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Abstract

Extracellular vesicles (EVs) constitute a heterogeneous group of membrane-derived parti-
cles generated through distinct biogenesis pathways, each regulated by precise molecular
mechanisms. They carry a diverse array of cargo that reflects the physiological or patho-
logical state of their parent cells. Their classification continues to evolve, as advances in
isolation and characterization techniques have revealed novel vesicle subpopulations be-
yond the traditional categories of microvesicles, and apoptotic bodies, further highlighting
the complexity of the EV landscape. Within the central nervous system (CNS), neurons,
microglia, astrocytes, oligodendrocytes, and endothelial cells actively release EVs that
contribute to intercellular communication. Growing evidence demonstrates that these
vesicles play critical roles in neuroinflammation and neurodegeneration by transporting
bioactive molecules that influence disease pathways. Their ability to cross the blood-brain
barrier allows CNS-derived EVs to be detected in peripheral fluids, making them promising
candidates for noninvasive biomarkers. Moreover, EVs are increasingly being explored as
therapeutic tools due to their stability, biocompatibility, and capacity to deliver targeted
molecular cargo. In this review, we provide a comprehensive overview of EV biogenesis
and release mechanisms in CNS cell types, discuss their emerging functions in neuroinflam-
matory and neurodegenerative disorders, and summarize current advances in EV-based
diagnostics and therapeutic approaches, including ongoing clinical trials.

Keywords: EV biomarkers; EV biogenesis; EV-based therapeutics; extracellular vesicles;
neurodegeneration; neuroinflammation

1. Introduction

Neuroinflammation is a complex immune response within the central nervous system
(CNS), orchestrated primarily by activated microglia and astrocytes. It can be triggered by
diverse stimuli, including infections, traumatic brain injury (TBI), ischemia, toxic insults,
and autoimmune reactions, and serves as an essential component of CNS defense and
repair [1-4]. Although acute neuroinflammation is initially a protective response that
facilitates pathogen clearance and debris removal, persistent chronic or dysregulated neu-
roinflammation ultimately contributes to neuronal injury, impairs regenerative processes,
and accelerates the progression of neurodegenerative diseases such as Alzheimer’s disease
(AD), Parkinson’s disease (PD), and amyotrophic lateral sclerosis (ALS) [1,5-7]. However,
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when inflammatory signaling fails to resolve appropriately, it can shift from a protective to a
pathogenic process. Microglia and astrocytes drive these processes through sustained secre-
tion of proinflammatory cytokines, chemokines, and reactive oxygen species which, when
chronically elevated, disrupt synaptic integrity and compromise neuronal survival [8,9].
Importantly, neuroinflammation is not inherently neurodegenerative; rather, its pathologi-
cal impact depends on the magnitude and duration of the inflammatory response, specific
glial cell types involved, and their interaction with disease-specific mechanisms and host
vulnerability factors [8]. With an increase in aging global population, neurodegenerative
diseases are projected to surpass cancer as the second leading cause of death by 2040 [10].
These disorders are characterized by progressive neuronal loss, synaptic dysfunction, mi-
tochondrial impairment, oxidative stress, and protein misfolding [1,3,5]. The dual nature
of neuroinflammation, transiently beneficial yet chronically destructive, poses a major
challenge for therapeutic development [11,12]. Although several anti-inflammatory agents
demonstrate efficacy in vitro, their translation into clinical practice remains limited, largely
due to poor CNS penetration and the restrictive properties of the blood-brain barrier (BBB).

Extracellular vesicles (EVs) have emerged as promising mediators of cell-cell com-
munication and potential vehicles for CNS-targeted therapeutics. According to the In-
ternational Society for Extracellular Vesicles (ISEV), EVs are defined as heterogeneous,
lipid bilayer-enclosed particles that are naturally released by all cell types, and that lack
a functional nucleus and are incapable of replication [13]. These vesicles bidirectionally
cross the BBB via both passive and active transport mechanisms and mediate intercellular
signaling by transporting proteins, lipids, and metabolites, as well as nucleic acids [14-16].
Based on the Minimal Information for Studies of Extracellular Vesicles 2018 (MISEV2018)
guidelines, EVs are classified using operational criteria including the following: (a) physical
properties, primarily size, categorizing EVs as small (<200 nm), medium (200-400 nm),
or large (>400-1000 nm), and (b) biophysical properties, such as density, which further
subdivide EVs into low-, medium-, and high-density populations [13]. Exosomes originate
within the endosomal system, forming as intraluminal vesicles (ILVs) inside multivesicular
bodies (MVBs) that fuse with the plasma membrane to release their cargo. Microvesicles
bud outward directly from the plasma membrane, while apoptotic bodies arise from cells
undergoing programmed cell death (PCD).

In the CNS, EVs are released by neurons, astrocytes, microglia, oligodendrocytes, and
endothelial cells. They play diverse roles in synaptic remodeling, antigen presentation,
cytokine transport, debris clearance, vascular integrity, and repair processes [17-19]. No-
tably, EVs can act as double-edged swords: they can either propagate neuroinflammation
and neurodegeneration by disseminating toxic proteins, inflammasome components, and
proinflammatory molecules, or contribute to tissue repair by delivering neuroprotective
factors, anti-inflammatory miRNAs, and trophic signals. Their ability to traverse the BBB
bidirectionally also positions EVs as key mediators of communication between the CNS
and peripheral tissues [20,21]. Alterations in EV size, concentration, and cargo composition
reflect cellular physiological states and pathological transitions, making them attractive
candidates for minimally invasive biomarkers. Furthermore, their intrinsic biocompati-
bility and capacity for selective cargo loading have driven growing interest in EV-based
therapeutic strategies.

This review consolidates current knowledge on EV biology in the context of neu-
roinflammation and neurodegenerative diseases. We highlight EV biogenesis, molecular
composition, and mechanisms of action; evaluate their roles as biomarkers and therapeutic
platforms; and outline major challenges and future directions for advancing EV-based
diagnostics and therapeutics. Understanding how EVs orchestrate neuroimmune commu-
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nication will help clarify their contributions to CNS pathology and their potential as targets
or tools in precision neuro-medicine.

2. Biogenesis and Release Pathways

EVs represent a heterogeneous continuum of membrane-enclosed particles released by
most cell types and are operationally classified into small EVs (sEVs, enriched in endosome-
derived vesicles), microvesicles or ectosomes (formed by plasma membrane budding),
and apoptotic bodies (generated during PCD). Despite distinct biogenetic origins, these
subclasses exhibit overlapping size ranges and molecular markers, with cargo composition
strongly influenced by cellular state and membrane remodeling machinery. Accordingly,
accurate interpretation of EV-mediated communication in the CNS, particularly in neu-
roinflammatory and neurodegenerative settings, requires a mechanistic understanding
of EV biogenesis. The following subsections therefore focus on the endosomal pathway
governing sEV formation and release.

2.1. Endosomal Pathway and sEV Formation

sEVs originate within the endosomal network through a multistep maturation pro-
cess (Figure 1). Early sorting endosomes (ESEs) form through inward budding of the
plasma membrane and progressively mature into late endosomes via fusion with vesicles
originating from the trans-Golgi network, endoplasmic reticulum, and pre-existing endo-
somes [22,23]. During this maturation, the endosomal limiting membrane invaginates to
generate ILVs, resulting in MVBs. When MVBs fuse with the plasma membrane, ILVs are
released as sEVs [22,24]. This mechanism distinguishes sEVs from microvesicles, which
bud outward from the plasma membrane, and from apoptotic bodies, which emerge during
PCD [13].

2.1.1. ESCRT-Dependent Mechanisms

The Endosomal Sorting Complex Required for Transport (ESCRT) machinery or-
chestrates ILV biogenesis. ESCRT-0, -I, -II, and -III act sequentially to coordinate cargo
recognition, membrane deformation, and vesicle scission, aided by accessory proteins
including ALIX and the ATPase VPS4 [24-26]. ESCRT-0 components such as hepatocyte
growth factor-regulated tyrosine kinase substrate (HRS) cluster ubiquitinated proteins at
the endosomal membrane [27,28]. ESCRT-I/1I then recruit ESCRT-III, which drives mem-
brane budding and fission, after which VP54 disassembles ESCRT-III to allow recycling [29].
ESCRT components, including TSG101, ALIX, and VPS4, are widely used as canonical
markers of endosomal-origin vesicles and are critical for defining sEV identity [13]. Their
activity provides selective incorporation of membrane proteins, cytosolic enzymes, and
RNA-binding proteins into ILVs, thereby shaping the molecular signature and functional
potential of sEVs.

2.1.2. ESCRT-Independent and Lipid-Driven Mechanisms

In parallel to ESCRT-mediated processes, ESCRT-independent pathways contribute
to ILV formation. Ceramide, produced by neutral sphingomyelinase (nSMase), induces
negative membrane curvature and promotes budding of ILVs from ceramide-rich mi-
crodomains [22,30]. This lipid-driven mechanism influences both vesicle formation and the
distinct lipid composition, characteristic of sSEV membranes. Tetraspanins, such as CD9,
CDe63, CD81, and CD82, also regulate ESCRT-independent sEV biogenesis. These proteins
organize specialized membrane microdomains, interact with integrins and signaling recep-
tors, and contribute to receptor clustering, adhesion, and cargo sorting [28,31]. Although
often used as sEV markers, tetraspanins exert functional control over vesicle assembly,
tropism, and intercellular communication [13].
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Figure 1. Exosomes/sEVs (left) are nano-vesicles enriched in tetraspanins (e.g., CD9, CD63, CD81)
and canonical markers such as ALIX and TSG101, and they carry proteins, cytokines, and nucleic acids
(miRNAs, mRNAs, DNA). In cells (right), inward budding of the endosomal membrane generates
intraluminal vesicles (ILVs) within early and late endosomes, forming multivesicular bodies (MVBs).
ILVs arise through ESCRT-dependent mechanisms (ESCRT-0/-1/-11/-III with ALIX, TSG101, VPS4)
or ESCRT-independent pathways organized by tetraspanin-enriched microdomains and lipid rafts.
MVBs are either delivered to lysosomes for degradation or, aided by ER-endosome contact sites and
small Rab GTPases (RAB27a/b, RAB11, RAB7, RAB35), trafficked to the plasma membrane. Fusion
of MVBs with the plasma membrane and subsequent exosome release requires SNARE proteins
(VAMP7?, YKT6) and additional regulators, including syntenin, syndecan, PLD2, and ARF6.

2.1.3. Hybrid and Accessory Pathways

Crosstalk between ESCRT-dependent and ESCRT-independent mechanisms enables
redundancy and adaptability in sEV formation. The syntenin-ALIX axis exemplifies this
integration: syntenin binds syndecans and recruits ALIX, bridging ESCRT machinery with
tetraspanin-rich microdomains to facilitate ILV formation [22,32]. Such hybrid mechanisms
allow cells to dynamically adjust vesicle production in response to developmental cues,
stress, infection, and inflammation [13], ensuring sustained intercellular communication
under varied physiological and pathological states.

2.2. Molecular Markers of sEVs

Because no single marker uniquely defines sEVs, characterization relies on a combina-
tion of positive and negative molecular signatures reflecting their biogenesis and cellular
origin [33]. These markers also provide insight into functional specialization (Table 1).

Table 1. Key Molecular Markers of sEVs.

Molecular Markers

Molecular Markers

Pathway/Role Localization
Tetraspanins CD9/CD63/CD81/CD82/CD37/CD53/CD151  LoCRI-independent biogenesis, Membrane
adhesion, cargo sorting
ESCRT components TSG101/ALIX/VPS4 Cargo recognition, ILV budding Internal
Rab GTPases Rab27a, Rab11, Rab35 Vesicle trafficking and secretion Membrane
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Table 1. Cont.
Molecular Markers Molecular Markers Pathway/Role Localization
: HSP70/HSP90/HSPB1 chaperone-mediated protein folding
Heat shock proteins HSP40/HSP60 and stress response Internal
Nucleic acids DNA, mRNA, miRNA, IncRNAs Functional cargo, gene regulation Internal
Other proteins Flotillin-1/2, LAMP1 Membrane microdomain Membrane/Internal

organization, lysosomal origin

2.2.1. Tetraspanins

CD9, CD63, CD81, and CD82 are widely recognized sEV markers. They regulate mem-
brane organization, adhesion, signal transduction, and cargo sorting. CD63 is particularly
associated with ESCRT-independent pathways, whereas CD9, CD81, and CD82 contribute
to MVB formation and integrin trafficking [27,30]. Immune-cell-enriched tetraspanins
such as CD37 and CD53 regulate antigen presentation, while CD151 modulates integrin
interactions and vesicle budding [34].

2.2.2. ESCRT-Associated Proteins

TSG101 and ALIX, internal markers of ILV formation, validate endosomal vesicle
origin. They are consistently detected in vesicles from cultured cells and biofluids [26,35].

2.2.3. Rab GTPases

Rab27a, Rab11, and Rab35 regulate MVB transport, docking, and secretion. Perturba-
tion of Rab pathways alters sEV release rates and has been linked to neuroinflammatory
phenotypes [33,36].

2.2.4. Heat Shock Proteins and Lipid-Raft-Associated Proteins

HSP70 and HSP90, frequently detected inside sEVs, reflect cellular stress states and
may serve as danger-associated molecular patterns (DAMPs). Flotillin-1 and -2, associated
with lipid rafts, contributes to vesicle stability and endocytosis [37,38].

2.2.5. Nucleic Acids

sEVs transport double-stranded (ds) DNA, mRNAs, miRNAs, and long non-coding
RNAs, which are selectively packaged during ILV formation [28,33]. These nucleic acids
carry substantial diagnostic and regulatory significance.

2.3. Terminology Challenges: “Exosomes” vs. “Extracellular Vesicles”

Although historically used to describe ILVs released from MVB fusion, the term
“exosome” is often applied inconsistently across studies, sometimes encompassing vesicles
of mixed biogenesis or overlapping size. Because current methods rarely demonstrate
vesicle origin with certainty, the ISEV recommends the operational term sEVs for vesicles
<200 nm, irrespective of formation pathway [13]. Adopting this terminology improves
reproducibility and transparency, particularly in heterogeneous tissues such as the CNS. As
isolation and characterization technologies advance, more refined distinctions may emerge
to differentiate endosomal-derived exosomes from other EV subtypes.

2.4. sEVs in the CNS: Cellular Sources and Cargo Diversity

sEVs are released by all major CNS cell types, neurons, astrocytes, microglia, oligoden-
drocytes, and endothelial cells, forming a complex communication network that maintains
neural homeostasis [22,28,33]. Their biogenesis and molecular cargo reflect the physiolog-
ical state, stress exposure, or pathological activation of the parent cell, enabling sEVs to

https:/ /doi.org/10.3390/immuno6010012


https://doi.org/10.3390/immuno6010012

Immuno 2026, 6, 12

6 of 28

modulate synaptic connectivity, immune signaling, and metabolic support across neural
circuits [39].

2.4.1. Neurons

Neuronal sEVs are enriched in synaptic proteins, including PSD-95 and synapsin-1, as
well as neurotransmitter transporters and neurotrophic receptors, reflecting their role in
synaptic plasticity, dendritic remodeling, and spine formation [40,41]. Under pathological
conditions, neuronal sEVs can also transport misfolded or pathogenic proteins, such as
phosphorylated tau, «-synuclein, and amyloid-3 (A), thereby facilitating the intercellular
propagation of neurodegenerative pathology [42—44].

2.4.2. Astrocytes

Under physiological conditions, astrocyte-derived sEVs (ADEVs) reflect astrocytic
roles in metabolic support, neuronal homeostasis, and maintenance of BBB integrity. Under
pathological or inflammatory conditions, however, ADEVs deliver regulatory miRNAs and
cytokine-associated signals that modulate neuronal vulnerability and BBB dysfunction [45].
ADEYV cargoes have been reported to include miR-125b, miR-29b, miR-23a, and miR-155,
consistent with a role in shaping neuroinflammatory gene programs [17,46,47].

2.4.3. Microglia

Microglia-derived sEVs (MEVs) have been reported to carry proinflammatory cy-
tokines (IL-1f3, TNF-c, IL-6), inflammasome components (ASC, caspase-1), and immune-
regulatory miRNAs (miR-155, miR-146a), amplifying innate immune activation during
neurodegeneration or infection [48-51].

2.4.4. Oligodendrocytes and Endothelial Cells

Oligodendrocyte-derived sEVs are enriched in myelin-associated proteins and pro-
myelinating regulatory RNAs, including miR-219 and miR-338, that support myelin main-
tenance and repair programs [52-54]. Endothelial sEVs, in turn, mediate neurovascular and
BBB communication and, under pathological stress, shuttle inflammatory and adhesion-
related signatures across the recipient cells, consistent with their roles in barrier dysfunction
and leukocyte recruitment in the context of CNS diseases [55,56].

Together, this cellular diversity shapes the functional complexity of sEVs in health
and disease.

3. Molecular Cargo of sEVs and Their Functional Roles in CNS Signaling

sEVs encapsulate a diverse repertoire of proteins, lipids, metabolites, and nucleic
acids that reflect the physiological state, stress exposure, or pathological activation of their
cell of origin (Table 2). Cargo loading is not a random process; instead, it is governed by
selective and highly regulated mechanisms during ILV formation. This molecular diversity
equips sEVs with the ability to influence synaptic communication, immune signaling, redox
balance, and neuroinflammatory cascades across the CNS [28,57].

Protein cargo in sEVs includes both structural components indicative of vesicle identity
and functional molecules that actively participate in cell-cell communication. Structural
proteins such as tetraspanins (CD9, CD63, CD81, CD82), ESCRT components (TSG101,
ALIX), Rab GTPases, heat shock proteins (HSP70/90), and flotillins support vesicle for-
mation, stability, transport, and uptake [24,27,58]. Beyond these markers, disease- and
inflammation-associated proteins are enriched in sEV cargo in pathological states. sEVs
also contain inflammasome-related proteins including ASC, caspase-1, and IL-1f3, which
can propagate inflammatory responses and pyroptotic signaling within the CNS [48,51,59].
Complement proteins such as Clq and C3 contribute to aberrant synaptic pruning in
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neurodegenerative diseases [60,61], while oxidative stress-related enzymes including per-
oxiredoxins and catalase alter redox dynamics in recipient cells [62]. Heat shock proteins
transported extracellularly in sEVs could act as danger-associated molecular patterns
capable of stimulating Toll-like receptor pathways, thereby amplifying neuroinflammation.

Table 2. Classes of sEVs cargo and their functional implications in neuroinflammation.

Cargo Class Examples Functional Implications References
EV markers Tetraspanins (CD9, CD63, CD81), Define vesicle origin and biogenesis
. . . ESCRT proteins (TSG101, ALIX), pathway, mediate vesicle trafficking and [24,27,58,63]
(structural /biogenesis-associated) Rab GTPases (Rab27a, Rab11) release. Not cell-state dependent.
. 5 HSP70/90, inflammasome proteins Propagate inflammatory signaling, modulate )
Proteins (state-dependent cargo) (ASC, IL-1p3), complement proteins synaptic pruning, regulate stress responses. [24,27,58,631
. Alter gene expressions in recipient cells;
Nucleic acids ?1151]1315 lAS,STIInIfll;I{ﬁ/ALIéIlaI)I,{ ﬁ?IiN As amplify or suppress inflammation; serve as [24,27,57,63,64]
biomarkers for CNS pathology.
. Ceramide, sphingomyelin, Maintain sEVs structure; regulate uptake; -
Lipids cholesterol, phosphatidylserine modulate immune and death pathways. [24,27,58,63]
Metabolites Redox-related molecules, energy Influence oxidative stress, energy [24,27,63]

intermediates (emerging field) metabolism, and inflammatory responses.

Nucleic acids represent another major class of sEV cargo with potent regulatory ca-
pacity. Among them, miRNAs are most extensively characterized due to their ability
to modulate transcriptional networks in target cells. For example, MEVs enriched in
miR-155 enhance NF-kB signaling and promote M1 polarization, whereas miR-146a func-
tions as a context-dependent modulator capable of suppressing excessive inflammatory
activation [65-67]. Astrocyte-derived sEVs containing miR-138 and miR-23a regulate TLR7-
NF-«B and PTEN-AKT pathways, influencing microglial activation and BBB integrity,
respectively [46,68]. In the context of HIV infection, the transfer of miR-7 via astrocytic
sEVs reduces neuronal NLGN2 expression and contributes to synaptic injury [69]. Long
non-coding RNAs (IncRNAs) packaged within sEVs further expand the regulatory poten-
tial of sEVs by acting as competing endogenous RNAs — examples include IncRNA-COX2,
which enhances microglial inflammatory gene expression, and IncRNA-BACE1-AS, which
stabilizes BACE1 mRNA and promotes amyloidogenic processing in AD [70-72]. sEVs
also contain mRNAs capable of supporting local protein synthesis in recipient neurons or
glia, influencing processes such as synaptic remodeling and amyloid precursor protein
processing [41]. Moreover, extracellular dsDNA carried within sEVs activates cGAS-STING
and TLR9 pathways, driving proinflammatory cytokine production unless neutralized by
DNase-loaded therapeutic sEVs [73]. Lipids and metabolites form an additional but often
underappreciated layer of sEV cargo. The vesicle membrane is enriched in ceramide, sphin-
gomyelin, cholesterol, and phosphatidylserine — lipid components that maintain membrane
rigidity, govern vesicle curvature, and facilitate receptor-mediated uptake [58,74,75]. These
lipids also possess intrinsic signaling properties; for example, ceramide-rich microdomains
contribute to the activation of inflammatory pathways and apoptotic signaling. Early
metabolomic studies indicate that sEVs also carry metabolites involved in oxidative stress
regulation and energy metabolism [76], suggesting that they may reprogram metabolic
states of recipient cells under conditions of neuroinflammation.

Functionally, the biological impact of sEV cargo in the CNS is highly context dependent.
Under pathological conditions, such as neurodegeneration, infection, or chronic inflamma-
tion, sEVs disseminate misfolded proteins (including tau and a-synuclein), inflammasome
complexes, proinflammatory miRNAs, and oxidative stress mediators, thereby spreading
neurotoxicity, amplifying glial activation, and promoting synaptic dysfunction [77,78]. Con-
versely, during reparative or homeostatic states, sEVs can exert neuroprotective effects by
delivering anti-inflammatory miRNAs such as miR-146a or miR-223, antioxidant enzymes,
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and growth-promoting molecules that support neuronal survival, synaptic recovery, and
inflammation resolution [79-81]. These dual and sometimes opposing roles underscore
the complexity of sEV-mediated signaling and highlight the importance of understanding
cargo-specific effects when considering EVs as diagnostic biomarkers or therapeutic tools.

4. Cell-Type-Specific Roles of sEVs in Neuroinflammatory Pathways

sEVs released by microglia, astrocytes, and neurons constitute a dynamic commu-
nication network that shapes neuroimmune signaling, synaptic integrity, and disease
progression within the CNS (Figure 2 and Table 3). Although all three cell types release
sEVs under basal conditions, inflammatory activation, injury, infection, or neurodegenera-
tion markedly shifts their cargo composition and functional outputs [48,51,69,82,83]. These
alterations can either exacerbate neurotoxicity or promote neuroprotection depending
on the physiological context. Understanding the cell-specific actions of sEVs is therefore
essential to elucidate how neuroinflammation propagates across neural circuits and to
identify vesicle-based biomarkers and therapeutic targets.

' D

(Propagate inflammation )

IL-1B, TNF-a //’\
IL6 /( microglial modulation | -
miR-155 (

miR 146a Microglia
miR 21

Astrocytes

Astrocytes
derived
EVs
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Inflammasome activation
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derived $&=$HSP70

EVs
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Figure 2. Cell-specific EVs in neuroinflammation. Microglia, astrocytes, and neurons release distinct
EVs carrying cytokines, damage signals, and regulatory miRNAs. These EVs modulate each other’s
activity, promote inflammasome activation, drive synaptic pruning, and propagate neuroinflamma-
tion, creating a feed-forward cycle of CNS inflammatory signaling.

Table 3. Cell-Specific EVs in Neuroinflammation: Cargo and Functions.

Cell Type Stimuli/Condition EV Cargo Functional Role/Pathological Effect = References
IL-1B, TNF-«, IL-6, ASC Exacerbate neuroinflammation;
LPS, neurotoxic insults, specks, caspase-1, cathepsin  activate astrocytes; NF-kB signaling; [48,49,65,84,85]
anesthesia, and surgery B, gtosolic DNA, DNase, inflammasome propagation; e
miR-155, miR-21 neuronal apoptosis
. . Upregulate IL-1R1 in neurons,
Microglia Ml-polarization (surgery, aging) IL-1R1-enriched EVs promote synaptic degeneration and ~ [86]

cognitive dysfunction

M2-polarized

Inhibits AIM2/ASC/caspase-1
miR-672-5p inflammasome, reduces neuronal [50]
pyroptosis, promotes recovery
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Table 3. Cont.

Cell Type Stimuli/Condition EV Cargo Functional Role/Pathological Effect = References
Impair neuronal dendritic
miR-125a-5p, miR-125b, lexity: i ine: BBB
IL-1B, TNF-a, IFN-y, TLR4 miR-20b, miR-34a, COX2 b XILYF SYNapiic pruming; | [17,53,72,87-91]
activation, HIV Tat, morphine mRNA /protein, C3, Clq, ption; p Ote apop oL e
HMGBI, Hsp70, ApoD, PrP modulate microglia; neuroprotection
A via ApoD/PrP
strocytes
o Alter synaptic plasticity; trigger
HIV Tat, cold stress miR-7, Hsp70/Hsc70 stress response via Akt/JNK/SAPK [69,92]
N . Impede oligodendrocyte maturation, ,
Demyelinating CNS injury Jagged1, DLL1, IFN-y, IL-6 delay remyelination [93,94]
miR-124-3p, miR-132,
L miR-219, miR-338, miR-9-5p,  Influence astrocytes and microglia;
Ox1daﬁ1ve stress, ATP, Hsp70, oxidized reduce synaptic density; activate )
Neurons neuroinflammation, {DNA. t lei infl . del lination: [41,42,95-100]
neurodegeneration m , tau, a-synuclein, inflammasomes; delay remyelination;

APP-CTFs, GluN2B, alter excitatory signaling
synapsin-1, MBP, MOG

4.1. Microglia-Derived sEV's

Microglia, the resident innate immune cells of the CNS, release sEVs that strongly
influence inflammatory tone and neuronal survival. Under homeostatic conditions, mi-
croglial sEVs participate in synaptic pruning, trophic support, and surveillance signaling.
However, upon activation by pathogen-associated molecular patterns (PAMPs), damage-
associated molecular patterns (DAMPs), misfolded proteins, or viral proteins such as HIV
Tat, microglia undergo profound transcriptional and metabolic reprogramming that is
reflected in the cargo of their sEVs. These activated sEVs typically contain elevated levels
of IL-1p3, TNF-«, IL-6, and inflammasome components such as ASC and caspase-1, all
of which potentiate innate immune responses in neighboring microglia, astrocytes, and
neurons [48-50]. The packaging of inflammasome proteins into sEVs enables microglia
to disseminate pyroptotic signals beyond the initially affected region, contributing to the
spatial spread of neuroinflammation.

Microglial sEVs are also enriched in miRNAs that regulate inflammatory gene expres-
sion. Among these, miR-155 promotes M1 polarization by suppressing negative regulators
of NF-«kB signaling, thereby amplifying proinflammatory transcriptional programs. In
contrast, sEV-associated miR-146a can exert immunoregulatory functions, suppressing
excessive inflammatory activation under controlled conditions but becoming dysregu-
lated in chronic disease states [65,67]. Additionally, microglial sEVs often carry oxidative
stress mediators, peroxiredoxins, and metabolic enzymes that propagate redox imbalance,
further activating cGAS-STING or TLR pathways within recipient cells [73,101]. These
proinflammatory and cytotoxic signals have profound consequences for neuronal health.
Microglial sEVs can deliver synaptotoxic molecules such as inflammatory cytokines IL-13
and complement proteins (C1q, C3), which tag synapses for removal, thereby contributing
to pathological synapse loss observed in neurodegenerative diseases [48,60]. In models
of AD and PD, microglial sEVs facilitate the prion-like transmission of misfolded tau and
a-synuclein, accelerating disease propagation and circuit dysfunction. Collectively, the
molecular signatures of microglia-derived sEVs position them as central drivers of neuroin-
flammation and potent contributors to neuronal vulnerability in CNS disorders [43,102].

4.2. Astrocyte-Derived sEVs (ADEVs)

Astrocytes are key regulators of metabolic support, synaptic maintenance, and BBB
integrity. Their sEVs exert multifaceted effects on CNS cells, and their functional roles
shift dramatically depending on the inflammatory state. Under physiological conditions,
ADEVs enhance neuronal metabolism, deliver neurotrophic factors, shuttle glutamate
transporters, and modulate synaptic plasticity through transfer of proteins, miRNAs,
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and lipids [87]. However, upon activation by cytokines, oxidative stress, hypoxia, or
viral proteins, astrocytes undergo a transition toward Al neurotoxic phenotypes, which
profoundly alters the cargo composition of their sEVs [87]. Activated astrocytic sEVs
often contain increased levels of complement proteins and proinflammatory cytokines all
of which stimulate microglial activation and neuronal stress responses [18]. Regulatory
miRNAs, such as miR-138, miR-29b, miR-23a, miR-125b, and miR-155, that are carried by
these ADEVs modulate key neuroimmune pathways, influencing TLR7-NF-«B signaling,
apoptosis, and cytoskeletal organization [46,68,88,103]. These miRNAs exert context-
dependent effects: while some promote inflammatory activation, others help limit damage
by constraining cytokine production.

ADEVs also significantly influence BBB integrity. ADEV cargo such as miR-23a
and other tight junction-regulating miRNAs downregulate critical barrier proteins, in-
cluding ZO-1, occludin, and claudins, leading to increased vascular permeability dur-
ing neuroinflammation [46,104,105]. In pathological conditions such as TBI, stroke, HIV-
associated neurocognitive disorders, and opioid exposure, ADEVs have been shown to
deliver molecules that disrupt endothelial function, promote leukocyte infiltration, and
exacerbate neuroinflammation. Conversely, under reparative conditions, ADEVs may
transport anti-inflammatory signals, growth factors, and metabolic enzymes that support
neuronal recovery.

In neurodegeneration, ADEVs can either contribute to or mitigate disease progression.
For example, astrocytes exposed to HIV Tat release ADEVs enriched in miR-7, which
suppresses neuronal NLGN2 expression and leads to synaptic injury [69]. In AD models,
astrocytic sEVs can carry both pathogenic amyloidogenic proteins and protective molecules
depending on disease stage. This duality highlights the complexity of astrocyte sEV biology
and underscores their importance in maintaining or disrupting CNS homeostasis.

4.3. Neuron-Derived sEVs

Neurons continuously release sEVs that play a roles in synaptic communication,
metabolic regulation, and waste disposal. Neuronal activity, calcium influx, and synaptic
firing strongly influence sEV release rates, with increased neuronal stimulation leading
to enhanced MVB fusion and sEV secretion. Under healthy conditions, neuron-derived
sEVs carry synaptic proteins such as PSD-95 and synapsin-1, neurotransmitter receptors,
adhesion molecules, and mRNAs involved in dendritic spine remodeling. These sEVs
promote synaptic maturation, coordinate long-range communication across neural circuits,
and contribute to structural plasticity [106]. During stress or disease, however, neuronal
sEVs undergo pathological changes that contribute to neurodegeneration. Neurons rely
on sEVs to expel misfolded or aggregation-prone proteins; thus, in diseases such as AD,
PD, ALS, and frontotemporal dementia, sEVs become enriched in phosphorylated tau,
AP, o-syn, and TAR DNA-binding protein 43 (TDP-43) [42,43,107-109]. While this may
serve as a temporary neuroprotective mechanism for the donor neuron, the transfer of
these misfolded proteins to neighboring cells accelerates the spread of proteinopathies in a
prion-like manner [43,110,111]. Neuronal sEVs can therefore act as vectors for disease dis-
semination, contributing to the characteristic propagation of neurodegenerative pathology
across anatomically connected networks.

Neuron-derived sEVs also influence glial activation. Under inflammatory conditions,
neuronal sEVs may contain chemokines, DAMPs, or mitochondrial fragments that activate
microglia and astrocytes, perpetuating neuroimmune responses [97,112,113]. Moreover,
sEV-associated lipids such as ceramide can initiate apoptotic signaling in neighboring
neurons, amplifying neurotoxic cascades. Conversely, neurons may also release sEVs that
carry protective molecules under certain conditions, including neurotrophic factors or
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synaptogenic cues that support plasticity and repair. This functional duality underscores
the importance of neuron-derived sEVs as both mediators of homeostatic communication
and agents of pathological spread.

5. Extracellular Vesicles in CNS Pathology

Neurodegenerative and neuroinflammatory disorders, including AD, PD, and ALS,
share core features of progressive synaptic dysfunction, chronic glial activation, and even-
tual neuronal loss, culminating in cognitive, motor, and behavioral impairments [114].
Across these conditions, EVs, particularly sEVs, have emerged as central regulators of
disease pathophysiology. Their ability to cross the BBB, carry bioactive cargo, and me-
diate long-range communication between neurons, glia, and infiltrating immune cells
positions them as key contributors to both tissue injury and repair [115]. Depending on
their cellular origin, activation state, and molecular content, sEVs can propagate pathology
by disseminating misfolded proteins, proinflammatory mediators, and neurotoxic lipids,
or conversely, exert neuroprotective effects by transporting trophic factors, antioxidant
enzymes, and regulatory RNAs. Understanding this duality is essential for defining how
EVs shape CNS homeostasis and for leveraging them as diagnostic and therapeutic tools.

5.1. Alzheimer’s Disease

AD is characterized by extracellular accumulation of Ap peptides and intracellular
neurofibrillary tangles composed of hyperphosphorylated tau [116]. sEVs actively con-
tribute to both Af processing and its extracellular spread. They participate in amyloid
precursor protein (APP) trafficking and f3-secretase-mediated cleavage, thereby promoting
Ap formation [117,118]. Dysregulated sEV-associated miRNAs, including miR-193b, miR-
101, and miR-29¢, further influence APP translation and amyloidogenic pathways [118-120].
miR-146a-containing sEVs modulate TLR signaling and cytokine release, linking vesicular
RNA cargo to hippocampal neuroinflammation [121,122]. Structural components of sEVs,
such as Alix and ceramide, localize within amyloid plaques and facilitate A3 aggregation
and deposition [118,123]. Tau propagation is also similarly influenced by sEV biology.
Phosphorylated tau species are enriched in sEVs derived from AD brains and cerebrospinal
fluid (CSF) [124,125], and vesicular miR-200c regulates tau phosphorylation [126].

Proteomic profiling of neuronal sEVs from AD patients reveals depletion of neu-
roprotective proteins such as LRP6 and HSF-1 [127], whereas CSE-derived sEVs show
enrichment in complement proteins and inflammatory mediators that drive glial acti-
vation [128]. Despite these detrimental effects, several studies highlight the reparative
potential of sEVs. Mesenchymal stem cell (MSC)-derived sEVs attenuate A(3-induced oxida-
tive injury and inhibit Af-synapse interactions [129,130]. sEV-associated miR-223 reduces
neuronal apoptosis through modulation of the PTEN-PI3K/ Akt pathway [81]. Enzymes
such as neprilysin and insulin-degrading enzyme, delivered by sEVs, promote extracellular
Ap degradation [131,132]. Collectively, sEVs operate at the interface of amyloid and tau
pathology, neuroinflammation, and synaptic dysfunction, making them valuable as both
biomarkers and therapeutic candidates.

5.2. Parkinson’s Disease

PD is characterized by degeneration of dopaminergic neurons in the substantia ni-
gra pars compacta and accumulation of Lewy bodies containing misfolded a-syn [133].
sEVs are deeply involved in a-syn propagation and neuroinflammatory amplification.
a-syn-loaded sEVs released from neurons and glia can transfer pathogenic conformers
to neighboring cells, triggering cytotoxicity, inclusion formation, and synaptic dysfunc-
tion [134,135]. sEV-mediated «-syn uptake by microglia and astrocytes activates the NLRP3
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inflammasome, driving IL-13 and TNF-« release and amplifying proinflammatory feed-
back loops [136]. Age-related reductions in microglial phagocytic clearance exacerbate this
process [137]. sEV-associated miRNAs, including miR-21 and miR-146a, further potentiate
NEF-kB and NLRP3 activation, reinforcing chronic neuroinflammation [138]. Conversely,
engineered sEVs enriched miR-7 or miR-124 suppress o-syn aggregation, reduce glial
activation, and protect dopaminergic neurons in preclinical models, highlighting their ther-
apeutic potential. Taken together, sEVs function as both pathogenic vectors and modulators
of neuroprotection in PD and understanding their cargo dynamics is critical for biomarker
development and targeted intervention.

5.3. Amyotrophic Lateral Sclerosis

ALS is characterized by progressive degeneration of motor neurons, with mounting
evidence implicating sEVs in disease propagation. Neuronal and astrocyte-derived sEVs
contain mutant superoxide dismutase 1 (mSOD1), TDP-43, fused in sarcoma (FUS), and
dipeptide repeat proteins resulting from C90rf72 expansions [107,108]. These sEVs transmit
pathological proteins to surrounding cells, inducing mitochondrial dysfunction, ER stress,
and microglial activation. It has been reported that elevated levels of IL-1§3, IL-6, and
IFEN-y in sEVs from SOD1(G93A) mouse spinal cords further illustrate their role in prop-
agating inflammatory injury [139]. ALS-associated vesicles display altered morphology
and distinct proteomic signatures, suggesting disease-specific EV subtypes [140]. Defec-
tive autophagy-lysosomal pathways, hallmarks of ALS, promote excessive sEV release,
accelerating extracellular spread of toxic proteins [140]. Given their involvement in both
neurotoxicity and intercellular signaling, sEVs represent promising biomarkers for disease
progression and therapeutic response.

5.4. Neuroinflammation and Infection: EV-Mediated Crosstalk in the CNS

Beyond classical neurodegenerative diseases, sEVs play a critical role in neuroinflam-
matory and neuroinfectious conditions. Microglia, astrocytes, and infected neurons release
sEVs containing cytokines, chemokines, lipids, viral proteins, and noncoding RNAs that
orchestrate neuroimmune communication and drive pathological inflammation [48,83].
Their ability to cross the BBB and influence both central and peripheral immune responses
expand their pathogenic potential.

5.4.1. Glial-Derived sEVs Carrying Inflammatory Mediators

Activated microglia and astrocytes secrete EVs enriched with pro-inflammatory me-
diators, contributing to the amplification of neuroinflammatory cascades. For instance,
microglia-derived EVs have been shown to carry components of the NLRP3 inflamma-
some, IL-1$3, and TNF-&, which upon uptake by neighboring cells can induce synaptic
dysfunction and neuronal injury [48]. Astrocyte-derived EVs, particularly under stress
conditions such as hypoxia or oxidative stress, exhibit altered cargo profiles, including
elevated levels of IL-1p and microRNAs like miR-146a [141]. The biogenesis of these EVs
is often upregulated in response to lysosomal dysfunction or activation of transcription
factors such as hypoxia-inducible factor 1-alpha (HIF-1x), leading to enhanced release of
EVs containing inflammatory mediators [142]. Upon release, these EVs can be internal-
ized by adjacent cells, delivering their cargo and activating intracellular signaling path-
ways, including NF-kB and TLR pathways, thereby perpetuating neuroinflammation and
cellular injury.

5.4.2. EV-Mediated Spread of Viral Proteins

In the context of viral infections, particularly HIV-1, EVs play a crucial role in dis-
seminating viral proteins and propagating neuroinflammatory responses. HIV-1 proteins
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such as Tat and gp120 can persist in the CNS even in the absence of active viral replication
and may be packaged into EVs released by infected or activated glial cells. These EVs
facilitate the transfer of viral components to neighboring cells, thereby contributing to
sustained neuroinflammation and neuronal dysfunction [83]. For example, exposure of
astrocytes to HIV-1 Tat induces the release of EVs enriched in miR-7, which, upon uptake
by neurons, leads to the downregulation of neuroligin-2 (NLGN2) and subsequent synap-
tic alterations [69]. Similarly, microglia-derived EVs containing NLRP3 inflammasome
components have been implicated in synaptodendritic injury in the presence of HIV-1
Tat [48]. The interplay between glial-derived EVs and viral protein-containing EVs high-
lights a complex network of intercellular communication that drives neuroinflammation
and neuronal injury within the CNS. EVs not only act as vehicles for the dissemination of
inflammatory mediators and viral components but also contribute to establishing a neuroin-
flammatory milieu that supports viral persistence and neurodegeneration [48,83]. From a
clinical perspective, the detection of specific EV-associated biomarkers in biofluids such as
CSF and plasma holds promise for early diagnosis and monitoring of neuroinflammatory
and neuroinfectious conditions. Furthermore, targeting EV biogenesis, cargo loading, or
uptake mechanisms represents a potential therapeutic strategy to mitigate the detrimental
effects of EV-mediated intercellular communication in the CNS [69].

6. EVs as Biomarkers in CNS Disorders

EVs have emerged as minimally invasive, highly informative biomarkers for a broad
spectrum of CNS disorders. Released by neurons, glia, endothelial cells, and infiltrating
immune cells, EVs encapsulate a diverse array of proteins, lipids, and nucleic acids that
reflect the molecular and cellular state of the CNS. Their ability to circulate in peripheral
biofluids, including plasma, serum, and CSF, allows clinicians and researchers to access
CNS-derived signatures without the need for invasive procedures. Importantly, EVs cross
the BBB, preserve their cargo in circulation, and maintain remarkable biochemical stability,
making them ideal candidates for early diagnosis, disease staging, prognostication, and
therapeutic monitoring across neurodegenerative, neuroinflammatory, and neoplastic
conditions [143].

6.1. EVs in CSF and Plasma as Indicators of CNS Pathology

Neuron-derived EVs in plasma and CSF have demonstrated strong predictive poten-
tial for AD. Elevated levels of EV-associated A3 peptides, total tau, and phosphorylated
tau correlate with brain amyloid and tangle pathology and can forecast disease onset
years before symptom emergence [144]. EVs carrying synaptic proteins such as neuroli-
gin, GAP-43, and SNAP-25 also provide early indicators of synaptic dysfunction and are
emerging as powerful biomarkers for individuals at risk of AD [145]. Similarly, in multiple
sclerosis (MS), EVs released by activated microglia and astrocytes contain proinflammatory
cytokines, chemokines, and myelin injury markers that reflect acute inflammatory activity
and correlate with relapse status and disability progression [146]. Together, these findings
demonstrate that circulating CNS-derived EVs offer a reliable and dynamic window into
brain pathology and may serve as next-generation biomarkers for precision neurology.

6.2. miRNAs as Biomarkers

EV-associated miRNAs are increasingly recognized as potent biomarkers due to their
stability, cell-type specificity, and regulatory relevance to neurodegeneration (Table 4). In
AD, several sEV-packaged miRNAs directly modulate APP processing and A production.
miR-193b, miR-101, and miR-29c target APP/BACE1 pathways and influence amyloid
homeostasis [147]. Changes in these miRNAs within CSF- or plasma-derived EVs corre-
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late strongly with disease severity and cognitive decline, underscoring their diagnostic
value [148]. In PD, circulating EV-miRNA profiles also hold diagnostic and mechanistic
significance. miR-331-5p and miR-505 distinguish PD patients from healthy controls [149].
Together, EV-miRNA signatures offer high sensitivity and specificity and are among the
most promising minimally invasive biomarkers for neurodegenerative disease (Table 5).

Table 4. Exosomal miRNA biomarkers in neurodegenerative diseases.

Disease = miRNA(s) Biofluid/Source Key Findings References
AD miR-193b, miR-101, miR-29¢ Plasma exosomes (Human) Regulate AI.JP and [150]
Ap production
AD miR-9, miR-34a, miR-125b CSF exosomes (Human) Modulate Tau phosphorylation ~ [151]
Associated with
AD miR-125b, miR-146a Brain exosomes (Mouse) neuroinflammation and [152]
progression
. . Neuroprotection via
AD miR-223 MSC-derived exosomes (Mouse) PTEN-PI3K/ Akt pathway [81,153]
AD miR-135a Plasma exosomes (Human) Targets. ROCK2, rglated to [154]
synaptic dysfunction
PD miR-331-5p, miR-505 Serum exosomes (Human) Potential diagnostic biomarkers  [155]
. . Linked to neuroinflammation
PD miR-146a-5p, miR-21 Plasma exosomes (Human) via NLRP3 pathway [138]
Table 5. Other exosomal biomarkers in neurodegenerative diseases.
Disease EV Cargo EV Source (Species) Key Molecule(s) Role/Significance References
Plasma/CSF . .
AD Protein neuron-derived Ap1-42, total Tau, p-T181-Tau Ea;ly diagnosis up to 10 years [156]
EVs (Human) efore symptoms
AD Protein Plasma neuronal GAP-43, neurogranin, SNAP-25 Reﬂec't sypaptic dysfunct'ion [156]
EVs (Human) early in disease progression
Indicate APP processing 157
AD Protein/Enzyme Plasma EVs (Human) BACE-1, cathepsin D, IGF-1 dysfunction and {1’38%
impaired proteostasis ”
‘s Plasma EVs (5x FAD . - - Facilitate AP aggregation; [159]
AD Lipid mouse + Human) Ceramides, glycosphingolipids potential therapeutic targets [160]
: Plasma EVs—neuron- . Superior diagnostic specificity
PD Protein enriched (Human) Total x-synuclein over non-enriched EVs [161]
: Plasma neuron-derived : Enhances diagnostic accuracy
FD Protein EVs (Human) Clusterin of a-synuclein-based assays [162]
Induction oligomerization
PD Lipid N2a cells (mouse) Hexosyl-ceramide GM3 a-syn; implicated in [163]

protein aggregation

6.3. Proteins and Lipids as Biomarkers

Protein and lipid constituents of sEVs also represent highly informative biomarker
classes. In AD, neuron-derived sEVs carrying A{31-42, total tau, and p-T181-tau predict
disease nearly a decade before the onset of symptoms and correlate with amyloid PET
burden [156]. Synaptic proteins such as GAP-43, neurogranin, and SNAP-25 provide early
markers of synaptic dysfunction, while enzymatic regulators, including BACE-1, cathepsin
D, and IGF-1, reflect APP misprocessing and impaired proteostasis [157,158]. In PD, neuron-
enriched sEVs containing total a-synuclein or clusterin demonstrate superior diagnostic
specificity compared to total plasma o-synuclein assays [161,162]. Lipid biomarkers are also
gaining attention: ceramides and glycosphingolipids in EVs facilitate A3 aggregation in
AD, while EV-associated GM3 gangliosides promote o-syn oligomerization in PD [159,163].
In MS, EV-associated myelin proteins, including MBP, PLP, and MOG, serve as markers of
demyelinating activity, whereas glial excitatory amino acid transporter 2 (EAAT2) levels
correlate with neuroinflammation and clinical disability [164,165]. These protein and lipid
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signatures capture core disease mechanisms, including synaptic loss, myelin injury, and
protein aggregation, making EV cargo profiling a powerful multimodal biomarker strategy.

7. EVs as Therapeutic Tools

EVs are increasingly recognized not only as mediators of pathological intercellular
communication but also as highly versatile therapeutic tools capable of modulating neu-
roinflammation and promoting neural repair (Table 6). Their intrinsic stability, nanoscale
size, low immunogenicity, and natural ability to cross the BBB make them uniquely suited
for delivering therapeutic molecules into the CNS. Advances in EV bioengineering, stem
cell-based production systems, and scalable manufacturing technologies have accelerated
their development, positioning EV-based therapeutics as a rapidly advancing frontier in
neurodegenerative and neuroinflammatory disease treatment.

Engineered EVs have emerged as powerful delivery vehicles for CNS drugs, largely
because their membrane composition and surface protein repertoire favor cellular uptake
and deep brain penetration while minimizing immune activation. Their therapeutic efficacy
can be markedly enhanced through genetic engineering of donor cells or by modifying
vesicle surface properties. Endogenous loading approaches, where donor cells are engi-
neered to overexpress specific therapeutic molecules, enable the efficient packaging of
miRNAs, siRNAs, or proteins into EVs during biogenesis, preserving membrane integrity
and ensuring high functional cargo [66,67,116,166,167]. This strategy has demonstrated
robust therapeutic potential in preclinical disease models. In AD, exosomal delivery of
BACE1-targeting siRNA reduced A burden and plaque deposition in vivo [168].

Table 6. Therapeutic Applications of EVs in Neuroinflammation and Neurological Disorders.

Application Area Strategy/Mechanism Therapeutic Cargo/Example Disease/Model References
Donor cell modification M.SRCiZO 4V ere];( plrgssmg Neuroinflammation, Stroke [169]
Genetic Engineering miis-12% or Bek
NSCs overexpressing BDNF  Neuroprotection Ischemic brain injury [170]
. . RVG-Lamp2b enhances
Surface Engineering Erelpet)l(gg ocifezlay (e.g, RVG) BBB crossing and Facial nerve injury BBB [171,172]
neuronal targeting
Aptamer/Transferrin Targeting glioma or .
functionalization endothelial cells Glioblastoma (1731
Exogenous loading via siRNA-BACE1L; Alzheimer’s, [168]
electroporation, sonication, Dopamine, Parkinson’s disease, [174,175]
freeze—thaw, and incubation =~ Resveratrol MS 4
: Endogenous loading via
Drug Deliver 8  Joading . . Alzheimer’s, 166
& y genetic modification of miR-124; miR-17-92 cluster Traumatic Brain Injury { 66] 1
donor cells
Plant compound co-deliver Berberine + Palmatine Alzheimer’s disease [176]
P Y inTf-hEVs
MSC-EVs delivering . . .
anti-inflammatory miR-21, miR-146a, miR-223, Alzheimer’s, White matter injury [177,178]
. . IL-10, TGF-p
miRNAs, and cytokines
Anti-inflammatory . . Microglial inflammation
Modulation Autophagy enhancement miR-99b-3p in MSC-EVs R [179]
neuropathic pain
aNs%IS)é ;lzsgég};;t{gguce AP reduction, synaptic repair ~ Alzheimer’s disease [180]
Platelet derived EVs for
postsurgical temporal Clinical trial ongoing Human study NCT04281901
bone inflammation
Clinical Trials Intranasal delivery of
adipose MSC-exosomes Phase I/1I clinical trials Human study NCT04388982

in mild to moderate
AD patients.

In PD, dopamine encapsulated within blood-derived EVs exhibited improved sta-

bility and enhanced BBB penetration relative to free dopamine, resulting in more ef-
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fective symptomatic modulation of dopaminergic circuitry [174]. In MS, macrophage-
derived EVs loaded with resveratrol selectively targeted microglia and attenuated neu-
roinflammation [175]. EVs enriched with miR-124 or the miR-17-92 cluster suppressed
NF-«B and STAT1 signaling in glial cells and promoted pro-repair transcriptional pro-
grams [66,166,181]. Silibinin-loaded macrophage EVs strengthened brain targeting effi-
ciency, reduced A aggregation and astrocyte reactivity, and improved cognitive outcomes
in AD mouse models [182]. Collectively, these findings demonstrate the feasibility of EVs
for both gene- and RNA-based disease-modifying therapy and for small-molecule CNS
drug delivery.

Surface engineering approaches further refine the targeting capabilities of therapeutic
EVs. Functionalizing EV membranes with targeting peptides such as the rabies virus
glycoprotein (RVG), fused to Lamp2b, CD63, or CD9, significantly enhances BBB pen-
etration [183]. RVG-Lamp2b-engineered mesenchymal stem cell (MSC) EVs carrying
neurotrophin-3 promoted functional recovery following facial nerve injury [172]. Likewise,
RVG-9R-Lamp2b EVs loaded with siRNA directed against BACE1 (BACE1 siRNA) selec-
tively delivered their cargo to neurons after systemic administration in mice, minimizing
peripheral off-target effects and demonstrating potential as a precision RNA therapy for
AD [134]. Although clinical translation is still in its early stages, encouraging precedents
from oncology [184-186] and emerging neurological studies, including platelet-derived EVs
to treat chronic postsurgical temporal bone inflammation (NCT04281901) and intranasal
adipose MSC-derived exosomes for mild-to-moderate AD (NCT04388982), support the
feasibility of EV therapeutics in human patients.

Beyond engineered vesicles, stem cell-derived EVs themselves possess potent im-
munomodulatory and neuroprotective capabilities. MSC-derived EVs are the most ex-
tensively characterized and consistently exhibit broad anti-inflammatory and reparative
effects. These vesicles modulate microglial polarization by reducing the secretion of IL-1f3,
TNF-«, and IL-6, suppress astrocyte activation, and attenuate neuroinflammation across
multiple neurodegenerative disease models [157,187]. EVs from inflammatory-educated
MSCs have been shown to suppress amyloid deposition and demyelination, demonstrating
utility in chronic neurodegenerative contexts [188]. MSC-EVs promote synaptic remod-
eling through microglial-dependent mechanisms, support functional recovery in aging
models [20], and block hippocampal “cytokine storms” when administered intranasally
following status epilepticus [189]. They also mitigate brain dysfunction and inflammation
after subarachnoid hemorrhage [190] and improve outcomes after traumatic brain injury
when administered systemically [191-193]. Mechanistically, MSC-derived EVs inhibit
NLRP3 inflammasome activation through FOXO3a upregulation and NF-«kB/TSG-6 signal-
ing, thereby reducing caspase-1 activation and IL-13 maturation; miR-99b-3p contained
within these EVs enhances autophagy and further suppresses inflammatory cytokine re-
lease [179,194]. In AD models, MSC-EVs enriched miR-146a reduced astrocyte-mediated
inflammatory signaling and improved synaptogenesis through NF-kB modulation [178].

Neural stem cell (NSC) and induced pluripotent stem cell (iPSC)-derived EVs exhibit
similar neuroprotective properties. These EVs reduce astrocyte activation while lowering
Ap levels and tau phosphorylation by modulating (3- and y-secretase activity, ultimately
supporting synaptic integrity and repair [180]. NSC-EVs also promote neurogenesis,
enhance synaptic plasticity, improve neuronal differentiation, and restore mitochondrial
bioenergetics [195]. In additional models, NSC- and iPSC-derived EVs protected against
oxidative stress-induced apoptosis and regulated disease-associated microglia, thereby
diminishing neuroinflammatory cascades and contributing to neuroprotection in AD and
PD models [196-198]. These findings underscore the therapeutic value of stem cell-derived
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EVs as biologically active agents capable of reshaping neuroimmune interactions and
restoring neural homeostasis.

8. Technical and Conceptual Challenges

Despite the remarkable promise of EVs as modulators of neuroinflammation and as
vehicles for CNS drug delivery, significant technical and conceptual challenges continue
to hinder their translation into clinically viable tools. EV biology is inherently complex,
as these vesicles are small, heterogeneous, and ubiquitous across all biological fluids,
making their isolation, characterization, and functional validation technically demanding.
Even though preclinical evidence is compelling, variability in EV biogenesis, uncertain
immunogenicity, and the absence of unified production and quality-control standards pose
major obstacles to reproducibility and regulatory approval.

Methodological limitations begin at the level of EV detection and purification. Cur-
rent isolation strategies frequently struggle with achieving high sensitivity and specificity.
As emphasized in the MISEV 2023 guidelines, rigorous standardization of nomenclature,
sample handling, and characterization is essential [199]. Recommended practices include
integration of complementary analytical approaches, such as protein marker profiling,
nanoparticle tracking, and morphological assessment, to ensure accurate identification of
vesicle populations. However, contamination remains a persistent challenge. EV prepara-
tions are often confounded by soluble proteins, lipoproteins, ribonucleoprotein complexes,
and cell debris, all of which can mimic EV-associated cargo or obscure vesicle-specific
functions. EV yields are also highly variable, influenced by cell type, culture conditions,
metabolic state, and environmental stressors, leading to poor reproducibility across lab-
oratories [199]. The lack of universally accepted isolation protocols further amplifies
inter-study variability, complicating meta-analysis and translational interpretation. To
address these limitations, MISEV 2023 advocates for orthogonal validation strategies, trans-
parent reporting of isolation methods, and inclusion of appropriate negative and positive
controls to ensure rigor [199].

A particularly difficult challenge lies in defining the cellular origin of EVs in vivo.
Because EVs are released by virtually all CNS cell types, including neurons, astrocytes,
microglia, oligodendrocytes, and endothelial cells, accurately attributing specific functional
outcomes to vesicles derived from a particular cell population is complex. Advanced
lineage-tracing tools, high-resolution imaging, and the use of cell-type-specific surface
markers are beginning to address these limitations but require sophisticated technology
and expertise. Multi-omics approaches, including proteomics, transcriptomics, lipidomics,
and spatial analyses, offer promising avenues for dissecting EV origin and function, though
they remain resource-intensive and technically challenging.

Even when technical limitations are mitigated, conceptual uncertainties persist. EVs
produced by the same cell type can exhibit substantial heterogeneity in size, molecular
content, and bioactivity, complicating therapeutic predictability. Context-dependent effects
further limit translation: EVs may exert beneficial anti-inflammatory effects under one
set of conditions but promote inflammation or degeneration under another, depending
on the donor cell’s physiological state and microenvironmental cues. Additionally, opti-
mal dosing, administration routes, and pharmacokinetics for EV-based therapies remain
undefined, and no standardized framework exists to evaluate safety, potency, or batch-to-
batch consistency. Despite the intrinsic advantages and inherent targeting capacity, the
clinical and economic translation of EV-based therapeutics remains limited by challenges
in scalable manufacturing, quality control, and regulatory standardization [200,201]. In
contrast to monoclonal antibody therapies and chronic immunosuppressive regimens used
in neurological disorders such as MS, AD, and HAND, EVs uniquely integrate diagnostic

https:/ /doi.org/10.3390/immuno6010012


https://doi.org/10.3390/immuno6010012

Immuno 2026, 6, 12

18 of 28

and therapeutic functionality. Their accessibility from minimally invasive biofluids enables
repeated sampling for early detection and longitudinal disease monitoring, reducing de-
pendence on costly neuroimaging and invasive procedures. At the therapeutic level, EVs
facilitate targeted CNS delivery with the potential to lower dosing frequency and cumu-
lative toxicity. Together, these attributes support a distinct, systems-level cost advantage
by mitigating late-stage disease burden, adverse events, and recurrent hospitalizations,
positioning EV-based approaches as a differentiated and economically sustainable alter-
native to traditional single-modality biologics. These issues collectively underscore the
need for stringent mechanistic studies, improved technological platforms, and harmonized
regulatory standards to support the advancement of EV-based diagnostics and therapeutics.

9. Future Directions

The accelerating expansion of EV research highlights their potential to redefine the
landscape of neuroinflammation, neurodegeneration, and CNS therapeutics. Yet fully
realizing this potential will require deeper mechanistic resolution, improved technological
capabilities, and systematic integration of multi-omics and computational approaches. One
of the most immediate priorities is addressing EV heterogeneity. Emerging technologies,
such as single-EV sequencing, imaging flow cytometry, high-resolution nanoparticle track-
ing, and cryo-electron microscopy, offer unprecedented precision in profiling individual
vesicles. These methods will help categorize EV subpopulations based on size, surface
markers, cargo composition, and function, enabling more targeted therapeutic applica-
tions and improved reproducibility across studies, in alignment with MISEV 2023 and
ISEV standards.

A second promising area involves defining the roles of CNS-derived EVs in disease
contexts that remain poorly understood, including NeuroHIV, aging-related cognitive
decline, and the effects of chronic drug exposure. EVs released during HIV infection or
substance misuse exhibit distinct molecular signatures that propagate neuroinflammatory
cascades, disrupt synaptic integrity, and contribute to neuronal injury. Systematically
characterizing EV cargo across different stages of infection, aging, or drug exposure will
help identify biomarkers of disease progression and reveal druggable pathways involved
in glial activation, lysosomal dysfunction, pyroptosis, and neurodegeneration.

The integration of multi-omics platforms will be essential in these efforts. By com-
bining EV proteomics, transcriptomics, lipidomics, metabolomics, and epigenomics, re-
searchers can construct comprehensive molecular profiles that reveal regulatory networks
shaping EV function in health and disease. When paired with advanced computational
tools, particularly artificial intelligence and machine learning, these datasets can generate
predictive models of EV biogenesis, identify diagnostic signatures, uncover mechanisms
of EV-mediated neuroinflammation, and guide the rational design of therapeutic vesicles.
Such integrative approaches are particularly valuable for complex conditions like Neuro-
HIV and substance-induced neurotoxicity, where EV cargo reflects dynamic changes in
microglial activation, neuronal stress, and inflammatory signaling.

CNS EV biology is also profoundly shaped by aging, metabolic changes, and viral
or toxic exposures. Future studies will need to dissect how these factors alter EV release,
composition, and bioactivity, and how these vesicles shape cell-cell communication in
the aging or diseased brain. Longitudinal EV profiling in patient cohorts, combined with
animal and in vitro models, will advance personalized medicine by identifying biomarkers
that predict cognitive decline, therapeutic responses, or treatment toxicity.
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10. Summary

In summary, sEVs are poised to play transformative roles in both diagnostics and
therapeutics for neuroinflammatory and neurodegenerative disorders. Their molecular
cargo, encompassing miRNAs, proteins, lipids, and metabolites, encodes rich informa-
tion about cellular state and disease processes, enabling minimally invasive biomarker
discovery and mechanistic insights. At the same time, engineered or stem cell-derived
EVs hold promises for modulating neuroimmune pathways, promoting neural repair, and
delivering targeted therapies across the BBB. However, realizing this potential will require
overcoming significant challenges related to EV heterogeneity, large-scale GMP production,
immunological safety, and regulatory frameworks. As advanced bioengineering converges
with multi-omics and artificial intelligence-driven discovery, EVs are emerging as a pow-
erful platform for precision diagnostics and personalized therapeutics in complex CNS
disorders including NeuroHIV, AD, PD, MS, and drug-induced neuroinflammation.
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