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Abstract

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by the accumulation of amyloid-
beta (AB) plaques and tau tangles, which contribute significantly to neuroinflammation, a central driver of disease
pathogenesis. The activation of microglia and astrocytes, coupled with the complex interactions between AR and tau
pathologies and the innate immune response, leads to a cascade of inflammatory events. This process triggers

the release of pro-inflammatory cytokines and chemokines, exacerbating neuronal damage and fostering a cycle

of chronic inflammation that accelerates neurodegeneration. Key signaling pathways, such as nuclear factor-kappa

B (NF-kB), Janus kinase/signal transducer and activator of transcription (JAK/STAT), mitogen-activated protein kinase
(MAPK), and phosphoinositide 3-kinase/protein kinase B (PI3K/Akt), are involved in regulating the production of these
inflammatory mediators, offering potential therapeutic targets for AD. Recently, extracellular vesicles (EVs) have
emerged as a promising tool for AD therapy, due to their ability to cross the blood-brain barrier (BBB) and deliver
therapeutic agents. Despite challenges in standardizing EV-based therapies and ensuring their safety, EVs offer

a novel approach to modulating neuroinflammation and promoting neuroregeneration. This review aims to highlight
the intricate relationship between neuroinflammation, signaling pathways, and the emerging role of EV-based
therapeutics in advancing AD treatment strategies.
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Introduction

Alzheimer’s disease (AD) affects millions worldwide,
placing an increasing burden due to the prolonged
need for care and the lack of curative treatments.
Recent research has revealed a connection between
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findings form a crucial foundation for developing new
treatment approaches targeting AD.

Neuroinflammation plays a pivotal role in AD
pathology. Recent studies indicate a strong association
between the activation of microglial cells and
astrocytes and the development of AD, highlighting
several potential therapeutic targets [6]. Specifically,
microglial responses to amyloid-beta (AP) are linked
to an increased risk of AD, yet their activation
can also have detrimental effects on neurons.
Astrocytes, essential for brain function, can lead to
neurodegeneration and synaptic retraction when
impaired, leading to AD-related cognitive deficits [7].
Furthermore, exogenous substances such as spermidine
have been shown to reduce neurotoxic soluble Ap and
mitigate AD-related neuroinflammation by activating
autophagy [8]. These findings suggest that modulating
the inflammatory responses of microglial cells and
astrocytes is an effective strategy against AD.

EVs have emerged as promising drug delivery systems
for central nervous system (CNS) diseases, particularly
AD, due to their biocompatibility and ability to cross
biological barriers such as the blood-brain barrier
(BBB). Recent research has demonstrated the significant
potential of utilizing EVs for brain-targeted drug
delivery. Studies have shown that combining naturally
sourced EVs with drug-loaded nanoparticles, such as
grapefruit EVs with doxorubicin-loaded heparin-based
nanoparticles [9], and structurally engineered droplet
drugs using fruit-derived EVs [10], can greatly enhance
the anti-tumor effects on glioblastoma, highlighting the
vast potential of EVs in brain-targeted drug delivery.
Furthermore, modifications and functionalization of EVs
have opened new pathways for their use as therapeutic
agents for brain disorders [11, 12], underscoring their
promising applications in the diagnosis and treatment of
neurodegenerative diseases [13, 14].

Traditional AD therapies face challenges such as limited
efficacy and drug delivery barriers. Nanotechnology
presents an innovative approach to overcoming these
challenges, particularly through systems based on EVs,
which can enhance drug utilization, provide precise
targeting, and reduce side effects [15—17]. For instance,
nano drug delivery systems have shown potential in
enhancing the efficacy of NRF2 modulators in cancer
treatment [15], and the use of nanoparticles has also
presented new possibilities for AD treatment [16, 17].
Furthermore, the development of controlled drug
release systems offers a new direction for achieving more
effective drug delivery [17]. These studies underscore
the importance of optimizing drug delivery through
nanotechnology, paving the way for new approaches to
the treatment of neurodegenerative diseases such as AD.
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In recent years, scientists have started exploring
the use of EVs as a natural nanocarrier for targeting

neuroinflammation in AD. Studies indicate that
EV-based therapeutic strategies can effectively
modulate inflammatory response in AD, protect

neurons from damage, and slow disease progression
[18-20]. For example, specific natural products such
as 1,6-O, O-diacetylbritannilactone (OABL) have
demonstrated potent anti-inflammatory activity and the
ability to traverse the BBB, offering a novel approach
against AD [19]. Additionally, research has identified
certain compounds like dihydrotestosterone (DHT)
that can inhibit lipopolysaccharide (LPS)-induced
neuroinflammation, showcasing a protective effect on
neuronal cells [20]. These findings highlight the potential
of utilizing EVs and specific natural products as a
therapeutic strategy for AD, providing crucial scientific
evidence for the development of new treatment methods.

While the application of EVs as nanocarriers for
combating neuroinflammation in AD is still in its early
stages, they are considered a promising approach for
AD treatment due to their unique biocompatibility,
targeting abilities, and capacity to cross the BBB. With
an increasing understanding of EVs’ mechanisms and
advancements in bioengineering and nanotechnology,
EV-based therapeutic strategies hold the potential
to provide AD patients with more effective and
safer treatment options [21-23]. Furthermore, the
development of smart EVs, capable of responding to
specific signals at the disease site and offering therapeutic
feedback, opens up new avenues for the next generation
of nanomedicine [24]. Despite facing challenges in
commercialization, the prospects of EVs in disease
treatment remain promising [25, 26].

Mechanisms of Neuroinflammation and Its
Association with AD

AD and Neuroinflammation: An Intricately Interwoven
Relationship

New research has uncovered the intricate intertwining
relationship between AD and neuroinflammation,
emphasizing the role of autophagy [27], the AP
pathway [28], the involvement of microglial cells
in the neuroinflammation process [4], and the
impact of abnormal aggregation of tau protein on
neuroinflammation [29, 30]. These findings offer fresh
insights into the pathology of AD and provide a scientific
basis for the development of novel therapeutic strategies
targeting neuroinflammation.

The abnormal accumulation of A triggers a complex
neuroinflammation process in AD, leading to a further
decline in cognitive function. Studies indicate that the
continuous aggregation of AP surpasses the handling
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capacity of microglial cells and astrocytes, causing
their overactivation and release of a large number of
inflammatory mediators such as cytokines, chemotactic
factors, and reactive oxygen species, therefore
damaging neurons and synapses [4, 27, 28]. Recent
research advancements suggest that intervention
strategies targeting this pathological process, like
enhancing the clearance of AP through promoting
the autophagy pathway [29-31] or inhibiting the
progression of AD by regulating microRNA expression
[6, 32, 33], demonstrate therapeutic potential.
Furthermore, the exploration of novel biomarkers and
their correlation with Ap and tau protein pathology
offers new insights for the development of early
diagnostic and therapeutic strategies [19, 34, 35].
Hence, understanding and modulating this intricate
neuroinflammation network is crucial for achieving
disease intervention in AD treatment.

The development of AD is closely associated with
the abnormal aggregation of tau proteins, leading to
the formation of neurofibrillary tangles. This not only
damages the neuronal transport system but also activates
immune cells, triggering a neuroinflammatory response
[4, 27, 28]. Recent studies have indicated that microglial
cells play a crucial role in AD-related neuroinflammation,
as their activation exacerbates the abnormal aggregation
of AP and tau proteins, creating a vicious cycle [29-31].
Furthermore, research has highlighted that targeted
therapy against microRNA-485-3p can inhibit the
progression of AD [32], while the measurement of plasma
amyloid B42/40 ratio offers a new diagnostic possibility
for AD [33]. Additionally, studies have shown that specific
anti-inflammatory drugs and strategies regulating the
autophagy process hold the potential to slow down the
pathological progression of AD [6, 19, 34]. These recent
research findings provide a crucial scientific basis for a
deeper understanding of the pathogenic mechanisms of
AD and the development of novel therapeutic strategies.

Neuroinflammation in AD exhibits duality, serving
as both a natural response to pathological changes in
AD and potentially exacerbating the progression of the
disease. Studies suggest that modulation of the autophagy
process may offer new therapeutic strategies for treating
AD [27], while research targeting microglial cells has
revealed their central role in the neuroinflammation
pathway [4, 29]. Additionally, targeting microRNA-
485-3p has shown promise in halting the progression
of AD [32], and the detection of plasma amyloid p42/40
ratio presents a novel method for early diagnosis
of AD [33]. These research findings underscore the
importance of a comprehensive understanding of
the neuroinflammation mechanisms in AD for the
development of new therapeutic strategies.
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Current research is exploring the modulation of
neuroinflammation in AD through the use of anti-
inflammatory drugs and the development of targeted
therapies that directly act on specific inflammatory
signaling pathways, offering new hope for treating AD.
The exploration of these strategies underscores the
necessity of a thorough understanding of the complex
relationship between AD and neuroinflammation,
paving the way for the development of more effective
treatment methods [4, 27, 28]. While these studies
provide new directions for AD treatment, the complexity
of AD necessitates a more precise understanding of
these mechanisms to achieve more effective intervention
measures [29-31].

Triggering neuroinflammation: the key roles of microglial
cells and astrocytes

In AD, the overactivation of microglial cells and
astrocytes exacerbates neuroinflammation, leading to the
release of inflammatory mediators that damage neural
cells [6, 19, 36]. The interplay between these cells plays
a crucial role in maintaining the neurovascular unit,
underscoring the importance of considering their roles
in AD treatment [37—39]. Recent studies indicate that by
modulating the activity of these cells, novel targets for
AD treatment can be identified, such as intervention in
the signaling pathways of microglial cells and astrocytes,
which holds promise for alleviating neuroinflammation
in AD [40—-42].

Microglial cells, as the primary immune cells of
the brain, exhibit high sensitivity to AP aggregation,
attempting to clear A through phagocytosis. However, in
AD, their phagocytic function is impaired, exacerbating
inflammation and neuronal damage [6, 19, 36]. In this
process, the activation of microglial cells and the release
of inflammatory mediators become critical factors in the
progression of AD [37-39], emphasizing the potential of
targeting microglial cells to modulate their activity and
alleviate neuroinflammation in AD [40-42].

Astrocytes in AD respond to the accumulation of AP
and abnormal aggregation of tau proteins by releasing
inflammatory mediators in their activated state,
exacerbating the inflammatory response and impairing
their ability to support neuronal functions [6, 19, 39].
This shift not only promotes inflammation but also
hampers the ability of astrocytes to provide nutritional
support and regulate neurotransmitter uptake, further
compromising neuronal health [37, 38, 42].

The excessive activation of microglial cells and
astrocytes and the release of inflammatory mediators
in AD are not confined solely to regions with abnormal
aggregation of AP and tau proteins but can also impact
other areas of the brain through mechanisms such
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as cytokine release. This spread of the inflammatory
response disrupts neuronal communication, impairs
synaptic function, and exacerbates cognitive decline [6,
19, 36]. Modulating the inflammatory responses of these
cells is crucial in developing treatment strategies for AD
[37-39]. These findings not only reveal the crucial roles
of microglial cells and astrocytes in AD but also provide
a scientific basis for developing new strategies to treat
AD, particularly those aimed at reducing the excessive
activation of these cells and inhibiting the production of
inflammatory mediators.

The deleterious dance of inflammatory mediators

In the progression of AD, inflammatory mediators play a
crucial role by engaging in cell communication, activating
immune cells, and directly causing damage to neurons.
These inflammatory factors, such as interleukins (IL) and
tumor necrosis factor-a (TNF-a), significantly increase
in the brain of AD patients, thereby driving disease
advancement [43—-45]. Recent studies have demonstrated
that targeting these inflammatory mediators can alleviate
AD-related neuroinflammation, showing therapeutic
potential. For instance, agonists targeting the TNF
receptor 2 have been shown to improve cognitive
function in AD mouse models by mitigating neuro-
pathological damage, thus exhibiting neuroprotective
effects [46-48]. Furthermore, natural compounds like
flavonoids and boswellic acid have shown beneficial anti-
inflammatory and neuroprotective effects in AD [49-51].
Therefore, a comprehensive exploration of the role of
inflammatory mediators in AD is not only essential for a
better understanding of the disease mechanism but also
provides a scientific basis for the development of novel
treatment strategies.

The latest research on the role and therapeutic potential
of inflammatory mediators in AD indicates that Sirtuin 3
protects elderly mice from anesthesia/surgery-induced
cognitive decline by inhibiting neuroinflammation in
the hippocampal region [43]. Furthermore, studies have
linked peripheral inflammatory markers TNF-a and
CCL2 to the severity of Parkinson’s disease, underscoring
the role of inflammation in neurodegenerative
diseases [44]. Additionally, flavonoids as potential
anti-inflammatory molecules have shown therapeutic
potential in alleviating AD-related neuroinflammation
[45]. These findings not only enhance our understanding
of the inflammatory mechanisms in AD but also provide
a scientific basis for the development of new therapeutic
strategies.

Current research indicates that blocking the
transmission of inflammatory signals by developing
antibodies or small molecule inhibitors targeting
specific inflammatory mediators can effectively reduce
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the production or effects of inflammatory mediators,
thereby protecting neurons from damage [46—48].
Additionally, modulating the activity of microglial cells
and astrocytes to decrease the release of inflammatory
mediators by inhibiting their overactivation is also an
effective strategy for alleviating AD-related inflammatory
damage and neurodegeneration [49-51]. These studies
have paved the way for new approaches in the treatment
of AD and provided a scientific basis for developing novel
therapeutic methods.

Utilizing endogenous regulatory mechanisms to
control inflammatory responses, particularly by
promoting the natural resolution of inflammation
through enhancing resolution pathways signaling,
has emerged as a significant direction in AD research
[52-54]. This approach not only aids in restoring
the homeostasis of neural tissue but also presents
opportunities for the development of new therapeutic
interventions. A profound understanding of the specific
mechanistic roles of inflammatory mediators in AD and
their interactions with other pathological processes is
crucial for the successful development and application of
these therapeutic strategies.

In summary, the role of inflammatory mediators in
AD is highly complex, as they serve not only as disease
markers but also as potential therapeutic targets.
Current research suggests that precise regulation of
these inflammatory mediators may offer more effective
treatment options for AD patients to slow down or
halt disease progression [43, 53, 54]. This encompasses
the development of antibodies or small molecule
inhibitors targeting specific inflammatory mediators and
utilizing endogenous regulatory mechanisms to control
inflammatory responses, promote the natural resolution
of inflammation, and restore neural tissue homeostasis.

Exploring the abnormal activation of signaling pathways
and the regulatory mechanisms of inflammation in AD

as the basis for therapeutic targets

In the pathological progression of AD, the abnormal
activation of multiple signaling pathways plays a crucial
role in the development of the disease. Specifically,
the imbalanced activation of pathways such as NF-kB,
JAK/STAT, MAPK, and PI3K/Akt in AD promotes
the excessive production of inflammatory mediators,
exacerbates the inflammatory response of immune cells,
and poses a threat to the survival of nerve cells. Research
has found that miR-135a-5p, through the Rock2/Add1
signaling pathway, mediates memory and synaptic
damage in an AD mouse model [55]. Resveratrol prevents
tau pathology and neuroinflammation, demonstrating
therapeutic potential in an AD mouse model [56].
Targeting specific molecules within these signaling
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pathways can lead to the development of new drugs
to regulate or inhibit the production of inflammatory
mediators, alleviate the overactivation of immune cells,
protect nerve cells from damage, and thus slow down the
progression of AD.

In the progression of AD, the abnormal activation of
the NF-«kB pathway, triggered by AP aggregation, leads
to the overactivation of microglial cells and astrocytes,
resulting in increased production of inflammatory
cytokines such as TNF-q, IL-1f, and IL-6. These factors
further promote inflammatory responses, damaging
neighboring neurons. miR-135a-5p mediates memory
and synaptic damage in an AD mouse model through the
Rock2/Add1 signaling pathway [55], while resveratrol
shows therapeutic potential in preventing tau pathology
and neuroinflammation in an AD mouse model [56].
Targeting specific molecules within these signaling
pathways can facilitate the development of new drugs
to regulate or inhibit the production of inflammatory
mediators, reduce the excessive activation of immune
cells, protect nerve cells from damage, and thereby
decelerate the progression of AD.

The NF-«B pathway is a key signaling pathway involved
in regulating inflammation in AD. Triggered by Ap
aggregation, the pathway leads to the overactivation of
microglial cells and astrocytes, activating NF-«B, thereby
increasing the production of inflammatory cytokines
such as TNF-a, IL-1B, and IL-6. This cascade of events
further stimulates the inflammatory response, resulting
in damage to neurons [55-57]. Additionally, research on
the JAK/STAT pathway indicates its significant role in
modulating immune cells and inflammatory responses. In
AD, the activation of the JAK/STAT pathway can enhance
the inflammatory response of microglial cells, promote
the release of inflammatory mediators, exacerbate
neuroinflammation, and contribute to neuronal damage
[58-60]. These research advancements provide a new
theoretical foundation and potential therapeutic targets
for regulating and treating inflammation in AD.

The abnormal activation of the MAPK and PI3K/
Akt pathways in AD has attracted widespread attention
due to their impact on neurons and the underlying
regulatory mechanisms. A study on miR-135a-5p in
an AD mouse model, which mediates memory and
synaptic damage through the Rock2/Adducinl signaling
pathway [55], revealed the role of miRNAs in modulating
neuroinflammation and neuroprotection via these
pathways. Another research demonstrated the protective
role of Rutin in an AD mouse model by preventing
tau protein pathology and neuroinflammation [56].
Furthermore, the role of melatonin in regulating the
treatment of type 2 diabetes and AD [57] underscores
the significance of hormones and metabolic regulation
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in AD, hinting at the crosstalk of these pathways in
disease management. These studies provide insights
that interventions targeting the MAPK and PI3K/Akt
pathways in AD must consider not only their direct
effects on neuroprotection and neuro damage but also
their interactions with other signaling pathways, such as
miRNAs, hormonal regulation, and metabolic processes.
These findings offer new perspectives and targets for AD
therapy.

One of the pathological features of AD is the
dysregulation of inflammatory processes, with multiple
signaling pathways playing a crucial role in this
process. Recent studies have found that miR-135a-5p,
by modulating the Rock2/Addl signaling pathway,
mediates memory and synaptic damage, highlighting
the regulation of miR-135a-5p levels as a potential
therapeutic strategy for AD [55]. Additionally, Rutin,
through inhibiting the aggregation of tau protein and
reducing neuroinflammation, has demonstrated the
potential to improve cognitive function in an AD
model [56]. Melatonin, with its antioxidant and anti-
inflammatory effects, has been shown to delay the
progression of AD in individuals with type 2 diabetes,
indicating melatonin as a potential approach for treating
AD [57]. These studies not only reveal the dysregulated
activation of signaling pathways and the mechanisms of
inflammation in AD but also provide a scientific basis for
the development of new therapeutic strategies.

EVs: an innovative delivery system at the forefront of AD
therapy

EVs have emerged as a groundbreaking therapeutic
strategy with significant potential in overcoming the
BBB and targeting AD treatment. Recent studies have
demonstrated that engineered EVs can efficiently deliver
therapeutic molecules to the brain, leading to a marked
improvement in AD-related symptoms [9, 61, 62].
Furthermore, research indicates that by customizing
the surface properties of EVs, their targeting specificity
towards specific brain cells can be enhanced, further
boosting treatment efficacy [10, 63, 64]. Despite existing
challenges in the production, purification, and clinical
application of EVs, these studies have provided valuable
insights and directions for developing novel AD
treatment strategies [14, 65, 66]. By further optimizing
the design and functionality of EVs, it is promising to
achieve more precise and effective treatment approaches
for AD in the future.

Recent studies have demonstrated that EVs can
effectively alleviate depressive symptoms induced by
chronic unpredictable stress (CUS) through the delivery
of specific biological molecules, such as circDYM,
showing potential in treating major depressive disorder
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(MDD) [61]. Furthermore, a bioinspired drug delivery
system combining grapefruit exosomes and heparin-
based nanoparticles has significantly enhanced the
efficacy of anti-glioma treatment, proving the efficacy
of receptor-mediated intercellular interactions and
membrane fusion in traversing the BBB/blood-brain
tumor barrier (BBTB) and enhancing drug delivery
efficiency [9]. For the treatment of ischemic stroke, EVs
containing mitochondria have been developed with dual
modifications to enhance their ability to cross the BBB
and precisely target the ischemic area, thereby reducing
brain damage and improving treatment effectiveness
[62]. These studies not only showcase the potential of
EVs as therapeutic delivery systems but also highlight
their application prospects in treating AD and other
neurodegenerative diseases.

Challenges and prospects of EVs in the treatment of AD
EVs have emerged as a novel strategy for treating AD
by leveraging their unique biological functions and
ability to cross the BBB, offering an unprecedented
therapeutic approach. Recent studies have demonstrated
that utilizing high-resolution imaging techniques
and innovative EV labeling strategies can deepen our
understanding of the biological behavior of EVs in vivo
and their potential applications in AD therapy [67].
Furthermore, the enhanced therapeutic effects of MSC-
EVs on AD have been showcased through a self-triggered
release hydrogel inspired by comparative proteomics,
highlighting a significant improvement in the clinical
applicability of EVs through intelligent hydrogel design
[68]. Summaries of the latest advancements in MSC-EVs
for AD therapy, as well as their specific mechanisms,
have been provided, along with discussions on various
methods to optimize MSC-EV functionality such as gene
editing, altering stem cell culture conditions, and peptide
modifications, emphasizing the therapeutic potential of
MSC-EVs as a cell-free treatment strategy and the clinical
application challenges they face [69]. Further research has
introduced a simplified "one-material" strategy utilizing
Ti4+-modified magnetic graphene oxide composite
(GFST) to enrich and identify phosphoproteins in
serum-derived EVs (SEVs), presenting a new approach
for drug target discovery based on abnormal kinase and
substrate transport of SEVs, with implications for cancer
monitoring [70].

EVs have shown significant potential in the treatment of
AD, yet their application still faces a series of challenges.
Recent research advancements shed light on several key
points: firstly, the application of high-resolution imaging
techniques contributes to a deeper understanding of EVs’
behavior in vivo and their potential therapeutic applica-
tions [67]. Secondly, self-triggered release hydrogels have
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been found to enhance the therapeutic effects of MSC-
EVs for AD treatment, with this strategy inspired by com-
parative proteomics holding promise for increasing the
clinical applicability of EVs [68]. Furthermore, research
on the latest developments and specific mechanisms of
MSC-EVs in AD therapy, along with strategies for opti-
mizing MSC-EV functionality such as gene editing and
peptide modifications, provides new perspectives and
methods for cell-free treatment strategies [69]. Lastly,
the development of a simplified "one-material” strategy
utilizing GFST to enrich and identify phosphoproteins
in SEVs opens new directions for drug target discovery
and cancer monitoring [70]. These advancements indi-
cate that although the application of EVs in AD therapy
presents challenges, with the development of innovative
technologies and methods, overcoming these obstacles
and achieving their clinical application is within reach
(Fig. 1).

EVs as drug delivery systems

General characteristics and sources of EVs

EVs, including natural exosomes, microvesicles, apoptotic
bodies, and engineered vesicles modified through genetic
engineering or chemical modification, are important
tools for intercellular communication. EVs have various
sources, including MSCs, neural stem cells (NSCs),
immune cells (e.g., macrophages, microglia), blood cells,
and engineered cells (e.g., HEK293 cells, fibroblasts)
[71-73]. In particular, utilizing the biosynthesis process
of EVs for bioengineering modifications allows for the
effective loading of therapeutic proteins or nucleic acids
into EVs, which can be used to treat various diseases [74—
76]. Recent studies have revealed the important roles of
EVs in regulating immune responses, promoting tumor
progression, and drug delivery [77-79], deepening our
understanding of EVs as intercellular communication
tools and showcasing their potential in clinical
therapeutic applications.

Engineered strategies for crossing the BBB and achieving
precision targeted delivery to the CNS using EVs as natural
nanocarriers

Although the BBB has long been a barrier to
nanomedicines  reaching the CNS, research
advancements in BBB penetration show that various
nanotechnologies, specific brain-targeting peptides,
and modified viral vectors can effectively facilitate drug
delivery across the BBB. For example, studies have shown
that specifically modified adeno-associated viral vectors
can achieve BBB penetration by targeting carbonic
anhydrase IV and LY6C1 [80]. Another study revealed
a novel mechanism by which IL-17 crosses the BBB and
triggers neuroinflammation, which holds potential value
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for treating chronic migraines [81]. The application of
nanoparticle technology in neuro-oncology drug delivery
also shows the ability to cross the BBB [82]. These
studies provide new therapeutic strategies for treating
neurodegenerative diseases like AD, showcasing the
potential of utilizing biotechnology and nanotechnology
to improve drug delivery efficiency and overcome BBB
limitations, thus providing new strategies and directions
for treating AD and other neurological diseases.

Recent studies have not only emphasized the
innovative application of EVs in crossing the BBB but
also demonstrated the potential for engineered EVs
to deliver neurotrophic factors or specific antibodies
for AD directly to the brain [80-82]. For example,
engineered neural cell-derived EVs expressing specific
proteins have successfully targeted overexpressed
proteins in the AD brain, carrying drugs that effectively
improve AD pathology and cognitive function [83].
Another study developed dual-targeting nanoparticles,
enhancing the efficacy and tumor selectivity of cancer
immunogene therapy [22]. Additionally, a nanostructure
specifically targeting cholinergic neurons, combined
with a mitochondrial therapy strategy, improved neural
function and slowed disease progression in an AD
model [84]. These advancements not only demonstrate

the feasibility of EVs as therapeutic delivery systems but
also provide new strategies and directions for developing
treatments for neurological diseases. In particular,
in-depth research into the biosynthesis and secretion
mechanisms of EVs has provided new strategies for using
these natural nanoparticles to treat neurodegenerative
diseases like AD [74-76].

Progress in targeted delivery of therapeutic molecules
using EVs for AD treatment

EVs, as nano-scale communication systems, show
unique therapeutic potential in neurodegenerative
diseases like AD. Studies have shown that EVs play a
role in regulating inflammatory responses, promoting
neural cell repair and regeneration, and providing
new therapeutic avenues for treating AD and other
neurodegenerative diseases. By engineering EVs and
incorporating surface-specific proteins and ligands,
precise targeted delivery can be achieved. For example,
neuron-derived EVs engineered with Fe65 protein
successfully encapsulated corynoxine-B, improving
cognitive abilities and pathology in AD mice [83]. Using
lipid-dendrimer-calcium  phosphate = nanoparticles,
dual-targeted immunogene therapy against tumors
was achieved [22]. A nanostructure designed to target
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cholinergic neurons, combined with a mitochondrial
therapy strategy, improved neural function and
slowed pathological progression in AD models [84].
Additionally, the use of clickable albumin nanoparticles
for pre-targeted drug delivery provided combination
immunotherapy for tumors overexpressing PD-L1 [85].
More in vivo studies show that miRNA delivered by EVs
can regulate pathological processes within neural cells,
reducing AP production or promoting its clearance
[86-88], alleviating AD progression in animal models.
Furthermore, EV-delivered antibodies targeting AP
aggregates in the brain show potential for promoting
AP clearance [89-91]. Other studies have shown
that EV-delivered neuroprotective factors like BDNF
promote the survival and regeneration of damaged
neural cells [92—-94]. These studies not only demonstrate
the effectiveness of engineering strategies in enhancing
therapeutic targeting and reducing side effects but also
highlight challenges in translating these technologies into
clinical applications, such as efficiently and stably loading
drugs and controlling the production and purification of
exosomes.

Different types and sources of EVs also show varying
potential for treating diseases, including AD. Exosomes
and microvesicles exhibit significant differences
in composition and function, presenting different
challenges for their application in AD treatment [95—
97]. Exosomes typically form and release through
intracellular budding, while microvesicles form through
outward budding of the cell membrane [98-100].
Exosomes, due to their smaller size and complex
molecular composition, have an advantage in crossing
the BBB and targeting damaged neural cells. They can
effectively carry therapeutic molecules like RNA and
proteins, directly impacting the pathological processes
of AD [98-100]. In contrast, microvesicles, due to their
larger size and more direct formation mechanism, may
be more effective in carrying larger or more complex
drug payloads. However, their larger size could limit
their ability to cross the BBB, a challenge that needs to be
overcome in AD treatment applications [95-97]. Specific
types of EVs can target specific pathological features of
AD, such as AP aggregation and tau protein alterations,
by carrying corresponding therapeutic molecules
(e.g., antibodies, small-molecule inhibitors, or RNA
interference molecules). Engineered EVs can be designed
to carry antibodies against AP or RNA interference
molecules that reduce tau protein phosphorylation,
directly targeting AD’s pathological mechanisms [101,
102]. These advancements offer new perspectives for
the application of EVs in AD treatment while also
pointing out challenges that need further research and
overcoming.
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Specific mechanisms of EV-mediated regulation
of neuroinflammation
An  in-depth  exploration of the  specific

signaling pathways through which EVs influence
neuroinflammation is crucial for a comprehensive
understanding of the cellular and molecular
mechanisms of EV-mediated neuroinflammation
regulation in AD. Recent studies show that therapeutic
molecules delivered by EVs can directly target damaged
neural cells, thus regulating the pathological processes
of AD at multiple levels. For example, studies have
found that microglial cells play an important role in
neuroprotection by regulating the growth and integrity
of myelin in the CNS [86]. The loss of TDP-43 and
ALS risk SNPs drive the mis-splicing and depletion
of UNCI13A, further revealing potential molecular
mechanisms in neurodegenerative diseases [87].
Further research has shown that myelin dysfunction
promotes the deposition of AP in AD models [88],
providing new perspectives for targeting EVs to deliver
therapeutic molecules.

Additionally, EVs, as membrane-bound structures
that transport cargo between cells in vivo [103], have
been shown to contain high levels of Ap when isolated
from cerebrospinal fluid (CSF), which can stimulate
AP aggregation in cultured neurons [104] and animal
models [105]. Tau aggregates are another major
hallmark of AD [106], and EVs isolated from the CSF
of AD patients have been shown to contain tau, which
can be transmitted to neurons where they induce tau
aggregation [107-109].

EVs regulate inflammation in AD through various
receptors. For instance, EVs can modulate Toll-like
receptors (TLRs) expression and activation, promoting
or inhibiting inflammation [110]. Tumor necrosis factor
receptors (TNFRs) can also be influenced by cytokines
in EVs, altering signaling and affecting the degree of
inflammation. Furthermore, EVs may regulate interleukin
receptor (ILR) signaling pathways by transferring
cytokines such as IL-1 and IL-6 [111]. NF-xB, MAPK,
and JAK-STAT pathways also play significant roles in
EV regulation. Certain molecules in EVs (e.g., miRNAs
and proteins) can regulate inflammation by promoting
or inhibiting NF-kB activation [112]. NF-kB plays a key
role in immune responses and inflammation, and its
activation is closely linked to inflammatory responses
in neurodegenerative diseases, including AD. EVs can
affect MAPK signaling pathways by transmitting specific
signaling molecules (e.g., cytokines, miRNAs), impacting
cell proliferation, differentiation, and stress response,
thus contributing to neuroinflammation and neuronal
damage in AD [113]. These mechanisms are critical for
advancing EV-based therapeutic research in AD.
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Challenges and opportunities in translating EV-based
therapies into clinical applications

Despite the positive outcomes of these studies, there
are still many challenges in applying EVs for targeted
delivery to neural tissues, such as improving targeting
specificity, enhancing BBB penetration, and optimizing
production and purification processes. For instance, the
heterogeneity of EVs, challenges in their recognition
and characterization, and their exact mechanisms under
specific physiological and pathological conditions still
require further investigation [101, 102]. Potential off-
target effects are a major issue in EV applications, and
improving EV targeting through the development of
engineered EVs with enhanced targeting capabilities is a
significant challenge for future translation. Ensuring the
stability and bioactivity of the cargo, as well as scaling up
production and purification of therapeutic EVs, is also a
key focus for future research.

Due to the use of different isolation and purification
methods across laboratories, there is a lack of
standardized production protocols.  Additionally,
when EVs are used as therapeutic agents, accurate
quantification of EVs is crucial. Various methods based
on particle count, size, and total protein, lipid, or nucleic
acid content have their limitations and unique challenges,
making it difficult to determine which method is superior
[114]. Researchers are actively exploring cell expansion
strategies, culture conditions, and bioreactors to improve
EV yield [115]. The dosage and administration method
for EV delivery remain significant challenges. A recent
systematic review on EV-based portable organ therapy
reported EV dosages ranging from 1075 to 10712
particles, with extreme variations in administration
routes, including intravenous, intra-arterial, and organ-
specific injections. This heterogeneity currently prevents
meaningful meta-analyses and practical application in
large organ models [116].

Lastly, safety is critical when considering the clinical
application of EVs. Immunogenicity, immunotoxicity, and
potential carcinogenicity are considered safety concerns
[117]. Balancing potential benefits and risks requires
careful consideration. Future directions should focus on
using EVs for early diagnosis and exploring combination
therapies involving EVs and other treatment modalities
to better harness the potential of EVs in AD treatment.

Recent advances suggest that by gaining a deeper
understanding of the biological properties and functional
differences of EVs, as well as developing advanced tech-
nologies and methods, these challenges can be partly
overcome. For example, studies have found significant
differences in the composition and functions of EVs from
different sources, providing new strategies for precision
therapy [98-100]. Additionally, improved separation and
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characterization techniques can more effectively iden-
tify and purify EVs with therapeutic potential, providing
new tools for treating neurodegenerative diseases like
AD [95-97]. Further research shows that understanding
the role of EVs in intercellular communication can lead to
the development of new therapeutic methods that utilize
EVs to directly target diseased tissues, thereby improving
therapeutic efficacy [101, 102]. In conclusion, although
there are challenges in applying EVs to AD treatment,
ongoing research holds promise for overcoming these
obstacles through optimization of targeting specificity,
delivery efficiency, and production processes, leading to
their widespread clinical application (Fig. 2).

EVs: exploring frontier therapeutic strategies
against AD neuroinflammation
Application and challenges of EVs in AD treatment
EVs play a crucial role in maintaining the health and
functionality of the nervous system as fundamental
tools for intercellular communication. These small
membranous structures have the ability to traverse the
BBB, making them potent candidates for exploring novel
therapeutic strategies for CNS disorders. Particularly in
neurodegenerative diseases such as AD characterized
by neuroinflammation, the role of EVs has sparked
significant interest among researchers [118-120].
Recent studies have revealed that EVs can modulate
the inflammatory environment by delivering anti-
inflammatory molecules or intervene in the expression
and aggregation of AP and tau proteins by transporting
specific RNA molecules, thereby influencing multiple
aspects of the AD pathological processes [26, 121, 122].
AD, as a neurodegenerative disorder characterized
by neuroinflammation, has drawn significant interest
among researchers regarding the role of EVs within it.
The pathological features of AD encompass neuronal
damage, the formation of AP plaques, and the abnormal
aggregation of tau proteins, accompanied by evident
neuroinflammation. Studies have demonstrated that EVs
can impact various aspects of this pathological process,
such as modulating the inflammatory environment by
delivering anti-inflammatory molecules or intervening
in the expression and aggregation of AP and tau proteins
by transporting specific RNA molecules [118-120].
Furthermore, utilizing EVs as nanocarriers to combat
AD-related neuroinflammation not only showcases
their ability to traverse the BBB but also leverages their
biocompatibility and low immunogenicity [26, 121, 122].
By engineering modifications, the drug-loading
capacity of EVs can be further optimized. For instance,
utilizing gene editing techniques to induce source cells
to produce EVs rich in specific therapeutic molecules
or physically and chemically loading drugs directly into



Han et al. Journal of Neuroinflammation (2025) 22:120

Brain

Microglia

®)

Neurons

Page 10 of 23
Therapy
® mm We O
@0 T D
Targeting Therapeutic
Drugs DCRAA proteins proteins
Exogenous Loadin
Endogenous 9
5 foo
p ® t
7 =] * ,
o iy &
[ ) *

Extracellular vesicles

Fig. 2 Extracellular vesicles: Challenges and prospects for targeted treatment of Alzheimer’s disease (created by Biorender)

EVs [123-125]. The development and application of
these strategies offer new insights and approaches for
the treatment of neurodegenerative diseases like AD.
However, despite the significant potential displayed by
EVs in anti-AD research, there are numerous challenges
to their application. These challenges include precise
control of EVs’ targeting capabilities, enhancing
drug loading efficiency, and ensuring the safety and
effectiveness of the treatment process [126-128]. To
overcome these hurdles, researchers are dedicated to
developing more efficient EV modification techniques.
This includes leveraging specific ligands or antibodies to
enhance the targeting capabilities of EVs and optimizing
the production and purification processes of EVs to
enhance their quality and consistency.

Cutting-edge strategies for innovating the treatment of AD
neuroinflammation

EVs have shown significant potential in AD treatment due
to their unique biocompatibility, low immunogenicity,
and ability to traverse the BBB. Particularly, EVs derived
from stem cells, such as stem cell-derived EVs (SC-EVs),
have been proven to promote regeneration of age-related
tissue loss and function, treat both central and peripheral
age-related conditions, and inhibit cellular aging, thereby
reversing various age-related diseases and functional
impairments [129]. Furthermore, EVs derived from

MSCs demonstrate the potential to enhance synaptic
remodeling mediated by microglial cells for aging
recovery [130].

Research on AD neuroinflammation has revealed
that combined treatment with low-temperature therapy
and EVs can ameliorate neurodevelopmental disorders
resulting from neonatal hypoxic-ischemic brain
injury, demonstrating the potential for early-stage AD
neuroinflammation treatment [131]. Additionally, animal
model experiments have shown that EVs effectively
reduce microglial cell activation, decrease levels of
inflammatory factors, and slow down the deposition of
AP and tau proteins, thus improving cognitive function
[132].

Despite this, challenges facing the use of EVs in anti-AD
neuroinflammation therapy include how to scale up the
production of EVs with consistency and high purity,
ensure the long-term safety of their usage, and enhance
the delivery efficiency and precision of therapeutic
molecules. Future research will focus on tackling these
issues to advance the application of EVs in the treatment
of AD and other neurodegenerative disorders [133].

Innovative strategies for combatting AD
neuroinflammation

In the research on addressing neuroinflammation
associated with AD, the utilization of EVs has opened
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up a new avenue for therapy, demonstrating unique
advantages as a naturally occurring nano-sized drug
delivery system. These advantages include good
biocompatibility, low immunogenicity, and the ability
to cross the BBB [134]. Scientists have developed
various strategies to load therapeutic molecules into
EVs, aiming to enhance therapeutic efficacy and reduce
potential impacts on non-target cells [119]. Among
these strategies, direct loading involves physically or
chemically encapsulating therapeutic molecules inside
EVs, surface modification entails anchoring therapeutic
molecules on the surface of EVs through chemical or
biological methods, and genetic engineering methods
involve modifying the source cells of EVs to naturally
carry specific therapeutic molecules [135].

Selecting the most suitable EV drug-loading strategy
requires careful consideration of the nature of the
therapeutic molecules, the desired therapeutic effects,
and the types of target cells [136]. With advancements in
nanotechnology and molecular biology, the development
of EV drug-loading strategies is becoming increasingly
refined and efficient [137]. These innovative strategies
provide new hope for the treatment of neurodegenerative
diseases like AD, heralding significant breakthroughs in
the fields of precision medicine and targeted therapy in
the future [138]. Current research has demonstrated the
potential of using EVs to deliver therapeutic molecules
to inhibit AD-related neuroinflammation. Experimental
findings in animal models show that EVs after treatment
can effectively reduce the activation of microglial cells,
lower levels of inflammatory factors, and slow down
the deposition of AP and tau protein, thus improving
cognitive function [139].

Despite the great promise shown by EVs in the
treatment of anti-AD neuroinflammation, there are still
many challenges to overcome, including how to mass-
produce EVs with consistency and high purity, ensure
the long-term safety of their use, and further enhance
the efficiency and precision of delivering therapeutic
molecules. As research progresses, it is expected that EVs
will play an increasingly important role in the treatment
of neurodegenerative diseases like AD.

Exploring the application of EVs in the treatment of AD:
experimental models and case studies analysis

EVs serve as crucial mediators of intercellular
communication, demonstrating unique potential in the
treatment of neurological diseases. Recent studies have
unveiled the roles of EVs in crossing the BBB, promoting
neural regeneration, and mitigating neuroinflammation,
particularly showcasing significant applications in the
treatment of AD. Through engineered modifications,
EVs can be loaded with therapeutic biomolecules such
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as miRNA, antibodies, or small molecule drugs, directly
targeting specific neural disease pathways. For instance,
by loading EVs derived from curcumin-treated sulfide
nanoparticles, they can effectively traverse the BBB,
accumulate in the brain, and alleviate endoplasmic
reticulum stress, thus restoring cognitive function in
AD models [140]. Furthermore, utilizing nanoparticles
constructed with poly(lactic-co-glycolic acid) (PLGA)
and lactoferrin (Lf) has not only facilitated efficient
delivery of the membrane-bound phosphodiesterase
inhibitor curcumin but also significantly improved
memory and learning abilities while reducing amyloid
deposition in an AD mouse model [141].

Aside from directly delivering drug molecules,
EVs can also exert therapeutic effects by modulating
inflammatory responses in the neural environment and
promoting neuroprotective mechanisms. For instance,
endogenous EVs regulate the activity of microglial cells,
reducing the release of pro-inflammatory cytokines to
combat neuroinflammation triggered by AD [142]. These
findings offer a fresh perspective on the application of
EVs in the treatment of neurological disorders, especially
in facilitating drug passage through the BBB and
enhancing the efficacy of therapeutic molecules in the
brain.

In conclusion, EVs, as highly tunable biological
mediators, exhibit multimodal mechanisms of action in
the treatment of neurological disorders, particularly AD,
providing new strategies and directions for future disease
treatments. With further research, it is reasonable to
believe that leveraging the unique biological properties
of EVs in conjunction with advanced biotechnologies will
lead to the development of more effective therapeutic
approaches for neurological disorders.

Preclinical advancements of EVs in the treatment of AD
Recent advances in understanding the pathological
mechanisms of AD have led to the maturation of
strategies utilizing EVs for the delivery of therapeutic
molecules. Table S1 presents a summary of preclinical
studies on EV-based therapies for AD. A study revealed
that the administration of a combination of metabolic
activators (CMA) through EVs significantly enhances
cognitive function in AD patients, which is correlated
with a notable improvement in plasma levels of proteins
and metabolites associated with NAD +and glutathione
metabolism [143].

Furthermore, research conducted in 3xTg-AD model
mice demonstrated that high-frequency repetitive
transcranial magnetic stimulation (rTMS) can ameliorate
cognitive deficiencies in AD mice by modulating the
PI3K/Akt/GLT-1 axis, reducing hippocampal AP1-
42 levels, and improving oxidative stress and glucose
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metabolism [144]. Studies on vitamin D supplementation
also suggest that a 12-month regimen of vitamin D
supplementation enhances cognitive function in elderly
AD patients and reduces blood biomarkers associated
with AP [145].

Another study focused on drug repurposing strategies
revealed that the CDK4/6 inhibitor abemaciclib
mesylate can improve spatial and recognition memory
in 5xFAD mice by modulating dendritic spine
density and neuroinflammatory responses, inhibiting
AP accumulation, and suppressing tau protein
phosphorylation through the reduction of DYRKIA
and/or p-GSK3P levels [146]. Research on high-dose
Omega-3 and Omega-6 polyunsaturated fatty acids,
along with antioxidant vitamin supplementation,
indicates a significant improvement in cognitive function
and functional ability in elderly individuals with mild
cognitive impairment (MCI) [147].

In summary, these studies not only confirm the
effectiveness of EVs for delivering therapeutic molecules
in suppressing neuroinflammation, protecting neurons,
and enhancing cognitive function but also provide
essential scientific evidence for potential future clinical
applications.

Future prospects and challenges of EVs in the treatment
of AD
EVs have emerged as an innovative delivery system for
the treatment of AD, showcasing significant progress in
preclinical studies. Delbreil et al. pointed out that, despite
the potential demonstrated by nanotechnology in AD
therapy, there are currently no nanotechnology products
on the market, highlighting the challenge of translating
these technologies into practical treatment modalities
[148]. The potential of nanolipids and nanostructured
lipid carriers (NLC) in delivering drugs from the nasal
cavity to the brain emphasizes the importance of
optimizing nasal-brain delivery to enhance therapeutic
outcomes [149]. Séguy et al. examined how drugs on
the market and drug repositioning can be enhanced in
terms of their bioavailability and/or selectivity through
nanocarrier systems to improve treatment efficacy [150].
Research by Hu et al. has shown significant progress
in the use of nanomedicine for the treatment of AD,
demonstrating the success of various nanocarriers
such as polymer nanoparticles, liposomes, solid lipid
nanoparticles, dendritic nanoparticles, biomimetic
nanoparticles, and magnetic nanoparticles in developing
novel therapeutic strategies [151]. Additionally, Moreira
et al. have examined the application of dendrimeric
macromolecules and their derivatives as multifunctional
nano-therapeutic agents in AD treatment, emphasizing
the unique drug delivery capabilities of dendrimeric
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macromolecules and their inherent anti-amyloidogenic
properties [152].

Although EVs have shown immense potential in AD
treatment research, they still face several challenges,
including the large-scale production of high-purity and
consistent EVs, precise control of EVs’ targeted delivery
processes, and the assessment of the long-term safety
and stability of EVs. Future research should explore more
targeting strategies, including surface modifications,
genetic engineering technologies, and the use of EVs to
deliver new therapeutic molecules, such as the CRISPR/
Cas9 system for gene editing, or to develop multifunc-
tional EVs to achieve therapeutic effects targeting multi-
ple pathological processes in AD. Through technological
innovation and in-depth research, we anticipate over-
coming current challenges to translate EVs, this cutting-
edge technology, into effective therapeutic agents for AD
(Fig. 3).

The application of innovative technologies
and methods in EVs research
Modification and drug loading of EVs
Recent research has highlighted the significant potential
of EVs as a novel therapeutic tool in combating AD.
Modifying and loading EVs with drugs through various
methods have led researchers to make significant
advancements in enhancing their therapeutic efficiency
and targeting capabilities. The application of gene
editing techniques, notably the CRISPR/Cas9 system,
has opened new avenues for precisely controlling the
therapeutic molecules carried by EVs, enabling them to
act on specific pathological features of AD. While the
CRISPR/Cas9 technology holds promise for correcting
gene errors in AD, the challenge lies in developing safe
and effective delivery systems to translate CRISPR-based
therapies from the lab to clinical applications [153], as
discussed by Hanafy et al. Moreover, the development of
nanotechnology has paved the way for leveraging EVs as
drug-delivery systems. Delbreil et al., through a critical
analysis of the past decade’s research on nanomedical
therapies for AD, have pointed out the immense potential
of nanotechnology in AD treatment despite existing
challenges. They suggest that through methods like gene
editing, gene modulation, and vaccines, nanotechnology
holds promise for the treatment of AD [148]. Chacko
et al. have comprehensively evaluated the development
of in vitro and in vivo models using CRISPR-Cas9 in AD
research and treatment, emphasizing its capability to
identify and validate potential therapeutic targets for AD
[154].

In addition to gene editing techniques, direct drug-
loading strategies for EVs are also advancing. Usman
et al. have described a novel approach utilizing EVs
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derived from human red blood cells (RBCEVs) as RNA
drug delivery tools. This method has demonstrated
efficient microRNA inhibition and CRISPR-Cas9 gene
editing abilities without significant cytotoxicity [155].
Furthermore, Osteikoetxea et al. have developed a new
method by fusing Cas9 with EV-sorting partners through
reversible dimerization, effectively loading CRISPR-Cas9
into EVs and achieving high-efficiency gene editing in
HEK293 and HepG2 cells [156].

In conclusion, with a deeper understanding of EVs’
structure and functions, coupled with advancements
in bioengineering, physics, and chemistry techniques,
the prospects for the use of EVs in treating AD and
other neurodegenerative diseases are expanding. These
innovative technologies not only provide robust support
for the clinical translation of EVs but also bring new hope
for future disease treatments.

Revolutionary applications of single-cell technology

Single-cell technology, particularly single-cell RNA
sequencing (scRNA-seq), has exhibited unprecedented
potential in exploring research fields of AD and related
neuroinflammation. Recent studies utilizing single-cell
transcriptome analysis have revealed dynamic changes
and distinct transcriptional activation states in microglial
cells during the AD pathological process. Srinivasan
et al,, through single-nucleus RNA sequencing of frontal
cortex samples from AD patients, identified unique
transcriptional activation patterns in age-associated

microglial cells, including upregulation of APOE, a
factor that may play a crucial role in AD development
[157]. Additionally, Morabito et al. conducted multi-
omics single-nucleus studies on 191,890 nuclei from late-
stage AD, uncovering cell type-specific disease-related
candidate cis-regulatory elements and their target genes.
This provides a fresh perspective on understanding the
cis-regulatory relationships of AD risk loci in specific cell
types [158].

Furthermore, Jiang et al., through a systematic
comparison of single-cell transcriptome data from AD
patients and normal controls, developed an integrated
database named scREAD. This is the first database
dedicated to managing all existing scRNA-Seq and
snRNA-Seq datasets from postmortem human brain
tissues of AD patients and AD pathological mouse
models. scREAD offers comprehensive analysis results
for 73 datasets, including control chart construction, cell
type prediction, identification of differentially expressed
genes, and recognition of cell type-specific regulatory
networks [159]. These recent research advancements not
only pave new pathways for the clinical application of AD
but also provide new hope for treating neurodegenerative
diseases such as AD.

Comprehensive application of multi-omics methods

In the field of AD research, various omics approaches,
such as proteomics, lipidomics, and transcriptomics,
have provided a comprehensive understanding of the
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role of EVs in AD. Su et al’s study revealed the cellular
and molecular mechanisms of meningeal immunity in
CNS homeostasis and dysfunction using a novel single-
cell omics method, challenging previous viewpoints
and offering fresh perspectives on potential therapeutic
targets [160]. Furthermore, Liu et al. discovered
that SerpinA3N derived from astrocytes promotes
neuroinflammation and seizures by activating the NF-«xB
signaling pathway, presenting a new target for exploring
neuroinflammation-based treatment strategies [161].
Malier et al. investigated the neuroinflammatory response
following acute ischemic stroke and refined the spatial
organization of the pathological biological processes
leading to clinical outcomes in IS patients using clinical
imaging and single-cell omics techniques [162].

Clark et al’s study, utilizing integrated multi-level
cerebrospinal fluid (CSF) omics, identified numerous
interactions associated with AD pathology. Enrichment
pathway analysis revealed the overexpression of
coagulation, immune response, and extracellular matrix
signaling pathways related to AD, laying a scientific
foundation for personalized diagnostics and treatment
of AD [163]. Lv et al. evaluated the role of Traditional
Chinese Medicine in treating vascular cognitive
impairment (VCI), exploring the therapeutic potential
of Chinese herbal medicine through various molecular
mechanisms such as inhibiting oxidative stress,
suppressing neuroinflammation, increasing cerebral
blood flow, and inhibiting iron deposition [164].

Collectively, these studies demonstrate the significant
importance of omics approaches in elucidating the
role of EVs in AD, uncovering the involvement of
neuroinflammation in AD progression, and providing
a scientific basis for developing new diagnostic tools
and treatment strategies. These investigations not only
enhance our understanding of EVs’ biological properties
but also offer robust support for identifying novel
therapeutic targets, showcasing new directions for future
research and treatment strategies in AD.

Advanced techniques for characterizing EVs

The application of EVs in AD treatment research
has been increasing, leading to advancements in the
precise characterization of EV technology. Traditional
techniques such as nanoparticle tracking analysis
(NTA) and transmission electron microscopy (TEM)
have been widely utilized to study the physical and
chemical properties of EVs. For instance, NTA
technology enables researchers to precisely estimate
the size and concentration of EVs, providing a clear
image for distinguishing different subtypes of EVs [165,
166]. Moreover, Flow Cytometry (FACS) has emerged
as a crucial tool for analyzing surface markers of EVs.
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Nonetheless, traditional FACS faces challenges due to the
small size of EVs. Recent studies have demonstrated that
by employing specially designed FACS instruments and
high-sensitivity detectors, quantitative analysis of specific
proteins or ligands on the surface of EVs can be achieved
[167, 168].

Recent developments in novel characterization
technologies and methods, such as high-sensitivity
Fluorescent Nanoparticle Tracking Analysis (F-NTA)
and single-step immunoaffinity assays, have opened up
new possibilities for studying EVs. These technologies
not only enhance the capability to characterize individual
EVs in terms of size and membrane protein expression
but also enable the quantitative analysis of hepatocellular
carcinoma (HCC)-specific EVs directly from small serum
volumes through specific markers like GPC3 and alpha-
fetoprotein (AFP) [169, 170].

By integrating the aforementioned technologies,
scientists can not only obtain detailed molecular
fingerprints of EVs but also uncover their specific
mechanisms of action in diseases such as AD. This
paves the way for the development of novel therapeutic
strategies based on EVs grounded in solid scientific
evidence. As EV characterization technologies continue
to advance and be applied, our understanding of these
small yet powerful particles will deepen, opening up
new avenues for future medical research and clinical
treatment.

Towards future clinical translation

With the in-depth exploration of the potential of EVs
in the treatment of neurological diseases, particularly
in the context of AD, new therapeutic strategies and
technologies are constantly emerging. Bioengineered
nanovesicles (BNVs), comprising endogenous EVs
from different cells and artificial nanovesicles, have
shown significant roles in drug delivery to the brain by
crossing the BBB [64]. Furthermore, studies have found
that EVs derived from MSCs, particularly administered
non-invasively ~ via  intranasal delivery, exhibit
immunomodulatory and neuroprotective effects in
animal models of AD, alleviating pathological conditions
[171].

For CNS diseases, the therapeutic potential of
EVs often resembles that of their parent cells and is
considered a therapeutic tool that can be used alone or
in combination with bioactive molecules to traverse the
BBB with low immunogenicity [172]. However, current
clinical trials are still in their infancy, facing challenges
such as a lack of standardized methods for scaled
production, isolation, and characterization, as well as low
encapsulation efficiency.
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In models of traumatic brain injury (TBI), EVs derived
from NSCs, astrocytes, and microglia have demonstrated
neuroregenerative properties. However, the therapeutic
application of these EVs is not yet ready for clinical
translation, requiring rigorous testing of their effects on
preventing chronic neuroinflammation and persistent
motor and cognitive impairments after acute TBI
treatment [173].

Furthermore, the therapeutic potential of EVs in
alleviating neuroinflammation after CNS trauma by
modulating cell death is being further explored. However,
the connections between EVs and different types of cell
death in the context of CNS trauma remain incompletely
understood, necessitating deeper mechanistic research
[174].

As research on the therapeutic use of EVs in CNS dis-
eases continues to advance, especially in areas such as
AD and TBI, their potential as future treatment strate-
gies is increasingly recognized. However, achieving their
clinical application requires overcoming challenges such
as scaled production, safety and biodistribution assess-
ments, as well as collaboration with regulatory agencies
[175] (Fig. 4).
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Challenges and opportunities in clinical
applications

Recent advancements in the research on EVs as nano
drug carriers for treating AD have shown significant
potential in alleviating neuroinflammation. The
distinctive characteristics of EVs, such as their ability
to traverse the BBB and deliver therapeutic molecules
directly to damaged brain cells and tissues, present
a novel strategy for AD treatment. However, the
successful translation of EVs from laboratory studies to
clinical applications necessitates overcoming a series of
challenges and obstacles.

Primarily, one major challenge facing the clinical
application of EVs is the scalability of production.
Various methods for extracting and purifying EVs have
been developed, including differential centrifugation,
ultrafiltration, gel filtration, and immunoaffinity
purification. Nevertheless, these methods often struggle
to meet the demands of large-scale production while
preserving the biological activity and consistency of
EVs [176-178]. This underscores the need for the
development of novel technologies to achieve efficient
and scalable production of EVs.
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Furthermore, purification poses another critical chal-
lenge in the clinical application of EVs. Existing purifi-
cation techniques often fail to completely eliminate all
non-EV components, which could compromise the bio-
logical activity of EVs and limit their clinical potential.
Consequently, researchers are exploring more efficient
and higher-purity EV purification methods, including
those based on size and density differences, specific bind-
ing of surface markers, and high-resolution separation
techniques [179-181].

Moreover, issues related to the biodistribution and
safety of EVs must be carefully considered during the
clinical translation of EVs. Despite their ability to trav-
erse the BBB and their potential therapeutic effects, the
distribution characteristics, metabolic pathways, and
long-term safety of EVs in the body remain unclear.
Therefore, conducting more preclinical studies, particu-
larly those focusing on the biodistribution and metabolic

mechanisms of EVs, is essential for evaluating and ensur-
ing the safety of their clinical application [176, 182].

Lastly, close collaboration with regulatory agencies
is key to the successful clinical translation of EVs. As
research on EVs progresses, it is essential to establish and
update relevant regulatory guidelines and standards to
ensure the safety and efficacy of new therapeutic strate-
gies. This includes stringent regulation of the EV pro-
duction process, guidance on clinical trial design, and
standardization of assessments for treatment effects and
safety [177, 178, 182].

In conclusion, despite facing numerous challenges,
ongoing research efforts and technological innovations
offer promising prospects for the clinical application
of EVs in treating AD and other neurological disorders.
With an increased understanding of EVs at a deeper level
and advancements in production technologies, their role
as effective nano drug carriers in future healthcare will
become increasingly prominent.
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Looking ahead to the future

With the advancement of research on EVs, future studies
are expected to focus on the discovery of new therapeu-
tic targets, the development of treatment strategies, and
further exploration of the fundamental aspects of EVs.
The identification of new therapeutic targets stands out
as a crucial area for future research. This endeavor not
only holds the promise of providing more precise treat-
ment targets for neurodegenerative diseases like AD but
also aids in enhancing our understanding of the patho-
genesis of these diseases. By leveraging systems biol-
ogy and omics technologies, researchers can pinpoint
specific molecules and signaling pathways associated
with diseases, laying a theoretical groundwork for the
targeted delivery of therapeutics via EV drug carriers.
Additionally, the development of novel therapeutic strat-
egies based on EVs may be another key focus of future
research. This includes genetically engineering EVs to
enhance their targeting capabilities, payload capacities,
and evasion of immune clearance, thereby improving
treatment efficacy and reducing side effects.

In the realm of fundamental research on EVs, future
investigations aim to delve further into elucidating the
mechanisms underlying the biogenesis, release, and
interactions of EVs with cells. These foundational studies

not only aid in uncovering the roles of EVs in physiologi-
cal and pathological processes but also furnish critical
scientific bases for the development of novel EV-based
therapeutic approaches. Furthermore, exploring the het-
erogeneity and complexity of EVs may also stand out as a
focal point in future endeavors. Understanding the spe-
cific functions and mechanisms of action of EVs from dif-
ferent sources and types holds significant importance for
leveraging EVs in disease therapeutics.

The application of artificial intelligence (AI) and
machine learning (ML) in the design of future EV drug
delivery systems shows tremendous potential. Al and ML
technologies can handle and analyze large-scale biomedi-
cal data, providing robust data support for the design and
optimization of EV drug delivery systems. Through Al
algorithms, the interaction between EVs and specific dis-
ease markers can be predicted, allowing for the enhance-
ment of EVs’ targeting capabilities through surface
modifications. Additionally, ML methods can be utilized
to analyze the distribution and metabolic dynamics of
EVs in the body, thus enabling the design of more effec-
tive and safer EV drug delivery schemes. By integrating
Al and ML technologies, not only can the development
process of EV therapeutic strategies be accelerated, but
it can also facilitate personalized medicine, offering new
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hope for the treatment of neurodegenerative diseases like
AD.

In conclusion, with the continuous advancement of
technology and deepening research, the future applica-
tion of EVs in the treatment of neurological diseases is set
to become more extensive and profound. The discovery
of new targets and treatment strategies, coupled with the
application of Al and ML technologies, can further drive
the translation of EVs from the laboratory to clinical set-
tings, providing new directions and hope for the treat-
ment of diseases like AD (Fig. 5).

Conclusion

In current scientific exploration, the research progress
on EVs as natural nano drug carriers in combating neu-
roinflammation in AD demonstrates their unparalleled
potential and versatility. These minuscule biological
molecular complexes, with their unique biocompatibility,
low immunogenicity, and ability to traverse the BBB, pave
the way for the treatment of neurodegenerative diseases
like AD. By loading various therapeutic molecules such
as small molecule drugs, RNA, proteins, and other bioac-
tive molecules, EVs can directly target the disease, show-
casing tremendous potential in preventing and treating
AD. Importantly, EV-based drug delivery systems offer
a new perspective for early intervention in the disease,
which holds significant importance in delaying or halting
the progression of diseases like AD.

Despite demonstrating significant potential in AD
treatment research, translating these research findings
into clinical therapeutic strategies requires overcoming a
series of technical and methodological challenges related
to EVs. These challenges include but are not limited to
large-scale production, purification, standardization,
and safety assessment of EVs. Interdisciplinary collabo-
ration plays a crucial role in this process. Expert teams
from various fields, such as biology, materials science,
nanotechnology, engineering, and artificial intelligence,
can accelerate the development of EV-related technolo-
gies and facilitate the discovery and optimization of new
treatment strategies through cooperation. For instance,
utilizing artificial intelligence and machine learning to
optimize the design and functionality of EVs can effi-
ciently identify the most effective EV drug delivery sys-
tems with higher precision in a shorter timeframe.

In conclusion, EVs, as natural nano drug carriers
combating AD neuroinflammation, not only demon-
strate enormous potential in treating complex neu-
rological diseases but also drive the advancement of
interdisciplinary research. Future efforts should focus
on addressing the challenges faced in the clinical appli-
cation of EVs and leveraging the advantages of inter-
disciplinary collaboration to expedite the translation of
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breakthroughs in EVs-based fundamental research into
practical clinical applications. Through these collabo-
rative efforts, we can anticipate witnessing EVs-based
therapeutic strategies bringing hope and transforma-
tion to patients with AD and other neurological dis-
eases in the near future (Fig. 6).
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