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ABSTRACT

Keloid, as a skin fibrotic proliferative disorder, have a complex
pathogenesis that remains incompletely understood. It is
characterized by abnormal and excessive scar formation following
skin injury. The occurrence and development of keloids are closely
associated with immune dysregulation. Immune cells, such as T
cells, macrophages, mast cells, and Langerhans cells, play crucial
roles in the formation of keloids. These immune cells contribute
to keloid initiation and progression through mechanisms including
cytokine secretion, promotion of inflammatory responses, and
regulation of fibroblast proliferation and collagen synthesis. With
advances in immunological research, the roles of fibroblasts,
keratinocytes and melanocytes in the immunological dysregulation
underlying keloids have received increasing attention. This paper
aims to review recent progress on the abnormal immunological
regulation involving these three epidermal cell types, in order to
provide new insights and theoretical foundations for the treatment
of this disease.
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INTRODUCTION

As a skin fibroproliferative disease, the
pathogenesis of keloid is complex and not
yet fully understood. It is characterized by
abnormal and excessive scar formation after
skin injury. These scars frequently extend
beyond the boundaries of the original wound
and present as firm, raised nodules or plaques
that rarely regress spontaneously. Unlike
hypertrophic scars, keloids exhibit: Invasive
growth beyond wound margins; Thl7-

skewed inflammation (IL-17+ cell density:
3.2-fold higher); and persistent TGF-3
downregulation (1). Keloids occur with higher
incidence in specific populations, particularly
in individuals of African and Asian descent
and those with family history of the condition,
and are marked by both high incidence and
recurrence rate (2). In addition, cutaneous
injury events such as trauma, surgery, and
burns are triggers for keloid, keloid formation,
significantly affecting both the physical and
psychological well-being of patients (3).
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The occurrence and progression of
keloids are closely associated with immune
dysregulation. Immune cells, including T cells,
macrophages, mast cells, and Langerhans
cells, play crucial roles in keloid pathogenesis.
These cells contribute through mechanisms
such as cytokine secretion, promotion of
inflammatory responses, and regulation of
fibroblast proliferation and collagen synthesis.
Immunological assessments, such as
quantifying the number and functional status
of T cells, may aid in developing targeted
treatment strategies and serve as prognostic
markers in keloid patients. With technological
advances and increasing clinical demand,
research on the immunological mechanisms in
underlying keloid development has expanded
considerably.

Single-cell sequencing has provided
detailed insights into the cellular composition
and heterogeneity ofkeloid tissues (4). Key cell
types identified include vascular endothelial
cells, fibroblasts; keratinocytes; sweat gland
cells, while dysregulated pathways involve
TGFpB/Eph-ephrin signaling and TGF-f/
Smad cascade. These findings highlight
the complexity of cellular interactions and
molecular mechanisms in keloid formation,
pointing toward novel therapeutic targets (5,
6). In recent years, increasing attention has
been directed toward the role of fibroblasts,
keratinocytes and melanocytes in the
immune dysregulation underlying keloid
pathogenesis (7, 8).

Fibroblasts are the principal cellular
components of keloid dermis, and their
abnormal proliferation together with excessive
extracellular matrix (ECM) deposition is
considered central to keloid formation.
Interactions between keratinocytes and
fibroblasts are also critical, as keratinocyte-
derived factors can markedly influence
fibroblast-driven collagen deposition. In
addition, melanocytes and their associated
genetic and environmental influences have
been implicated in keloid susceptibility. The
main cell types in the epidermis include
keratinocytes and melanocytes, while
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fibroblasts are the predominant cells in the
dermis. Increasing evidence indicates that
epidermal cells play an important role in
keloid development.

Therefore, this paper focuses on these three
key cell types in the epidermis and dermis,
discussing their contributions to immune
dysregulation and how these processes
drive keloid pathogenesis. By clarifying
the role of these cells, we aim to provide a
deeper understanding of the immunological
mechanisms underlying keloid formation.

THE ROLE OF EPIDERMAL AND
DERMAL CELLS IN THE NORMAL
SCAR FORMATION PROCESS

The normal wound healing process
is generally divided into four stages:
hemostasis, inflammation, proliferation, and
dermal remodeling. Each stage requires the
coordinated involvement of different cells and
molecular factors.

Hemostasis

Immediately after injury, platelets are
rapidly activated, aggregate at the wound
site, and release coagulation factors. These
factors promote clot formation and facilitate
the activation and migration of inflammatory
cells, keratinocytes, and fibroblasts (9, 10).
Keratinocytes help establish a protective barrier
by re-forming the stratum corneum, which
reduces blood loss and supports hemostasis.

Inflammation

During the inflammatory phase, resident
immune cells, including mast cells,
Langerhans cells, T cells, and macrophages,
are activated via pattern recognition receptors
(PRRs) recognizing damage-associated
molecular patterns (DAMPs) and pathogen-
associated molecular patterns (PAMPs)
(11). Activated immune cells release pro-
inflammatory cytokines and chemokines
which recruit neutrophils from circulation
into the wound site (12).
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Neutrophils contribute to wound repair,
by producing reactive oxygen species and
various types of proteases to eliminate
pathogens and necrotic tissue, while also
secreting inflammatory mediators and
cytokines that further attract inflammatory
cells, endothelial cells, and fibroblasts (13).
Fibroblasts at the wound site secrete ECM
components and growth factors that support
the clearance of inflammatory cells (such
as macrophages) and wound stabilization.
They also participate in immune regulation
by secreting cytokines and chemokines that
recruit and activate additional immune cells
(14, 15). Damaged or stimulated keratinocytes
release cytokines and chemokines such as
TNF-0 and IL-lo, which further attract
and activate neutrophils and macrophages,
thereby promoting pathogen clearance and
tissues debridement (16).

Proliferation

During the proliferative phase, growth factors
such as platelet-derived growth factor (PDGF),
TGF-B, fibroblast growth factor (FGF), stimulate
fibroblasts to proliferate and differentiate into
myofibroblasts. These cells secrete collagen,
elastin, and other ECM components to form
granulation tissue, which fills the wound (17).
Fibroblasts also degrade the temporary matrix
via matrix metalloproteinases, replacing it
with granulation tissue enriched in fibronectin,
immature collagen, and proteoglycans (18). This
provisional matrix provide structural support
and serves as a scaffold for cell migration,
angiogenesis, and epithelialization (19).

At the wound edge, epithelial-ECM
interactions promote the proliferation and
migration of keratinocytes. Once migration
ceases, keratinocytes establish a new epithelial
layer, and reform the basement membrane and
undergo terminal differentiation to regenerate
the epidermis (19). Melanocytes contribute by
synthesizing and secreting melanin, which
protects the newly formed skin from ultraviolet
radiation. Melanin has also been shown to
stimulate fibroblast proliferation, accelerate
wound closure, and support barrier (20).

Dermal Remodeling

Scar formation occurs primarily during
dermal remodeling. Following normal wound
healing, scar formation and degradation reach
a dynamic equilibrium (21). In this phase,
fibroblasts orchestrate ECM remodeling by
replacing the fibrin clot with hyaluronic acid,
fibronectin, and proteoglycans, followed by
deposition of mature collagen fibers (22).
Proteoglycans facilitate collagen crosslinking
and serve as conduits for cell migration (23).
As healing progresses, type III collagen
is gradually replaced by type I collagen,
increasing tensile strength (24).

Mpyofibroblasts contribute to wound
contraction through pseudopodia extension
and cytoplasmic actin binding to fibronectin
within the matrix (17). Muscle fibroblasts
adhere to one another via desmosomes, and
to matrix fibers, generating contractile forces
that pull the wound margins together (25).
Keratinocytes maintain epidermal integrity
and promote barrier maturation, while
melanocytes provide long-term protection
via sustained melanin synthesis. Melanocytes
may also modulate immune responses by
attenuating local inflammation, thereby
reducing tissue redness, pain, and swelling
(26). Finally, as macrophages, endothelial
cells, and fibroblasts undergo apoptosis or
leave the wound site, wound healing gradually
subsides, leaving behind a stable scar (27).

THE MECHANISM OF IMMUNE
REGULATION DISORDERS INVOLVED
IN KELOID

Imbalance of Immune Cell Function
Immune dysregulation initiates keloid
pathogenesis. In early wounds, M2
macrophages dominate and secrete 1L-10,
priming fibroblast activation (28). Depletion
of CD8+ T cell reduces cytotoxic pressure,
allowing fibroblast survival (29). Keloid tissue
contains abundant lymphocytes and dendritic
cells, and alterations in their number are
associated with scar development.

Iran J Immunol Vol. 22, No. 4, December 2025



Immune Abnormalities in Keloid

Lymphocytes: Comparative analyses show
that infiltration of T follicular helper cells and
monocytes is significantly higher in scar tissue
than in normal skin (30). Downregulation
of cytotoxic CD8'T cells is consistently
observed in both peripheral blood and scar
lesions (29). Several studies have reported
that both direct and indirect cultures of
CD8'T cells with fibroblasts exert significant
inhibitory effects on fibroblasts (31). Their
immunomodulatory activity positions CD8"
T cells as a pivotal target for developing new
immunotherapeutic strategies against keloids.
Although monocytes differentiate into M2
macrophages during early wound healing in
both normal and keloid-prone individuals,
this process appears to be dysregulated in
the latter. In keloid pathogenesis, the M2
macrophage response is exaggerated and
prolonged, resulting in sustained release of
profibrotic factors such as IL-10 and TGF-f,
which continually activate fibroblasts and
drive excessive ECM deposition (28).
Thus, the key difference may lie not in the
initial differentiation of monocytes into M2
macrophages, but in the heightened and
prolonged nature of this pro-repair immune
response and its failure to resolve, ultimately
contributing to pathological fibrosis in
susceptible individuals.

Neutrophils: Neutrophils are the first
immune cells recruited to the site of injury.
Beyond antimicrobial defense, they secrete
cytokines including IL-1, IL-17, vascular
endothelial growth factor (VEGF), and
TNF-a (32), which recruit other immune cells,
promote fibroblast proliferation, and facilitate
wound healing (33). However, excessive
neutrophil activity can be detrimental, as their
depletion accelerate wound healing without
significant scar formation, highlighting their
dual role in fibrosis (34).

Langerhans cells: Langerhans cells are
located in the granular layer of the epidermis
and migrate to wound sites following trauma.
Their density is significantly higher in keloid
tissue compared with normal skin, implicating
them in scar progression (35). Interaction
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among Langerhans cells, keratinocytes, and
the deep dermis may influence the formation
of scar tissue by modulating the release of
cytokines such as IL-la and IL-4.

Mast cells: Mast cells are increased in both
number and activity in keloid tissue. Upon
IgE-mediated activation,, they degranulate
and release mediators such as histamine,
which which amplify inflammation and
stimulate fibroblasts to increase collagen
synthesis, acting as potent pro fibrotic
mediators (36). Changes in the activity of the
glycosphingolipid (GSL) metabolic pathway
in fibroblasts were analyzed using pseudo
time trajectory, revealing that increased GSL
metabolic pathway activity is associated with
fibroblast differentiation (37).

Immune-stromal crosstalk: Crosstalk
between immune and stromal cells is central
to keloid development. M2 macrophages are
predominant in keloid tissues and secrete
IL-10, sustaining TGF-B/Smad3 activation
in fibroblasts. Concurrently, infiltrating
Th17 cells produce IL-17A, which amplifies
fibroblast proliferation through the STAT3-
HIF-1a axis (38).

Collectively, immune dysregulation alters
immune—fibroblast interactions, resulting in
abnormal fibroblast activation and excessive
ECM synthesis that drive keloid formation.

Abnormal Production of Cytokines

Scar tissue formation is characterized by
abnormal expression of multiple cytokines
and growth factors, including TGF-f3, VEGF,
PDGF, FGF, all of which are markedly
upregulated in scar tissue. These mediators
drive keloid progression by promoting
fibroblast proliferation and collagen synthesis.
Plasma analyses from patients with keloid
revealed persistently elevated concentrations
of inflammatory cytokines, underscoring
in the central role of chronic inflammation
in keloid pathogenesis (39). Notably, IL-
17 significantly upregulate the expression
of SDF-1 in fibroblasts, enhancing directed
migration and infiltration of Th17 cells from
the circulation, amplifying the complexity
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of the immune microenvironment in keloid
(40). These findings suggest that, therapeutic
strategies aimed at interleukin blockade and
suppression of inflammatory responses may
be effective for keloid treatment (41). In
addition, the expression of the chemokine
CCL2 and its receptor CCR2 is significantly
increased in keloid tissue. Their interaction
directly stimulates fibroblast proliferation,
identifying the CCL2—CCR?2 axis as a potential
therapeutic target (42). In summary, a deeper
understanding of cytokine-driven mechanisms
in keloid development will provide a stronger
theoretical foundation for designing precise
and effective therapeutic approaches.

Fibroblasts themselves secrete a range
of cytokines that promote cell proliferation
and collagen synthesis (43, 44). Immune
dysregulation can result in abnormal
expression of these cytokines, thereby
exacerbating the formation of keloid.
Stimulated keratinocytes release various
cytokines such as IL-1 and IL-6, which
promote inflammation and cell proliferation
(45). In melanocytes, immune dysregulation
can disrupt pigment metabolism, altering scar
pigmentation. While this does not directly
lead to the formation of scars, it significantly
affects scar visibility and cosmetic
appearance.In summary, the formation of
a keloid is a complex pathological process
involving interactions of multiple immune
and non-immune cells and cytokines.
Immune dysregulation disrupts the balance
of these pathways, promoting pathological
scar formation.

THE ROLE OF EPIDERMAL AND
DERMAL CELLS IN THE
DEVELOPMENT OF KELOID

Fibroblasts

Fibroblasts contribute to scar tissue
primarily through excessive proliferation,
collagen synthesis and deposition, ECM
remodeling, dysregulated inflammatory
responses, altered immune regulation, and

angiogenesis. Scar formation represents
a complex pathological process in which
fibroblasts interact with their surrounding
immune cells, thereby amplifying abnormal
tissue repair and hyperproliferation (46).
TGF-f is one of the most important fibrosis-
promoting mediators, regulating collagen
formation in fibroblasts and myofibroblasts.
By activating canonical (Smad2/3) and non-
canonical (NF-xB, p38 MAPK) signaling
pathways, TGF-p TGF-J drives overactivation
of fibroblasts and myofibroblasts, resulting
in excessive collagen formation and keloid
formation (43). Crosstalk with mast cell-
derived histamine further amplifies TGF-
signaling,  reinforcing fibroblast-driven
collagen overproduction (36). Upon trauma
or inflammation, fibroblasts: secrete PDGF
which recruits immune cells and upregulates
collagen synthesis via the ERK1/2 pathway.
In scar tissue, overexpression of PDGF may
lead to excessive fibroblasts proliferation and
aberrant ECM deposition (44). Fibroblasts
also secrete fibroblast growth factor (FGF),
which promotes fibroblast proliferation and
collagen synthesis, thereby contributing to
scar tissue formation and progression (47).
When stimulated by trauma or inflammation,
Fibroblasts release inflammatory factors such
as IL-6, which participate in the formation
and development of scar tissue by enhancing
the activation and proliferation of fibroblasts,
and the synthesis of collagen and other ECM
components (48). Additionally, fibroblasts
may secrete TNF-o under certain conditions,
which can promote fibroblast proliferation
and activates downstream signaling cascades,
including NF-kB, JNK and p38 MAPK, further
contributing to the pathological remodeling
processes observed in scar tissue (49). Research
has shown that inhibition of the heme synthesis
pathway significantly reduces the expression
of cellular hemoglobin, a process closely
associated with the abnormal viability and
proliferative capacity of fibroblasts in keloid
tissue (50). Keloid fibroblasts demonstrate
tumor-like properties: Proliferation: a 2.1-
fold increase in EdU+ cells compared with
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normal fibroblasts (51); anti-apoptosis: a
60% reduction in caspase-3 activity under
TNF-o stimulation (49). Furthermore,
significant changes in lipid metabolism have
been observed in keloid fibroblasts and are
strongly associated with keloid progression.
This highlighs the potential therapeutic
relevance of targeting metabolic pathways
in the treatment of keloids (52). Notably, the
activity of bacteria and specific enzymes such
as catalase has been identified as an important
factor in triggering or exacerbating scar
tissue formation. This finding underscores
the need for therapeutic strategies that target
inflammation and restore microbial balance in
scar treatment (53). From a drug development
perspective, Dilatinib has shown significant
inhibitory effects on fibroblast proliferation,
migration, invasion, and collagen production
in in vitro experiments. These results
highlight its potential as a promising candidate
pharmacological agent for the treatment of scar
tissue disorders (54). In addition, microRNAs
(miRNAs) such as miR-214 regulate scar tissue
pathology by targeting A2AR expression,
which alters TGF-B levels. This process
not only enhances the proliferation of scar
tissue fibroblasts, but also inhibits apoptosis,
underscoring the critical regulatory role of
miRNAs in scar formation (55). Research on
signaling pathways indicates that both p38
inhibitors and 2ME2 effectively suppress
the proliferation of scar tissue fibroblasts
(56). Notably, 2ME2 may exert its anti-
proliferative effects by directly targeting the
p38 signaling pathway, providing a theoretical
basis for the development of novel anti-fibrotic
agents. Microbiome analysis further reveals
Staphylococcus aureus enrichment in keloid
tissues, which may contribute to fibrosis
through catalase-mediated oxidative stress
(53). These findings highlight the importance
of the host-microbe interaction in scar
pathology and warrant further mechanistic
investigation.

Keratinocytes
Keratinocytes secrete various factors that
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regulate fibroblasts activity and extracellular
matrix (ECM) synthesis, thereby affecting
the formation and development of scars. For
example, TGF-P activates fibroblasts via the
TGF/Smad signaling pathway, promoting
their proliferation, differentiation, and ECM
deposition (57). Platelet derived growth
factor (PDGF), secreted by keratinocytes,
also enhances fibroblast activity (1).
Similarly, FGF, produced by keratinocytes
and other cells, supports the proliferation
and differentiation of fibroblasts. In scar
tissue, FGF contributes to regulating
fibroblasts function (54). Keratinocytes can
also undergo partial epithelial-mesenchymal
transition (EMT), characterized by a
reduction in epithelial markers and an
increase in mesenchymal markers. In
keloid keratinocytes, EMT-related genes
are significantly upregulated, including the
decreased expression of epithelial markers
such as E-cadherin (|60%) and - catenin,
alongside increased expression of the
mesenchymal marker vimentin (13-fold)
(58, 59). These changes blur the boundary
between the epidermis and dermis, enhance
cellular migration and invasion, and facilitate
the expansion and invasion of keloids into
surrounding normal tissues (60).

Melanocytes

A study has found that melanocyte
secretions can activate TGF-f signaling in
fibroblasts, which may represent an important
mechanism for promoting scar formation
(61). Under specific conditions, melanocytes
release exosomes carrying specific
microRNAs (miRNAs), such as kmiR-
7704. These exosomes are internalized by
fibroblasts, transferring bioactive molecules
such as miRNAs into the fibroblast cells.
The transferred miRNAs, inhibit Smurf1
within the fibroblasts, leading to abnormal
activation of the TGF-B/Smad pathway.
This dysregulation results in excessive
proliferation, differentiation, and migration
of fibroblasts, ultimately contributing to
keloid formation. Such findings highlight
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the critical role of melanocyte-fibroblast
interactions in the pathogenesis of keloids
and suggest potential molecular targets for
therapeutic interventions (61). In addition,
Taylor et al. found that o-melanocyte-
stimulating hormone (a-MSH), secreted by
melanocytes in the skin, can increase the
production of TGF-f by activating T cells,
suppress the production of INF-a, and
stimulate the proliferation of fibroblasts.
This further promotes the development of
keloids (62, 63).

Interactions among Fibroblasts, Keratinocytes
and Melanocytes

In keloid tissue, the key cytokine TGF-f,
secreted by keratinocytes, activates the
TGF-B/Smad signaling pathway, leading
to excessive activation of fibroblasts
and myofibroblasts. This leads to an

Keratinocyte
EMT-related T
D

Vimentin

| /)PDGF
1 Wy .*——.*—

overproduction of collagen and ultimately
the development of keloids. .Following skin
injury or inflammatory stimuli, fibroblasts
and keratinocytes secrete excessive amounts
of PDGF and FGF further enhancing fibroblast
activity. Fibroblasts also produce IL-6, which
promotes their activation and proliferation,
while also secreting TNF-a, which further
stimulates fibroblast proliferation through
activation of the NF-kB, JNK, and p38
MAPK signaling pathways. Additionally,
inhibition of heme synthesis (e.g., by ALA
dehydratase knockdown) has been shown
to decrease cytoglobin expression, directly
enhancing fibroblast proliferation (50).
Fig. 1 summarizes these key interactions:
Keratinocyte — Fibroblast: TGF-B/PDGF;
melanocyte — Fibroblast: kmiR-7704
exosomes; shared loops: IL-6/STAT3 (see
Section 4.1-4.3).
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Fig. 1. Cross-talk among keloid cells. (1) Keratinocytes secrete TGF-3 and PDGF to activate fibroblasts.
(2) Melanocyte-derived exosomes deliver kmiR-7704, which suppresses Smurf1 in fibroblasts. (3)
Shared cytokines (IL-6, TNF-a) establish a pro-fibrotic feedback loop. Red inhibitors indicate potential
therapeutic targets (e.g., STAT3, RhoA/ROCK1).
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NOVEL THERAPEUTIC TARGETS
AND INNOVATIVE APPROACHES IN
KELOID TREATMENT

Although classified as benign hyperplasia
of the skin, keloids exhibit biological
characteristics similar to malignant tumors,
such as excessive cell proliferation, resistance
to apoptosis, and invasive growth. These
properties impose significant physical and
psychological burdens on patients, manifesting
as pain, pruritus, and tissue contracture.
However, the precise pathogenesis of
keloids remains incompletely understood.
As a result, current clinical interventions,
such as surgical excision and corticosteroid
therapy, are limited by of high recurrence
rates and the absence of effective long-term
pharmacological options, making keloid
management a persistent clinical challenge.
In recent years, researchers have conducted
extensive studies at the cellular and molecular
levels to clarify the mechanisms underlying
keloid formation and identify novel and
effective therapeutic targets.

Potential Therapeutic Targets for Keloid
The formation of keloids is a complex
and dynamic biological process, with
abnormal differentiation of fibroblasts into
myofibroblasts at its core. This process
significantly promotes the accumulation of
excess collagen, leading to an exacerbation
of scar tissue formation. Cytokines, as
key mediators of intra- and intercellular
information communication, play a pivotal
role in keloid pathogenesis. Regulating
cytokine balance offers therapeutic potential:
inhibiting pro-inflammatory cytokines
(e.g., IL-6 and IL-8) while enhancing anti-
inflammatory cytokines (e.g., IL-10) can
suppress fibrosis. Clinical evidence shows
that IL-6 blockade reduces collagen density
by approximately 40%. Inflammatory
cells, including macrophages, T cells, and
mast cells, also contribute significantly to
keloid progression, making reduction of the
inflammatory cascade a central therapeutic
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strategy (64). HMGBI, a key mediator of the
inflammatory and cellular stress response,
represents a novel therapeutic target (65).
Similarly, transcriptional regulators such as
Runx2 and PKM2 play crucial roles in the
pathogenesis of keloid and may serve as future
therapeutic targets (66). The upregulation of
HIF-1 o in scar tissue suggests its potential
role in driving pathological scar formation,
offering new insights into the underlying
disease mechanism (67). The transcription
factor HOXC9 has emerged as both a
potential biomarker and therapeutic target
(68). Moreover, inhibition of STAT3 has been
shown to significantly alleviate fibroblasts
dysfunction, underscoring the critical role
of molecular targeted therapies in managing
scar tissue pathology (51).

In addition to cytokines and transcription
factors, dysregulated signaling pathways
are central to in scar formation. Impaired
autophagy scar tissue is associated not only
with necrotic cell death, but also with fibrosis
progression. Therapeutic interventions
targeting the TGF-B/Smad pathway (see
Section 4.1) remain fundamental, while
emerging regulators such as HMGBI, Runx2,
and PKM2, which uniquely regulate keloid
fibroblast metabolism, offer novel avenues to
modulate fibroblast activity and metabolism
(69). Collectively, these insights suggest that
interventions focusing on these signaling
pathways may revolutionize treatment
strategies for keloids (58).

In summary, advancing our understanding
of keloid pathogenesis, continues to unveil
novel therapeutic targets and strategies,
offering renewed hope for affected patients.

Exploration of Innovative Treatment for
Keloid

This review highlights the potential of
several innovative drugs, such as dasatinib,
microRNA-29 mimetics (Remlarsen), and the
PARP1 inhibitor Rucaparib, in the treatment
of keloids. Dasatinib, a tyrosine kinase
inhibitor, has demonstrated anti-fibrotic
activity and holds promise as a therapeutic
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option for keloid management (70). Remlarsen,
a synthetic miR-29 mimic, has shown
significant potential in preventing fibrotic
scar formation by effectively suppressing
collagen overexpression and inhibiting
fibrosis at skin incision sites, thereby offering
a novel strategy for early keloid intervention
(71). In addition, this review discusses the
potential of the PARP 1 inhibitor rucaparib as
a novel therapeutic option keloid. Its distinct
pharmacological profile introduces a new
dimension to keloid treatment strategies,
underscoring the diversification of future
treatment approaches (72). Paclitaxel (PTX)
has also attracted attention as a promising
anti-keloid agent; however, its precise
therapeutic mechanism remains incompletely
understood. Therefore, in-depth investigation
of the specific mechanism by which PTX
influences keloid pathogenesis is crucial for
advancing its clinical application, with the
potential to yield more precise and effective
therapeutic options for keloid patients (73).
The strong association between asporin
(ASPN) and keloid pathogenesis has inspired
innovative therapeutic approaches, notably
the use of ASPN siRNA-loaded nanoparticles
to precisely modulate the expression of
ASPN. In xenograft models, PEI-coated
ASPN siRNA nanoparticles reduced collagen
deposition by 35% (74). However, the low
transfection efficiency (<50% in fibroblasts)
remains a barrier to clinical translation.
As a multi-targeted agent, nintedanib
demonstrates considerable  therapeutic
potential for the treatment of keloid by
effectively suppressing cell proliferation,
migration and excessive production of
collagen, positioning it as a promising
candidate drug for clinical intervention (75).
Pirfenidone, a novel antifibrotic agent, has
demonstrated promising potential in keloid
treatment. It can not only block the epithelial-
mesenchymal transition in keratinocytes, but
also modulate the gene expression profiles, and
suppressing cell migration and proliferation,
collectively contributing to the attenuation
of keloid progression and recurrence (76).

Adipose derived stem cells (ADSCs), as
a form of biological therapy, have shown
notable promise in the treatment of keloid by
significantly inhibiting the proliferation and
invasion of keloid fibroblasts. However, their
specific role in regulating apoptosis remains
to be elucidated (77). Notably, emerging
molecular therapies have shown encouraging
progress; for instance, growth factors and
cytokines present in human Wharton’s jelly
stem cell-conditioned medium (hWJSC-
CM) promote the repair and regeneration of
scar tissue by stimulating the proliferation
and differentiation of skin cells, thereby
accelerating scar maturation and softening
(78). Modulating the expression of Circ-
PDE7B influences the gene regulatory
network involved in scar formation, thereby
suppressing excessive scar hyperplasia and
enhancing scar texture. Its anti-keloid activity
highlights the potential for novel therapeutic
strategies (79). Ongoing efforts to develop
pharmacological agents, further expand
the horizon of treatment options, offering
renewed hope for patients with keloid.

CONCLUSION AND OUTLOOK

Fibroblasts, keratinocytes and melanocytes
play pivotal roles in the dysregulated immune
responses underlying keloid pathogenesis.
Among them, fibroblasts serve as the principal
effector cells. Their abnormal activation
and proliferation drive excessive deposition
of ECM, a hallmark of keloid formation.
Keratinocytes contribute to disease
progression by disrupting the epidermal—
dermal interface, through downregulation
of EMT-related genes and intercellular
adhesion proteins such as E-cadherin,
thereby exacerbating the pathological
remodeling of keloid tissue. Melanocytes
contribute significantly to the formation
of keloid by delivering specific miRNAs
that modulate the TGF-B/Smad signaling
pathway in fibroblasts, thereby promoting
fibrotic activity. In conclusion, fibroblasts,
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keratinocytes and melanocytes interact within
the dysregulated immune microenvironment
of keloid, jointly influencing its initiation
and progression. Among these, fibroblasts
are the primary effector cells driving keloid
formation. Given their their distinct roles
in keloid pathogenesis, targeting fibroblast
proliferation and promoting their apoptosis
represents a promising therapeutic strategy.
Further elucidation of the immunomodulatory
functions of cytokines secreted by
keratinocytes, such as IL-6 and TGF-f3, and
their crosstalk with fibroblasts, may uncover
novel therapeutic targets and strategies for the
prevention and treatment of keloids.

Furthermore, investigating the mechanisms
by which melanocytes contribute to keloid
development offers promising therapeutic
avenues, particularly for individuals with
darker skin tones, who exhibit increased
susceptibility to keloid formation. Advancing
tailored treatment strategies for these specific
groups represents a critical direction for
future research. When combined with a
deeper insights into cell-cell interactions
within keloid tissue, these approaches hold
substantial potential to improve prevention
and clinical management of keloids.
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