Yang et al. Vessel Plus. 2025;9:32

DOI: 10.20517/2574-1209.2025.77 Vessel Plus

Review Open Access

") Check for updates

Engineered stem cells and exosomes: novel
atherosclerosis therapy

Zhuoheng Yang"?, Luyang Yu"?*&, Jinying Li"?

'Zhejiang Key Laboratory of Cardiovascular Intervention and Precision Medicine of Sir Run Run Shaw Hospital, Zhejiang
University-Lishui Joint Innovation Center for Life and Health, Zhejiang University, Hangzhou 310058, Zhejiang, China.

’MOE Laboratory of Biosystems Homeostasis & Protection of College of Life Sciences, Zhejiang University, Hangzhou 310058,
Zhejiang, China.

Correspondence to: Prof. Luyang Yu and Dr. Jinying Li, MOE Laboratory of Biosystems Homeostasis & Protection of College of
Life Sciences, Zhejiang University, Hangzhou 310058, Zhejiang, China. E-mail: luyangyu@zju.edu.cn; jinyingli@zju.edu.cn

How to cite this article: Yang Z, Yu L, Li J. Engineered stem cells and exosomes: novel atherosclerosis therapy. Vessel Plus.
2025;9:32. https://dx.doi.org/10.20517/2574-1209.2025.77

Received: 20 Jun 2025 First Decision: 22 Sep 2025 Revised: 20 Oct 2025 Accepted: 17 Nov 2025 Published: 31 Dec 2025

Academic Editor: Yajun Duan Copy Editor: Ping Zhang Production Editor: Ping Zhang

Abstract

Atherosclerosis remains a major global health challenge with limited therapeutic options for plaque regression.
Stem cell therapy and stem cell-derived exosomes represent promising novel strategies for treating this disease.
Different types of stem cells demonstrate therapeutic effects by modulating lipid metabolism, reducing
inflammation, and improving endothelial function. However, challenges such as poor targeting, low maintenance
times, and immunogenicity limit their clinical application. Recent advances focus on engineering these cells and
their exosomes to overcome these barriers. Strategies include genetic modification, surface functionalization for
targeted delivery, and hybrid nanoparticle design. Engineered exosomes also serve as efficient drug carriers for
precise therapy. While clinical trials show potential, further validation of long-term efficacy and safety is needed.
Integrating bioengineering with regenerative technology offers a new approach for atherosclerosis treatment.

Keywords: Atherosclerosis, engineered stem cells, exosomes, immunomodulation, targeted delivery, regenerative
medicine

INTRODUCION

Cardiovascular diseases (CVDs) have emerged as a leading global contributor to mortality and disability,
with atherosclerotic CVD (ASCVD) demonstrating a particularly escalating disease burden in developing
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nations such as China and India. Notably, China has experienced a substantial increase in ASCVD-related
mortality, accounting for 25% of total deaths nationally" .. In etiological perspectives, atherosclerosis (AS) is
a chronic disease characterized initially by endothelial dysfunction, followed by lipid deposition within the
arterial walls. This process triggers a cascade involving macrophage-derived foam cell formation,
proliferation of fibrous tissue, and abnormal proliferation of smooth muscle cells (SMCs), ultimately leading
to the development of atherosclerotic plaques, vascular narrowing, and impaired blood flow'. AS is
characterized not only by lipid deposition but also by a concurrent vascular inflammatory response'®®.

AS, a chronic, progressive vascular disease, represents a huge therapeutic challenge due to its complex,
multifactorial origins. Current therapeutic strategies, primarily focused on lipid management (e.g., statins)
and inflammation modulation, effectively slow progression and stabilize plaques in many cases. However,
they often fall short of achieving significant plaque regression or fully reversing established disease!*”.
Critically, the downstream consequences of advanced or unstable AS plaques are devastating: plaque
rupture or erosion can trigger acute thrombotic events, leading directly to myocardial infarction (MI),
ischemic stroke, or critical limb ischemia (CLI). Despite advances in surgical and interventional techniques
(such as stenting and bypass grafting) that address vital obstructions, these interventions are inherently
reactive, treating the end-stage complications rather than the underlying disease process or preventing the
progression of AS to such catastrophic outcomes"”. This persistent gap in achieving true disease
modification and preventing life-altering thrombotic complications underscores the compelling need for
novel therapeutic approaches. Stem cell-based therapies, for instance, offer distinct advantages in
modulating the microenvironment and enabling effective disease prevention, fundamentally altering the
atherosclerotic disease course [Figure 1]. Stem cells are defined by two principal characteristics: their unique
ability to self-renew and their potential to differentiate into one or more specialized cell types"'. Stem cells
exist both in embryos and in adult organisms. For example, embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs) are typical representatives of pluripotent stem cells, while adult stem cells
(ASCs) include hematopoietic stem cells (HSCs), mesenchymal stem cells (MSCs), neural stem cells (NSCs),
and endothelial progenitor cells (EPCs), among others">"”. These stem cells, including first-generation types
represented by MSCs and HSCs, as well as second-generation types such as ESCs and iPSCs, serve as
germline cells employed in cell-based therapies*.

Stem cell therapy, spanning from the pioneering era of HSC transplantation to contemporary approaches of
utilizing directed differentiation of stem cells into cardiomyocytes, has garnered sustained research interest
as an emerging therapeutic modality in CVD management>'*. Accumulating evidence from ongoing
research suggests that the therapeutic benefits of stem cells may be partially attributed to exosome-mediated

17,18]

paracrine mechanisms, rather than the long-term engraftment of transplanted cells"”'.

Despite emerging research on stem cells and stem cell-derived exosomes in ASCVD, both therapeutic
modalities face common limitations such as poor targeting efficiency and immunogenic clearance, as well as
distinct technical challenges"**
exosomes in regenerative therapies for AS, their involvement in AS pathogenesis or their use as therapeutic

I Current reviews primarily focus on the diverse sources of stem cells and

agents, and the therapeutic mechanisms underlying their functions. However, few reviews provide detailed
descriptions of engineering approaches to modify stem cells and exosomes based on the pathological
features of AS, aiming to enhance their biological efficacy in preclinical settings. Therefore, this review
details stem cell sources (including MSCs, progenitor cells, etc.) used for ASCVD treatment and explores
other cell types that are proven effective in other diseases and have therapeutic potential for ASCVD.
Furthermore, it introduces the therapeutic effects and underlying mechanisms of exosomes derived from
various stem cell sources in ASCVD. Additionally, special focus is placed on engineering strategies to
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Figure 1. Mechanisms of atherosclerosis and putative therapeutic targets of stem cells and exosomes. Schematic illustration of the
pathogenesis of atherosclerosis, highlighting key stages from endothelial dysfunction to advanced plaque formation, and the potential
therapeutic mechanisms of stem cells and exosomes including promoting endothelial repair, modulating inflammation, and hindering
foam cell formation. Created in BioRender. Yang Z (2025) https://BioRender.com/jun6d4h. LDL: low-density lipoprotein; NETs:

neutrophil extracellular traps; oxLDL: oxidized low-density lipoprotein; SR-Al: scavenger receptor class A type 1; T, regulatory T cell;

T, 1: helper T cell 1; CD36: cluster of differentiation 36; CD*: cluster of differentiation 4 positive; CD®: cluster of differentiation 8
positive; ABCAT/ABCGT: ATP-binding cassette transporter A1/ATP-binding cassette transporter G1; VSMC: vascular smooth muscle

cell.

modify stem cells and exosomes, endowing them with superior therapeutic properties compared to their
native counterparts. Through this comprehensive discussion, this review aims to assist readers in exploring
and designing more advanced, translatable novel therapies based on existing stem cell technologies.

STEM CELL THERAPY IN ATHEROSCLEROSIS

Stem cells, as new therapeutic agents, demonstrate broad therapeutic potential across various diseases,
including neurological disorders, autoimmune diseases, fibrosis***”, while also exhibiting unique value
in CVDs. MSCs, as a type of stem cell widely distributed in tissues such as bone marrow, perinatal tissues,
adipose tissue, and other sources, have been extensively utilized in regenerative medicine research over the
past few decades”. Research reveals that MSCs exert therapeutic effects through multiple mechanisms:
possessing not only differentiation potential towards vascular endothelial cells (ECs) (based on their
developmental homology)", but also mediating immune regulation through secretion of cytokines,
chemokines, and other bioactive molecules. These characteristics offer a theoretical basis for treating
vascular diseases such as AS [Table 1]. Consistently, multiple preclinical studies have demonstrated that
stem cell administration significantly alleviates atherosclerotic lesions in animal models, supporting their
potential therapeutic value in vivo [Table 2].

Animal studies have demonstrated that cessation of high-fat, high-cholesterol dietary regimens significantly
attenuates the progression of atherosclerotic lesions””. The pathological cascade initiates with the
pathological accumulation of low-density lipoprotein (LDL) molecules in the subendothelial space,
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Table 1. Therapeutic stem cell candidates for atherosclerosis

Types of stem cell Cell sources Functional effects Authors

MSC Umbilical cord Lipid metabolism Li et al.””
(Wharton's jelly)
Adipose Lipid metabolism; anti-inflammation Li et al.®"

Rehman et al.®”

iPSC Inflammatory modulation Shi et al.”¥
Bone marrow Inflammatory modulation Lin et al.*"

EPC Bone marrow Reverse endothelial oxidative damage Lietal

MSC: Mesenchymal stem cells; iPSC: induced pluripotent stem cells; EPC: Endothelial progenitor cells.

Table 2. Summary of preclinical studies involving stem cell-based therapies

Types of stem Cell Experimental Reduction of atherosclerotic
Dosage Reference
cell sources model plaque area
MSC adipose Rabbit, HFD 6 x 106, i.v., every 2 weeks for3  ~20% [31]
months
iPSCs Mouse, ApoE’/', HFD 2x10%iv., every 7-10 days for ~ ~75% [33]
12 weeks
Bone Mouse, ApoE'/', HFD 2 x 105, i.v., single injection ~10% [36]
marrow
EPC Bone Rat, HFD 2% 106, i.v., single injection - [35]
marrow

MSC: Mesenchymal stem cells; iPSC: Induced pluripotent stem cells; EPC: Endothelial progenitor cells; HFD: high-fat diet.

triggering intimal thickening that progresses to foam cell formation and the development of lipid-rich cores
encapsulated by fibrous plaques®*.. Current clinical evidence confirms that lipid-targeted therapeutic
interventions can effectively mitigate AS progression. Studies demonstrate that human umbilical
cord-derived MSCs (huc-MSCs) activate and modulate the hepatic hepatocyte nuclear factor 4 alpha
(HNF4a)-carboxylesterase 2 (CES2) signaling pathway, thereby influencing hepatic lipid and energy
metabolism and ultimately reducing circulating low-density lipoprotein cholesterol (LDL-C) levels™.
Mechanistic investigations further reveal that adipose-derived MSCs (AD-MSCs) suppress oxidized low-
density lipoprotein (0xLDL) endocytosis by downregulating the expression of scavenger receptors scavenger
receptor class A type 1 (SR-A1) and cluster of differentiation (CD) 36 in macrophages, thereby inhibiting
foam cell formation and slowing the progression of atherosclerotic plaque®'’.

Multiple cardiovascular risk factors trigger molecular signaling pathways in endothelial cells, leading to
upregulated expression of chemokines, pro-inflammatory cytokines, and adhesion molecules. This
molecular activation initiates a pathological cascade of endothelial dysfunction, ultimately driving
atherosclerotic progression'”*”. Emerging experimental evidence demonstrates that MSCs exert endothelial
protective effects through paracrine secretion of bioactive factors and modulation of inflammatory
microenvironments. Initial studies showed that dermal-derived MSCs activate endothelial functions via
paracrine mechanisms'*”. MSCs can secrete Wingless/Int (Wnt) proteins to activate the p-catenin-mediated
Wnt signaling pathway to reduce EC apoptosis”™. Other investigations revealed that huc-MSCs can
specifically rectify aberrant phosphorylation of the extracellular signal-regulated kinase (ERK) signaling
pathway and downregulate overexpression of critical regulators, including MAP kinase-interacting
serine/threonine-kinase 2 (MKNK2), Erb-B2 Receptor Tyrosine Kinase 3 (ERBB3), myelocytomatosis
oncogene (MYC) and dual specificity phosphatase 5 (DUSP5), in endothelial cells under diabetic conditions
through paracrine actions"!. Notably, mechanistic exploration in acute respiratory distress syndrome
(ARDS) pathophysiology further elucidated MSC-mediated endothelial protection: Direct mitochondrial
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transfer to mouse pulmonary microvascular endothelial cells (MPMECs) induces cellular metabolic
reprogramming, activating the tricarboxylic acid (TCA) cycle and fatty acid synthesis pathways'*”. This
cascade ultimately enhances endothelial proliferation, potentiates pro-angiogenic factor secretion, and
systematically improves vascular regenerative capacity.

The therapeutic effectiveness of MSCs primarily stems from their immunomodulatory capacity, though
molecular pathways underlying inflammatory regulation exhibit marked heterogeneity across MSC
populations from distinct tissue origins. Research reveals that bone marrow MSCs (BMSCs) modulate
atherosclerotic progression through dynamic secretome alterations under pathological conditions.
Exogenous BMSC administration elevates the regulatory T cell (T,,,)/CD4 positive (CD4") T cell ratio and
drives macrophage polarization toward the M2 anti-inflammatory phenotype, thereby suppressing
monocyte infiltration and vascular inflammation”. Notably, AD-MSCs exert anti-atherogenic effects
predominantly through alternatively activated macrophage (M2 macrophage) polarization, with
transcriptomic analyses demonstrating their superior capability in inducing anti-inflammatory cytokine
production compared to other MSC subtypes™*’. Huc-MSC-derived exosomal miR-100-5p alleviates AS
progression by inhibiting cellular processes and inflammation in eosinophils via the Frizzled 5 (FZDs5)/
Wnt/B-catenin pathway'”. Cutting-edge advancements utilize human iPSC-derived MSCs (iPSC-MSCs),
which exhibit extended in vivo persistence, enhanced proliferative potential, and improved genetic
stability"!. These cells demonstrate significant plaque-stabilizing effects in multimodal imaging assessments
via targeted modulation of NLRP3 (nucleotide-binding domain, leucine-rich repeat, and pyrin domain-
containing protein 3) inflammasome activity and interleukin (IL)-18 signaling pathways.

Extensive preclinical studies have investigated the potential of MSCs as a therapeutic strategy for AS. In
light of this, other cell types that share similar developmental origins with MSCs or demonstrate comparable
biological functions have also been explored for AS treatment. Taking EPCs as an example, these circulating
precursor cells have been shown to enhance post-ischemic tissue angiogenesis and vascular repair'***.
Notably, the mobilization of endogenous EPCs has been recognized as one of the mechanisms through
which lipid-lowering medications such as statins, ezetimibe, and fibrates exert their therapeutic effects”’.
While in vitro expansion and large-scale culture of autologous EPCs may represent a promising research
direction, this approach potentially carries the risk of increased atherosclerotic plaque instability associated
with EPC activity. Human amniotic epithelial stem cells (hAESCs) have emerged as a research focus in
regenerative medicine due to their multifaceted biological advantages, including minimal tumorigenic risk,
robust paracrine activity, potent immunomodulatory properties, and absence of ethical constraints®® .
Preclinical studies demonstrate their therapeutic efficacy in fibrosis resolution””, immune dysregulation
correction™, and tissue regeneration. Notably, their demonstrated potential in MI treatment through
angiogenesis modulation and inflammation suppression highlights their translational value, suggesting that
hAESCs could be used for AS treatment.

ENGINEERED STEM CELLS

Although stem cells, symbolized by MSCs and their derivative cell therapies, have demonstrated significant
potential in the treatment of AS - particularly the unique vascular homing capacity exhibited by BMSCs"” -
their clinical application remains constrained by inherent technical limitations of stem cell therapies. These
challenges include heterogeneity in therapeutic efficacy, potential risks of tumorigenicity, short-term
survival of transplanted cells in vivo, and technical obstacles in cell product transportation and long-term
preservation. Consequently, current research focuses on engineering stem cells to develop therapeutics or
treatment protocols that address these limitations [Figure 2].
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Figure 2. Overcoming stem cell limitations: engineering strategies for enhanced therapeutic efficacy. Stem cell-based therapies for
atherosclerosis face intrinsic limitations, including heterogeneity, tumorigenic potential, short in vivo retention, and difficulties in long-
term storage. Targeted engineering strategies are correspondingly proposed to overcome these barriers, such as enhancing
immunomodulatory functions via PD-L1 overexpression, promoting cholesterol efflux through membrane engineering, and improving
stability and targeting precision by employing an artificial nanocarrier. This conceptual framework provides a visualized correlation
between key limitations and rational engineering solutions, offering guidance for the development of next-generation stem cell
therapeutics in atherosclerosis. Created in BioRender. Yang Z (2025) https://BioRender.com/whkit3r. MSC: Mesenchymal stem cell;
PLGA: poly(lactic-co-glycolic acid); T .,: regulatory T cell; PD-L1: programmed death ligand 1; IL-10: interleukin-10; Akt (PKB): protein
kinase B.

Gene-editing therapeutics have demonstrated transformative potential in managing metabolic and
cardiovascular disorders. For example, clustered regularly interspaced short palindromic repeats (CRISPR)-
mediated targeting of hepatic proprotein convertase subtilisin/kexin 9 (PCSK9) has been clinically validated
to reduce circulating LDL-C levels in familial hypercholesterolemia patients, thereby modulating
atherosclerotic progression through lipid metabolic regulation®™. This concept extends to MSC
engineering, where genetic modification enhances their paracrine activity, immunomodulatory capacity,
and lipid metabolism-related signaling*"*”. Notably, recent evidence highlights that CVD-oriented MSC
engineering strategies can further potentiate anti-atherosclerotic efficacy, providing a promising framework

[63]

for precision MSC therapy in AS

Beyond conventional approaches, several engineered cell strategies show enhanced therapeutic potential for
AS. Chimeric antigen receptor (CAR)-modified macrophages have been engineered to specifically target
and engulf CD47-expressing phagocytosis-resistant apoptotic cells’®. These CAR macrophages are further
surface-functionalized with reactive oxygen species (ROS)-responsive therapeutic nanoparticles targeting
the liver X receptor pathway, thereby improving their effector activity. The synergistic integration of CAR
technology and nanoparticle engineering activates lipid efflux pumps, enhances cellular debris clearance,
and reduces inflammatory responses, demonstrating augmented anti-atherosclerotic efficacy. Another
innovative chimeric antigen receptor-macrophage (CAR-M) construct strategy involves dual
overexpression of C-C chemokine receptor type 2 (CCR2) and cleavage-resistant c-Mer proto-oncogene
tyrosine kinase (MerTK) in exogenous macrophages, combined with surface conjugation via click chemistry
of liposomal PEP-20 (synthetic CD47 antagonist peptide), which collectively mitigates inflammatory
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cascades and promotes cardiac functional recovery'”. Additionally, targeted delivery of dextran-
triphenylphosphonium (TPP) polymer-conjugated functionalized mitochondria to atherosclerotic plaques
has been shown to reprogram classical activated macrophages (M1 macrophage) bioenergetics, attenuate
inflammatory processes, and inhibit plaque progression*. Notably, these advanced methodologies
originally developed for cancer immunotherapy demonstrate translational potential in managing AS when
synergistically combined with stem cell therapies.

Recent studies have developed exosome-mimetic nanovesicles derived from mechanically extruded MSCs,
and further engineered platelet membrane-coated exosome-mimetic nanovesicles (P-ENVs) that
synergistically enhance atherosclerotic plaque targeting through biomimetic delivery while attenuating lipid
accumulation via ATP-binding cassette transporter (ABC) A1/ABCG1-mediated cholesterol efflux,
demonstrating dual therapeutic efficacy and biosafety for clinical translation in AS management'”.

Synthetic MSCs have been utilized in treating acute myocardial infarction (AMI) in mice. By encapsulating
MSC-derived secretory factors within poly(lactic-co-glycolic acid) (PLGA) microspheres and coating their
surface with MSC membranes, these engineered constructs effectively promote angiogenesis. Compared to
natural MSCs, synthetic MSCs demonstrate enhanced therapeutic efficacy while offering the advantage of
improved storage stability"*®.

STEM CELL-DERIVED EXOSOMES

Given the limitations associated with direct stem cell administration and the recognition that a significant
portion of the therapeutic efficacy of stem cells is attributed mainly to their secretome, among which
exosomes serve as principal bioactive mediators, research focus has shifted toward extracellular vesicles. It
should be emphasized that exosomes and ectosomes, characterized by distinct biogenesis pathways, both
function as evolutionarily conserved signaling platforms that coordinate intercellular communication
through targeted delivery of proteins, nucleic acids, and other bioactive cargoes'®™. Despite ongoing debate
regarding the classification and definition of extracellular vesicles in recent years, this study operationally
defines exosomes as 50-150 nm vesicles secreted by cells, maintaining this standardized designation
throughout the manuscript. As a cell-free therapeutic modality, exosomes have been utilized to treat diverse
pathologies and ameliorate aging-related adverse physiological conditions. CVDs such as AS exhibit
intrinsically linked pathogenic mechanisms with aging. Stem cell-derived exosomes exert multimodal
therapeutic effects against AS through coordinated regulation of lipid metabolism, inflammatory responses,
and endothelial homeostasis .

To date, exosomes derived from multiple cellular sources - including ESCs, iPSCs, multipotent and
unipotent ASC lineages such as MSCs, cardiac stem cells (CSCs) including cardiosphere-derived cells
(CDCs) and cardiac progenitor cells (CPCs), as well as EPCs - have been investigated for cardiovascular
protection””. miR-199a-3p within EPC-derived exosomes is believed to bind the specificity protein 1
(SP1), thereby reducing endothelial cell ferroptosis™’. MSC-derived exosomes containing miR-146a and
miR-342-5p exert therapeutic effects on vascular endothelial dysfunction through distinct molecular
mechanisms: miR-146a mediates anti-senescence and pro-angiogenic effects by suppressing proto-
oncogene tyrosine-protein kinase Src (Src) kinase phosphorylation™’. At the same time, miR-342-5p
ameliorates endothelial injury through modulation of the protein phosphatase 1 regulatory subunit 12b
(PPP1R12b) signaling pathway"®. Furthermore, MSC-derived exosomes can restore mitochondrial function
in endothelial cells and improve angiogenesis by inhibiting neutrophil extracellular trap (NET)-induced
endothelial ferroptosis'®. These protective effects are demonstrated in AS.
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Stem cell-derived exosomes also alleviate AS by modulating inflammation and improving lipid metabolism.
Specifically, miR-21a-5p and miR-let-7 within MSC-derived exosomes promote M2 macrophage
polarization and reduce macrophage infiltration, thereby mitigating AS"***!. CDCs can transfer miR-181b to
macrophages, altering their polarization state and enhancing cardioprotective effects’® [Table 3].
Furthermore, human umbilical cord MSC-derived exosomes regulate lipid metabolism via AMP-activated
protein kinase (AMPK)-mediated signaling pathways in hepatocytes, specifically, the peroxisome
proliferator-activated receptor alpha (PPARa)/carnitine palmitoyltransferase 1A (CPT-1A) pathway
(promoting fatty acid oxidation) and the sterol regulatory element-binding protein-1c (SREBP-1c)/fatty
acid synthase (FASN) pathway (reducing fatty acid synthesis)®”.

ENGINEERING OF STEM CELL-DERIVED EXOSOMES

While natural exosomes exhibit inherent therapeutic potential for AS as discussed above, their clinical
translation faces significant challenges, including limited targeting specificity, variable cargo loading
efficiency, and insufficient yield for therapeutic applications. To overcome these limitations, engineered
exosomes have emerged as a transformative strategy. Through deliberate modifications of their production
platforms, delivery systems, and therapeutic cargos, exosomes can be functionally enhanced to achieve
precise targeting, controlled release, and optimized therapeutic efficacy for AS pathogenesis™*” [Figure 3].

Engineered exosome production platforms

Engineering strategies for exosome modification often focus on reprogramming the parent stem cells. By
manipulating these cells to alter their physiological states, researchers can induce them to secrete exosomes
with modified properties. For example, adiponectin binds to T-cadherin on MSCs, stimulating the synthesis
and secretion of MSC-derived exosomes. Genetically enhancing plasma adiponectin secretion consequently
amplifies the therapeutic efficacy of MSCs"'l. Pretreating MSCs with empagliflozin also enhances the
angiogenic capacity of their secreted exosomes via the phosphatase and tensin homolog (PTEN)/protein
kinase B (Akt)/vascular endothelial growth factor(VEGF) signaling pathway"*?.

Another common engineering approach involves genetic modification of stem cells using viral vectors or
plasmids to express therapeutic biomolecules. For instance, MSCs transfected to overexpress Akt secrete
exosomes that promote angiogenesis in vitro and improve cardiac function'.

Engineered delivery system

Strategically selected routes of administration can enhance the therapeutic efficacy of exosomes. Exosome
biodistribution and therapeutic outcomes are highly dependent on delivery methods"". Beyond intravenous
injection, which is the most common approach, inhaled stem cell exosomes have been shown to promote
post-myocardial infarction repair by downregulating CD36 expression to modulate compensatory glucose
utilization in the heart®”. Additionally, an ROS-responsive exosome-eluting vascular stent was developed to
release MSC-derived exosomes post-implantation, conditioning macrophage polarization and reducing
vascular/local inflammation®.

Engineering exosomes for enhanced targeting represents another key strategy. Surface functionalization
with targeting molecules improves specificity, as demonstrated in applications such as peptide-modified
huc-MSC exosomes for enhanced liver fibrosis targeting””. Membrane fusion techniques also enable
targeted exosome construction. For instance, the engineered biomimetic nanorobot integrates dual
mechanisms: macrophage-derived EVs (IL-4-stimulated) reprogram macrophages toward M2 efferocytic
phenotypes, while Src Homology 2 Domain-Containing Protein Tyrosine Phosphatase-1 (SHP1) small
interfering RNA (siRNA)-loaded liposomes block CD47-signal-regulatory protein alpha (SIRPa) “don’t eat
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Table 3. Key microRNAs carried by stem cell-derived exosomes and their regulatory roles in atherosclerosis

Source miRNA Target gene Signaling pathway Biological effect Reference
MSC miR-146a Src Src/VE-Cad Caveolin-1  Reduce endothelial oxidative stress-induced senescence [81]
MSC miR-let7 HMGA?2 HMGA2/NF-kB M2 macrophage polarization [84]
MSC miR-21a-5p  KLF6/ERK2 - Macrophage polarization and infiltration [85]
EPC miR-199a-3p SP1 - Ferroptosis of endothelial cells [801]
CDC miR-181b PKC8 - Macrophage polarization [86]

MSC: Mesenchymal stem cells; EPC: Endothelial progenitor cells; CDC: Cardiosphere-derived cells; Src: proto-oncogene tyrosine-protein kinase
Src; VE-Cad: vascular endothelial cadherin; HMGAZ2: high mobility group AT-hook 2; NF-kB: nuclear factor kappa-light-chain-enhancer of
activated B cells.

Engineering Stem Cell Derived Exosomes for Enhanced Therapeutics
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Figure 3. Engineering exosomes, from therapeutic goals to design strategies and technical approaches. Following the rationale of
“therapeutic purpose/strategic design/technical approach,” the schematic outlines the central engineering paradigms for stem cell-
derived exosomes in the treatment of atherosclerosis. The strategies span three interconnected domains: optimization of production
platforms (e.g., empagliflozin preconditioning), refinement of delivery modalities (e.g., inhalable preparations, stent-anchored sustained-
release systems, and biomimetic nanorobots achieved through membrane fusion), and efficient loading of therapeutic cargos (e.g.,
mRNA, siRNA, and small-molecule agents). These integrated engineering approaches address the intrinsic shortcomings of native
exosomes, including limited targeting accuracy, low production efficiency, and suboptimal cargo encapsulation, thereby establishing a
conceptual basis for precision exosome therapeutics in atherosclerosis. Created in BioRender. Yang Z (2025) https://BioRender.com/
vt6f36k.

me” signals. Driven by urease motors, this system significantly enhances targeted delivery, reactivates
efferocytosis in atherosclerotic plaques, and reduces carotid/coronary plaque burden®®.

Platelet-based delivery systems leverage natural macrophage interactions and immune evasion properties,
showing promise for AS therapy” . Notably, co-extruded exosome-platelet membrane hybrids
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demonstrate significant efficacy in AS animal models by modulating lipid metabolism"*>'**),

Engineered therapeutic cargos

Stem cell-derived exosomes serve as novel drug delivery systems, offering innovative strategies for AS
therapeutics. Beyond their inherent therapeutic potential, their value as highly biocompatible carriers lies in
accommodating diverse cargoes - including drugs, RNAs, and proteins - while exhibiting lower cytotoxicity
than conventional delivery vectors"*'*. For instance, engineered exosomes pre-loaded with functional
low-density lipoprotein receptor (Ldlr) messenger RNA (mRNA) in donor hepatocytes demonstrated
liver-specific accumulation following intravenous administration. Successful translation of LDLR protein
effectively restored endogenous cholesterol metabolism in Ldlr mice, significantly reducing atherosclerotic
plaque burden". Notably, the immunomodulatory capacity of exosomes provides a new paradigm for
infection control: A customizable microneedle patch incorporating umbilical cord stem cell-derived
exosomes employs dual-module synergy - reversing hyperglycemia-induced macrophage senescence to
alleviate immunosuppression, while utilizing bacterial hemolysin-triggered on-demand antibiotic release -
achieving simultaneous deep-tissue bactericidal activity and anti-inflammatory repair. Its
"fabrication@clinic" feature further highlights translational potential*””..

However, drug loading processes often compromise exosomal structural integrity. Regardless of engineering
strategies, the impact of manipulations on vesicle integrity must be evaluated. To address this, current
research is pivoting toward artificial exosome-mimetics (e.g., liposomes, polymeric nanoparticles), which
retain native exosome functions through biomimetic design while circumventing structural fragility, thereby

[108]

enabling efficient drug loading

CLINICAL TRANSLATION OF STEM CELL-BASED THERAPEUTICS IN AS

Significant progress has been made in the clinical application of stem cells and their exosomes for treating
AS. According to ClinicalTrials.gov registry data, 80 clinical trials investigating stem cell or exosome
therapies for AS and peripheral artery disease have been currently registered. Stem cell therapies have
demonstrated clinical advancements in treating vascular diseases such as arteriosclerosis"” and
renovascular disease""”’. However, a substantial portion of these trials focus on vascular repair applications
such as CLI, while clinical data specifically targeting AS with various stem cell types remain scarce
[Table 4]. Despite these encouraging developments, stem cell therapy for AS still faces several challenges.
Although numerous studies have demonstrated the therapeutic potential of stem cell-based therapies in AS,
a substantial gap remains between preclinical findings and clinical outcomes. Among the reported clinical
trials, only four (NCTo1663376, NCT02685098, NCT01595776, and NCT00883870) have reported clear
therapeutic benefits, with improvements in pathological parameters and evidence supporting the safety of
stem cell administration. Nevertheless, one trial was prematurely terminated due to a high incidence of
karyotypic abnormalities in MSCs (NCT03455335). These observations highlight the necessity for cautious
and comprehensive evaluation of stem cell applications in AS, as the clinical results have yet to fully
reproduce the promising effects observed in preclinical studies.

Key issues include the source and safety of stem cells, as cells derived from different tissues (e.g., bone
marrow, adipose tissue, umbilical cord blood) possess distinct properties that require further validation.
Additionally, precise cell delivery and homing to the lesion site, along with ensuring long-term survival and
functional integration of the cells in vivo, represent significant research hurdles"'". Furthermore, the
long-term therapeutic effects and safety profile necessitate more clinical studies for verification, as robust
long-term follow-up data remain limited despite promising initial trial outcomes. Studies have shown that
long-term in vitro expansion of stem cells such as MSCs may lead to chromosomal abnormalities, which can
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Table 4. Clinical filing for stem cell-based treatment of atherosclerosis-related diseases

Registration number Treatment Conditions Phases Result Country
NCTO01257776 MSCs AMSC CLI 12 Completed Spain
NCT01663376 AMSC CLI N/A Completed South Korea
NCT01745744 AMSC CLI 2 Completed Spain
NCT00643981 BMSC AS 1 Completed Netherlands
NCT02685098 BMSC AS 1 Completed United States
NCT00790764 BMSC AS 2 Suspended United States
NCT00987363 BMSC CLI 112 Completed Spain
NCTO1351610 BMSC CLI 112 Completed Germany
NCTO01484574 BMSC CLI 2 Completed India
NCT01867190 BMSC CLI 2 Completed United States
NCT02336646 BMSC CLI 1 Completed Taiwan, China
NCT03455335 BMSC CLI 1 Completed Ireland
NCT00548613 Progenitor cells BMPC AS 1 Completed Netherlands
NCT01595776 EPC CLI 112 Completed Italy
NCT02454231 EPC CLI 23 Completed Italy
NCTO01436123 Other stem cells AS 1 Terminated Russia
NCT00883870 CLI 112 Completed India

MSC: Mesenchymal stem cell; AMSC: adipose-derived MSC; BMSC: bone marrow-derived MSC; BMPC: bone marrow progenitor cell; EPC:
endothelial progenitor cells; AS: atherosclerosis; CLI: critical limb ischemia.

induce tumor formation in vivo. Moreover, the intrinsic properties of these cells may contribute to tumor
invasion and metastasis'"'”. Taken together, these findings underscore the need for careful evaluation of
adverse events, immunogenicity, tumorigenic potential, and undesired tissue remodeling in both preclinical
and clinical studies.

Identifying and selecting optimal cell sources represents the primary challenge for translating stem cell and
derived exosome therapies into clinical applications for AS and related diseases, with no consensus yet
established. Furthermore, systematic research on optimal dosing regimens and source-specific efficacy
assessments of stem cells remains notably insufficient. Consequently, resolving cell source selection,
optimizing dosing protocols, and establishing precise efficacy evaluation frameworks constitute critical
bottlenecks and urgent priorities for advancing reliable clinical translation in this field.

EMERGING FRONTIERS AND TRANSLATIONAL CHALLENGES

With the continuous advancement of regenerative medicine technologies, stem cell therapy for AS is poised
to achieve further breakthroughs. Future development trends may encompass the diversification and
optimization of stem cell sources to enhance safety and efficacy, the implementation of combination
strategies integrating stem cells with other treatments such as pharmacotherapy or gene therapy to improve
overall effectiveness, and deeper research into exosome-based therapies leveraging their critical roles in AS
pathogenesis for more precise interventions.

To advance the precision of stem cell-based therapies for AS, refined optimization strategies are imperative:
omics-guided stem cell stratification (e.g., single-cell RNA sequencing) enables identification of
therapeutically potent subpopulations for enhanced efficacy""”, and organ-on-a-chip platforms mitigate
clinical translation uncertainties through preemptive tumorigenicity profiling"'*. Notably, while
multi-species models (rodents, pigs, non-human primates) are used in AS research, therapeutic evaluations
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of stem cells/exosomes remain predominantly rodent-centric""*. Furthermore, given the established
116]

pathophysiological nexus between AS and aging"'”, current preclinical models - primarily using young
healthy animals - fail to recapitulate the human aging microenvironment, potentially skewing efficacy
assessments. Consequently, developing aging AS models as preclinical surrogates is critical for reliably

predicting the clinical value of stem cell interventions.

Similarly, exosomes are encountering challenges in clinical translation. For instance, establishing universally
applicable industry standards that accommodate diverse cellular sources to achieve standardized production
remains an unresolved issue. Although substantial progress has been made in large-scale exosome
production in recent years, the heterogeneity of cell sources necessitates targeted optimization of culture
medium formulations, customized production systems, and manufacturing protocols'”***..

In addition, several practical and regulatory barriers must be addressed before engineered stem cells and
exosomes can be safely and effectively applied in clinical settings. Among these, good manufacturing
practice (GMP)-compliant manufacturing, product consistency, evolving regulatory frameworks, and
immune compatibility represent key determinants of successful translation. Establishing scalable and
standardized production pipelines that preserve the biological activity and molecular composition of
engineered products is essential for ensuring reproducibility and patient safety. Meanwhile, global
regulatory agencies are continuously updating guidelines for advanced therapy medicinal products
(ATMPs), underscoring the importance of transparent documentation, traceability, and comprehensive
risk/benefit assessment during product development and testing. In June 2025, mainland China formally
began to include cell therapy, gene therapy, and exosome-based products under the regulatory umbrella of
ATMPs via a draft framework issued by the Center for Drug Evaluation under National Medical Products
Administration (NMPA), marking a significant step toward unified supervision of biotherapeutics.
Furthermore, immunological compatibility, particularly in the context of allogeneic or genetically modified
sources, warrants careful preclinical evaluation and adaptive clinical trial designs to mitigate immune-
related adverse events. Tackling these multifaceted challenges will require close interdisciplinary
collaboration among cell biologists, bioengineers, clinicians, and regulatory experts to ensure the safe and
reproducible translation of engineered stem cell and exosome therapies to the clinic.

Moreover, novel therapeutic targets and mechanisms uncovered through stem cell and exosome research
have not only deepened our understanding of disease pathology but also provided pivotal insights toward
developing innovative therapeutics (e.g., nucleic acid drugs) and advanced delivery systems. Building on
these advances, the development of personalized treatment regimens tailored to individual patient profiles is
poised to enhance therapeutic specificity and efficacy. To ensure the safe implementation of such strategies,
establishing standardized technical protocols and robust regulatory frameworks will be imperative.
Ultimately, the integration of synthetic biology and engineering methodologies into stem cell/exosome
therapies will be critical for advancing effective AS management.

CONCLUSION

In summary, stem cells and their exosomes represent innovative therapeutic tools that offer new promise
for the clinical management of AS. Recent advances have successfully applied novel engineering
technologies to overcome inherent biological limitations of natural stem cells and exosomes, such as
suboptimal targeting precision, rapid immune clearance, safety and ethical concerns, and formulation and
storage challenges. Nevertheless, the application of these therapies in AS treatment remains constrained by
insufficient clinical data. Therefore, integrating advanced bioengineering strategies with expanded clinical
trials constitutes a critical direction for advancing stem cell-based interventions against AS.
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