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Abstract

Stem cell-based therapies are emerging as powerful tools to enhance recovery across conditions where endogenous repair falters, including chronic
and post-surgical wounds, ischemic stroke, spinal cord injury and skeletal muscle trauma. These interventions act through phase-specific mecha-
nisms: early immunomodulation and cytoprotection, subacute promotion of angiogenesis and matrix remodeling, and in selected contexts direct
replacement of neural, epithelial or myogenic elements. Mesenchymal stromal cells from bone marrow, adipose and perinatal sources remain the
most widely studied, while neural progenitors and cord-derived products offer complementary advantages for central nervous system repair. In-
creasingly, the therapeutic benefit is attributed to the secretome particularly extracellular vesicles which provide scalable, cell-free alternatives with
favourable safety profiles. Translation now depends as much on manufacturing and trial design as on biology. Donor and product screening must
extend beyond viability and phenotype to include inflammatory bias, senescence and procoagulant activity. Standardized potency assays reflecting
mechanism of action, closed xeno-free production systems with clear critical quality attributes, and adaptive platform trials with biomarker cores
are critical to generate reproducible evidence. Validated biomarkers including circulating cytokine and vesicle signatures, neuroinjury markers
(NfL, GFAP), wound-fluid protease ratios, and advanced imaging for vascular and structural remodeling offer a path to early go/no-go decisions,
dose optimization and safety surveillance. Next-generation platforms such as engineered cells, extracellular vesicle therapeutics, and precision
medicine-guided patient stratification are poised to match product, dose and delivery route to each patient’s inflammatory and regenerative profile.
By integrating mechanistic insight, manufacturing rigour, biomarker-guided trial design and patient-centred outcomes, stem cell therapies can move
beyond promise toward safe, scalable and effective regenerative interventions that change every day clinical practice.
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Introduction

Across both acute and chronic conditions including complex
surgical wounds, ischemic stroke, and spinal cord injury recovery is
often incomplete, slow, and extremely costly. For example, millions
of people worldwide suffer from chronic wounds in which healing
is impaired, resulting in persistent infection, pain, an increased
risk of limb loss, and frequent hospital readmissions. Similarly, af-
ter cerebrovascular events or traumatic injury to the spinal cord,
many patients are left with lasting neurological deficits even when
they receive state-of-the-art medical care. These realities highlight
the enormous clinical and economic burden of inadequate tissue
repair and functional recovery across a wide spectrum of diseases
[1]. These persistent gaps in recovery point to a shared biological
bottleneck. In many acute and chronic conditions, the body’s own
repair systems are overwhelmed by a hostile microenvironment
that is inflamed, hypoxic, and prone to fibrosis. Under these condi-
tions, new blood vessel formation is impaired, matrix remodeling
stalls, and functional tissue regeneration is severely limited. Con-
sequently, most existing interventions remain primarily supportive
rather than truly regenerative. In chronic wounds this means mea-
sures such as debridement and dressings to control infection and
maintain moisture; in stroke it involves reperfusion strategies, an-
tithrombotic medications, and rehabilitation; and in spinal cord in-
jury it focuses on stabilization procedures combined with intensive
physical therapy. Yet, because these approaches do little to alter the
underlying biology of impaired healing, they cannot fully restore
function. This reality underscores the urgent need for next-gen-
eration therapies that actively modulate the local environment,
stimulate endogenous repair pathways, and ultimately improve
outcomes across these diverse conditions [2]. While indispensable,
these supportive measures rarely succeed in reprogramming the
hostile injury environment or in rebuilding tissue architecture and
function on a meaningful scale, leaving many patients with substan-
tial residual disability and long-term reductions in quality of life.

Over the past decade, stem cell-based therapeutics have
emerged to directly address these barriers by acting at multiple lev-
els of the repair cascade. Mesenchymal stromal/stem cells (MSCs),
from bone marrow, adipose tissue, and perinatal sources, are the
best-studied clinical candidates and function primarily via para-
crine and immunomodulatory mechanisms that dampen patholog-
ic inflammation (e.g., IL-10, IDO, TGF-f axes), reduce apoptosis and
oxidative stress, and promote angiogenesis and fibroblast/myocyte
support. Neural stem/progenitor cells (NSCs) and cord-derived
cell products add complementary potential for circuit-level repair
in the central nervous system (CNS). Crucially, these effects can
be staged: early after injury, secretome-driven “cytoprotection”
stabilizes the glio-/neuro-vascular niche or wound bed; in sub-
acute-chronic phases, the same cues foster matrix remodeling, re-
vascularization, and, in selected contexts, cellular replacement and
network plasticity. Accumulating clinical and translational reviews
across stroke, wound healing, and SCI underscore these multimodal
actions, and highlight biomaterial-enabled delivery (e.g., injectable
hydrogels) to enhance graft survival, retention, and local bioactivity
[3-6].
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The unmet clinical need is especially evident in dermatologic
and diabetic wound care. Standard evidence-based measures in-
clude infection control, pressure relief and off-loading, vascular
optimization, and the application of advanced dressings. These
interventions are often applied in a coordinated algorithm to pro-
mote healing. However, even with this comprehensive approach,
closure rates in recalcitrant ulcers remain disappointingly modest.
This illustrates how current best practice often stabilizes rath-
er than resolves the underlying pathology, leaving many patients
with persistent non-healing wounds and a high risk of complica-
tions. Contemporary systematic reviews and meta-analyses report
signals of benefit with MSC-based interventions, often adipose-de-
rived MSCs (AD-MSCs), including faster time-to-closure, reduced
pain, and improved granulation and perfusion, delivered via topical
application, intralesional injection, or scaffold-assisted placement.
In parallel, cell-free derivatives such as MSC-derived extracellular
vesicles (EVs) and conditioned media are rapidly advancing toward
“off-the-shelf” biologics that recapitulate much of the parent cell’s
trophic activity while offering improved standardization and safety
margins. Notwithstanding, AD-MSCs can adopt context-dependent
pro-inflammatory phenotypes. For example, Toll-like receptor-4
(TLR4) priming can polarize MSCs toward a cytokine-secreting
MSC1 state, whereas TLR3 priming favors an anti-inflammatory
MSC2 state [7]. Further, obesogenic and senescent donor milieus
likewise drive AD-MSC inflammatory signaling and functional de-
cline [8]. This inflammatory signaling underscores the need for
source screening, potency assays, and standardized manufacturing
to mitigate these risks. Methodological heterogeneity remains (cell
source, dose, manufacturing, endpoint definitions), but the aggre-
gate evidence and 2024-2025 horizon scans point to engineered
MSCs/EVs and combination strategies (e.g., MSCs with platelet-rich
plasma, negative-pressure therapy) as near-term translational pri-
orities [9,10].

In ischemic and hemorrhagic stroke, which remains the lead-
ing cause of adult disability [11], cell therapy is being repositioned
from a singular “replacement” paradigm to a mechanism-matched,
phase-of-injury approach [12]. Recent neuroscience and transla-
tional reviews emphasize two complementary intentions: (1) ear-
ly systemic delivery of “peripheral” cell products such as MSCs or
umbilical cord-derived cells to blunt neuroinflammation and sec-
ondary injury; and (2) delayed, cavity-targeted delivery of NSCs or
MSCs embedded in protective hydrogels to encourage structural re-
pair and network integration in chronic stages [13]. Timing, route,
and dose are not one-size-fits-all. Each therapeutic approach re-
quires explicit pairing to intended mechanisms (neuroprotection vs
neurorepair) as well as the medicinal product’s pharmacodynam-
ics, with outcomes tracked across clinical scales (modified Rankin
Scale, NIHSS), imaging (diffusion tensor imaging [DTI], perfusion),
and circulating neuroinjury biomarkers (Neurofilament light chain
[NfL], glial fibrillary acidic protein [GFAP]) [14]. Furthermore, in-
travascular MSC/UC-MSC products can express high levels of tissue
factor (TF) and trigger an instant blood-mediated inflammatory re-
action that increases thromboembolic risk. This represents an es-
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pecially salient concern in prothrombotic, post-stroke physiology
[15]. Thus, TF-aware release testing, anticoagulation strategies, and
careful route selection are essential considerations [16]. Cell-free
products (e.g., EVs) and intracavitary biomaterial-assisted delivery
may mitigate some coagulation hazards while preserving paracrine
benefits but require standardized potency assays and dose-finding
to balance efficacy with safety.

SCI exemplifies benefits in robust pre-clinical gains into consis-
tent human benefit. Meta-analyses in animal models demonstrate
meaningful motor recovery following stem-cell transplantation,
with effect sizes modulated by injury phase, cell type, dose, and de-
livery site; clinical syntheses of MSC transplantation in SCI likewise
suggest safety and signs of efficacy, though heterogeneity, small sin-
gle-center trials, and limited blinding constrain inference [17-20].
Emerging 2022-2025 reviews call for harmonized critical quality
attributes (CQAs) tied to mechanism (immunomodulation, axonal
growth), standardized outcome batteries (ISNCSCI motor/sensory,
autonomic measures, SCIM-III), and rigorous controls (e.g., ethical
use of biomaterial-matched shams) to reduce bias [21,22]. Proce-
dure-related risks (e.g., intraparenchymal injection complications),
variable MSC procoagulant activity, and donor/product heteroge-
neity remain nontrivial; mitigation strategies include xeno-free
closed-system manufacturing, TF-guided product selection, and
preference for local/intrathecal routes when systemic thrombosis
risk is high [22-24]. Early signals from combination approaches
(e.g., MSCs plus Schwann cells) are encouraging but need head-to-
head comparisons against single-agent therapies within adaptive,
platform trial designs.

Although the first clinical results are encouraging, stem cell
therapy stands at a true crossroads. Its success now depends as
much on engineering, manufacturing practice and trial design as
on the underlying biology. Recent reviews from 2024 and 2025
emphasize several key requirements. First, good manufacturing
practice pipelines must be robust, with release tests that mirror
what the product actually does in the body, for example its ability
to promote new blood vessels or dampen inflammation rather than
only its surface markers. Second, senescence and variability from
one production batch to another need to be reduced to an absolute
minimum. Third, the use of animal-derived media should be avoid-
ed and closed production systems should be preferred to ensure re-
producibility and safety. Fourth, clinical studies should be guided by
practical endpoints that speak to health-system value such as faster
healing times, fewer disabilities and lower readmission rates. At the
same time, cell-free products such as extracellular vesicles offer a
way to address safety concerns including clotting risks with intra-
venous delivery or the theoretical risk of unwanted growth from
pluripotent cells. They also make it possible to create therapies that
are scalable and can be stored until needed. Finally, combining cells
or extracellular vesicles with growth factors, intensive rehabilita-
tion or neuromodulation may open the door to synergistic effects
that single approaches on their own cannot deliver [25,26].

This review integrates mechanistic insights across tissue con-
texts to articulate a unifying framework, match cell/source (or EV),
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route, and timing to the dominant pathophysiology of each recovery
phase, and to synthesize the most recent clinical and translational
evidence supporting stem cell-enabled recovery in wound healing,
post-surgical repair, stroke, and SCI. We further outline translation-
al strategies in manufacturing, biomaterials, and trial design that
can raise the evidentiary bar needed for adoption in high-impact
clinical practice.

Mechanisms of Action

The power of stem cell therapy to repair damaged tissue comes
from several mechanisms that act together. These mechanisms fol-
low the natural phases of injury and also reflect the unique prop-
erties of the cells that are used. In the first, acute phase of injury,
tissues are flooded with oxidative stress and activated endotheli-
um. Pro-inflammatory cytokines such as TNFq, IL-18 and IL-6 rise
sharply and drive a cascade of secondary damage in both blood-
rich and neural tissues [27,28]. MSCs, whether derived from bone
marrow, adipose tissue, or perinatal compartments, mitigate this
cascade by secreting IL-10, TGF-S, prostaglandin E2, and indoleam-
ine 2,3-dioxygenase, thereby promoting M2 macrophage polar-
ization and dampening NF-xB-driven inflammatory signaling [3].
This anti-inflammatory activity is coupled with cytoprotective ef-
fects mediated by hepatocyte growth factor and Bcl-2 stabilization,
which attenuate apoptosis of neurons, keratinocytes, and endothe-
lial cells, and preserve the neurovascular unit in stroke or the mi-
crovascular niche in chronic wounds [29].

As injury evolves into the subacute and chronic phases, stem
cells continue to reshape the healing microenvironment through
paracrine and structural cues. MSC-derived angiogenic mediators
(e.g., VEGE angiopoietin-1, and SDF-1) recruit endothelial progen-
itors and support neovessel stabilization, accelerating perfusion in
ischemic tissues and wound beds [30]. In the dermis, MSCs sup-
press fibroblast-to-myofibroblast differentiation, limiting excessive
scar formation, whereas in the CNS, they remodel inhibitory extra-
cellular matrix components via metalloproteinases and chondroiti-
nase-like enzymes, enabling axonal sprouting and synaptic recon-
nection [31]. NSCs, sourced from fetal tissue or induced pluripotent
stem cells (iPSCs), complement these effects by releasing brain-de-
rived and glial-derived neurotrophic factors, while also differen-
tiating into neurons, astrocytes, and oligodendrocytes, thereby
restoring neural circuitry and remyelinating damaged tracts [32].
Similarly, epithelial and keratinocyte progenitors have been em-
ployed for cutaneous wound closure, while myogenic progenitors
derived from MSCs or iPSCs fuse with host fibers to restore skeletal
muscle contractility after injury [33].

Despite the dominance of paracrine mechanisms, direct cell re-
placement remains feasible in select contexts, yet with variable effi-
ciency depending on niche permissiveness and delivery strategies.
This has shifted attention toward the stem cell secretome and its EV
derivatives. Exosomes enriched in miR-21, miR-126, and miR-133b
recapitulate many pro-angiogenic and neuroplastic effects of par-
ent cells, while avoiding risks such as unwanted differentiation, ec-
topic tissue formation, or tumorigenicity [34,35]. EVs also provide
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an “off-the-shelf” therapeutic option with greater standardization,
scalability, and potential for bioengineering, including targeted car-
go loading or surface ligand modification to enhance homing.

Not every source of stem cells offers the same therapeutic po-
tential or the same level of safety. Bone marrow derived mesenchy-
mal stromal cells remain the reference standard. Adipose derived
cells are attractive because they are easy to obtain and give high
yields, but their behaviour depends strongly on the context. When
donors have conditions such as obesity or chronic inflammation,
these cells can shift toward a pro inflammatory state. They then
secrete more IL-6 and MCP-1 through Toll like receptor 4 signal-
ling, which may worsen inflammation at the site of injury instead
of calming it [36]. This makes it essential to screen donors carefully
and to use standardized potency tests and quality attributes that go
beyond viability and surface markers to include the inflammatory
profile of the cells. By contrast, perinatal sources such as umbilical
cord derived mesenchymal stromal cells and Wharton'’s jelly cells
show immune privilege, strong growth capacity and a powerful
secretome. These features make them especially appealing for sys-
temic delivery in stroke and for topical application in wound care
[37]. Cord blood mononuclear cells, rich in hematopoietic and en-
dothelial progenitors, have also demonstrated neurovascular re-
parative effects in both neonatal hypoxic injury and adult ischemic
stroke models.

All of this points to a simple principle. The true effectiveness
of stem cell therapy depends on matching the right cellular or cell
free platform to the stage of injury and to the main mechanism at
work in that stage. Mesenchymal stromal cells and their extracel-
lular vesicles are most powerful early on, when dampening inflam-
mation and stabilizing blood vessels is critical. Neural stem cells
are best placed for repairing circuits in the injured central nervous
system. Epithelial and myogenic progenitors can directly rebuild
barrier and contractile tissue in skin and muscle. This layered view
moving from acute protection to subacute remodeling, selective re-
placement and secretome driven modulation gives a clear rationale
for designing regenerative treatments that are tailored to each clin-
ical context.

Delivery Strategies and Enabling Technologies

The therapeutic potential of stem cell-based products is tightly
linked to the delivery context, which dictates bioavailability, tissue
retention, and ultimately mechanism of action. Systemic admin-
istration, most often intravenous infusion, enables broad immu-
nomodulation and homing to sites of injury but is constrained by
pulmonary first-pass trapping, short cell persistence, and risks of
procoagulant activation in inflamed vasculature [24]. In contrast,
local administration-such as intralesional injection for chronic
wounds, intracavitary placement in stroke cavities, or intrathecal
delivery for SCI, achieves higher graft density at the site of patholo-
gy and reduces systemic exposure, though at the cost of procedural
invasiveness [38]. To enhance cell survival and therapeutic effica-
cy, bioengineered carriers including injectable hydrogels, decellu-
larized extracellular matrix scaffolds, and nanoparticle-modified
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matrices have been developed. These biomaterials not only shield
cells from mechanical stress and immune clearance but also pro-
vide controlled release of trophic factors and spatial cues for differ-
entiation and integration [39]. Importantly, dosing and timing must
be tailored to the biological phase of injury: early administration
leverages anti-inflammatory and anti-apoptotic signaling for cyto-
protection, whereas delayed delivery capitalizes on the remodeling
window to stimulate angiogenesis, neurogenesis, and matrix repair
[40]. Emerging strategies integrate these principles into staged or
combination delivery thereby aligning product type, route, and tim-
ing with the dynamic pathophysiology of recovery [41].

Chronic and Post-Surgical Wounds

Cutaneous wound healing requires tightly coordinated phases
of inflammation, proliferation, angiogenesis, and remodeling. In
chronic diabetic and venous ulcers, this cascade stalls at the in-
flammatory phase, with persistent neutrophil infiltration, elevated
matrix metalloproteinases, and impaired endothelial progenitor
recruitment [42]. AD-MSCs, when applied topically, intralesionally,
or via biocompatible scaffolds, have been shown to modulate this
maladaptive milieu [43]. Through secretion of VEGF angiopoie-
tin-1, and stromal cell-derived factor 1 (SDF-1), AD-MSCs promote
granulation tissue formation, enhance capillary density, and reduce
hypoxia in the wound bed [44]. Their immunomodulatory activity
shifts macrophages from M1 to M2 phenotypes, reducing IL-6 and
TNF-«a levels while increasing IL-10, thereby accelerating epitheli-
alization and reducing pain [45]. In post-surgical settings such as
Mohs defects or delayed graft healing, scaffold-based MSC delivery
not only speeds closure but also improves scar pliability and tensile
strength by tempering fibroblast-to-myofibroblast transition [4].
Clinical evidence across diabetic, venous, and ischemic ulcer trials
consistently points to shorter time-to-closure and reduced recur-
rence risk, although variability in donor source, manufacturing, and
dosing underscores the need for standardized protocols.

Stroke Recovery

Cerebral ischemia initiates a cascade of excitotoxicity, oxidative
stress, and microglial activation, resulting in rapid neuronal death
in the core and progressive injury in the penumbra. MSCs, admin-
istered intravenously or intra-arterially during the subacute win-
dow, exert paracrine neuroprotection by secreting BDNF, GDNF, and
HGF, which reduce glutamate toxicity, stabilize endothelial tight
junctions, and suppress microglial overactivation [46]. NSCs play
a more structural role: when implanted into infarct cavities within
hydrogel scaffolds, they differentiate into neurons, astrocytes, and
oligodendrocytes, and have been observed to form functional syn-
apses with host networks [47]. Umbilical cord-derived MSCs and
cord blood mononuclear cells further offer an immune-privileged
secretome enriched in exosomes that contain miRNAs (e.g., miR-
124, miR-133b) known to promote axonal sprouting and neuro-
plasticity [48]. Clinical trial endpoints extend beyond conventional
scales such as the modified Rankin Score and NIH Stroke Scale to
include advanced imaging biomarkers, DTI for white matter tract
integrity, perfusion MRI for collateral flow, and circulating biomark-
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ers such as NfL and GFAP, which can sensitively capture treatment
effects.

Spinal Cord Injury

SCI pathophysiology is characterized by an immediate phase of
hemorrhage and necrosis, followed by subacute secondary injury
involving reactive astrocytosis, microglial activation, and the for-
mation of an inhibitory glial scar rich in chondroitin sulfate proteo-
glycans. Preclinical meta-analyses demonstrate that stem cell trans-
plantation improves motor outcomes by attenuating inflammation,
secreting neurotrophic factors, and bridging lesion cavities. MSCs
enhance remyelination indirectly via oligodendrocyte progenitor
recruitment, while NSCs and iPSC-derived progenitors provide
direct myelin and neuronal replacement [38]. Outcomes depend
strongly on injury timing: early delivery optimizes immunomodula-
tion, while delayed implantation, particularly when combined with
biomaterial scaffolds, facilitates integration across lesion borders
and axonal regrowth [21]. Intraparenchymal or intrathecal deliv-
ery has shown the most robust effects in animal models, especially
when cells are embedded in hydrogels that protect against anoikis
and guide axonal alignment [49]. Clinical trials in humans suggest
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safety and functional gains, though heterogeneity in trial design,
small sample sizes, and lack of standardized CQAs limit generaliz-
ability.

Skeletal Muscle Injury

Muscle healing after contusion, laceration, or surgical injury
involves necrosis, inflammation, satellite cell activation, and fiber
regeneration. In severe trauma or chronic myopathies, satellite cell
pools are insufficient, leading to fibrotic replacement and contrac-
tile dysfunction. MSC-derived secretome, enriched in IGF-1, HGEF,
and angiogenic factors, promotes myogenic differentiation, endo-
thelial proliferation, and improved microvascular perfusion [50].
Preclinical studies indicate that conditioned media or exosomes
from MSCs reduce fibrosis by downregulating TGF-#1/Smad signal-
ing and enhance force recovery [51]. The integration of biomaterial
scaffolds as delivery vehicles provides both a physical matrix for
muscle fiber alignment and a reservoir for sustained trophic factor
release. Rehabilitation strategies, such as graded exercise and neu-
romuscular stimulation, synergize with MSC therapies by enhanc-
ing trophic signaling and mechanical cues that drive myogenesis
(Table 1).

Table 1: MSC therapies by enhancing trophic signaling and mechanical cues that drive myogenesis.

Indication Cell Source / Product Delivery Strategy Propo_sed Mecha- Key_Precllmcal/ Clin- References
nism(s) ical Outcomes
Immunomodulation (T Faster closure, reduced
Chronic / Post-surgi- | AD-MSCs; MSC-derived To;?lcal g.el., 1nFral- lL_lO’.l IL-6/TNF.-O(); pain, improved gran-
cal Wounds EVs esional injection, angiogenesis via ulation and perfusion [6,52,53]
scaffold-assisted VEGF/SDF-1; fibro- improved scl:;r wali ’
blast modulation p quality
Acute neuroprotec- Improved functional
tion (! apoptosis, I recovery (mRS, NI-
. BM-MSCs, UC-MSCs, | IV/IA infusion (early), On (+apoptosis, ¥ - 1 yegy enhanced white
Ischemic / Hemor- . . excitotoxicity); chronic . .
. cord blood mononu- intracavitary hydrogel : matter integrity (DTI), [39,54,55]
rhagic Stroke neurorepair (axonal . :
clear cells; NSCs scaffolds (delayed) . increased neuroplasti-
sprouting, synapto- o
enesis) city biomarkers (NfL,
8 GFAP)
Suppression of sec- Significant motor
sna Condnury | NG ADSC, | Iaprenchymalor | 9742 et | sty n i
p jury UC-MSCs; NSCs; iP- intrathecal; often bio- P PP ’. y . [56-58]
(scn SC-derived progenitors material-supported (BDNE GDNF); remy- safety with functional
prog PP elination and axonal gains (ISNCSCI, SCIM-
bridging 110)
Pro-myogenic factors Increased myofiber
Skeletal Muscle MSC secretome, Local scaffold or (IGF-1, HGF); reduced regeneration };educed
. iPSC-derived myogenic | injection, often with fibrosis ({ TGF-B1/ & . [41,59]
Injury . A fibrosis, improved
progenitors rehabilitation Smad); enhanced .
. contractile force
perfusion
Delivery of miRNAs Reca.\pltu.lates MSC
(miR-21, miR-126 benefits with reduced
Cross-cutting (Multi- MSC-derived EVs / IV infusion, topical, or . ! L tumorigenicity or
LD miR-133b), anti-in- L [54,59]
ple Indications) Exosomes scaffold-based flammatory and thrombosis risk;
o-angio en}i,c careo scalable “off-the-shelf”
p 5log & option

Clinical Translation and Trial Design

The heterogeneity of injury contexts demands trial designs that
are adaptive, mechanistically guided, and stratified by patient-spe-
cific variables. Adaptive platform trials provide an efficient frame-

work to compare cell-based therapies with cell-free products such
as exosomes, while allowing early stopping for futility or superi-
ority [60]. Stratification should account for comorbidities, baseline
inflammation, and injury chronicity, all of which modulate stem
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cell efficacy. Rigorous controls, including sham injections for CNS
delivery and indistinguishable placebo dressings for wound trials,
are essential for blinding, though ethical considerations must bal-
ance procedural risk. Combination strategies show promise. For in-
stance, MSCs combined with platelet-rich plasma or negative-pres-
sure wound therapy have demonstrated benefit in chronic wounds
[61]; NSCs paired with biomaterial scaffolds have enhanced recov-
ery in stroke and SCI47; and secretome-based therapies integrated
with structured rehabilitation have improved outcomes in muscle
injury [62]. Importantly, embedding manufacturing variables di-
rectly into trial analyses will yield actionable data to refine CQAs
and optimize translational success [63]. Collectively, these design
innovations will be pivotal for moving regenerative therapies from
small, heterogeneous trials toward the level of rigor demanded for
high-impact clinical adoption.

Biomarkers, Safety, and Regulatory Pathways

Demonstrating both efficacy and safety in stem cell-based ther-
apies demands objective, reproducible measures of biological activ-
ity and clinical response. Circulating biomarkers, including cytokine
panels and EV cargo profiles, are emerging as pharmacodynamic
indicators of successful immunomodulation and angiogenesis [51].
These can be paired with advanced imaging modalities tailored
to the target tissue: contrast-enhanced ultrasound or perfusion
MRI to assess neovascularization in chronic wounds and skeletal
muscle; DTI and functional MRI to monitor white matter integrity
and cortical network remodeling in stroke and SCI [39,55]. In ear-
ly-phase trials, direct cell tracking using iron labeling or reporter
constructs has provided insights into biodistribution and survival,
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although regulatory acceptance is limited; later-phase studies in-
creasingly prioritize validated functional biomarkers that link bio-
logical activity to patient outcomes [55].

Parallel to efficacy monitoring, rigorous attention to safety is
essential. The spectrum of potential risks includes ectopic tissue
formation, pro-fibrotic signaling, immune rejection, and tumor-
igenicity, particularly with pluripotent-derived or inadequately
characterized products [64]. Intravascular administration adds a
unique hazard: tissue factor expression on MSCs can trigger instant
blood-mediated inflammatory reactions and thromboembolism,
necessitating product-specific coagulation testing [24]. Mitigation
strategies emphasize strict release criteria incorporating viability,
potency, and inflammatory bias assays; staged dosing with close
monitoring; and, in higher-risk populations, a shift toward cell-free
derivatives such as exosomes, which carry lower risks of uncon-
trolled proliferation or embolic complications.

These considerations intersect with a rapidly evolving regu-
latory landscape. International guidelines from the ISSCR, FDA,
and EMA stress the need for well-defined CQAs, xeno-free and
GMP-compliant manufacturing, and long-term surveillance for de-
layed adverse events [65]. Ethical imperatives include transparen-
cy in informed consent, avoidance of unproven “stem cell tourism”
practices, and the use of appropriate shams or matched biomaterial
controls to ensure scientific rigor while minimizing risk. By aligning
validated biomarkers with stringent regulatory frameworks, the
field can generate high-quality evidence that not only demonstrates
therapeutic promise but also satisfies the safety standards required
for widespread clinical adoption (Figure 1).
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Figure 1: Stem cell-based therapies are moving from promise toward practice.

Conclusion & Future Perspectives

Stem cell-based therapies are moving from promise toward
practice. They protect cells and dampen inflammation in the acute
phase of injury, and they support structural repair, angiogenesis
and functional recovery in the chronic phase. Evidence from wound
healing, stroke, spinal cord injury and muscle regeneration shows
consistent biological activity. Yet translation to routine care still
lags because of variation in cell sources, manufacturing, delivery

methods and outcome measurement. Progress now depends on
much more than the biology of the cells. Donors and products must
be screened not only for viability and phenotype but also for in-
flammatory bias, senescence and procoagulant activity. Standard-
ized potency tests that mirror the intended mechanism of action
are essential. Closed, xeno free production systems with clear crit-
ical quality attributes will build reliability and trust. Delivery route
and combination strategy are equally important. Matching timing,
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dose and vehicle to the biology of each recovery phase, and combin-
ing cells or extracellular vesicles with biomaterials, growth factors,
rehabilitation or neuromodulation, will likely yield benefits that no
single approach can achieve. Future studies should embed these
variables into trial design from the start. End points must also shift.
Time to wound closure, functional independence, quality of life and
reduced hospital use speak directly to health system value and to
patients themselves. These pragmatic outcomes, combined with
validated biomarkers of mechanism and safety, will allow regenera-
tive therapies to show their true impact. Long term safety monitor-
ing is indispensable. Surveillance for procoagulant events, ectopic
growth, fibrosis and immune reactions must be built into every pro-
gram, including cell free derivatives. Finally, large multicenter plat-
form trials with shared biomarker cores and transparent reporting
will be needed to move beyond small, heterogeneous studies. Such
trials can accelerate dose finding, compare cell based and cell free
products head-to-head and deliver the level of evidence required
for high impact clinical adoption. By aligning mechanistic insight
with careful manufacturing, adaptive trial design and patient cen-
tred outcomes, stem cell therapies can evolve from experimental
promise into safe and effective regenerative treatments that change
daily practice across many fields of medicine.

Validated biomarkers are essential to connect mechanism with
clinical effect. In disorders of the brain and spinal cord, neurofila-
ment light chain (NfL) and glial fibrillary acidic protein (GFAP) now
stand out as sensitive blood markers of axonal injury and astroglial
stress. Higher serum or CSF levels correlate with injury severity and
worse outcomes after spinal cord injury, and they are increasingly
used across acute neurologic conditions including stroke [66-69].
Broader panels that include S100B, neuron-specific enolase (NSE),
tau and UCH-L1 help capture complementary aspects of neural
damage and may enrich future trials [70]. Extracellular vesicles
(EVs) add a mechanistic layer. EV-associated microRNAs such as
miR-124, miR-126 and miR-133b track pathways for neuroplastici-
ty and angiogenesis, and several reviews and experimental studies
support their use as target-engagement readouts during regenera-
tive interventions and rehabilitation after stroke or traumatic brain
injury [71-75]. In vascular and endothelial contexts, miR-126 is
particularly well supported as a conduit for pro-angiogenic signal-
ing and a candidate mechanistic biomarker in EV cargo [71-74]. For
chronic and diabetic wounds, fluid and swab analyses can quantify
the inflammatory and protease burden that stalls healing. Elevat-
ed IL-1p relative to IL-1RA, higher CXCL8 to CXCL10 ratios, and
excess matrix metalloproteinase activity (for example MMP-9 rel-
ative to TIMP-1) are repeatedly linked to non-healing trajectories
and fibrosis risk; these signatures can serve as pharmacodynam-
ic readouts when testing immunomodulatory or pro-angiogenic
therapies [76-81]. Imaging should do more than show anatomy. In
CNS repair, diffusion and perfusion MRI track white-matter integ-
rity and collateral flow as structural and vascular surrogates of re-
covery. In wound care, hyperspectral tissue oxygenation mapping,
contrast-enhanced ultrasound, and other optical methods quantify
microvascular perfusion and oxygenation at the bedside, provid-
ing responsive markers for angiogenesis, granulation and infection
status [71,82-85]. Embedding these readouts in trials allows early
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assessments of whether a therapy is altering the intended biology.
These fluid, EV and imaging markers belong inside adaptive trial
designs. Used together, they support early go or no-go decisions,
rational dose-finding, and fair comparisons between cell-based and
cell-free approaches. Safety monitoring needs the same rigor. Be-
fore intravascular use, cell and EV products should be tested for tis-
sue factor (TF) expression and procoagulant activity (for example
thrombin generation assays), given the risk of instant blood-medi-
ated inflammatory reaction and thrombosis. Mitigation includes
TF-aware release testing and anticoagulation strategies in high-
er-risk settings [86-93].

The next wave of regenerative therapies will move beyond
proof-of-concept toward platforms that combine scalability
with precision. Cell-free products-particularly extracellular ves-
icle-based therapeutics already demonstrate that it is possible to
capture much of the trophic and immunomodulatory power of par-
ent cells in an off-the-shelf format with improved reproducibility
and a lower safety burden. At the same time, engineered cell prod-
ucts, from gene-edited MSCs with enhanced paracrine output to
iPSC-derived progenitors with tighter lineage fidelity, are designed
to overcome today’s bottlenecks of survival, integration, and donor
variability. Layering precision medicine on top of these platforms
will be the key. High-resolution patient phenotyping, molecular in-
flammatory profiles, and Al-driven stratification can guide not just
who receives a therapy but also what product, at what dose, and by
which route, matched to the biology of each recovery phase. This
moves stem cell interventions from a “one-size-fits-all” experiment
to a mechanism-matched and patient-tailored therapy.

These scientific advances must travel hand in hand with robust
ethical and regulatory frameworks. Transparent adherence to ISS-
CR, FDA, and EMA guidance is not bureaucratic overhead but a cor-
nerstone of public trust and protection against unregulated “stem
cell tourism.” Clear critical quality attributes, xeno-free and closed
manufacturing systems, and staged dose-escalation with biomark-
er checkpoints will shorten the distance from bench to bedside
without compromising safety. Finally, the field needs large, mul-
ticenter, adaptive platform trials that can compare cell-based and
cell-free products head-to-head, integrate validated biomarkers as
co-primary outcomes, and incorporate long-term surveillance for
delayed adverse effects such as procoagulant events, immune re-
actions, or ectopic growth. Such trials will allow early “go/no-go”
decisions, accelerate dose finding, and establish the reproducible
clinical benefit necessary for high-impact adoption.

In sum, the future of stem cell-enabled regeneration lies in inte-
grating mechanistic insight, manufacturing rigor, biomarker-guided
trial design, and patient-centered outcomes. By doing so, therapies
that are still considered experimental today can evolve into safe,
scalable, and effective regenerative treatments that truly change ev-
ery day clinical practice across wound healing, neurological repair,

and musculoskeletal regeneration.
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