Zhou et al. Stem Cell Research & Therapy (2024) 15:249
https://doi.org/10.1186/513287-024-03863-5

Stem Cell Research & Therapy

. ) . ] ®
Therapeutic potential of adipose-derived stem =i

cell extracellular vesicles: from inflammation

regulation to tissue repair

Bohuai Zhou'?, Qiuyu Chen'?, Qiuwen Zhang?®, Weidong Tian'?, Tian Chen'*" and Zhi Liu'"

Abstract

based therapies.

Inflammation is a key pathological feature of many diseases, disrupting normal tissue structure and resulting in
irreversible damage. Despite the need for effective inflammation control, current treatments, including stem cell
therapies, remain insufficient. Recently, extracellular vesicles secreted by adipose-derived stem cells (ADSC-EVs)
have garnered attention for their significant anti-inflammatory properties. As carriers of bioactive substances,
these vesicles have demonstrated potent capabilities in modulating inflammation and promoting tissue repair in
conditions such as rheumatoid arthritis, osteoarthritis, diabetes, cardiovascular diseases, stroke, and wound healing.
Consequently, ADSC-EVs are emerging as promising alternatives to conventional ADSC-based therapies, offering
advantages such as reduced risk of immune rejection, enhanced stability, and ease of storage and handling.
However, the specific mechanisms by which ADSC-EVs regulate inflammation under pathological conditions are
not fully understood. This review discusses the role of ADSC-EVs in inflammation control, their impact on disease
prognosis, and their potential to promote tissue repair. Additionally, it provides insights into future clinical research
focused on ADSC-EV therapies for inflammatory diseases, which overcome some limitations associated with cell-
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Introduction

Trauma, ischemia, infection, autoimmune disorders, and
toxic injuries can induce tissue damage, leading to cell
death, particularly through necrotic and apoptotic path-
ways. These events release inflammatory stimuli from
the cell nucleus, mitochondria, cytoplasm, and extracel-
lular matrix, thereby triggering an inflammatory cascade.
This inflammatory response is a critical pathophysiologi-
cal change in the onset and progression of diseases, such
as rheumatoid arthritis and inflammatory bowel disease,
serving as the body’s mechanism to counteract injury [1].
Manifesting as redness, swelling, heat, and pain, this pro-
cess involves increased blood flow, vascular permeability,
and leukocyte infiltration [2]. While short-term adaptive
inflammatory reactions facilitate tissue repair, engaging
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a variety of cells, organs, and complex signaling path-
ways, chronic inflammation can lead to sustained tissue
damage and exacerbate disease states [3] For example,
in myocardial infarctions and cerebrovascular accidents,
prolonged inflammatory activities cause irreversible
damage in healthy tissues. Therefore, modulating inflam-
matory responses to slow disease progression and miti-
gate tissue damage is crucial, highlighting the necessity
for targeted therapeutic interventions.

Extracellular vesicles (EVs) exhibit heterogeneity and
are classified into three main types based on biogenesis:
exosomes, microvesicles, and apoptotic bodies [4]. Exo-
somes, typically ranging from 30 to 150 nm in diameter,
are secreted by a variety of cell types into the extracellu-
lar matrix and are crucial in mediating intercellular com-
munication [5, 6]. In contrast, microvesicles are larger,
with diameters spanning from 50 to 1000 nm [7]. Dis-
tinct from exosomes and microvesicles, apoptotic bodies
form during the concluding phases of apoptosis, char-
acterized by the condensation of chromatin and nucleus
[8]. The overlapping size range between exosomes and
microvesicles, combined with the lack of the specific sur-
face protein markers, makes their differentiation chal-
lenging. Consequently, some researchers opt to study
these vesicles collectively under the broad category of
“EVs” to address the classification dilemma [9]. Consis-
tent with this approach, we use the term EVs throughout
this review to encompass all such vesicular entities. EVs
transport various biologically active proteins, lipids, and
nucleic acids from donor to recipient cells, influencing
their biological functions [10]. These vesicles are integral
to normal physiological process, including immune reg-
ulation [11, 12], tissue repair [13], coagulation [14], and
stem cells maintenance [15]. Additionally, their cargo of
bioactive components endows them with targeting and
barrier-crossing capabilities, leveraging their ability to
modulate cellular activities across different biological
barriers [16—18]. This makes EVs a promising strategy for
cell-free therapy across various diseases. However, spe-
cific isolation of EVs subtypes remains a major challenge,
leaving the precise efficacy of each subtype unclear. We
speculate that exosomes, due to their unique biological
origin and relatively smaller size, may offer more speci-
ficity and efficient delivery of therapeutic components.
In contrast, other types of EVs, being larger in size, could
probably serve as broader therapeutic carriers contain-
ing a wider range of biologically active molecules and
mechanisms. Further comparative studies are needed
to fully elucidate the differences in therapeutic applica-
tions. Interestingly, a recent study from our laboratory
explored subpopulations of apoptotic vesicles derived
from bone marrow mesenchymal stem cells [19]. The
study revealed that apoSEVs (the smaller vesicles with
diameter<1000 nm) promote stem cell proliferation,
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migration, and differentiation, thereby accelerating skin
wound healing in a diabetic mouse model. Conversely,
apoBDs (diameter>1000 nm) exerted opposite effects
on cell function and tissue regeneration. These findings
highlight the functional differences among subpopula-
tions of apoptotic vesicles. Further studies are warranted
to investigate the functional differences between EV
subpopulations.

To date, advanced experimental techniques for the iso-
lation and identification of EVs have been established.
Ultracentrifugation remains the predominant method
for isolating EVs [20]. In addition to this, techniques such
as immunoaffinity enrichment, ultrafiltration, and size
exclusion chromatography are also frequently employed
for the separation and purification of EVs [21]. The pri-
mary methods for EV characterization include West-
ern blotting (WB), transmission electron microscope
(TEM), and single-particle tracking (SPT). WB typically
identifies markers such as CD9, CD63, CD81, Alix, and
TSG101. TEM reveals EVs as having a bilayer mem-
brane structure, appearing spherical or round. Among
SPT techniques, nanoparticle tracking analysis (NTA) is
extensively used, providing particle size distribution and
concentration information, with EV diameters generally
ranging from 50 to 1000 nm [22]. These methodologies
ensure the reliable isolation, purification, and charac-
terization of EVs, laying a solid foundation for further
research and application.

Mesenchymal stem cells (MSCs), especially adipose-
derived stem cells (ADSCs), play a pivotal role in cell
therapy due to their ease of isolation, self-renewal, mul-
tipotency, low immunogenicity, and tissue repair efficacy
[23]. ADSCs, harvested efficiently from adipose tissue
via subcutaneous liposuction, stand out as ideal candi-
dates for tissue engineering. Compared to other MSCs,
they are more abundant and accessible and exhibit potent
immunomodulatory capabilities, with their cytokine
secretion profile exceeding that of bone marrow-derived
MSCs, which is traditionally regarded as the benchmark
[24]. However, their clinical application is hampered by
challenges such as immune rejection, potential tumori-
genicity, and ethical issues [25—27]. In response, ADSC-
derived extracellular vesicles (ADSC-EVs) have emerged
as a solution, offering comparable or even superior
therapeutic benefits with fewer risks. The properties of
ADSCs are significantly influenced by their secretions,
which include cytokines, proteins, growth factors, and
EVs containing various types of RNA. ADSC-EVs exhibit
a diverse range of biological activities, including immu-
nomodulation, anti-apoptosis, angiogenesis, and neu-
rogenesis [28]. Moreover, the stability of ADSC-EVs in
the human body presents notable advantages for thera-
peutic applications [29]. These vesicles facilitate targeted
delivery of bioactive molecules, demonstrate stability,
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and bypass immunogenic and ethical challenges, repre-
senting a significant breakthrough in regenerative medi-
cine [30]. Their capacity to modulate inflammation and
enhance tissue repair [30, 31] positions ADSC-EVs as a
promising avenue for cell-free therapy, mitigating the
limitations associated with direct ADSC application
and underscoring the necessity for further exploration
of their therapeutic potential [32]. This review discusses
how ADSC-EVs regulate inflammation in various dis-
eases, thus promoting tissue repair and offering substan-
tial clinical translation prospects.

Inflammatory regulation of ADSC-EVs during
wound healing

The skin, as the largest organ of the body, maintains the
balance between internal and external environments.
Compromised skin integrity triggers wound healing
mechanisms, with inflammation being a primary early-
phase response that occurs within the first 24 to 48 h
post-injury [33, 34]. While moderate inflammation
can be protective that facilitates debris clearance and
microbes elimination to accelerate wound healing [35],
excessive inflammatory activity can impede this process,
leading to prolonged healing time and potential scar for-
mation [36, 37]. ADSC-EVs, however, have been shown
to regulate inflammation effectively, thereby enhancing
the wound healing process. They modulate the inflamma-
tory landscape by influencing various cellular pathways
to reduce pro-inflammatory cytokine production and
promoting M2 macrophage polarization, which collec-
tively contribute to improved tissue repair and reduced
scarring.

Inhibition of inflammatory mediators

ADSC-EVs can inhibit the synthesis and release of
inflammatory mediators by modulating cellular signaling
pathways. Multiple lines of evidence indicate that ADSC-
EVs transform the pro-inflammatory microenvironment
into an anti-inflammatory state in various contexts, pri-
marily by reducing the production of pro-inflammatory
cytokines such as IL-1f, IL-6, and TNF-a [38-41], and
increasing anti-inflammatory cytokines like IL-10 [42].
Additionally, the specific miRNAs enriched in ADSC-
EVs also play an important role in inflammation control.
Studies by Water et al. showed that miR-146a in ADSC-
EVs suppresses the NF-kB signaling pathway, thereby
reducing IL-1B levels and diminishing inflammation
in endothelial cells to aid wound healing [43]. Further
research highlights that other miRNAs like miR-10a-5p
also inhibit the NF-«B signaling pathway, contributing to
an anti-inflammatory milieu [44, 45].
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Regulation of immune cells

Furthermore, ADSC-EVs exert significant immuno-
modulatory effects, notably by promoting the polariza-
tion of macrophages towards the anti-inflammatory M2
phenotype, as evidenced by the increased expression of
M2 macrophage marker CD206 [42]. This shift not only
enhances the release of anti-inflammatory cytokines that
facilitate tissue repair and regeneration, but is also driven
by delivering molecules “ithin ADSC-EVs including miR-
34a-5p, miR-124-3p, and miR-146-5p [46, 47]. Li et al.
corroborated this mechanism, finding that miR-21-5p
enriched in ADSC-EVs fosters M2 macrophage polar-
ization through Kriippel-like factor 6 (KLF6) inhibition,
thus ameliorating the inflammatory microenvironment
in diabetic foot ulcers and promoting wound healing [48].
Moreover, ADSC-EVs treatments have been observed to
decrease M1 macrophage polarization, with Zhou et al.
reporting a reduction in CD68" and CD14* M1 macro-
phages following both intravenous and local application
of ADSC-EVs [49]. Similarly, in diabetic models, ADSC-
EVs significantly downregulate the expression levels of
the M1 macrophage marker CD68 and pro-inflammatory
cytokines in wound tissues, consequently enhancing the
healing process [50]. Beyond macrophages, ADSC-EVs
modulate other immune cells, such as B cells, attenuat-
ing their proliferation and antibody production [51]. Fur-
thermore, miR-132 and miR-146a in ADSC-EVs act on
THP-1 cells to regulate inflammation and improve vascu-
lar regeneration [52].

Modulation of oxidative stress responses

Additionally, ADSC-EVs are pivotal in modulating oxi-
dative stress responses, thus alleviating inflammation-
mediated tissue damage. These vesicles regulate the
production of reactive oxygen species (ROS) and enhance
redox balance, resulting in reduced oxidative stress in
neutrophils and subsequent promotion of wound healing
[53]. Specifically, ADSC-EVs that overexpress Nrf2 have
been shown to be particularly effective in high-glucose
conditions, where they lower ROS levels and decrease the
concentrations of pro-inflammatory cytokines like IL-1f,
IL-6, and TNF-a [39]. This dual action not only curtails
the inflammatory response but also accelerates the pro-
cess of skin repair and wound closure. Complementing
these findings, research by Sun et al. demonstrated that
ADSC-EVs containing Early Growth Response-1 (EGR-1)
inhibit neutrophil migration by affecting the expression
of adhesion molecules and chemotactic factors, further
supporting the role of ADSC-EVs in enhancing wound
healing [54].
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Inflammatory regulation of ADSC-EVs in obese
adipose tissue

Obesity is a global health concern, linked to type 2 dia-
betes, cardiovascular conditions, osteoarthritis, and
multiple types of cancer [55]. As the fifth leading cause
of death worldwide [56, 57], obesity is characterized by
a chronic inflammatory state, primarily in adipose tis-
sues [58]. This inflammation leads to the release of vari-
ous inflammatory mediators and cytokines, exacerbating
systemic insulin resistance and contributing to metabolic
disorders [59—-63]. Therefore, targeting inflammation in
adipose tissue of obese individuals is crucial for improv-
ing whole-body metabolic health.

Increased beige adipocyte biogenesis

Adaptive thermogenesis, which is also known as the
browning/beiging of white adipose tissue, plays a benefi-
cial role in enhancing energy expenditure and prevent-
ing adiposity [64—66]. Recent research has established a
strong link between M2 macrophages and the beige fat
biogenesis, with M2 macrophages facilitating this trans-
formation by downregulating E26 transformation-spe-
cific sequence 1 (Etsl), which increases mitochondrial
content in adipocytes [67]. ADSC-EVs serve as natural
mediators between ADSCs and macrophages, where
phosphorylated Signal Transducer and Activator of
Transcription 3 (STAT3) stimulates the activation of the
Arginase-1 (Arg-1) promoter/enhancer, driving macro-
phage polarization towards the M2 phenotype and sup-
pressing inflammation in white adipose tissue. In this
context, ADSC-EVs not only regulate macrophages to
support adipose browning but also maintain metabolic
homeostasis by enhancing catecholamine production, a
process related to increased tyrosine hydroxylase expres-
sion in the stromal vascular fraction (SVF) induced by
M2 macrophages [68]. This interaction underlines the
dual role of ADSC-EVs in encouraging M2 macrophage
polarization and reducing inflammation, contributing to
the prevention of obesity and metabolic disorders. Zhu et
al. reported that supplementing ADSC-EVs in mouse fat
grafts increased the number of M2 macrophages, upreg-
ulated their infiltration, and improved vascularization of
the grafts, leading to the formation of beige adipocytes
[69]. Moreover, lactate is a well-documented stimulator
of beige biogenesis in white adipocytes [70]. M2 macro-
phages promote lactate production via ADSCs, further
underscoring the complex interplay in adipose brown-
ing and offering an additional mechanism to counteract
inflammation and metabolic dysregulation [68] (Fig. 1).

Reduced pro-angiogenic potential

ADSC-EVs play a role in the inflammatory response
within adipose tissue during obesity. Inflammatory adi-
pocytes induce the expression of Vascular Cell Adhesion
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Molecule-1 (VCAM-1) in vascular endothelial cells
through EVs secretion, leading to increased leukocyte
adhesion and inflammation in adipose tissue [71]. The
composition of ADSC-EVs is notably altered in obesity;
they contain lower levels of Vascular Endothelial Growth
Factor (VEGF) and Matrix Metalloproteinase-2 (MMP-
2) in obese individuals compared to those who are non-
obese. Furthermore, the level of miR-126, which is crucial
for angiogenesis, is reduced in ADSC-EVs from obese
individuals. In vitro studies have shown that ADSC-EVs
from obese subjects have a diminished ability to promote
migration and angiogenesis in endothelial cells, indicat-
ing a potential decrease in their pro-angiogenic capacity
[72]. Given the paucity of research in this field, further
investigations are imperative to explore the specific role
of ADSC-EVs in modulating inflammation and their
angiogenic capacity in adipose tissue during obesity.

Inflammatory regulation of ADSC-EVs in
cardiovascular diseases

Cardiovascular diseases are a global health concern,
responsible for 17 million deaths annually, with myocar-
dial infarction standing as a primary cause of mortality
worldwide [73]. The intricate connection between adi-
pose tissues and the cardiovascular system is significant,
as both originate from the mesoderm and share devel-
opmental pathways. Moreover, adipose tissues secrete
various adipokines that influence the cardiovascular
system [74], while cardiac myocytes release molecules,
such as atrial natriuretic peptide, to regulate adipose tis-
sue function [75]. However, inflammatory conditions in
adipose tissue, particularly during obesity, detrimentally
affect cardiovascular health, evidenced by reduced angio-
genic factors like VEGF and MMP-2 in ADSC-EVs [76].
Therefore, this observation has steered research towards
employing adipose tissue derivatives, notably ADSC-EVs,
in the therapeutic landscape of cardiovascular diseases.

Management of myocardial infarction

In mammals, myocardial infarction leads to massive car-
diomyocyte death, activating the immune system and
triggering a robust pro-inflammatory response. This
response promotes leukocyte-endothelial cell adhesion,
leading to neutrophil and monocyte infiltration. As the
condition progresses, the inflammatory responses shift
from pro-inflammatory to anti-inflammatory, promoting
tissue repair [77]. Therefore, during the acute phase of
acute myocardial infarction (AMI), it is crucial to reduce
cardiomyocyte apoptosis, enhance neovascularization
[78], improve myocardial perfusion, and inhibit inflam-
mation [79]. ADSC-EVs offer cardioprotective benefits,
with rapid upregulation of EGR1 in inflammation and
fibrosis [80]. Studies by Liu et al. show that ADSC-EVs
enriched with miR-146a exert anti-inflammatory and
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Fig. 1 ADSC-EVs carry phosphorylated STAT3 and are engulfed by macrophages in white adipose tissue. Phosphorylated STAT3 induces macrophage
polarization towards the M2 phenotype. M2 macrophages play an anti-inflammatory role and are crucial in the browning of white adipose tissue. They
induce the SVF to produce more tyrosine hydroxylase and promote ADSCs to produce more lactate. Both actions collectively contribute to the browning

of white adipose tissue

anti-fibrotic effects [81], effectively suppress cardiomyo-
cyte apoptosis, inflammation, and fibrosis in myocardial
injury models by inhibiting EGR1, which alleviate myo-
cardial damage and shrink the infarct size [82]. Addi-
tionally, miR-221 and miR-222 in ADSC-EVs exhibit
anti-inflammatory properties by regulating macrophage
activity and attenuating the expression of inflamma-
tory markers [83]. Injection of ADSC-EVs into the myo-
cardium causes significantly increased miR-221/222
expression that decline the expression of P53 upregu-
lated modulator of apoptosis (PUMA) and E26 trans-
formation-specific-1 (ETS-1) and reduce cardiomyocyte
apoptosis and hypertrophy [84]. Furthermore, ADSC-
EVs improve cardiac repair post-myocardial infarction by
activating the S1P/SK1/S1PR1 signaling pathway, shifting
macrophage polarization towards the M2 phenotype, and
decreasing the release of pro-inflammatory factors [85]
(Fig. 2).

Improvement of vascular regeneration

ADSC-EVs play a crucial role in accelerating vascular
regeneration. They convey miR-21, which activates the
PI3K-AKT pathway in macrophages, and their Colony
Stimulating Factor-1 (CSE-1) activates the Colony Stim-
ulating Factor-1 Receptor (CSE-1R), encouraging a shift
from the M1 to the M2 macrophage phenotype. M2 mac-
rophages, in turn, secrete an increased array of vascular
growth factors to aid vascular regeneration. In vitro stud-
ies reveal that ADSC-EVs-treated M2 macrophages can
boost endothelial cell proliferation, migration, and vessel
formation, thereby facilitating vascular regeneration in
ischemic limbs [86].

Moreover, ADSC-EVs act as carriers to exert anti-
inflammatory functions. Stanniocalcin-1 (STC-1), a con-
served glycoprotein involved in mitochondrial function
and inflammation suppression, plays a significant role in
this process [87]. Research by Liu et al. demonstrated that
ADSCs transduced with STC-1 lentiviral vectors produce
STC-1-ADSC-EVs. When introduced to arterial endo-
thelial cells, such EVs inhibit the NLRP3 inflammasome
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Fig. 2 ADSC-EVs are engulfed by cardiomyocytes, where miR-221/miR-222 bind to the mRNA of PUMA and ETS-1, inhibiting their expression. Addition-
ally, miRNA-146a binds to the mRNA of EGR-1, suppressing its expression. Collectively, these actions inhibit cardiomyocyte hypertrophy and apopto-
sis. Furthermore, ADSC-EVs suppress the polarization of MO macrophages to the M1 phenotype and promote their polarization to the M2 phenotype
through activation of the S1P/SK1/S1PR signaling axis, thereby reducing inflammation and damage after myocardial infarction

pathway, including NLRP3, Caspase-1, and IL-1f levels.
Targeted siRNA against STC-1 enhanced NLRP3 inflam-
masome activation in mouse arterial endothelial cells,
indicating that STC-1-ADSC-EVs promote the re-endo-
thelialization of the mechanically injured carotid artery
by inhibiting NLRP3 inflammasome activation [88].
These findings highlight the capacity of ADSC-EVs to
improve myocardial cell damage and vascular regenera-
tion by modulating inflammatory responses.

Inflammatory regulation of ADSC-EVs in
neurological diseases

Adipose tissues, recognized as a systemic endocrine
organ, play a crucial role in neuroendocrine regulation
by secreting hormones like leptin, which influences diet
and energy metabolism in the brain. The sympathetic
nervous system interacts with adipose tissues through
the release of norepinephrine, which enhances fat tis-
sue thermogenesis and energy expenditure, and thus
impacts the whole-body metabolic balance [89]. Given
the intricate connections between adipose tissues and the

nervous system, the potential involvement of ADSC-EVs
in treating neurological disorders has garnered signifi-
cant interest.

Ischemic stroke

Ischemic stroke stands as a principal cause of global dis-
ability and mortality [90]. The post-ischemic inflamma-
tion significantly contributes to the pathogenesis of brain
ischemia-reperfusion injury, with microglia playing a
key role in exacerbating neuronal damage. As primary
immune cells in the central nervous system, microglia
can induce secondary neuronal injury via the produc-
tion of inflammatory mediators. Notably, ADSC-EVs
have been shown to mitigate this damage by inhibiting
microglial activation and reducing their cytotoxic effects,
primarily through blocking the NF-«kB and Mitogen-Acti-
vated Protein Kinase (MAPK) pathways [91]. Moreover,
miR-126, a key regulator in endothelial cells for vascular
integrity and neuro-regeneration [92], becomes down-
regulated in ischemia-related diseases which negatively
impacts angiogenesis [93—-95]. Research indicates that
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ADSC-EVs enriched with miRNA-126 can counteract
this effect by reducing pro-inflammatory cytokines like
TNF-a and IL-1pB, inhibiting microglial activation, and
thus facilitating the recovery post-stroke [96]. Human-
derived ADSC-EVs further contribute to this protec-
tive mechanism by deactivating microglia/macrophages,
impairing the secretion of inflammatory factors, and pro-
moting an anti-inflammatory microenvironment. This is
supported by studies, such as those by Hu et al., showing
that ADSC-EVs can modulate microglia polarization and
improve brain damage through targeting molecules such
as STAT1 and PTEN [97-99] (Fig. 3).

Alzheimer’s disease

Alzheimer’s disease (AD) is becoming a prevalent neu-
rodegenerative disorder globally, especially as the popu-
lation ages [100]. It is now the seventh leading cause of
death worldwide according to WHO. AD is increasing
recognized as a neuroinflammatory condition, where
the modulation of microglia M1 and M2 phenotypes

ADSC

ADSC-EVs
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becomes crucial [101, 102]. Research on AD mouse
models has demonstrated that EVs obtained from
hypoxia-treated ADSCs deliver circ-Epcl, which targets
miR-770-3p to regulate Triggering Receptor Expressed
on Myeloid Cells 2 (TREM?2). This interaction facilitates
a shift in microglia phenotype from M1 to M2, resulting
in compromised expression of pro-inflammatory fac-
tors and decreased apoptosis of hippocampal neurons.
Such changes are associated with a partial reversal of the
cognitive deficits characteristic of AD, underlining the
therapeutic potential of ADSC-EVs in modulating neu-
roinflammation and ameliorating the symptoms of AD
[103].

Parkinson’s disease

Parkinson’s disease (PD) is a common, chronic, and
progressive neurodegenerative disorder, particularly
prevalent in individuals over 80 years old [104]. The
pathogenesis of PD is complex, including the activation
of cellular autophagy and inflammasomes. Recent studies
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Fig. 3 ADSC-EVs promote the regeneration of neurons and blood vessels after a stroke by releasing various bioactive molecules, including miR-146a,
miR-21-5p, and STAT3 activators. miR-146a inhibits the NF-kB pathway, reducing the production of pro-inflammatory cytokines TNF-a and IL-13. miR-21-
5p promotes M2 macrophage polarization by inhibiting PTEN. STAT3 activation in macrophages promotes the expression of Arg-1, further supporting
M2 polarization. Additionally, ADSC-EVs inhibit the p38 MAPK signaling pathway. These processes collectively result in decreased inflammation and

enhanced nervous tissue repair
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highlight the potential of targeting these processes as
new therapeutic strategies for PD [105-107]. Notably,
NALP3 and Cyclin-Dependent Kinase 5 (CDK5) are two
key regulators of cellular autophagy and inflammasomes
in PD [105, 108]. Li et al. report that in a PD mouse
model, ADSC-EVs overexpressing miR-188-3p target
NALP3 and CDKS5, which counteract the activation of
cellular autophagy and inflammasomes, diminish neuro-
nal damage in the substantia nigra and offer therapeutic
benefits for PD patients [109]. These findings support the
potential of ADSC-EVs in PD treatment.

The application of tissue-engineered ADSC-EVs in
inflammatory diseases

Given the vital roles of ADSC-EVs in controlling inflam-
mation across various diseases, a number of studies now
have focused on their clinical application. However, sys-
temic administration often leads to extensive accumula-
tion of these vesicles in the liver and spleen, with rapid
clearance that results in a short half-life of less than six
hours, thus limiting their clinical utility [110-112]. To
address these challenges, tissue engineering of ADSC-
EVs is employed to enhance their targeting ability,
effectiveness, and longevity. This engineering process
encompasses pretreating ADSCs, employing bioactive
scaffold materials for carrying ADSC-EVs, and editing
and modifying the membrane surface of ADSC-EVs
(Table 1).
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Optimizing ADSC-EVs by pretreatment

Disease progression, such as in cancer, limb ischemia,
and myocardial infarction often occurs under hypoxic
conditions, where a metabolic shift to low oxygen level is
common during inflammation. Culturing MSCs, includ-
ing ADSCs, in vitro to mimic pathophysiological environ-
ments has shown that hypoxia enhances their stemness
and paracrine functions [113]. For example, Qian et al.
found that ADSCs on plate in low oxygen produce EVs
with upregulated miR-216a-5p, which promoted stron-
ger M2 macrophage polarization via the HMGB1/TLR4/
NF-«B axis cascade, improving treatment outcomes in
experimental colitis [114].

Additionally, EVs derived from hypoxia-precondi-
tioned ADSCs have been shown to attenuate ROS pro-
duction and inflammatory factor expression, aiding in
the alleviation of UV-induced skin damage through
circ-Ashll delivering [115]. Free flap transplantation is
a crucial method in reconstructive plastic surgery for
repairing soft tissue defects, but its clinical application is
often limited by ischemia/reperfusion (I/R) injury [116].
Studies have demonstrated that hypoxic precondition-
ing enhances the production of EVs from ADSCs com-
pared to conventional culture conditions. Specifically,
EVs collected from ADSCs under hypoxic conditions
(ADSC-EVs(H)) were compared with those from con-
ventional conditions (ADSC-EVs(N)). Results indicated
that ADSC-EVs(H) were significantly more effective in
mitigating hypoxia/reperfusion-induced injury. They

Table 1 The application of tissue-engineered ADSC-EVs in inflammatory diseases

Intervention Method Specific Engineering Therapeutic Outcome Refer-
Approach ence
Hypoxia-preconditioned Culturing ADSCs under 1. Upregulation miR-216a-5p, promoting M2 macrophage polarization [114]
hypoxic conditions 2. Attenuating ROS production and inflammatory factor expression [115]
3. Reducing HDMEC damage by activating autophagy and inhibiting apoptosis  [117]
and oxidative stress
Inflammatory-precondition Culturing ADSCs under 1. Inhibiting the TLR4/NF-kB signaling pathway, reducing M1 macrophage [118]
inflammation conditions  activation, suppressing inflammation caused by tendon injury, and promoting  [120]
tendon tissue repair
2. Promoting an M2 phenotype shift to assist in the regeneration of temporo-
mandibular joint cartilage and alleviate inflammation
Low-Intensity Ultrasound Ultrasound Stimulation of =~ Promoting the secretion of ADSC-EVs, enhancing diabetic wound healing [121]
Stimulation ADSCs
Amniotic Membrane ADSC-EVs loaded onto Reducing inflammation, promoting collagen formation, and enhancing [124]
Scaffolds(AMS) bioengineered three- vascularization
dimensional amniotic
membrane scaffolds
PLGA (Poly lactic acid-co- ADSC-EVs loaded onto Increasing osteogenic differentiation, enhancing anti-inflammatory effects, and [125]
glycolic acid)/Mg-GA MOF PLGA Mg-GA MOF nanofi-  improving vascular generation, thereby facilitating bone tissue regeneration
(Metal-organic frameworks) ber scaffolds
nanofiber scaffolds
Macroporous Hydrogel ADSC-EVs loaded onto Enhancing the infiltration and tenogenic differentiation of tendon-derived [126]
Material, providing an aligned ~ MHA stem cells, and modulating inflammation by suppressing the polarization from
structure (MHA) MO to M1 macrophages
Metabolic Glycoengineering Modification with linear Targeting activated macrophages in RA, promoting M2 polarization, reducing ~ [127]

(MGE)

1,6-linked dextran

inflammation, and joint damage
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promoted the survival of human dermal microvascular
endothelial cells (HDMECs), increased autophagy lev-
els, reduced apoptosis rates, decreased oxidative stress
accumulation, and improved mitochondrial membrane
potential. These findings suggest that ADSC-EVs(H)
reduce HDMEC damage by activating autophagy and
inhibiting apoptosis and oxidative stress, offering a
promising therapeutic strategy for enhancing the survival
of free flaps. However, this study is limited by its in vitro
nature, and further in vivo investigations are necessary
to confirm whether ADSC-EVs(H) demonstrate superior
efficacy in clinical settings [117].

Culturing ADSCs under inflammatory conditions
is also a common method to enhance their therapeu-
tic properties. Researchers have cultured ADSCs under
such conditions and subsequently collected EVs from
these cells IADSC-EVs). It was found that iADSC-EVs
could promote the proliferation of tendon cells and
enhance collagen deposition. Specifically, miR-147b
within iADSC-EVs inhibits the TLR4/NF-«B signaling
pathway, thus reducing M1 macrophage activation, sup-
pressing inflammation caused by tendon injury, and pro-
moting tendon tissue repair. However, a limitation of this
study is the lack of a control group using ADSC-EVs col-
lected under non-inflammatory conditions, which would
have clarified whether inflammation induction indeed
enhances the function of ADSC-EVs [118]. Moreover, the
pretreated ADSC-EVs have been shown to enhance tem-
poromandibular joint condylar cartilage regeneration.
Liu et al. demonstrated that iADSC-EVs enriched with
miR-27b-3p, which suppressed macrophage activation
by inhibition of CSF-1 expression [119]. As such, these
inflammation-responsive vesicles promote an M2 phe-
notype shift to assist in the regeneration of temporoman-
dibular joint cartilage and alleviate inflammation [120].

Additionally, ultrasound pretreatment of ADSCs repre-
sents a promising approach to enhance the functionality
of ADSC-EVs. Researchers have demonstrated that pre-
treating ADSCs with low-intensity ultrasound at 1.5 W/
cm’® significantly increases the secretion of ADSC-EVs,
thereby addressing the issue of insufficient EVs secretion.
High-throughput sequencing revealed that low-inten-
sity ultrasound stimulation alters the miRNA content
of ADSC-EVs, enriching them with miRNAs associated
with endothelial cell angiogenesis, fibroblast prolifera-
tion, and migration. These modifications further enhance
the efficacy of ADSC-EVs in promoting diabetic wound
healing [121].

Bioactive scaffolds for ADSC-EV delivery

In order to achieve sustained release of ADSC-EVs and
prolong their efficacy, researchers utilize bioactive scaf-
fold materials to carry ADSC-EVs. Algae, with their high
biocompatibility, biodegradability, non-antigenicity, and
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high-water absorption, are considered effective materi-
als for biomedical applications [122]. Shilan et al. dem-
onstrated that algae hydrogels could achieve a sustained
release of rat-derived ADSC-EVs, which enhance wound
healing in rats with skin defects [123]. Similarly, com-
pared to direct EVs injections, human-derived ADSC-EVs
have been loaded onto bioengineered three-dimensional
amniotic membrane scaffolds (AMS), showing improved
outcomes in rat wound healing. This approach more
effectively reduced inflammation, promoted collagen for-
mation, and enhanced vascularization [124].

Additionally, Kai et al. utilized electrospinning tech-
nology to synthesize biocompatible PLGA (Poly lac-
tic acid-co-glycolic acid)/Mg-GA MOF (Metal-organic
frameworks) nanofiber scaffolds. These scaffolds were
then used to carry human derived ADSC-EVs, favoring
the gradual release of Mg2*, GA, and the EVs. The result
was increased osteogenic differentiation, enhanced anti-
inflammatory effects, and improved vascular generation,
thereby facilitating bone tissue regeneration [125].

Rotator cuft injuries are among the most common
musculoskeletal disorders, with current research focused
on promoting tendon-bone healing (TBH) and reduc-
ing postoperative re-injury rates. Recent study reports
the use of a macroporous hydrogel material (MHA) to
carry ADSC-EVs, referred to as (MHA-sEVs). The mac-
roporous hydrogel provides an aligned structure that
enhances the infiltration and tenogenic differentiation
of tendon-derived stem cells (TDSCs). Concurrently,
the incorporated ADSC-EVs modulate inflammation
by improving mitochondrial dysfunction in M1 to MO
macrophage through inhibition of the NF-kB signaling
pathway and suppressing the polarization from MO to
M1 macrophages. The combined features of MHA and
ADSC-EVs promote fibrocartilage formation, enhance
the biomechanical strength of the regenerated supraspi-
natus-humerus complex, and improve tendon-bone heal-
ing in a rat model of rotator cuff injury. These findings
provide new insights into the treatment of rotator cuff
injuries [126].

Surface modification of ADSC-EVs for targeted therapy

Enhancing the specificity and efficiency of ADSC-EVs
for targeted therapeutic delivery is crucial for addressing
complex inflammatory diseases. Therefore, researchers
enhance the targeting ability of ADSC-EVs by modifying
their surface structure. Surface modification of these ves-
icles can achieve this goal by allowing ADSC-EVs to pre-
cisely interact with cellular targets. For instance, Dong et
al. utilized metabolic glycoengineering (MGE) to refine
the surface of ADSC cell membranes, targeting acti-
vated macrophages in the inflamed joints of rheumatoid
arthritis (RA). MGE involved attaching linear 1,6-linked
dextran with sulfate groups to the ADSC membranes,
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generating  dextran  sulfate-modified =~ ADSC-EVs
(DS-ADSC-EVs). These modifications aimed at the scav-
enger receptor class A (SR-A), abundant in the inflamed
joints of RA, with dextran sulfate serving as a targeting
agent for SR-A. This approach enables DS-ADSC-EVs
to specifically deliver therapeutic cargo to macrophages.
In vitro studies showed that DS-ADSC-EVs significantly
facilitated the transition of M1 macrophages to the M2
phenotype and prevented the reversion of M2 mac-
rophages to the M1 phenotype. In vivo investigations
revealed that mice treated with DS-ADSC-EVs displayed
reduced joint cartilage erosion, neutrophil infiltration,
and synovial inflammation compared to those treated
with unmodified ADSC-EVs. These results indicates that
DS-ADSC-EVs effectively reshaped the inflammatory
microenvironment in RA by specifically targeting and
modulating macrophages [127].

Although the research on the surface modification of
ADSC-EVs is currently scarce, techniques from chemical,
mechanical and genetic engineering could be leveraged
to enhance the targeting and functional characteristics
of ADSC-EVs. For instance, chemical conjugation of tar-
geting ligands to the surface of ADSC-EVs can enable
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these ligands to bind to receptors on specific cell sur-
faces, thereby guiding ADSC-EVs to enter particular cell
types or tissues and improving their specificity and effi-
cacy. Additionally, techniques such as electroporation,
covalent, and non-covalent bonding could be employed
to increase the efficiency of drug loading into ADSC-
EVs, significantly boosting their functionality and allow-
ing them to deliver therapeutic agents more effectively.
Moreover, genetic modifications can be used to overex-
press specific proteins or miRNAs in ADSC-EVs, thereby
enhancing their therapeutic efficacy and improving their
bioactivity and ability to modulate disease processes.
These various strategies can optimize the targeting capa-
bility, tracking ability, therapeutic activity, and stability
of ADSC-EVs, providing valuable references for future
research [128].

Conclusion

In summary, ADSC-EVs have emerged as potential ther-
apeutic agents for modulating inflammation (Table 2)
and promoting tissue repair (Table 3). First, ADSC-EVs
play a critical role in modulating immune cell activ-
ity, central to controlling inflammation. Their bioactive

Table 2 ADSC-EVs mediate disease development by modulating inflammation

Active Ingredient Physiological Function Mechanism of Action Reference
Active Stat3 Promotes polarization of M2 macrophages and inhibits inflamma- ~ Promotes Arg-1 promoter/enhancer [44]
tion in mouse white adipose tissue, promotes browning of mouse  transcriptional activation
white adipose tissue
miR-146a Suppresses cell apoptosis, inflammation, and fibrosis induced by Inhibits EGR1 [50]
acute myocardial infarction
miR-221/222 Reduce apoptosis and hypertrophy of myocardial cells Significantly inhibit expression of PUMA  [51]
and ETS-1
circ-Epc1 Promotes transition of microglia from M1 to M2, leading to reduced Sponges miR-770-3p, regulates TREM2 [80]
expression of inflammatory cytokines and decreased apoptosis
of hippocampal neurons, partially rescuing AD-induced cognitive
impairment
miR-188-3p Alleviates damage to the substantia nigra in a PD mouse model, Targets NALP3 and CDKS5 toin- [87]
thereby achieving therapeutic effects for PD hibit expression of autophagy and
inflammasomes
miR-216a-5p Promotes M2 polarization of macrophages. Treats Crohn's disease HMGB1/TLR4/NF-kB axis [92]
circ-Ash1l Attenuates UV-induced skin damage Inhibits ROS production and expression  [93]
of inflammatory factors
miR-181-5p Inhibits liver fibrosis Suppresses expression of fibrosis factors ~ [115]
fibronectin and collagen |
miR-146a Increases expression of Treg cells in spleen of rheumatoid arthritis ~ Enhances expression of primary tran- [129]
mice, increases number of Treg cells in spleen, significantly sup- scription factor of Treg cells, FOXP3
presses inflammation in rheumatoid arthritis
mmu_circ_0001359 Alleviates pulmonary fibrosis, reduces airway remodeling Enhances FoxO1 signaling by downregu-  [130]
lating miR-183-5p, mediates activation of
M2 macrophages
IL-10 Reduces renal inflammation, alleviates renal fibrosis, improves renal  Promotes polarization of M1 macro- [131]
function in stenotic kidneys phages towards M2 macrophages
IGF-1 Delays disease progression in mice with spinal muscular atrophy Inhibits PI3K-Akt signaling pathway, [132]

by reducing degenerative changes in motor neurons, inhibiting
neuroinflammation, and improving motor performance

thereby inhibiting the activation of mi-
croglial cell, promoting cell proliferation
and inhibit apoptosis
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Table 3 ADSC-EVs promote tissue repair and regeneration by modulating inflammation

Active Physiological Function Mechanism of Action Refer-
Ingredient ence
STCA1 Promotes re-endothelialization of carotid artery mechanical injury Significantly inhibits NLRP3 inflammasome [71]
miR-21 and Promote vascular regeneration in mouse ischemic hind limbs Activate PI3k-AKT pathway and CSF-1R in [64]
CSF-1 macrophages
miRNA-126 Suppresses activation of microglia, promotes neural and vascular regen- Inhibits expression of TNF-a and IL-1(3 inflam- [77]
eration after ischemic stroke, facilitates functional recovery after stroke in -~ matory cytokines
rats
Nrf2 Regulates the expression of antioxidant proteins and enzymes and re- Enhances the cellular defense mechanisms [39]
duces oxidative stress and inflammation against oxidative damage, and reduces inflam-
mation and promoting tissue repair
Active STAT3 Enhances retention of fat grafts in long-term nude mouse fat transplanta- ~ Promotes polarization of M2 phenotype [133]
tion model macrophages
miR21-5p Promotes repair of tubular epithelial cells Inhibits TLR4/NF-kB/NLRP3 pathway [134]
miR-27b-3p Alleviates inflammation in temporomandibular joint and promotes repair  Inhibits expression of CSF-1 [99]

of condylar cartilage in temporomandibular joint

cargos influence the behavior of various immune cells.
For example, some miRNAs such as miR-146a in ADSC-
EVs can suppress the NF-kB signaling pathway, reduc-
ing the production of pro-inflammatory cytokines like
IL-1pB, IL-6, and TNF-a, while miR-21-5p promotes M2
macrophage polarization by inhibiting KLF6, enhanc-
ing anti-inflammatory responses and facilitating tissue
repair. Additionally, ADSC-EVs enhance the antioxi-
dant defense mechanisms of recipient cells by activating
Nrf2, a key transcription factor that reduces ROS levels,
thereby mitigating oxidative stress-induced inflamma-
tion and promoting cellular repair processes. They also
promote angiogenesis, which is crucial for tissue repair
and regeneration, through pro-angiogenic factors such
as VEGF and miR-126, stimulating the formation of new
blood vessels and enhancing the delivery of oxygen and
nutrients to damaged tissues. In the context of obesity,
ADSC-EVs regulate the browning of white adipose tis-
sue, help reduce inflammation and improve metabolic
health. Molecules like STAT3 in ADSC-EVs promote
the polarization of macrophages towards the M2 phe-
notype and enhance adipocyte browning, reducing adi-
pose tissue inflammation and metabolic dysregulation.
Consequently, ADSC-EVs exhibit significant therapeutic
potential in promoting wound healing, reducing neuro-
inflammation and fostering neuroregeneration, alleviat-
ing myocardial infarction and promoting angiogenesis,
facilitating the browning of adipose tissue, and improv-
ing metabolic health in obese patients. Although cur-
rently stem cell therapy remains a mainstream cellular
treatment method and the use of EVs derived from stem
cells such as ADSC-EVs in clinical therapy is still limited,
ADSC-EVs treatment, compared to cell therapy, reduces
the risks of immune rejection and tumorigenicity, and
the better stability of EVs makes them advantageous for
long-term storage and transportation. Moreover, ADSC-
EVs can be engineered to target specific tissues or cell

types, enhancing therapeutic efficacy and reducing off-
target effects, thus maximizing therapeutic outcomes.

Prospect

For future clinical research on ADSC-EVs, several critical
aspects should be addressed. First, the design of clinical
trials should involve defining criteria for patient selec-
tion, targeting specific conditions such as rheumatoid
arthritis, osteoarthritis, diabetic wounds, and cardiovas-
cular diseases. Establishing optimal dosages and admin-
istration routes—whether intravenous, intramuscular,
or topical—is crucial to maximize therapeutic benefits
while minimizing potential risks. For example, in a clini-
cal study (Trial ID: NCT04276987), researchers treated
pneumonia by administering aerosolized inhalation of
allogeneic ADMSC-EVs (2x10”78 particles/3 ml) for 5
days. Additionally, identification of primary and second-
ary endpoints, such as reducing inflammation, enhanc-
ing tissue repair, and overall clinical outcomes, is vital for
assessing the effectiveness of ADSC-EV. A comprehen-
sive evaluation of the safety and efficacy of ADSC-EVs is
also essential for their clinical translation. This process
should begin with thorough preclinical studies in animal
models to gather data on biodistribution, pharmacoki-
netics, and toxicity, as well as to assess long-term effects
and potential for chronic use. Following this, subsequent
Phase I clinical trials should determine safety, tolerabil-
ity, and initial efficacy in a small patient cohort, aiming
to identify adverse effects and the maximum tolerated
dose. Progressing to larger Phase II and III trials is nec-
essary to confirm efficacy and further evaluate safety,
involving multiple centers to ensure reproducibility of
results. Furthermore, effective management of potential
side effects is crucial, including monitoring for immune
responses or allergic reactions, particularly in alloge-
neic applications, and developing strategies to mitigate
such risks. Ensuring targeted delivery of ADSC-EVs to
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minimize off-target effects and unintended interactions
with non-target tissues is also critical, along with long-
term follow-up studies to monitor delayed adverse effects
and ensure sustained safety. In addition, future research
should delve into the tissue engineering of ADSC-EVs
to enhance targeting accuracy, increase their concentra-
tion in target organs, extend their functional duration,
and leverage their capacity to deliver biopharmaceuticals
for anti-inflammatory effects. Addressing these scientific
and technical challenges is essential to fully realize the
therapeutic potential of ADSC-EVs in treating inflamma-
tory conditions and promoting tissue healing.

Abbreviations

ADSCs Adipose-derived stem cells

ADSC-EVs Extracellular vesicles secreted by Adipose-derived stem cells
EVs Extracellular vesicles

MSCs Mesenchymal stem cells

MSC-EVs Extracellular vesicles secreted by Mesenchymal stem cells
NKT cells Natural killer T cells

SVF Stromal vascular fraction

NF-kB Nuclear factor kappa B

IL-1B Interleukin-1 beta

IL-6 Interleukin-6

TNF-a Tumor necrosis factor alpha

IL-10 Interleukin-10

EGR-1 Early growth response-1

RBP4 Retinol-binding protein 4

VCAM-1 Vascular cell adhesion molecule-1
VEGF Vascular endothelial growth factor
MMP-2 Matrix metalloproteinase-2

STAT3 Signal transducer and activator of transcription 3
Arg-1 Arginase-1

AMI Acute myocardial infarction

PUMA P53 upregulated modulator of apoptosis
ETS-1 E26 transformation-specific-1

CSF-1 Colony stimulating factor-1

CSF-1R Colony stimulating factor-1 receptor
STC-1 Stanniocalcin-1

MAPK Mitogen-activated protein kinase

PTEN Phosphatase and tensin homolog

AD Alzheimer’s disease

TREM2 Triggering receptor expressed on myeloid cells 2
PD Parkinson’s disease

CDK5 Cyclin-dependent kinase 5

ROS Reactive oxygen species

OA Osteoarthritis

T™J Temporomandibular joint

BMSC Bone marrow mesenchymal stem cell
AMS Amniotic membrane scaffolds

PLGA Poly lactic acid-co-glycolic acid

MOF Metal-organic frameworks

MGE Metabolic glycoengineering

RA Rheumatoid arthritis

FOXP3 Forkhead box P3

FoxO1 Forkhead box O1

KLF6 Kruppel-like factor 6

Ets1 E26 transformation-specific sequence 1
I/R Ischemia/reperfusion

ADSC-EVs(N)
ADSC-EVs(H)

ADSC-EVs under conventional culture conditions
ADSC-EVs under hypoxic conditions

HDMECs Human Dermal Microvascular Endothelial Cells
iADSC-EVs ADSC-EVs cultured under inflammatory conditions
TLR4 Toll-like receptor 4

TBH Tendon-bone healing

MHA Macroporous hydrogel material
TDSCs Tendon-derived stem cells
IGF-1 Insulin-like growth factor 1
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WB Western blotting

SPT Single-particle tracking

NTA Nanoparticle tracking analysis
TEM Transmission electron microscope
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