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ABSTRACT: Fibroblast migration is a critical factor in wound healing, but also plays a fundamental role in fibrosis. For a fibroblast
to migrate, the cell must be able to assemble factors that help it crawl across the extracellular matrix. Most of this movement is
facilitated through the assembly and stability of the cytoskeleton that connects focal adhesion engagement with the extracellular
matrix to intracellular stress fibers that wrap around the nucleus. These intracellular stress fibers help to polarize the fibroblast and
orient the nucleus in the direction it is traveling. Changes in intracellular signaling for the fibroblast to move are also required, and
this is necessitated by downstream signaling mediated by sonic hedgehog, WNT/B-catenin, ROCK/Rho, and PI3K/AKT. These
changes regulate the stability of the cytoskeleton and, in addition, increase the expression of genes involved in cell migration. This
review assimilates what is known about the function of the cytoskeleton in migration and the role of intracellular signaling pathways
in fibrosis.
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1. Introduction

Fibrosis is a pathological event that causes the increased deposition of collagen and other extracellular matrix
(ECM) proteins into the tissues. More often than not, the cause of fibrosis is unknown. It becomes more prevalent with
increasing age [1,2]. Estimates have suggested that about 45% of the deaths in the Western world can be attributed to
fibrosis [3]. Fibroblasts and myofibroblasts are key cell phenotypes required during wound healing, and they are
pathologically involved during fibrosis. During routine wound healing, these cells migrate to the site of the tissue injury
and secrete collagens and other ECM proteins that repair the damaged tissues. They use focal adhesions and the
contractile properties of the cell’s cytoskeleton to pull the wound margins together [4] and secrete ECM to fill in the
damaged matrix. However, fibroblasts and myofibroblasts will also migrate to an area in the tissue with chronic
inflammation and secrete abundant amounts of collagen. This event can cause fibrosis.

The origins of these migrating fibroblasts have been extensively studied, and they are thought to originate from
various sources, including mesenchymal stem cells [5], adipocytes [6], epithelial and endothelial cells [7], and the bone
marrow [5]. However, more recent and elegant studies investigating wound healing in deep excisional skin wounds
identified the role of resident fibroblasts found in the fascia that migrate into the site of injury [6—8]. Correa-Gallegos
et al. showed that fibroblasts swarmed “en masse” from the fascia into the injury, dragging with them the surrounding
ECM [7]. They found that this pre-made wound sealant also contains vasculature, immune cells, and nerves. They
believe this helps to accelerate wound closure but can contribute to scar formation [7]. In other studies, Fisher et al. also
found the transfer of ECM from outside the lung into the parenchyma. When the lung experiences injury or
inflammation, the ECM from the pleuro-alveolar junctions migrates into the lung tissue, activating resident fibroblasts
and causing fibrosis [9]. This mechanism of fibroblast activation is substantially different from that found during deep
excisional wound healing, where the fibroblasts drag the matrix into the wound bed, as no apparent cells were involved
in this process. We speculate that a specialized, yet unidentified fibroblast may be involved in this process. We also
assume that in other types of organ fibrosis, pleural ECM may migrate to the sites of inflammation in that organ,
activating resident fibroblasts and causing fibrosis.

https://doi.org/10.70322/fibrosis.2025.10009
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The ECM is not just a passive scaffold along which the fibroblasts crawl but plays a profoundly active and
multifaceted role in regulating fibroblast migration [10]. The ECM is comprised of more than collagen and contains
other large molecular weight proteins, such as fibronectin, proteoglycans, and hyaluronic acid. There is an active
interaction between the fibroblast and the ECM. The ECM provides a dynamic environment that sends physical and
biochemical signals to guide, stimulate, or restrict the movement of fibroblasts [10]. This intricate interplay is essential
for processes such as wound healing, tissue development, and fibrosis. Fibroblasts respond to the stiffness of the ECM
and migrate (durotaxis) towards stiffer matrices [11,12]. This process is crucial and aids in the process of wound healing
as the nascent ECM is deposited and cross-linked, leading to an increase in ECM stiffness. However, intriguingly, there
is an optimal stiffness range of the ECM for efficient fibroblast migration [13]. If the ECM is too soft, the fibroblast
cannot sufficiently grip the matrix to pull itself along. If the ECM is too stiff, this impedes fibroblast migration [14].
This is because cells need a certain level of stiffness to generate the traction forces required for movement, while
excessive stiffness makes it difficult to remodel the matrix or detach the trailing edge of the cell [15]. In fibrosis, the
ECM becomes excessively stiff due to the increased collagen deposition and cross-linking [16]. This stiffness further
activates fibroblasts, driving their differentiation into myofibroblasts and perpetuating the fibrotic cycle, including
continued migration into and remodeling of the rigid matrix [17]. The architecture and topography of the matrix are
also essential and influence the migration of fibroblasts. The fibroblasts will align and migrate along collagen fibers or
grooves and ridges in the ECM [18,19]. The porosity of the matrix can influence how fibroblasts navigate through the
ECM, and the cells may need to degrade the matrix to move [20]. Beyond static stiffness, the viscoelastic (time-
dependent deformation) properties of the ECM can also influence fibroblast behavior [21,22]. More recent studies have
demonstrated that viscoelasticity allows tissues to dissipate energy over time [21], and studies have found that the fine-
tuning of ECM viscoelasticity regulates fibroblast adhesion and migration dynamics [23,24]. This has implications for
the development of fibrosis. Overall, there is a complex interaction between fibroblasts that modify the ECM while the
ECM guides the fibroblast phenotype. In disease states like aging or fibrosis, changes in ECM composition, such as
increased cross-linking and fragmentation of collagen, and the mechanics (increased stiffness) that the fibroblast
encounters disrupt these crucial feedback loops, leading to impaired fibroblast function. This impaired fibroblast
function is often reflected in reduced migration efficiency, resulting in pathological activation.

The role of fibroblast migration is an essential pathological factor in all fibrotic diseases, including systemic
sclerosis (SSc). SSc is a rare autoimmune disease with fibrotic pathology manifesting in the skin and internal organs
such as the lungs and heart [25-27]. Approximately 30—50 years of age is most commonly seen for the onset of SSc;
however, in rare instances, children can also get the disease [28]. As Huang et al. mentioned, fibrosis is a common
condition, yet pinpointing effective and long-lasting treatments has been challenging to date [29]. This is likely due to
a lack of understanding of the numerous overlapping pathways involved in the development of fibrosis.

This review has compiled essential aspects of fibroblast migration, especially discussing the cytoskeleton and actin
stabilization. In addition, we discuss the relevance of focal adhesions and how they regulate the migration of fibroblasts.
We will also discuss the little-known role of tropomyosin in fibroblast migration, as it is a critical protein that helps to
stabilize actin filaments. We summarize the specific proteins and pathways discussed in cell migration and correlate
their functional roles in the context of fibrosis. At the end of the review, we discuss novel areas that could be targeted
therapeutically to mitigate myofibroblast activation and migration as much as possible means to abrogate fibrosis.

2. The Mechanics of Fibroblast Migration

Fibroblast migration is a critical factor in wound healing and fibrosis. Its mechanics are elegant and highly
orchestrated, and they are centrally oriented around the fibroblast cytoskeleton. How fibroblasts migrate depends on
ECM stiffness, the topography they encounter, and various growth factors and intracellular signaling pathways that
regulate cytoskeletal reorganization and cell adhesion.

2.1. Fibroblast Polarity

The fibroblast polarity plays a vital role in the direction in which the fibroblast migrates. Myosins are motor
proteins responding to cellular force and regulating many of the downstream intracellular processes as a result of this
force. They are known to play a role in fibroblast migration and differentiation [30,31]. A recent study by Bun et al.
[32] investigated the polarity of fibroblasts by evaluating normal versus immortalized fibroblasts (high polarity versus
low polarity, respectively). They previously found that normal fibroblasts could migrate in a straight direction without
external stimuli and termed it intrinsic and directed migration [32,33]. Thus, the authors describe polarity-based
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fibroblast migration as a key characteristic, which is neither disrupted nor stimulated by environmental factors like
chemoattractant concentration levels [32]. They further examined this phenomenon and found that this intrinsic and
direct migration was dependent on non-muscle myosin II (isoforms A and B) in embryonic fetal lung fibroblasts, which
were the focus of this study [33]. Their data shows that the two non-muscle myosin II isoforms affect the lengthening
of the fibroblast, with A and B found at polar opposites. Non-muscle myosin I[IB was seen to be critical in the forward
momentum of the fibroblast because when it was knocked down, the fibroblasts traveled backward [33]. Further
defining the function of these isoforms, using a non-muscle myosin II ATPase inhibitor, they found that the fibroblasts
altered their speed and direction during migration. Intriguingly, they found that the speed of the fibroblast increased
while the direction of the fibroblast became erratic [33]. They hypothesized that non-muscle myosin IIA constructs the
forward propellers at the front of the fibroblast, while non-muscle myosin IIB blocks propeller construction at the rear
of the cell [33].

Utilizing decellularized lung tissues, it was found that non-muscle myosin II had different functions in the cell,
depending on the matrix that the fibroblast encountered [34]. Southern and colleagues found that non-muscle myosin II
limited fibroblast protrusion and promoted polarized migration in human lung fibroblasts cultured on normal lungs.
However, non-muscle myosin II activity enhanced cell protrusions but limited polarized migration of human lung
fibroblasts cultured on decellularized fibrotic lung tissue, leading to enhanced myofibroblast differentiation [34].
Overactivity of non-muscle myosin IIA has been found in keloid scars [35]. Non-muscle myosin IIA regulates TGF-f3
signaling and a-smooth muscle actin expression, and inhibition of non-muscle myosin IIA downregulates TGF-$3
signaling and cell proliferation [35]. The matrices on which the fibroblasts are studied influence non-muscle myosin II
activity. Moreno-Arotzena et al. investigated fibroblast migration in 3D collagen versus fibrin matrices [36]. The
collagen gels had larger pore sizes compared to the fibrin gels, and the elastic shear modulus was approximately 20-
fold higher in the fibrin gels. They observed that fibroblasts could migrate with the collagen gels more efficiently than
in the fibrin gels. They were able to demonstrate that fibroblasts showed “contractile shaking”. They believed that this
was due to cycles of plasma membrane protrusions as the cell explores its surroundings. In the presence of a
chemoattractant, the cell uses traction forces that establish front-rear polarity. As a result of the polarity, the plasma
membrane protrusions are restrained to the cell’s leading edge. As a consequence of polarity establishment, protrusion
is mainly restricted to the leading edge of the cell [36].

2.2. Focal Adhesions

For efficient fibroblast migration, there has to be a dynamic assembly and disassembly of focal adhesions [37,38].
Focal adhesion complexes are formed at the cell’s leading edge in the lamellipodia [39—41]. The formation of a focal
adhesion starts when integrins on the cell membrane bind to the ECM. This leads to their clustering and activation,
which also induces a conformational change [42,43]. During fibroblast migration, many focal adhesions do not mature,
and they are disassembled [44]. However, when focal adhesions mature, they become more prominent, stable, and
stationary on the plasma membrane. The cell uses them as anchors to move across the ECM, and the plasma membrane
flows over the focal adhesion (Figure 1), moving it closer to the trailing edge of the cell, where the focal adhesion is
disassembled, and the proteins are recycled [44]. The size of the focal adhesion correlates directly with the speed at
which the cell travels across the ECM [45]. The focal adhesions contain heterodimeric a- and B-integrins combinations
with other proteins, such as focal adhesion kinase, talin, paxillin, zyxin, and tensin [46—50]. These additional proteins
help to stabilize the adhesion complex [51]. In addition to various integrins that the cell uses to engage the ECM, CD44
also interacts with ligands in the ECM, such as hyaluronan, collagen, fibronectin, and osteopontin. At the same time,
its cytoplasmic domain connects to the actin cytoskeleton and functions to organize it, affecting the formation of the
stress fibers and focal adhesion complexes, which are essential for cell migration and the development of fibrosis [52,53].

2.3. Cytoskeleton

The fibroblast cytoskeleton is a crucial network of intracellular filaments called stress fibers, involved in cell
migration, cell division, maintenance of cell shape, and intracellular trafficking [54-56] (Figure 2). Various actin-
binding proteins help stabilize these filaments, influencing their function within the cell [57-59]. Cytoskeleton consists
of various types: dorsal, transverse, ventral, and perinuclear stress fibers [60] (discussed in more detail below). All of these
fibers function together to surround and orient the nuclear axis in line with the direction of fibroblast migration [60,61].
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Figure 1. Focal adhesion movement during fibroblast migration. (1) For the cell to migrate forward, focal adhesions bind to
integrins and engage the ECM at the leading edge of the fibroblast. (2-5) The integrin/focal adhesion complex travels toward the
back of the cell as it flows forward over them. (6) The integrins and focal adhesions disengage from the extracellular matrix and
are recycled. Created in BioRender. Artlett C. (2025) https://BioRender.com/a861650.
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Figure 2. Orientation of the four different cytoskeletal stress fibers in the fibroblast. The contractile forces that the nucleus
undergoes during migration, force the nucleus to orient in the direction the fibroblast is migrating. Adapted from Maninova and
Vomastek, 2016 [60]. Created in BioRender. Artlett C. (2025) https://BioRender.com/m44p889.

2.3.1. Dorsal Stress Fibers

Approximately 10-30 F-actin filaments are associated together to form a dorsal stress fiber. These fibers do not
contract due to their non-binding of myosin II [62]. They are typically stabilized by a-actinin [63], or tropomyosins [64],
among other proteins [65]. The dorsal stress fibers connect focal adhesions in the lamellipodia and stretch centrally
toward the nucleus. At their opposite end, closest to the nucleus, the fibers often interact with transverse arcs [66,67],
which are often positioned at right angles to the proximal end of the dorsal surface [66]. These stress fibers can also act
as a platform for the assembly of other stress fibers within the cell [62]. Dorsal stress fibers are short actin filament
bundles that are prominent in lamellae [66].

2.3.2. Transverse Arcs

The fibers comprising the transverse arcs are curved and surround the nucleus. They do not interact directly with
focal adhesions [66—68]. They are contractile and interact with a-actinin- and myosin II-associated actin bundles. They
form an interconnected network with dorsal stress fibers rising toward the top of the cell [66—68]. Non-muscle myosin
ITA and IIB have different localization patterns. Non-muscle myosin IIA was found to localize in all transverse arcs as
a punctate pattern, while non-muscle myosin IIB mainly localized to the proximal transverse arcs [33]. Kuranno and
colleagues were also able to show a temporal relationship between non-muscle myosin Ila and IIB. They showed in



Fibrosis 2025, 3, 10009 5 of 20

fibroblasts that non-muscle myosin IIA was present in newly formed transverse arcs, but as the transverse arcs matured,
non-muscle myosin [IB became incorporated.

2.3.3. Ventral Stress Fibers

Ventral stress fibers are situated underneath the nucleus and extend toward the trailing edge of the cell
[66,67,69,70]. The ventral fibers are discrete contractile fibers within the ventral plane, consisting of actin filaments
stabilized by a-actinin and non-muscle myosin IIA [33]. They are attached to the substrate through focal adhesions at
each end. These fibers can vary in length and be oriented at various angles to the cell axis; however, the longer ventral
fibers are aligned in the direction that the cell is traveling [33]. These fibers produce most of the cellular traction and
are involved in the retraction of the rear portion of the cell during migration [58,71,72].

2.3.4. Perinuclear Stress Fibers

Perinuclear fibers are initiated at the leading edge of the cell and extend over the nucleus, where they terminate at
the rear of the cell [60]. Perinuclear fibers are stabilized by the linker of the nucleoskeleton and cytoskeleton complex
(LINC), which is composed of Sun and Nesprin proteins [73]. The perinuclear fibers and the LINC complex are crucial
in regulating nuclear shape [74,75]. The nucleus rotates in the direction of migration when the perinuclear stress fibers
are formed [60]. This orientation was also found to require non-muscle II because the inhibition of its activity blocked
the rotation of the nucleus [60].

2.4. Tropomyosins

One of the lesser-studied proteins involved in fibroblast migration is the tropomyosin family. Tropomyosins are a
group of rod-shaped proteins with various functions in muscle and non-muscle cells. Tropomyosins are a prominent
family of proteins interacting with actin filaments [64]. They are highly conserved and decorate most actin structures
in a head-to-tail fashion [64] in diverse organisms, ranging from yeast to humans [64,76]. They lie in the groove that
forms when the actin molecule polymerizes [77]. Tropomyosin isoforms function in muscle and non-muscle cells and
are involved in various cellular pathways that control and regulate the cell’s cytoskeleton and other essential functions.
Mammalian cells have four tropomyosin genes that give rise to more than forty alternatively spliced isoforms [76,78].
Only six of the forty tropomyosin splice variants encoded are essential to fibroblast actin stability. These include
tropomyosins 1.6, 1.7, 2.1, 3.1, 3.2, and 4.2.

The primary function of tropomyosin in the fibroblast is to prevent actin cleavage by cofilin [79,80], as cofilin and
tropomyosin are mutually exclusive [80]. Tropomyosin 1.6 stabilizes a-smooth muscle actin incorporation into stress
fibers [81] and regulates myosin IB and myosin IC affinity to target actin and control fibroblast motor activity [81,82].
Tropomyosins are known regulators of cell migration, especially during wound healing [83] and cancer metastases [84].
Initial studies showed that focal adhesions contain three well-defined layers [32,44,45]; however, recently, it has been
shown that there are two additional layers within the focal adhesion, and these layers are enriched with tropomyosin 1.6
and tropomyosin 3.2 [85]. In the absence of tropomyosin 1 and 3, Kumari et al. found that the actin filaments are thinner
and less organized. They also identified the early localization of tropomyosin within the focal adhesions [85].
Intriguingly, it has been shown that tropomyosin 3 is needed for the retraction of the tail at the rear of the cell and was
found to be involved in focal adhesion disassembly [85].

We speculate that specific tropomyosin isoforms, particularly Tpm1.6 and Tpm3.2, are key regulators of the
persistent and directional migration of fibroblasts in fibrotic tissues. This observation would go beyond their general
role in migration and could suggest a pathological influence in this spectrum of diseases. Their recently discovered
enrichment in two additional layers within focal adhesions and their role in regulating myosin IB and IC affinity to actin
suggest they modulate the precise dynamics of adhesion formation and turnover that is needed for persistent migration.
Since tropomyosins organize actin filaments and stabilize stress fibers, which are the primary structures sensing
mechanical cues, we propose that tropomyosins may be involved in the fibroblast’s ability to sense and respond to
increased tissue stiffness. Their presence within focal adhesions, the primary interface for mechanosensing, positions
them as critical players. Altered tropomyosin expression or function could therefore amplify pro-fibrotic
mechanotransduction pathways, creating a vicious cycle of increasing stiffness and fibroblast activation.
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3. Intracellular Signaling During Cell Migration

Intracellular signaling is another critical factor that helps to stabilize the cytoskeleton during fibroblast migration,
and specific pathways have been strongly associated with this process.

3.1. ROCK/Rho Proteins

The Rho associated coil kinase (ROCK) proteins are essential regulators of the cytoskeleton. They act mainly by
modulating actomyosin contraction [86—88], a vital cell migration process. Their functional effect is phosphorylating
motor protein myosin II or inhibiting phosphatase, dephosphorylating myosin. Collectively, this leads to increased
myosin activity, resulting in actin shortening. The homologous Rho kinases, ROCK1 and ROCK2, are downstream
targets of RhoA and RhoC, and collectively, they regulate the activity of myosin II [89]. Myosin II contains a myosin
light chain, and ROCK phosphorylates this chain [90]. At the same time, ROCK inhibits the activity of the myosin light
chain phosphatase [90]. This ensures that the myosin light chain remains phosphorylated, promoting contraction of the
actin filament, which helps drive cell migration [91,92]. The increased actomyosin contractility induced by ROCK also
helps to promote cell contraction. This leads to increased cell adhesion to the ECM, allowing the cell to migrate. While
ROCK1 and ROCK2 are involved in cell migration, they do so via distinct roles. ROCK1 destabilizes actin by regulating
the myosin light chain, causing actin-myosin contraction [90], while ROCK2 acts on cofilin to help stabilize the actin
cytoskeleton. It does so by phosphorylating cofilin, which leads to its inactivation [87], and this helps to stabilize the
actin cytoskeleton. ROCKI1 also plays a role in cell polarity, while ROCK?2 regulates the contractile force [93].

3.2. Sonic Hedgehog

The Sonic Hedgehog (SHH) protein is active during fibroblast migration. It enhances epithelial-to-mesenchymal
transition, and while it can restrict migration, it has also been shown to enhance cell migration [94-96]. SHH can
activate cytoskeletal actin stability by activating T-Lymphoma Invasion and Metastasis-Inducing Protein 1/Rac Family
Small GTPase 1, allowing the cells to migrate [97]. It achieves this by binding to its protein receptors Patched and
Smoothened, leading to the activation of genes involved in actin stability [98]. More recent evidence shows that the
transmembrane Smoothened is involved in fibroblast migration. This observation was supported by reduced fibroblast
migration in cells treated with Smoothened siRNA [99]. Basic fibroblast growth factor interacts with SHH, regulating
the effects of downstream SHH gene activation and expression levels [99]. A study by Hou et al., found that type II
alveolar epithelial cells release SHH, which influences macrophage M2 activation through osteopontin production,
causing pulmonary fibrosis. Further elucidating that by inhibiting SHH in bleomycin-mice fibrotic lungs, there was
decreased macrophage M2 activation. It is important to note that other studies displayed either similar or conflicting
results, pertaining to SHH’s direct inhibitory role versus its downstream effects [100].

3.3. WNT/B-Catenin Signaling

The WNT (Wingless integration site)/B-catenin pathway is also involved in cell migration [101], and various WNT
proteins help to stabilize the cytoskeleton and define cell polarity [102,103]. WNT genes also enhance cell migration
by increasing various matrix metalloproteinase genes that degrade the ECM, allowing more efficient cell migration
through the matrix [104]. WNT also interacts with SHH to regulate the differentiation of myofibroblasts [105]. WNT
expression helps to establish alignment of the cells within the tissues (called planar cell polarity) and orient the
movement of the cells by affecting the cytoskeleton and microtubule formation [102,103]. In the study by Zhu and
colleagues, they show that B-catenin and Glioma-Associated Oncogene Homolog 1 (Glil) have a prominent role in this
signaling pathway during fibroblast migration [99]. They postulate that fibroblast migration is based on a modulating
circuit with interactions between SHH signaling genes, Smoothened, Glil, and B-catenin [99].

3.4. PI3K/AKT Activation

PI3K (phosphatidylinositol 3-kinase) influences several key aspects involved in cell migration. It regulates the
dynamics of the actin cytoskeleton, affects cell polarity, and increases cell adhesion to the ECM. PI3K signaling
influences the formation and turnover of the actin cytoskeleton, and by affecting actin polymerization and
depolymerization, it can facilitate the formation of lamellipodia and filopodia at the leading edge and affect the
retraction of the rear of the cell during migration [106]. PI3K/AKT signaling establishes and maintains cell polarity by
regulating the localization and activation of proteins involved in cell polarity, such as those related to the formation of
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leading and trailing edges of the migrating cell [107]. PI3K/AKT pathways can affect cell adhesion by regulating focal
adhesion expression [108,109]. The activation of PI3K will trigger AKT activity, and this transcription factor helps to
regulate the expression of proteins involved in cell survival and cell migration [110]. The selective inhibition of
P13K/AKT signaling has been further studied as a potential treatment in pulmonary fibrosis in an effort to counteract
its role in increasing fibroblast’s life span [111].

4. Migration and Fibrosis

Fibroblast migration is an essential feature of fibrosis [112]. It has been associated with the excessive deposition
of ECM proteins within the tissues. Fibroblast migration allows these cells to reach sites of inflammation and respond
to this inflammation by depositing collagen and other ECM proteins; however, this can be detrimental in the case of
fibrosis. While fibroblasts are normally quiescent when responding to injury or inflammation, they upregulate their
cytoskeletal components and differentiate into highly contractile myofibroblasts [113] and increase their deposition of
collagen and ECM into the tissues.

The direction of fibroblast migration in fibrotic tissues plays a role in the overall recruitment of the fibroblasts into
the lesions. Tisler and colleagues found that fibroblasts migrated on collagen isolated from fibrotic lungs with enhanced
directionality, while fibroblasts did not have this feature when cultured on collagen from normal lungs [114].
Intriguingly, in the Tisler study, they also found that the cytoskeleton in the fibroblast was aligned with the direction of
the collagen in the ECM, and they discovered that fibroblasts exhibited a faster migration speed on collagen derived
from fibrotic lung [114]. To aid in this increased speed of the fibroblasts, focal adhesion kinase is significantly elevated
in fibrotic tissue, and targeting the activity of focal adhesion kinase has been shown to reduce fibrosis [115,116]. In
fibrotic fibroblasts, focal adhesion kinase is persistently activated, and this leads to the elevated deposition of collagens
in the tissues [115]. While little is known about the tropomyosin family in fibrosis, this family of proteins is known to
regulate cell migration [117] and is found to be elevated in fibrosis [118—120]. Inhibitors of tropomyosin are being
actively developed in the context of cancer. Investigators aim to inhibit tumor progression by impeding or limiting cell
migration and invasion while sensitizing cancer cells to other treatments [121]. Synergistic effects of the two
tropomyosin inhibitors TR100 or AMT-3507 have been observed in combination with the anti-microtubule drug
vincristine, which also targets the cytoskeleton [122]. This led to enhanced apoptosis and mitotic arrest in cancer cells.
These inhibitors could be utilized to limit cell migration in fibrotic settings. Preclinical studies with inhibitors such as
TR100 and ATM-3507, which aim to inhibit specific tropomyosin isoforms, have shown some promising results in
cancer models. In animal studies, the combination showed minimal weight loss when used in conjunction with other
chemotherapies. However, these were preliminary findings in animal models, and a comprehensive human toxicity
profile has yet to be determined.

Structural changes to the fibroblast cytoskeleton play a critical role in fibrotic diseases, and this cytoskeleton
reorganization is mediated by RhoA/ROCK signaling [123]. Due to the increased matrix stiffness found in these tissues,
ROCKI1 and ROCK2 are elevated [124], and these proteins also influence the differentiation of myofibroblasts [125],
their adhesion to the ECM [126], and their polarity [127]. The ROCK/Rho pathway drives actomyosin contraction [128],
allowing the cells to migrate. The importance of these studies is underscored by the success of ROCK inhibitors in
reducing fibrosis. Using a non-specific ROCK inhibitor in the bleomycin mouse model, there was decreased
differentiation of macrophages into the M2 class, which significantly reduced the progression of fibrosis in the lungs
[129]. In contrast, selective ROCK inhibitors were more efficacious with fewer adverse events than the non-selective
ROCK inhibitors [130]. Bei et al., showed that the specific ROCK inhibitor Fasudil suppressed hypochlorous acid
dermal fibrosis in mice by inhibiting TGF- downstream signaling proteins Smad2/3 and ERK1/2 [131]. However, it
has been reported that non-selective ROCK inhibitors can cause adverse events such as hypotension [132]. Selective
versus non-selective ROCK inhibitors need further examination for the treatment of pulmonary fibrosis.

PI3K/AKT also has many overlapping functions in fibrosis and is found to regulate cell adhesion [133], cell polarity
and directional migration [134,135], and actin cytoskeleton dynamics [136]. WNT gene expression is strongly
associated with fibrotic tissues [137] and has been extensively studied in lung fibrosis [105,138—-140]. Of the WNT
genes, WNT7A and WNTI10A are more likely to be elevated [137,141,142], although in the Tsk1 mouse model of skin
fibrosis, Wnt2, Wnt9a, Wnt10b, and Wntl1 are increased [143]. Using bleomycin to induce lung fibrosis in a mouse
model, Chen and colleagues found that Wnt7a and Wnt10b were significantly elevated over several other elevated Wnt
genes in myofibroblasts [105]. Inhibition of the transcription factor Glil limited the conversion of lung mesenchymal
stem cells to myofibroblasts, and as a result, there was less fibrosis with reduced Wnt gene expression [105]. The
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canonical WNT/B-catenin axis is activated in fibrosis and influences changes in the cytoskeleton [144] as the
stabilization of B-catenin, upregulates the transcription of genes that are involved in the remodeling of the cytoskeleton
[144]. WNT/B-catenin can also signal non-canonically via the WNT/Ca** and WNT/planar cell polarity pathways to
affect the dynamics of the cytoskeleton [145,146]. This pathway influences matrix degradation by allowing fibroblasts
to move through the matrix [147]. SHH is especially important in epithelial-to-mesenchymal transition [148], actin
stability [149], and profoundly influences the WNT/B-catenin pathway [150].

5. Beyond the Traditional Views of the Dynamic Nature of Fibroblast Migration

As discussed above, there is complexity in fibroblast migration that is influenced by the dynamic interactions
between the fibroblasts and the ECM. Fibroblast migration is a pivotal process in wound healing because it plays a role
in orchestrating tissue repair, ECM deposition, and wound contraction. However, in a pathological setting, fibroblast
migration also plays a pathogenic role in the development of fibrosis. Traditionally, fibroblast movement has been
understood primarily through direct cellular interactions, as fibroblasts sense the ECM and modify their responses to
soluble growth factors. However, recent groundbreaking discoveries have expanded this view. These discoveries have
revealed sophisticated mechanisms of intercellular communication and environmental sensing that profoundly influence
fibroblast motility and overall wound resolution and fibrosis. One of the most exciting developments is the recognition
of extracellular vesicles as critical mediators of cell-to-cell communication. These small vesicles are secreted from
fibroblasts (and other cells) and are central orchestrators of wound healing [151] and fibrosis [152]. At the same time,
direct evidence shows that fibroblast migration is modulated through extracellular vesicles derived from macrophages
[153], as the vesicles carry a rich cargo of growth factors, cytokines, and microRNAs that can alter the inflammatory
milieu, promote angiogenesis, and directly or indirectly stimulate fibroblast proliferation and activation [151,153,154].

Additional unusual migratory processes include blebbisomes [155] and migrasomes [156,157], which are novel
forms of communication and cell-derived material exchange. The recently discovered blebbisome is a large
(approximately 20 pum) organelle-rich vesicle that forms during active cell blebbing. They contain functional
mitochondria and other intracellular organelles. Their exact role in fibroblast migration and wound healing is still under
intense investigation [155]. However, it is thought that blebbisomes can transfer metabolic support (via functional
mitochondria) to recipient fibroblasts, thereby reinvigorating less active or damaged fibroblasts. Jeppson et al.
speculated that this could enhance the fibroblast energy status required for migration or deliver specific pro-migratory
enzymes or growth factors directly to the wound site, where they actively promote tissue remodeling [155]. Migrasomes
are smaller extracellular vesicle structures (0.5—3 pm) that are also left behind by migrating cells [156,158]. They are
characterized by the presence of the transmembrane protein tetraspanin [159], and they have been found to encapsulate
a diverse range of cargo, including cytosolic proteins, RNA, and mitochondrial DNA [160,161]. Cutting-edge research
suggests that migrasomes can also transmit signals to recipient cells. For example, migrasomes derived from young
fibroblasts can lessen the senescence phenotype found in aged keratinocytes and enhance wound healing in aged skin
[156]. This finding suggests that migrasomes transfer factors that have a direct role in rejuvenating the
microenvironment of the wound bed. Migrasomes have been found to promote fibrosis [160], suggesting that they also
have an active role in this process. Beyond these intrinsic cellular and vesicular mechanisms, fibroblast migration is
still exquisitely sensitive to a diverse array of stimuli. This can also be influenced by biochemical growth factors, such
as TGF-B, PDGF, and FGF, etc. These cytokines function as potent chemoattractants and activators of fibroblast
proliferation. They also enhance matrix synthesis. Furthermore, the dynamic interplay with other resident and
infiltrating cell types influences the migration of fibroblasts. These include keratinocytes, which secrete many essential
factors that profoundly affect fibroblast behavior [162]. In addition, endothelial cells are involved in angiogenesis and
mediate crosstalk between fibroblasts and various immune cells, and this crosstalk modulates fibroblast responses and
the inflammatory and reparative microenvironment [163]. All these cells are paramount and influence fibroblast
migration in wound healing, and they have also been shown to be active in the development of fibrosis. The mechanical
properties of the extracellular matrix itself, including its stiffness and topographical cues, as discussed above, also exert
profound guidance over fibroblast movement, directing them towards areas of injury and remodeling.

The core interactive pathways in fibrosis that govern fibroblast migration are shown in Figure 3.
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Figure 3. Core interactive pathways governing fibroblast migration in fibrosis. Many of the key pathways in the fibroblast are
overlapping as they alter the structural dynamics of the fibroblast during migration. The activation of these pathways is often
enhanced in fibrosis. References used to create the figure and discussed in more detail below. RhoA/ROCK Pathway: [141-146]
PI3K/AKT Pathway: [70,147-149] WNT/B-catenin Pathway: [124,150-155,157-160] SHH Pathway: [161-163]. Created in
BioRender. Artlett C. (2025) https://BioRender.com/mpenb3i.

6. Addressing the Clinical Need for Selective Inhibitors of Fibrosis

A critical unmet medical need in the field of fibrotic disease that remains is the development of successful
therapeutic interventions that can effectively resolve pathological fibrosis. For this to be successful, it should not
compromise the essential roles of quiescent fibroblasts, as these are required for normal tissue maintenance, architecture,
and repair. This has been very challenging to date, as it is underscored by the understanding that the complete abrogation
of fibroblast activity could impair beneficial wound healing and tissue homeostasis. Therefore, unique perspectives that
point towards strategic shifts in therapeutic development are warranted. Strategies that will selectively target or alter
myofibroblast function or differentiation while preserving the vital regenerative capacity of fibroblasts are needed. The
core challenge in the clinic with anti-fibrotic therapy lies in disarming the ‘pro-fibrotic’ switch without halting the ‘pro-
healing’ function of the fibroblast. Because myofibroblasts are distinguished from quiescent fibroblasts by several key
features, these features could make them vulnerable to therapeutic modulation. For example, they exhibit enhanced
contractility [164,165], sustained production of excessive ECM deposition, and heightened resistance to apoptosis
[166,167]. These characteristics are driven by specific molecular pathways, including persistent TGF-p signaling and
activation of the RhoA/ROCK pathway [124,168]. Myofibroblasts also exhibit altered mechanosensing, a process that
is often dysregulated in chronic fibrotic conditions but is less active or more tightly controlled in quiescent fibroblasts
[169]. Therefore, successful therapies must selectively interfere with the myofibroblast-specific functional traits rather
than broadly inhibiting all fibroblast activities. As mentioned, myofibroblasts have persistently activated TGF-f;
however, broadly inhibiting this cytokine failed to be therapeutically beneficial in the treatment of fibrosis [170].
However, targeting downstream effectors or co-factors of TGF-f signaling, such as those that are only active during
myofibroblast differentiation, may be a more successful approach. For example, targeting the activation of ROCK has
shown some promise by attenuating myofibroblast differentiation and contractility while sparing fibroblast proliferation
[171]. However, in contrast, the targeting of focal adhesion kinase on myofibroblasts was detrimental as it delayed
wound healing by suppressing the expression of p38 and Akt [172].
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Targeting tropomyosins could be another route for successful therapeutic intervention, as this family is involved
in stabilizing the actin cytoskeleton, which is essential for mediating fibroblast migration. Specific isoforms are
upregulated in fibrosis, and their targeting lowers collagen deposition. For example, the knocking down of tropomyosin
2.1 abrogated collagen gel contraction [118] and slowed fibroblast migration [173], highlighting this tropomyosin
isoform as a possible therapeutic target for lung fibrosis. In cardiac fibrosis, the ectopic administration of a small circular
RNA (circYap) was found to attenuate fibrosis by binding to tropomyosin 4 and y-actin. This resulted in decreased actin
polymerization and reduced ECM deposition. This suggests that modulating tropomyosin activity could be beneficial
in this context.

An additional critical shift in thinking involves exploring pathways that actively reverse the differentiation of
myofibroblasts or promote myofibroblast quiescence (or apoptosis) rather than merely preventing myofibroblast
differentiation. Oral mucosa and embryonic wound healing models [174,175] offer valuable insights into this selective
approach, and these insights can be drawn from natural regenerative healing models. Unlike tissues in other organs,
these systems exhibit scarless or minimal-scar healing [176]. This is characterized by a unique fibroblast behavior
profile where myofibroblast differentiation is either attenuated or transient because the inflammation within the wound
site is more temporary than in other tissues [177,178]. In these models, fibroblasts efficiently migrate, proliferate, and
deposit matrix components to facilitate initial wound closure, yet they do not persistently differentiate into highly
contractile, matrix-overproducing myofibroblasts. This physiological balance suggests that these systems possess
intrinsic mechanisms that fine-tune myofibroblast activation, drive efficient resolution, and provide invaluable
blueprints for therapeutic intervention [179—181].

The exploitation of myofibroblast cell surface markers [175,182] or targeting their metabolic vulnerabilities [183]
would be a unique approach around which more precise drug delivery methods could be developed. Myofibroblasts
exhibit increased glycolysis [184,185] and glutaminolysis [186,187]. Inhibiting mitochondrial pyruvate import impedes
the development of myofibroblasts [188,189]. Myofibroblasts also have unique cell surface markers such as CD49e (alpha 5
integrin) [190], CD29 (beta 1 integrin) [191], and CD9 (tetraspanin glycoprotein) [192] are found on various subsets of
myofibroblasts, and they could be leveraged in targeted antibody-drug conjugates while sparing quiescent fibroblasts.

In addition, as myofibroblasts are sensitive to matrix stiffness, developing strategies that reduce the pathological
stiffness or alter the mechanical cues of the ECM in a way that deactivates myofibroblasts without disrupting ECM
scaffolding needed for fibroblast migration and functional integrity. This approach could be transformative and is
currently under investigation [193,194]. The intriguing observation by Locy et al. [194], demonstrated that oxidative
crosslinking of fibronectin attenuated fibroblast migration, supporting this hypothesis. Figure 4 outlines some of the
core features that we have discussed about fibroblast migration and their dysregulation in fibrosis.
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7. Conclusions

The recent and novel discoveries made by migrating fibroblasts could pave the way for innovative therapies that
enhance fibroblast migration in wound healing or mitigate fibrosis. For example, harnessing the power of extracellular
vesicles or designing migrasomes or blebbisomes to deliver reparative signals directly into the wound could represent
a cutting-edge cell-free therapeutic approach to enhance fibroblast migration, leading to faster wound healing rates.
These approaches would circumvent some of the difficulties and challenges associated with cell transplantation. As
migrasomes have been found to enhance healing in aged skin, this approach would be pertinent to the elderly with
chronic venous stasis ulcers, as these ulcers are notoriously difficult to heal. Furthermore, by precisely modulating or
controlling the content and release of wound healing factors by the vesicles or by mimicking their functional capabilities,
future interventions could achieve more precise and effective stimulation of fibroblast migration into the wound. This
could improve wound closure and could significantly mitigate the pathological consequences of dysregulated healing.
In addition, by manipulating extracellular vesicles to carry molecules that inhibit fibrosis, it would be an effective means
to target this pathology. Indeed, the use of myofibroblast targeting extracellular vesicles to control fibrosis is currently
under development [195].

However, as fibrosis is a complex pathological event, ultimately resolving this complex pathology will require a
multi-pronged approach that moves far beyond single-target drugs. Future therapies will likely aim to specifically
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“disarm” myofibroblasts at various stages. This could be achieved by preventing their differentiation and promoting
their de-differentiation or apoptosis while simultaneously neutralizing their pro-fibrotic output. This should all be in an
environment that fosters and supports the beneficial, regenerative functions of fibroblasts. This necessitates a continued
and more profound understanding of myofibroblast heterogeneity, their unique molecular signatures, and the intricate
interplay of cellular and extracellular signals that drive fibrotic progression and cell migration, particularly through the
lens of regenerative healing models.
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