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Stem Cell-Derived Extracellular
Vesicles for Chronic Limb-Threatening
Ischemia: A Preclinical Scoping Review
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Abstract

Chronic limb-threatening ischemia (CLTI) is a severe lower limb arterial obstructive disease that leads to a diminished quality of
life and a higher risk of limb amputation. Currently, effective treatments are limited, and revascularization remains the primary
focus of research. Stem cell-derived extracellular vesicles (EVs) have emerged as a promising therapeutic option for both isch-
emic and degenerative diseases. Notably, stem cell-derived EVs exhibit minimal tumorigenic and immunogenic risks, making
them more advantageous than direct stem cell therapy. In this scoping review, Web of Science, PubMed, and Scopus databases
were searched to find eligible articles. Studies were included if they evaluated the effects of stem cell-derived EVs in treating
animal models of CLTI. Thirty articles were included. EVs isolated from diverse stem cell sources significantly improved blood
flow, enhanced neovascularization and muscle regeneration, reduced tissue degeneration, and lowered the risk of necrosis and
limb loss. These benefits mainly result from reducing inflammation, promoting angiogenesis, and delivering pro-angiogenic
microRNAs. Additionally, engineered EVs demonstrated even greater therapeutic effects. Despite these promising preclinical

results, further research is needed to determine optimal dosing, delivery routes, standardization of EVs, and long-term safety

before clinical application in humans.
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Introduction

Peripheral arterial disease (PAD) is a condition characterized
by the narrowing or blockage of the arteries in the extremities,
primarily caused by atherosclerosis in more than 90% of cases.*?
Arterial obstruction leads to the formation of ulcers, gangrene,
and chronic ischemic rest discomfort in the lower extremity,
which is known as chronic limb-threatening ischemia (crTI),
the most severe form of PAD.? Approximately 200 million people
are affected by PAD worldwide, and around 10% of them expe-
rience CLTL.** CLTI is usually managed by the administration of
drugs that help to prevent clots and reduce cardiovascular risk,
performing revascularization procedures to enhance blood flow
to the affected limb, and providing local wound care to manage
infection and promote recovery.® About 22% to 25% of patients
die within 1 year following a diagnosis of CLTI. About 22% to
30% undergo major limb amputation and, in approximately 20%
of cases, symptoms persist. It is worth noting that only 25% of
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cases are successfully managed with conventional treatments
or therapies.”

The gold standard treatment for CLTI is endovascular and
surgical revascularization, along with pharmaceutical thera-
py.®° Although surgical and endovascular therapies have made
significant progress, around 20% of patients with CLTT are found
unfit for revascularization surgery.!® These patients are known
as “no-option” CLTI patients. Numerous advanced treatments,
such as spinal cord stimulation, hyperbaric oxygen therapy,
prostanoid therapy, lumbar sympathectomy, and intermittent
pneumatic compression, have been developed to treat them;
however, satisfactory results are not achieved." Recently, deep
venous arterialization (DVA) has shown promising results,* with
limb salvage rates achieved up to approximately 70%.* However,
a strong negative impact limits its utilization. The most common
complications caused by DVA include site complications (hema-
tomas or bleeding), thromboembolic events (stroke or myocardial
infarction [MI]), and renal complications (contrast-induced
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TABLE 1. SUMMARY OF PRECLINICAL STUDIES AND KEY FINDINGS
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Reference EV sources Animal model Route of Dose Control/placebo Main findings
(strain, age/sex)  administration
16 iMSCs Female db/db mice \Y 0.3 mg/mL PBS Simultaneously delivered oxygen
(8-10 weeks) and exosomes; increased perfusion
and mature capillary density via M2
polarization.
39 hUCMSCs  Male C57BL/6 mice IM 100 ug PBS CircDB-enriched EVs improved muscle
(8-12 weeks) preservation and increased regenera-
tion-associated proteins
40 iMSCs Female C57BL/6 v 0.3 mg/mL PBS Restored hindlimb perfusion by day
mice 28; reduced apoptosis and promoted
skeletal muscle regeneration.
41 Murine Male T2DM db/db IM 100 ug PBS Netrinl-enriched exosomes enhanced
ADSCs mice angiogenesis, reduced inflammation,
(8 weeks) and promoted M2 macrophage polar-
ization.
42 Rat ADSCs  Male BALB/c mice IM 100 uL PBS Gelated microvesicles reached 80%
(6-8 weeks) perfusion recovery; reduced muscle
degeneration, fibrosis, and apoptosis.
43 Murine Male BALB/c mice IM 200 ul PBS Enhanced blood flow via the IGF2
ADSCs (8-10 weeks) pathway.
44 hUCMSCs  Male C57BL/6 mice IM 1x10* PBS Identified S2 sEVs as superior for
(10 weeks) particles pro-angiogenic repair compared to S1
SEVs.
45 hBMMSCs Male BALB/c mice IM 50 ul PBS Combined miRNA-126/135b/210
(10 weeks) overexpression significantly improved
blood flow recovery over single miRNA
loads.
46 hBMMSCs ~ Male BALB/c mice IM 100 ug PBS ApoVs promoted new blood vessel
(6-8 weeks) form and restored blood flow.
47 iMSCs Male C57BL/6 mice IM 1x10° PBS Large EVs effectively promoted blood
(8 weeks) (part/mL) flow recovery and improved limb
function.
48 Murine Male C57BL/6 mice 1Y 10 ug PBS Enhanced NO production and eNOS
BMMSCs (6-8 weeks) phosphorylation, improving lymphan-
giogenesis and perfusion.
49 iPSC Male SCID mice IM 1x10* PBS MiRNA-126 engineered EVs upregu-
(8-10 weeks) particle lated multiple growth factors with no
limb necrosis.
50 Murine Female BALB/c NA NA Glyceryl trinitrate NO-boosted nanocages restored full
BMMSCs mice limb function and prevented necrosis,
(8-10 weeks) enhanced mitochondrial biogenesis.
51 hADSCs Mice (strain NA, 6 IM 100 ug PBS Improved SpO: levels and accelerated
months) functional recovery while decreasing
necrosis rates.
52 hBMMSCs  Male C57BL/6 mice IM 100 ug PBS Hypoxic EVs promoted M2 macro-
(8-10 weeks) phage polarization through miRNA-34c
transfer.
53 hADSCs Male C57BL/6 mice IM 100 ug PBS Restored blood flow.
(6-8 weeks)
54 hPMSCs Female C57BL/6) IM 1x10* PBS SILY-conjugated EVs showed superior
mice particles localization to ischemic tissue and
(8 weeks) increased vessel volume.
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TABLE 1. SUMMARY OF PRECLINICAL STUDIES AND KEY FINDINGS

Reference EV sources Animal model Route of Dose Control/placebo Main findings
(strain, age/sex)  administration
55 Murine Male T2DM db/db IM 100 ug DMEM Increased perfusion and capillary den-
ADSCs mice (12 weeks) sity in type 2 diabetic ischemic limbs.
56 Human NOD/SCID mice IM 80ug AmnioMAX Improved perfusion.
pancreatic
MSCs
57 Murine Male T2DM db/db IM 100 ug PBS Glyoxalase-1 overexpression in EVs
ADSCs mice activated eNOS/protein kinase B path-
(8 weeks) ways and suppressed inflammasome
markers.
58 Murine Aged BALB/c mice IM 200 ug PBS Restoration of miRNA-126 in aged
BMMSCs (26-27 months) EVs recovered pro-angiogenic activity
comparable to young EVs.
59 hUCMSCs ~ Male C57BL/6 mice IM 100 ug PBS Increased perfusion and muscle force;
(8-12 weeks) required circHIPK3 for exosome-medi-
ated repair.
60 Murine Male C57BL/6) IM 30ug PBS Hypoxic exosomes improved perfusion
ADSCs mice faster than normoxic ones by inducing
(6-8 weeks) M2 polarization via colony-stimulating
factor 1 receptor.
61 hADSCs Male C57BL/6) IM, IV 2 x10%° Saline Reduced apoptosis and inflammation;
mice particles upregulated myogenic genes MyoD,
(7-8 weeks) Myf5, and Pax7.
62 h-USCs Male C57BL/6 mice IM 2 x 10" PBS Improved perfusion to 80% and re-
(10-12 weeks) particles duced ambulatory impairment.
63 Murine C57BL/6 mice IM 50 ug PBS Cardiac MSC exosomes significantly
cardiac increased blood perfusion relative to
MSCs PBS.
64 Murine C57BL/6 mice IM 100 ug PBS Matrigel scaffold delivery prolonged EV
BMMSCs retention and accelerated full perfu-
sion recovery.
65 h-CD34+ BALB/c mice (8-10 IM Exosomes PBS Transferred miRNA-126-3p to upregu-
cells weeks) equivalent late VEGF, angiopoietin-1, and matrix
to5 x 10° metalloproteinase-9, enhancing neo-
CD34+ vascularization.
cells/kg
66 hPMSCs Transgenic mice IM 100 ug PBS NO stimulation reduced amputation

rates to 10% (vs 55% in control) and
increased VEGF expression.

67 iMSCs Mice (strain NA) IM 200 ug Medium Improved limb salvage (65% vs 10%)
and decreased muscle degeneration.

Abbreviations: EV, extracellular vesicle; iMSCs, induced pluripotent stem cell-derived mesenchymal stem cells; 1V, intravenous; PBS, phosphate-buffered saline; IM,
intramuscular; hUCMSCs, human umbilical cord mesenchymal stem cells; ADSCs, adipose-derived stem cells; T2DM, type 2 diabetes mellitus; IGF2, insulin-like growth
factor 2; sEVs, small extracellular vesicles; hBMMSCs, human bone marrow-derived mesenchymal stem cells; miRNA, microRNA; ApoVs, apoptotic vesicles; BMMSCs,
bone marrow-derived mesenchymal stem cells; NO, nitric oxide; eNOS, endothelial nitric oxide synthase; iPSC, induced pluripotent stem cells; SCID, severe combined
immunodeficiency; NA, not available; hADSCs, human adipose-derived stem cells; hPMSCs, human placenta-derived mesenchymal stem cells; DMEM, Dulbecco's Modi-
fied Eagle Medium; NOD, non-obese diabetic; hUSCs, human urine-derived stem cells; VEGF, vascular endothelial growth factor.

nephropathy).* Alternatively, biological therapies such as stem On the other hand, stem cell-derived EVs have shown
cell therapy, gene therapy, and recombinant protein transfer ~ the potential to be used as a cell-free therapeutic option for
have been developed, and stem cell therapy showed the most ~ CLTI." This scoping review aims to summarize the therapeutic
promising results by promoting angiogenesis and regenerating  potential of stem cell-derived EVs in animal models of limb
tissue.’* However, stem cell therapy has limitations due to the  ischemia.

potential risk of tumor formation.
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cell, including the placenta. On the other
hand, pluripotent stem cells (PSCs), such
as embryonic stem cells and induced PSCs
(iPSCs), can turn into 3 germ layer cells
(ectoderm, mesoderm, and endoderm),
but they cannot form extra-embryonic
organs.'”?° Multipotent stem cells can
differentiate into multiple cell types with-
in a single germ layer. Oligopotent stem
cells are even more restricted, forming
only tissue-specific cells, while unipotent
stem cells can differentiate into only one
specific cell type.* Mesenchymal stem cells

4

(MSCs) are multipotent, nonhematopoietic
progenitor cells capable of differentiating
into mesodermal lineages such as adipo-
cytes, osteocytes, and chondrocytes, as
well as ectodermal cells (neurocytes) and

FIGURE 1. Therapeutic effects of stem cell-derived extracellular vesicles. (Figure created in BioRender)
Abbreviations: EVs, extracellular vesicles; CLTI, chronic limb-threatening ischemia.

endodermal cells (hepatocytes). These
versatile cells are harvested from various
anatomical sites, most notably bone marrow,

adipose tissue, Wharton'’s jelly, umbilical
Tissue repair
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Extracellular Vesicles

EVs are membrane-bound vesicles that

carry nucleic acids, lipids, proteins, and

-
Immunomodulation

signaling molecules, facilitating intercel-
lular communication. Nearly all cell types
secrete EVs.?»* EVs are classified into 3

1. M1-M2 macrophage shift
2. *Inﬂammau'on

main types based on size and biogenesis:

exosomes (30-150 nm), microvesicles (50-

1000 nm), and apoptotic bodies.?* Exosomes
originate from inward budding of the
endosomal membrane,?*? while microve-
sicles form through outward budding of

MMPOPMS
l Muscle atrophy

the plasma membrane.?® Apoptotic bodies

FIGURE 2. Mechanism of stem cell-derived extracellular vesicles in the treatment of chronic

limb-threatening ischemia. (Figure created in BioRender)

Abbreviations: BMMSC, bone marrow-derived mesenchymal stem cell; ADSC, adipose-derived stem cell;
iMSC, induced pluripotent stem cell-derived mesenchymal stem cell; UMSC, umbilical cord mesenchymal

stem cell; miRNA, microRNA; VEGF, vascular endothelial growth factor.

Stem Cells

Stem cells are unique cells present in both embryonic and
adult tissue, having the capacity for self-renewal and to differen-
tiate into various cell types.” Five types of stem cells have been
identified based on their differentiation potential: totipotent,
pluripotent, multipotent, oligopotent, and unipotent.’® Totipo-
tent stem cells such as zygotes can differentiate into any type of

E54

are generated during the disintegration
of apoptotic cells.”” Furthermore, EVs can
be broadly classified into small EVs (sEVs)
<200 nm and medium/large EVs (mEVs/
1EVs) >200 nm.*

Stem cells also secrete EVs, and grow-
ing evidence indicates that these vesicles mediate many of the
therapeutic effects attributed to stem cell-based therapies.®
Early studies in the 2000s reported that stem cell transplantation
significantly improved cardiac regeneration following MI.32%
However, subsequent research revealed that these benefits were
largely driven by paracrine factors, including stem cell-derived
EVs, rather than by direct engraftment or differentiation of trans-
planted stem cells.*** Numerous studies have since demonstrated

JOURNAL OF CRITICAL LIMB ISCHEMIA



STEM CELL-DERIVED EXTRACELLULAR VESICLES FOR CLTI

that EVs from stem/progenitor and somatic cells promote tissue
repair and regeneration in models of MI, ischemic limb injury,
and chronic wounds.®

Search Strategy

The Web of Science, Scopus, and PubMed databases were
searched on January 1, 2025, and an updated search was conduct-
ed on January 16, 2026, using the following keywords: (((stem
cell-derived exosomes) OR (stem cell-derived extracellular
vesicles)) AND ((limb ischemia) OR (acute limb ischemia) OR
(critical limb ischemia) OR (chronic limb-threatening ischemia)
OR (peripheral artery disease))). No date or language restrictions
were applied. Two authors independently searched for articles
and extracted data. Disagreements about data extraction were
resolved through group discussions. Studies were included in
the scoping review based on the following criteria.

Inclusion criteria
« In vivo studies in humans or animals evaluating stem
cell-derived EVs for lower limb ischemia.
o Comparison of stem cell-derived EVs therapy with placebo
or control.

Exclusion criteria
« Non-English publications, reviews, meta-analyses, theses,
editorials, or letters.
« Invitro or in silico studies.
« EVs derived from non-stem cell sources.

Results

Search results

Atotal of 298 articles were initially identified in Scopus (n = 95),
Web of Science (n =120), and PubMed (n = 83). After removing 129
duplicates, the titles and abstracts of 169 articles were screened.
Of these, 139 were excluded (38 reviews, 8 meeting abstracts, 5
full texts unavailable, 2 non-English, 3 editorials, 2 books, and 81
irrelevant). Finally, 30 articles were included in the study.'¢**¢’

Study characteristics: sources, doses, and animal models

Various types of stem cells were utilized to isolate EVs. Adipose
tissue-derived stem cells (ADSCs) were the most common source
(9 studies), followed by bone marrow-derived mesenchymal stem
cells (BMMSCs) (7 studies), iPSCs (5 studies), umbilical cord
mesenchymal stem cells (3 studies), and placenta-derived stem
cells (2 studies). Other sources included human CD34+ stem cells,
urine-derived stem cells, pancreatic mesenchymal stromal cells,
and murine cardiac MSCs (1 study each).

Regarding administration, only 4 studies utilized the intrave-
nous route, while the remaining studies employed intramuscular
injection. The most frequent EV dose was 100 ug (11 studies).
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For animal models, mice were the only species used in all
included preclinical research. Fourteen studies utilized C57BL/6
mice, while seven utilized BALB/c mice. In every study, limb
ischemia was induced via femoral artery ligation. No clinical
trial was identified. The characteristics of the included studies
are presented in the Table.

Therapeutic effects of stem cell-derived extracellular vesicles

The therapeutic effects of stem cell-derived EVs are sum-
marized in Figure 1, while the underlying mechanisms are
illustrated in Figure 2.

Therapeutic effects in diabetic limb ischemia models

Multiple studies demonstrated the proangiogenic and regen-
erative effects of stem cell-derived EVs in diabetic CLTI (D-CLTT).
In type 1 diabetic mice, ADSC-exosomes (Exos) accelerated blood
flow recovery, improved muscle regeneration, and enhanced
neovascularization compared with phosphate-buffered saline
(PBS), although limb loss rates and motor scores did not differ
significantly.® In type 2 diabetic ischemic limbs, ADSC-Exos
similarly increased perfusion and capillary density relative to
placebo.”® Further enhancement was achieved by overexpressing
glyoxalase-1 (GLO-1) in ADSCs; GLO-1-ADSC-Exos produced greater
blood perfusion, capillary formation, and muscle integrity, and
suppressed inflammasome markers compared to unmodified
ADSC-Exos or PBS.”

Additionally, a dual-delivery platform composed of ischemic
limb-targeting exosomes and oxygen-releasing nanoparticles
facilitated concurrent delivery of iPSC-derived MSC exosomes
and oxygen. This simultaneous delivery significantly increased
perfusion, mature capillary density, and muscle regeneration by
upregulating vascular endothelial growth factor (VEGF) A and
basic fibroblast growth factor mRNA, promoting M2 macrophage
polarization and decreasing reactive oxygen species levels without
triggering fibrosis.’

Netrinl-enriched ADSC-Exos (N-Exos) demonstrated superior
therapeutic efficacy compared to unmodified ADSC-Exos in the
D-CLTI model. N-Exos enhanced neovascularization, facilitated
vascular remodeling, and reduced inflammation. N-Exos treatment
shifted macrophage polarization toward the M2 phenotype and
reduced pro-inflammatory cytokines (interlelukin [IL]-1p, IL-6,
tumor necrosis factor-alpha) while enhancing anti-inflammatory
cytokines (IL-4, IL-10, transforming growth factor [TGF] f1)."

Therapeutic effects of murine stem cell-derived extracellular
vesicles

EVs derived from murine stem cells demonstrated signif-
icant efficacy in promoting vascular development and tissue
repair. Hypoxic ADSC-Exos restored perfusion more rapidly
(by day 7) than normoxic ADSC-Exos (by day 14) and induced
stronger angiogenesis and arteriogenesis by promoting M2
macrophage polarization through colony-stimulating factor
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1 receptor signaling.®® Another study highlighted the role of
ADSC-Exos in enhancing blood flow via the insulin-like growth
factor II pathway.** Similarly, exosomes from murine cardiac
mesenchymal stem cells significantly improved blood perfusion
compared to PBS controls.*

A study looked at how aging affects stem cells and found that
delivering microRNA-126 (miR-126) using lenti viruses into aged
BMMSC-EVs helped restore their ability to promote new blood
vessel growth. This led to recovery rates similar to those seen with
young BMMSC-EVs.*® The research also showed that BMMSC-EVs
increased nitric oxide (NO) production by activating an enzyme
called endothelial NO synthase (eNOS) and reducing the levels
of caveolin-1. These changes encouraged the formation of new
lymphatic vessels and increased capillary density.*®

Therapeutic outcomes of human stem cell-derived extracel-
lular vesicles

Exosomes from human stem cells have shown impressive
healing effects in ischemic hindlimb models. Human ADSC-Exos
raised blood oxygen levels, helped muscles recover, lessened
muscle damage, and reduced necrosis rates compared to PBS."
These exosomes also lowered cell death and inflammation and
increased the activity of key myogenic genes MyoD, Myf5, and
Pax7 Hypoxic-conditioned human BMMSC-EVs provided superior
perfusion and promoted M2 macrophage polarization through
miR-34c transfer.® In addition, apoptotic vesicles released by
dying bone marrow stem cells (BMSC-ApoVs) helped to form
new blood vessels and restored blood flow.*¢

Exosomes from induced pluripotent stem cell-derived mes-
enchymal stem cells (iMSC-Exos) reduced necrosis and enhanced
limb salvage to 65% compared to 10% in controls.®” Similarly,
iMSC-derived IEVs significantly improved blood flow recovery
and functional improvement.*” Exosomes produced from um-
bilical cord mesenchymal stem cells improved running distance,
muscular force, and perfusion; however, circHIPK3 silencing
reduced these advantages, suggesting that circHIPK3 is necessary
for repair.”® EVs produced from human urine stem cells reduced
foot necrosis and raised perfusion to about 80% of normal lev-
els.® Similarly, human CD34+ stem cell exosomes transported
miR-126-3p to upregulate VEGF, angiopoietin-1(ANG1), and
matrix metalloproteinase-9, reducing necrosis,*® while human
pancreas-derived MSC-EVs restored perfusion.®

Certain alterations also boosted efficacy: circular RNA DB
(circDB)-enriched human umbilical cord MSC-sEVs improved
muscle preservation and perfusion.® Furthermore, 2 different
subpopulations of UC-MSC-sEVs with specific roles were found.
S1-sEVs showed a prominent immunomodulatory function and
were characterized by high expression of CD9, HRS, and GPCI. In
contrast, S2-sEVs, which were enriched with CD63 and FLOT1/2,
exhibited superior pro-angiogenic properties that resulted in
rapid and complete hindlimb repair and regeneration following
ischemia-induced injury.**
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Enhanced efficacy using engineered or modified extracellular
vesicles

Several studies utilized engineering strategies to boost
therapeutic outcomes.

Genetic modification: Genetically engineered iPSC-miR-126-
EVs increased angiogenic genes (eg, angiopoietin, Tie-2, VEGF)
and achieved strong perfusion recovery with no limb necrosis.*’

BMMSC-EVs engineered to overexpress triple or double
combinations of miRNAs (miR-126, miR-135b, miR-210) exhib-
ited superior efficacy compared to single miRNA-loaded EVs.*

Bioactive scaffolds and encapsulation: Researchers developed
NO-boosted BMMSC-EV nanocages (n-BANKs) that markedly
enhanced limb salvage, muscle regeneration, and revasculariza-
tion in ischemic mice. n-BANKs promoted full motor recovery,
increased pericyte and endothelial cell content in new vessels,
and strongly upregulated eNOS, leading to improved vasodila-
tion. Unlike standard MSC-EVs, which failed to prevent limb
loss, n-BANKSs restored full limb function within 14 days and
prevented the rapid necrosis observed in controls. Treatment
also elevated chemokines associated with collateral remodeling
(CXCL10, CXCL2, CCL2), increased regeneration-related cyto-
kines (VEGFa, platelet-derived growth factor B, PGF, HB-EGF,
TGFp3), enhanced mitochondrial biogenesis gene expression,
and suppressed inflammatory genes.*

Engineered collagen-binding placental chorionic villus
tissue stem cells (SILY-EVs) improved localization to ischemic
tissue, enhancing perfusion and muscle repair. These vesicles
increased the expression of important angiogenic and myogenic
genes, stimulated M2 polarization, and altered Th1/Th2 signaling
(IFN-y/IL-10).5

NO-stimulated human placental MSC exosomes improved
perfusion and collateral vascular development, lowering
amputation rates to 10% (compared to 55% in the PBS group).
These exosomes aided repair by transferring miR-126 and
upregulating important angiogenic factors such as VEGF,
VEGFR2, and ANG1®

A Matrigel scaffold facilitated the gradual release of
BMMSC-EVs, extending retention and accelerating perfusion
recovery.* Rat adipose MSC-derived gelated macrovesicles
enhanced blood reperfusion and limb preservation (>80%)
in comparison to conventional microvesicles. Stability was
improved by internal gelation, maintaining therapeutic ac-
tivity even after storage.*?

EVs from iMSCs cultured on HAVDI-functionalized dishes
demonstrated optimal bioactivity, completely restoring perfu-
sion by day 28.%°

Discussion

This scoping review included 30 preclinical studies. All stud-
ies induced hindlimb ischemia by ligating the femoral artery of
mice. Our extensive search revealed that clinical trials have not
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been conducted to date. Various sources of stem cells were used
to isolate EVs, mostly from adipose tissue and bone marrow. The
standard administration route was intramuscular (n = 26), with
a common dosage of 100 ug. Therapeutic mechanisms of stem
cell-derived EVs improved ischemic outcomes by facilitating
blood reperfusion, stimulating angiogenesis, and promoting
muscle regeneration. In diabetic models, stem cell-derived EVs
countered impaired healing by activating eNOS/AKT pathways
and upregulating VEGF and basic fibroblast growth factor.
Mechanistically, repair was driven by the transfer of molecular
cargo, including miR-126, miR-34c, and circHIPK3. Hypoxic
preconditioning of BMMSC-EVs and ADSC-EVs yielded superior
therapeutic outcomes compared to their normoxic counterparts.
Engineered approaches demonstrated significantly superior
efficacy compared with unmodified EVs. Innovations such as NO
stimulation, hypoxic preconditioning, and bioactive scaffolds
(eg, SILY-EVs, n-BANK nanocages) improved EV retention and
localization. For instance, NO-stimulated exosomes reduced
amputation rates to 10% (vs 55% in controls).

Notably, our review also highlights that different vesicle types,
such as BMSC-ApoVs and 1EVs, effectively promote blood flow
recovery. Furthermore, we identified that EV subpopulations
from the same source can have specialized roles; for instance,
S1-sEVs (CD9/HRS+) drive immunomodulation while S2-sEVs
(CD63/FLOT+) drive superior pro-angiogenic repair. A key finding
across multiple studies was the promotion of M2 macrophage
polarization, which shifts the local environment from proinflam-
matory to proregenerative. Macrophage polarization toward the
M2 phenotype promotes angiogenesis, representing a promising
therapeutic strategy for ischemic diseases.*®®* Angiogenesis, a vital
process for tissue growth and repair, refers to the formation of
new blood vessels from existing ones.” Several methods have been
attempted to stimulate angiogenesis in ischemic organs, including
the use of VEGF and other growth factors or angiogenic proteins
such as basic fibroblast growth factor and hypoxia-inducible
factor-1 alpha. However, the outcomes have not been deemed
satisfactory. One of the most promising experimental approaches
to promote angiogenesis is cell therapy.” A Phase Il randomized
clinical trial evaluated autologous, peripheral blood-derived stem
cells in “no-option” PAD patients. The study demonstrated that
the therapy was safe and significantly reduced major amputation
rates at 3 months (0% vs 60% in controls). At the 2-year follow-up,
the treated group continued to show improved hemodynamic
parameters, enhanced wound healing, and increased walking
ability compared to the control group.”? Similarly, allogeneic
BMMSCs have been proven safe in double-blind trials, showing
significant improvements in ankle-brachial index (ABI) and ankle
pressure. In a randomized trial of 40 diabetic patients with CLTI,
granulocyte colony-stimulating factor mobilized peripheral blood
mononuclear cell transplantation and significantly improved ABI,
transcutaneous oxygen levels, and collateral vessel development.
After 12 weeks, ulcer prevalence dropped from 45% to 15% with
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improved limb salvage.” In comparisons of cell sources, BMMSCs
have proven superior to bone marrow-derived mononuclear cells
in diabetic patients with CLTT, achieving faster ulcer healing and
more significant improvements in total carbon dioxide and ABL™
A meta-analysis of randomized controlled studies revealed that
autologous stem cell therapy may have a beneficial impact on
patients with PAD who have no other treatment options. However,
there was no significant improvement in major limb salvage.
Additionally, there were several adverse reactions.” However,
another meta-analysis of randomized controlled trials found
no significant differences in major amputation rate, survival,
or amputation-free survival between bone marrow-derived cell
therapy and placebo therapy patients.”

While current data on stem cell-derived EVs in CLTI is
preclinical, clinical trials in other therapeutic areas have con-
firmed their safety profile. For instance, stem cell-derived EVs
administration was well-tolerated and did not induce adverse
effects in patients with severe COVID-19-related acute respi-
ratory distress syndrome” or knee osteoarthritis.”®® These
findings, combined with the regenerative outcomes observed in
our review, suggest that stem cell-derived EVs represent a safe
and promising alternative treatment option for CLTI. Despite
atherosclerosis being the primary driver of human CLTI, none
of the included studies utilized atherosclerotic mouse models,
which may limit the translatability of these findings to complex
clinical cases. Furthermore, no research to date has evaluated
the efficacy of stem cell-derived EVs transplantation via the
intra-arterial route, a common delivery method in clinical
vascular interventions.

Conclusions

Our findings indicate that stem cell-derived EVs have sig-
nificant therapeutic potential in hindlimb ischemia. These stem
cell-derived EVs not only restored blood perfusion and regenerated
muscle tissue but also reduced the need for limb amputation and
decreased necrosis. Furthermore, these effects were observed
in both nondiabetic and diabetic CLTI mice. However, various
types of stem cells were used to isolate the EVs, and all stem
cell-derived EVs exhibited angiogenic and tissue regeneration
potential. Additionally, these stem cell-derived EVs demonstrat-
ed anti-inflammatory and anti-apoptotic effects. Furthermore,
stem cell-derived EVs serve as carriers for transferring various
miRNAs. Innovations in EVs engineering, such as nanoparticles
that carry oxygen, vesicles enriched with NO, modifications
for collagen binding, and strategies to enhance miRNA content,
have significantly increased their therapeutic efficacy. However,
transitioning from successful preclinical findings to clinical
application involves addressing existing challenges related to
EV production, delivery, and regulatory processes.
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