cancer, also needs to be evaluated in
other disease settings, such as tissue fibrosis [19].

It has been reported that modifications of the ECM in CVDs go beyond collagen 1.
Several collagens have altered turnover dynamics in different cardiovascular manifesta-
tions [19-21]. One of the collagens that has accumulated the highest amount of evidence
in cardiovascular and renal diseases in the past decade is collagen type VI (COL6). The
biomarker of COL6 formation, PRO-C6, can also quantify the profibrotic and proinflam-
matory COL6A3-derived molecule endotrophin, which has been shown to be a common
biomarker of the risk of chronic kidney disease (CKD) and CVD. PRO-C6 was recently
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associated with an increased risk of mortality in several chronic diseases in a meta-analysis
including more than 15,000 patients [22,23] This suggests that this biomarker may reflect
a common mechanism involved in the progression of chronic fibroproliferative diseases,
potentially due to its ability to detect endotrophin. Endotrophin may play an active role
in triggering the processes that lead to organ failure and death, regardless of the initial
etiology [23]. Novel data on PRO-C6 as a biomarker of long-term risk of major cardiovas-
cular events in individuals with type 2 diabetes (T2D) were presented at the conference,
confirming a robust, independent association between levels of circulating PRO-C6 and
outcomes. Endotrophin may be a strong biomarker of risk because of its involvement in
dysregulated wound healing processes. A close interaction between COL6 and platelets
is suggested by both the platelet-derived growth factor, the main cytokine promoting
COLS6 production by fibroblasts, and the structure of COL6 domains, which resemble the
attachment sites of the von Willebrand factor, the main platelet recruiter [24]. Canstatin, a
known bioactive molecule derived from the cleavage of the a2 chain of COL6, has been
examined as a biomarker of cardiovascular events and all-cause mortality in patients
with advanced atherosclerosis, showing an independent association with the risk of out-
come [25]. This novel evidence expands the current knowledge of canstatin beyond its
anti-angiogenic potential.

Novel data were presented in [26] on the measurement of COL1 turnover, specifically
on a fragment of COL1—C1M—as a biomarker of post-myocardial infarction mortality risk.
This adds to the evidence of the potential of this biomarker as a predictor of outcome, as
previously reported in patients with atherosclerosis [27] and in older adults [28,29].

A novel fragment of isomerized type III collagen (C3M iso) has also been introduced
as a biomarker of CKD progression in T2D, as presented by Chrysoulidou and colleagues
at ECM2024. Levels of this fragment, containing an isomerized amino acid and reflecting
the turnover of long-lived type III collagen, are associated with CKD progression. This
biomarker has the potential to add granularity to the ongoing tissue remodeling process
because it detects post-translational isomerization that accumulates over time in tissues,
specifically identifying the degradation of older collagen.

A note of caution regarding the indiscriminate use of collagen biomarkers in males and
females is provided by urinary peptidomic data in CKD patients, as presented by Mina and
colleagues at ECM2024, showing sex-specific differences in the collagen peptides identified
in urine. For instance, a gender-associated difference in the abundance of COL1A2 peptides
suggests sex-specific differences in ECM remodeling.

Therapeutic Approaches

Regarding atherosclerosis, data on the contribution of hypoxia to changes in the arte-
rial ECM were presented. Coronary artery endothelial cells exposed to hypoxia increased
versican production, which reduced cell adhesion, enhanced proliferation, and increased
the ability to bind myeloperoxidase. Myeloperoxidase generates hypochlorous acid, induc-
ing arterial wall damage, as shown in an oral presentation at the conference. The authors
showed that heparin treatment disrupted myeloperoxidase binding, suggesting that this
could be a therapeutic approach.

In aortic stenosis, a fibrotic and calcified aortic valve often causes increased mortality
in patients. Data show that TGF-f31 induces KCa3.1 (intermediate conductance calcium-
activated potassium channel protein 4, KCNN4) channel expression in aortic valve tissue
fibroblasts in patients with aortic stenosis. Treatment with KCa3.1 channel blocker seni-
capoc reduces ACTA2 and COL1A1 mRNA expression, suggesting that blocking KCa3.1
may offer an unexplored therapeutic avenue for aortic stenosis.
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Ferroptosis has been identified as an enriched pathway in the proteomic analysis of
cryoinjured living myocardial rat slices, a model that reflects heart failure characteristics, as
demonstrated by Fiedler and colleagues at ECM2024. Inhibiting ferroptosis with ferrostatin
in an ex vivo model resulted in the attenuation of profibrotic processes, promising a new
therapeutic target for heart failure.

Aloxistatin, an inhibitor of cathepsin G, has been tested for its antifibrotic activity
in human cardiac fibroblasts and rat myocardial slices, as demonstrated by Jordan and
colleagues at ECM2024. Analyses of fibroblasts showed reduced migratory activity and
expression of profibrotic markers. In myocardial slices, miR-21 expression was reduced,
and cardiotoxicity was absent; further gene expression analyses will be performed to
confirm the potential of repositioning this drug for heart fibrosis treatment.

4. Advances in ECM Pharmacology in Inflammatory Bowel Disease

Advances in our understanding of the interplay between inflammation and fibrosis,
which induces fibro inflammation, have opened new avenues for therapeutic intervention
based on novel mechanisms of action. This includes existing drugs, which were primarily
thought to target inflammation but may also possess antifibrogenic properties [30]. This is
important because although treating inflammation in inflammatory bowel disease (IBD) is
crucial, it may not be sufficient to prevent fibrosis progression. This is demonstrated by the
poor response to biologics, which has been linked to intestinal fibrosis [31]. Despite the in-
creased use of biologics and immunosuppressants, the rate of surgical intervention has not
markedly declined [32]. Therefore, when considering ECM-directed therapies, it is essential
to account for factors such as inflammation, tissue damage, and fibrosis [30]. These factors
contribute to long-term complications, such as strictures with intestinal obstruction and
fistulas, which can lead to the need for surgery and reduced quality of life [32]. The ceiling
effect of achieving mucosal healing or durable remission [33] suggests that by addressing
mechanisms of ECM remodeling or fibrosis, we may enhance our chances of preventing
disease progression and achieving comprehensive, lasting remission in patients [30,34].
Type Il and VI collagens are highly associated with intestinal fibrosis, with the alpha-3
chain of type VI collagen (COL6A3) being particularly elevated in intestinal tissues from
ulcerative colitis (UC) and Crohn’s disease (CD) patients [35]. Quantification of the alpha-3
chain of collagen VI in serum via PRO-C6 reveals elevated levels in pediatric CD patients
with magnetic resonance elastography (MRE)-confirmed stenosis, consistent with previous
findings that PRO-C6 is a marker of severe fibrogenesis [36]. Recent scRNAseq studies
in IBD have highlighted the role of various stromal cellular subsets within the disease
mucosa, including inflammatory activated fibroblasts (IAFs), ADAM-like protein decysin-1
(ADAMDEC1+) fibroblasts, and myofibroblasts [31]. These stromal subsets act as immuno-
logical hubs in IBD, indicating inadequate responses to anti-inflammatory therapies, and
are implicated in the progression to complicated disease and stricture [37]. IAFs are func-
tionally distinct and possess transcriptional machinery associated with ECM remodeling
and fibroimmune pathways, representing a novel therapeutic target. Furthermore, the
phenomenon known as creeping fat may play a significant role in the progression of CD
strictures. This is likely relevant because creeping fat is associated with smooth muscle
hyperplasia, the strongest contributor to luminal narrowing in CD. The interaction between
creeping fat and the inflamed muscularis propria may exacerbate this process. Adipose
tissue releases proinflammatory cytokines, profibrotic mediators, and factors that stimu-
late smooth muscle hyperplasia, contributing to wall thickening in stricturing CD [30,38].
As such, creeping fat in CD may not just be a byproduct of inflammation but also an
active participant in the development of intestinal strictures, worsening the course of IBD
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and complicating its management [39]. Thus, the coming years will be crucial, as ECM
pharmacology is a rapidly advancing field in IBD research.

4.1. Recent Highlights in ECM-Targeted Therapeutics
4.1.1. Integrin Antagonists

Integrins are transmembrane receptors that mediate cell-ECM interactions and play a
pivotal role in leukocyte trafficking to inflamed gut tissue. Vedolizumab, an 47 integrin
antagonist, has already demonstrated efficacy. Although the primary function of integrin
antagonists is to reduce inflammation, their ability to limit immune cell infiltration may also
slow the progression of fibrosis by mitigating the continuous cycle of ECM damage and
repair. This was previously demonstrated when vedolizumab reduced surrogate markers of
mucosal damage and tissue degradation/formation ratios, as measured by MMP-mediated
collagen III degradation (C3M) and collagen III formation (PRO-C3), collectively referred
to as C3M/PRO-C3 [37]. Interestingly, the vedolizumab response was associated with a
significant reduction in tissue IAFs, as confirmed by spatial transcriptomics approaches [40].
Furthermore, IBD patients with poor responses to vedolizumab maintained a robust IAF
transcriptional profile within the diseased mucosa [29,31,41-43], reflecting continued tissue
remodeling and immune cell recruitment. Next-generation integrin inhibitors focusing on
integrin-ECM interactions may offer more effective control over both inflammation and
fibrotic processes. For example, av36 antagonists have been shown to be involved in the
regulation of TGF-f3 activity.

4.1.2. JAK Inhibitors

Janus kinases (JAKs) are a family of intracellular tyrosine kinases that play a crucial role
in cytokine signaling. The impact of JAK inhibitors on the ECM in IBD is an emerging area
of interest. Several mechanisms of JAK inhibitors may influence ECM dynamics. Multiple
interleukins signal through the JAK-STAT pathway and are key drivers of ECM remodeling
in IBD. By inhibiting JAKs not only in immune cells but also in fibroblasts, these signaling
pathways may be blocked [44] thereby decreasing matrix metalloproteinase (MMP) activity
and reducing ECM degradation and mucosal damage [45]. This was confirmed in the Phase
2 Fitzroy study, where filgotinib, a JAK inhibitor, demonstrated a reduction in mucosal
damage quantified by C4M and C3M in CD patients who responded to the drug [45].
The JAK-STAT pathway is involved in fibrogenesis, with cytokines such as IL-13 [45,46]
and TGF-$ promoting the differentiation of fibroblasts into myofibroblasts, which then
produce excessive ECM components [47-50]. JAK inhibitors may help modulate this
fibrotic response by downregulating the signaling pathways that drive fibroblast activation
and ECM production. Although the canonical TGF-f3 pathway signals through ALKS5
and SMADs, recent data have demonstrated that tofacitinib can reduce type III collagen
production in vitro in fibroblasts, as quantified by PRO-C3 [51].

4.1.3. Therapeutic Targeting of ECM Remodeling Pathways

Therapies targeting fibrogenic pathways, such as Rho-associated coiled-coil-containing
protein kinases (ROCKSs) [52] and ALKS5 inhibitors, as well as therapeutics like TL1A,
which modulate the fibroinflammatory axis, could potentially prevent or reverse fibrosis.
Advances in this area have been bolstered by new insights from high-resolution imaging
and omics technologies, which have provided a more detailed understanding of ECM
dynamics in IBD [30,51].

ROCK proteins regulate various cellular functions, including cell shape, motility,
and contraction, primarily through their effects on the actin cytoskeleton [53]. ROCK in-
hibitors can reduce fibroblast activation and myofibroblast differentiation, thereby limiting
ECM deposition and the progression of fibrosis. ROCK signaling contributes to epithelial
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barrier dysfunction by promoting stress fiber formation and tight junction disassembly.
Thus, ROCK inhibitors may also help restore epithelial barrier function, thereby reducing
intestinal permeability and subsequent inflammation [52].

Recent clinical data from the 12-week induction Phase 2 ARTEMIS-UC and APOLLO-
CD studies, which evaluated anti-TL1A in biologically naive and biologically experienced
populations, have demonstrated a significant reduction in tissue signatures associated with
remodeling. Moreover, reductions in the expression of individual genes, including MMP3,
MMP9, and COL1A1, have also been reported, along with a decrease in the proportion of
IAFs within diseased tissue. Further clinical evidence, including long-term follow-up, is
needed, but these preliminary data reflect localized tissue remodeling changes associated
with anti-TL1A therapy [54]. Additional clinical and biomarker data are necessary to assess
its impact on ECM deposition, tissue remodeling, and progression to strictures.

4.1.4. Neutrophil Extracellular Traps (Nets) and Involvement in Fibrosis

In IBD, excessive or dysregulated NET formation contributes to chronic inflammation
and tissue damage by activated neutrophils [54,55]. A Specific Calprotectin Neo-epitope
(CPa9-HNE) biomarker, which quantifies a calprotectin fragment generated from human
neutrophil elastase-mediated degradation, is a useful tool for monitoring neutrophil activa-
tion and NETosis, as both calprotectin and elastase are NET components [56,57]. In IBD,
NETs exacerbate mucosal injury by promoting the release of proinflammatory cytokines
and activating other immune cells [58,59]. They also promote thrombosis and fibrosis,
further complicating disease progression [60]. As a result, NETs are emerging as a potential
therapeutic target in IBD, with research exploring strategies to regulate NET formation and
reduce their harmful effects.

Recent advances in ECM pharmacology have highlighted the ECM as more than
just a passive bystander in IBD, partly due to the high rate of severe intestinal fibrosis
in IBD patients who respond poorly to anti-inflammatory therapies. Targeting ECM
components and their interactions with immune cells presents a novel therapeutic strategy
to complement existing treatments. However, the complexity of ECM biology demands
a nuanced approach to advancing IBD treatments, requiring further research to translate
these findings into safe and effective therapies.

The future integration of ECM-targeted therapies with precision medicine approaches,
including the monitoring of ECM remodeling, holds great promise. Additionally, evaluat-
ing monotherapies that target the stromal-immune axis, alongside combination therapy
approaches, may further influence ECM remodeling and stricture formation. Tailoring
antifibroinflammatory treatments to individual patients could lead to better clinical out-
comes, ultimately improving quality of life and reducing the need for surgery due to
disease complications.

5. Quantifying Fibrolytic and Fibrogenic Activity in Rheumatic Diseases

The balance between fibrolysis and fibrogenesis in rheumatic diseases is not well
understood and may play a key role in disease pathogenesis, as well as in how anti-
inflammatory drugs alleviate symptoms and slow progression.

Although tissue degradation (fibrolysis) is well characterized [61,62] the abnormal
accumulation of the ECM (i.e., fibrosis) has emerged as a pivotal yet often underappreci-
ated factor in rheumatic diseases [63]. Previously considered a late-stage consequence of
chronic inflammation, fibrosis is now recognized as a distinct pathological process that can
significantly influence disease progression and patient outcomes.

In rtheumatology, fibrosis manifests as joint stiffness, organ scarring, and functional
decline. This dual burden of inflammation and fibrosis presents a significant therapeutic
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challenge. Although traditional treatments primarily target inflammation, the growing
recognition of fibrosis as a distinct pathological process necessitates a more comprehen-
sive approach. One of the major challenges in managing rheumatic diseases is treatment
resistance, which can limit the effectiveness of available therapies and lead to poor out-
comes. This resistance may be linked to fibrotic signatures that are not affected by current
anti-inflammatory treatment regimens [60]. Deciphering the intricate interplay between
inflammation and fibrosis is essential for the development of targeted therapies that can
effectively halt disease progression and improve patients’ quality of life.

The multifaceted nature of fibrogenesis and fibrolysis, along with their complex
interactions with inflammatory pathways, highlights the need for innovative strategies to
address this critical aspect of rheumatic diseases.

Soluble biomarkers may offer a powerful tool for examining the intricate nature of
diseases, particularly the balance between tissue breakdown (fibrolysis) driven by inflam-
mation and tissue scarring driven by fibrogenesis. Fibro-associated soluble biomarkers
could quantify disease activity at the tissue level by assessing the concentration of collagen
fragments released from the tissue into circulation [64].

Tissue-associated markers that measure proteolytic fragments of collagens have been
studied for over two decades. One of the first markers, CTX-], is a cathepsin K-generated
fragment of collagen I that is released during bone resorption. Data from one study [64]
showed that CTX-I can predict bone mass changes in osteoporosis patients treated with
alendronate as early as three months, while changes were not detectable on X-ray until
12 months [65]. Since then, the field has evolved, with additional markers now available to
measure tissue fibrolysis.

Collagen degradation is particularly relevant in the context of rheumatic diseases
because collagen is the major extracellular protein of bone and the interstitial matrix. Both
AST and ALT, which are substantially affected by inflammation, are important markers in
this process. Another marker of type I collagen is C1M [61,63], which, unlike CTX-I, is re-
leased from the interstitial matrix through MMP activity. Interestingly, C1M is significantly
elevated compared to reference levels across various autoimmune diseases, including RA,
Sjogren’s disease, lupus, and scleroderma, and it is correlated with disease activity scores
indicative of widespread tissue inflammation across organs and pathologies [66]. Moreover,
C1IM may serve as a pharmacodynamic marker, responding to therapies such as anti-IL6,
anti-IL1, and anti-tumor necrosis factor (TNF) inhibitors, as well as JAK inhibitors in RA,
PSA, and AS, and to anti-IL17 and anti-IL23 in PSA [67-70]. Similar pharmacodynamic ef-
fects have been observed for other markers, including fragments of type Ill and IV collagens
(C3M and C4M), which are released from the interstitial matrix and basement membranes,
respectively [71].

Fibrogenesis remains a less understood component of rheumatic diseases. It can be
assessed by the PRO-C3 biomarker, which reflects fibroblast activity and ECM formation.
A recent study found that ECM markers such as C3M and C4M were reduced in patients
with scleroderma and systemic sclerosis (SSC) following treatment with anti-IL6 drug
tocilizumab [67,69]. However, PRO-C3, which is elevated in SSC above reference levels,
remained unchanged throughout the course of treatment. This finding suggests, in line with
the trial results, that tocilizumab has a limited effect on fibrosis. This is further supported
by Madsen et al., who observed that high levels of PRO-C3 were associated with lower
response rates [62].

In conclusion, fibrogenesis and fibrolysis are pathological processes involving the
excessive remodeling of the ECM in various tissues, which can exacerbate the progression
and outcomes of rheumatic diseases. Soluble biomarkers, such as those reflecting collagen
degradation and formation, offer a powerful tool for investigating the complex nature of
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these diseases and the balance between tissue breakdown (fibrolysis) and tissue scarring
(fibrogenesis). These biomarkers may not only quantify disease activity at the tissue level
but also serve as indicators of disease activity, therapeutic response, and prognosis.

5.1. A Role for Synovial Fibroblasts in Mediating Chronic Pain Sensitization

Up to 20% of patients with RA are considered “difficult-to-treat”, meaning that
they do not respond to multiple immunosuppressive agents with varying mechanisms
of action [72-74]. Recent advances in transcriptomic profiling have revealed consider-
able variability in RA synovitis across patients. This has led to several clinical trials
exploring whether synovial pathotypes could help select the most suitable immunosup-
pressive agent for each patient. A consistent finding from these efforts is that patients
with synovium characterized by a paucity of inflammatory infiltrates and robust expres-
sion of a canonical fibroblast transcriptional signature—referred to as the “low inflamma-
tory” [75], “pauci-immune” [76], “fibroblast cell-type abundance phenotype (CTAP)” [77]
or “fibroid” [78]—are less likely to respond to disease-modifying antirheumatic drugs or
biological therapies. This is concerning because up to half of synovial tissue samples from
patients with longstanding RA undergoing arthroplasty [75] and one-third of synovial
biopsy samples from early, untreated RA [79] exhibit fibroid synovium. This may help
explain why up to 40% of RA patients report persistent pain [80]. A recent analysis of RA
patients with fibroid synovium identified a module of 815 genes potentially associated with
patient-reported pain in both established and early untreated RA [81,82].

A comparison of pain-associated gene expression from the adenosine monophos-
phate (AMP) phase 1 sorted bulk synovial B cells, fibroblasts, monocytes, T cells, and
single-cell RNA sequencing data revealed that lining CD55+ fibroblasts exhibit the highest
levels of pain-associated genes. The top pathways enriched in this pain-associated module
included nervous system development and neurogenesis, featuring neurotrophin and
axon guidance family members such as semaphorins, netrins, and ephrins. Additionally,
fibroblast supernatants from fibroid RA synovium enhanced the growth of nociceptors
in vitro [81]. These findings align with recent studies on fibroblasts from degenerate inter-
vertebral discs [83-85] and painful osteoarthritic synovium [86] which also secrete factors
that promote neuron growth in vitro and in vivo. These fibroblasts express gene signatures
enriched in neuron outgrowth pathways. Specifically, degenerated disc fibroblasts have
been shown to augment the growth of human-induced nociceptors in vitro and induce
pain behaviors and neuron sprouting when injected intradiscally in rats. Collectively,
these studies suggest that joint-resident fibroblasts likely play a crucial role in peripheral
sensitization, highlighting the need for further investigation of these cells as potential
treatment targets.

5.2. Role of Synovial Fibroblasts in Inflammation, Damage, and Repair

Fibroblasts have traditionally been regarded as homogeneous structural support cells
responsible for the synthesis and modification of the ECM [87]. However, recent single-
cell transcriptomic and spatial profiling studies have uncovered significant heterogeneity
within fibroblasts. These cells exist in specialized states and are strategically positioned in
distinct microanatomical niches within tissues [88]. As a result, fibroblasts are uniquely
positioned to orchestrate the inflammatory response, controlling both its intensity and
duration [89].

In RA, a prototypic immune-mediated inflammatory disease characterized by chronic
inflammation and progressive joint damage, the synovium serves as the primary target
tissue during the effector phase of the disease [90]. In its healthy state, the synovium
consists of a protective barrier formed by tissue-resident macrophages in the lining layer,
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supported by a thin layer of fibroblasts. These components are situated on adipose-rich,
loose connective tissue [87,88]. However, chronic joint inflammation is associated with
significant architectural remodeling of the synovium, leading to the formation of highly
organized sublining tissue. In this altered state, adipocytes are depleted, fibroblasts are
expanded and activated, and dense aggregations of infiltrating immune cells emerge [89,90].

Fibroblasts act as the key conductors of the “immunological orchestra”, playing a
central role in either suppressing or amplifying inflammatory processes, thereby deter-
mining the outcome of joint inflammation [82]. The transcriptional states of fibroblasts
in the inflamed synovium have been defined to identify pathogenic fibroblasts with non-
overlapping effector functions, which regulate inflammation or tissue damage [82]. During
inflammation, lining-layer synovial fibroblasts lose their barrier phenotype, adopting a
destructive program regulated by transcription factor ETS1. This program is characterized
by the production of matrix metalloproteinases (MMPs) that degrade articular cartilage and
bone while also inducing osteoclastogenesis through receptor activator of nuclear factor
kappa-B ligand (RANKL) [91,92]. In contrast, sublining-layer fibroblasts differentiate in
response to endothelially derived Notch signaling, acquiring immune effector functions
that promote the recruitment and retention of inflammatory cells in the joint [82,91]. More
recently, we and other researchers have extended this work by identifying regulatory fibrob-
lasts that suppress joint inflammation during arthritis, driving the expansion of immune
cell populations that actively contribute to the resolution of arthritis [93].

The phenotypic diversity of fibroblasts is driven by a combination of cell-intrinsic
differentiation pathways, molecular signals from soluble factors, and cell-cell communi-
cation networks established by infiltrating immune cells within the tissue microenviron-
ment [82,91,92]. Through multiomic spatial analysis of synovial tissue, we mapped the
topography of the inflamed synovium in patients with inflammatory arthritis. This analysis
identified distinct sublining tissue niches, each supported by spatially programmed subsets
of synovial fibroblasts. Notably, we observed that perivascular fibroblasts in the sublining
tissue activate specific ECM gene expression programs in response to cytokine signaling
from the local microenvironment during inflammation. These changes create adapted
tissue niches that either facilitate or restrict immune cell trafficking into the tissue.

Specifically, IFNy-responsive fibroblasts create a pathogenic, immune-permissive
niche that facilitates the recruitment and aggregation of lymphocytes within the tissue. In
contrast, TGF--responsive, ECM-synthesizing fibroblasts produce a collagen-rich barrier
(comprising types I and VI collagens) around blood vessels, restricting leukocyte migration.
This barrier acts as an immune exclusion zone that promotes the resolution of tissue
inflammation. These findings suggest that fibroblasts engage in ECM remodeling within
the synovium in response to inflammation, attempting to “heal” the tissue by excluding
immune cells and limiting fibrotic scar formation. Identifying and enhancing endogenous
fibroblast-driven repair processes that restore and maintain homeostasis within the tissue
could offer novel therapeutic strategies for reversing diseased tissue microenvironments
and promoting a return to a healthy state.

6. Understanding the ECM in Liver Fibrosis—Paving the Way Toward
Antifibrogenic Interventions

A new era of drug development is emerging in the field of steatotic liver disease,
with the goal of halting and even reversing the progression of liver fibrosis. As fibrosis
advances, it leads to cirrhosis, which is characterized by architectural changes in the
liver and the formation of regenerative nodules of hepatocytes. These changes result
in portal hypertension, impaired parenchymal function, and liver-related events that
contribute to morbidity and mortality in end-stage liver disease. These events include upper
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gastrointestinal variceal bleeding; ascites; hepatic encephalopathy; and, ultimately, liver
failure, collectively referred to as decompensated liver cirrhosis. Decompensation events
are associated with poor survival, and apart from liver transplantation, no effective therapy
currently exists. Therefore, there is a critical medical need to reverse the patient’s trajectory
before cirrhosis develops and to prevent progression to decompensation once cirrhosis is
established. While it has been shown that cirrhosis can be reversed with treatment of the
underlying causes, the point of no return remains unclear. Halting progression to prevent
decompensation can offer significant benefits for patient outcomes.

The use of ECM markers is currently being explored in clinical trials involving pa-
tients with metabolic dysfunction-associated steatohepatitis (MASH) who have progressed
to liver cirrhosis. In these patient populations, clinical research has focused on specific
pathways and corresponding mechanisms of action of pharmacological agents. One study
examined weight-independent mechanisms of action, such as the direct antifibrotic effects
of several fibroblast growth factor 21 (FGF-21) compounds, as well as newly Food and
Drug Administration (FDA)-approved intervention Resmetirom. Another group of studies
investigated weight-dependent drugs, including glucagon-like peptide-1 (GLP-1) agonists,
GIP, and glucagon, which address the disease from a more metabolic perspective. Current
data have demonstrated the effects of these drug groups on fibrosis, which can be evalu-
ated using histological endpoints, such as fibrosis staging, as well as non-invasive tests,
circulating markers, and imaging-based elastography. These methods assess liver injury
and/or fibrosis, with the goal of quantifying the effects on ECM remodeling. Circulating
markers include PRO-C3, enhanced liver fibrosis tests, AST, ALT, a fibrosis index based on
four factors (FIB-4), APRI, and others.

During the hepatic disease session at the ECM2024 meeting, several key topics were
discussed, leading to important conclusions. It was noted that the monitoring of the ECM
using noninvasive tests may soon be ready for clinical application, with noninvasive ECM
tests already being used in pivotal clinical trials [94]. Dr. Aleksander Krag and Dr. Diana J.
Leeming presented data showing that ECM markers are prognostic for liver-related events,
such as decompensation and mortality, in patients with advanced liver disease caused by
metabolic dysfunction-associated steatohepatitis (MASH). Regarding drug-induced effects
on liver fibrosis, Dr. Judith Ertle presented the positive outcomes of a GLP-1/glucagon
dual agonist, survodutide, which acts mainly through a weight-dependent mechanism of
action. In a Phase 2b study, 63% of patients with F1-F3 fibrosis showed improvements in
liver fibrosis stage after 48 weeks of treatment with the highest dose of survodutide. In a
second Phase 2 study, Dr. Ertle demonstrated that survodutide also showed effectiveness in
improving cirrhosis, including reductions in liver stiffness, liver fat, PRO-C3, and enhanced
liver fibrosis, indicating antifibrotic effects. Dr. Erik Tillmann presented findings on a
weight loss-independent mechanism of action with FGF-21 drug efruxifermin. This drug
was highly effective in reducing liver fibrosis, with 75% of patients with MASH and F2-F3
fibrosis showing improvements in liver fibrosis stage in the highest dose group at week 96
(Phase 2b). Dr. Tillmann also highlighted that ECM-related markers of fibrogenesis (PRO-
C3), fibrolysis (CTX-III), and cardiovascular outcomes (PRO-C6) were modulated favorably
in patients treated with FGF-21 compared to a placebo. Dr. Zvonko Milicevic presented
the potential antifibrotic effects of triple agonist GLP-1/GIP/glucagon (retratrutide) in
a subgroup of a diabetes trial focused on MAFLD. Significant reductions in PRO-C3 (up
to —26.3%), AST, and ALT were observed, supporting its potential efficacy. Additionally,
Dr. Detlef Schuppan discussed the application of ECM markers in understanding fibrosis
reversal and the transition from fibrosis to liver cancer. He emphasized the importance
of targeting fibrosis reversal in future drug trials and using biochemical markers of ECM
degradation in combination with fibrogenesis markers to better understand the balance
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between these processes. The possibility of preventing HCC through fibrosis reversal was
also raised. Finally, several posters presented at the meeting demonstrated that fibroblast
activity markers such as PRO-C3, PRO-C6, and thrombospondin-2 are strongly correlated
with poor prognosis in patients with chronic liver disease. Additionally, preclinical models—
including precision-cut liver slice models, animal models (particularly the Novel Gubra
Amylin NASH (diet-induced obesity) model), and liver-on-a-chip systems—were shown to
be promising tools for future drug screening and mechanistic studies of liver fibrosis.

Dr. Michael Cooreman provided an overview of the role of peroxisome proliferator-
activated receptor (PPAR) signaling in fibrosis across various organ systems, including
the liver, kidneys, heart, and lungs. While most data on antifibrotic effects focus on
PPARY as a mediator of fibroblast activation, the other isoforms, PPARx and PPARB /5,
are also implicated in fibrosis pathways through both indirect mechanisms (such as anti-
inflammatory effects and reduction of oxidative stress) and direct actions. pan-PPAR agonist
lanifibranor has demonstrated efficacy in modulating both metabolic-immune markers [95]
and fibrosis [96] in patients with metabolic dysfunction-associated steatohepatitis (MASH).
The balanced agonist activity on all three PPAR isoforms may explain the significant effect
size observed in histological improvements in fibrosis [94].

In summary, the progression of fibrosis to cirrhosis and the subsequent complications,
collectively referred to as decompensation events, are primary determinants of morbidity
and mortality in patients with chronic liver disease. Thus, the ability to regress or prevent
the progression of liver fibrosis offers the potential to significantly improve outcomes for
patients with conditions like metabolic dysfunction-associated steatohepatitis (MASH),
which poses a major and growing global health burden. Historically, the quantification
of fibrosis and its progression or regression has relied on categorical histological staging
of liver biopsy specimens. This method, while informative, is invasive and provides only
semiquantitative measurements. However, recent advancements in the development of
non-invasive markers of fibrosis—independent of sampling error and providing continuous
variables—hold great promise for the clinical evaluation of novel pharmacological agents
in registrational studies.

7. Liver Fibrosis—Cause or Consequence of Cancer

Hepatocellular carcinoma (HCC) is one of the world’s most common and fastest-
growing cancers, with approximately one million new cases diagnosed annually. Prognosis
remains poor, with a five-year survival rate below 20%. Notably, HCC rarely develops in
a normal, nonfibrotic liver, highlighting the significant role of scarring and its associated
microenvironmental changes in the cancer’s pathogenesis. Additionally, tumor-associated
fibrosis, or desmoplasia, is a key feature not only of primary liver and bile duct cancers
but also of pancreatic cancer, among others. As our understanding of the ECM in cancer
biology deepens, the complex interaction between the stroma and tumor cells opens new
opportunities to attenuate or prevent cancer development in the liver.

The association between HCC and viral hepatitis has been well recognized for decades.
However, the link between HCC and fibrosis associated with metabolic dysfunction-
associated steatohepatitis (MASH) has only gained recognition more recently. Interestingly,
unlike cancers associated with viral hepatitis, at least one-third of patients with MASH-
associated HCCs had not developed cirrhosis by the time of their HCC diagnosis [97]. This
underscores the critical role of the ECM in creating a tumorigenic environment in chronic
liver disease.

Hepatic stellate cells (HSCs) play a central role in fibrosis pathogenesis in the liver.
These resident nonparenchymal liver pericytes undergo transdifferentiation, or activation,
into myofibroblastic, fibrogenic cells during both acute and chronic liver injury. Notably,
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myofibroblasts may arise from various heterogeneous precursor cells, including portal
fibroblasts and immune cells. Similar myofibroblasts contribute to fibrosis in other tissues,
such as the lungs, kidneys, and heart. In the liver, HSC activation leads to a range of stromal
changes, including not only the accumulation and modification of ECM components but
also significant alterations in the immune microenvironment. Additionally, ECM-bound
growth factors can be released by proteases associated with tissue injury, providing essential
growth signals to both hepatocytes and HSCs. A key example is TGF[31, a potent fibrogenic
cytokine, which is typically bound to a protein complex that maintains its latency [98].
Upon release from the ECM, this complex activates latent TGF(31, thereby promoting
ECM production.

The transition of HSCs into myofibroblasts requires a substantial energy supply,
which is provided through cellular autophagy, enabling the consumption of intracellu-
lar substrates. In vivo studies in mice have shown that inhibiting HSC autophagy holds
therapeutic potential by depriving HSCs of the energy necessary for activation [99]. Addi-
tionally, autophagy in myofibroblasts may supply critical amino acids that support tumor
cell growth [100].

Recent research has uncovered an autocrine signaling network among HSCs that
emerges in advanced fibrosis [101]. This network, which drives “cold fibrosis” (i.e., fibrosis
without significant inflammatory cells), may explain the progression of fibrosis in advanced
MASH, even when hepatic fat and immune cells decrease in the later stages of the disease,
including established cirrhosis. Importantly, the autocrine signaling network is driven by
unique receptor-ligand pairs that become more dominant in advanced stages, offering
novel targets for antifibrosis therapies.

HSC senescence has recently been explored as a potential driver of dysregulated
immunity, increased inflammation, tissue damage, and procarcinogenic signaling. Markers
of senescence are cell-type specific, and several cell surface proteins can identify senescent
HSCs [102]. This offers new opportunities to specifically target and clear senescent HSCs.
Indeed, experiments using chimeric antigen receptor (CAR-T) cells to deplete senescent
HSCs have shown improved liver function, as measured by serum albumin levels, and
reduced fibrosis in experimental models of liver injury [103]. While the clearance of
senescent HSCs holds therapeutic promise, this approach must be carefully regulated, as
complete depletion of HSCs can impair liver regeneration [104].

Finally, the stiffness and mechanical properties of the ECM not only activate HSCs but
also promote HCC. The signals driving the impact of matrix stiffness on cellular responses
are gradually being understood, with recent studies implicating discoidin domain receptor
1 (DDR1) as a specific ECM-associated cellular receptor. DDR1 can exclude immune cells
from the carcinogenic environment, thereby preventing the immune-mediated clearance of
tumor cells [105].

Overall, there is growing appreciation for the complex interplay of cells, the ECM,
and soluble signals in generating a tumor-promoting stroma in cancer. Attention is now
focused on understanding how this microenvironment promotes tumorigenesis, although
the fibrogenic signals derived from tumor cells remain largely unknown. New tools and
deeper insights into ECM biology hold the potential to enhance our understanding and
accelerate the development of diagnostics and novel therapies to prevent or treat HCC, the
most common cause of primary liver cancer.

8. Skin Diseases

The ECM is essential for the proper functioning of the skin, providing both its unique
elasticity and tautness. It supports the firm adhesion of the epidermis (the outer epithelial
layer) to the underlying dermis (the mesenchymal layer). The dermal ECM not only creates
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microniches and defines tissue geometry but also serves as an instructive element, directly
guiding cellular behavior. Through these instructions, the ECM helps maintain tissue
homeostasis, including inflammatory balance, and provides regenerative cues following
injury. Real-world evidence of the ECM’s critical role in skin homeostasis can be observed
in genetic disorders that affect the ECM. For instance, certain subtypes of epidermolysis
bullosa and Ehlers-Danlos syndrome both result in chronic tissue fragility, impaired wound
healing, and a tendency toward uncontrolled inflammation.

However, changes in the dermal ECM are also associated with many other conditions,
including inflammatory skin diseases. In these cases, unlike genetic ECM diseases, it is
challenging to distinguish whether ECM alterations are a cause or effect of the disease
pathology. Nevertheless, alterations to the ECM can provide valuable insights into disease
stage progression and help determine the patient’s eligibility for treatment response.

An essential difference between extracellular and intracellular proteomes is their
turnover rates. Intracellular proteins are usually rapidly renewed, whereas the ECM is
much longer-lived, with turnover rates generally spanning weeks or months to years or
even exhibiting no replacement during a typical lifespan [106]. This leads to the accumu-
lation of spontaneous modifications of the ECM, which can lead to altered degradation
dynamics and impaired stability. It may also lead to the release of biologically active
ECM-derived peptides that can promote tissue regeneration and inflammation [106].

From the perspective of a genetic disease, that is, recessive dystrophic epidermolysis
bullosa caused by type VII collagen deficiency, Dr. Alexander Nystrom discussed insights
on ECM deficiency-induced injury and inflammation-driven fibrosis. He showed the
importance of the interplay between proinflammatory immune cells and fibroblasts in the
progression of fibrosis [107]. He discussed fibrosis, which was manifested by altered ECM
organization and limited dependence on changes in protein abundances. Furthermore,
he disclosed the role of the proinflammatory immunity in [107,108] re-educating dermal
fibroblasts into profibrotic fibroblasts that expressed transmembrane serine peptidase
dipeptidyl peptidase 4 (DPP4) [108].

One profibrotic action of DPP4 is to partially digest fibronectin, which alters the
deposition of a fibronectin matrix that supports the deposition and assembly of interstitial
collagen and fibrillin matrices [108].

Hidradenitis suppurativa (HS), also known as acne inversa, is a chronic inflammatory
skin disease that manifests with progressive fibrosis of lesions. It has a prevalence of
1-4% in the general population. In HS, there is a skewing toward type I immunity [109].
Intertriginous body sites are predominantly affected, and despite the poorly understood
pathogenesis and disease mechanisms, the key triggering factor is the occlusion of the hair
follicle, caused by keratosis and hyperplasia of the follicular epithelium, leading to cyst
development. Subsequently, the developed cyst ruptures, causing an immune response
and inflammation that, depending on disease severity, may lead to abscess progression,
sinus tract development, and skin fibrosis. Fibrosis develops in the dermis and epidermis,
leading to irreversible scarring of the skin and excessive ECM destruction, which promotes
further chronic inflammation.

Thus, ECM remodeling is highly active in HS pathogenesis [110]. Dr. Simon Francis
Thomsen gave an overview of HS pathogenesis; current and emerging biologics for HS,
which include TNF and IL17 monoclonal antibodies; and collagen-derived biomarkers in
the serum as predictors of HS disease stage.

In another common inflammatory skin disease—atopic dermatitis—Dr. Dana Woerz
described ECM remodeling and changes in ECM proteins at the skin level. She also
alluded to connections with ECM remodeling, with a focus on asthma and changes in the
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lungs [111]. Dr. Hannah Paish presented on the development of improved full-thickness
skin models for the testing of skin therapeutics, including antifibrotics.

Finally, in the session focused on dermatology, Dr. Alexander Eckersley discussed
proteomic approaches to investigating age-related changes in the ECM through peptide
location fingerprinting [112]. This method allows for the identification of peptides, whose
exposure and susceptibility to proteolysis may change due to structural differences and/or
modifications. Thus, the method can be used to extract information about the structural
changes of ECM proteins that may occur because of damage, for example, through injury,
inflammation, or aging.

Apart from the dermatology-focused session, numerous other dermatology-related
presentations were featured at the conference. These included talks by Dr. Herve Pageon
and Dr. Andrea Heinz on aging-related changes in skin, with a focus on spontaneous
protein glycation and elastic fibers, respectively.

9. Systemic Sclerosis

Systemic sclerosis (SSc), or scleroderma, is a rare autoimmune disease characterized
by a triad of pathogenic mechanisms, including (a) chronic vasculopathy; (b) autoantibody
production, along with early inflammation because of activation of both innate and adaptive
immunity; and (c) uncontrolled tissue repair leading to ECM accumulation and fibrosis. It
is a heterogeneous disease with variable manifestations [113].

SSc is the rheumatic disease with the highest individual mortality rate and the most
detrimental impact on quality of life. Although no disease-modifying therapies are available
for overall SSc, several targeted therapies have been approved for the treatment of SSc-
related manifestations.

Ongoing work has focused on its molecular heterogeneity (based on bulk RNA seq and
single-cell RNA seq) and variable response to targeted therapies. Trials are incorporating
this information as stratification or enrichment criteria [114]. In addition, there is increasing
interest in cell-based therapies (autologous and allogenic) for autoimmune diseases. A
chimeric antigen receptor (CAR) is a synthetic protein that, once introduced into an immune
cell, can redirect the specificity of that immune cell against a specific target antigen [115].
Both T cells and natural killer cells are being engineered to target B cells (CD19) and plasma
cells. Preliminary data have suggested efficacy in severe autoimmune diseases, including
SSc, with acceptable toxicity. Ongoing Phase 1 trials will define long-term safety and
durable response in this population. These trials will explore deep B-cell depletion in
tissues and characterize the cellular and molecular events underlying fibrosis. They will
also assess the arrangement of gene expression patterns mapped onto tissue sections to link
structure and activity, allowing for the assessment of biological interactions at the cellular
level. This will provide novel insights into the evolution of gene expression patterns over
time with CAR-T, both in the affected skin and lymph nodes, as well as its impact on
the ECM.

10. Cancer

During the progression of organ fibrosis and cancer, the ECM undergoes several
significant alterations. These changes include modifications in its biochemical composition,
increased cross-linking, linearized organization, and elevated degradation and turnover
rates [116]. A dysregulated ECM is more than a structural scaffold; it plays a crucial role in
modulating the various signaling pathways that drive disease progression.

For instance, the remodeled ECM alters biochemistry and biomechanics, in turn affect-
ing cell adhesion, migration, and differentiation, which are critical processes in cancer and
cancer metastasis. In addition, the structural (re)organization of the ECM [117] which is pre-
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dominantly orchestrated by cancer-associated fibroblasts (CAFs), creates tumor-supportive
microenvironments for tumor growth and spread. Furthermore, the dysregulated ECM
contributes to an immunosuppressive microenvironment that enables cancer cells to evade
immune surveillance, further aiding in their survival and proliferation.

10.1. Understanding ECM Changes Associated with Cancer

Dr. Raghu Kalluri (Professor, Department of Cancer Biology, the University of Texas
MD Anderson Cancer Center, Houston, Texas) discussed the function of fibroblasts and
collagen in organ fibrosis and cancer, focusing on a unique and rare homotrimeric form
(o1/ a1/ 1) of type I collagen. Type I collagen is the most abundant protein in the body
and is a heterotrimeric molecule consisting of «1/«1/«2 chains. The production of colla-
gen 1 homotrimers in some cancers could be a maladaptive injury response induced by
epithelial cells to survive. The production of type I collagen homotrimer by cancer cells
in pancreatic ductal adenocarcinoma is driven by oncogenic Kras-induced suppression
of the Colla2 promoter by DNA methyltransferase (DNMT) 1. In addition to promot-
ing cellular proliferation via the «3(31 integrin receptor, the type I homotrimer coats the
cancer cells to suppress T-cell function and alter the local tumor microbiome, impacting
the efficacy of immune surveillance and even immunotherapy [17]. The homotrimeric
type I collagen variant represents an exciting new therapeutic target for immuno-oncology.
Strategies for therapeutic intervention that are being explored for this include drugs that
can block homotrimer formation or downregulate «3f31 integrin signaling, potentially
blocking abnormal signaling, even in the presence of the collagen homotrimer.

Professor Janine Erler discussed the importance of ECM dysregulation during
metastatic outgrowth and how it could be studied using decellularized organ scaffolds. Us-
ing mouse models of cancer and novel methods to isolate and decellularize specific organs,
researchers can place the resulting ECM tissue scaffolds into special bioreactors to study
cancer cell interactions with the tumor-associated ECM, focusing on the interactions regulat-
ing the colonization of distant metastatic sites. One previously developed methodology—in
situ decellularization of tissues (ISDoT)—is well suited for high-resolution imaging and
proteomic analysis [118]. This approach reveals premetastatic and metastatic niches that
have an altered composition of ECM proteins, and ongoing studies are dissecting how
these changes affect the colonization and outgrowth of cancer cells through intracellular
signaling mechanisms [119]. This approach can be used to screen antimetastatic drugs that
may prevent metastasis by normalizing premetastatic alterations and the metastatic niche.

10.2. Biomarkers in Solid Tumors

Professor Saurabh Gupta presented the pathological, prognostic, and predictive roles
of circulating ECM biomarkers in patients with solid tumors and the lessons learned
from randomized controlled clinical trials. ECM alterations influenced the response to
treatment, including immune checkpoint inhibitors, and obtaining fresh biopsies was chal-
lenging. Circulating biomarkers were considered an easily accessible surrogate of therapy
response. Data were presented on the application of noninvasive ECM and ECM-associated
biomarkers to provide information on tumor biology, disease activity, and the identifica-
tion of patients most likely to respond to checkpoint inhibition. Findings from both the
Checkmate-040 hepatocellular carcinoma trial and the Checkmate-214 renal cell carcinoma
trial were presented. Biomarkers of ECM formation, degradation, and TGFf signaling
were significantly increased in patients with HCC and advanced renal cell carcinoma com-
pared with healthy individuals. High levels of ECM biomarkers were associated with poor
overall survival and progression-free survival outcomes, with specific markers showing
the predictive potential for an improved outcome with monoclonal antibodies nivolumab
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and ipilimumab, which block programmed death-1 (PD-1) and cytotoxic T-lymphocyte-
associated antigen-4 (CTLA-4), compared with sunitinib, a multityrosine kinase inhibitor,
in a renal cell carcinoma trial. Ultimately, these noninvasive ECM biomarkers could guide
patient selection and stratification and were recommended for integration and systematic
exploration in a pan-tumor setting, with an emphasis on evaluating how immunothera-
pies and anticancer drugs, in general, affect specific tumor ECM proteins and collagen
signatures and, in turn, the immune cell compartment.

Dr. Nicholas Willumsen presented a comprehensive evaluation of the PRO-C3 serum
biomarker assay and its potential role in prognostic enrichment and pharmacodynamic
assessment, which could influence drug development. The PRO-C3 biomarker assay
measures a specific peptide fragment released into the bloodstream during procollagen
III processing and is associated with CAF activity and, consequently, tumor fibrosis [120].
Tumor fibrosis is prevalent in a subset of patients across various solid tumor types and
is linked to aggressive tumor progression and poor overall survival. Thus, there is a
pressing need to identify this “fibrotic” subgroup of cancer patients by developing and
validating tools that assess tumor fibrosis-related risk parameters, which could serve as
biomarkers in clinical cancer trials. In addition to PRO-C3, Dr. Willumsen presented data
on tumor fibrosis, highlighting recent findings on collagen expression profiles specific to
myofibroblasts (myCAFs), including type VIII, XI, and XII collagens [121]. When measured
in serum, these collagen biomarkers demonstrated high diagnostic accuracy for cancer,
prognostic value across multiple solid tumors, and significant interpatient variability,
enabling stratification based on CAF activity and facilitating the monitoring of tumor
fibrosis in patients. In summary, PRO-C3 and other myCAF collagen biomarkers offer a
noninvasive stratification tool for patients entering clinical cancer trials. Utilizing fibrotic
activity as a selection criterion may enhance response rates, improve the likelihood of drug
development success, and spare patients from unnecessary treatments and toxicities.

10.3. Targeting ECM Changes in the Treatment of Cancer

Dr. Thomas R. Cox gave a presentation on the deconstruction of cancer ecosystems,
focusing on lysyl oxidases (LOXes) as promising targets for stromal targeting in solid
tumors. The LOXes are a family of five amine oxidases that are essential for the cross-
linking and fibrillogenesis of fibrillar collagens. The progression of many solid tumors is
accompanied by extensive fibrillar collagen deposition, which he showed could be exac-
erbated by standard-of-care therapies. As such, solid tumors typically exhibit a marked
increase in lysyl oxidase (LOX) expression, which is associated with poor overall survival
and relapse-free survival. Over the past two decades, several efforts have been made to
develop inhibitors targeting various LOX family members, but these have yielded mixed
results with often limited clinical success. Dr. Cox presented recently published work in
collaboration with Sydney-based pharmaceutical company Syntara on the development
and preclinical validation of SYN-5505, a novel, first-in-class mechanistic inhibitor of the
entire LOX family [122]. The team demonstrated that SYN-5505 functioned as a bona fide
antifibrotic when used in conjunction with chemotherapy in pancreatic ductal adenocar-
cinoma (PDAC). More importantly, they showed that chemotherapy triggered a robust
desmoplastic response in tumors, leading to elevated tumor stiffness, decreased tumor
perfusion, increased stromal activation, and heightened prosurvival signaling in tumor
cells. Together, these factors blunted the efficacy of each successive round of chemother-
apy. Crucially, SYN-5505 effectively blocked this chemotherapy-induced desmoplasia,
significantly slowing tumor growth, reducing metastatic dissemination to the liver, and
improving overall survival.
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Dr. Marina Pajic presented a study on reprogramming of the profibrotic, immuno-
suppressive pancreatic cancer environment by repurposing antifungal itraconazole—an
FDA-approved agent with potential anticancer properties—to enhance the overall an-
titumor response. The study employed single-cell RNA sequencing (scRNAseq) in an
in vivo klebsiella pneumoniae carbapenemase pancreatic cancer model to investigate the
stromal mechanisms by which itraconazole improves antitumor activity. The results in-
dicated significant downregulation of the protumorigenic CD105+ CAF signature follow-
ing itraconazole therapy, with a marked effect on myofibroblasts (myCAFs), which are
responsible for the fibrotic desmoplasia characteristic of PDAC. These findings were sup-
ported by analyses showing decreased collagen deposition and altered ECM remodeling
in itraconazole-treated tumors. Additionally, itraconazole treatment reduced metastatic
spread to secondary sites. Enhanced immune responses were also observed, including
an increase in proinflammatory macrophages and CD8+ T-cell infiltration. When com-
bined with chemotherapy (gemcitabine/nab-paclitaxel) and immunotherapy, itraconazole
significantly delayed disease progression. Notably, this combination therapy conferred
significant survival benefits when paired with immunotherapy. These data provide a
scientific rationale for further developing itraconazole in combination with immunotherapy
and chemotherapy for pancreatic cancer, particularly in patients with protumorigenic and
profibrotic CAF activity.

10.4. Future Directions

Alterations in the ECM during fibrosis and cancer are multifaceted and have pro-
found implications for disease progression. By modulating key signaling pathways and
fostering a protumoral, immunosuppressive microenvironment, a dysregulated ECM plays
a central role in the persistence and progression of many solid tumors. Understanding
these complex interactions is crucial for the development of targeted therapies that can
disrupt these pathological processes and improve patient outcomes. Future research on the
ECM in solid tumors should prioritize several key areas to further elucidate its role and
therapeutic potential.

1. Further investigations into the specific signaling pathways and molecular mechanisms
by which the ECM influences tumor behavior are needed. These should encompass
ECM deposition and turnover, as well as the implications of changes in ECM architec-
ture, biochemistry, and biomechanics.

2. A deeper understanding of how the ECM contributes to the immunosuppressive tu-
mor microenvironment and influences the infiltration and function of various immune
cells is needed to identify new strategies for enhancing immunotherapy efficacy.

3. Identification and validation of biomarkers that reflect ECM changes in tumors to
enable early diagnosis, prognosis assessment, and monitoring of responses to both
ECM targeting and conventional therapies are necessary.

4. The development and evaluation of novel therapeutic agents or the repurposing
of antifibrotic drugs for cancer that specifically target ECM components or ECM-
modulated signaling pathways should also be pursued. Potential approaches include
the use of small molecules, antibodies, and gene therapies aimed at normalizing
the ECM.

5. Further research is needed to investigate ECM variability not only across different
tumor types but, more importantly, within distinct regions of the same tumor. Under-
standing how ECM composition correlates with cellular heterogeneity could enable
the development of more precise, patient-specific therapeutic strategies.

6. Investigating how tumor ECM alterations contribute to drug resistance in cancer
cells and tumors, as a whole, is crucial. Uncovering the underlying mechanisms
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will help identify strategies to overcome resistance and enhance the effectiveness of
existing therapies.

7. Leveraging advanced technologies from bioengineering, imaging, and computational
modeling will enable a more detailed study of the ECM. These approaches will
provide new insights into its architectural, biophysical, and biochemical properties
and their effects on cancer cells.

8.  Advancing ECM-related discoveries from the laboratory to clinical trials will re-
quire innovative study designs that, for example, focus on high-tissue-formation
endotypes. Such approaches will be crucial for evaluating the safety and efficacy of
ECM-targeting therapies.

Collectively, advances in these areas have the potential to transform the treatment of
cancer by exploiting the ECM in tumor progression and treatment efficacy.

11. Translational Mouse Models of Fibrotic Diseases: Where Do
We Stand?

Despite significant advancements in antifibrotic therapeutic strategies, there remains a
critical unmet need for more effective drugs targeting fibrotic diseases. One major challenge
is the limited ability of preclinical models to fully replicate the features of corresponding
clinical conditions. Selecting the appropriate preclinical model is a crucial step in drug
development, as models that better predict the clinical efficacy of drug candidates are
urgently needed. However, many current animal models lack a thorough characterization
of their disease phenotypes, their relevance to human pathology, and their responses to
clinically relevant drugs, raising concerns about their translatability and predictive value.
Models with strong translatability can also aid in identifying novel biomarkers for fibrotic
diseases. To enhance preclinical drug discovery, it is essential to establish robust and
reproducible therapeutic outcomes in fibrosis models, necessitating the implementation of
standardized replication protocols across laboratories.

Fibrotic disease stages are associated with distinct and shared biochemical, histo-
logical, and molecular mechanisms. Many models are limited by the development of
early-intermediate fibrosis, in contrast to pivotal clinical trials in patients with more ad-
vanced stages of fibrotic disease. For example, “Western diet”-induced obese mouse
models of MASH faithfully replicate metabolic, biochemical, and histological hallmarks
of MASH and MASH-associated hepatocellular carcinoma but do not spontaneously de-
velop cirrhosis, even when fed calorie-rich dietary regimens for up to 1.5 years [123].
Although “multiple-hit” models using nutrient-deficient diets, surgery, or toxin admin-
istration present fast-onset severe fibrosis, they have relatively low resemblance to the
natural trajectory of the disease [124]. Many CKD models, including unilateral ureteral
obstruction and renal ischemia—reperfusion injury (IRI), are useful in preclinical drug
discovery, but they do not exhibit metabolic hallmarks consistent with diabetic kidney
disease (DKD), which is the largest CKD patient group. To circumvent these limitations,
a model of hypertension-accelerated advanced DKD has recently been developed using
adeno-associated, virus-mediated renin overexpression in uninephrectomized diabetic
db/db mice [125]. Most current models of heart failure with preserved ejection fraction
(HFpEF) are limited in terms of their translatability because HFpEF is a multifactorial dis-
ease. Angiotensin-1I infusion-induced hypertension models and leptin signaling-deficient
obese/diabetic mice are widely used in preclinical heart failure research but do not fully
recapitulate the clinical HFpEF phenotype [126,127]. In contrast, multiple-hit models
combining angiotensin-II infusion in young or aged diet-induced obese mice may be an
attractive option to better mimic the clinical condition and facilitate the development of
HFpEF-targeted drugs [128].
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Current IPF models only partially recapitulate the histological and molecular pathol-
ogy of IPE. Although a single intratracheal bleomycin instillation in mice is the most
frequently used IPF model, the model demonstrates variable lung fibrotic injury that
gradually resolves to different degrees, depending on the strain of mice being used. This
can be challenging when designing intervention studies and interpreting drug treatment
outcomes [129]. Persistent lung fibrosis has been reported in mice following repetitive
bleomycin installations and may enable long-term intervention studies [130]. Consistent
with IPF primarily occurring in aged patients, aged mice have been reported to be more
susceptible to bleomycin-induced lung fibrosis, showing impaired resolution [131]. Fu-
ture studies should aim to clarify whether such model adaptations promote a consistent
nonresolving phenotype and reproducible therapeutic outcomes. Adeno-associated virus
(AAV)-driven pulmonary TGF-31 overexpression and silica-induced fibrosis are valuable
alternative murine IPF models [132].

Most intestinal fibrosis models develop fibrosis in the submucosa and muscularis
propria layer, which is consistent with human pathology, but the overall degree of fibrosis
is usually modest. The most frequently used models are not consistent with the inciting
agents in IBD but, instead, use chemicals, such as dextran sodium sulfate or trinitrobenzene
sulfonic acid, leading to epithelial damage and immune cell activation [133]. One recent
model uses inoculation of the CD-associated bacterium adherent invasive E. coli, which
induces colonic inflammation and fibrosis [134].

Another consideration lies in the choice of animal species for the disease model. Rats
may exhibit a more pronounced fibrotic phenotype than mice. Although mini-pigs can also
develop liver fibrosis, which reflects certain aspects of the human phenotype, long-term
studies are needed to assess their applicability in preclinical drug development for MASH.

For any given fibrosis model, study cohorts display a heterogeneous disease stage,
which can be a major source of variation in intervention studies. Although increasing
group sizes may be useful for reducing variability, stratification to baseline disease sever-
ity allows for within-subject analysis of the treatment outcomes. In this regard, liver
biopsy histology has proven to be highly instrumental in diet-induced obese MASH model
studies [135] and noninvasive, unrestrained whole-body plethysmography allows for
longitudinal monitoring of respiratory deficits and can complement terminal spirometry
read-outs in IPF models [136]. Recent advances in preclinical imaging modalities, includ-
ing micro-computed tomography (lung fibrosis burden), magnetic resonance imaging
(application of collagen-targeted probes), micro-elastography (noninvasive assessment
of fibrosis by measuring liver stiffness), PET (potential for fibroblast activation protein
imaging; compound biodistribution), ultrasound imaging (noninvasive MASH and HFpEF
assessment), and 3D light-sheet fluorescence microscopy (ex vivo mapping of fibrosis and
drug biodistribution at single-cell resolution), enable visualization and quantification of
whole-organ endpoints, helping gain knowledge about the heterogeneity of the disease
model and treatment effects. Integrating imaging analysis with soluble biomarkers poten-
tially offers an additional opportunity to improve the translatability of preclinical research
to clinical applications. Recent advancements in mass spectrometry-based proteomics also
allow for unbiased and hypothesis-free assessment of the plasma proteome, making them
highly valuable in biomarker discovery. Beyond using these data to monitor the disease
state of an organ over the course of an in vivo study, some biomarkers might even have the
potential to be translated into the human setting and, thus, be used in clinical trials.

Considering that obesity and diabetes are major risk factors for the development and
progression of MASH, CKD, and HFpEF, any model that combines the individual hall-
marks of these fibrotic conditions could be highly useful in preclinical drug and biomarker
discovery. Although an array of industry-standard obesity and diabetes models have been



J. Clin. Med. 2025, 14, 1856

24 of 50

evaluated for their fibrotic comorbidities, they demonstrate low-grade or no liver, kidney, or
myocardial fibrosis. Although this also applies to translational diet-induced obese MASH
models, a Western diet MASH model with repeated low-dose carbon tetrachloride adminis-
tration was recently reported to show indices of kidney injury resembling human CKD [137].
In addition, a rat model of severe pulmonary arterial hypertension—here, induced by vas-
cular endothelial growth factor-2 blockade and chronic hypoxia—recapitulated concurrent
liver fibrotic injury in chronic congestive right heart failure [31]. Collectively, the literature
is sparse on models with multiple-organ fibrosis, and these models can also be challenging
to develop and maintain. Further studies are needed to determine whether multiple-hit
model strategies allow for the profiling of antifibrotic interventions in various organs in a
single animal.

In conclusion, drug and biomarker discovery are highly innovative and competitive
areas that bolster future hopes for diverse mono/combination therapies and diagnostic
biomarkers for improving the outcomes of fibrotic diseases. To achieve this goal, cross-
disciplinary approaches are required to establish, optimize, and validate fibrotic disease
models for translatability and predictability.

11.1. In Vitro and Ex Vivo Human Models

In vitro and ex vivo human models are essential tools for studying ECM biology and
testing the efficacy of antifibrotic or profibrinolytic compounds, as evidenced by numerous
poster and oral contributions at the conference describing a variety of exciting models.
Moreover, highly innovative 3D hydrogel matrices and organ-on-a-chip technologies were
prominently featured in the commercial exhibition. The in vitro model platforms presented
at the conference included 2D primary fibroblastic monolayer cultures in both diluted and
macromolecularly crowded (pseudo 3D) culture media, 3D hydrogel cultures based on
synthetic and tissue-specific decellularized ECMs, and the integration of these systems
into organ-on-a-chip devices that enable mechanical stimulation and electric impedance
measurements. Ex vivo skin, liver, and myocardial tissue slices, as well as full decellu-
larized organs, were presented as effective tools for testing novel interventions aimed at
modulating the quantity and quality of the ECM or fibroblast phenotype. A selection of
conference contributions highlighting the variety and application of these innovations is
presented below.

An awarded poster contribution by Birgit Cortes et al. (University of Bath, UK) and
Boehringer Ingelheim was titled “Modeling a Micro-Niche with Tunable Hydrogels for
the Characterization of Fibroblast Phenotypes in IPF”. The technique comprised stiffness
characterization using nanoindentation of normal or IPF human lung fibroblasts encapsu-
lated in synthetic vinyl sulfone-functionalized dextran (DexVS) 3D hydrogels. With respect
to findings, the cross-linker concentration enabled the culturing of cells in hydrogels of
different rigidities, impacting the fibroblast phenotype. Challenge with TGF-1 or an
IPF-related cocktail induced cells to adopt a disease-related phenotype compared with
standard conditions, as characterized by an increase in ACTA2 and COLA1 expression.
The study concluded that the culture of cells in the 3D hydrogel better recapitulates the
IPF microenvironment and that the application of 3D hydrogels combined with the IPF-
related cocktail will aid in the identification of novel drug targets specifically linked to
disease-specific fibroblast phenotypes.

Further expanding the topic, in a Boehringer Ingelheim-sponsored oral presentation
entitled “Modeling Fibroblast Heterogeneity In Vitro for Drug Discovery”, Vince Fiore
demonstrated that the DexVS hydrogel platform, when blended with an electrospun
fibrous scaffold, further increased the versatility of the 3D environment and its influence
on fibroblast phenotypes. Notably, single-cell sequencing demonstrated that fibroblasts
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cultivated in a 3D environment and stimulated with TGF-f3 more accurately replicated
the myofibroblast profile seen in IPF patients compared with fibroblasts cultivated in
conventional 2D monolayer cultures.

A poster contribution by Karoline Mikkelsen (CelVivo and University of Southern
Denmark) was titled “Utilizing a to Advance in Vitro Liver Fibrosis Modeling and Ther-
apeutic Investigations”. The technique involved HSCs (LX2) being either monocultured
or cocultured with hepatoblastoma cell line (HepG2) hepatocytes using a clinostat-based
system to generate 3D spheroids. The 3D spheroids were subsequently treated with TGF-3
to induce fibroblast activation. The activation of LX2 cells was assessed by quantifying
hallmark fibrosis-related genes and biomarkers to confirm the induction of a fibrotic phe-
notype. With respect to findings, the formation of 3D spheroids was successfully achieved
in both monocultured and cocultured conditions. Upon TGF-f stimulation, there was a
notable increase in the expression of multiple collagen mRNA and elevated secretion of
Nordic Bioscience fibrosis biomarkers of type I, III, and VI collagen, as determined by an
enzyme-linked immunosorbent assay (ELISA). These effects were significantly reduced by
the application of nintedanib, indicating its potential to mitigate fibrosis in this 3D model.

Further expanding on the topic, in a sponsored talk by Ectica Technologies, Benjamin
Simona, in collaboration with Nordic Bioscience, presented the quantification of ECM
biomarkers in the supernatants of primary cardiac fibroblasts growing in 3D poly(ethylene
glycol) hydrogel precast plates used for high-content screening. ECM formation biomarkers
increased upon TGF-f3 and PDGEF-33 stimulation and were dose-dependently inhibited by
Omipalisib, an mTOR/PI3K inhibitor.

A poster contribution by Fabian Stavenuiter et al. (Charles River Laboratories) was
titled “In vitro Modeling of Systemic Sclerosis for Drug Discovery Purposes”. The technique
involved primary (myo-) fibroblasts being isolated from skin biopsies from patients with
systemic sclerosis and healthy donors. A high-throughput screening campaign of more than
21,000 adenoviral shRNAs was conducted to determine changes in XSMA expression as a
readout for the reversion of the myofibroblast phenotype. Fibroblasts were encapsulated in
collagen hydrogels, and contractility was measured, along with impedance measurements,
for target validation. With respect to the findings, several genes promoting the reversion of
the myofibroblast phenotype in systemic sclerosis fibroblasts were identified. The collagen
contractility cell-based assay was identified as a promising technique for validating these
targets for drug discovery.

An oral contribution by Paola Occhetta et al. (BiomimX, Politecnico di Milano) was
titled “Pathological Hallmarks of Human Cardiac Fibrosis in a Mechanically Active Organ-
on-Chip to Predict the Efficacy of Drugs and Advanced Therapies”. The technique human
atrial cardiac fibroblasts being embedded in fibrin hydrogels and loaded onto a mechan-
ically active chip that enabled cyclic mechanical stimulation of the cultures alongside
chemical stimulation. Cell proliferation and ECM deposition were characterized to monitor
the progression of fibrosis in the presence of novel antifibrotic therapies. With respect to the
findings, cyclic mechanical stimulation alone was sufficient to induce a fibrotic phenotype
without the need for TGF-f stimulation, as evidenced by increased xSMA expression and
ECM deposition. The value of this and other translational platforms lies in demonstrating
the ineffectiveness of therapies that were effective in standard 2D monolayer cultures,
helping to mitigate the risk of late failure.

An oral contribution by Hannah Paish (FibroFind and Newcastle University) was
titled “Development of an Ex Vivo Full-Thickness Skin Model for Drug Testing and Disease
Modeling”. The technique involved full-thickness skin biopsies (EVES) from healthy human
skin tissue being prepared and maintained for up to 5 days in an ex vivo culture. This
prolonged duration of culture allowed for the induction of inflammation or fibrosis through
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exogenous challenge with recombinant proteins. Moreover, the challenge of EVES with a
disease-relevant psoriasis cocktail identified elevated secretion of disease-specific markers,
including TSLP, IL-22, Granulocyte-macrophage colony-stimulating factor (GM-CSF), and
IL-17, all of which could be attenuated by the IKK2 inhibitor. Critically, up to 300 EVES
in a 96-well culture format or 150 EVES in a 24-well culture could be generated from each
donor, providing a medium-throughput platform for the screening of numerous potential
therapies in a single donor.

The implementation of new and emerging in vitro and ex vivo human models in
preclinical research is critical for improving our understanding of ECM biology, helping to
identify novel drug targets and allowing for the testing of novel therapies in models that
closely resemble human disease. During the conference, 2D primary fibroblast cultures;
innovative 3D hydrogel matrices; organ-on-a-chip technologies; ex vivo skin, liver, and
myocardial tissue slices; and full decellularized organs were presented as effective tools for
testing novel therapies. Twinned with these emerging models was the quantification of
disease-relevant biomarkers to monitor the dynamics of the ECM and to better bridge the
translational gap to clinical application.

11.2. Fibroblast Activation and Heterogeneity

A major focus at the congress was also the role of myofibroblasts as key cell types
responsible for fibrotic progression and how these cells are activated [138]. Research
into this biology and how activated myofibroblasts can be deactivated is likely to lead to
effective antifibrotic treatments.

The distinction between hot and cold fibrosis was discussed at the congress. Hot
fibrosis is characterized by high levels of immune cells (inflammatory macrophages). In
healthy wound healing, a transient injury stimulates a brief inflammatory pulse that recruits
a strong influx of macrophages, followed by an increase in myofibroblasts to the lesion.
When the injury ends, both cell types disappear, resulting in a stable healing state with
minimal ECM accumulation. In a hot fibrosis environment, the persistent presence of both
myofibroblasts and macrophages in the tissue results in continuous activation due to the
mutual secretion of growth factors and constant ECM production. Hot fibrosis occurs in
pathological conditions with prolonged tissue injury from damaging agents or persistent
pathogenic metabolic or inflammatory processes, such as chronic obesity or cancer.

In contrast, cold fibrosis is characterized by myofibroblasts without the presence
of inflammatory macrophages. This state also leads to ECM accumulation due to the
abundance of myofibroblasts. The intermediate-duration injury signals tend to lead to cold
fibrosis. Inflammatory macrophages can both promote and abrogate the turnover of the
ECM by secreting factors that enhance or inhibit ECM degradation (e.g., MMPs and TIMPs),
which explains why fibrosis can occur both in the presence and absence of macrophages,
depending on the context [139].

The obesity pandemic has led to an increase in cardiometabolic comorbidities, such as
heart failure, stroke, diabetes, insulin resistance, and nonalcoholic fatty liver disease. The
metabolic dysregulation induced by visceral adiposity leads to inflammation that drives
fibroblast activation, resulting in increased levels of collagen secretion. General tissue
fibrogenesis results in multiorgan impairment, which causes different disease indications
characteristic of cardiometabolic disease [140].

Dr. Rachel Chambers reviewed her work on fibrometabolism in the context of IPF.
Emerging evidence suggests that alterations in metabolism are not only a feature of the
pathogenesis of fibrosis but may also play an influential role in it. In IPF, metabolic repro-
gramming modulates the fibrotic activities of lung fibroblasts. The inhibition of glycolysis,
glutaminolysis, or arginine biosynthesis has been shown to reduce pulmonary fibrosis
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in animal models, suggesting that targeting metabolic reprogramming of fibrotic lung
fibroblasts is a viable therapeutic avenue for this disease. Dr. Chambers has shown
how TGFf reprograms fibroblast metabolism to promote collagen biosynthesis via the
mTORC1-4E-BP1 axis, which acts in cooperation with Smad3 to promote the production
of cyclic AMP-dependent transcription factor ATF4. ATF4, in turn, orchestrates the sub-
sequent transcriptional amplification of the glucose-derived serine—glycine biosynthetic
pathway [141]. It is likely that the metabolic dysregulation seen in cardiometabolic disease
also leads to fibrometabolism in organs other than the lungs.

Dr. Florian Rieder’s work on the intestine demonstrated the emergence of fibroblast
heterogeneity in patients with fibrostenotic complications of CD. Fibroblast transcriptional
profiles were examined using single-cell RNA sequencing of patient tissues with inflam-
matory or stricturing histologic subtypes. Several fibroblast populations were enriched
in CD strictures compared with inflammatory or noninflammatory CD tissues. Intrigu-
ingly, by running CellChat analysis to computationally predict receptor-ligand interactions
between neighboring cells, fibroblasts were found to be major signal senders within the
tissue. Among these signal-sending populations, cadherin-11 (CDH11) was identified as a
commonly upregulated gene that could potentiate cell-cell interactions between fibroblasts.
Using genetic and pharmacologic inhibition in both in vitro and in vivo models of intestinal
fibrosis, the role of CDH11 was validated in the promotion of fibrosis [31]. Furthermore,
TLRS5 ligand flagellin activated the inflammasome pathway in myofibroblasts to drive fibro-
sis, suggesting alternative fibroblast activation pathways with common outcomes in driving
fibrosis. Finally, the ECM was shown to play an active role in intestinal fibrogenesis. Using
a proteomic approach, the endogenous secreted glycoprotein milk-fat globule-epidermal
growth factor 8 (MFGES) was upregulated in CD strictures but, surprisingly, exerted an
antifibrotic effect in vitro and in vivo through integrin signaling [142].

A further example of how ECM biophysical and biochemical properties influence fi-
broblast phenotypes was also presented. Fiore and colleagues described efforts to model
fibroblast heterogeneity in vitro. Using a 3D hydrogel model that mimics the physico-chemical
features of the interstitial matrix, including the fibrous mechanical cues and adhesive ECM
ligands (including matricellular protein-mimicking Arginine-Glycine—Aspartic acid (RGD)
and fibrous collagen-mimicking Glycine-Phenylalanine-Hydroxyproline-Glycine-Glutamic
acid-Arginine (GFOGER) peptides), they showed that lung fibroblasts stimulated with
canonical pro-fibrotic growth factor TGF-f3 resembled the transcriptional profile of IPF-
specific myofibroblasts observed in patients. This was distinct from the transcriptional
profile of fibroblasts cultured on typical 2D rigid substrates, which were significantly tran-
scriptionally distinct from all in vivo populations. Importantly, this transcriptional profile
included the upregulation of collagen triple-helix repeat-containing protein 1 (CTHRC1)
and a signature of ECM proteolytic genes, including MMP11 and MMP13. In contrast, 2D
cells upregulated a contractile signature in response to TGF-3. This supports the notion
that fibroblast molecular phenotypes are qualitatively distinct between 2D and 3D culture
settings, which motivated the further development of ECM-mimetic models that better
recapitulate the tissue microenvironment. Furthering these efforts, the development of a
coculture model with primary alveolar epithelial organoids in 3D models enabled direct
cell—cell contact between alveolar stem cells and fibroblasts.

As another example of ex vivo models used to test therapeutic concepts in complex
human cellular systems, Pliant presented a work that could differentiate the av1/ v 36 in-
tegrin inhibitors that block latent TGF-f3 activation from ALK5/TGFBRII inhibitors (ALKSi).
Single-cell RNA sequencing analysis showed av[36 integrin upregulation specifically in
aberrant basaloid cells and avp1 in CTHRC1+ myofibroblasts. Treatment of precision-cut
lung slices with bexotegrast and subsequent single-nuclear RNA seq demonstrated that
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bexotegrast reduced TGF-f3 signaling and profibroblast gene expression (e.g., COL1A1,
COL1A2, FN1, and POSTN), specifically in cell types with high target expression (i.e.,
aberrant basaloid cells and myofibroblasts). In comparison, ALK5i showed broad TGF-3
signaling inhibition across all cell types, as expected for this molecule’s mechanism of ac-
tion, suggesting a better safety/tolerability profile for bexotegrast. Overall, this represents
an elegant approach to differentiating molecules in complex human models of disease,
providing confidence in understanding the mechanism of action and the link between the
target and the disease.

12. Proteomics

In this era of multiomics and big data, proteomics has proven invaluable for studying
ECM biology in health, disease, and pharmacological treatment. This is particularly
relevant to disease progression (e.g., fibrosis and cancer), where RNA expression may
not reflect protein presence because of the longevity and permanence of tissue ECM
components [112,143]. Similarly, for drug treatments in tissue, although next-generation
sequencing (NGS) offers a sensitive way of capturing global cell responses, many cell
types may synthesize matrix proteins but fail to deposit them into the extracellular space.
As such, proteomic analysis offers an unbiased way to characterize the presence and
abundance of ECM protein (i.e., the matrisome), which is crucial for biomarker discovery
and understanding holistic changes in tissue proteostasis [144]. These standard approaches
were put to good use by several presenting groups at this year’s ECM Pharmacology
Congress. Using label-free liquid chromatography and mass spectrometry (LC-MS/MS),
Woerz and colleagues from Berlin Institute of Health at Charité showed that psoriatic
cytokines induce larger alterations in the skin fibroblast matrisome than those of atopic
dermatitis. Colleagues from the University of Liverpool also employed labeled (Isobaric
Tags for Relative and Absolute Quantitation (iTRAQ) and Stable Isotope Labeling by
Amino Acids in Cell Culture (SILAC)) LC-MS/MS for more robust measurements of
protein abundance to characterize the contribution of the ECM to the metastasis potential
of uveal melanomas (Hattersley and colleagues and the new synthesis of ECM modifiers in
fibrotic Dupuytren’s tissue (Canty-Laird)).

Over the past decade, the development of sample preparation methods, proteomic
technologies, and bioinformatic databases (e.g., matrisomeDB for matrix protein classifi-
cation and MatrixDB for ECM interactomes) has enabled a more robust analysis of ECM
composition, protein abundance, degradation, and turnover [144]. Many of these devel-
opments were featured at the conference. Frattini et al. found that decellularization of
mouse kidney led to improved ECM identification by LC-MS/MS but at the expense of
higher intersample variability [145]. Despite this, decellularization remains a useful sam-
ple preparation method for ECM enrichment, as done by El-Merhie and colleagues from
Justus Liebig University, who successfully identified the differences in chronic obstructive
pulmonary disease (COPD) and healthy human lung tissue matrisomes. Alternatively,
solubility fractionation [146] where samples are subjected to increasing stringencies of
chemical and mechanical disruption, has also proven a valuable extraction method, as
employed by Bamberg and colleagues from University of Colorado to identify changes
in basement membrane and vascular proteins in the breast ECM of obese cohorts. New-
generation mass spectrometers, which boast greater sensitivity (e.g., Thermo’s Orbitrap
Fusion Lumos Tribrid™), have also been used by groups, such as Broadwin and colleagues
from Brown University, who showed enhanced recovery of cardiac function in postinfarc-
tion mice that were intramyocardially injected with lab-grown 3D ECM particles. Novel
machine learning approaches provided by software like Data-Independent Acquisition
Neural Networks (DIA-NN) [147] have recently made data-independent acquisition (DIA)
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MS analysis more suitable for complex datasets, decreasing technical variability compared
with data-dependent acquisition. These methods were used by Holstein and colleagues
from German Cancer Research Center (DKFZ) to show HSC activation by TGF-3 and
Growth Arrest-Specific 6 (GAS6) (human growth inhibitor-specific 6)/ AXL pathways in
liver cirrhosis and cancer.

Matrix-assisted laser desorption/ionization tandem mass spectrometry (Matrix-
Assisted Laser Desorption-lonization (MALDI)-MS/MS) represents a significant advance-
ment in proteomic analysis, allowing for the analysis of large biomolecules, making it useful
for the identification and characterization of complex ECM components and their post-
translational modifications. For instance, MALDI imaging mass spectrometry (MALDI-IMS)
has been employed to spatially resolve protein distribution within tissue sections, provid-
ing insights into the ECM’s role in various pathological states, such as cancer metastasis
and tissue fibrosis [148].

Affinity proteomics (in contrast to MS-based proteomics) is another emerging field in
which technologies such as multiplexed proximity extension assays allow for highly specific
quantification of, potentially, thousands of proteins [149]. Here, a marker is simultaneously
detected by two antibodies linked to a DNA oligostrand, which is then amplified and
detected by NGS. This type of assay (Olink®) was employed by Rohbeck and colleagues
(GmbH) to identify inflammation biomarkers in response to GABA-A+ allosteric modu-
lators for MASH therapy. New technologies for spatial proteomics were also showcased:
Soetopo and colleagues from Boehringer Ingelheim used laser-capture microdissection to
enrich separate compartments of the lung epithelium prior to MS to explore site-dependent,
longitudinal changes in the lung matrisome during repair. Tompkins and colleagues from
University of Manchester used imaging mass cytometry to compare 44 protein markers
simultaneously across tissue sections, revealing the interplay between the matrix, B cells,
and fibroblasts in COPD, asthma, and healthy lungs.

Looking to the future, several novel technologies have real potential to improve our
understanding of ECM biology in health, disease, and treatment. Peptide location fin-
gerprinting, as presented by Eckersley et al. (University of Manchester) for the unbiased
identification of ECM protein modifications [112] could be used to screen for new biomarker
ECM fragments (including bioactive matrikines) or as a method of systematically mapping
identified fragments back to their sources. Degradomic approaches [150] such as those em-
ployed by Dinh and colleagues from University of Freiburg to show increased endogenous
proteolysis of the ECM in muscle-invasive bladder cancer cohorts, could also be used to
this effect. Dynamic SILAC, where light and heavy labels are pulsed (e.g., fed) into animal
models at separate time intervals to enable the determination of protein turnover [151]
could be used to investigate the runaway cycle of matrix synthesis and degradation in
fibrotic diseases. Single-cell proteomics by mass spectrometry (SCoPE-MS) is also on the
horizon, which would greatly enrich our understanding of cell-matrix interactions [152].

Hence, it is an exciting time to be at the crossroads of proteomics and matrix biology,
the impacts of which on our understanding of disease and drug discovery are sure to
be far-reaching.

13. ECM Autoimmunity

Autoimmunity is a process by which the immune system mistakenly targets the
body’s own tissues. Autoimmune diseases encompass a range of conditions, from systemic
diseases like systemic lupus erythematosus (SLE), systemic sclerosis (55c), and RA, which
affect multiple organs, to organ-specific diseases such as type 1 diabetes (T1D), IBD, and
multiple sclerosis (MS). Currently, more than 80 different types of autoimmune diseases are
known, comprising 5-10% of all diagnosed diseases in Europe [153-155]. They present a
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significant burden on healthcare systems, the economy, and patients” quality of life through
chronic management costs, reduced workforce participation, and the need for ongoing
multidisciplinary care.

The ECM Congress 2024 highlighted the critical role of the ECM in both health and
disease. Many autoimmune diseases, including RA and systemic sclerosis (SSc), are char-
acterized by excessive tissue remodeling, which, together with chronic inflammation, can
alter the composition of the ECM and expose hidden antigens, potentially triggering or ex-
acerbating autoimmune responses. Fibroblasts, which are the primary cells responsible for
producing and remodeling the ECM, contribute to pathogenesis by excessive deposition of
matrix proteins, leading to tissue scarring and organ dysfunction, as seen in SSc. In addition,
activated fibroblasts produce proinflammatory cytokines and interact with immune cells,
exacerbating the chronic inflammation seen in conditions like RA and SLE; fibroblasts can
also present autoantigens to immune cells, further driving autoimmunity. The Wednesday
symposium, The Fibro-Inflammatory Axis: Fibroblasts and Tissue Destruction, included
several interesting talks from industry and academia. Notably, Prof. Dana Orange (Rock-
efeller University) discussed the discovery of preinflammatory mesenchymal (PRIME)
cells, which circulate in the bloodstream and appear to be the precursors to synovial
fibroblasts—the cells that drive inflammation and joint damage in RA [156]. PRIME cells in-
crease in number before a disease flare, suggesting that they could serve as early biomarkers
of flare-ups. Prof. Adam Croft (University of Birmingham) highlighted the identification
of distinct fibroblast subsets with either proinflammatory or anti-inflammatory proper-
ties (MMP3+/IL6+ and CD200+DKKS3+, respectively) in the inflamed joint [157]. Recent
findings by Dr. Anne-Christine Bay-Jensen’s (Nordic Bioscience) group showed that the
interplay between growth factors (TGF- and PDGF) and inflammatory cytokines (IL-13
and TNF) significantly enhances type III collagen production in fibroblast-like synoviocytes,
underscoring the link between inflammation and fibrosis [158]. This was complemented
by results from proteomic characterization of synovial tissue biopsies from longstanding
patients with RA—presented by Prof. Allan Stensballe (Aalborg University) in the poster
session—which identified unique molecular and cellular signatures underlying synovial
pathotypes, suggesting that differences between lymphoid, myeloid, and fibroid patho-
types are continuous and linearly modellable. Altogether, these findings contribute to a
deeper understanding of the complex interplay between inflammation, fibroblasts, and
fibrosis in autoimmunity, underscoring the potential for developing targeted therapeutic
interventions to modulate inflammatory and fibrotic processes.

The crucial role of ECM composition in tissue pathology and disease progression
was emphasized in Prof. Raghu Kalluri’s presentation during the opening session. This
presentation highlighted the dual roles of fibroblasts and collagen in fibrosis and disease.
His findings on the altered structure of type I collagen in pancreatic disease revealed that
a homotrimeric collagen structure composed solely of COL1«1 chains promotes cancer
growth and proliferation by modifying the tumor microenvironment, presenting a novel
potential therapeutic target [17]. It is possible that these structural changes in collagen could
modify the immune environment in autoimmune disease; thus, a similar investigation
would be valuable in the autoimmunity field to better understand disease progression and
facilitate the discovery of new treatments. Dr. Kalluri’s recent research on pancreatic cancer
also stressed the importance of leveraging evolving technologies to gain deeper insights into
immune system changes and identify new therapeutic approaches for significant impact.

Novel approaches to detecting and monitoring autoantibody biomarkers in autoim-
munity and other disease areas were presented by Dr. Molly Coseno from Sengenics at
the industry-sponsored symposium titled Unraveling ECM Dynamics: Techniques, which
was very well attended and quite interesting. The presentation covered challenges in
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biomarker discovery and introduced Sengenics’ revolutionary KREX® protein microarray
technology. This technology uses correctly folded, full-length, functional protein antigens,
which are crucial for autoantibody-based assays, as more than 90% of antibodies recognize
conformational epitopes that are only available if the protein is correctly folded. Dr. Coseno
also highlighted the pivotal role of antibody biomarkers in chronic diseases. Real-life case
studies were presented, showcasing the power of patient immunoprofiling in autoimmune
diseases such as SLE and cancer.

Looking ahead, we anticipate a continued focus on identifying ECM-related biomark-
ers and integrating autoantibodies with orthogonal omics and traditional biomolecu-
lar screening approaches. The relevance of autoantibodies in disease remains a critical
topic of discussion. These autoantibodies serve as early indicators of significant health
changes, manifesting before clinical symptoms, making them unique and valuable can-
didate biomarkers. Embracing new technologies, such as those focused on autoantibody
profiling, allows for novel insights into the “matrisome” and the identification of relevant
biomarkers for decision making. Further discussion is required on the application of au-
toantibody subtyping to achieve a more detailed and individualized understanding of
disease. The detection of anti-ECM autoantibodies may be regarded as the “other side
of the coin” in ECM research, complementing the fact that autoantigens are targets for
autoantibodies in autoimmunity (e.g., RA and SLE) and could help stratify patients into
distinct subgroups.

For example, in SLE, autoantibody profiling identified distinct subtypes, which were
subsequently validated across independent research groups, providing additional data to
guide treatment selection strategies [159]. To educate the scientific community about the
utility of autoantibodies in health and disease, it is essential to emphasize the best practices
for designing clinical trials that incorporate autoantibody or biomarker screening. It was
encouraging to see several speakers at the ECM Congress focus on this topic, marking an
important step toward identifying new therapeutic targets and raising awareness about
the significance of autoantibodies. Moving forward, we need to embrace new technologies
and better understand the “matrisome” to identify relevant biomarkers for informed
decision making.

14. ECM Biomarkers and Precision Medicine

14.1. Precision Medicine

The drug development industry is unified in its goal to achieve significant disease
modification and clinical remission in areas with substantial unmet needs. Success is
increasingly driven by identifying unique, unbiased, and proprietary targets, avoiding
generic “me-too” targets that can be applied to broad populations. By integrating precision
medicine strategies from the outset of drug development, it becomes possible to effectively
identify novel targets. This approach focuses on identifying measurable, patient-specific
characteristics, which enables the selection of treatments tailored to those most likely to ben-
efit. Precision medicine leverages advanced technologies, including genomics, proteomics,
and other multiomic approaches, to decipher the molecular mechanisms underlying each
patient’s disease.

14.2. The Relevance of the ECM

The ECM is a complex and dynamic network of proteins and other molecules that
provides essential structural and biochemical support to surrounding cells. Its role is partic-
ularly significant in fibrosis, where fibroblast dysregulation affects ECM remodeling—a key
factor in disease progression. The delicate balance between tissue repair, destruction, and
inflammation within the ECM presents drug developers with valuable opportunities to uti-
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lize both prognostic and diagnostic biomarkers across a variety of diseases with significant
unmet medical needs (Figure 2). A deep understanding of the ECM’s composition and its
interactions with cells and tissues is crucial for the development of targeted, personalized
therapeutic interventions. As outlined in Figure 2, the ECM is central to disease in more
than 50 different pathologies (1). Furthermore, 35% of deaths in the Western world are
associated with fibroproliferative diseases (2).
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1. Alzheimers Systemic
1. Cystic fibrosis
2. Systemic sclerosis ‘
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3. Parkinsons disease
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Figure 2. ECM remodeling is fundamental across chronic, usually fibrodegenerative, fibroinflam-
matory diseases. More than 50 different diseases have ECM remodeling as a common denominator.
Modified from [160] with permission.

14.3. ECM Biomarkers

Since the discovery of beta-Crosslaps in the mid-1990s as a biomarker for bone resorp-
tion [161,162], they have become extensively used in both drug trials and clinical practice
to monitor response and adherence. Beta-Crosslaps have since set the standard for the
development of future ECM biomarkers.

For instance, in patients with metastatic melanoma, blood-based biomarkers of type
III collagen turnover are linked to worse overall survival and progression-free survival fol-
lowing PD-1 inhibitor immunotherapy [121,163-167]. These ECM turnover measurements
present opportunities for real-time patient stratification and diagnostics, enabling person-
alized treatment approaches. The integration of tumor-agnostic biomarkers with tumor-
specific molecular indices may further enhance the accuracy of predicting immunotherapy
responses in specific cancer types [168-170].
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In RA, several ECM biomarkers resulting from the degradation of various collagen
types (e.g., C1M, C2M, C3M, and C4M) and CRP (CRPM) have shown promise in influ-
encing treatment decisions [171-175]. In one study, reductions in these markers within the
first four weeks of tocilizumab (an anti-interleukin 6 receptor antibody) treatment helped
distinguish between responders and nonresponders early on [60,70,174,176,177]. A similar
trend has been observed with baricitinib, a Janus kinase inhibitor. Although ECM markers
have not yet reliably predicted therapeutic responses before treatment, close monitoring of
these markers and the resulting detectable reductions have been shown to precede clinical
outcomes, suggesting their potential for early prediction of treatment success [60,70,174].

In IBD, a research partnership between AstraZeneca and the Crohn’s and Colitis
Foundation has utilized real-world observational cohorts—known as IBD Plexus—to in-
form drug development at multiple stages. The integration of clinical, multiomic, and
imaging data from over 2,800 adult and pediatric patients with IBD has provided several
key insights:

Systemic IL-22 concentrations, associated with IL-23 pathway signaling in the gut,
were identified as indicative of disease severity, influencing Phase 3 trial design and
regulatory discussions.

The quality of genetically derived new targets improved, demonstrating downstream
effects on circulating proteins.

In addition, ECM biomarker analysis has provided further insights into IBD pathogen-
esis and highlighted the emergence of ECM biomarkers as potential diagnostic candidates,
such as CPa9-HNE, a calprotectin neoepitope, and C3-HNE, a neutrophil elastase-derived
fragment of type III collagen [57]. Although the cohort sizes in these studies are modest,
expanding to larger and better-phenotyped cohorts could deepen our understanding of
ECM dysregulation and its relationship with underlying biology across IBD and other
diseases [57,178].

ECM biomarkers also hold promise for the monitoring of disease progression across
multiple conditions, with the use of panels to ensure tissue specificity likely being necessary.
For example, a fibrosis algorithm incorporating age, diabetes status, PRO-C3 levels, and
platelet count (ADAPT) has shown diagnostic performance that is either equivalent to or
superior to the standard of care [179-181]. The potential of ECM biomarkers across multiple
diseases could significantly increase the probability of success in biomarker development,
potentially raising it from the current 10-20%, while also reducing development costs,
which are currently estimated at USD 40-50 million, for bringing a new in vitro diagnostic
test to market.

14.4. Outlook

The ECM Pharmacology Congress serves as a roadmap for collaboration, emphasizing
the need to accelerate the development of novel treatments and diagnostics to address the
unmet needs of patients. Through cross-industry innovation and engagement with aca-
demic and public—private consortia, several factors contributing to the success of precision
medicine strategies have been identified. It is well established that ECM dysregulation
plays a role in many disease pathologies, leading to pathological ECM turnover. Targeting
these dysregulated processes with drugs has often shown clinical benefits, correlating with
the normalization of ECM turnover. This area of research remains highly active, with ongo-
ing debates about whether targeting fibroblast activity—along with upstream dysregulated
molecular processes—could offer even greater therapeutic benefits.
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15. Drug Discovery in IPF—How Can Biomarkers Support
Key Decisions?

IPF is a chronic interstitial lung disease with an increasing incidence rate and a median
survival of three years upon diagnosis. The current treatments for IPF—nintedanib and
pirfenidone—slow the decline in disease progression but do not reverse it. These treatments
also have well-established side effects, which can limit their use and acceptability among
IPF patients. As such, there is a need to develop new therapies that offer a better side-effect
profile and enhanced efficacy. These therapies need to be developed in the context of
challenges including poor predictability of preclinical in vivo models, the requirement to
conduct trials alongside current therapies, and the commercial challenge posed by these
treatments being off-patent and relatively inexpensive.

Although there have been several notable failures in Phase 2 and 3 clinical studies,
novel therapies are showing promise in late-stage trials. These include PDE4 inhibitor
BI-1015550, LPA1 antagonist BMS-986278, and integrin antagonist PLN-74809. Furthermore,
a range of novel therapies targeting the TGF-f3 and other pathways is in the early phases
of drug discovery and development. The use of appropriate biomarkers will be crucial in
advancing these potential therapies, alongside ex vivo translational studies with human
tissue (e.g., precision-cut lung slices). These approaches can aid in drug development
by facilitating target identification and validation, preclinical pharmacology studies, and
translational research to assess early efficacy, ultimately leading to better clinical trial
designs, such as improved patient selection.

In conclusion, exploring new targets in pathways other than TGFf is essential to
increase the potential for new and effective treatments for IPF. Biomarkers play a crucial
role in guiding key decisions at all stages of the drug discovery and development process.

16. Imaging Techniques for ECM in Health and Disease

The ECM is composed of collagens, laminins, fibronectin, proteoglycans/
glycosaminoglycans, elastin, and other glycoproteins. It serves not only as a structural
scaffold that provides mechanical strength to tissues but is also highly bioactive, interacting
with the body’s cells through various cell signaling pathways [182]. This 3D network is
present in all tissues and organs, playing a critical role in maintaining tissue homeosta-
sis and initiating wound responses in cases of injury or disease [182,183] such as tissue
fibrosis, cancer, atopic dermatitis, HS, osteogenesis imperfecta, and CD. Given the ECM’s
involvement in such a diverse array of diseases, researchers are increasingly recognizing
the importance of studying the ECM in greater depth to improve our understanding of
its role in disease progression and resolution. This summary briefly outlines the current
techniques employed to image and probe the ECM, as well as the methods presented for
imaging collagens during the ECM Congress 2024.

When investigating the mechanical or structural properties of the ECM (tensile and
compressive strength of the ECM, structure, topography, etc.), scientists rely on atomic force
microscopy (AFM), transmission electron microscopy (TEM), scanning electron microscopy
(SEM), and second harmonic generation (SHG). AFM can visualize the structure of proteins
(elastin, laminins, collagens, etc.), including the D-banding patterns of collagens, along
with any disorganization or degradation of the proteins. In addition, AFM can probe the
torsional deformation of tissues, the topography of a sample, adhesion forces, or changes
in stiffness, making it a powerful tool for understanding the structure and mechanics of
the ECM, especially in tumor microenvironments [184-186]. New technology developed
by Opticsll Life used nanoindentations and micro-rheology to probe the mechanical
properties of ECM-like hydrogels or ex vivo tissue in the fields of wound healing, fibrosis,
and cancer. TEM imaging is useful for looking at the higher-order organization of ECM
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proteins within tissue samples and measuring the length or diameter of proteins within
them. SEM is helpful for understanding the structure of ECM materials by providing
information about the pore size or visualizing the matrix organization surrounding the
cells [187]. SHG offers the ability to image fibrillar structures such as collagens, elastin, and
fibronectin, which are all components of the ECM. SHG can be used for in vivo, in vitro,
and ex vivo experiments [188,189] and is based on the contrast of the alignment of the
filamentous proteins themselves, making it a useful tool for identifying regions of damage
that result in lower contrast [190,191].

Histological staining of biopsies is the gold standard for staging the severity of fibrotic
conditions (lung, liver, kidney, etc.) because they can easily visualize spatial-temporal
information of the ECM during fibrosis. Determining the amount of collagen is a key
indicator of fibrotic severity staging. Masson’s trichrome (MT), picrosirius red (PSR),
van Gieson, and even hematoxylin and eosin staining are common stains for visualizing
collagen in tissue sections [192-194]. Immunohistochemistry staining using collagen-
specific antibodies (types I, II, I1I, IV, IX, etc.) is also routinely used but can have varying
results because of batch-to-batch differences in the antibodies. 3Helix’s novel collagen
hybridizing peptides (CHPs) can target molecularly damaged/denatured collagen because
of disease progression in tissue samples and act as a prognostic marker [195] or they
can be used as a pan-collagen stain to determine total collagen content, much like PSR
or MT [195]. In addition, CHPs are species-agnostic because they specifically bind to
denatured collagen chains that make up the collagen triple helix and can stain damaged
collagen with high specificity, regardless of species or tissue type [195,196]. CHPs can even
be used for live animal imaging to assess collagen turnover in animal models like in vitro
diagnostic, multiple myeloma, and IPF [197,198]. For the first time ever in ophthalmology,
researchers from Roche were able to visualize damaged collagen in the back of the eye in a
subretinal fibrosis mouse model using the in vivo CHPs [199].

Moving away from the fundamental properties of the ECM and toward evaluation of
a full tissue or organ, other imaging modalities and tools have become useful. Magnetic
resonance imaging (MRI), PET, and computed tomography (CT) are used to investigate
whole organs as opposed to the ECM. MRI is used for soft-tissue examination and can
reveal evidence of tumors, blood vessel and/or soft tissue damage, and so forth, making
it a valuable tool for diagnosing cancers and fibrotic conditions [199]. MRE has been
extensively validated to assess tissue stiffness as a proxy for fibrotic conditions, especially
in the liver [200]. MRI and CT have also been extensively used to assess organ volumes,
which are clearly altered with various degrees of disease. An example of this is liver
volumes, which are reduced with increasing grades of fibrosis, while, for instance, spleen
volume increases as a result of increased portal pressure with increasing fibrosis grades.
Therefore, the liver-to-spleen volume ratio is especially sensitive in monitoring changes in
fibrotic grades [201].

PET provides the ability to quantify receptor expression and metabolic organ function
in real time with the use of radiotracers, which help detect cellular changes in organs
earlier than MRI or CT scans. Several PET tracers are currently in development for both
fibrogenesis and fibrosis [202]. An example is the novel affibody-based PET tracer targeting
platelet-derived growth factor beta (PDGFR-(3) [203]. PDGFR-f is highly expressed on
activated stellate cells in the liver and on fibroblasts in other tissues, such as lung and heart
tissue. Because it is hypothesized that the downregulation of fibrogenesis, reflected in lower
PDGEFR-f3 expression, will inhibit disease progression and precede fibrosis regression, this
biomarker may offer a much faster readout of antifibrogenic treatments than the assessment
of fibrosis itself, which may take a very long time to resolve. The hypothesis is that the
downregulation of fibrogenesis will translate into inhibition of disease progression and,
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eventually, regression of the fibrotic burden. PET also has the ability to assess fibrosis
directly using peptides that bind directly to collagen [202]. Combining MRI and PET
enables the simultaneous investigation of cellular states and downstream functions to
provide a thorough assessment of organ status in both preclinical and clinical situations.

17. Translational Approaches to Directly Treat Liver Fibrosis and
Liver Cancer

Primary liver cancer (75-85% hepatocellular carcinoma [HCC] and 10-15% cholan-
giocarcinoma [CCC]) is the sixth most commonly diagnosed cancer and the third leading
cause of cancer-related deaths. In addition, 70-90% of all primary liver cancers develop
in the context of advanced fibrosis and cirrhosis [204]. Combined with chronic inflam-
mation, the altered ECM in advanced fibrosis promotes not only further fibrosis but also
HCC/CCC development. An abnormal ECM conditions the immune environment in
fibrosis and cancer, where mainly M2-type macrophages and fibroblasts are functionally
modulated toward a profibrogenic and cancer-immunosuppressive phenotype [205-207].
Here, specific ECM signals, for example, which are mediated by integrins, as well as more
general mechano-signaling from the ECM to the embedded cells, have been identified as
key factors. In particular, enhanced ECM stiffness, combined with enhanced viscoelasticity,
elicits cellular—intracellular signals of fibrosis and cancer progression [208-211]. Moreover,
the ECM, with its hundreds of proteins, proteoglycans, and glycosaminoglycans, serves
as a reservoir for fibrosis, angiogenesis, and invasion-modulating growth factors, such as
TGF-3, VEGF, bFGF, PDGE-AB/BB, oncostatin-M (OSM), and hepatocyte growth factor,
that are released upon remodeling of the stressed or damaged ECM [212]. Specific prote-
olytic fragments of the ECM—notably, of numerous collagens, like endotrophin (collagen
type VI) and endostatin (collagen type XVIII)—are potent activators of (myo-)fibroblasts,
leading to the suggestion of the ECM as an endocrine organ [3].

Finally, the ECM proteome of liver cancer and fibrotic livers displays unique quan-
titative compositions, with proteomic analysis of these tissues enabling, for example, the
identification of certain collagen types as “the bad collagens of fibrosis or cancer” [3,212].

Due to its high perfusion, its central role in metabolism, and the phagocytic system,
the liver is usually a prime target organ for systemic drugs and a prime target for novel
nanoparticle therapies that can further redirect pharmacological agents to hepatocytes or
nonparenchymal liver cells. High liver targeting has been demonstrated in vivo for small
interfering RNA (siRNAs) and antisense oligonucleotides (ASOs), along with liver-specific
nanocarriers and other nano-encapsulated pharmacological agents. There is an increasing
number of hepatocyte-targeted therapies that can effectively treat systemic diseases, often
because of a misfolded but dispensable or overexpressed hepatocyte gene. Examples in-
clude the use of ASOs to treat transthyretin amyloidosis, lipoprotein(a) overexpression as a
strong cardiovascular risk factor, or apolipoprotein C overexpression in severe hyperlipi-
demia [213-215] and siRNAs to treat acute intermittent porphyria driven by overexpression
of aminolaevulinic acid synthase, alphal-antitrypsin misfolding causing lung and liver
fibrosis and cancer, and lipoprotein(a) overexpression [216-219].

siRNA- and ASO-based therapies are even more attractive for addressing direct tar-
gets related to liver fibrosis, such as key molecules in the pathological ECM or overex-
pressed in fibrogenically activated (myo-)fibroblasts/hepatic stellate cells, which have
historically been difficult to target using small molecules [220]. Moreover, when encapsu-
lated in lipoplexes or biodegradable nanocarriers, they are prominently taken up by liver
macrophages and (myo-)fibroblasts/stellate cells [221,222]. Conjugation to cell-specific
ligands can further increase macrophage or (myo-)fibroblast specificity [206,223]. Notably,
siRNA-mediated knockdown of one of the “bad collagens of fibrosis”, that is, collagen



J. Clin. Med. 2025, 14, 1856

37 of 50

I [3] using Collal siRNA-loaded lipoplexes or polymer nanoparticles, resulted in up to
95% Collal knockdown in parenchymal and biliary liver fibrosis, reducing pathological
collagen accumulation by 40-70%, even with late-onset treatment [216,217]. This therapeu-
tic efficacy was accompanied by the downregulation of other fibrosis-related transcripts
and the attenuation of fibrogenic immune cell activation, and it was comparable to a (myo-
)fibroblast-specific inducible knockdown of Collal [224]. Biodegradable nanocarriers could
also redirect bisphosphonate alendronate, a drug that blocks osteolytic activity of osteo-
clasts (bone matrix-degrading macrophages) in patients with osteoporosis, from bone tissue
to the liver, where it repolarized liver macrophages toward an antifibrotic phenotype [225].

Studies addressing other ECM-related targets are still needed but are coming into
translational focus. An example is the c-Jun Proto-Oncogene (JUN) family of transcription
factors, which has been implicated in driving fibrogenesis and cancer [226]. Here, siRNA-
or ASO-mediated knockdown of c-JUN family members may attenuate active parenchymal
and biliary liver fibrosis, as well as the growth of syngeneic HCC in mice. Further explo-
ration and validation of direct antifibrotic (and cancer) therapies is on the way, including in
combination with already established therapies.

Finally, with the advent of highly predictive serum markers of collagen and general
ECM synthesis, degradation, and turnover, some of which are superb predictors of liver
or other organ fibrosis, including cancer, the early prediction of therapeutic efficacy, for
example, in Phase 1b clinical studies, will be possible, including personalized, noninvasive
therapy monitoring [4,227].

18. Conclusions and Perspectives

The ECM is the central component of many chronic and acute diseases. We most likely
need to change the ECM to develop truly efficacious treatments for organ diseases.

The ECM is both a scaffold and an instructive unit that modulates signaling pathways
that drive disease progression. It is also a reservoir of bioactive fragments. It is essential
to understand and quantify the cell-ECM interaction with respect to the progression and
reversal of fibrosis [3].

ECM pharmacology is required to further this line of research, and it needs to be
enabled by a range of tools and technologies. We summarize some of these important areas
for discovery and development below.

1.  Proteomic approaches to detecting disease-induced peptide fingerprints [228] (peptide
location fingerprints identify species- and tissue-conserved structural remodeling of
proteins resulting from aging and disease) are needed to identify new biomarker ECM
fragments, including bioactive matrikines.

2. Going beyond collagen biomarkers, attention should be paid to the development
of proteoglycans, elastin, and other ECM proteins (which play a role in fibrosis and
inflammation) for the diagnosis of diseases and monitoring of disease progression and
therapeutic efficacy. We need to enable clinical chemistry to separate tissue formation
from tissue destruction, which can help in the discovery and modulation of individual
paths for tissue formation and tissue destruction disorders.

3.  Increasing the use of organs on chips as ex vivo disease models and moving away
from cell culture on standard plastic dishes will increase in vivo likeness and improve
target discovery and validation.

4. New microscopy approaches need to be developed to monitor ECM organization
and its alteration in diseases. This will help to distinguish between the regenerative
response of basement membrane fibrosis and the dangerous myofibroblast activation
and production in the fibrillar dense collagen of the interstitial matrix that overgrows
the parenchymal tissue.
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5. Identifying new mechanisms/pathways could lead to drug repositioning through
the establishment of a common denominator in organ fibrosis, allowing for an under-
standing of regenerating tissues.

6. Inhibiting hepatic stellate cells, i.e., myofibroblasts, may have both cancer and antifi-
brotic therapeutic potential. Moreover, drug resistance in solid tumor types may be
conferred by fibroblast activity.

7. The development of drugs targeting specific disease stages (e.g., the autocrine sig-
naling network driving “cold fibrosis”, i.e., lacking inflammatory cells) is driven
by unique receptor-ligand pairs that are more dominant in advanced stages and
represent novel therapeutic targets in liver fibrosis.

8. Recognizing the interplay between the ECM and immune cells is essential because
both hot and cold fibrosis exist, as in solid tumors [229]. The ECM may play a role
not only in immunity and inflammation but also in targeting and excluding specific
cell types.
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Key Diseases

CKD Chronic Kidney Disease

COPD Chronic Obstructive Pulmonary Disease

HFpEF  Heart Failure with Preserved Ejection Fraction
IBD Inflammatory Bowel Disease

IPF Idiopathic Pulmonary Fibrosis

NAFLD  Non-Alcoholic Fatty Liver Disease

NASH Non-Alcoholic Steatohepatitis

MASH Metabolic Dysfunction-Associated Steatohepatitis

OA Osteoarthritis

RA Rheumatoid Arthritis

SLE Systemic Lupus Erythematosus
SSC Systemic Sclerosis
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Techniques and Technologies

AFM Atomic Force Microscopy
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DDA Data-Dependent Acquisition
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ELISA Enzyme-Linked Immunosorbent Assay
MALDI  Matrix-Assisted Laser Desorption-Ionization
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CAFs Cancer-Associated Fibroblasts
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NETs Neutrophil Extracellular Traps

References

1. Karsdal, M.A ; Detlefsen, S.; Daniels, S.J.; Nielsen, M.J.; Krag, A.; Schuppan, D. Is the Total Amount as Important as Localization
and Type of Collagen in Liver Fibrosis Attributable to Steatohepatitis? Hepatology 2019, 71, 346-351. [CrossRef] [PubMed]

2. Karsdal, M.A.; Kraus, V.B.; Shevell, D.; Bay-Jensen, A.C.; Schattenberg, J.; Surabattula, R.R.; Schuppan, D. Profiling and targeting
connective tissue remodeling in autoimmunity—A novel paradigm for diagnosing and treating chronic diseases. Autoimmun.
Rev. 2020, 20, 102706. [CrossRef] [PubMed]

3. Karsdal, M.A.; Nielsen, S.H.; Leeming, D.J.; Langholm, L.L.; Nielsen, M.].; Manon-Jensen, T.; Siebuhr, A.; Gudmann, N.S,;
Ronnow, S.; Sand, ].M.; et al. The good and the bad collagens of fibrosis—Their role in signaling and organ function. Adv. Drug
Deliv. Rev. 2017, 121, 43-56. [CrossRef] [PubMed]

4. Karsdal, M.A,; Daniels, S.J.; Nielsen, S.H.; Bager, C.; Rasmussen, D.G.K.; Loomba, R.; Surabattula, R.; Villesen, L.LE;; Luo, Y.; Shevell,
D.; et al. Collagen biology and non-invasive biomarkers of liver fibrosis. Liver Int. 2020, 40, 736-750. [CrossRef]

5. Zawadzki, A.; Leeming, D.J.; Sanyal, A.].; Anstee, Q.M.; Schattenberg, ] M.; Friedman, S.L.; Schuppan, S.D.; Karsdal, M.A. Hot
and Cold Fibrosis: The Role of Serum Biomarkers to Assess the Immune Mechanisms and ECM-Cell Interactions in Human
Fibrosis. J. Hepatol. 2025; in press.

6. Karsdal, M.A,; Genovese, F; Madsen, E.A.; Manon-Jensen, T.; Schuppan, D. Collagen and tissue turnover as a function of age:
Implications for fibrosis. J. Hepatol. 2016, 64, 103-109. [CrossRef]

7.  Althobiani, M.A.; Russell, A.-M.; Jacob, J.; Ranjan, Y.; Folarin, A.A.; Hurst, ].R,; Porter, J.C. Interstitial lung disease: A review of
classification, etiology, epidemiology, clinical diagnosis, pharmacological and non-pharmacological treatment. Front. Med. 2024,
11, 1296890. [CrossRef]

8.  Borie, R.; Le Guen, P; Ghanem, M; Taillé, C.; Dupin, C.; Dieudé, P.; Kannengiesser, C.; Crestani, B. The genetics of interstitial lung
diseases. Eur. Respir. Rev. 2019, 28, 190053. [CrossRef]

9. Wang, D.; Ni, Y;; Liu, B.; Ding, H.; John, A.; Wain, L.V.; Johnson, S.R.; Maher, T.M.; Molyneaux, P.L.; Renzoni, E.; et al. Genetic

burden of dysregulated cytoskeletal organisation in the pathogenesis of pulmonary fibrosis. bioRxiv 2024. [CrossRef]


https://doi.org/10.1002/hep.30969
https://www.ncbi.nlm.nih.gov/pubmed/31553813
https://doi.org/10.1016/j.autrev.2020.102706
https://www.ncbi.nlm.nih.gov/pubmed/33188918
https://doi.org/10.1016/j.addr.2017.07.014
https://www.ncbi.nlm.nih.gov/pubmed/28736303
https://doi.org/10.1111/liv.14390
https://doi.org/10.1016/j.jhep.2015.08.014
https://doi.org/10.3389/fmed.2024.1296890
https://doi.org/10.1183/16000617.0053-2019
https://doi.org/10.1101/2024.06.10.598229

J. Clin. Med. 2025, 14, 1856 40 of 50

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Chowdhury, A.; Hasselbach, L.; Echtermeyer, F,; Jyotsana, N.; Theilmeier, G.; Herzog, C. Fibulin-6 regulates pro-fibrotic TGF-3
responses in neonatal mouse ventricular cardiac fibroblasts. Sci. Rep. 2017, 7, srep42725. [CrossRef]

Adams, T.S; Schupp, J.C.; Poli, S.; Ayaub, E.A.; Neumark, N.; Ahangari, F.; Chu, S.G.; Raby, B.A.; Deluliis, G.; Januszyk, M.; et al.
Single-cell RNA-seq reveals ectopic and aberrant lung-resident cell populations in idiopathic pulmonary fibrosis. Sci. Adv. 2020,
6, eaba1983. [CrossRef]

Axelsson, G.T.; Gudmundsson, G.; Pratte, K.A.; Aspelund, T.; Putman, R.K.; Sanders, J.L.; Gudmundsson, E.F.; Hatabu, H.;
Gudmundsdottir, V.; Gudjonsson, A.; et al. The Proteomic Profile of Interstitial Lung Abnormalities. Am. J. Respir. Crit. Care Med.
2022, 206, 337-346. [CrossRef] [PubMed]

Leuschner, G.; Semenova, A.; Mayr, C.H.; Kapellos, T.S.; Ansari, M.; Seeliger, B.; Frankenberger, M.; Kneidinger, N.; Hatz, R A ;
Hilgendorff, A.; et al. Mass spectrometry-based autoimmune profiling reveals predictive autoantigens in idiopathic pulmonary
fibrosis. iScience 2023, 26, 108345. [CrossRef] [PubMed]

Calver, J.F,; Parmar, N.R.; Harris, G.; Lithgo, R.M.; Stylianou, P; Zetterberg, FR.; Gooptu, B.; Mackinnon, A.C.; Carr, S.B,;
Borthwick, L.A.; et al. Defining the mechanism of galectin-3-mediated TGF-B1 activation and its role in lung fibrosis. bioRxiv
2023. [CrossRef] [PubMed]

Ravassa, S.; Lopez, B.; Ferreira, ].P; Girerd, N.; Bozec, E.; Pellicori, P.; Mariottoni, B.; Cosmi, E.; Hazebroek, M.; Verdonschot, J.A;
et al. Biomarker-based assessment of collagen cross-linking identifies patients at risk of heart failure more likely to benefit from
spironolactone effects on left atrial remodelling. Insights from the HOMAGE clinical trial. Eur. ]. Heart Fail. 2021, 24, 321-331.
[CrossRef]

Monzo, L.; Ferreira, J.P.,; Cleland, J.G.; Pellicori, P.; Mariottoni, B.; Verdonschot, J.A.; Hazebroek, M.R.; Collier, T.J.; Cuthbert, J.J.;
Pieske, B.; et al. Dyskalemia in people at increased risk for heart failure: Findings from the heart ‘OMics” in AGEing (HOMAGE)
trial. ESC Heart Fail. 2022, 9, 4352-4357. [CrossRef]

Chen, Y;; Yang, S.; Tavormina, J.; Tampe, D.; Zeisberg, M.; Wang, H.; Mahadevan, KK.; Wu, C.-J.; Sugimoto, H.; Chang, C.-C,;
et al. Oncogenic collagen I homotrimers from cancer cells bind to «3[31 integrin and impact tumor microbiome and immunity to
promote pancreatic cancer. Cancer Cell 2022, 40, 818-834.€9. [CrossRef]

Ferreira, J.P,; Butler, J.; Anker, S.D.; Januzzi, ].L.; Panova-Noeva, M.; Reese-Petersen, A.L.; Sattar, N.; Schueler, E.; Pocock, S.J.;
Filippatos, G.; et al. Effects of empagliflozin on collagen biomarkers in patients with heart failure: Findings from the EMPEROR
trials. Eur. |. Heart Fail. 2023, 26, 274-284. [CrossRef]

Nielsen, S.H.; Mygind, N.D.; Michelsen, M.M.; Bechsgaard, D.E,; Suhrs, H.E.; Genovese, F.; Nielsen, H.B.; Brix, S.; Karsdal, M.;
Prescott, E.; et al. Accelerated collagen turnover in women with angina pectoris without obstructive coronary artery disease: An
iPOWER substudy. Eur. J. Prev. Cardiol. 2018, 25, 719-727. [CrossRef]

Yokota, T.; McCourt, J.; Ma, F; Ren, S.; Li, S.; Kim, T.-H.; Kurmangaliyev, Y.Z.; Nasiri, R.; Ahadian, S.; Nguyen, T.; et al. Type V
Collagen in Scar Tissue Regulates the Size of Scar after Heart Injury. Cell 2020, 182, 545-562.e23. [CrossRef]

Genovese, F.; A Manresa, A.; Leeming, D.].; Karsdal, M.A.; Boor, P. The extracellular matrix in the kidney: A source of novel
non-invasive biomarkers of kidney fibrosis? Fibrogenes. Tissue Repair 2014, 7, 4. [CrossRef]

Henriksen, K.; Genovese, F.; Reese-Petersen, A.; Audoly, L.P.,; Sun, K.; Karsdal, M.A.; Scherer, P.E. Endotrophin, a Key Marker and
Driver for Fibroinflammatory Disease. Endocr. Rev. 2023, 45, 361-378. [CrossRef] [PubMed]

Genovese, F; Bager, C.; Frederiksen, P.; Vazquez, D.; Sand, ].M.B.; Jenkins, R.G.; Maher, T.M.; Stewart, I.D.; Molyneaux, P.L.;
Fahy, W.A_; et al. The fibroblast hormone Endotrophin is a biomarker of mortality in chronic diseases. Matrix Biol. 2024, 132, 1-9.
[CrossRef] [PubMed]

Kamphaus, G.D.; Colorado, P.C.; Panka, D.J.; Hopfer, H.; Ramchandran, R.; Torre, A.; Maeshima, Y.; Mier, ] W.; Sukhatme, V.P;
Kalluri, R. Canstatin, a novel matrix-derived inhibitor of angiogenesis and tumor growth. J. Biol. Chem. 2000, 275, 1209-1215.
[CrossRef] [PubMed]

Reese-Petersen, A.L.; Olesen, M.S.; Karsdal, M.A.; Svendsen, ].H.; Genovese, F. Atrial fibrillation and cardiac fibrosis: A review
on the potential of extracellular matrix proteins as biomarkers. Matrix Biol. 2020, 91-92, 188-203. [CrossRef]

Nielsen, S.H.; Tengryd, C.; Edsfeldt, A.; Brix, S.; Genovese, F,; Bengtsson, E.; Karsdal, M.; Leeming, D.J.; Nilsson, J.; Goncalves, L
A biomarker of collagen type I degradation is associated with cardiovascular events and mortality in patients with atherosclerosis.
J. Intern. Med. 2018, 285, 118-123. [CrossRef]

Bertelsen, D.M.; Neergaard, J.S.; Bager, C.L.; Nielsen, S.H.; Secher, N.H.; Svendsen, ].H.; Bihlet, A.R.; Andersen, J.R.; Karsdal,
M.A.; Christiansen, C.; et al. Matrix Metalloproteinase Mediated Type I Collagen Degradation is an Independent Predictor of
Increased Risk of Acute Myocardial Infarction in Postmenopausal Women. Sci. Rep. 2018, 8, 5371. [CrossRef]

Dragsbeek, K.; Neergaard, ].; Hansen, H.; Byrjalsen, I.; Alexandersen, P.; Kehlet, S.; Bay-Jensen, A.-C.; Christiansen, C.; Karsdal,
M. Matrix Metalloproteinase Mediated Type I Collagen Degradation—An Independent Risk Factor for Mortality in Women.
eBioMedicine 2015, 2, 723-729. [CrossRef]

Wang, J.; Yang, B.; Chandra, ].; Ivanov, A.; Brown, ].M.; Rieder, F. Preventing fibrosis in IBD: Update on immune pathways and
clinical strategies. Expert Rev. Clin. Immunol. 2024, 20, 727-734. [CrossRef]


https://doi.org/10.1038/srep42725
https://doi.org/10.1126/sciadv.aba1983
https://doi.org/10.1164/rccm.202110-2296OC
https://www.ncbi.nlm.nih.gov/pubmed/35438610
https://doi.org/10.1016/j.isci.2023.108345
https://www.ncbi.nlm.nih.gov/pubmed/38026226
https://doi.org/10.1016/j.jbc.2024.107300
https://www.ncbi.nlm.nih.gov/pubmed/38641066
https://doi.org/10.1002/ejhf.2394
https://doi.org/10.1002/ehf2.14086
https://doi.org/10.1016/j.ccell.2022.06.011
https://doi.org/10.1002/ejhf.3101
https://doi.org/10.1177/2047487318758750
https://doi.org/10.1016/j.cell.2020.06.030
https://doi.org/10.1186/1755-1536-7-4
https://doi.org/10.1210/endrev/bnad036
https://www.ncbi.nlm.nih.gov/pubmed/38091968
https://doi.org/10.1016/j.matbio.2024.06.003
https://www.ncbi.nlm.nih.gov/pubmed/38871093
https://doi.org/10.1074/jbc.275.2.1209
https://www.ncbi.nlm.nih.gov/pubmed/10625665
https://doi.org/10.1016/j.matbio.2020.03.005
https://doi.org/10.1111/joim.12819
https://doi.org/10.1038/s41598-018-23458-4
https://doi.org/10.1016/j.ebiom.2015.04.017
https://doi.org/10.1080/1744666X.2024.2330604

J. Clin. Med. 2025, 14, 1856 41 of 50

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

De Bruyn, J.R.; Becker, M.A_; Steenkamer, J.; Wildenberg, M.E.; Meijer, S.L.; Buskens, C.J.; Bemelman, W.A.; Léwenberg, M.;
Ponsioen, C.Y.; van den Brink, G.R;; et al. Intestinal fibrosis is associated with lack of response to Infliximab therapy in Crohn’s
disease. PLoS ONE 2018, 13, €0190999. [CrossRef]

Mukherjee, PK.; Nguyen, Q.T.; Li, J.; Zhao, S.; Christensen, S.M.; West, G.A.; Chandra, J.; Gordon, 1.O; Lin, S.; Wang, J;
et al. Stricturing Crohn’s Disease Single-Cell RNA Sequencing Reveals Fibroblast Heterogeneity and Intercellular Interactions.
Gastroenterology 2023, 165, 1180-1196. [CrossRef]

Honap, S.; Jairath, V.; Danese, S.; Peyrin-Biroulet, L. Navigating the complexities of drug development for inflammatory bowel
disease. Nat. Rev. Drug Discov. 2024, 23, 546-562. [CrossRef]

Pehrsson, M.; Alexdéttir, M.S.; Karsdal, M.A.; Thakker, P.; Mortensen, J. Novel fibro-inflammatory biomarkers associated with
disease activity in patients with Crohn’s disease. Expert Rev. Gastroenterol. Hepatol. 2023, 17, 575-587. [CrossRef]

Lin, S.-N.; Musso, A.; Wang, ].; Mukherjee, PK.; West, G.A.; Mao, R.; Lyu, R.; Li, ].; Zhao, S.; Elias, M.; et al. Human intestinal
myofibroblasts deposited collagen VI enhances adhesiveness for T cells—A novel mechanism for maintenance of intestinal
inflammation. Matrix Biol. 2022, 113, 1-21. [CrossRef] [PubMed]

Nielsen, S.H.; Mortensen, J.H.; Willumsen, N.; Rasmussen, D.G.K.; Mogensen, D.J.; Di Sabatino, A.; Mazza, G.; Jergensen,
L.N.; Giuffrida, P; Pinzani, M; et al. A Fragment of Collagen Type VI alpha-3 chain is Elevated in Serum from Patients with
Gastrointestinal Disorders. Sci. Rep. 2020, 10, 5910. [CrossRef] [PubMed]

Kong, L.; Pokatayev, V.; Lefkovith, A.; Carter, G.T.; Creasey, E.A.; Krishna, C.; Subramanian, S.; Kochar, B.; Ashenberg, O.; Lau, H,;
et al. The landscape of immune dysregulation in Crohn’s disease revealed through single-cell transcriptomic profiling in the
ileum and colon. Immunity 2023, 56, 444-458.e5. [CrossRef]

Mennillo, E.; Kim, Y.J.; Lee, G.; Rusu, L; Patel, RK.; Dorman, L.C.; Flynn, E.; Li, S.; Bain, J.L.; Andersen, C.; et al. Single-cell and
spatial multi-omics highlight effects of anti-integrin therapy across cellular compartments in ulcerative colitis. Nat. Commun.
2024, 15, 1493. [CrossRef] [PubMed]

Mao, R; Kurada, S.; Gordon, 1.O.; Baker, M.E.; Gandhi, N.; McDonald, C.; Coffey, ].C.; Rieder, F. The Mesenteric Fat and Intestinal
Muscle Interface: Creeping Fat Influencing Stricture Formation in Crohn’s Disease. Inflamm. Bowel Dis. 2018, 25, 421-426.
[CrossRef]

Mortensen, J.H.; Bay-Jensen, A.-C.; Karsdal, M.A.; Ostanin, D.; Galinsky, K.; Aubrecht, J.; Yajnik, V. Su435 Biomarkers of
extracellular matrix remodeling identify responders to vedolizumab therapy in subjects with ulcerative colitis in the Gemini I
study. Gastroenterology 2021, 160, S-688. [CrossRef]

Czarnewski, P,; Parigi, S.M.; Sorini, C.; Diaz, O.E.; Das, S.; Gagliani, N.; Villablanca, E.]. Conserved transcriptomic profile between
mouse and human colitis allows unsupervised patient stratification. Nat. Commun. 2019, 10, 2892. [CrossRef]

De Vries, L.; Wildenberg, M.; De Jonge, W.; D’haens, G. The Future of Janus Kinase Inhibitors in Inflammatory Bowel Disease.
J. Crohn’s Colitis 2017, 11, 885-893. [CrossRef]

Lu, C.; Rosentreter, R.; Delisle, M.; White, M.; Parker, C.E.; Premji, Z.; Wilson, S.R.; Baker, M.E.; Bhatnagar, G.; Begun, J.; et al.
Systematic review: Defining, diagnosing and monitoring small bowel strictures in Crohn’s disease on intestinal ultrasound.
Aliment. Pharmacol. Ther. 2024, 59, 928-940. [CrossRef]

Rieder, F.; Mukherjee, PX.; Massey, W.].; Wang, Y.; Fiocchi, C. Fibrosis in IBD: From pathogenesis to therapeutic targets. Gut 2024,
73, 854-866. [CrossRef] [PubMed]

Roblin, X.; Serone, A.; Yoon, O.K.; Zhuo, L.; Grant, E.; Woo, J.; Liy, J.; Galien, R.; D’haens, G. Effects of JAK1-Preferential Inhibitor
Filgotinib on Circulating Biomarkers and Whole Blood Genes/Pathways of Patients with Moderately to Severely Active Crohn’s
Disease. Inflamm. Bowel Dis. 2021, 28, 1207-1218. [CrossRef]

Liu, J.; Wang, F.; Luo, F. The Role of JAK/STAT Pathway in Fibrotic Diseases: Molecular and Cellular Mechanisms. Biomolecules
2023, 13, 119. [CrossRef] [PubMed]

Malabarba, M.G.; Rui, H.; Deutsch, H.H.J.; Chung, ].; Kalthoff, ES.; Farrar, W.L.; Kirken, R.A. Interleukin-13 is a potent activator
of JAK3 and STAT6 in cells expressing interleukin-2 receptor-y and interleukin-4 receptor-«. Biochem. ]. 1996, 319, 865-872.
[CrossRef] [PubMed]

Monteleone, G.; Boirivant, M.; Pallone, F.; MacDonald, T.T. TGF-$1 and Smad? in the regulation of IBD. Mucosal Immunol. 2008, 1,
S50-S53. [CrossRef]

Del Zotto, B.; Mumolo, G.; Pronio, A.M.; Montesani, C.; Tersigni, R.; Boirivant, M. TGF-1 production in inflammatory bowel
disease: Differing production patterns in Crohn’s disease and ulcerative colitis. Clin. Exp. Immunol. 2003, 134, 120-126. [CrossRef]
Lawrance, I.C.; Maxwell, L.; Doe, W. Inflammation Location, But Not Type, Determines the Increase in TGF-$1 and IGF-1
Expression and Collagen Deposition in IBD Intestine. Inflamm. Bowel Dis. 2001, 7, 16-26. [CrossRef]

Madsen, S.F.; Madsen, S.S.; Madrid, A.S.; Andersen, M.R.; Bay-Jensen, A.-C.; Thudium, C.S. Fibrotic remodeling in joint diseases:
Induction and inhibition of fibrosis in fibroblast-like synoviocytes. Transl. Med. Commun. 2024, 9, 18. [CrossRef]


https://doi.org/10.1371/journal.pone.0190999
https://doi.org/10.1053/j.gastro.2023.07.014
https://doi.org/10.1038/s41573-024-00953-0
https://doi.org/10.1080/17474124.2023.2212158
https://doi.org/10.1016/j.matbio.2022.09.001
https://www.ncbi.nlm.nih.gov/pubmed/36108990
https://doi.org/10.1038/s41598-020-62474-1
https://www.ncbi.nlm.nih.gov/pubmed/32245981
https://doi.org/10.1016/j.immuni.2023.01.002
https://doi.org/10.1038/s41467-024-45665-6
https://www.ncbi.nlm.nih.gov/pubmed/38374043
https://doi.org/10.1093/ibd/izy331
https://doi.org/10.1016/S0016-5085(21)02357-X
https://doi.org/10.1038/s41467-019-10769-x
https://doi.org/10.1093/ecco-jcc/jjx003
https://doi.org/10.1111/apt.17918
https://doi.org/10.1136/gutjnl-2023-329963
https://www.ncbi.nlm.nih.gov/pubmed/38233198
https://doi.org/10.1093/ibd/izab253
https://doi.org/10.3390/biom13010119
https://www.ncbi.nlm.nih.gov/pubmed/36671504
https://doi.org/10.1042/bj3190865
https://www.ncbi.nlm.nih.gov/pubmed/8920992
https://doi.org/10.1038/mi.2008.55
https://doi.org/10.1046/j.1365-2249.2003.02250.x
https://doi.org/10.1097/00054725-200102000-00003
https://doi.org/10.1186/s41231-024-00180-0

J. Clin. Med. 2025, 14, 1856 42 of 50

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Holvoet, T.; Devriese, S.; Castermans, K.; Boland, S.; Leysen, D.; Vandewynckel, Y.-P.; Devisscher, L.; Van den Bossche, L.; Van
Welden, S.; Dullaers, M.; et al. Treatment of Intestinal Fibrosis in Experimental Inflammatory Bowel Disease by the Pleiotropic
Actions of a Local Rho Kinase Inhibitor. Gastroenterology 2017, 153, 1054-1067. [CrossRef]

Huang, Y.; Xiao, S.; Jiang, Q. Role of Rho kinase signal pathway in inflammatory bowel disease. Int. J. Clin. Exp. Med. 2015, 8,
3089-3097.

Xiong, S.; Whitehurst, C.E.; Li, L.; Heo, G.S.; Lai, C.-W.; Jain, U.; Muegge, B.D.; Espenschied, S.T.; Musich, R.J.; Chen, M.; et al.
Reverse translation approach generates a signature of penetrating fibrosis in Crohn’s disease that is associated with anti-TNF
response. Gut 2021, 71, 1289-1301. [CrossRef]

Delgado-Rizo, V.; Martinez-Guzman, M. A ; Iniguez-Gutierrez, L.; Garcia-Orozco, A.; Alvarado-Navarro, A.; Fafutis-Morris, M.
Neutrophil Extracellular Traps and Its Implications in Inflammation: An Overview. Front. Immunol. 2017, 8, 81. [CrossRef]
[PubMed]

Bennike, T.B.; Carlsen, T.G.; Ellingsen, T.; Bonderup, O.K.; Glerup, H.; Bagsted, M.; Christiansen, G.; Birkelund, S.; Stensballe, A.;
Andersen, V. Neutrophil Extracellular Traps in Ulcerative Colitis: A proteome analysis of intestinal biopsies. Inflamm. Bowel Dis.
2015, 21, 2052-2067. [CrossRef] [PubMed]

Alexdottir, M.S.; Bourgonje, A.R.; Karsdal, M.A.; Pehrsson, M.; Loveikyte, R.; van Dullemen, H.M.; Visschedijk, M.C.; Festen,
E.AM.; Weersma, R.K.; Faber, K.N.; et al. Serological Biomarkers of Extracellular Matrix Turnover and Neutrophil Activity Are
Associated with Long-Term Use of Vedolizumab in Patients with Crohn’s Disease. Int. ]. Mol. Sci. 2022, 23, 8137. [CrossRef]
Mortensen, J.H.; Sinkeviciute, D.; Manon-Jensen, T.; Domislovi¢, V.; McCall, K.; Thudium, C.S.; Brinar, M.; Onnerfjord, P;
Goodyear, C.S.; Krznari¢, Z.; et al. A Specific Calprotectin Neo-epitope [CPa9-HNE] in Serum from Inflammatory Bowel Disease
Patients Is Associated with Neutrophil Activity and Endoscopic Severity. J. Crohn’s Colitis 2022, 16, 1447-1460. [CrossRef]
Schroder, A.L.; Chami, B.; Liu, Y.; Doyle, C.M.; El Kazzi, M.; Ahlenstiel, G.; Ahmad, G.; Pathma-Nathan, N.; Collins, G.; Toh, J.;
et al. Neutrophil Extracellular Trap Density Increases with Increasing Histopathological Severity of Crohn’s Disease. Inflamm.
Bowel Dis. 2021, 28, 586-598. [CrossRef] [PubMed]

Dragoni, G.; Ke, B.-].; Picariello, L.; Abdurahiman, S.; Ceni, E.; Biscu, F.,; Mello, T.; Polvani, S.; Innocenti, T.; Spalart, V.; et al. The
Impact of Peptidyl Arginine Deiminase 4-Dependent Neutrophil Extracellular Trap Formation on the Early Development of
Intestinal Fibrosis in Crohn'’s Disease. . Crohn’s Colitis 2024, 19, jjae121. [CrossRef]

Bay-Jensen, A.C.; Platt, A.; Siebuhr, A.S.; Christiansen, C.; Byrjalsen, I.; Karsdal, M.A. Early changes in blood-based joint tissue
destruction biomarkers are predictive of response to tocilizumab in the LITHE study. Arthritis Res. Ther. 2016, 18, 13. [CrossRef]
Karsdal, M.A.; Bay-Jensen, A.C.; Leeming, D.J.; Henriksen, K.; Christiansen, C. Quantification of “end products” of tissue
destruction in inflammation may reflect convergence of cytokine and signaling pathways—Implications for modern clinical
chemistry. Biomarkers 2013, 18, 375-378. [CrossRef]

Madsen, S.F,; Sinkeviciute, D.; Thudium, C.S.; Karsdal, M.A.; Bay-Jensen, A.-C. The fibroid phenotype of biological naive patients
with rheumatoid arthritis are less likely to respond to anti-IL-6R treatment. Sci. Rep. 2024, 14, 10751. [CrossRef] [PubMed]
Rivellese, E; Surace, A.E.A.; Goldmann, K.; Sciacca, E.; Cubuk, C.; Giorli, G.; John, C.R.; Nerviani, A.; Fossati-Jimack, L.; Thorborn,
G.; et al. Rituximab versus tocilizumab in rheumatoid arthritis: Synovial biopsy-based biomarker analysis of the phase 4 R4RA
randomized trial. Nat. Med. 2022, 28, 1256-1268. [CrossRef] [PubMed]

Ravn, P; Clemmesen, B.; Christiansen, C. Biochemical markers can predict the response in bone mass during alendronate
treatment in early postmenopausal women. Bone 1999, 24, 237-244. [CrossRef] [PubMed]

Bay-Jensen, A.C.; Siebuhr, A.S.; Damgaard, D.; Drobinski, P.; Thudium, C.; Mortensen, J.; Nielsen, C.H. Objective and noninvasive
biochemical markers in rheumatoid arthritis: Where are we and where are we going? Expert Rev. Proteom. 2021, 18, 159-175.
[CrossRef]

Schett, G.; Loza, M.].; Palanichamy, A.; FitzGerald, O.; Ritchlin, C.; Bay-Jensen, A.-C.; Nielsen, S.H.; Gao, S.; Hsia, E.C.; Kollmeier,
AP; et al. Collagen Turnover Biomarkers Associate with Active Psoriatic Arthritis and Decrease with Guselkumab Treatment in a
Phase 3 Clinical Trial (DISCOVER-2). Rheumatol. Ther. 2022, 9, 1017-1030. [CrossRef]

Gabay, C.; Msihid, J.; Zilberstein, M.; Paccard, C.; Lin, Y.; Graham, N.M.H.; Boyapati, A. Identification of sarilumab pharmacody-
namic and predictive markers in patients with inadequate response to TNF inhibition: A biomarker substudy of the phase 3
TARGET study. RMD Open 2018, 4, e000607. [CrossRef]

Thudium, C.S.; Bay-Jensen, A.C.; Cahya, S.; Dow, E.R.; Karsdal, M.A.; Koch, A.E.; Zhang, W.; Benschop, R.]. The Janus kinase 1/2
inhibitor baricitinib reduces biomarkers of joint destruction in moderate to severe rheumatoid arthritis. Arthritis Res. Ther. 2020,
22,235, [CrossRef]

Port, H.; Christiansen, F.; Nielsen, S.H.; Frederiksen, P.; Bay-Jensen, A.-C.; Karsdal, M.A ; Seven, S.; Serensen, 1L].; Loft, A.G;
Madsen, O.R; et al. Identification of patient endotypes and adalimumab treatment responders in axial spondyloarthritis using
blood-derived extracellular matrix biomarkers. RMD Open 2024, 10, e003769. [CrossRef]


https://doi.org/10.1053/j.gastro.2017.06.013
https://doi.org/10.1136/gutjnl-2020-323405
https://doi.org/10.3389/fimmu.2017.00081
https://www.ncbi.nlm.nih.gov/pubmed/28220120
https://doi.org/10.1097/MIB.0000000000000460
https://www.ncbi.nlm.nih.gov/pubmed/25993694
https://doi.org/10.3390/ijms23158137
https://doi.org/10.1093/ecco-jcc/jjac047
https://doi.org/10.1093/ibd/izab239
https://www.ncbi.nlm.nih.gov/pubmed/34724042
https://doi.org/10.1093/ecco-jcc/jjae121
https://doi.org/10.1186/s13075-015-0913-x
https://doi.org/10.3109/1354750X.2013.789084
https://doi.org/10.1038/s41598-024-61435-2
https://www.ncbi.nlm.nih.gov/pubmed/38730088
https://doi.org/10.1038/s41591-022-01789-0
https://www.ncbi.nlm.nih.gov/pubmed/35589854
https://doi.org/10.1016/S8756-3282(98)00183-5
https://www.ncbi.nlm.nih.gov/pubmed/10071916
https://doi.org/10.1080/14789450.2021.1908892
https://doi.org/10.1007/s40744-022-00444-x
https://doi.org/10.1136/rmdopen-2017-000607
https://doi.org/10.1186/s13075-020-02340-7
https://doi.org/10.1136/rmdopen-2023-003769

J. Clin. Med. 2025, 14, 1856 43 of 50

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Drobinski, PJ.; Bay-Jensen, A.C.; Karsdal, M.A ; Sardar, S.; Siebuhr, A.S. Connective tissue remodelling is differently modulated
by tocilizumab versus methotrexate monotherapy in patients with early rheumatoid arthritis: The AMBITION study. Arthritis
Res. Ther. 2021, 23, 13. [CrossRef]

Sheng, X.R.; Gao, X.; Schiffman, C.; Jiang, J.; Ramalingam, T.R.; Lin, C.J.; Khanna, D.; Neighbors, M. Biomarkers of fibrosis,
inflammation, and extracellular matrix in the phase 3 trial of tocilizumab in systemic sclerosis. Clin. Immunol. 2023, 254, 109695.
[CrossRef]

Kearsley-Fleet, L.; Davies, R.; De Cock, D.; Watson, K.D.; Lunt, M.; Buch, M.H.; Isaacs, ].D.; Hyrich, K.L. Biologic refractory
disease in theumatoid arthritis: Results from the British Society for Rheumatology Biologics Register for Rheumatoid Arthritis.
Ann. Rheum. Dis. 2018, 77, 1405-1412. [CrossRef] [PubMed]

Nagy, G.; Roodenrijs, N.M.T.; Welsing, PM.; Kedves, M.; Hamar, A.; van der Goes, M.C.; Kent, A.; Bakkers, M.; Blaas, E.; Senolt,
L.; et al. EULAR definition of difficult-to-treat rheumatoid arthritis. Ann. Rheum. Dis. 2021, 80, 31-35. [CrossRef]

Orange, D.E.; Agius, P,; DiCarlo, E.F; Robine, N.; Geiger, H.; Szymonifka, J.; McNamara, M.; Cummings, R.; Andersen, KM.;
Mirza, S.; et al. Identification of Three Rheumatoid Arthritis Disease Subtypes by Machine Learning Integration of Synovial
Histologic Features and RNA Sequencing Data. Arthritis Rheumatol. 2018, 70, 690-701. [CrossRef] [PubMed]

Nerviani, A.; Di Cicco, M.; Mahto, A.; Lliso-Ribera, G.; Rivellese, E; Thorborn, G.; Hands, R.; Bellan, M.; Mauro, D.; Boutet, M.-A.;
et al. A Pauci-Immune Synovial Pathotype Predicts Inadequate Response to TNFo-Blockade in Rheumatoid Arthritis Patients.
Front. Immunol. 2020, 11, 845. [CrossRef] [PubMed]

Zhang, F,; Jonsson, A.H.; Nathan, A.; Millard, N.; Curtis, M.; Xiao, Q.; Gutierrez-Arcelus, M.; Apruzzese, W.; Watts, GEM,;
Weisenfeld, D.; et al. Deconstruction of rheumatoid arthritis synovium defines inflammatory subtypes. Nature 2023, 623, 616-624.
[CrossRef]

Dennis, G., Jr.; Holweg, C.T.J.; Kummerfeld, S.K.; Choy, D.E; Setiadi, A .F.; Hackney, J.A.; Haverty, PM.; Gilbert, H.; Lin, W.Y,;
Diehl, L.; et al. Synovial phenotypes in rheumatoid arthritis correlate with response to biologic therapeutics. Arthritis Res. Ther.
2014, 16, R90. [CrossRef]

Lewis, M.J.; Barnes, M.R.; Blighe, K.; Goldmann, K.; Rana, S.; Hackney, J.A.; Ramamoorthi, N.; John, C.R.; Watson, D.S;
Kummerfeld, S.K.; et al. Molecular Portraits of Early Rheumatoid Arthritis Identify Clinical and Treatment Response Phenotypes.
Cell Rep. 2019, 28, 2455-2470.e5. [CrossRef]

Iyer, P; Lee, Y.C. Why It Hurts. Rheum. Dis. Clin. N. Am. 2021, 47, 229-244. [CrossRef]

Bai, Z.; Bartelo, N.; Aslam, M.; Hale, C.; Blachere, N.E.; Parveen, S.; Spolaore, E.; DiCarlo, E.; Gravallese, E.; Smith, M.H.; et al.
Machine Learning Reveals Synovial Fibroblast Genes Associated with Pain Affect Sensory Nerve Growth in Rheumatoid Arthritis.
medRxiv 2023. [CrossRef]

Johnson, W.E.B.; Sivan, S.; Wright, K.T.; Eisenstein, S.M.; Maroudas, A.; Roberts, S. Human Intervertebral Disc Cells Promote
Nerve Growth Over Substrata of Human Intervertebral Disc Aggrecan. Spine 2006, 31, 1187-1193. [CrossRef]

Croft, A.P; Campos, |.; Jansen, K.; Turner, ].D.; Marshall, J.; Attar, M.; Savary, L.; Wehmeyer, C.; Naylor, A.].; Kemble, S.; et al.
Distinct fibroblast subsets drive inflammation and damage in arthritis. Nature 2019, 570, 246-251. [CrossRef] [PubMed]

Jiang, W.; Glaeser, ].D.; Kaneda, G.; Sheyn, J.; Wechsler, ].T.; Stephan, S.; Salehi, K.; Chan, J.L.; Tawackoli, W.; Avalos, P.; et al.
Intervertebral disc human nucleus pulposus cells associated with back pain trigger neurite outgrowth in vitro and pain behaviors
in rats. Sci. Transl. Med. 2023, 15, eadg7020. [CrossRef]

Richardson, S.M.; Purmessur, D.; Baird, P.; Probyn, B.; Freemont, A.J.; Hoyland, J.A. Degenerate Human Nucleus Pulposus Cells
Promote Neurite Outgrowth in Neural Cells. PLoS ONE 2012, 7, e47735. [CrossRef] [PubMed]

Nanus, D.E.; Badoume, A.; Wijesinghe, S.N.; Halsey, A.M.; Hurley, P.; Ahmed, Z.; Botchu, R.; Davis, E.T.; Lindsay, M.A; Jones,
S.W. Synovial tissue from sites of joint pain in knee osteoarthritis patients exhibits a differential phenotype with distinct fibroblast
subsets. eBioMedicine 2021, 72, 103618. [CrossRef] [PubMed]

Marsh, L.; Kemble, S.; Nisa, P.R.; Singh, R.; Croft, A.P. Fibroblast pathology in inflammatory joint disease. Immunol. Rev. 2021, 302,
163-183. [CrossRef]

Gauthier, V.; Kyriazi, M.; Nefla, M.; Pucino, V.; Raza, K.; Buckley, C.D.; Alsaleh, G. Fibroblast heterogeneity: Keystone of tissue
homeostasis and pathology in inflammation and ageing. Front. Immunol. 2023, 14, 1137659. [CrossRef]

Davidson, S.; Coles, M.; Thomas, T.; Kollias, G.; Ludewig, B.; Turley, S.; Brenner, M.; Buckley, C.D. Fibroblasts as immune
regulators in infection, inflammation and cancer. Nat. Rev. Immunol. 2021, 21, 704-717. [CrossRef]

Alivernini, S.; Firestein, G.S.; McInnes, I.B. The pathogenesis of rheumatoid arthritis. Immunity 2022, 55, 2255-2270. [CrossRef]
Culemann, S.; Griineboom, A.; Nicolas-Avila, ].A.; Weidner, D.; Limmle, K.E,; Rothe, T.; Quintana, J.A.; Kirchner, P.; Krljanac, B.;
Eberhardt, M.; et al. Locally renewing resident synovial macrophages provide a protective barrier for the joint. Nature 2019, 572,
670-675. [CrossRef]

Wei, K.; Korsunsky, I.; Marshall, J.L.; Gao, A.; Watts, G.EM.; Major, T.; Croft, A.P.; Watts, ].; Blazar, PE.; Lange, ].K.; et al. Notch
signalling drives synovial fibroblast identity and arthritis pathology. Nature 2020, 582, 259-264. [CrossRef]


https://doi.org/10.1186/s13075-020-02378-7
https://doi.org/10.1016/j.clim.2023.109695
https://doi.org/10.1136/annrheumdis-2018-213378
https://www.ncbi.nlm.nih.gov/pubmed/29980575
https://doi.org/10.1136/annrheumdis-2020-217344
https://doi.org/10.1002/art.40428
https://www.ncbi.nlm.nih.gov/pubmed/29468833
https://doi.org/10.3389/fimmu.2020.00845
https://www.ncbi.nlm.nih.gov/pubmed/32431716
https://doi.org/10.1038/s41586-023-06708-y
https://doi.org/10.1186/ar4555
https://doi.org/10.1016/j.celrep.2019.07.091
https://doi.org/10.1016/j.rdc.2020.12.008
https://doi.org/10.1101/2023.08.17.23294232
https://doi.org/10.1097/01.brs.0000217669.04903.61
https://doi.org/10.1038/s41586-019-1263-7
https://www.ncbi.nlm.nih.gov/pubmed/31142839
https://doi.org/10.1126/scitranslmed.adg7020
https://doi.org/10.1371/journal.pone.0047735
https://www.ncbi.nlm.nih.gov/pubmed/23091643
https://doi.org/10.1016/j.ebiom.2021.103618
https://www.ncbi.nlm.nih.gov/pubmed/34628351
https://doi.org/10.1111/imr.12986
https://doi.org/10.3389/fimmu.2023.1137659
https://doi.org/10.1038/s41577-021-00540-z
https://doi.org/10.1016/j.immuni.2022.11.009
https://doi.org/10.1038/s41586-019-1471-1
https://doi.org/10.1038/s41586-020-2222-z

J. Clin. Med. 2025, 14, 1856 44 of 50

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Kemble, S.; Croft, A.P. Critical Role of Synovial Tissue—Resident Macrophage and Fibroblast Subsets in the Persistence of Joint
Inflammation. Front. Immunol. 2021, 12, 715894. [CrossRef] [PubMed]

Smith, M.H.; Gao, V.R; Periyakoil, PK.; Kochen, A.; DiCarlo, E.E; Goodman, S.M.; Norman, T.M.; Donlin, L.T.; Leslie, C.S.;
Rudensky, A.Y. Drivers of heterogeneity in synovial fibroblasts in rheumatoid arthritis. Nat. Immunol. 2023, 24, 1200-1210.
[CrossRef] [PubMed]

Cooreman, M.P; Butler, ].; Giugliano, R.P; Zannad, F.; Dzen, L.; Huot-Marchand, P; Baudin, M.; Beard, D.R.; Junien, ].-L.; Broqua,
P; et al. The pan-PPAR agonist lanifibranor improves cardiometabolic health in patients with metabolic dysfunction-associated
steatohepatitis. Nat. Commun. 2024, 15, 3962. [CrossRef]

Francque, S.M.; Bedossa, P; Ratziu, V.; Anstee, Q.M.; Bugianesi, E.; Sanyal, A.J.; Loomba, R.; Harrison, S.A.; Balabanska, R.;
Mateva, L.; et al. A Randomized, Controlled Trial of the Pan-PPAR Agonist Lanifibranor in NASH. N. Engl. |. Med. 2021, 385,
1547-1558. [CrossRef] [PubMed]

Cooreman, M.P,; Vonghia, L.; Francque, S.M. MASLD/MASH and type 2 diabetes: Two sides of the same coin? From single PPAR
to pan-PPAR agonists. Diabetes Res. Clin. Pract. 2024, 212, 111688. [CrossRef]

Mittal, S.; El-Serag, H.B.; Sada, Y.H.; Kanwal, F.; Duan, Z.; Temple, S.; May, S.B.; Kramer, J.R.; Richardson, P.A.; Davila, J.A.
Hepatocellular Carcinoma in the Absence of Cirrhosis in United States Veterans Is Associated with Nonalcoholic Fatty Liver
Disease. Clin. Gastroenterol. Hepatol. 2016, 14, 124-131.el. [CrossRef]

Jackson, J.W,; Streich, EC., Jr.; Pal, A.; Coricor, G.; Boston, C.; Brueckner, C.T.; Canonico, K.; Chapron, C.; Cote, S.; Dagbay, K.B.;
et al. An antibody that inhibits TGF-31 release from latent extracellular matrix complexes attenuates the progression of renal
fibrosis. Sci. Signal. 2024, 17, eadn6052. [CrossRef]

Herndndez-Gea, V.; Ghiassi-Nejad, Z.; Rozenfeld, R.; Gordon, R.; Fiel, M.L; Yue, Z.; Czaja, M.].; Friedman, S.L. Autophagy
Releases Lipid That Promotes Fibrogenesis by Activated Hepatic Stellate Cells in Mice and in Human Tissues. Gastroenterology
2012, 142, 938-946. [CrossRef]

Sousa, C.M.; Biancur, D.E.; Wang, X.; Halbrook, C.J.; Sherman, M.H.; Zhang, L.; Kremer, D.; Hwang, R.F.; Witkiewicz, A K; Ying,
H.; et al. Pancreatic stellate cells support tumour metabolism through autophagic alanine secretion. Nature 2016, 536, 479-483.
[CrossRef]

Wang, S.; Li, K,; Pickholz, E.; Dobie, R.; Matchett, K.P.; Henderson, N.C.; Carrico, C.; Driver, L; Jensen, M.B.; Chen, L.; et al. An
autocrine signaling circuit in hepatic stellate cells underlies advanced fibrosis in nonalcoholic steatohepatitis. Sci. Transl. Med.
2023, 15, eadd3949. [CrossRef]

Yashaswini, C.N.; Qin, T.; Bhattacharya, D.; Amor, C.; Lowe, S.; Lujambio, A.; Wang, S.; Friedman, S.L. Phenotypes and ontogeny
of senescent hepatic stellate cells in metabolic dysfunction-associated steatohepatitis. J. Hepatol. 2024, 81, 207-217. [CrossRef]
[PubMed]

Amor, C.; Feucht, J.; Leibold, J.; Ho, Y.-J.; Zhu, C.; Alonso-Curbelo, D.; Mansilla-Soto, J.; Boyer, J.A.; Li, X.; Giavridis, T.; et al.
Senolytic CAR T cells reverse senescence-associated pathologies. Nature 2020, 583, 127-132. [CrossRef] [PubMed]

Trinh, V.Q.-H.; Lee, T.-F.,; Lemoinne, S.; Ray, K.C.; Ybanez, M.D.; Tsuchida, T.; Carter, ].K.; Agudo, J.; Brown, B.D.; Akat, KM.; et al.
Hepatic stellate cells maintain liver homeostasis through paracrine neurotrophin-3 signaling that induces hepatocyte proliferation.
Sci. Signal. 2023, 16, eadf6696. [CrossRef]

Sun, X.; Wu, B.; Chiang, H.-C.; Deng, H.; Zhang, X.; Xiong, W.; Liu, J.; Rozeboom, A.M.; Harris, B.T.; Blommaert, E.; et al. Tumour
DDR1 promotes collagen fibre alignment to instigate immune exclusion. Nature 2021, 599, 673-678. [CrossRef]

Jariwala, N.; Ozols, M.; Bell, M.; Bradley, E.; Gilmore, A.; Debelle, L.; Sherratt, M.]. Matrikines as mediators of tissue remodelling.
Adv. Drug Deliv. Rev. 2022, 185, 114240. [CrossRef]

Bernasconi, R.; Thriene, K.; Romero-Ferndndez, E.; Gretzmeier, C.; Kiihl, T.; Maler, M.; Nauroy, P,; Kleiser, S.; Rithl-Muth, A.;
Stumpe, M.; et al. Pro-inflammatory immunity supports fibrosis advancement in epidermolysis bullosa: Intervention with
Ang-(1-7). EMBO Mol. Med. 2021, 13, e14392. [CrossRef] [PubMed]

Zeyer, K.A.; Bornert, O.; Nelea, V.; Bao, X.; Leytens, A.; Sharoyan, S.; Sengle, G.; Antonyan, A.; Bruckner-Tuderman, L.; Dengjel, J.;
et al. Dipeptidyl Peptidase-4-Mediated Fibronectin Processing Evokes a Profibrotic Extracellular Matrix. J. Investig. Dermatol.
2024, 144, 2477-2487.e13. [CrossRef]

Lowe, M.M.; Naik, H.B.; Clancy, S.; Pauli, M.; Smith, K.M.; Bi, Y.; Dunstan, R.; Gudjonsson, J.E.; Paul, M.; Harris, H.; et al.
Immunopathogenesis of hidradenitis suppurativa and response to anti-TNF-o therapy. JCI Investig. 2020, 5, €139932. [CrossRef]
Nielsen, S.H.; Groen, S.S.; Yao, Y.; Jorgensen, A.-H.R.; Nielsen, V.W.; Karsdal, M.; Gehring, K.; Bay-Jensen, A.-C.; Thomsen,
S.F. Biomarkers of tissue turnover and systemic inflammation are associated with disease severity and activity in patients with
hidradenitis suppurativa. J. Investig. Dermatol. 2022, 143, 328-331.e3. [CrossRef]

Gralff, P.; Woerz, D.; Wilzopolski, J.; Voss, A.; Sarrazin, J.; Blimkie, T.M.; Weiner, ]J.; Kershaw, O.; Panwar, P.; Hackett, T.; et al.
Extracellular Matrix Remodeling in Atopic Dermatitis Harnesses the Onset of an Asthmatic Phenotype and Is a Potential
Contributor to the Atopic March. J. Investig. Dermatol. 2023, 144, 1010-1021.e23. [CrossRef]


https://doi.org/10.3389/fimmu.2021.715894
https://www.ncbi.nlm.nih.gov/pubmed/34539648
https://doi.org/10.1038/s41590-023-01527-9
https://www.ncbi.nlm.nih.gov/pubmed/37277655
https://doi.org/10.1038/s41467-024-47919-9
https://doi.org/10.1056/NEJMoa2036205
https://www.ncbi.nlm.nih.gov/pubmed/34670042
https://doi.org/10.1016/j.diabres.2024.111688
https://doi.org/10.1016/j.cgh.2015.07.019
https://doi.org/10.1126/scisignal.adn6052
https://doi.org/10.1053/j.gastro.2011.12.044
https://doi.org/10.1038/nature19084
https://doi.org/10.1126/scitranslmed.add3949
https://doi.org/10.1016/j.jhep.2024.03.014
https://www.ncbi.nlm.nih.gov/pubmed/38508241
https://doi.org/10.1038/s41586-020-2403-9
https://www.ncbi.nlm.nih.gov/pubmed/32555459
https://doi.org/10.1126/scisignal.adf6696
https://doi.org/10.1038/s41586-021-04057-2
https://doi.org/10.1016/j.addr.2022.114240
https://doi.org/10.15252/emmm.202114392
https://www.ncbi.nlm.nih.gov/pubmed/34459121
https://doi.org/10.1016/j.jid.2024.03.020
https://doi.org/10.1172/jci.insight.139932
https://doi.org/10.1016/j.jid.2022.08.049
https://doi.org/10.1016/j.jid.2023.09.278

J. Clin. Med. 2025, 14, 1856 45 of 50

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Eckersley, A.; Morais, M.R.; Ozols, M.; Lennon, R. Peptide location fingerprinting identifies structural alterations within basement
membrane components in ageing kidney. Matrix Biol. 2023, 121, 167-178. [CrossRef] [PubMed]

Denton, C.P.; Khanna, D. Systemic sclerosis. Lancet 2017, 390, 1685-1699. [CrossRef]

Farina, N.; Campochiaro, C.; Lescoat, A.; Benanti, G.; De Luca, G.; Khanna, D.; Dagna, L.; Matucci-Cerinic, M. Drug development
and novel therapeutics to ensure a personalized approach in the treatment of systemic sclerosis. Expert Rev. Clin. Immunol. 2023,
19, 1131-1142. [CrossRef]

Schett, G.; Miiller, F.,; Taubmann, J.; Mackensen, A.; Wang, W.; Furie, R.A.; Gold, R.; Haghikia, A.; Merkel, P.A.; Caricchio, R.; et al.
Advancements and challenges in CAR T cell therapy in autoimmune diseases. Nat. Rev. Rheumatol. 2024, 20, 531-544. [CrossRef]
[PubMed]

Cox, T.R. The matrix in cancer. Nat. Rev. Cancer 2021, 21, 217-238. [CrossRef] [PubMed]

Ashworth, J.C.; Cox, T.R. The importance of 3D fibre architecture in cancer and implications for biomaterial model design. Nat.
Rev. Cancer 2024, 24, 461-479. [CrossRef]

E Mayorca-Guiliani, A.; Madsen, C.D.; Cox, T.R.; Horton, E.R.; A Venning, F; Erler, ].T. ISDoT: In situ decellularization of tissues
for high-resolution imaging and proteomic analysis of native extracellular matrix. Nat. Med. 2017, 23, 890-898. [CrossRef]
Rafaeva, M.; Horton, E.R;; Jensen, A.R.; Madsen, C.D.; Reuten, R.; Willacy, O.; Brechner, C.B.; Jensen, T.H.; Zornhagen, K.W.,;
Crespo, M.; et al. Modeling Metastatic Colonization in a Decellularized Organ Scaffold-Based Perfusion Bioreactor. Adv. Health
Mater. 2021, 11, 2100684. [CrossRef]

Willumsen, N.; Jensen, C.; Green, G.; Nissen, N.I.; Neely, J.; Nelson, D.M.; Pedersen, R.S.; Frederiksen, P.; Chen, I.M.; Boisen, M.K,;
et al. Fibrotic activity quantified in serum by measurements of type III collagen pro-peptides can be used for prognosis across
different solid tumor types. Cell. Mol. Life Sci. 2022, 79, 204. [CrossRef]

Thorlacius-Ussing, J.; Jensen, C.; I Nissen, N.; Cox, T.R.; Kalluri, R.; Karsdal, M.; Willumsen, N. The collagen landscape in cancer:
Profiling collagens in tumors and in circulation reveals novel markers of cancer-associated fibroblast subtypes. J. Pathol. 2023, 262,
22-36. [CrossRef]

Chitty, J.L.; Yam, M.; Perryman, L.; Parker, A.L.; Skhinas, J.N.; Setargew, Y.EI; Mok, E.-TY,; Tran, E.; Grant, R.D.; Latham, S.L.;
et al. A first-in-class pan-lysyl oxidase inhibitor impairs stromal remodeling and enhances gemcitabine response and survival in
pancreatic cancer. Nat. Cancer 2023, 4, 1326-1344. [CrossRef]

Hansen, H.H.; Feigh, M.; Veidal, S.S.; Rigbolt, K.T.; Vrang, N.; Fosgerau, K. Mouse models of nonalcoholic steatohepatitis in
preclinical drug development. Drug Discov. Today 2017, 22, 1707-1718. [CrossRef]

Vacca, M.; Kamzolas, I.; Harder, L.M.; Oakley, F.; Trautwein, C.; Hatting, M.; Ross, T.; Bernardo, B.; Oldenburger, A.; Hjuler,
S.T.; et al. An unbiased ranking of murine dietary models based on their proximity to human metabolic dysfunction-associated
steatotic liver disease (MASLD). Nat. Metab. 2024, 6, 1178-1196. [CrossRef]

Dalbege, L.S.; Christensen, M.; Madsen, M.R,; Secher, T.; Endlich, N.; Drenic’, V.; Manresa-Arraut, A.; Hansen, H.H.; Rune, I;
Fink, L.N.; et al. Nephroprotective Effects of Semaglutide as Mono- and Combination Treatment with Lisinopril in a Mouse
Model of Hypertension-Accelerated Diabetic Kidney Disease. Biomedicines 2022, 10, 1661. [CrossRef]

Dulce, R.A.; Kanashiro-Takeuchi, R.M.; Takeuchi, L.M.; Salerno, A.G.; Wanschel, A.C.B.A.; Kulandavelu, S.; Balkan, W.; Zut-
tion, M.S.S.R;; Cai, R.; Schally, A.V,; et al. Synthetic growth hormone-releasing hormone agonist ameliorates the myocardial
pathophysiology characteristic of heart failure with preserved ejection fraction. Cardiovasc. Res. 2022, 118, 3586-3601. [CrossRef]
Alex, L.; Russo, I.; Holoborodko, V.; Frangogiannis, N.G. Characterization of a mouse model of obesity-related fibrotic cardiomy-
opathy that recapitulates features of human heart failure with preserved ejection fraction. Am. |. Physiol. Heart Circ. Physiol. 2018,
315, H934-H949. [CrossRef]

Withaar, C.; Meems, L.M.G.; Markousis-Mavrogenis, G.; Boogerd, C.J.; Silljé, HH.W.; Schouten, E.M.; Dokter, M.M.; Voors, A.A;
Westenbrink, B.D.; Lam, C.S.P; et al. The effects of liraglutide and dapagliflozin on cardiac function and structure in a multi-hit
mouse model of heart failure with preserved ejection fraction. Cardiovasc. Res. 2020, 117, 2108-2124. [CrossRef]

Tashiro, J.; Rubio, G.A.; Limper, A.H.; Williams, K,; Elliot, S.J.; Ninou, L; Aidinis, V.; Tzouvelekis, A.; Glassberg, M.K. Exploring
Animal Models That Resemble Idiopathic Pulmonary Fibrosis. Front. Med. 2017, 4, 118. [CrossRef]

Cooley, J.C.; Javkhlan, N.; Wilson, J.A.; Foster, D.G.; Edelman, B.L.; Ortiz, L.A.; Schwartz, D.A.; Riches, D.W.; Redente, E.F.
Inhibition of antiapoptotic BCL-2 proteins with ABT-263 induces fibroblast apoptosis, reversing persistent pulmonary fibrosis.
JCI Investig. 2023, 8, €163762. [CrossRef]

Weckerle, J.; Picart-Armada, S.; Klee, S.; Bretschneider, T.; Luippold, A.H.; Rist, W.; Haslinger, C.; Schliiter, H.; Thomas, M.].;
Krawczyk, B.; et al. Mapping the metabolomic and lipidomic changes in the bleomycin model of pulmonary fibrosis in young
and aged mice. Dis. Model. Mech. 2022, 15, dmm049105. [CrossRef]

Strobel, B.; Klein, H.; Leparc, G.; Stierstorfer, B.E.; Gantner, F.; Kreuz, S. Time and phenotype-dependent transcriptome analysis in
AAV-TGFp1 and Bleomycin-induced lung fibrosis models. Sci. Rep. 2022, 12, 12190. [CrossRef]

Rieder, F; Kessler, S.; Sans, M.; Fiocchi, C. Animal models of intestinal fibrosis: New tools for the understanding of pathogenesis
and therapy of human disease. Am. J. Physiol. Liver Physiol. 2012, 303, G786-G801. [CrossRef]


https://doi.org/10.1016/j.matbio.2023.07.001
https://www.ncbi.nlm.nih.gov/pubmed/37437747
https://doi.org/10.1016/S0140-6736(17)30933-9
https://doi.org/10.1080/1744666X.2023.2230370
https://doi.org/10.1038/s41584-024-01139-z
https://www.ncbi.nlm.nih.gov/pubmed/39107407
https://doi.org/10.1038/s41568-020-00329-7
https://www.ncbi.nlm.nih.gov/pubmed/33589810
https://doi.org/10.1038/s41568-024-00704-8
https://doi.org/10.1038/nm.4352
https://doi.org/10.1002/adhm.202100684
https://doi.org/10.1007/s00018-022-04226-0
https://doi.org/10.1002/path.6207
https://doi.org/10.1038/s43018-023-00614-y
https://doi.org/10.1016/j.drudis.2017.06.007
https://doi.org/10.1038/s42255-024-01043-6
https://doi.org/10.3390/biomedicines10071661
https://doi.org/10.1093/cvr/cvac098
https://doi.org/10.1152/ajpheart.00238.2018
https://doi.org/10.1093/cvr/cvaa256
https://doi.org/10.3389/fmed.2017.00118
https://doi.org/10.1172/jci.insight.163762
https://doi.org/10.1242/dmm.049105
https://doi.org/10.1038/s41598-022-16344-7
https://doi.org/10.1152/ajpgi.00059.2012

J. Clin. Med. 2025, 14, 1856 46 of 50

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Xu, Y;; Qian, W,; Huang, L.; Wen, W.; Li, Y.; Guo, F; Zhu, Z,; Li, Z.; Gong, J.; Yu, Z,; et al. Crohn’s disease-associated AIEC
inhibiting intestinal epithelial cell-derived exosomal let-7b expression regulates macrophage polarization to exacerbate intestinal
fibrosis. Gut Microbes 2023, 15, 2193115. [CrossRef]

Mollerhej, M.B.; Veidal, S.S.; Thrane, K.T.; Oré, D.; Overgaard, A.; Salinas, C.G.; Madsen, M.R.; Pfisterer, L.; Vyberg, M.; Simon,
E.; et al. Hepatoprotective effects of semaglutide, lanifibranor and dietary intervention in the GAN diet-induced obese and
biopsy-confirmed mouse model of NASH. Clin. Transl. Sci. 2022, 15, 1167-1186. [CrossRef]

Ahookhosh, K.; Vanoirbeek, J.; Velde, G.V. Lung function measurements in preclinical research: What has been done and where is
it headed? Front. Physiol. 2023, 14, 1130096. [CrossRef]

Li, X.; Bhattacharya, D.; Yuan, Y.; Wei, C.; Zhong, F.; Ding, F; D’agati, V.D.; Lee, K; Friedman, S.L.; He, J.C. Chronic kidney
disease in a murine model of non-alcoholic steatohepatitis (NASH). Kidney Int. 2023, 105, 540-561. [CrossRef]

Juhl, P; Bondesen, S.; Hawkins, C.L.; Karsdal, M.A.; Bay-Jensen, A.-C.; Davies, M.].; Siebuhr, A.S. Dermal fibroblasts have
different extracellular matrix profiles induced by TGF-, PDGF and IL-6 in a model for skin fibrosis. Sci. Rep. 2020, 10, 17300.
[CrossRef]

Adler, M.; Mayo, A.; Zhou, X.; Franklin, R.A.; Meizlish, M.L.; Medzhitov, R.; Kallenberger, S.M.; Alon, U. Principles of Cell
Circuits for Tissue Repair and Fibrosis. iScience 2020, 23, 100841. [CrossRef]

Pekgor, S.; Duran, C.; Berberoglu, U.; Eryilmaz, M.A. The Role of Visceral Adiposity Index Levels in Predicting the Presence of
Metabolic Syndrome and Insulin Resistance in Overweight and Obese Patients. Metab. Syndr. Relat. Disord. 2019, 17, 296-302.
[CrossRef]

Selvarajah, B.; Azuelos, I.; Anastasiou, D.; Chambers, R.C. Fibrometabolism—An emerging therapeutic frontier in pulmonary
fibrosis. Sci. Signal. 2021, 14, aay1027. [CrossRef]

Lin, S.; Wang, J.; Mukherjee, PK.; Mao, R.; West, G.; Czarnecki, D.; Zhao, S.; Nguyen, Q.T; Elias, M.; Massey, W.J.; et al. Milk fat
globule-epidermal growth factor 8 (MFGES) prevents intestinal fibrosis. Gut 2024, 73, 1110-1123. [CrossRef]

Choi, H.; Simpson, D.; Wang, D.; Prescott, M.; Pitsillides, A.A.; Dudhia, J.; Clegg, P.D.; Ping, P.; Thorpe, C.T. Heterogeneity of
proteome dynamics between connective tissue phases of adult tendon. eLife 2020, 9, €55262. [CrossRef]

Naba, A. Ten Years of Extracellular Matrix Proteomics: Accomplishments, Challenges, and Future Perspectives. Mol. Cell. Proteom.
2023, 22, 100528. [CrossRef]

Frattini, T.; Devos, H.; Makridakis, M.; Roubelakis, M.G.; Latosinska, A.; Mischak, H.; Schanstra, J.P.; Vlahou, A.; Saulnier-Blache,
J. Benefits and limits of decellularization on mass-spectrometry-based extracellular matrix proteome analysis of mouse kidney.
Proteomics 2024, 24, €2400052. [CrossRef] [PubMed]

Angelidis, I; Simon, L.M.; Fernandez, 1.E.; Strunz, M.; Mayr, C.H.; Greiffo, ER.; Tsitsiridis, G.; Ansari, M.; Graf, E.; Strom, T.-M,;
et al. An atlas of the aging lung mapped by single cell transcriptomics and deep tissue proteomics. Nat. Commun. 2019, 10, 963.
[CrossRef]

Demichev, V.; Messner, C.B.; Vernardis, S.I; Lilley, K.S.; Ralser, M. DIA-NN: Neural networks and interference correction enable
deep proteome coverage in high throughput. Nat. Methods 2019, 17, 41-44. [CrossRef] [PubMed]

Moore, J.L.; Charkoftaki, G. A Guide to MALDI Imaging Mass Spectrometry for Tissues. . Proteome Res. 2023, 22, 3401-3417.
[CrossRef] [PubMed]

Smith, J.G.; Gerszten, R.E. Emerging Affinity-Based Proteomic Technologies for Large-Scale Plasma Profiling in Cardiovascular
Disease. Circulation 2017, 135, 1651-1664. [CrossRef]

Haack, A.M.; Overall, C.M.; Keller, U.A.D. Degradomics technologies in matrisome exploration. Matrix Biol. 2022, 114, 1-17.
[CrossRef]

Ariosa-Morejon, Y.; Santos, A.; Fischer, R.; Davis, S.; Charles, P.; Thakker, R.; Wann, A K.; Vincent, T.L. Age-dependent changes in
protein incorporation into collagen-rich tissues of mice by in vivo pulsed SILAC labelling. eLife 2021, 10, e66635. [CrossRef]
Arias-Hidalgo, C.; Juanes-Velasco, P.; Landeira-Vinuela, A.; Garcia-Vaquero, M.L.; Montalvillo, E.; Géngora, R.; Hernandez, A-P;
Fuentes, M. Single-Cell Proteomics: The Critical Role of Nanotechnology. Int. . Mol. Sci. 2022, 23, 6707. [CrossRef]

Zhao, M.; Zhai, H.; Li, H.; Wei, E; Ma, H.; Liu, Y.; Li, W.; Wei, P. Age-standardized incidence, prevalence, and mortality rates of
autoimmune diseases in adolescents and young adults (15-39 years): An analysis based on the global burden of disease study
2021. BMC Public Health 2024, 24, 1800. [CrossRef]

Cooper, G.S.; Bynum, M.L.; Somers, E.C. Recent insights in the epidemiology of autoimmune diseases: Improved prevalence
estimates and understanding of clustering of diseases. J. Autoimmun. 2009, 33, 197-207. [CrossRef]

Shapira, Y.; Agmon-Levin, N.; Shoenfeld, Y. Defining and analyzing geoepidemiology and human autoimmunity. J. Autoimmun.
2010, 34, J168-J177. [CrossRef]

Orange, D.E.; Yao, V,; Sawicka, K ; Fak, J.; Frank, M.O.; Parveen, S.; Blachere, N.E.; Hale, C.; Zhang, F.; Raychaudhuri, S.; et al.
RNA Identification of PRIME Cells Predicting Rheumatoid Arthritis Flares. N. Engl. J. Med. 2020, 383, 218-228. [CrossRef]


https://doi.org/10.1080/19490976.2023.2193115
https://doi.org/10.1111/cts.13235
https://doi.org/10.3389/fphys.2023.1130096
https://doi.org/10.1016/j.kint.2023.12.009
https://doi.org/10.1038/s41598-020-74179-6
https://doi.org/10.1016/j.isci.2020.100841
https://doi.org/10.1089/met.2019.0005
https://doi.org/10.1126/scisignal.aay1027
https://doi.org/10.1136/gutjnl-2022-328608
https://doi.org/10.7554/eLife.55262
https://doi.org/10.1016/j.mcpro.2023.100528
https://doi.org/10.1002/pmic.202400052
https://www.ncbi.nlm.nih.gov/pubmed/38896836
https://doi.org/10.1038/s41467-019-08831-9
https://doi.org/10.1038/s41592-019-0638-x
https://www.ncbi.nlm.nih.gov/pubmed/31768060
https://doi.org/10.1021/acs.jproteome.3c00167
https://www.ncbi.nlm.nih.gov/pubmed/37877579
https://doi.org/10.1161/CIRCULATIONAHA.116.025446
https://doi.org/10.1016/j.matbio.2022.10.003
https://doi.org/10.7554/eLife.66635
https://doi.org/10.3390/ijms23126707
https://doi.org/10.1186/s12889-024-19290-3
https://doi.org/10.1016/j.jaut.2009.09.008
https://doi.org/10.1016/j.jaut.2009.11.018
https://doi.org/10.1056/NEJMoa2004114

J. Clin. Med. 2025, 14, 1856 47 of 50

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

Rauber, S.; Mohammadian, H.; Schmidkonz, C.; Atzinger, A.; Soare, A.; Treutlein, C.; Kemble, S.; Mahony, C.B.; Geisthoff, M.;
Angeli, M.R;; et al. CD200+ fibroblasts form a pro-resolving mesenchymal network in arthritis. Nat. Immunol. 2024, 25, 682—692.
[CrossRef]

Madsen, S.F; Sand, ] M.B.; Juhl, P; Karsdal, M.; Thudium, C.S.; Siebuhr, A.S.; Bay-Jensen, A.-C. Fibroblasts are not just fibroblasts:
Clear differences between dermal and pulmonary fibroblasts” response to fibrotic growth factors. Sci. Rep. 2023, 13, 9411.
[CrossRef]

Lewis, M.].; McAndrew, M.B.; Wheeler, C.; Workman, N.; Agashe, P.; Koopmann, J.; Uddin, E.; Morris, D.L.; Zou, L.; Stark, R.;
et al. Autoantibodies targeting TLR and SMAD pathways define new subgroups in systemic lupus erythematosus. J. Autoimmun.
2018, 91, 1-12. [CrossRef]

Karsdal, B.C.; Asser, M.; Anne-Christine, B.-J.; Kim, H.; Diana, J.L.; Signe, N.H. Biochemistry of Collagens, Laminins and Elastin;
Elsevier: Amsterdam, The Netherlands, 2019.

Henriksen, K.; Bohren, K.M.; Bay-Jensen, A.C.; Karsdal, M.A. Should biochemical markers of bone turnover be considered
standard practice for safety pharmacology? Biomarkers 2009, 15, 195-204. [CrossRef]

Henriksen, K.; Leeming, D.; Christiansen, C.; Karsdal, M. Use of bone turnover markers in clinical osteoporosis assessment in
women: Current issues and future options. Women’s Health 2011, 7, 689-698. [CrossRef]

Jensen, C.; Nissen, N.I; Von Arenstorff, C.S.; Karsdal, M.A.; Willumsen, N. Serological assessment of collagen fragments and
tumor fibrosis may guide immune checkpoint inhibitor therapy. J. Exp. Clin. Cancer Res. 2021, 40, 326. [CrossRef]

Bager, C.; Willumsen, N.; Leeming, D.; Smith, V.; Karsdal, M.; Dornan, D.; Bay-Jensen, A. Collagen degradation products
measured in serum can separate ovarian and breast cancer patients from healthy controls: A preliminary study. Cancer Biomarkers
2015, 15, 783-788. [CrossRef] [PubMed]

Jensen, C.; Sinkeviciute, D.; Madsen, D.H.; Onnerfjord, P.; Hansen, M.; Schmidt, H.; Karsdal, M.A.; Svane, LM.; Willumsen, N.
Granzyme B Degraded Type IV Collagen Products in Serum Identify Melanoma Patients Responding to Immune Checkpoint
Blockade. Cancers 2020, 12, 2786. [CrossRef] [PubMed]

Willumsen, N.; Bager, C.L.; Leeming, D.J.; Smith, V.; Christiansen, C.; Karsdal, M.A.; Dornan, D.; Bay-Jensen, A. Serum biomarkers
reflecting specific tumor tissue remodeling processes are valuable diagnostic tools for lung cancer. Cancer Med. 2014, 3, 1136-1145.
[CrossRef]

Nissen, N.I; Kehlet, S.; Boisen, M.K; Liljefors, M.; Jensen, C.; Johansen, A.Z.; Johansen, ].S.; Erler, ].T.; Karsdal, M.; Mortensen, ].H.;
et al. Prognostic value of blood-based fibrosis biomarkers in patients with metastatic colorectal cancer receiving chemotherapy
and bevacizumab. Sci. Rep. 2021, 11, 865. [CrossRef]

Nissen, N.L; Kehlet, S.; Johansen, A.Z.; Chen, LM.; Karsdal, M.; Johansen, ].S.; Diab, HM.H.; Jergensen, L.N.; Sun, S.; Manon-
Jensen, T.; et al. Noninvasive prognostic biomarker potential of quantifying the propeptides of Type XI collagen alpha-1 chain
(PRO-C11) in patients with pancreatic ductal adenocarcinoma. Int. J. Cancer 2021, 149, 228-238. [CrossRef]

Willumsen, N.; Ali, S.M.; Leitzel, K.; Drabick, ].].; Yee, N.; Polimera, H.V.; Nagabhairu, V.; Krecko, L.; Ali, A.; Maddukuri, A.; et al.
Collagen fragments quantified in serum as measures of desmoplasia associate with survival outcome in patients with advanced
pancreatic cancer. Sci. Rep. 2019, 9, 19761. [CrossRef] [PubMed]

Karsdal, M.; Genovese, F; Rasmussen, D.; Bay-Jensen, A.; Mortensen, J.; Nielsen, S.H.; Willumsen, N.; Jensen, C.; Manon-Jensen,
T.; Jennings, L.; et al. Considerations for understanding protein measurements: Identification of formation, degradation and more
pathological relevant epitopes. Clin. Biochem. 2021, 97, 11-24. [CrossRef]

Bay-Jensen, A.C.; Platt, A.; Jenkins, M.A.; Weinblatt, M.E.; Byrjalsen, I.; Musa, K.; Genovese, M.C.; Karsdal, M.A. Tissue metabolite
of type I collagen, C1M, and CRP predicts structural progression of rheumatoid arthritis. BMC Rheumatol. 2019, 3, 3. [CrossRef]
Siebuhr, A.S.; Bay-Jensen, A.C.; Karsdal, M.A.; Lories, R.J.; de Vlam, K. CRP and a biomarker of type I collagen degradation, C1M,
can differentiate anti-inflammatory treatment response in ankylosing spondylitis. Biormarkers Med. 2016, 10, 197-208. [CrossRef]
Gudmann, N.S.; Hirata, S.; Karsdal, M.A.; Kubo, S.; Bay-Jensen, A.-C.; Tanaka, Y. Increased remodelling of interstitial collagens
and basement membrane is suppressed by treatment in patients with rheumatoid arthritis: Serological evaluation of a one-year
prospective study of 149 Japanese patients. Clin. Exp. Rheumatol. 2018, 36, 462-470. [PubMed]

Gudmann, N.S,; Junker, P; Juhl, P; Thudium, C.S,; Siebuhr, A.S.; Byrjalsen, I.; Karsdal, M.A.; Bay-Jensen, A.C. Type IV collagen
metabolism is associated with disease activity, radiographic progression and response to tocilizumab in rheumatoid arthritis.
Clin. Exp. Rheumatol. 2018, 36, 829-835.

Gudmann, N.S,; Siebuhr, A.S.; Christensen, A.F; Ejstrup, L.; Serensen, G.L.; Loft, A.G.; Karsdal, M.A.; Bay-Jensen, A.C.; Munk,
H.L.; Junker, P. Type I and III collagen turnover is increased in axial spondyloarthritis and psoriatic arthritis. Associations with
disease activity and diagnostic capacity. Clin. Exp. Rheumatol. 2017, 35, 653—-659.

Bay-Jensen, A.C.P; Byrjalsen, I; Siebuhr, A.S.M.; Christiansen, C.; Platt, A.; Karsdal, M.A.P. Serological biomarkers of joint tissue
turnover predict tocilizumab response at baseline. Am. J. Clin. Oncol. 2014, 20, 332-335. [CrossRef]


https://doi.org/10.1038/s41590-024-01774-4
https://doi.org/10.1038/s41598-023-36416-6
https://doi.org/10.1016/j.jaut.2018.02.009
https://doi.org/10.3109/13547500903434519
https://doi.org/10.2217/WHE.11.74
https://doi.org/10.1186/s13046-021-02133-z
https://doi.org/10.3233/CBM-150520
https://www.ncbi.nlm.nih.gov/pubmed/26406420
https://doi.org/10.3390/cancers12102786
https://www.ncbi.nlm.nih.gov/pubmed/32998446
https://doi.org/10.1002/cam4.303
https://doi.org/10.1038/s41598-020-79608-0
https://doi.org/10.1002/ijc.33551
https://doi.org/10.1038/s41598-019-56268-3
https://www.ncbi.nlm.nih.gov/pubmed/31875000
https://doi.org/10.1016/j.clinbiochem.2021.08.007
https://doi.org/10.1186/s41927-019-0052-0
https://doi.org/10.2217/bmm.15.119
https://www.ncbi.nlm.nih.gov/pubmed/29465351
https://doi.org/10.1097/RHU.0000000000000150

J. Clin. Med. 2025, 14, 1856 48 of 50

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

Bay-Jensen, A.C.; Platt, A.; Byrjalsen, I.; Vergnoud, P.; Christiansen, C.; Karsdal, M.A. Effect of tocilizumab combined with
methotrexate on circulating biomarkers of synovium, cartilage, and bone in the LITHE study. Semin. Arthritis Rheum. 2014, 43,
470-478. [CrossRef]

Hansen, A .H.; Mortensen, J.H.; Rennow, S.R.; Karsdal, M.A.; Leeming, D.]J.; Sand, ]. M.B. A Serological Neoepitope Biomarker
of Neutrophil Elastase-Degraded Calprotectin, Associated with Neutrophil Activity, Identifies Idiopathic Pulmonary Fibrosis
and Chronic Obstructive Pulmonary Disease More Effectively Than Total Calprotectin. J. Clin. Med. 2023, 12, 7589. [CrossRef]
[PubMed]

Daniels, S.J.; Leeming, D.J.; Eslam, M.; Hashem, A.M.; Nielsen, M.].; Krag, A.; Karsdal, M.A.; Grove, ].I.; Neil Guha, I.; Kawaguchi,
T.; et al. ADAPT: An Algorithm Incorporating PRO-C3 Accurately Identifies Patients with NAFLD and Advanced Fibrosis.
Hepatology 2019, 69, 1075-1086. [CrossRef]

Tang, L.-J.; Ma, H.-L.; Eslam, M.; Wong, G.L.-H.; Zhu, P-W.; Chen, S.-D.; Leeming, D.J.; Karsdal, M.; Li, G.; Huang, O.-Y,;
et al. Among simple non-invasive scores, Pro-C3 and ADAPT best exclude advanced fibrosis in Asian patients with MAFLD.
Metabolism 2021, 128, 154958. [CrossRef] [PubMed]

Eslam, M.; Wong, G.L.-H.; Hashem, A.M.; Chan, H.L.-Y,; Nielsen, M.].; Leeming, D.J.; Chan, A.W.-H.; Chen, Y.; Duffin, K.L.;
Karsdal, M; et al. A Sequential Algorithm Combining ADAPT and Liver Stiffness Can Stage Metabolic-Associated Fatty Liver
Disease in Hospital-Based and Primary Care Patients. Am. J. Gastroenterol. 2020, 116, 984-993. [CrossRef]

Theocharis, A.D.; Skandalis, S.S.; Gialeli, C.; Karamanos, N.K. Extracellular matrix structure. Adv. Drug Deliv. Rev. 2016, 97, 4-27.
[CrossRef]

Lu, P; Takai, K.; Weaver, VM.; Werb, Z. Extracellular Matrix Degradation and Remodeling in Development and Disease. Cold
Spring Harb. Perspect. Biol. 2011, 3, a005058. [CrossRef]

Joshua, A.; Cheng, G.; Lau, E. Soft matter analysis via atomic force microscopy (AFM): A review. Appl. Surf. Sci. Adv. 2023,
17,100448. [CrossRef]

Cauble, M.A.; Mancini, N.S.; Kalinowski, J.; Lykotrafitis, G.; Moss, I.L. Atomic force microscopy imaging for nanoscale and
microscale assessments of extracellular matrix in intervertebral disc and degeneration. JOR Spine 2020, 3, e1125. [CrossRef]

Li, M.; Xi, N.; Wang, Y.-C.; Liu, L.-Q. Atomic force microscopy for revealing micro/nanoscale mechanics in tumor metastasis:
From single cells to microenvironmental cues. Acta Pharmacol. Sin. 2020, 42, 323-339. [CrossRef] [PubMed]

Xu, Y; Shi, G.; Tang, J.; Cheng, R.; Shen, X.; Gu, Y,; Wu, L.; Xi, K.; Zhao, Y.; Cui, W,; et al. ECM-inspired micro/nanofibers for
modulating cell function and tissue generation. Sci. Adv. 2020, 6, eabc2036. [CrossRef] [PubMed]

Burke, K.; Brown, E. The Use of Second Harmonic Generation to Image the Extracellular Matrix During Tumor Progression.
IntraVital 2014, 3, €984509. [CrossRef] [PubMed]

Natal, R.d.A.; Aduy, J.; Cesar, C.L.; Vassallo, J]. Tumor extracellular matrix: Lessons from the second-harmonic generation
microscopy. Surg. Exp. Pathol. 2021, 4, 7. [CrossRef]

Aghigh, A.; Bancelin, S.; Rivard, M.; Pinsard, M.; Ibrahim, H.; Légaré, F. Second harmonic generation microscopy: A powerful
tool for bio-imaging. Biophys. Rev. 2023, 15, 43-70. [CrossRef]

Leonard, A K,; Loughran, E.A.; Klymenko, Y.; Liu, Y,; Kim, O.; Asem, M.; McAbee, K.; Ravosa, M.].; Stack, M.S. Methods for the
visualization and analysis of extracellular matrix protein structure and degradation. Methods Cell Biol. 2018, 143, 79-95. [CrossRef]
Noureddin, N.; Copur-Dahi, N.; Loomba, R. Monitoring disease progression in metabolic dysfunction-associated steatotic liver
disease. Aliment. Pharmacol. Ther. 2024, 59, S41-S51. [CrossRef]

Chowdhury, A.B.; Mehta, K.J. Liver biopsy for assessment of chronic liver diseases: A synopsis. Clin. Exp. Med. 2022, 23, 273-285.
[CrossRef] [PubMed]

Huang, D.Q.; Wilson, L.A.; Behling, C.; Kleiner, D.E.; Kowdley, K.V,; Dasarathy, S.; Amangurbanova, M.; Terrault, N.A.; Diehl,
A.M.; Chalasani, N.; et al. Fibrosis Progression Rate in Biopsy-Proven Nonalcoholic Fatty Liver Disease Among People with
Diabetes Versus People Without Diabetes: A Multicenter Study. Gastroenterology 2023, 165, 463—472.e€5. [CrossRef] [PubMed]
Tao, P; Liu, J.; Li, Y,; Zhang, T.; Wang, E; Chang, L.; Li, C.; Ge, X.; Zuo, T,; Lu, S.; et al. Damaged collagen detected by collagen
hybridizing peptide as efficient diagnosis marker for early hepatic fibrosis. Biochim. Biophys. Acta (BBA) Gene Regul. Mech. 2023,
1866, 194928. [CrossRef] [PubMed]

Hwang, J.; Huang, Y.; Burwell, TJ.; Peterson, N.C.; Connor, J.; Weiss, S.J.; Yu, S.M.; Li, Y. In Situ Imaging of Tissue Remodeling
with Collagen Hybridizing Peptides. ACS Nano 2017, 11, 9825-9835. [CrossRef]

Bennink, L.L.; Li, Y.; Kim, B.; Shin, L].; San, B.H.; Zangari, M.; Yoon, D.; Yu, S. Visualizing collagen proteolysis by peptide
hybridization: From 3D cell culture to in vivo imaging. Biomaterials 2018, 183, 67-76. [CrossRef]

Li, X.; Zhang, Q.; Yu, SM,; Li, Y. The Chemistry and Biology of Collagen Hybridization. J. Am. Chem. Soc. 2023, 145, 10901-10916.
[CrossRef]

Linder, M.; Bennink, L.; Foxton, R.H.; Kirkness, M.; Westenskow, P.D. In vivo monitoring of active subretinal fibrosis in mice
using collagen hybridizing peptides. Lab Anim. 2024, 53, 196-204. [CrossRef]


https://doi.org/10.1016/j.semarthrit.2013.07.008
https://doi.org/10.3390/jcm12247589
https://www.ncbi.nlm.nih.gov/pubmed/38137658
https://doi.org/10.1002/hep.30163
https://doi.org/10.1016/j.metabol.2021.154958
https://www.ncbi.nlm.nih.gov/pubmed/34958817
https://doi.org/10.14309/ajg.0000000000001059
https://doi.org/10.1016/j.addr.2015.11.001
https://doi.org/10.1101/cshperspect.a005058
https://doi.org/10.1016/j.apsadv.2023.100448
https://doi.org/10.1002/jsp2.1125
https://doi.org/10.1038/s41401-020-0494-3
https://www.ncbi.nlm.nih.gov/pubmed/32807839
https://doi.org/10.1126/sciadv.abc2036
https://www.ncbi.nlm.nih.gov/pubmed/33239291
https://doi.org/10.4161/21659087.2014.984509
https://www.ncbi.nlm.nih.gov/pubmed/28243512
https://doi.org/10.1186/s42047-021-00089-0
https://doi.org/10.1007/s12551-022-01041-6
https://doi.org/10.1016/bs.mcb.2017.08.005
https://doi.org/10.1111/apt.17752
https://doi.org/10.1007/s10238-022-00799-z
https://www.ncbi.nlm.nih.gov/pubmed/35192111
https://doi.org/10.1053/j.gastro.2023.04.025
https://www.ncbi.nlm.nih.gov/pubmed/37127100
https://doi.org/10.1016/j.bbagrm.2023.194928
https://www.ncbi.nlm.nih.gov/pubmed/36948453
https://doi.org/10.1021/acsnano.7b03150
https://doi.org/10.1016/j.biomaterials.2018.08.039
https://doi.org/10.1021/jacs.3c00713
https://doi.org/10.1038/s41684-024-01408-0

J. Clin. Med. 2025, 14, 1856 49 of 50

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

Caussy, C.; Reeder, S.B.; Sirlin, C.B.; Loomba, R. Noninvasive, Quantitative Assessment of Liver Fat by MRI-PDFF as an Endpoint
in NASH Trials. Hepatology 2018, 68, 763-772. [CrossRef]

Romero-Cristébal, M.; Clemente-Sanchez, A.; Peligros, M.; Ramon, E.; Matilla, A.; Colén, A.; Alonso, S.; Catalina, M.; Ferndndez-
Yunquera, A.; Caballero, A ; et al. Liver and spleen volumes are associated with prognosis of compensated and decompensated
cirrhosis and parallel its natural history. United Eur. Gastroenterol. J. 2022, 10, 805-816. [CrossRef]

Eriksson, O.; Velikyan, I. Radiotracers for Imaging of Fibrosis: Advances during the Last Two Decades and Future Directions.
Pharmaceuticals 2023, 16, 1540. [CrossRef]

Wegrzyniak, O.; Lechi, F; Mitran, B.; Cheung, P; Bitzios, A.; Persson, ].; Lofblom, J.; Nordstrom, H.; Eriksson, J.; Frejd, EY,;
et al. Non-invasive PET imaging of liver fibrogenesis using a RESCA-conjugated Affibody molecule. iScience 2024, 27, 109688.
[CrossRef]

El-Serag, H.B.; Rudolph, K.L. Hepatocellular Carcinoma: Epidemiology and Molecular Carcinogenesis. Gastroenterology 2007,
132, 2557-2576. [CrossRef] [PubMed]

Llovet, ].M.; Castet, F.; Heikenwalder, M.; Maini, M.K.; Mazzaferro, V.; Pinato, D.J.; Pikarsky, E.; Zhu, A.X; Finn, R.S. Immunother-
apies for hepatocellular carcinoma. Nat. Rev. Clin. Oncol. 2021, 19, 151-172. [CrossRef]

Kaps, L.; Schuppan, D. Targeting Cancer Associated Fibroblasts in Liver Fibrosis and Liver Cancer Using Nanocarriers. Cells 2020,
9,2027. [CrossRef]

Casari, M,; Siegl, D.; Deppermann, C.; Schuppan, D. Macrophages and platelets in liver fibrosis and hepatocellular carcinoma.
Front. Immunol. 2023, 14, 1277808. [CrossRef] [PubMed]

Schrader, J.; Gordon-Walker, T.T.; Aucott, R.L.; Van Deemter, M.; Quaas, A.; Walsh, S.; Benten, D.; Forbes, S.J.; Wells, R.G.;
Iredale, J.P. Matrix stiffness modulates proliferation, chemotherapeutic response, and dormancy in hepatocellular carcinoma cells.
Hepatology 2011, 53, 1192-1205. [CrossRef] [PubMed]

Wu, B,; Liu, D.-A; Guan, L.; Myint, PK.; Chin, L.; Dang, H.; Xu, Y,; Ren, J; Li, T.; Yu, Z,; et al. Stiff matrix induces exosome
secretion to promote tumour growth. Nat. Cell Biol. 2023, 25, 415-424. [CrossRef]

Fan, W.; Adebowale, K.; Vancza, L.; Li, Y.; Rabbi, F.; Kunimoto, K.; Chen, D.; Mozes, G.; Chiu, D.K.-C.; Li, Y.; et al. Matrix
viscoelasticity promotes liver cancer progression in the pre-cirrhotic liver. Nature 2024, 626, 635-642. [CrossRef]

Schuppan, D.; Ruehl, M.; Somasundaram, R.; Hahn, E.G. Matrix as a Modulator of Hepatic Fibrogenesis. Semin. Liver Dis. 2001,
21, 351-372. [CrossRef]

van Tienderen, G.S.; Conboy, J.; Muntz, 1.; Willemse, J.; Tieleman, J.; Monfils, K.; Schurink, L].; Demmers, J.A.; Doukas, M.;
Koenderink, G.H.; et al. Tumor decellularization reveals proteomic and mechanical characteristics of the extracellular matrix of
primary liver cancer. Biomater. Adv. 2023, 146, 213289. [CrossRef]

Benson, M.D.; Waddington-Cruz, M.; Berk, J.L.; Polydefkis, M.; Dyck, PJ.; Wang, A.K.; Planté-Bordeneuve, V.; Barroso, FA.;
Merlini, G.; Obici, L.; et al. Inotersen Treatment for Patients with Hereditary Transthyretin Amyloidosis. N. Engl. ]. Med. 2018,
379, 22-31. [CrossRef] [PubMed]

Tsimikas, S.; Karwatowska-Prokopczuk, E.; Gouni-Berthold, I.; Tardif, J.-C.; Baum, S.J.; Steinhagen-Thiessen, E.; Shapiro, M.D.;
Stroes, E.S.; Moriarty, PM.; Nordestgaard, B.G.; et al. Lipoprotein(a) Reduction in Persons with Cardiovascular Disease. N. Engl.
J. Med. 2020, 382, 244-255. [CrossRef]

Bergmark, B.A.; Marston, N.A.; Prohaska, T.A.; Alexander, V.J.; Zimerman, A.; Moura, F.A.; Murphy, S.A.; Goodrich, E.L.; Zhang,
S.; Gaudet, D.; et al. Olezarsen for Hypertriglyceridemia in Patients at High Cardiovascular Risk. N. Engl. |. Med. 2024, 390,
1770-1780. [CrossRef]

Maurer, M.S.; Kale, P; Fontana, M.; Berk, J.L.; Grogan, M.; Gustafsson, F.; Hung, R.R.; Gottlieb, R.L.; Damy, T.; Gonzélez-Duarte,
A_; et al. Patisiran Treatment in Patients with Transthyretin Cardiac Amyloidosis. N. Engl. ]. Med. 2023, 389, 1553-1565. [CrossRef]
Strnad, P.; Mandorfer, M.; Choudhury, G.; Griffiths, W.; Trautwein, C.; Loomba, R.; Schluep, T.; Chang, T.; Yi, M.; Given, B.D.; et al.
Fazirsiran for Liver Disease Associated with Alpha ; -Antitrypsin Deficiency. N. Engl. J. Med. 2022, 387, 514-524. [CrossRef]
O’donoghue, M.L.; Rosenson, R.S.; Gencer, B.; Lopez, ].A.G.; Lepor, N.E.; Baum, S.J.; Stout, E.; Gaudet, D.; Knusel, B.; Kuder, ].E;
et al. Small Interfering RNA to Reduce Lipoprotein(a) in Cardiovascular Disease. N. Engl. ]. Med. 2022, 387, 1855-1864. [CrossRef]
Balwani, M.; Sardh, E.; Ventura, P,; Peir6, P.A.; Rees, D.C.; Stolzel, U.; Bissell, D.M.; Bonkovsky, H.L.; Windyga, J.; Anderson,
K.E; et al. Phase 3 Trial of RNAi Therapeutic Givosiran for Acute Intermittent Porphyria. N. Engl. ]. Med. 2020, 382, 2289-2301.
[CrossRef] [PubMed]

Schuppan, D.; Ashfag-Khan, M.; Yang, A.T.; Kim, Y.O. Liver fibrosis: Direct antifibrotic agents and targeted therapies. Matrix Biol.
2018, 68-69, 435-451. [CrossRef] [PubMed]

Calvente, C.J.; Sehgal, A.; Popov, Y.; Kim, Y.O.; Zevallos, V.,; Sahin, U.; Diken, M.; Schuppan, D. Specific hepatic delivery
of procollagen «1(I) small interfering RNA in lipid-like nanoparticles resolves liver fibrosis. Hepatology 2015, 62, 1285-1297.
[CrossRef]


https://doi.org/10.1002/hep.29797
https://doi.org/10.1002/ueg2.12301
https://doi.org/10.3390/ph16111540
https://doi.org/10.1016/j.isci.2024.109688
https://doi.org/10.1053/j.gastro.2007.04.061
https://www.ncbi.nlm.nih.gov/pubmed/17570226
https://doi.org/10.1038/s41571-021-00573-2
https://doi.org/10.3390/cells9092027
https://doi.org/10.3389/fimmu.2023.1277808
https://www.ncbi.nlm.nih.gov/pubmed/38116017
https://doi.org/10.1002/hep.24108
https://www.ncbi.nlm.nih.gov/pubmed/21442631
https://doi.org/10.1038/s41556-023-01092-1
https://doi.org/10.1038/s41586-023-06991-9
https://doi.org/10.1055/s-2001-17556
https://doi.org/10.1016/j.bioadv.2023.213289
https://doi.org/10.1056/NEJMoa1716793
https://www.ncbi.nlm.nih.gov/pubmed/29972757
https://doi.org/10.1056/NEJMoa1905239
https://doi.org/10.1056/NEJMoa2402309
https://doi.org/10.1056/NEJMoa2300757
https://doi.org/10.1056/NEJMoa2205416
https://doi.org/10.1056/NEJMoa2211023
https://doi.org/10.1056/NEJMoa1913147
https://www.ncbi.nlm.nih.gov/pubmed/32521132
https://doi.org/10.1016/j.matbio.2018.04.006
https://www.ncbi.nlm.nih.gov/pubmed/29656147
https://doi.org/10.1002/hep.27936

J. Clin. Med. 2025, 14, 1856 50 of 50

222.

223.

224.

225.

226.

227.

228.

229.

Leber, N.; Kaps, L.; Aslam, M.; Schupp, J.; Brose, A.; Schiffel, D.; Fischer, K.; Diken, M.; Strand, D.; Koynov, K.; et al. SIRNA-
mediated in vivo gene knockdown by acid-degradable cationic nanohydrogel particles. J. Control. Release 2017, 248, 10-23.
[CrossRef]

Leber, N.; Kaps, L.; Yang, A.; Aslam, M.; Giardino, M.; Klefenz, A.; Choteschovsky, N.; Rosigkeit, S.; Mostafa, A.; Nuhn, L.;
et al. a-Mannosyl-Functionalized Cationic Nanohydrogel Particles for Targeted Gene Knockdown in Immunosuppressive
Macrophages. Macromol. Biosci. 2019, 19, €1900162. [CrossRef]

Molokanova, O.; Schonig, K.; Weng, S.-Y.; Wang, X.; Bros, M.; Diken, M.; Ohngemach, S.; Karsdal, M.; Strand, D.; Nikolaev,
A.; et al. Inducible knockdown of procollagen I protects mice from liver fibrosis and leads to dysregulated matrix genes and
attenuated inflammation. Matrix Biol. 2018, 66, 34—49. [CrossRef] [PubMed]

Kaps, L.; Huppertsberg, A.; Choteschovsky, N.; Klefenz, A.; Durak, F; Schrors, B.; Diken, M.; Eichler, E.; Rosigkeit, S.; Schmitt, S.;
et al. pH-degradable, bisphosphonate-loaded nanogels attenuate liver fibrosis by repolarization of M2-type macrophages. Proc.
Natl. Acad. Sci. USA 2022, 119, €2122310119. [CrossRef]

Wernig, G.; Chen, S.-Y.; Cui, L.; Van Neste, C.; Tsai, ].M.; Kambham, N.; Vogel, H.; Natkunam, Y.; Gilliland, D.G.; Nolan, G.; et al.
Unifying mechanism for different fibrotic diseases. Proc. Natl. Acad. Sci. USA 2017, 114, 4757-4762. [CrossRef] [PubMed]
Schuppan, D.; Myneni, S.; Surabattula, R. Liquid biomarkers for fibrotic NASH—Progress in a complex field. ]. Hepatol. 2021, 76,
5-7. [CrossRef]

Eckersley, A.; Ozols, M.; Chen, P,; Tam, V.; Ward, L.]J.; Hoyland, J.A.; Trafford, A.; Yuan, X.-M.; Schiller, H.B.; Chan, D.; et al.
Peptide location fingerprinting identifies species- and tissue-conserved structural remodelling of proteins as a consequence of
ageing and disease. Matrix Biol. 2022, 114, 108-137. [CrossRef]

Nissen, N.L; Karsdal, M.; Willumsen, N. Collagens and Cancer associated fibroblasts in the reactive stroma and its relation to
Cancer biology. J. Exp. Clin. Cancer Res. 2019, 38, 115. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jconrel.2016.12.006
https://doi.org/10.1002/mabi.201970019
https://doi.org/10.1016/j.matbio.2017.11.002
https://www.ncbi.nlm.nih.gov/pubmed/29122677
https://doi.org/10.1073/pnas.2122310119
https://doi.org/10.1073/pnas.1621375114
https://www.ncbi.nlm.nih.gov/pubmed/28424250
https://doi.org/10.1016/j.jhep.2021.11.005
https://doi.org/10.1016/j.matbio.2022.05.007
https://doi.org/10.1186/s13046-019-1110-6

	Introduction 
	The ECM in Lung Diseases: Genetics, Mechanisms, and Biomarkers of Interstitial Lung Diseases 
	Cardiovascular and Renal ECM Research 
	Advances in ECM Pharmacology in Inflammatory Bowel Disease 
	Recent Highlights in ECM-Targeted Therapeutics 
	Integrin Antagonists 
	JAK Inhibitors 
	Therapeutic Targeting of ECM Remodeling Pathways 
	Neutrophil Extracellular Traps (Nets) and Involvement in Fibrosis 


	Quantifying Fibrolytic and Fibrogenic Activity in Rheumatic Diseases 
	A Role for Synovial Fibroblasts in Mediating Chronic Pain Sensitization 
	Role of Synovial Fibroblasts in Inflammation, Damage, and Repair 

	Understanding the ECM in Liver Fibrosis—Paving the Way Toward Antifibrogenic Interventions 
	Liver Fibrosis—Cause or Consequence of Cancer 
	Skin Diseases 
	Systemic Sclerosis 
	Cancer 
	Understanding ECM Changes Associated with Cancer 
	Biomarkers in Solid Tumors 
	Targeting ECM Changes in the Treatment of Cancer 
	Future Directions 

	Translational Mouse Models of Fibrotic Diseases: Where Do We Stand? 
	In Vitro and Ex Vivo Human Models 
	Fibroblast Activation and Heterogeneity 

	Proteomics 
	ECM Autoimmunity 
	ECM Biomarkers and Precision Medicine 
	Precision Medicine 
	The Relevance of the ECM 
	ECM Biomarkers 
	Outlook 

	Drug Discovery in IPF—How Can Biomarkers Support Key Decisions? 
	Imaging Techniques for ECM in Health and Disease 
	Translational Approaches to Directly Treat Liver Fibrosis and Liver Cancer 
	Conclusions and Perspectives 
	References

