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Abstract: Neutrophils, a key component of the innate immune system, play a crucial role in immune responses. In 2004, Brinkmann et al
identified neutrophil extracellular traps (NETs) as a novel antibacterial mechanism. However, NETs have since been implicated in the
pathogenesis of various diseases, including autoimmune disorders, sepsis, and cancer. Consequently, targeting NETs has emerged as
a promising therapeutic approach. Mesenchymal stem cells (MSCs) have demonstrated efficacy in modulating NET formation, but MSC-
derived exosomes offer distinct advantages over whole MSCs due to their lower immunogenicity, higher biological stability, and ability
to deliver bioactive molecules like miRNAs and CD59. These exosomes can block critical signaling pathways involved in NET formation
and protect neutrophil mitochondria, inhibiting NET release. Despite challenges such as low yield and targeting efficiency, ongoing
research has made significant strides in addressing these issues. This article reviews the current progress in MSC-derived exosome-based
anti-NET therapies and discusses potential strategies to enhance their therapeutic application.
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Introduction
Neutrophils are a crucial component of the innate immune system and serve as a vital defense against microbial pathogens.
Upon infection or inflammation, neutrophils are attracted to the site of infection through chemotaxis, where they perform
phagocytosis, bind pathogens, and release various antimicrobial substances to eliminate microbes.' In 2004, Brinkmann,
Reichard, Goosmann, Fauler, Uhlemann, Weiss, Weinrauch and Zychlinsky? made a groundbreaking discovery that neutro-
phils possess an additional mechanism for killing bacteria outside the cell: neutrophil extracellular traps (NETs). NETs are
a fibrous network structure composed of DNA, nuclear proteins, histones, granular proteins, and cytoplasmic proteins. When
neutrophils are stimulated by interleukin-8 (IL-8), phorbol myristate (PMA), or lipopolysaccharide (LPS), they release NETs
to capture and kill bacteria extracellularly.®

While NETs have extracellular antibacterial and pro-inflammatory effects, excessive neutrophil activation can lead to
uncontrollable NET release, resulting in persistent inflammation, vascular occlusion, tissue damage, and an exaggerated

immune response.” Increasing evidence suggests that NETs are closely linked to a range of diseases, including autoimmune
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disorders, cancer, atherosclerosis, sepsis, and acute lung injury.5 As a result, anti-NET therapy has emerged as a potential
therapeutic target.

Traditional anti-NET drugs aim to either inhibit NET formation or degrade existing NETs. For instance, statins,®
cyclosporine A,” and metformin® can suppress NET formation by reducing reactive oxygen species (ROS) levels, while
DNase I, which is clinically approved, degrades released NETs.” However, these traditional anti-NET strategies lack
specificity and often inhibit NET release by neutrophils throughout the body. This broad inhibition can compromise
normal immune function, making the body more susceptible to infections.'” Consequently, these therapies are challen-
ging to apply in clinical settings, highlighting the need for more targeted and effective drugs to regulate NETs in
a controlled manner."!

Mesenchymal stem cell exosomes (MSC-Exos) are considered a promising alternative to traditional drugs for targeted
therapy.'> MSCs have anti-inflammatory and immunomodulatory properties, and their ability to inhibit NET formation has
been well-documented.'®> MSCs primarily exert their biological effects via paracrine signaling through exosomes—nano-sized
vesicles encapsulated by a lipid bilayer that are rich in proteins, lipids, miRNAs, mRNAs, and other molecules, playing a key
role in intercellular communication in both normal and pathological conditions.'* Moreover, MSC-derived exosomes can
serve as drug delivery systems, enabling the targeted delivery of therapeutic agents and showing considerable potential for
various medical applications.'> Recent studies have demonstrated the therapeutic potential of MSC-Exos in inhibiting NET
formation, further supporting their use in anti-NET therapy. This review aims to summarize the progress of MSC-Exos in anti-
NET therapy and explore possible future therapeutic strategies and prospects.

Mechanism and Pathophysiology of Neutrophil Extracellular Trap

Formation

NETs are extracellular fibrous structures released by activated neutrophils in response to specific stimuli. These structures
primarily consist of DNA fibers, histones, and antimicrobial proteins that capture and neutralize pathogens such as
bacteria, fungi, protozoa, and viruses outside the cell. The process of NET formation, known as “NETosis”, represents
a unique form of cell death distinct from necrosis and apoptosis.”*

NETosis typically occurs via the NADPH oxidase (NOX)-dependent pathway, which usually takes 3—4 hours. This
programmed cell death process is characterized by the breakdown of the nuclear membrane, chromatin decondensation,
and the binding of decondensed chromatin to cytoplasmic proteins.'® Initially, neutrophils can be stimulated by various
factors, including pathogens, cytokines, LPS, and PMA, leading to the release of calcium from the endoplasmic reticulum
and the opening of calcium channels in the plasma membrane.'” This activation triggers NOX through protein kinase
C (PKC) and Raf-MEK (MAPK/ERK kinase)-ERK signaling pathways.'® The increased ROS levels (such as 02, H202,
and HOCI) promote the degradation of azurophilic granules containing myeloperoxidase (MPO) and neutrophil elastase
(NE). MPO and NE are then released into the cytoplasm, where they help activate gasdermin D (GSDMD), which further
contributes to the process.'®

Moreover, NE interacts with F-actin to degrade actin filaments, translocates to the nucleus, and partially cleaves histones,
thereby promoting chromatin decondensation.'® ROS also activate protein arginine deiminase 4 (PAD4), which, in combina-
tion with MPO, causes excessive citrullination of histones, leading to the loss of their positive charge and further chromatin
condensation.”” The breakdown of the cytoskeleton causes the nuclear membrane to rupture, releasing decondensed chromatin
into the cytoplasm. Throughout NETosis, GSDMD pore assembly on the plasma membrane plays a crucial role in cell death
and membrane permeability. This process is triggered by PMA, LPS, and bacterial activation of caspase-11.>" Once the
cytoskeleton and nuclear membrane disintegrate, chromatin decondenses, binds to proteins, and neutrophils are released
following plasma membrane lysis. Some studies also suggest that NETosis is regulated by the activation of the cell cycle
kinase CDK4/6, though the specific pathways remain to be fully elucidated*® (Figure 1).

NETs are implicated in the development and progression of various diseases, including sepsis, autoimmune diseases,
atherosclerosis, cancer, and eclampsia, by promoting inflammation, thrombosis, immune dysregulation, and tissue damage In
sepsis, NETs accelerate platelet pyroptosis, release inflammatory cytokines, and transform endothelial cells into a pro-
inflammatory, pro-coagulant state, thereby inducing intravascular coagulation and organ damage.”® In acute lung injury,
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Figure | Suicidal Neutrophil Extracellular Traps (NETs). Upon activation, neutrophils trigger the NOX complex through the MAPK signaling pathway, leading to the
production of reactive oxygen species (ROS). ROS promote the release of myeloperoxidase (MPO) and neutrophil elastase (NE). NE degrades actin and, together with MPO,
enters the nucleus to depolymerize chromatin. Concurrently, protein arginine deiminase 4 (PAD4), activated by ROS and calcium ions, translocates to the nucleus to
citrullinate histones. Ultimately, with the assistance of gasdermin D (GSDMD), the cytoskeleton and nuclear membrane disintegrate, allowing chromatin to be released into

the cytoplasm.
Abbreviations: AZU, Azurophilic granules; GSDMD, Gasdermin D; LDL, Low-density lipoprotein; MAPK, Mitogen-activated protein kinase; MPO, Myeloperoxidase; NOX,

NADPH oxidase; NE, Neutrophil elastase; PAD4, Protein arginine deiminase 4; ROS, Reactive oxygen species; TLR, Toll-like receptor; mTOR, Mechanistic target of
rapamycin; PI3K, Phosphoinositide 3-Kinase; PKC, Protein kinase C.

NETs exacerbate inflammation by damaging endothelial and epithelial cells in the lungs. In rheumatoid arthritis (RA), NETs
promote the production of RA autoantibodies, citrullination of histones, and secretion of pro-inflammatory cytokines, thereby
aggravating disease symptoms.>* In atherosclerosis, NETs induce oxidative stress, modify high-density lipoprotein (HDL)
particles, reduce cholesterol excretion, impair endothelial function, promote cell apoptosis, and contribute to thrombosis.> In
cancer, NETs foster tumor progression primarily by amplifying inflammation, and the carcinogenic properties of neutrophils
may also play a role.”® NETs capture circulating tumor cells and facilitate their implantation in distant organs, potentially
awakening dormant cancer cells by remodeling the extracellular matrix.>’ Additionally, NETs help create an immunosup-

pressive tumor microenvironment, further supporting tumor growth.?® (Figure 2).

Biological Characteristics of Mesenchymal Stem Cell Exosomes

Mesenchymal stem cells (MSCs) are multipotent stem cells with the capacity for self-renewal and differentiation into
multiple cell lineages. They are primarily isolated from adult bone marrow and adipose tissue, though they can also be
derived from embryonic stem cells (ESCs) or induced pluripotent stem cells (iPSCs). MSCs possess a variety of
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Figure 2 Neutrophil Extracellular Traps in Various Diseases. (A) Acute Lung Injury (ALI): ROS and other released substances cause endothelial damage and protein
exudation in the alveoli, leading to the development of acute lung injury. (B) Atherosclerosis: Oxidative modification of high-density lipoprotein (HDL) reduces cholesterol
excretion and induces oxidative stress, contributing to endothelial damage and platelet activation. (C) Sepsis: Inflammatory factors are released, activating endothelial cells
and promoting platelet pyroptosis, which exacerbates sepsis-induced damage. (D) Systemic Lupus Erythematosus (SLE): NETs release PAD4-citrullinated autoantibodies,
promoting inflammatory factor secretion and aggravating the disease. (E) Cancer: Released matrix metalloproteinase-9 (MMP-9) accelerates the release of vascular
endothelial growth factor (VEGF) and promotes angiogenesis. NETs can encapsulate tumor cells to facilitate metastasis and regulate immune cells, contributing to the
formation of tumor immunosuppressive niches.

Abbreviations: ALl, Acute lung injury; ox-HDL, Oxidized high-density lipoprotein; mitROS, Mitochondrial reactive oxygen species; PAD4, Protein arginine deiminase 4;
SLE, Systemic lupus erythematosus; MMP-9, Matrix metalloproteinase-9; VEGF, Vascular endothelial growth factor.

functions, including proliferation, pluripotency, homing, nutrition, and immunosuppression.”® The biological effects of
MSCs are largely mediated through paracrine signaling, which includes the release of cytokines, growth factors, and
exosomes. Exosomes are small membrane vesicles, typically less than 150 nm in diameter, secreted by cells.” As key
components of MSC paracrine signaling, exosomes carry out many of MSCs’ biological functions.
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Exosome biogenesis begins with the endosomal pathway. Early endosomes are formed through the invagination of the
plasma membrane (Figure 3). The endosomal sorting complex (ESCRT) then recruits specific proteins and lipids to these
vesicles, resulting in the formation of late endosomes, which then develop intraluminal vesicles (ILVs) through further
membrane invagination into the lumen.*® This process leads to the formation of multivesicular bodies (MVBs), which
ultimately fuse with the plasma membrane and release ILVs as exosomes into the extracellular environment.*® Due to
their biogenesis, composition, morphology, and function, exosomes are considered a subset of extracellular vesicles
(EVs).? In this article, exosomes and extracellular vesicles are discussed interchangeably.

Exosomes are rich in various proteins, including members of the tetraspanin family (CD9, CD63, CD81), membrane
transport and fusion proteins (GTPases, annexins, flotillin), integrins, heat shock proteins, and endosomal sorting
complex proteins such as Alix and TSG101, which are involved in protein transport.>' Exosomes also contain
a variety of nucleic acids, including mRNA, miRNA, mitochondrial DNA, and IncRNA, which are crucial for
intercellular communication and influence the biological functions of recipient cells. The lipid composition of the
exosomal membrane includes cholesterol, phospholipids, phosphatidylethanolamine, and diacylglycerol. These lipids
not only maintain the structural integrity of exosomes but also participate in various biological processes.> In addition to
standard exosome marker proteins, MSC-derived exosomes also express characteristic markers such as CD29, CD73,
CD90, CD44, and CD105* (Figure 4).
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Figure 3 The Biogenesis and Uptake of Exosomes. Exosome formation involves several key steps: |. The cell membrane invaginates to form early endosomes. 2. Proteins,
nucleic acids, lipids, and other substances are sorted through the endosomal sorting mechanism. The endosomal membrane further invaginates to form intraluminal vesicles
(ILVs), which then mature into late endosomes or multivesicular bodies (MVBs). 3. MVBs fuse with the cell membrane to release exosomes into the extracellular space.
Exosomes can be internalized by recipient cells through (1) receptor binding, (2) endocytosis, or (3) direct fusion with the cell membrane. Once internalized, exosomes
participate in cellular communication through three main mechanisms: (1) direct release of signaling molecules and substances, (2) participation in new endosome formation,
and (3) degradation by lysosomes.
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Figure 4 The Structure and Composition of Exosomes. Exosome proteins include the tetraspanin family (CD9, CDé3, CD8I), membrane transport and fusion proteins
(GTPases, annexins, flotillin), integrins, heat shock proteins (Hsp20, Hsp70, Hsp90), and endosomal sorting complex proteins (Alix, TSG101). Additionally, exosomes contain
various nucleic acids, such as mMRNA, miRNA, mitochondrial DNA, IncRNA, and siRNA. Lipid components include cholesterol, phospholipids, phosphatidylethanolamine, and
diacylglycerol.

Abbreviations: Pl, Phosphatidylinositol; PS, Phosphatidylserine; PC, Phosphatidylcholine; PE, Phosphatidylethanolamine.

Mesenchymal Stem Cell Exosomes from Different Sources

Exosomes derived from MSCs from various sources share common characteristics, such as the expression of the same
markers and the ability to promote anti-inflammatory, immunomodulatory, and angiogenesis-promoting effects. However,
there are notable differences in their content and biological functions. Although research in this area is still limited,
a systematic comparison of MSC-exosome characterization, composition, and therapeutic effects from different sources
remains to be fully explored. Below, we summarize the findings from existing studies on MSC-exosomes derived from
different sources.

Bone Marrow Mesenchymal Stem Cells (BMSCs): BMSCs, the first MSCs to be discovered and extensively studied,
are adult stem cells isolated from bone marrow. Exosomes derived from BMSCs are rich in miRNAs. RNA sequencing
has shown that the most abundant miRNAs in these exosomes are miRNA-143-3p, miRNA-10b-5p, miRNA-486-5p,
miRNA-22-3p, and miRNA-21-5p, which together account for nearly half of the total miRNAs. These miRNAs play
a key role in regulating MSC differentiation, migration, immune modulation, and angiogenesis.** Proteomic analysis of
BMSC-derived exosomes revealed that the most abundant membrane proteins include ADAM9, ADAMI10, CDS1,
CACNA2DI1, NOTCH2, and HLA-A, all of which are associated with bone remodeling and nerve repair.>> For example,
Notch2, which enhances bone remodeling in osteoprogenitor cells, highlighting its potential in regenerative medicine.*
Clinical trials involving BMSC-EXO remain limited. Notably, Vikram Sengupta et al conducted the first clinical
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application of BMSC-EXO in hospitalized patients, reporting that approximately 71% of COVID-19 patients showed
recovery following intravenous administration of BMSC-EXO.*

Human Umbilical Cord Mesenchymal Stem Cells (hUC-MSCs): hUC-MSCs are derived from the amniotic membrane,
umbilical cord lining, Wharton’s jelly, and perivascular areas. Compared to BMSCs, hUC-MSCs offer several advantages,
including painless collection and faster self-renewal, making them more accessible.>’ Proteomic analysis of hUC-MSC-
exosomes revealed an enrichment of PAI-1, which helps maintain endothelial homeostasis and promotes wound healing.*®
Additionally, hUC-MSC-exosomes have been shown to inhibit inflammation,>® educe oxidative stress,*® and decrease cell
apoptosis.*! Comparative studies show that the proteome of hUC-MSC-EXO, relative to iPSC-EXO and ESC-EXO, is more
focused on immune regulation pathways, including complement activation, infection responses, and NF-kB signaling.
Transcriptomic profiling indicates that miRNA-146a-5p and miRNA-320a-3p are among the most abundant miRNAs,
with the miRNA profile predominantly involved in regulating immune cell activity and TNF, JAK-STAT, and NF-xB
pathways.*? Due to the ease of acquisition, \UC-MSC-EXO is more widely used in clinical applications. Intrathecal injection
of hUC-MSC-EXO has been reported to improve spinal cord injury outcomes without significant adverse effect,*® while
aerosolized inhalation of hUC-MSC-EXO has demonstrated safety and efficacy in treating COVID-19.*

Adipose-Derived Mesenchymal Stem Cells (ASCs): ASCs are derived from adipose tissue, which provides an abundant,
easily accessible source for cell collection. ASCs are more ethically acceptable than BMSCs and hUC-MSCs and can be
collected on a larger scale.*® Nucleic acid analysis of ASC-derived exosomes revealed that the most abundant miRNAs include
miRNA-486-5p, miRNA-10a-5p, miRNA-10b-5p, miRNA-191-5p, and miRNA-222-3p, which are associated with cell pro-
liferation, differentiation, and angiogenesis, similar to the miRNAs found in BMSC-derived exosomes.>* In proteomic analysis,
ASCs exosomes highly express antioxidant proteins such as PRDX1, PRDX2, and PRDX6.%> ASC-derived exosomes (ASC-
EXO) is more frequently utilized for skin-related conditions due to its homology with skin tissues and superior absorption.
Clinical studies have reported significant benefits of ASC-EXO in treating skin hyperpigmentation and acne scars.*®

iPSC-MSCs are derived by reprogramming iPSCs into mesenchymal stem cells. Studies suggest that iPSC-MSC-derived
exosomes (iPSC-MSC-EXO) outperform those from adult MSCs in terms of expansion potential, immune modulation,
biological activity, and microenvironment regulation—advantages largely attributed to the enhanced differentiation capacity of
iPSCs.*” For example, Yu Zhu et al reported that iPSC-MSC-EXO promotes greater chondrocyte migration and proliferation
compared to synovial MSC-derived exosomes, resulting in superior therapeutic effects in osteoarthritis.*® Jiagi Chen et al found
that iPSC-MSC-EXO outperforms BMSC-EXO in improving cardiac function, potentially due to higher levels of miRNA-202-
5p, which targets the TRAF3IP2/JNK axis to inhibit NLRP3-related pyroptosis in cardiomyocytes.*” Nonetheless, iPSC-MSCs
have limitations. First, various reprogramming techniques may lead to differentiation into unintended cell types or alter exosome
yield and composition. Second, there is a notable lack of clinical trials investigating iPSC-MSC-EXO, and its safety and efficacy
remain to be validated. Moreover, the reported advantages of iPSC-MSC-EXO over MSC-EXO are largely theoretical, with
limited experimental validation, underscoring the need for further comparative studies.

Transmission electron microscopy(TEM) revealed no significant morphological differences amongthese exosome
types, all displaying the classic cup-shaped vesicular structure.®> Proteomic and transcriptomic analyses indicate that
most proteins and miRNAs are shared among these exosomes, contributing to biological functions such as immunomo-
dulation and angiogenesis. However, a small subset of unique proteins and miRNAs may underlie the distinct therapeutic
effects of MSC-derived exosomes (MSC-EXO) from different sources.>>-°

Mechanism of Mesenchymal Stem Cell Exosomes in Inhibiting Neutrophil Extracellular
Traps

Since the pathological role of NETs has been identified, increasing attention has been given to targeting NETSs as a therapeutic
strategy for various diseases. However, traditional anti-NET drugs often suffer from low targeting specificity and significant
side effects. This highlights the need for safer, more effective treatments. Mesenchymal stem cell exosomes have garnered
interest as an alternative for anti-NET therapy due to their targeting ability, low immunogenicity, and multifunctionality.

Below, we summarize the current research on MSC-exosome-based anti-NET treatment and discuss the mechanisms involved
(Table 1 and Figure 5).
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Table I Mesenchymal Stem Cell Exosome Anti-Neutrophil Extracellular Traps Therapy

Derived Model Effector Factor | Mechanisms Reference
MSCs Invitro CD59 Inhibit the terminal C5b-9 complement complex [51]
Psoriasis CD59 Inhibit the terminal C5b-9 complement complex [52]
AAA / Redirecting to apoptosis [53]
AMSC SCl miRNA-125a-3p Inhibits the TLR-mediated NF-kB pathway [49]
BMSC ALl miRNA-127-5p Binding macrophage CD64 [43]
Myocardial I/R | miRNA-199 Inhibit NLPR3 [47]
HUC-MSCs | Liver I/R Mitochondria Trigger mitochondrial fusion [54]
DB mouse Mitochondria Trigger mitochondrial fusion [55]
Preeclampsia / Inhibits the MAPK-ERK pathway and alleviates NET damage | [56]

Abbreviations: AAA, Abdominal aortic aneurysm; SCI, Spinal cord injury; AMSC, amnion-derived mesenchymal stem cells; TLR, toll-like receptor; NF-
kB, nuclear factor kappa-B; BMSC, Bone marrow derived mesenchymal stem cells; ALI, Acute lung injury; I/R, ischemia/reperfusion; NLPR3, NOD-like
receptor thermal protein domain associated protein 3; HUC-MSCs, Human umbilical cord mesenchymal stem cells; MAPK, mitogen-activated protein
kinase; MSCs, Mesenchymal Stem Cells; AMSC, amniotic mesenchymal stem cell; DB, diabetes; MAPK, Mitogen-activated protein kinase; ERK,
extracellular regulatedprotein kinase.

Inhibition of Neutrophil Activation by MSC-Exosomes

Neutrophil activation and recruitment to inflammatory sites are crucial for the initiation of NETosis. Inflammatory
stimuli, such as foreign pathogens and the release of inflammatory mediators, activate macrophages and neutrophils. This
activation leads to the formation of NETSs through the recognition of damage-associated molecular patterns (DAMPs) or
pathogen-associated molecular patterns (PAMPs). Conversely, the absence of such stimuli or the lack of NETosis-
associated receptors (eg, IL-1, TLRs, GPCRs, TNF, Fc receptors) prevents NET formation.>’
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Figure 5 The Mechanism of Mesenchymal Stem Cell Exosomes in Anti-Neutrophil Extracellular Trap (NET) Formation. (A) Bone Marrow MSC Exosomes: These exosomes
inhibit NLRP3 inflammasome activation through miRNA-199. They also prevent neutrophil activation by binding to CD64 mRNA in macrophages via miRNA-127-5p,
reducing its expression. (B) Embryonic stem cells-derived mesenchymal stem cells Exosomes: These exosomes specifically bind to the C5b-9 complex, the terminal
component of the NET complement activation pathway, to inhibit NET formation. (C) Human Amniotic MSC Exosomes: By inhibiting the TLR-NF-kB pathway through
miRNA-125a-3p, these exosomes suppress NET formation. (D) Human-umbilical Cord MSC Exosomes: (I) These exosomes transfer mitochondria to neutrophils, restoring
mitochondrial function and inhibiting NET formation. (2) They also promote neutrophil apoptosis, reducing NET formation.

Abbreviations: NLRP3, NOD-like receptor pyrin domain-containing 3; TLR, Toll-like receptor; NF-«xB, Nuclear factor kappa-B.
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In sepsis, a condition marked by immune dysregulation and organ dysfunction due to infection, NET levels are significantly
elevated and contribute to tissue and organ damage.” In a study by Xing-Long Zheng et al, BMSC-derived exosomes were
injected into mice with sepsis-related acute lung injury, leading to a reduction in tissue damage. They found that exosomes
derived from BMSCs are enriched in miRNA-127-5p, which can reach the lungs via circulation and enter target cells such as
neutrophils. Within neutrophils, miRNA-127-5p binds to CD64 mRNA through complementary base pairing, inhibiting CD64
transcription and translation. CD64, a critical surface receptor on neutrophils, is closely linked to neutrophil immune responses
and serves as a diagnostic and prognostic marker for sepsis.’'~** Downregulation of CD64 reduces neutrophil activation, thereby
inhibiting the formation of neutrophil extracellular traps (NETs). Reduced NET formation limits the release of toxic components
such as histones, MPO, and NE, mitigates inflammatory damage and pulmonary edema, and ultimately improves sepsis-induced
acute lung injury (ALI) (Figure 6).

Mesenchymal Stem Cell Exosomes Inhibit Neutrophil Extracellular Trap Formation via
TLR-NLRP3 Signaling Pathway Suppression

Pattern recognition receptors (PRRs) are molecules present on immune cells that recognize pathogen-associated
molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs). Neutrophils express several PRRs,
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Figure 6 The mechanism by which exosomes inhibit NETs. BMSC-EXO inhibits inflammatory factors SI000A8/A9 and IL- 1B through the TLR4-NLRP3 pathway by miRNA-
199. In addition, they can inhibited neutrophil mobilization by reducing CXCLI and CXCL2, and thus inhibit NETs. The BMSC-EXO also specifically binds CDé64 mRNA to
inhibit neutrophil activation and thus inhibit NET through mi RNA 127-5p. HUC-MSC-EXO inhibits NET formation by transferring fused mitochondria and reducing mitROS
production.

Abbreviations: BMSC-EXO, Bone Marrow Mesenchymal Stem Cell-exosome; TLR, Toll-like receptor; NLRP3, NOD-like receptor pyrin domain-containing 3; CXCL,
Chemokine (C-X-C motif) ligand |; hUC-MSC-EXO, human umbilical cord mesenchymal stem cell-exosome.

International Journal of Nanomedicine 2025:20 https: 14489



Ye et al

including TOLL-like receptors (TLRs), C-type lectin receptors (CLRs), and NOD-like receptors (NLRs), which have
been implicated in the process of NETosis.”® Activation of NLRP3 inflammasomes via these PRRs initiates a cascade of
signaling events that ultimately activate caspases and trigger gasdermin D (GSDMD)-dependent pore formation, leading
to NET formation.>*>°

In myocardial reperfusion injury, excessive neutrophil infiltration and NET release promote microthrombus formation
through platelet binding, exacerbating microvascular obstruction and inflammation.”> S100A8/A9 released from NETSs further
activates NLRP3 inflammasomes, creating a vicious cycle of “NETs-NLRP3-S100A8/A9” that aggravates myocardial injury.*’
Yuting Feng et al investigated the effects of BMSC-derived exosomes in a myocardial ischemia/reperfusion (I/R) injury model.
They observed a reduction in neutrophil infiltration and a alleviation of the inflammatory response.”> BMSC-derived exosomes
mitigate these effects through two mechanisms: they reduce neutrophil mobilization by decreasing chemokine secretion (eg,
CXCLI1 and CXCL2), and miRNA-199 within the exosomes downregulates the release of pro-inflammatory cytokines such as
IL-1pB and ST00A8/A9 by targeting NLRP3 inflammasome activation. Lower S1I00A8/A9 levels interrupt its positive feedback
on NLRP3 activation, thereby inhibiting NET formation. (Figure 6). Notably, exosomes played a crucial role in the early stages
of I/R injury but did not affect later repair processes. Long-term pathological observations revealed that exosomes alleviated
ventricular remodeling and fibrosis.>> Another study found that exosomes from human umbilical cord mesenchymal stem cells
(hUC-MSCs) also target NLRP3 to reduce inflammation, with miRNA-378a-5p playing a central role. Additional miRNAs
such as miRNA-7, miRNA-20b, miRNA-223, and miRNA-495 may help alleviate tissue damage and inflammation by
targeting NLRP3, though their direct relation to NETs requires further investigation.®'

Yutaka Morishima et al demonstrated that intravenous injection of exosomes derived from amniotic mesenchymal
stem cells (AMSC-exo) alleviated spinal cord injury by inhibiting NET formation. The study suggested that the abundant
miRNA-125a-3p in AMSC-exo might mediate this effect by inhibiting TLR-mediated NF-kB signaling. However, further
research is needed to fully elucidate the mechanisms and pathways involved in AMSC-exo’s action on NETs.%?

Mesenchymal Stem Cell Exosomes Inhibit Neutrophil Extracellular Trap Formation by Modulating
Complement Activation

Complement system activation plays a pivotal role in NET formation. In C3- or C3 receptor-deficient mice, NET
formation is impaired.®® Key complement components such as C3b and C5a are involved in neutrophil activation and the
subsequent formation of the membrane attack complex (MAC, C5b-9), which promotes NET release.®*

In a study on psoriasis mice, intravenous injection of MSC exosomes reduced psoriasis-associated inflammation.
Specifically, MSC exosome-derived CD59 inhibited complement activation, reducing levels of C5b-9 and IL-17, thereby
diminishing NETosis in neutrophils. CD59, a membrane-anchored protein, inhibits MAC formation and membrane
perforation.®> This reduction in NETosis also led to the suppression of IL-17 and IL-23, cytokines crucial to psoriasis
pathogenesis.®® Similarly, Loh, J.T. et al demonstrated that the initiation of complement activation led to NET release and
IL-17 production in neutrophils, with MSC exosomes specifically inhibiting C5b-9 and attenuating neutrophil activation
and NET formation in vitro®’ (Figure 7).

Mesenchymal Stem Cell Exosomes Play an Anti-NET Role by Protecting Mitochondrial Function
Mitochondria play a crucial role in NETosis. They contribute to the production of mitochondrial reactive oxygen species
(mitROS), which promote NET formation. Additionally, mitochondrial DNA can serve as a substrate for NET formation.
Excessive mitROS production leads to mitochondrial dysfunction, which is considered a key driver of NET formation
and inflammation. MSC extracellular vesicles (EVs) containing functional mitochondria have been shown to protect
mitochondrial function and reduce inflammation by transferring mitochondria to recipient cells.®*

Tongyu Lu et al first demonstrated that MSC-derived extracellular vesicles not only reduce inflammatory cytokine
release from neutrophils but also inhibit NET formation by restoring mitochondrial function. Functional mitochondria
within hUC-MSC-exosomes are transferred to intrahepatic neutrophils, inducing a morphological shift from fragmenta-
tion to elongation, promoting mitochondrial fusion, and restoring mitochondrial function. This fusion closes the
mitochondrial permeability transition pore (mPTP) and re-establishes membrane potential, leading to reduced
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Figure 7 ESC-MSC-EXO modulating complement activation. ESC-MSC-EXO inhibits NET formation by inhibiting complement activation of the membrane attack complex
(C5b-9) and inhibiting the release of inflammatory factors such as IL-17 and IL-23.
Abbreviations: ESC-MSC-EXO, Embryonic stem cells-derived mesenchymal stem cell exosome; MASP, MBL (Mannose-Binding Lectin)-associated serine protease.

mitDNA, mitROS levels, and lactate production in neutrophils, thereby reducing NET formation and hepatic
inflammation.”®

In diabetic wounds, mitochondrial dysfunction in neutrophils drives excessive NET formation, promoting ferroptosis
and impairing angiogenesis by suppressing the PI3K/AKT pathway in endothelial cells. Lu Wei et al showed that hUC-
MSC-EVs transfer functional mitochondria to wound-infiltrating neutrophils, promoting mitochondrial fusion, limiting
mPTP opening, restoring membrane potential, and reducing mitROS levels. This process repairs mitochondrial damage
in neutrophils, decreases NET formation, prevents endothelial ferroptosis, and enhances angiogenesis and wound healing,
as evidenced by the diminished inhibitory effects of MSC exosomes on NETs following rhodamine 6G-induced

mitochondrial damage’' (Figure 6).
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Mesenchymal Stem Cell Exosomes Redirect Apoptosis to Inhibit Neutrophil Extracellular Trap Formation
Apoptosis and NETosis are distinct forms of cell death. Redirecting neutrophils toward apoptosis can reduce NET
formation. NETs have been shown to induce ferroptosis in various cell types.”? In a mouse model of abdominal aortic
aneurysm, the injection of MSC-derived extracellular vesicles (MSC-EVs) significantly reduced NET formation and
alleviated elastin degeneration and arterial dilation. Additionally, studies have shown that MSC-EVs can inhibit NET
formation by delivering specific cargos, thereby preventing NET-induced ferroptosis in vascular smooth muscle cells
(VSMCs) and slowing abdominal aortic aneurysm (AAA) progression.”> Neutrophil activation during AAA triggers
NETosis,”® with released NETs suppressing the PI3K/AKT pathway, downregulating GPX4 and SLC7A11 while
upregulating ACSL4 and TFR1. This cascade leads to iron accumulation, glutathione depletion, lipid peroxidation,
and VSMC ferroptosis, disrupting vascular wall homeostasis.”* hUC-MSC-EVs can redirect neutrophil death, inhibit
NADPH oxidase-mediated ROS bursts and PAD4-induced histone citrullination, and reduce NET release. Concurrently,
they restore PI3K/AKT signaling, upregulate GPX4 and SLC7A11, suppress lipid peroxidation, and protect VSMCs from
ferroptosis, thereby mitigating AAA progression.”* Notably, MSC-EVs were only effective in vivo, suggesting that
exosomes may indirectly contribute to the inhibition of NETs. 59 However, the precise components of the exosomes
responsible for this effect remain unidentified, and further studies are needed to assess the impact of excessive apoptosis
on neutrophil function.

Overall, human ESC-derived MSC exosomes inhibit neutrophil extracellular traps (NETs) by suppressing complement
activation, primarily through high levels of the membrane-anchored protein CD59. hUC-MSC-EXO mitigates mitochondrial
ROS by delivering exogenous mitochondria. Shanshan Zhang et al further confirmed that hUC-MSC-EXO reduces mitochon-
drial oxidative stress.”” AMSC-EXO is enriched in miRNA-125a-3p, while BMSC-EXO contains high levels of miRNA-127-
5p and miRNA-199, which inhibit NET formation by downregulating NET-associated signaling pathways.

The evidence overwhelmingly supports the ability of MSC-derived exosomes to exert anti-NET effects. These
exosomes can inhibit NET formation or mitigate the damage caused by NETs through various mechanisms, including
modulation of the TLR-NLRP3 signaling pathway, inhibition of complement activation, mitochondrial protection, and
redirection of neutrophils toward apoptosis. Exosomes from different MSC sources contain varying therapeutic compo-
nents and mechanisms, but due to the complex nature of exosome content, it is difficult to definitively identify the
therapeutic agents responsible for these effects. miRNAs, proteins, mRNA, mitochondria, and other molecules may all
contribute to the anti-NET efficacy. It is likely that a combination of mechanisms underlies the overall effects of MSC
exosomes, warranting further research to more comprehensively elucidate their therapeutic potential.

Discussion

Prospects and Current Challenges of Mesenchymal Stem Cell Exosome Therapy
Exosomes are small extracellular vesicles that can carry a variety of biomolecules, offering protection from degradation in the
bloodstream. They have demonstrated therapeutic efficacy in numerous animal disease models.*® Compared to mesenchymal
stem cell (MSC) therapy, exosome therapy offers several advantages, including lower immunogenicity, greater biological
stability, the ability to cross the blood-brain barrier, and reduced risks of pulmonary embolism and tumor formation.”®
Additionally, MSC-derived exosomes (MSC-exo0) can serve as drug carriers, facilitating the targeted delivery of specific
therapeutic molecules. Ongoing research is focused on modifying exosome surface molecules to enhance their targeting
capabilities. Wang et al recently reported that by fusing a myocardial-targeting peptide with the exosomal membrane protein
gene Lamp2b and transfecting this construct alongside an adenovirus carrying miRNA-26a, they successfully generated
cardiac-targeted exosomes encapsulating miRNA-26a, thereby enhancing delivery specificity to the heart.”’

Despite these advantages, MSC-exosome therapy faces several challenges. One major issue is the low yield of exosomes; less
than 1ug of exosome protein is typically produced per milliliter of culture medium. However, in vivo studies suggest that an
effective dose of exosomes has generally been established at 10-500 pg of exosomal protein, which requires a large number of
cells to generate a sufficient yield for experiments.”® Another challenge is the lack of standardization in exosome classification
and quantification. Accurately determining the content and characterization of exosomes remains an ongoing issue.”’
Additionally, exosomes have a short half-life in vivo, typically lasting only six hours, necessitating multiple injections to
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maintain effective concentrations in the body.”® Although a few MSC-exosome therapies have been tested in clinical settings,
further research is needed to determine the optimal therapeutic dose, administration routes, and safety profiles for clinical use.*

Potential Strategies to Enhance Mesenchymal Stem Cell Exosome Therapy

Preclinical studies suggest that MSC-exosomes hold significant promise for anti-NET (neutrophil extracellular trap)
therapy, but as noted, they have inherent limitations. To maximize their therapeutic potential, bioengineering strategies
should be explored to improve exosome production and functionality. One approach is enhancing the yield of exosomes
by optimizing the isolation and purification processes, such as using 3D cell culture systems. Additionally, pre-treating
MSCs under hypoxic conditions may enhance the therapeutic potential of their exosomes.

3D cell culture systems offer an environment that better mimics the natural physiological conditions by promoting
cell-to-cell and cell-extracellular matrix interactions. These systems also simulate more realistic biochemical reactions,
which can result in more accurate therapeutic outcomes.®® Two primary types of 3D culture are scaffold-free and
scaffold-based methods. Scaffold-free systems, such as spheroids, are aggregates of cells that retain the natural extra-
cellular matrix and cellular phenotypes, better replicating in vivo conditions. Scaffold-based systems use exogenous
materials, like fibrin, hyaluronic acid, or polylactic-co-glycolic acid, to support cell growth, simulating specific in vivo
environments and enhancing cell yield.®' Other methods, such as cell sheet engineering, microcarriers, organ chips,
organoids, and 3D bioprinting, can also be employed in 3D cell culture.

Studies have shown that human pluripotent stem cells cultured on microcarriers can secrete 17-23 times more
extracellular vesicles (EVs), which are enriched with proteins and miRNAs that promote cell proliferation and reduce
apoptosis.*> Similarly, adipose-derived MSCs cultured in spheroids show significantly higher exosome yields and
increased expression of chondrogenesis-related miRNAs.* Moreover, exosomes from 3D-cultured MSCs have
a longer maintenance period after administration, enhanced blood-brain barrier penetration, and improved targeting
abilities, which can reduce the frequency of clinical dosing.®* Overall, 3D-cultured exosomes show higher yields,
enhanced therapeutic potential, and greater clinical applicability than those produced in traditional 2D cultures.

Hydrogels are emerging as promising exosome delivery platforms. Their excellent biocompatibility and adjustable
physicochemical properties make them ideal for controlled exosome release. Using hydrogels allows for more precise
control over the delivery of exosomes, enhancing their therapeutic effects.”” One innovative approach involves the use of
hydrogen peroxide-responsive hydrogels, designed to target the site of NETosis, where hydrogen peroxide is a key
mediator. These hydrogels could release exosomes directly at the site of inflammation, minimizing the wasteful
consumption of exosomes elsewhere in the body or avoiding unwanted side effects.®> A recent study demonstrated
that BMSC-exosomes loaded in GMOCS hydrogels could effectively disrupt NETs via the Nrf2 pathway. More notably,
the hydrogel-loaded exosomes showed sustained therapeutic effects compared to controls, suggesting that these hydro-
gels can provide prolonged exosome release for more lasting treatments.®

MSC-exosomes pretreated with hypoxia represent another potential strategy. Hypoxia mimics the physiological environ-
ment of MSCs in vivo, enhancing their therapeutic effects, particularly in inflammatory regulation and tissue repair.®’
Research has shown that EVs from hypoxic hUC-MSCs contain higher levels of miRNA-17-5p, which suppresses NET
formation in diabetic wounds by inhibiting the TLR4/ROS/MAPK pathway.®® This suggests that hypoxic preconditioning
could enhance MSC-exosome therapy for anti-NET applications. However, determining the specific content and the
variations in exosome components following hypoxic preconditioning remains a significant challenge.®’

Conclusion

MSC-exosome-based therapy offers significant promise for anti-NET treatment by regulating neutrophil activation,
inhibiting NET formation signaling pathways, and protecting mitochondria. These mechanisms can effectively reduce
excessive NET formation, alleviating inflammation and tissue damage in related diseases. While challenges such as
exosome yield, targeting, and clinical application remain, the continued development of technology and optimization of
exosome production methods suggest that MSC-exosomes could become a novel and effective treatment for NET-related
conditions. Future research should focus on enhancing exosome production processes, integrating biomaterials to
improve targeting, and exploring clinical applications to unlock their full therapeutic potential.
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