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Bacterial Extracellular Vesicles (BEVs) possess the capability of intracellular interactions with other cells, and,
hence, can be utilized as an efficient cargo for worldwide delivery of therapeutic substances such as monoclonal
antibodies, proteins, plasmids, siRNA, and small molecules for the treatment of neurodegenerative diseases (NDs).
BEVs additionally possess a remarkable capacity for delivering these therapeutics across the blood—brain barrier to

treat Alzheimer’s disease (AD).

bacterial extracellular vesicles therapeutics neurodegenerative disease Alzheimer’s disease

nanocarriers

1. Offensive and Defensive Roles of Bacterial Extracellular
Vesicles in Neurodegenerative Disease

BEVs generated from Pseudomonas aeruginosa were discovered in a recent study to induce inflammation and
mortality of dopaminergic neurons in the substantia nigra L&l |nflammation and mortality of dopaminergic
neurons in the substantia nigra are two defining hallmarks of PD WX, |t was discovered that BEVs generated from
Escherichia coli caused neuronal death and impaired memory in an AD mice model B4 By inducing
neuroinflammation and impairing neuronal function, BEVs may contribute to the pathogenesis of NDs, according to
these findings B2,

In addition to their potential neurotoxicity (2!, it has been demonstrated that BEVs serve a protective role in NDs I,
Several studies have demonstrated, for instance, that BEVs can exert neuroprotective and immunomodulatory
effects B8l Specifically, it has been demonstrated that BEVs from commensal gut bacteria enhance cognitive
function and reduce neuroinflammation in mouse models of NDs EllZl. These results suggest that BEVs may also
have therapeutic applications for the treatment of NDs B, The neurotoxicity of BEVs necessitates caution in their
use as therapeutics, but their neuroprotective and immunomodulatory properties present opportunities for the
development of novel treatments for NDs [El8l. To thoroughly comprehend the mechanisms underlying the offensive

and defensive roles of BEVs in NDs, additional research is required I8!,

Recent research suggests that BEVs can also play a defensive function in NDs due to their neuroprotective and

immunomodulatory properties BB, Multiple studies have demonstrated, for instance, that BEVs derived from
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specific bacterial strains can improve neuronal survival and function in ND . In the mouse model of AD, Haney et
al. @ found that BEVs from the probiotic Lactobacillus rhamnosus GG could reduce amyloid-beta (A) deposition
and enhance cognitive function 2%, Few research studies have demonstrated that BEVs from Bifidobacterium

infantis could reduce inflammation and oxidative stress in a mouse model of PD [11], resulting in enhanced motor
function BIDLL],

BEVs have been shown to possess immunomodulatory properties in the context of NDs, in addition to their
neuroprotective effects 4L, By modulating the gut—brain axis 12, one study found that BEVs from Akkermansia
muciniphila could reduce neuroinflammation and enhance cognitive function in a mouse model of PD [4I13]
Similarly, another study demonstrated that BEVs from Lactobacillus plantarum PS128 modulated microglial activity
to enhance cognitive function and reduce neuroinflammation in an AD mouse model 114l These studies suggest
that BEVs may serve a dual role in NDs by possessing both offensive and defensive characteristics 424, Some
BEVs can induce neuroinflammation and impede neuronal function, whereas others can prevent diseases and

modulate the immune system [6I19],

2. Critical Networks of Bacterial Extracellular Vesicles in the
Microbiome-Gut-Brain Axis

The microbiome—gut—brain axis is a complex network of bidirectional communication between the gastrointestinal
tract, the central nervous system (CNS), and the gut microbiota I3, Recent evidence suggests that this axis
regulates a variety of physiological and pathological processes, such as neuroinflammation and neurodegeneration
(15][16] The gut microbiota has a vast array of microorganisms inhabiting the human gastrointestinal tract, and it has
been shown to influence brain function and behavior via multiple mechanisms 1€, These include the production of
neurotransmitters and short-chain fatty acids, modulation of the immune system, and regulation of the
hypothalamic—pituitary—adrenal axis 728 Multiple NDs such as PD 14, AD 8119 and MS have been linked to
abnormalities in the gastrointestinal microbiota in their pathogenesis 192021l Additionally, it has been
demonstrated that BEVs produced by intestinal microbiota can cross the blood—brain barrier (BBB) and directly
affect the CNS function 11129 BEVs from the gut commensal Bacteroides fragilis have been shown to facilitate the
differentiation and maturation of oligodendrocytes, which are essential to produce myelin in the CNS [2223] | a
mouse model of AD, BEVs from Akkermansia muciniphila have been shown to protect against neuroinflammation

and cognitive decline 121131[23]

The above discussed results point out that the MGBA plays an important role in the pathogenesis of NDs, and that
BEVs produced by intestinal microbiota may represent a novel drug delivery system for such conditions 4. It has
also been demonstrated that the gut microbiome can influence brain function and behaviors via multiple
mechanisms, including the production of neurotransmitters, regulation of the immune system, and modulation of
the gut-brain axis signaling pathways 23, BEVs, which are produced by numerous bacteria in the microbiome of
the gut, have been identified as potential mediators of this communication between the gut and the brain [22123],
The effects of BEVs on the microbiome—gut—brain axis and their potential function in NDs have been studied and

discussed in animal models 8. In cell cultures and mouse models, BEVs from the gastrointestinal microbiome of
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PD patients were able to induce alpha—synuclein aggregation, which is a hallmark of PD pathology B/ |n a
mouse model of AD, it was observed that BEVs from a specific gut bacterium, Akkermansia muciniphila, reduced

neuroinflammation and enhance cognitive function 28],

Another study identified a group of BEVs produced by gut bacteria that could cross the BBB as a result,
penetrating the brain, modulating the immune system 24, and potentially playing a significant role in NDs [EIl16],
These studies indicate that BEVs can play a significant role in the communication between the gastrointestinal
microbiome and the brain, and that their dysregulation may contribute to the development and progression of NDs
(261271 The mechanisms underlying the effects of BEVs on the microbiome—gut—brain axis and their potential as
therapeutic targets for NDs require additional study 26128, Among the NDs, a research study has shown that in AD
brain, microglial activation contributes to amyloid-beta deposition and neuronal damage 28 In addition, in PD few
research studies have shown that in the brain T cells infiltrate the substantia nigra and promote neuroinflammation
(291301 Mmoreover, in multiple sclerosis, few studies have shown that dysbiosis and gut-derived molecules contribute

to neuroinflammation and disease progression (21E21[33],

3. Role of Bacterial Extracellular Vesicles in Neuroimmune
System and Their Crosstalk

The neuroimmune system, which is made up of interactions between the neurological system and the immune
system, is critical in NDs 24831 This neuroimmune system helps keep the homeostasis in balance. If this balance
is distraught, it can lead to chronic inflammation, damage to neurons, and eventually NDs 28291 |n terms of NDs,
the neuroimmune system is made up of immune cells like microglia and astrocytes that become active when there
is neuroinflammation BY. When these cells become active, they release cytokines and chemokines that cause
more inflammation and damage to neurons BBl Peripheral immune cells, such as T cells and monocytes, can

also promote neuroinflammation by crossing the BBB and entering the central nervous system 21132

Recent studies have shown how important the microbiome—gut—brain axis is in NDs and how it affects the
neuroimmune system 8. Dysbiosis, which is an imbalance in the gut microbiome, has been linked to the
development of NDs 38137 This could be because small molecules from the gut, like lipopolysaccharides, affect
the immune system [2838] The |atest studies have looked at how BEVs and the neuroimmune system interact,
which shows how BEVs might be able to change the immune response in NDs BI2738] For example, BEVs made
from the gut bacteria Bacteroides fragilis suppressed the immune response in a mouse model of multiple sclerosis
(391 1t was found that the BEVs helped regulatory T cells grow; regulatory T cells are very important for calming

down immune responses and preventing autoimmunity (49,

BEVs from the gut bacteria Akkermansia muciniphila were demonstrated to diminish neuroinflammation in a mouse
model of PD 12131 |t was found that the BEVs decreased the number of pro-inflammatory cytokines in the brain
and increased the number of anti-inflammatory cytokines 28l This suggests that BEVs have a neuroprotective
effect. A study looked at how BEVs from the gut bacteria Bifidobacterium bifidum might affect the immune system

in an AD animal model 193] The researchers found that giving BEVs to the mice led to less inflammation in the
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brain and better brain function 3. These studies show that BEVs may be able to change the immune response in
NDs, which means they may be a good way to treat these diseases 238, But more research is needed to fully

understand the mechanisms behind these effects and to figure out the best ways to use BEVs as medicines.

4. Risk Factors of Bacterial Extracellular Vesicles in
Autophagy-Lysosomal Pathway

The autophagy-lysosomal pathway (ALP) is a cellular process that gets rid of damaged organelles, misfolded
proteins, and invading pathogens by breaking them down and recycling them [21[42] Dysregulation of the ALP has
been linked to ND. Studies of bacterial infections have shown that various types of EVs are released, including
exosomes and microvesicles. The composition of the EV cargo can vary depending on the infection and cell type,
and this can ultimately impact the host immune response and bacterial growth 43, Figure 1 depicts the autophagy-
related pathways that employs LC3 conjugation to membrane endocytic and phagocytic vesicles and their effect on

EVs' release.
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Figure 1. The process of initiation, nucleation and maturation of autophagy including the autophagosome formation
and autophagy flux for the formation of autolysosome associated with LC3 Regulation of autophagy is dependent
on the LC3 associated endocytosis, LC3 associated phagocytosis, Endosomal microautophagy and LC3
dependent loading and secretion of extracellular vesicles (EVs). The release of EVs and autophagy are two
complementary mechanisms that cells use to eliminate amyloids and protein aggregates. EVs such as exosomes
bud from late endosomes, which are themselves derived from multivesicular bodies (MVBs), which can either be
released extracellularly or degraded in lysosomes. Autophagy is a cellular process in which cytosolic cargoes are

sequestered into autophagosomes, which then fuse with lysosomes for degradation.

The ALP has three main types: macroautophagy, microautophagy, and chaperone-mediated autophagy, as shown
in Figure 2. Autophagy or macroautophagy has been studied the most and it involves the formation of

autophagosomes that engulf cytoplasmic parts and fuse with lysosomes to break them down 241451,
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Figure 2. Three major types of autophagy-lysosomal pathways in NDs and other brain diseases are
macroautophagy, chaperone-mediated autophagy, and microautophagy. Macroautophagy process degrades or
eradicates the damaged cell organelles, unused protein, and toxic proteins by generating autophagosomes and
fuse with lysosome. Chaperone-mediated autophagy degrades the unused proteins, and the misfolded proteins
and intracellular toxic proteins are proteolytically degraded directly in lysosomes by translocating via the lumen of
lysosomes. Microautophagy is a nonselective degradative process by accumulating the cytoplasmic contents

directly to the lysosome by forming the endosomes.

ALP is very important in removing toxic proteins, like alpha-synuclein in PD, AB, and phospho tau in AD, from

building up in the brain and trying to clear this toxic proteins when activated. Also, abnormal regulation of the ALP
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has been linked to the activation of inflammatory pathways and oxidative stress, both of which contribute to the
development of NDs 32481 BEVs may be able to promote the ALP in different NDs, such as PD and AD [(4I5]E8],
Recent studies have shown that by controlling or promoting the ALP using BEVSs, suggesting that BEVs could be a
promising therapeutic target for treating NDs focusing on macroautophagy, chaperone-mediated autophagy, and
microautophagy [33147][48],

The ALP is very important for keeping cells in balance, and its malfunction has been linked to the development of
several NDs. More research is needed to fully understand how the ALP works in NDs and to investigate the
possibility that EVs, BEVs, or other external agents that could be used as a therapeutics to control the ALP are
required for the present situation in the treatment of NDs M9BABL As per the previous studies, EVs as brain
delivery nanocarriers or other phytochemicals has been reported that may influence the autophagy-lysosomal
pathway, in turn helping or keeping cells in balance by getting rid of damaged organelles and protein clusters [42152]
B3l Autophagy is a strictly regulated process that involves the creation of autophagosomes, which are double-
membrane vesicles 4254, These vesicles take in the toxic cytoplasmic materials and send them to lysosomes by
fusing them to form autolysosome to clear or break down the engulfed proteins or organelles B3I56]. There are
many hydrolytic enzymes in lysosomes that can break down the contents of autophagosomes into nutrients that

can be used to make energy and change the shape of cells BZI58],

Studies have shown that BEVs can mess up the autophagy—lysosomal pathway, which makes it harder for cells to
get rid of waste and causes toxic aggregates to build up B85, For example, a recent study showed that BEVs
made from Porphyromonas gingivalis, a pathogenic oral bacterium linked to AD, could stop autophagy by stopping
lysosomes from becoming acidic and stopping autophagosomes from breaking down BBJE1 BEVs made from
Bacteroides fragilis, a common gut bacterium that can change the immune system, could stop autophagy in
dendritic cells by stopping the fusion of autophagosomes and lysosomes [L8I33I61] On the other hand, some
studies have shown that BEVs may be playing a protective role in the autophagy—lysosomal pathway by assisting
to make new lysosomes and speeding up autophagic flux B3IB7E3 For example, a recent study showed that BEVs
made from Lactobacillus acidophilus, a probiotic bacterium with anti-inflammatory properties, could improve
autophagy flux by increasing lysosomal biogenesis and promoting lysosomal acidification 6283, |t was also found
that BEVs made from Akkermansia muciniphila linked to better metabolic health could speed up the removal of
misfolded proteins in a mouse model of PD by activating the autophagy-lysosomal pathway 363164 |n ND, the
connection between BEVs and the autophagy-lysosomal pathway is complicated and needs to be investigated
more 13631651 The possibility that BEVs could interfere with or improve this important way for cells to get rid of

waste could have big effects on how ND start and how they can be treated.
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