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Preface

Exosomes — Recent Advances from Bench to Bedside provides comprehensive insights
into the fascinating field of exosomes, which are nanosized extracellular vesicles.
These extracellular vesicles have been recognized as critical mediators and regulators
of both physiological and pathological processes. The book is organized into three
sections, each exploring different aspects of exosomes.

Section 1, “Stem Cell-derived Exosomes”, focuses on the uses of exosomes derived
from mesenchymal stem cells (MSCs). It includes two chapters. Chapter 1 details the
application of these exosomes in treating cardiovascular diseases, with a particular
emphasis on myocardial infarction (heart attack). Chapter 2 explores the potential
use of exosomes in tissue engineering and how they can be utilized for disease
diagnosis.

Section 2, “Exosomes and Infectious Diseases”, delves into the involvement of exo-
somes in various infectious diseases. It includes 3 chapters that collectively provide
an overview of the role played by exosomes in the immune system. Chapter 3 offers
general information on the role of exosomes in immune reactions, while Chapter 4
focuses on the transmission of pathogens through exosomes. Chapter 5 specifically
examines the role of exosomes in tuberculosis.

Section 3, “Application of Exosomes”, includes four chapters that discuss the diverse
applications of exosomes. Chapter 6 explores the use of exosomes as drug delivery
systems, highlighting their potential in targeted therapy. Chapters 7 and 8 explore the
signaling mechanisms employed by exosomes and provide detailed insights into the
contents of exosomes. Finally, Chapter 9 reviews the use of exosomes for aesthetic
purposes, potentially indicating their application in cosmetic procedures.

Overall, Exosomes — Recent Advances from Bench to Bedside offers a comprehensive
exploration of the current understanding and potential applications of exosomes. The
book covers various fields, including stem cell-derived exosomes, infectious diseases,
and the broader applications of exosomes in diagnostics, therapeutics, and aesthetic
practices.

Sherin Saheera

Postdoctoral Associate,

University of Massachusetts Chan Medical School,
Worcester, Massachusetts, USA
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Chapter1

Mesenchymal Stem Cell-Derived
Exosomes for Myocardial
Infarction Treatment

Huifeng Zheng, Yimei Hong, Bei Hu, Xin Li and Yuelin Zhang

Abstract

Myocardial infarction (MI) is a major cause of morbidity and mortality in modern
society. Over the past decades, mesenchymal stem cell (MSCs)-based therapy has
shown promising results in the treatment of MI due to their unique properties of
multi-differentiation ability, immune-privileged phenotype and paracrine activity.
Recently, MSC-derived exosomes (MSC-EXO) have been proposed as a promising
therapeutic strategy for MI with their ability to inhibit cardiomyocyte apoptosis and
stimulate vascular angiogenesis. They also aid immunoregulation and rejuvenation
of cardiomyocyte senescence by transporting their unique content such as proteins,
lipids, and miRNAs. Compared with MSC transplantation, MSC-EXO administration
has shown several advantages, including lower toxicity and immunogenicity and no
risk of tumor formation. Nonetheless the potential mechanisms underlying MSC-
EXO-based therapy for MI are not fully understood. In addition, lack of modification
of MSC-EXOs can impact therapeutic efficacy. It is vital to optimize MSC-EXO and
enhance their therapeutic efficacy for MI. We summarize the recent advances regard-
ing biological characteristics, therapeutic potential and mechanisms, and optimal
approaches to the use of MSC-EXOs in the treatment of MI.

Keywords: mesenchymal stem cells, exosome, myocardial infarction, treatment,
therapeutic effect

1. Introduction

Myocardial infarction (MI) results in irreversible loss of cardiomyocytes due to a
restricted blood supply and is the major cause of morbidity and mortality worldwide.
It has been estimated to account for 80% of deaths in patients with ischemic heart
disease worldwide, and its prevalence continues to increase every year leading to
a significant medical, social, and financial burden [1]. Despite the availability of
advanced surgical interventions and medications including primary percutaneous
coronary intervention, angiotensin-converting enzyme drugs and p-blockers, there
remains no effective means to prevent cardiomyocyte loss due to myocardial ischemia
[2]. The only cure for this devastating disease is heart transplantation but this is
restricted by its high cost, a shortage of donor hearts, and the occurrence of immune
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rejection following transplantation [3]. Exploration of novel therapies for left ven-
tricle remodeling and dysfunction following infarction is urgently needed.

Over the past decades, stem cell-based therapy has become a promising strategy
to treat MI with significant progress made in animal studies and clinical trials [4-6].
Among all types of stem cell under investigation, mesenchymal stem cells (MSCs)
have garnered huge interest due to their easy isolation, high reproductive activity,
differentiation capability and immunomodulatory properties [7, 8]. MSCs can be
isolated from multiple tissues or cells including bone marrow, adipose tissue, umbili-
cal cord blood and even pluripotent stem cells [9-12]. There is accumulating evidence
that MSCs are promising candidates for MI treatment [13-15]. More importantly,
it is now widely accepted that the cardioprotective effects of MSC-based therapy in
MI are due to their strong paracrine effects, rather than trans-differentiation ability
[7, 16-18]. Therefore, researchers are increasingly huge interested in the therapeutic
efficacy of MSC-derived bioactive molecules, especially exosome (EXO), that are
considered major components of the paracrine effect in MSC-based therapy [19, 20].
EXO, a subgroup of extracellular vesicles (EVs), are 40-160 nm diameter membrane-
bound vesicles that can be found in almost all biological fluids. It has been well
documented that MSC-EXO exert their cardioprotective effects in MI by delivering
diverse biological molecules, including non-coding RNA, DNA, lipids and proteins
[21-24]. More importantly, compared with MSC transplantation, MSC-EXO have
several advantages such as easier storage and transplantation, less immune rejection,
minimum risk of immunogenicity and no risk of tumor formation [25]. We discuss
the current understanding of the biological characteristics, therapeutic effects and
potential mechanisms of MSC-based therapy in MI. We also highlight the current
challenges and potential approaches to improve the efficacy and production of MSC-
EXO in regenerative medicine to guide their future clinical application.

2. Characterization and Isolation of MSC-EXO

EVs are bilayer lipid membrane-bound subcellular vesicles released by all types
of cells and present in all body fluids. According to MISEV2018, EVs are divided
into “small EVs” (sEVs, <100 nm or <200 nm) and “medium/large EVs”(m/IEVs,
>200 nm) respectively [26]. EXO are sEVs approximately 40-160 nm in diameter
(100 nm on average) and the main subclass of EVs [27]. The biogenesis of EXO
begins with inward budding to form an early endosome. Finally, EXO are built when
multi vesicular bodies (MVBs, late endosomes) fuse with plasma membrane and are
secreted into the extracellular space [28, 29]. MSC-EXO express EXO-specific markers
CD9, CD63, CD81, Alix and Tsgl101 as well as MSC surface markers including CD29,
CD44, CD90 and CD73. Among these, CD29 and CD44 have been identified previ-
ously as the specific biomarkers for MSC-EXO [30, 31]. The size and concentration of
EXO can be characterized by nanoparticle tracking analysis (NTA) and transmission
electron microscopy (TEM) [32]. Recently, plasmonic scattering microscopy has been
applied to image exosomes and analyze biomarkers [33].

It is difficult to show whole landscape of EXO dispersed in solution. Therefore,
purification of EXO is of importance for EXO definition. EXO are distributed through-
out body fluids and this represents a challenge to their isolation. EXO are secreted
into body fluids such as blood, urine, saliva, lymph, breast milk, cerebrospinal fluid
and pericardial fluid etc. [34]. EXO components reflects the state of the original cell.
Different methods of isolation of EXO varies from various body fluids. Meanwhile,
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the extraction result differs from types of biological fluid. Which was optimal remains
controversial [35]. Isolation of abundant EXO can help in the assessment of their
biological functions [36]. Several recent alternative methods ranging from conven-
tional to newly developed techniques to isolate and purify EXO are summarized in
Table 1. Different methods for EXO isolation have different advantages and disadvan-
tages. During isolation, ultracentrifugation and density gradient centrifugation are
the most commonly used techniques [47]. Currently, several new methods have been
established to facilitate high-throughput and high-purity manufacture of EXO. The
characterization and isolation of MSC-EXO are summarized in Figure 1.

No. Methods of EXO Advantages and disadvantages Ref.
isolation
1 Ultracentrifugation . Most widely used [37]

. Gold standard for exosome separation

. Time consuming

1
2
3. A series of speed centrifugation
4
1

2 Density gradient . Sorts: [38]
centrifugation Sucrose density gradient
Iodixanol density gradient
Optiprep density gradient
2. Improve purity of exosomes
3. Sucrose density gradient cannot effectively separate
EXO and retroviruses
4. Time consuming and complex procedure
3 Chromatography 1. Sorts: [39]
(Slze_PaSEd isolation Mini-size exclusion chromatography (mini-SEC)
techniques)
Size exclusion chromatography
2. Quick, easy, small material consumption
3. May be applied with other particles of similar size
4 Ultrafiltration 1. Uses ultrafiltration membranes with different molecu- [40]
(size-based isolation lar weight cutoffs (MWCO)
techniques) 2. Low cost and high enrichment efficiency
3. Low purity and non-specific binding of EXO
5 Tangential flow 1. Using a cutoff TFF cartridge [41]
ﬁltrat.lon (SIZe—.based 2. Fluid flows tangentially across the surface, avoiding
isolation techniques) filter cake formation
3. Fastand efficient
4. Volume is limited by the instrument dead volume
6 Polymer-based 1. Uses polyethylene glycol (PEG) as a medium [42]
prec1p1t'at10n 2. Easy to operate with short analysis time
separation
3. Polymer is difficult to remove
7 Immunoaffinity 1. Based on the specific binding of antibodies and ligands [43]
((:i’lj:(ér;latography 2. Storage conditions of EXO are relatively harsh and are

not suitable for large-scale separation of EXO
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No. Methods of EXO Advantages and disadvantages Ref.
isolation
8 Microfluidic . Sorts [44]
technologies Physical-property-based microfluidics
Immunoaffinity-based microfluidics
. Miniaturization, integration, high-throughput capac-
ity, low-time consumption
. Specialized equipment needed
9 Deterministic . Uses tilted pillar arrays that generate a fluid bifurcation [45]
lateral displacement and a unique number of streamlines between the gaps
separation . Low separation throughput; particle adhesion and
clogging; complex and bulky experimental setup
10 Acoustic fluid . Uses ultrasound waves to exert radiation forces on [46]
separation particles
2. Highly controllable, and versatile
3. The device is relatively low in a single channel micro-
fluidic device
Table 1.
Methods of MSC-EXO isolation.
IBonelmamot Exosome Isolation
Ultracentrifugation
Density gradient centrifugation
Chromatography
Ultrafiltration
Tangential flow filtration
Polymer-based precipitation separation
Immunoaffinity Chromatography (IAC)
Microfluidic technologies
MSCs Deterministic lateral displacement separation
Acoustic fluid separation

Membrane transpoter and fusion proteins
e.g. Rab GTPases and annexins

Tetraspanins
e.g. CD9,CD29,

CD44,CD81,CD20 ’

Lipid-related
proteins

MSC-EXO

Figure 1.
Characterization and isolation of MSC-EXO.
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3. The bioactive constituents of MSC-EXO for MI treatment

MSC-EXO exert their benefits in various diseases by enclosing and transporting a
vast array of molecules [48]. It has been demonstrated that exosomal components are
almost dependent on the source cell and cellular conditions [25, 49, 50]. Generally,
EXO contain multiple characteristic molecules with typical physiological functions
[51-53]. MSC-EXO comprise a variety of substances, including many kinds of pro-
teins and a lot of noncoding RNA, including microRNAs (miRNAs) and long noncod-
ing RNAs (IncRNA) [54]. These components can act as paracrine factors, mediating
cell-to-cell signaling and communication. More importantly, they can be used as
prognostic and diagnostic markers [55, 56].

3.1 Exosomal miRNAs in MSC-EXO for MI treatment

miRNAs are endogenous and 19-25 nucleotides in size. They can be isolated from
cells, tissues and body fluids [57]. By pairing to the mRNAs of protein-coding genes,
miRNAs play an important role in regulating post-transcriptional silencing of target
genes [58, 59]. There is accumulating evidence that miRNAs are enriched in MSC-
EXO and are the major bioactive constituents [60-62]. In the last few decades, the
cardioprotective role of MSC-derived exosomal miRNAs has attracted huge attention
[63]. It has been well documented that many MSC-derived exosomal miRNAs have
beneficial functions in MI treatment [64]. Importantly, several potential mechanisms
have been identified such as promotion of angiogenesis, reduction of cell death and an
antifibrotic effect [65]. Enhanced angiogenesis is one of the important repair mecha-
nisms underlying MSC-EXO-based therapy for MI [66-68]. Through direct miRNAs
transfer, MSC-EXO convey their proangiogenic signals to injured cardiomyocytes
[69]. Previous study has shown that silenced MSC-derived exosomal miR-210 largely
lost its proangiogenic effect. Further experimental study revealed that exosomal
miR-210 improves angiogenesis of MSC-EXO via targeting of Efna3 [70]. Zhu et al.
demonstrated that macrophage migration inhibitory factor (MIF) could enhance
the pro-angiogenic effect of MSC-EXO by enhancing the level of miR-133a-3p via
regulation of the AKT signaling pathway [71]. miR-221 is one of the most studied
miRNAs. A recent study reported that up-regulated exosomal miR-221-3p derived
from senescent MSCs improved their ability of angiogenesis, migration and prolifera-
tion, and suppressed apoptosis by regulating the PTEN/AKT pathway [72]. Ma et al.
revealed that miR-132-electroporated MSC-EXO could promote angiogenesis both
in vitro and in vivo by downregulating RASA1 [23]. These studies show that MSC-
EXO improve angiogenesis by transmitting miRNAs via various biological signaling
pathway following MI.

There is increasing evidence that ameliorating cardiomyocyte death is another
major mechanism by which EXO restore cardiac function following MI. MSC-EXO
reduce myocardial cell death via multiple mechanisms including an anti-apoptosis
action, inhibition of pyroptosis and an anti-inflammatory effect [73]. Apoptosis is
programmed cell death that is strongly associated with myocardial ischemia [74].
Previous studies have proved that MSCs have an anti-apoptotic effect through secre-
tion of exosomes enriched in miRNAs [75]. Hypoxia-elicited MSC-EXO (Hypo-EXO)
facilitates cardiac repair by preventing cell death in MI via delivery of miR-125b.
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Mechanistically, miR-125b-5p suppresses apoptosis of cardiomyocytes by down-
regulating the expression of apoptotic genes p53 and BAK1 [63]. Another study
demonstrated that EXO derived from miR-146a-modified adipose-MSCs attenuated
MI via inhibition of apoptosis, the inflammatory response, and fibrosis in a rat model
of AMI by targeting early growth response factor 1(EGR1) [76]. Wang et al. reported
that adipose-MSC-EXO carrying miR-671 reduced the apoptosis of cardiomyocytes
and alleviated myocardial fibrosis and inflammation via inactivation of the TGFBR2/
Smad2 Axis [77]. miR-153-3p plays an important role in modulating cell proliferation,
apoptosis and angiogenesis. It has been illustrated that EXO-miR-153-3p significantly
reduces apoptosis of endothelial cells and cardiomyocytes and promotes their viabil-
ity. By targeting ANGPT1, miR-153-3p can regulate the VEGF/VEGFR2/PI3K/AKT/
eNOS pathways to prevent hypoxic damage to endothelial cells and cardiomyocytes
[78]. Furthermore, a growing number of studies have shown that stem cell-derived
exosomal miRNAs, such as miR-150-5p, miR-126, and miR-486-5p, demonstrate
antiapoptotic activity in MI treatment [79-81]. These findings indicate that the
anti-apoptotic effect of MSC-EXO can be partly ascribed to the delivery of some anti-
apoptotic miRNAs.

Autophagy is a self-destructive process during which a cell degrades and recycles
unnecessary or dysfunctional cellular components [82]. Autophagy is involved in
promoting cell death and exacerbates myocardial dysfunction following severe
ischemic stress. There is accumulating evidence that MSC-EXO reduce cell death
by mediating autophagy. Xiao et al. determined that MSC-EXO reduced autophagic
flux in infarcted hearts via exosomal transfer of miR-125b by interfering with p53/
Bnip3 signaling and protected cardiomyocytes against damage [83]. Liu et al. showed
that miR-93-5p-enhanced ADSC-EXO had a greater cardioprotective effect by
suppressing hypoxia-induced autophagy and inflammatory cytokine expression via
targeting of Atg7 and Toll-like receptor 4 (TLR4), respectively [84]. Furthermore, Li
et al. reported that exosomal miR-301 derived from MSCs protected against MI by
inhibiting myocardial autophagy [85]. In addition, MSC-exosomal miRNAs exerted
a cardioprotective effect in MI by attenuating cardiac fibrosis. Inflammation and
subsequent fibrosis are important pathological reactions that result in scar formation
post-MI. Human umbilical cord MSCs-EXO containing miR-29b have been shown
to prevent cardiac fibrosis following MI, leading to a reduction in infarct size and
improved cardiac function in a mouse model of MI [86]. Moreover, miR-671 carried
by adipose-derived MSC-EXO has been proven to also reduce myocardial fibrosis and
inflammation both i vitro and in vivo [77]. The roles of MSC-exosomal miRNA and
the potential mechanism for MI treatment are summarized in Table 2.

3.2 Exosomal IncRNAs in MSC-EXO for MI treatment

LncRNAs are defined as RNA transcripts >200 nucleotides without protein-
coding potential. IncRNAs play important roles in regulating a variety of biologi-
cal processes. Recent studies have shown that they participate in the initiation
and progression of MI through regulation of gene expression at the epigenetic,
transcriptional and post-transcriptional levels [87]. Moreover, MSC-derived exo-
somal IncRNAs have been shown to have cardioprotective effects for MI. LncRNA
KLF3-AS1 in human MSC-EXO ameliorated pyroptosis of cardiomyocytes in a rat
model of MI via regulation of the miR-138-5p/Sirt1 axis [88]. A recent study has
illustrated that hypoxia promoted MSCs to secret IncRNA-UCA1-enriched EXO
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Model Sources Related- Biological effects Involved Ref.
of EXO effectors pathway

MI mouse with LAD BM-MSCs miR-210 Angiogenesis Efna3 [65]
ligation
MI rat with LAD UC-MSCs miR-133-3p Angiogenesis P-AKT [66]
ligation Anti-apoptosis

Anti-fibrosis
MI rat with LAD BM-MSCs miR-221-3p Angiogenesis PTEN/AKT [67]
ligation Anti-apoptosis pathway
MI mouse with LAD BM-MSCs miR-132 Angiogenesis RASA1 [18]
ligation increase tube

formation enhance

neovascularization
MI mouse with LAD BM-MSCs miR-125b Anti-apoptosis P53 and BAK1 [58]
ligation
MI rat with LAD AD-MSCs miR-146 Anti-apoptosis EGR1/TLR4/ [71]
ligation Anti-inflammation NFxB

Anti-fibrosis

MI rat with LAD AD-MSCs miR-671 Anti-fibrosis TGFBR2/ [72]
ligation Anti-inflammation Smad?2
Vitro model BM-MSCs miR-153-3p Anti-apoptosis ANGPT1- [73]
Angiogenesis VEGF/PI3k/
AKT/eNOS
MI mouse with LAD BM-MSCs miR-150-5p Anti-apoptosis Bax [74]
ligation
MI rat with LAD AD-MSCs miR-126 Anti-apoptosis _ [75]
ligation Anti-inflammation
Anti-fibrosis
Angiogenesis
MI rat with LAD BM-MSCs miR-486-5p Anti-apoptosis PTEN/PI3K/ [76]
ligation AKT
MI mouse with LAD BM-MSCs miR-125b Decreasing P53/Bnip3 [78]
ligation autophagic flux
MI rat with LAD BM-MSCs miR-301 Inhibiting — [80]
ligation myocardial
autophagy
MI mouse with LAD UC-MSCs miR-29b Anti-fibrosis — [81]
ligation
Table 2.

MSC-exosomal miRNAs for MI treatment.

that had a cardioprotective effect via the IncRNA-UCA1/miR-873-5p/XIAP axis.
Furthermore, exosomal IncRNA-UCA1 in human plasma may be considered a
potential noninvasive biomarker for the diagnosis of AMI [89]. Similarly, Huang

et al. showed that Atorvastatin pretreatment enhanced the therapeutic efficacy of
MSC-EXO in a rat MI model via up-regulation of LncRNA H19 by promoting endo-
thelial cell function [90]. The roles of MSC-exosomal LncRNA and their potential
mechanism in MI treatment are summarized in Table 3.
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Model Sources Related- Biological effects Involved Ref.
of EXO effectors pathway
MI rats with hMSCs LncRNA Amelioration of miR-138-5p/Sirtl [83]
LAD ligation KLF3-AS1 pyroptosis
MI rats with hMSCs LncRNA-UCA1 Anti-apoptosis miR-873-5p/ [84]
LAD ligation XIAP
MI rats with BM-MSCs LncRNA H19 Anti-apoptosis miR-675, VEGF [85]
LAD ligation Angiogenesis and ICAM-1
Anti-inflammation
Anti-fibrosis
Table 3.

MSC-exosomal LncRNAs for MI treatment.

3.3 Exosomal proteins in MSC-EXO for MI treatment

MSC-EXOs further elicit benefit by delivering their cargo of potentially therapeu-
tic proteins to recipient cells [91]. To date, nearly two thousand proteins in MSC-EXO
have been identified [92-96]. Like miRNAs and IncRNAs, proteins in MSC-EXO
have the potential to protect cardiomyocytes against injury following MI. Proteins in
MSC-EXO whose role is basic cellular function, include common proteins, enzymes
and signaling molecules [97]. One study suggested that hucMSC-EXO protected
myocardial cells against apoptosis and promoted cell proliferation and angiogenesis
by improving the expression of Bcl-2 family [98]. EXO secreted from CXCR4 overex-
pressing MSCs have been shown to promote cardiomyocyte survival and angiogenesis
in ischemic hearts following MI via the AKT signaling pathway [99]. Deng et al.
reported that EXO from AD-MSCs could ameliorate cardiac damage following MI
by activating S1P/SK1/S1PR1 signaling and promoting macrophage M2 polarization
[100]. The roles of MSC-exosomal proteins and their potential mechanism for MI
treatment are summarized in Table 4.

Taken together, although current knowledge is limited, it can be inferred that vari-
ous proteins carried by MSC-EXO protect ischemic cardiomyocytes through different
mechanisms.

Model Sources Related- Biological effects Involved pathway Ref.
of EXO effectors
MI rats with UC-MSCs Bcl-2 family, Anti-fibrosis — [98]
LAD ligation Ki67 angiogenesis
MI rat with BM-MSCs DMBT1 Promotes PI3K-AKT/ [99]
LAD ligation angiogenesis GSK3p/p-catenin/
VEGF

MI rat with AD-MSCs S1P, SK1, Anti-apoptosis S1P/SK1/S1PR1 [100]
LAD ligation S1PR1 anti-fibrosis

anti-inflammation

promotes

macrophage M2

polarization

Table 4.

MSC-Exosomal proteins for MI treatment.
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4. Potential strategies to improve the therapeutic efficacy of
MSC-EXO for MI

Although MSC-EXO-based therapy has shown promising results in MI, their
therapeutic efficacy is heavily restricted by the low production and concentration of
biological molecules released by EXO derived from MSCs under routine culture con-
ditions. The production and biological components of MSC-EXO vary depending on
the different external stimuli surrounding MSCs and MSC status. Therefore, modify-
ing and optimizing exosomal content in MSC-EXO iz vitro prior to transplantation to
enhance their therapeutic efficacy for MI is vital. Over the past decades, several novel
strategies, including altering culture conditions and pretreatment with pharmacologi-
cal compounds and molecules, have been explored to generate modified MSC-EXO
with greater benefits for MI treatment [56, 101]. More importantly, genetic modifica-
tion of MSCs has had a great impact on the release of MSC-EXO, directly modulating
their therapeutic efficacy. The influence of these factors on production and function
of MSC-EXO will be discussed in the following sections. Different strategies to
improve the therapeutic effects of MSC-EXO in MI are summarized in Figure 2.

4.1 MSC-EXO generated from different culture conditions

The status of MSCs is largely dependent on culture conditions. Changes to culture
conditions may influence MSC-EXO content and its biological functions. As a key
impact on MSC culture, oxygen concentration plays a critical role in the regulation
of gene expression, exon splicing, and phenotype of MSCs [102]. Therefore, oxygen
gradients control MSC functions and generate different biological functions of MSC-
EXO. MSCs survive under hypoxic conditions after transplantation into the ischemic
heart and then release EXO to exert their benefit. Nonetheless MSCs are usually
cultured under normoxic conditions in vitro. Therefore, the EXO released from MSCs
under normoxic conditions in vitro and under hypoxic conditions iz vivo carry dif-
ferent biological molecules with correspondingly different therapeutic effects. It has
been reported that transplantation of MSCs under hypoxic conditions results in an
enhanced therapeutic effect for MI [103, 104], indicating that hypoxic precondition-
ing may be a potential approach to prime MSC-EXO for MI treatment. Accumulating

_ Different Culture Pharmacological Compounds Genetic MiRNAs
Hypoxia Conditions and Biomolecules Modification Modification

MSC-EXO Improved cardioprotective effects
3 of MSC-EXO

Anti-fibrotic AngiogenicT Immunomodulatory Anli-apoptoticT
effects effects effects effects

Anti-senescence
effects T

Figure 2.
Different strategies to improve the therapeutic effects of MSC-EXO in MI.
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evidence shows that EXO from hypoxia-primed MSCs used to treat MI are superior to
EXO from MSCs cultured under normoxic conditions [63, 105, 106]. Hypoxic pre-
conditioning can enrich some specific miRNAs in the MSC-EXO that protect against
MI by promoting angiogenic potential, attenuating inflammation and ameliorating
apoptosis of cardiomyocytes [101]. It has been documented that hypoxic pre-
conditioning of MSC-EXO elicits better therapeutic efficacy for MI by reducing the
apoptosis of cardiomyocytes via upregulation of miR-210 that targets AIFM3 protein
[75]. Zhang et al. showed that EXO isolated from hypoxic MSCs improved myocardial
function in a rat model of myocardial ischemia-reperfusion injury by suppressing
oxidative stress and the inflammatory response via delivery of miR-98-5p [107].
More importantly, EXO derived from MSCs stably overexpressing hypoxia inducible
factor (HIF)-1a displayed an increased angiogenic capacity, partially due to the high
level of Jagged1. This may have potential applications for MI treatment [108]. Indeed,
transplantation of EXO collected from HIF-1a overexpressing MSCs improved

heart function by promoting angiogenic formation in a rat model of MI [109]. Apart
from hypoxic conditions, culture medium with different types of serum influence
the characteristics of MSCs, modulating the efficacy of MSC-EXO-based therapies.
Compared with normal serum, MSCs cultured with serum collected from the blood
of mice with middle cerebral artery occlusion robustly demonstrated an upregulated
level of miR-20a in their EXO [110]. Whether culturing MSCs with special serum can
improve the efficacy of MSC-EXO for MI remains to be determined. Recently, it has
been reported that the production of MSC-EXO can be augmented using a 3D porous
scaffold structure instead of the traditional 2D culture in plastic plates, providing a
novel strategy to optimize MSC-EXO for MI treatment [111]. Therefore, exploring
suitable culture conditions for MSCs will not only improve the yield of EXO but also
modify the therapeutic components of the EXO, ultimately enhancing their efficacy
for MI treatment.

4.2 MSC-EXO generated following preconditioning with pharmacological
compounds and biomolecules of MSCs

There is accumulating evidence that preconditioning with pharmacological
agents and biomolecules robustly improves the therapeutic efficacy of MSCs in MI
by enhancing MSC survival and paracrine effects [112-115]. These results prompted
us to determine whether pharmacological preconditioning could be a novel approach
to enhance the cardioprotective effects of MSC-EXO. Our group has shown that
compared with MSC-EXO, EXO isolated from MSCs pretreated with hemin, a potent
heme oxygenase-1 (HO-1) inducer, exhibited better cardioprotection for MI via
inhibition of cardiomyocyte senescence by elevating the level of miR-183-5p [116].
Huang et al. demonstrated that EXO obtained from atorvastatin-pretreated MSCs
had greatly enhanced therapeutic efficacy for MI treatment in terms of promoting
angiogenesis and inhibiting inflammation [90]. In addition to pharmacological
agents, preconditioning with specific biomolecules can contribute to the secretion
of MSC-EXO. EXO derived from interferon-gamma (IFN-y)-treated MSCs exhibited
more potent cardioprotective function in a rat model of MI by increasing angiogen-
esis and inhibiting cardiomyocyte apoptosis through upregulation of miR-21 [117].
Interestingly, Xiao et al. found that compared with MSC-EXO, EXO derived from
MSCs pretreated with ischemic rat heart extracts enriched with IL-22 promoted the
angiogenic capacity of human umbilical vein endothelial cells, indicating a novel
preconditioning approach to optimize MSC-EXO for MI treatment [99]. These reports
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confirm that preconditioning with pharmacological compounds or biomolecules can
alter the surrounding microenvironment of the culture conditions of MSCs and influ-
ence their paracrine effects, ultimately affecting the action of their derived EXO.

4.3 MSC-EXO isolated from genetically modified MSCs

Genetic modification of MSCs via knockdown or overexpression of some RNAs
or proteins is another efficient approach to improve the therapeutic effect of MSC-
EXO. Our previous study showed that compared with MSC-EXO, administration
of EXO secreted by MSCs transduced with macrophage migration inhibitory fac-
tor, a proinflammatory cytokine, exhibited a better therapeutic efficacy for MI
by downregulating cardiomyocyte mitochondrial fragmentation, reactive oxygen
species generation, and apoptosis [118]. A recent report revealed that EXO collected
from stromal-derived factor 1-overexpressing MSCs intravenously administered
in a mouse model displayed enhanced heart protection by inhibiting apoptosis and
autophagy of myocardial cells and increasing angiogenesis by the regulating PI3K
signaling pathway [119]. In another study, EXO from MSCs transduced with lentiviral
CXCR4 promoted restoration of cardiac function in a rat model of MI by ameliorating
cardiomyocyte apoptosis and increasing angiogenesis via upregulation of IGF-1a and
p-AKT levels and downregulation of active caspase 3 level [120]. As discussed above,
miRNAs are important biological components that play a pivotal role in the cardio-
protective effect of MSC-EXO in MI [121-123]. Therefore, overexpression of miRNAs
in MSCs can enhance the efficacy of MSC-EXO for MI treatment. Direct injection of
MSC-EXO with miR-183-5p overexpression has been shown to result in better cardiac
function via suppression of apoptosis and oxidative stress of cardiomyocytes by
targeting FOXO1 [124]. Administration of EXO derived from miR-129-5p-modified
MSCs displayed enhanced cardiac function following MI in mice by downregulat-
ing apoptosis of cardiomyocytes and production of inflammatory cytokines via
targeting of HMGB1 [125]. Moreover, EXO derived from miR-126-overexpressing
adipose-MSCs demonstrated better beneficial effects by inhibiting cardiac fibrosis
and inflammatory cytokine expression and increasing angiogenesis [80]. Thus,
genetically modified MSC-EXO have been considered an effective means by which to
enhance their cardioprotective effects in ML

5. Limitations and challenges of MSC-EXO-based therapy for MI

Despite several significant advantages over MSCs, there remain some limitations
and challenges to the clinical application of MSC-EXO for MI treatment. First, the
rapid clearance of MSC-EXO from ischemic heart tissue after transplantation limits
the beneficial effects for MI. An optimum delivery route for administration of MSC-
EXO is unavailable. Currently, intramyocardial transplantation is the most effica-
cious. Exploration of alternative approaches to optimize retention and engraftment of
MSC-EXO in the ischemic heart is urgently needed. Second, although the biological
components in MSC-EXO, including miRNAs, IncRNA, recombinant proteins, and
cytokines, have been intensively investigated, the exact mechanisms underlying
MSC-EXO-based therapy for MI require further investigation. Third, MSC-EXO are
currently isolated mainly depending on their vesicle size. Different sizes of MSC-
EXO may contain different components with corresponding different therapeutic
outcomes for MI. A more accurate isolation and purification method for MSC-EXO
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should be adopted. Fourth, multiple harmful and unwanted biological components
in MSC-EXO may restrict their efficiency. Several strategies to modify and remove
unwanted components are under investigation. Finally, although classic high-speed
centrifugation is the most common method used for MSC-EXO isolation, it is limited
by the disadvantages of low production of EXO, high heterogeneity and non-scalabil-
ity. A scalable isolation protocol for mass production of homogenous MSC-EXO for
clinical application is needed.

6. Conclusion

Over the past decades, administration of MSC-EXO has been shown to attenuate
cardiac remodeling and improve heart function recovery following MI by inhibiting
cardiomyocyte apoptosis, stimulating vascular angiogenesis, immunoregulation and
rejuvenating cardiomyocyte senescence. Although the great potential of MSC-EXO
therapy for heart function recovery has been clearly demonstrated, the therapeutic
role of MSC-EXO in MI is extremely complex. Many issues remain to be carefully
addressed and evaluated including the need for a high quality isolation protocol,
delivery routes, and optimum EXO dose. In addition, potential risks must be carefully
evaluated prior to translation into clinical trials. MSC-EXO-based therapy is still in its
infancy and most experimental studies have been in a small animal model. The thera-
peutic efficacy of MSC-EXO should be evaluated in a porcine model or pre-clinical
large animal model. This may provide further evidence to support clinical transla-
tion of MSC-EXO-based therapy to humans. Despite the unresolved issues, with the
advanced development and technical breakthroughs in EXO research, it is hoped that
clinical translation of MSC-EXO to promote cardiac regeneration and repair will soon
be a reality for patients with MI.
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Abstract

Mesenchymal stem cells (MSCs), also known as mesenchymal stromal cells or
medicinal signaling cells or multipotent stem cells, are heterogeneous cell populations
with unique immunomodulatory feature and hematopoietic-supporting capacity.
MSCs function through a variety of approaches including paracrine and autocrine,
direct- or trans-differentiation, bidirectional immunomodulation, and serving as
constitutive microenvironment. Of them, exosomes and microvesicles function as the
pivotal vehicle for mediating the ameliorative and therapeutic effect of MSCs toward
various recurrent and refractory diseases, such as xerophthalmia, radioactive nasal
mucosa injury, acute-on-chronic liver failure (ACLF), dermal chronic ulcers, and
intrauterine adhesions. State-of-the-art renewal has also highlighted the promising
prospective of MSC-derived exosomes (MSC-exo) and diverse biomaterial compos-
ites in regenerative medicine. In this book chapter, we mainly focus on the concept,
biological phenotypes, preclinical research, and clinical practice of MSC-derived exo-
somes (MSC-Exos) and/or biomaterials, which will collectively supply overwhelming
new references for the further development of MSC-Exos-based biotherapy and
disease diagnosis in future.

Keywords: exosomes, tissue engineering, mesenchymal stem cells,
disease intervention, immunomodulation

1. Introduction

Exosomes have been considered as cell-derived nanovesicles, which are indicated
in disease diagnosis and treatment via the intercellular transportation of cellular
constituents, such as proteins, mRNAs, microRNAs, lipids, and cytokines [1-3].
Longitudinal studies have indicated the secretion of exosome by mammalian cells
and the wide distribution in cellular systems [1]. For instance, Heo et al. reported the
effect of exosomes upon atherosclerosis by inducing or inhibiting progression of dis-
ease through cell-to-cell communication, which suggested the application in disease
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diagnosis and treatment [4]. State-of-the-art literatures also highlighted the marked
technological advances of exosome-based nanotechnology to bloom the further
exploitation of exosome-associated biology, pathology, chemistry, and therapeutics
[5]. Despite the small membrane vesicles can be released and generated by a variety of
eukaryotic cells, yet one of the major obstacles for potential application of exosomes
is the strategies for high-efficient and robust enrichment of large-scale preparation
with high quantity [1, 6].

Of the numerous parental cells for exosome enrichment, mesenchymal stem/
stromal cells (MSCs) are considered with robust immunomodulatory property and
therapeutic potential [7-9]. Differ from the relative cell types, MSCs are advantaged
stem cells with high percentage of mesenchymal-associated biomarker expression
(e.g., CD44, CD73, CD90, CD105), whereas with minimal expression of type II major
histocompatibility complex (MHC-II) or hematopoietic-related surface marker
expression (e.g., CD31, CD34, CD43, CD45) [10-12]. In this chapter, we summarize
the basic and clinical research of MSC-derived exosomes (MSC-exo), including the
definition, biological phenotypes and significance, preclinical and clinical investiga-
tions, and the concomitant molecular mechanism. Taken together, the contents in this
chapter will benefit the further development of MSC-exo-based therapeutic regimens
for refractory and recurrent disorder administration in future.

2. MSCs and exosomes

Mesenchymal stem/stromal cells (MSCs), also known as medicinal signaling cells,
are unique multipotent stem cells with multi-lineage differentiation capacity and
bidirectional immunomodulatory property [13]. Meanwhile, enormous literatures
have demonstrated the hematopoietic-supporting effect of MSCs upon the self-
renewal and lineage differentiation potential of hematopoietic stem cells (HSCs),
which thus play a critical role in physiologic hematopoiesis and hematologic malig-
nancies [14]. Since the first identification from clinical samples in 1968 [15], MSCs of
different origins have been consecutively isolated from adult tissues (e.g., bone marrow,
adipose tissue, dental pulp) and perinatal tissues (e.g., placenta tissue, amniotic
membrane, umbilical cord, amniotic fluid) [16, 17]. Of them, bone marrow-derived
MSCs (BM-MSCs) have been considered with the widest range of application, while
umbilical cord-derived MSCs (UC-MSCs) have been recognized with the most robust
long-term proliferation and immunoregulatory capacity, respectively [13, 18]. As
shown by the ClinicalTrials.gov website, over 1400 trials have been registered for a
variety of refractory and recurrent disease administration (Figure 1).

To date, MSCs have been considered with various origins, including meso-
derm, endoderm, ectoderm, trophoblasts, and neural crest cells (NCCs) [19, 20].
Therewith, MSCs have been recognized as heterogeneous stem cells and show varia-
tions in multitudinous biofunctions. Since the year of 2005, pioneering investigators
in the field have employed pluripotent stem cells (PSCs) including induced PSCs
(iPSCs) and embryonic stem cells (ESCs) for the preparation of MSCs for large-scale
application. For instance, Zhang et al. reported the high-efficiency MSC genera-
tion from human PSCs (hPSCs) within two weeks by a cell programming strategy,
which was accomplished by the combination of a master transcription factor named
MSX2 (Msh Homeobox 2) and small molecule cocktails (TGF-p, bFGF, decitabine)
[19]. Subsequently, Wei et al. took advantage of two chemical compounds including
OICR-9429 (aJAK signal and histone methyltransferase inhibitor) and decitabine
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Figure 1.
Hllustration of MSC-based clinical trials.

(DAC) for the enhanced induction of MSCs from hESCs [21]. Very recently, we
reported the high-efficiency MSC induction from hESCs within two weeks via the
non-gene-editing cell programming with LLY-507 (a JAK/STAT or BRD4 inhibitor)
and AZD5153 (an epigenetic reader domain inhibitor) [10]. Similar to UC-MSCs,
hPSC-MSCs revealed superiority in ex vivo proliferation and immunomodulation
over the counterparts from diverse adult tissues.

MSCs function via diverse modes of action, including differentiation, immuno-
modulation, and secretion. Of them, exosomes and small extracellular vesicles (sEVs)
are considered as the two major forms of derivatives of MSCs, which thus play a piv-
otal role in mediating disease diagnosis and treatment [22, 23]. Exosomes are nano-
sized sEVs secreted by the parent cells and play a pivotal role in diverse physiological
and pathological processes [24]. To date, a variety of components have been identified
from exosomes, such as nucleic acids (e.g., mRNAs, microRNAs, tRNAs, circRNAs),
proteins (e.g., cytokines, peptides, amino acids, anti-inflammatory factors), lipids,
metabolites, and relative bioactive substances [25].

Distinguish from liposomes and nanoparticles, exosomes with endogeneity and
heterogeneity reveal unique and extensive advantages in the field of pathologic diag-
nosis and disease treatment [26]. Exosomes are nanoparticles with a diameter ranging
from 50 nm to 200 nm, which are adequate to interact with organelles and relative
intracellular vesicles [27, 28]. As a unique nanoscale spherical lipid bilayer vesicles,
exosomes exhibit a density of 1.13-1.19 g » mL™" according to the sucrose density gra-
dient solution [29]. The conception of “exosomes” is firstly proposed by Trams et al.
and referred to the vesicles derived from plasma membrane, which is also regarded as
the membrane vesicles with 5'-nucleotide enzyme activity. Currently, exosomes are
recognized as nano-particles with multitudinous physiological functions, which can
be isolated from the exudation and supernatant of various cells and breezily cross the
extracellular matrix and blood vessel wall [7, 30]. For instance, a category of exosomal
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microRNAs have been involved in the pathogenesis and diagnosis of tumors and
immune disorders, which are adequate to mediate exosome-inflammasome crosstalk
and epithelial mesenchymal transition (EMT), together with chemoresistance and
metastasis of tumor cells [27, 30]. In 2021, Patil et al. reported the novel mechanisms
of MSC-exo-mediated phagocytosis and opsonization of dying cardiomyocytes dur-
ing myocardial ischemic injury both in vitro and in vivo [31].

As reviewed by Zhang et al., the ubiquitous exosomes are advantaged cell-free
therapeutic products, which are small in size and thus breezily cross the extracellular
matrix and blood vessel wall [7]. For instance, MSC-exo have shown considerable
safety and therapeutic effects upon various diseases such as atherosclerosis, and
acute and chronic wound model [4, 26]. Govindappa and the colleagues found that
diabetic milieu were adequate to stimulate RNA-binding proteins like human antigen
R (HuR) expression via increasing pro-fibrogenic and inflammatory responses in
fibroblasts and cardiac fibrosis mediated by macrophages-derived exosomes [32].
Meanwhile, the chitosan hydrogel has been proved effective in boosting the stability
and retention of exosomes enriched from placenta-derived mesenchymal stem cells
(P-MSC-exo) and the contents (e.g., proteins, lipid, microRNAs), together with the
resultant enhanced efficacy for hindlimb ischemia treatment and remission [12]. As
mentioned above, MSC-derived exosomes (MSC-exo) and the relative sEVs have been
reported with diverse application prospects in a variety of refractory and recurrent
disease administration, yet the large-scale application for disease management is far
from satisfaction, which largely attributes to the inherent disadvantages of exosomes,
including the low yield, storage stability, low purity, and weak targeting [27].

3. Biomaterials/MSC-exo composites

Biomaterials with tissue compatibility and inflammatory response mainly func-
tion via in contact with biological tissue, which are mainly applied in the medical
field for tissue engineering or developing artificial organs for regenerative purposes.
Generally, biomaterials can be divided into synthetic polymer biomaterials (silicone
rubber, polyurethane, polyester, polyacrylonitrile), natural polymer biomaterials
(regenerated fibers, chitin, collagen, hyaluronic acid), medical metal materials (tita-
nium and titanium alloys, stainless steel, titanium-nickel memory alloys), inorganic
biomedical materials (bioactive ceramics, carbon materials, glass materials), hybrid
biomaterials (e.g., cross-linked hybridization of collagen, polyvinyl alcohol), and
composite biomaterials (e.g., bioceramics, glass reinforced with glass fibers).

Current progress in materials and cell biology has extensively indicated the supe-
riority of multiple biomaterials for preclinical and clinical application upon diverse
relapse and recurrent diseases, and in particular, the composites of biomaterials and
MSC-exo for tissue engineering and regenerative purposes attribute to the unique
biocompatibility. In details, biomaterials with biocompatible and biodegradable prop-
erties are capable of facilitating the efficacy of MSCs or MSC-exo and enhancing their
manifestations during anti-tumor immunity by endowing the therapeutic ability of
these encapsulated constituents [33-35]. To date, a variety of biomaterials have been
introduced for MSC-exo-based regimens in biomedicine, such as hydrogel acid (HA)
(e.g., e-caprolactone (PCL)/nano-hydroxyapatite (nHA) scaffold, chitosan hydrogel,
PCL/nHA + HPCH hybrid scaffolds), gelatin, and nanomaterials [12, 36]. These
biomaterials with promising prospective have been proved with the ability to rein-
force the biological properties or functions of the encapsulated objectives including
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MSC-exo [37]. Of them HA and gelatin are considered as the two major forms of
extracellular matrix, which are widely distributed in tissues of the body and benefit-
ing the preparation of the compatible hybrid hydrogels by orchestrating the specific
composition, scaffold structure, immune microenvironment, and the concomitant
physico-chemical property [38, 39]. For example, as reviewed by Celikkin et al. and
Xiao et al., Gelatin methacrylate-based hydrogels exhibit preferable properties over
other counterparts in tissue engineering and disease administration on the basis of
their biofunctionality as well as unique mechanical tenability (e.g., chemical proper-
ties, porosity, physical strength, and conductivity) [40, 41]. Similarly, a number of
investigators in the field have also observed the hydrogel encapsulation, exosome-
loaded thermosensitive hydorgels, and MSC-exo/hydrogel hybrid patch in controlling
the release of paracrine factors, enhancing the maintenance of the biological activity,
enhancing corneal epithelium regeneration from MSCs and MSC-exos [42-44].

Longitudinal studies have also suggested the application of multifarious collagens
with high biocompatibility is applied as natural scaffolds for tissue engineering,
including extracellular matrix (ECM), elastin, proteoglycans, and glycoproteins
[45, 46]. For example, the implantation of engineered collagen matrices or resorbable
collagen scaffolds has been reported effectively for the remission of meniscus defects
by Warth et al. and Patil et al. [47, 48]. Of note, the latest progress has also highlighted
the bioprinting of pure collagen or in combination with MSCs and/or MSC-exo for
regenerative purposes as well [49]. On the basis of the immunomodulatory proper-
ties, MSC-exo have been used as a dermatological nano-therapeutic agent for the
administration of oxidative stress-induced skin injury by modulating the NRF2
defense system and H,0,-stimulated epidermal keratinocytes [50].

Nanomaterials are defined by their diameters ranging from 1 nm to 100 nm,
together with the facilitating effect upon the permeability and retention of the
encapsulated cells or cellular components including MSCs and the derivatives (e.g.,
exosomes, sEVs) [51]. Nanomaterials, together with the nanostructure-mediated
physical signals, have been recognized as splendid sources for mimicking ECM
and enhancing the therapeutic effect of MSC-exo, which are tightly orchestrated
by activating specific signals [52-57]. For example, Luo and the colleagues verified
the feasibility of MSC-exo for amelioration of the inflammation-induced astrocyte
alterations via the Nrf2-NF-kB signaling pathway [58]. Instead, Zhang et al. verified
BM-MSC-derived exosomes (BM-MSC-exo) for promoting remyelination and reduc-
ing neuroinflammation via inhibiting the TLR2/IRAK1/NF-«B signaling pathway
and increasing polarization of M2 phenotype in the demyelinating central nervous
system [59]. Additionally, DiStefano et al. took advantage of Lactic-co-Glycolic Acid
and the resultant hydrogel-embedded poly microspheres for the efficient delivery of
hMSC-derived exosomes and the promotion of bioactive annulus fibrosus repair [60].
Very recently, Geng et al. reported the generation of the multifunctional antibacte-
rial MSC-Exos@CEC-DCMC HG hydrogel (carboxyethyl chitosan-dialdehyde
carboxymethyl cellulose) and BM-MSC-exo composite for accelerating diabetic
wound healing [61]. Additionally, with the aid of optimized BM-MSC-exo and unique
hierarchical scaffolds, Liu et al. demonstrated the application for bone regeneration
by modulating the Smad pathway activated by Bmpr2/Acvr2b competitive receptor
[62]. As to the underlying molecular mechanism of various biomaterials in MSC-exo-
based regimens, various biomaterials function mainly via orchestrating a series of
mode of action, including integrating or incorporating with the encapsulated MSC-
exo, benefiting the secretion and maintenance of MSC-exo, serving as substrates
or scaffolds, and reinforcing the antioxidant property as well [63-65]. Collectively,
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biomaterials of different kinds with high biocompatibility have been recognized as

momentous components of the formulations for tissue engineering and regenerative
medicine [66-70].

4, MSC-exo-based clinical trials

Attributes to the advantaged property, MSC-exo have been extensively explored
in clinical trials. According to the ClinicalTrials.gov website (https://www.clinicaltri-
als.gov/) of National Institute of Health (NIH), a total number of 164 interventional
trials have been registered up to February 4th, 2023 (Figure 2). Of them, most are
in the phase 1 and phase 2 stages, together with the recruiting status (Table 1). To
date, MSC-exo have been involved in numerous disease administration, including
respiratory diseases (e.g., COVID-19, acute respiratory distress syndrome), digestive
diseases (e.g., perianal fistula with Crohn’s disease, familial hypercholesterolemia,
irritable bowel disease, non-alcoholic fatty liver disease), cutaneous diseases
(e.g., alopecia, psoriasis, endothelial dysfunction, wounds and injuries, oral muco-
sitis, diabetic foot), vascular diseases (e.g., cerebrovascular disorders, myocardial
infarction, myocardial ischemia, myocardial stunning), reproductive diseases (e.g.,
extreme prematurity, preterm, polycystic ovary syndrome), neurodevelopmental
disorders (e.g., neuralgia, refractory depression, anxiety disorders, post-stroke
dementia, Alzheimer disease, major depressive disorder, bipolar disorder, mild
cognitive impairment, stroke, acute ischemic stroke, Parkinson disease), movement
disorders (e.g., knee osteoarthritis, meniscus tear, tibial and knee injuries, arthralgia),
endocrine system diseases (e.g., type 1 diabetes mellitus, type 2 diabetes mellitus),
immunological disorders (e.g., allergic asthma, severe eosinophilic asthma), and
urinary diseases (e.g., chronic kidney failure, bladder cancer, polycystic kidney
disease), and even tumors (e.g., metastatic melanoma, colon cancer, non-Hodgkin’s

Colors indicate the number of studies with locations in that region.

Least T o

Labels give the exact number of studies.

Figure 2.
Hllustration of MSC-exo-based clinical trials.
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Status Phases Cases Diseases
Recruiting Not Applicable 20 Hair Loss, Alopecia
Completed Phase 1 10 Psoriasis
Active Phase 1,2 80 Perianal Fistula with Crohn’s Disease
Recruiting Phase 1,2 80 Fistula Perianal
Unknown Not Applicable 15 Metastatic Melanoma
Unknown Phase 1,2 5 Cerebrovascular Disorders
Completed Phase 1 24 Coronavirus
Not Recruiting Not Applicable 10 Extreme Prematurity, Preterm Intraventricular
Hemorrhage, Hypoxia-Ischemia,
Neurodevelopmental Disorders
Active Phase 2 155 COVID-19 Disease
Unknown Early Phase 1 10 Periodontitis
Not recruiting Phase 1,2 55 Covid19, Novel Coronavirus Pneumonia,
Acute Respiratory Distress Syndrome
Unknown Early Phase 1 5 Ulcer
Suspended Not Applicable 100 Neuralgia
Recruiting Phase 1,2 20 Myocardial Infarction, Myocardial Ischemia,
Myocardial Stunning
Suspended Not Applicable 300 Refractory Depression, Anxiety Disorders,
Neurodegenerative Diseases
Recruiting Phase 2, 3 60 SARS-CoV-2 Infection
Not recruiting Phase 1 10 Knee Osteoarthritis
Not recruiting Not Applicable 60 Multiple Organ Failure
Recruiting Phase 1,2 60 Drug-resistant
Recruiting Phase 1 35 Colon Cancer
Completed Phase 1 30 Chronic Low Back Pain, Degenerative Disc
Disease
Recruiting Phase 1 35 SARS-CoV-2
Not Recruiting Phase 1 30 Familial Hypercholesterolemia
Recruiting Phase 2 30 Knee injury, Meniscus Tear, Tibial and Knee
Injuries, Arthralgia
Recruiting Not Applicable 12 Connective Tissue, Exercise
Recruiting Phase2, 3 135 Retinitis Pigmentosa
Recruiting Not Applicable 90 Non-Hodgkin (B-NHL)
Recruiting Not Applicable 30 Lung Cancer, Non-Small Cell Lung Cancer
Withdrawn Not Applicable 0 Polycystic Ovary Syndrome
Unknown Phase 2, 3 20 Type 1 Diabetes Mellitus
Unknown Phase 1 60 Corona Virus Infection, Pneumonia
Recruiting Phase 1, 2 27 Dry Eye
Recruiting Not Applicable 35 Atrial Fibrillation
Unknown Not Applicable 100 Endothelial Dysfunction
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Status Phases Cases Diseases

Recruiting Not Applicable 30 Post-stroke Dementia, Acupuncture

Recruiting Phase 1 28 Metastatic Pancreatic Adenocarcinoma,

Pancreatic Ductal Adenocarcinoma, Stage IV
Pancreatic Cancer

Recruiting Not Applicable 40 Insulin Resistance

Not recruiting Not Applicable 5 Wounds and Injuries

Unknown Phase 2 90 Covid19, SARS-CoV-2 Pneumonia

Completed Phase 1,2 30 Covid19, SARS-CoV-2 Pneumonia

Recruiting Phase 2 90 Covid19

Completed Not Applicable 10 Healthy

Completed Phase 1 24 Healthy

Unknown Phase 1,2 169 Acute Respiratory Distress Syndrome

Active Early Phase 1 44 Macular Holes

Not recruiting Not Applicable 30 Non-Small Cell Lung Cancer

Completed Not Applicable 4 Irritable Bowel Disease

Recruiting Not Applicable 60 HIV Infections

Completed Not Applicable 18 Blood Coagulation, Platelet Function

Completed Early Phase 1 9 Larynx, Lip, Oral Cavity, Pharynx

Unknown Not Applicable 72 Healthy

Completed Phase 1 60 Head and Neck Cancer, Oral Mucositis

Recruiting Not Applicable 120 Type 2 Diabetes Mellitus

Terminated Not Applicable 2 Squamous Cell Carcinoma of the Head and

Neck

Unknown Not Applicable 200 NSCLC Patients

Unknown Not Applicable 60 NSCLC

Unknown Not Applicable 60 NSCLC

Recruiting Phase 1 20 COVID-19 Acute Respiratory Distress
Syndrome, Respiratory Distress Syndrome

Recruiting Not Applicable 80 Metabolism

Completed Phase 2 41 Non-Small Cell Lung Cancer

Not recruiting Not Applicable 30 Breast Cancer

Withdrawn Not Applicable 0 Breast Cancer, Leptomeningeal Metastasis

Completed Not Applicable 9 Prehypertension

Recruiting Not Applicable 25 Advanced Breast Cancer

Not recruiting Not Applicable 30 Diabetic Foot

Unknown Phase 1,2 9 Alzheimer Disease

Recruiting Not Applicable 300 Metastatic Breast Cancer

Recruiting Not Applicable 1000 Breast Cancer, Digestive Cancer, Gynecologic

Cancer, Circulating Tumor DNA
Not recruiting Phase1,2 10 Dystrophic Epidermolysis Bullosa
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Status Phases Cases Diseases
Completed Not Applicable 84 Overweight Children with Type 2 Diabetes
Risk
Recruiting Not Applicable 320 Prostate Cancer
Completed Not Applicable 71 Cancer
Recruiting Not Applicable 80 Allergic Asthma, Severe Eosinophilic Asthma
Not recruiting Not Applicable 1000 Postoperative Delirium, General Anesthesia,
Circadian Rhythm Disorders
Active Not Applicable 48 Sports Drug Abuse
Active Not Applicable 367 Breast Cancer
Completed Phase 1 17 Normal Cellular Metabolism
Active Not Applicable 1000 Cancer of the Prostate
Completed Phase 1,2 30 Chronic Kidney Failure, Dialysis-Related
Complication
Recruiting Early Phase 1 9 Recurrent or Metastatic Bladder Cancer
Active Phase 2, 3 129 Prostatic Neoplasms
Recruiting Not Applicable 75 Pancreatic Carcinoma, Pancreatic Intraductal
Papillary Mucinous Neoplasm
Completed Not Applicable 19 Port-Wine Stain
Recruiting Not Applicable 10,000 Major Depressive Disorder, Bipolar Disorder
Not recruiting Phase 1 20 Alveolar Bone Loss, Alveolar Bone Atrophy,
Bone Grafting
Completed Phase 1 13 Malignant Glioma of Brain
Completed Phase 1 33 Malignant Glioma, Neoplasms
Completed Not Applicable 28 Type 1 Diabetes, Diabetes Complications
Recruiting Phase 1 15 Triple Negative Breast Cancer
Recruiting Not Applicable 60 Treatment-resistant Depression
Not recruiting Phase 1 20 Long COVID
Recruiting Phase 2 20 Mild Cognitive Impairment
Completed Not Applicable 90 Obesity
Completed Not Applicable 60 Non-Small Cell Lung Cancer
Recruiting Phase 1 30 Advanced Hepatocellular Carcinoma, Gastric
Cancer Metastatic to Liver, Colorectal Cancer
Metastatic to Liver
Not recruiting Not Applicable 10 Glioma
Recruiting Not Applicable 72 Acute Myeloid Leukemia
Completed Phase 1 38 Chronic Ulcer
Terminated Phase 1,2 17 T-Cell Lymphoma
Completed Not Applicable 10 Hypertension
Active Phase 1,2 20 COVID-19, Acute Respiratory Distress
Syndrome
Completed Not Applicable 75 Drug Resistant Epilepsy
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Status Phases Cases Diseases
Recruiting Not Applicable 80 Panic Disorder
Completed Phase 1 19 Polycystic Kidney Disease
Terminated Not Applicable 28 Carcinoma, Hepatocellular, Colorectal
Neoplasms, Melanoma, Kidney Neoplasms
Completed Phase 2 13 Thyroid
Completed Not Applicable 13 Insulin Resistance
Terminated Phase 4 15 Type 2 Diabetes Mellitus, Cardiovascular
Diseases
Unknown Not Applicable 90 Childhood Obesity, Adolescent Obesity
Unknown Not Applicable 40 Fasting
Not recruiting Phase 2 78 Esophageal Adenocarcinoma, Esophageal
Squamous Cell Carcinoma, Gastroesophageal
Junction Carcinoma
Not recruiting Not Applicable 144 Brugada Syndrome 1
Not recruiting Phase 1,2 12 Obstructive Sleep Apnea, Brain Hypoxia,
Stroke, Endothelial Dysfunction, Oxidative
Stress
Unknown Not Applicable 102 Pancreas Adenocarcinoma
Recruiting Phase 3 68 Muscular Dystrophies, Duchenne
Muscular Dystrophy, Muscular Disorders,
Neuromuscular Diseases, Genetic Diseases,
Nervous System Diseases
Completed Phase 2 63 Covid19
Completed Phase 2 102 COVID-19, ARDS
Completed Phase 2 18 Duchenne Muscular Dystrophies, Atrophic
Muscular Diseases, Neuromuscular Diseases,
Genetic Diseases
Completed Early Phase 1 14 Heart Failure with Preserved Ejection Fraction
Recruiting Early Phase 1 6 Recessive Dystrophic Epidermolysis Bullosa
Unknown Not Applicable 60 Sleep Apnea, Inflammation, Atherosclerosis
Recruiting Not Applicable 144 Non-alcoholic Fatty Liver Disease, Metabolic
Syndrome, Obesity
Recruiting Not Applicable 300 Obesity, Insulin Resistance
Unknown Not Applicable 96 Thoracic Surgery, Video-Assisted
Recruiting Phase 1,2 30 COVID-19
Terminated Not Applicable 1 COVID-19
Recruiting Not Applicable 40 Prostate Cancer
Recruiting Not Applicable 180 Obesity, Insulin Resistance
Unknown Not Applicable 260 Body Weight Changes
Not recruiting Phase 2 203 Locally Advanced Gastric Cancer
Unknown Not Applicable 180 Rhinitis, Allergic, Perennial
Active Phase 2 45 Lip, Oral Cavity Squamous Cell Carcinoma,

Pharynx, Larynx, Squamous Cell Carcinoma
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Status Phases Cases Diseases
Not recruiting Phase 2 60 Brain Metastases, Non-small Cell Lung Cancer
Stage I1I
Completed Phase 1 12 Drug-drug Interaction
Recruiting Not Applicable 120 Heart Failure
Not recruiting Phase 3 216 Locally Advanced Gastric Cancer
Not recruiting Phase 1 18 Glioma, Anaplastic Astrocytoma, Anaplastic
Oligodendroglioma, Glioblastoma
Unknown Phase 2 40 Metastatic Colorectal Cancer
Completed Not Applicable 8 Obesity, Insulin Resistance
Withdrawn Phase 2 0 Prostate Carcinoma
Not recruiting Not Applicable 200 Alzheimer Disease
Unknown Not Applicable 108 Cancer
Completed Phase 2 25 Non-Small Cell Lung Cancer
Unknown Phase 2 80 Mild Cognitive Impairment
Recruiting Phase 2 18 Cutaneous Squamous Cell Carcinoma of the
Head and Neck
Terminated Phase 2 3 Breast Cancer
Unknown Phase 1 60 Advanced/Metastatic Colorectal Cancer
Completed Phase 4 40 Non-alcoholic Fatty Liver Disease
Not recruiting Not Applicable 100 Myocardial Reperfusion Injury, Prognosis, ST
Elevation Myocardial Infarction
Active Phase 2 43 Chordoma
Completed Not Applicable 45 Stroke, Acute Ischemic Stroke, Cerebrovascular
Disorders, Central Nervous System Diseases
Completed Phase 2 69 Hypothyroidism, Endocrine System Diseases
Completed Phase 2 26 Prostate Cancer
Recruiting Not Applicable 124 Multiple System Atrophy
Active Not Applicable 69 Cardiovascular System, Respiratory System
Recruiting Phase 2 53 MSS, pMMR, Metastatic Colorectal
Adenocarcinoma
Active Phase 1 46 Resectable Soft Tissue Sarcoma, Soft Tissue
Sarcoma
Recruiting Phase 1,2 100 Lung Non-Small Cell Carcinoma
Recruiting Phase 1 30 Lung Non-Small Cell Carcinoma
Completed Phase 1,2 4 Minimal Residual Disease, AML
Terminated Phase 1 10 Neoplasms, Refractory and Recurrent Solid
Tumors
Completed Phase 1,2 27 Pancreatic Cancer, Pancreatic Ductal
Adenocarcinoma
Active Phase 1 101 Healthy Elderly, Parkinson Disease
Recruiting Not Applicable 480 Overweight and Obesity, Weight Loss,
Pregnancy Related
Table 1.

MSC-exo-based clinical trials.
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lymphoma, lung cancer, non-small cell lung cancer, metastatic pancreatic adeno-
carcinoma, squamous cell carcinoma of the head and neck, advanced breast cancer,
triple negative breast cancer, gynecologic cancer, prostate cancer, intraductal papil-
lary mucinous neoplasm, malignant glioma, advanced hepatocellular carcinoma,
acute myeloid leukemia, T-cell lymphoma, squamous cell carcinoma, advanced
gastric cancer, colorectal cancer).

5. Conclusions

Biomaterials and MSC-exo composites are advantaged sources for tissue
engineering and regenerative medicine, which hold superiority over other
therapeutic regimens attributes to the unique characteristics. In this chapter, we
detailed and introduced the basic conception and latest updates of biomateri-
als and MSC-exo composites for biomedicine, which will collectively facilitate
the further development of MSC-exo-based cell-free regimens in future. Of
the multitudinous biomaterials, those with preferable tissue compatibility and
minimal inflammatory response would reveal more robust application prospect
with MSC-exo in future.
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Appendices and nomenclature

Abbreviation
MSCs

OA
MSC-Exo
MHC-II
ACLF
P-MSCs
ECM
UC-MSCs
PCL

sEVs
PSC-MSCs
ESCs
iPSCs
ECM
NCCs

PCL

HA

nHA

HAP
P-MSC-exo
HPCH
MSX2

AD
COVID-19
NSCLC
ARDS
TNBC
AML
BM-MSCs
NAFLD
HSCs
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Nomenclature

Mesenchymal stem/stromal cells
Osteoarthritis

MSC-derived exosomes

Type II major histocompatibility complex
Acute-on-chronic liver failure
Placental-derived MSCs
Extracellular matrix

Umbilical cord-derived MSCs
g-Caprolactone

Small extracellular vesicles
Pluripotent stem cell-derived MSCs
Embryonic stem cells

Induced pluripotent stem cells
Extracellular matrix

Neural crest cells

Poly e-caprolactone

Hyaluronic acid
Nano-hydroxyapatite
Hydroxyapatite

Placenta-derived mesenchymal stem cells-derived exosomes
Hydroxypropyl chitin hydrogel
Msh Homeobox 2

Alzheimer disease

Corona virus disease 2019
Non-small cell lung cancer

Acute respiratory distress syndrome
Triple negative breast cancer

Acute myeloid leukemia

Bone marrow-derived MSCs
Non-alcoholic fatty liver disease
Hematopoietic stem cells
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Effectiveness of Exosomes in the
Immune Cascade

Gozde Atila Uslu and Hamit Uslu

Abstract

In order to treat and/or control a disease or prevent its occurrence, first of all,
physiological pathways must be understood very well. In the previous 10 years, there
has been a lot of interest in the function of exosomes in intercellular communication,
particularly in studies on cancer and neurodegenerative disorders. This has led to
plenty of research in this area. Exosomes are tiny transmembrane vesicles that are
produced by endocytosis and are found in a variety of bodily fluids, including blood,
saliva, cerebrospinal fluid, and breast milk. They are also released by a variety of
tissues. Exosomes have a varied composition depending on where they come from,
but they are often rich in cytosolic and cell surface proteins, lipids, DNA, and RNA.
In recent years, the interactions between exosomes and the immune system have been
frequently studied. However, despite all the researches, the physiological purposes of
exosomes are still largely unclear.

Keywords: exosomes, immune system, T cells, NK cells, mast cells

1. Introduction

Exosomes; although it was first defined as microparticles released from neoplastic
cell lines, it was later determined that these structures were secreted by almost all
cells in the body, and it was concluded that it would be more accurate to call them
membrane-bound extracellular vesicles produced with endosomal division [1, 2]. It
is stated that these microvesicles have an average diameter range of 40-160 nm and
are formed by endocytic cellular pathways consisting of three different stages that
have been identified so far. First stage; It is stated that is the invagination of the cell
membrane from endocytic vesicles and leads to the formation of an early-shorting
endosome (ESE), after which either novo formation occurs or can directly fuse with
a pre-existing ESE, moreover golgi apparatus and the endoplasmic reticulum partici-
pate in this process. In the second stage, it is stated that ESEs can mature into late-
shorting endosomes (LSEs) and multivesicular bodies are formed by accumulation of
intraluminal vesicles in these bodies. In the third stage, it has been determined that
multivesicular bodies can undergo proteosomal degradation, function as a temporary
storage area (for major histocompatibility complex (MHC) class II), or combine with
the plasma membrane to release exosomes (Figure 1) [3-7]. Exosomes can enter cells
directly by different mechanisms or can be produced by cells by the process of endo-
cytosis as mentioned above. It has been determined that exosome production, release,
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Exosome biogenesis.

and uptake may change with oxidative stress, radiation, inhibiting a proton pump,
altering cellular pH decrease in membrane cholesterol and increase in intracellular
calcium level [8-11]. Numerous proteins, including the tetraspanins CD63, CD81, and
CD9, TSG101, Alix, and HSP70, have been discovered to be present in exosomes. In
addition, cell type-specific proteins may vary due to their endosomal origin, but they
also have conserved proteins identified in almost all exosomes (hsc70, tetraspanin,
CD63) [3]. It has been reported that exosomes also have lipid bilayer, which is mostly
composed of phosphatidylcholine (PC), ganglioside GM3, phosphatidyl ethanol-
amine (PE), sphingomyelin (SM), and cholesterol [12]. Exosomes contain a wide
variety of RNAs; some of these have been shown to be mRNA, miRNA, rRNA, tRNA,
IncRNA, piRNA, snRNA, and small nucleolar RNA [13].

Although the functions of exosomes are not entirely understood and are still the
subject of debate, they are involved in remodeling the extracellular matrix, homeosta-
sis and adaptation of plasma membranous glycoprotein models, signal transduction
between cells, immunity, tissue homeostasis, and many aspects of human health and
disease which including cancer and neurodegenerative diseases have stated that have
important functions [14-17]. They may have a role in the spread of prions throughout
the body and the exchange of membranes between cells in infectious neurodegen-
erative illnesses, also known as prion diseases [18]. In their study on the synaptic
physiology of neurons, Chivet et al. [19] found that the lipids, proteins, and RNAs in
the exosomes released by neurons in response to synaptic activity can directly alter
signal transmission and protein expression in recipient cells and play a crucial role
in information transfer between synapses. It has been emphasized that intercellular
communication has a very important role in vascular remodeling, and although direct
intercellular contact or paracrine effects are focused on in this process, recently,
it may be effective in this process in extracellular vesicles. When the effectiveness
of exosomes in the neovascularization process was investigated, it was shown that
they can act with the Notch signaling pathway, which is one of the cell interaction
mechanisms, and an increase in blood vessel frequency and bifurcation number [20].
In order to treat and/or control a disease or prevent its occurrence, the physiological
pathways must first be understood very well. Exosomes can also have an impact on the
immune system by directly contacting the cell’s plasma membrane during this process
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and then inducing intracellular signal cascades. The immune system plays a signifi-
cant role in the emergence and development of disease pathophysiology as well as the
emergence of acute and chronic complications.

2. Exosomes and T cells

In the case of contact with foreign antigens, such as in the case of infection,
several days are needed for the formation of the immune responses, which we call
cell-mediated or cellular immunity, by the effector T cells. For this reason, this type
of immunity is also called delayed-type immune response. Antigen presenting cells
(APC) such as macrophages, dendritic cells, and B cells are needed in this process.
These constructs process antigenic constructs and antigen processing and presenta-
tion is performed with MHC class I or MHC class II. The term human leukocyte
antigen (HLA) can also be used instead of MHC proteins in humans. AHS binary sig-
naling is triggered by the binding of the intracellular adhesion molecule (ICAM) on
the ASH surface and the lymphocyte function-associated antigen 1 (LFA-1) on T cells.
This process can be opened as follows: (1) Recognition of the antigen by the T cell
receptor and its co-receptor (CD8 molecules on cytotoxic T cells and CD4 molecules
on helper T cells are called co-receptors). (2) The binding of the B7 protein in ASH
and the CD28 protein on the T cells leads to rapid proliferation, clonal expansion,
and differentiation in T cells [21]. In addition, suppression mediated by regulatory T
(Treg) cells had found to be effective in making the immune system tolerant to most
autoantigens and preventing host damage [22]. As mentioned above, a large number
of extracellular and intracellular signals are needed to initiate the rapid proliferation,
differentiation, and migration of T cells to peripheral infection sites (Figure 2).

Exosomes, which have been determined to be secreted by almost all cells in the
body, are also secreted from various hematopoietic cell types such as reticulocytes, B
lymphocytes, platelets, T lymphocytes, and dendritic cells. It is known that exosomes
secreted from dendritic cells contain proteins such as MHC class I and IT and CD86
(provide necessary signals for T cell activation and survival) and these structures
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T cell activation.
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are effective in T cell stimulation. Exosome production may occur in peripheral tis-
sues, after dendritic cells have traveled to lymph nodes, or in both cases, according to
reports, but there is currently insufficient evidence to make a firm determination [23].
Exosomes that are loaded with specific peptides or antigens serve as vehicles for antigen
presentation and can activate T cells (CD4+ and CD8+) also in the lack of dendridic
cell. It has been established that exosomes have a positive impact on the immune system
through various activities such as antigen presentation, stimulation, suppression, and
tolerance of immunity [24]. It is also mentioned that some exosomes can express che-
mokine sequences like CCL2-5, CCL7, CCL20, CCL28, CXCL1-2, and CXCL16 because
they can start other leukocytes like T cells from migrating to the infection sites [25, 26].
It is known that dendritic cell-T cell interactions cause an increase in calcium mobiliza-
tion and Interleukin-2 and Interferon-gamma levels, resulting in T-cell activation.

In addition, it is emphasized that co-stimulatory molecules such as CD86 strengthen
intercellular interactions and T-cell functional activation in this process [27]. Zitvogel
etal. [28] found that tumor peptide-pulsed dendritic cells-derived exosomes could
eradicate or suppress the growth of tumors in a T-cell-dependent manner.

While it has been reported that synoviocyte-produced microparticles in inflam-
matory conditions like rheumatoid arthritis may exacerbate cartilage damage by
increasing the synthesis of inflammatory mediators and cartilage-degrading enzymes
[29, 30], other studies have suggested that T cell-stimulated TRAIL- and FasL-
containing microvesicules produced in the synovium may also be helpful in prevent-
ing autoimmune damage in rheumatoid diseases [31]. In fact, exosomes originating
from immunosuppressive dendritic cells have been shown to be more efficient
and safe than modified dendritic cells in the therapies of autoimmune disorders
like rheumatoid arthritis [32]. However, there are studies showing that exosomes
produced from cancer cells could disturb the functions of T and B cells, monocytes/
macrophages, NK cells and dendritic cells [33-35]. Exosomes synthesized from other
cells could affect T cell functions, and the T-cells themselves too synthesize exosomes.
It has been shown that these exosomes have a lipid bilayer and contain structures
such as CD2, CD3/TCR, CD4, CD8, CD11c, CD25, CD69, LFA-1, CXCR4, FasL [36].
Tregs are subtypes of T cells, and it has been determined that the expression of
CD73 by these cells shows a suppressive effect by converting extracellular adenosine
5-monophosphate to adenosine, in the same way that exosomes secreted from these
cells also contain CD73 and exerting a suppressive effect with same pathway [37]. It
is stated that exosomes derived from Tregs have a suppressive role in acute rejection
and inhibit the proliferation of T cells, therefore exosomes released from Tregs may
be a good alternative to prevent transplant rejection [38]. In another study, it is stated
that the antigen-specific CD41 T-cell exosome (expressing CD4, TCR, LFA-1, CD25,
and Fas ligand) may act as an immunosuppressant in the transplant rejection and
treatment of autoimmune diseases [39]. Scientists have demonstrated that exosomes
isolated from CD3+ T cells stimulated with IL-2 interact with and promote prolifera-
tion in resting autologous T cells [40]. It has been emphasized that high-level regula-
tion of the miR-765/PLP2 axis of CD45RO-CD8+ T cell-derived exosomes can limit
the cancer-supporting effects of estrogen on uterine corpus endometrial cancer [41].

3. Exosomes and natural killer (NK) cells

While NK cells were at first idea to be large granular lymphocytes with built-in
cytotoxicity against tumor cells, they have since been identified as a distinct class of
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lymphocytes with effector capabilities that enable them to produce cytokines in addi-
tion to their natural cytotoxicity [42]. Since it was not known at the time what strategies
NK cells use to differentiate between normal and abnormal cells and thus participate in
the defense mechanism, the missing self hypothesis was suggested. According to this
theory, NK cells recognize and eliminate cells that do not express their MHC Class-1
(MHC) molecules [43]. However, it is now known that NK cells have a large number

of activating and inhibitory receptors that can combine MHC class-1 molecules, MHC
class-1-like molecules and non-MHC related molecules [44]. Although not previously
known, it is now well established that NK cells, in addition to their cytotoxic effector
functions, can secrete cytokines and serve to control the immune system as regula-
tory lymphocytes that can interact with both innate and adaptive immune cells such

as monocytes and macrophages, dendritic cells and T lymphocytes [45, 46]. Detailed
studies have shown that conventional NK cells (cNK) are distributed in circulation in
the blood, spleen, and bone marrow [47-49]. However, it has also been shown that NK
cells can infiltrate tissues. They also have resident NK cells, defined as resident NK cells
(trNK), in the lungs, skin, kidneys, lymph nodes, liver, intestines, and virgin uterus [47,
49, 50]. In addition to the peritoneal region and placenta, NK cells are also present in
peripheral circulation, where they account for 10-15% of all lymphocytes [51].

Defined as a subgroup of extracellular vesicles of endocytic origin [52-55],
30-150 nm sized exosomes [53-57] are secreted by various cell types and are
involved in complex physiological and pathological processes [58]. Exosomes can
move far within the body and have been found in a variety of bodily secretions,
including blood, saliva, cerebrospinal fluid, breast milk, urine, gastric juice, and
semen [55]. Exosomes are produced by a wide variety of cell types, but it is known
that exosomes released by cancer cells are specifically taken up by different immune
cells, including Treg, dendritic cells, and NK cells, and are therefore successful in
controlling their functions [59, 60]. Exosomes excreted by cancer cells are thought
to help tumor cells escape immune surveillance in their microenvironment by stimu-
lating angiogenesis and metastasis, as well as inhibiting the function of immune
cells (Figure 3) [61]. Despite all this information, how exosomes secreted from
tumor cells affect the health of individuals with cancer has not been fully elucidated
[60, 61]. Exosomes can carry many different molecules with the ability to stimulate
the immune system depending on the cell of origin from which they are secreted.

In particular, exosomes secreted from dendritic cells have been shown to carry
ligands that can activate NK cells and can also be loaded with antigen to activate
invariant NKT (a subset of T cells with characteristics of NK cells and conventional
T cells) cells and induce T and B cell responses that are specific to the antigen [62].
Several studies in the last decade have provided evidence supporting the important
role of cancer-originate exosomes in regulating the cancer microenvironment [63, 64].
Exosomes released by human tumors like myeloid leukemia, cervical cancer, breast
cancer, hepatoblastoma, T cell cancer, pancreatic cancer, and multiple myeloma
that are dyed with PKH67 membrane have been shown to associate with, infiltrate,
and be engulfed by NK cells [65-67]. Li et al. [60] showed that exosomes derived
from genetically modified K562 cells secreting IL-15, IL-18, and 4-1BBL on their
surface carry the proteins of these three molecules similar to the source cell, and that
these exosomes can increase the activity of NK cells after 4 h of treatment and even
strengthen their cytotoxicity on some tumor types. In contrast, they reported that
prolonged treatment (48 h) may suppress the cytotoxicity of NK cells by inhibit-
ing the expression of activated receptors on NK cells. In mouse B16 melanoma,

MC38 colon adenocarcinoma, and KLN205 squamous cell carcinoma cell lines, both
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Some roles of cancer cell-derived exosomes.

dendritic cells and exosomes secreted from dendritic cells can cause caspase activa-
tion and apoptosis, and exosomes released from dendritic cells can activate NK cells,
according to research by Munich et al. [68]. In addition, TNF generated by exosomes
of dendritic cells stimulates interferon gamma secretion by binding with NK cell TNF
receptors. Jiang et al. [69] in NK92 and NK92-hIL-15 cell lines exposed to hypoxia
for 48 h, they demonstrated that cytotoxicity was significantly increased and that
hypoxia increased FasL, perforin, and granzyme B secretion. They revealed that
exosomes produced from these NK cell lines under hypoxic conditions were effec-
tive in inhibiting both cell proliferation and migration while promoting apoptosis

of breast cancer (MCF-7) and ovarian cancer (A2780) cells. However, this strategy,
which encourages the overproduction of exosomes from NK cells as a consequence of
NK cell hypoxia induction, might be a hopeful one for treating malignancy.

As aresult, it is widely believed that exosomes produced by immune cells can
strengthen immunity against cancer. In contrast, exosomes derived from cancer cells
may decrease immunity and even alter the tumor microenvironment to promote self-
enhancement and metastasis [70].

4. Exosomes and mast cells

Paul Ehrlich discovered mast cells 145 years ago and named them “mastzellen,”
meaning “nourishing cells,” because of their appearance [71]. CD34+ progenitor
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cells, which are mast cell precursors of hematopoietic stem cells (CD34-), are
produced in the bone marrow during hematopoiesis and are introduced into the
bloodstream [72]. These hematopoietic progenitor cells are thought to stay undif-
ferentiated in the circulation but mature into mast cells in the presence of different
growth factors secreted from the microenvironment of the tissues where they must
settle. C-kit ligand and stem cell proteins are a few of these [73]. Mature mast cells
are not detected in circulation under normal circumstances. However, under the
control of stem cell factor (SCF) and a number of mediators, CD34+ progenitor cells
move to regions where they finish differentiating into mast cells [73, 74]. Mast cells
are distributed in the skin and mucosal tissues such as the stomach, intestines, and
respiratory tract, which are the entry points of antigens, as well as in the peritoneum
and chest cavities, smooth muscle tissue, connective tissue surrounding hair follicles,
the central nervous system, and all tissues with blood vessels except the retina [73,
75-77]. Mast cells are mainly recognized for their role in allergy. They are also known
to mediate vital symptoms such as skin blistering and flare reactions, bronchospasms
in asthma, congestion and excessive mucus secretion in allergy-induced rhinitis and
even systemic anaphylaxis [77, 78].

On the membrane of every mast cell, there is a high affinity IgE receptor called
FceRI. Due to its high affinity, IgE molecules can no longer detach after binding to the
receptor and consequently mast cells are coated with IgE. This stimulation leads to the
secretion of exosomes containing a large number of proinflammatory mediators (pro-
teases, chemokines, amines, and cytokines) that are stored and newly synthesized in
mast cells [79, 80]. Of course, this extra vesicular composition varies according to the
stimulation received by mast cells, but they frequently cause the secretion of numer-
ous cytokines, growth factors, and mitogens such as TNF-a, IL-1p, IL-2, IL-3, IL-4,
IL-5, IL-6, IL-9, IL-10, IL-11, IL-11, IL-12, IL-13, IL-16, IL-33, EGF, FG2, GM-CSF,
IF-y, NGF, PDGF, SCF, FGF-p1, and VEGF (Figure 4) [80].

Mast cells contribute to the promotion of angiogenesis. Mast cells promote
angiogenesis, or the bud-like growth of new blood vessels from old ones, by secret-
ing angiogenic factors like bFGF, VEGF, TGF-p, IL-8, and TNF-a. Mast cells also
exude proteases that exude pro-angiogenic factors that bind to heparin and promote
their release. However, there is also a proof that mast cells promote angiogenesis in
the development of cancerous cells [73, 81]. Exosomes released by human mast cells
have been shown by Ekstrom et al. [82] to be capable of RNA cell-to-cell transmis-
sion. They also showed that these exosomes have enough mRNA to equal 15% of the
content of the source cell. Xiao et al. [83] also reported that exosomes containing
KIT (labeled with PKH67), a cytokine receptor expressed mainly on the surface
of hematopoietic stem cells, were secreted from a human mast cell line (HMC-1)
and that these exosomes could be taken up by the lung epithelial cell line A549, and
could also cause increased proliferation in recipient cancer cells by activation of
the PI3K signaling pathway. Exosomes from human adipose-derived mesenchymal
stem cells have been shown to effectively suppress atopic dermatitis in mice with the
condition by lowering blood eosinophil counts, serum IgE levels, and the expression
of the cytokines IL-4, IL-23, IL-31, and TNF- at the mRNA level [84]. However, in
a model of cerebral malaria in C57BL/6 mice infected with Plasmodium berghei
ANKA strain, it has been shown that intravenous administration of exosomes
derived from mast cells to infected animals increases the incidence of the disease,
exacerbates both liver and brain damage, contributes to disruption of the brain
vascular endothelial structure, and increases the corruption of the blood-brain
barrier (Figure 5) [85].
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5. Conclusion

In the literature reviews, it was observed that the activity of exosomes on the
immune system has not been fully elucidated. Exosomes formed by other cells under
normal physiological conditions and affecting cells in the immune system and exo-
somes expressed by cells that are effective in the immune system may have different
activities. In addition, it has been determined that exosomes secreted under normal
physiological conditions and exosomes secreted under pathological conditions have
different routes of action (one of the main reasons for this difference is surface
proteins), therefore, exosomes can exhibit immunomodulatory effects by showing
both immunosuppressive and immunostimulatory effects depending on the current
conditions.
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Chapter 4

Perspective Chapter:
Exosome-Mediated Pathogen
Transmission

Kundave Rajendran Venkataswamy

Abstract

Exosomes are membrane-bound vesicles. They are considered as waste-manage-
ment system of cells, crucial for intercellular communication of information and
have emerged to be mediators of pathogen transmission. Pathogen derived exosomes
advance infections by suppression of host immune response, transmission of patho-
gen-related molecules and immune evasion. The ability of exosomes derived from the
virus infected cells to modulate the host immune response and/or further viral repli-
cation in the host has been reported in several viruses infecting human and animals.
Apart from the virus infected cells, parasites have also known to release exosomes,
parasite derived exosomes help in the attachment of parasite to the host and facilitate
evasion of host immune responses. Tick-derived exosomes aid transmission of vector-
borne pathogens. Similar to certain viral and parasitic infections, exosomes derived
from bacteria infected cells could also play a key role in dissemination of the infection.
An understanding of the exosome mediated pathogen transmission, its pathway and
host-pathogen interactions could pave way to discovery of novel therapeutic targets.

Keywords: exosomes, intercellular communication, pathogen transmission, immune
response, viral replication, attachment of parasite, bacteria, therapeutic targets

1. Introduction

Exosomes are small extracellular vesicles ranging from 50 to 100 nm, that were first
described in the late 1980s as “garbage bags” for cells to dispose the unwanted material
and cellular waste from the cytosol. However, it has ever since become clear that they play
amuch broader role in intercellular communication by transferring bioactive molecules
between cells [1]. Exosomes are composed of diverse bioactive molecules, such as pro-
teins, lipids, and nucleic acids, such as DNA and RNA. These molecules can be taken up
by other cells and influence cellular behavior, making exosomes a potentially important
mode of intercellular communication. The two mechanisms of exosome biogenesis are
the ESCRT-dependent and ESCRT-independent pathways [2]. The ESCRT-dependent
pathway utilizes the endosomal sorting complexes required for transport (ESCRT)
machinery which consists of several protein complexes (ESCRT-0, -I, -1I, and -III) that
recognize and cluster cargo molecules on the endosomal membrane and facilitate the

65 IntechOpen
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Exosomes mediate further infection. Exosomes mediate further infection through transferring pathogen-velated
molecules (pathogenic genes and proteins) or even the entire pathogens. Therefove, exosomes can be either directly
infectious, alter nuclear gene expression, or mediate toxic reactions.

budding of intraluminal vesicles (ILVs) within the lumen of late endosomes or multive-
sicular bodies (MVBs). After the formation of MVBs containing (ILVs), the MVBs either
fuse with lysosomes for degradation or fuse with the plasma membrane for exosome
release. The ESCRT-independent pathway, on the other hand, does not require the ESCRT
machinery for cargo sorting and ILV formation. Instead, it involves the direct budding of
the plasma membrane to form exosomes. This process is thought to be mediated by lipid
rafts and tetraspanin-enriched microdomains on the plasma membrane, which recruit
specific cargo molecules and drive the formation of small membrane vesicles [3, 4]. The
resulting vesicles are then released into the extracellular space as exosomes. Exosomes

are known to play a crucial role in infections as carriers of pathogen-related molecules.
Microorganisms such as bacteria, Protozoa, and fungi have been found to secrete various
types of microvesicles, including exosomes, which are used by pathogens to spread infec-
tion and evade the host immune system. In addition to these microorganisms, viruses,
have been shown to stimulate the production of exosomes in host cells, which in turn

can regulate the host immune response [5]. Exosomes can directly transmit substances

of pathogen origin and also indirectly influence the progression of infection by modu-
lating processes such as immune evasion and apoptosis (Figure 1). Thus, the study of
microvesicles and their role in host-pathogen interactions is an important area of research
that could lead to the development of new therapeutics for infectious diseases.

2. Exosome-mediated parasite transmission

Exosome research in parasite infections is particularly intriguing because it sug-
gests that the communication between the host and the parasite via exosomes may
play a key role in pathogenesis. Exosomal vesicles are an important component of
microbial communication and can facilitate the exchange of genetic material, which
can have significant implications for microbial evolution and adaptation [6].
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2.1 Haemoprotozoan parasites

Studies have shown that promastigote and amastigote forms of Leishmania
donovani and Leishmania major can release exosomes, which are detected in host cells
and selectively induce IL-8 secretion from macrophages [7, 8]. The chemokinetic
recruitment of neutrophils helps Leishmania invade cells and gain access to macro-
phages upon phagocytosis of the infected neutrophils. This process is thought to occur
through the release of chemoattractants by the infected macrophages, which then
recruit neutrophils to the site of infection [9, 10]. This suggests that exosomes released
by Leishmania species may play a role in modulating the host immune response and
contributing to the pathogenesis of leishmaniasis. Research has demonstrated that
Leishmania exosomes can induce the release of the immunosuppressive cytokine
IL-10 while inhibiting the inflammatory cytokine tumor necrosis factor (TNF) in
human monocyte-derived dendritic cells (DCs) in response to interferon gamma
(IFNg). Dendritic cells are a type of immune cell that play a crucial role in initiating
and regulating immune responses. The inhibition of TNF and induction of IL-10 by
Leishmania exosomes can have important implications for the ability of the immune
system to effectively respond to and clear Leishmania infections. TNF is a pro-inflam-
matory cytokine that helps to recruit immune cells to sites of infection and activate
their antimicrobial functions, while IL-10 is an immunosuppressive cytokine that can
dampen immune responses and promote the persistence of pathogens [9]. Several
protozoan parasites, including Leishmania species and T. cruzi, have been shown to
release exosomes and/or microvesicles [11-13]. Leishmania species are the parasites
that cause human leishmaniasis, while T. cruzi causes Chagas disease. Similarly,
studies have shown that T. cruzi can release exosomes that contain parasite-derived
molecules, such as proteins and nucleic acids, which can modulate the host immune
response and aid in parasite survival and proliferation. T. cruzi-derived exosomes have
also been shown to induce pro-inflammatory cytokine production and apoptosis in
host cells [14]. T cruzi-derived exosomes have also been shown to contain immuno-
modulatory molecules, including miRNAs, which can regulate theexpression of host
immune genes and contribute to the pathogenesis of Chagas disease. T. cruzi induces
the release of exosomes from infected host cells, which expresses TGF-f, which has
proven to facilitate parasite invasion and maturation in host cells [15]. The exosomes
are known to protect extracellular life cycle stages of T. cruzi, such as epimastigotes
from the vector and trypomastigotes from ruptured cells, from complement-mediated
attack, facilitating parasite invasion of host cells [16]. The secretion of exosomes by
Leishmania spp. and T. cruzi induce the release of exosomes from the cells that they
infect [7]. Extracellular vesicles (EVs) have been shown to play a role in intercellular
communication between parasites. Recent studies have shown that microvesicles play
a crucial role in the transmission of malaria caused by the Plasmodium falciparum
parasite (DEBS). These microvesicles are small membrane-bound particles that are
released by infected red blood cells and can interact with uninfected cells in the
vicinity. It has been found that these microvesicles contain specific molecules that can
influence the behavior of the parasite. In particular, they can increase the commit-
ment of asexual parasites to differentiate into sexual stages, known as gametocytes.
This is important for the transmission of the parasite, as only the sexual stages can
be transmitted to mosquitoes and therefore continue the life cycle of the parasite. By
increasing the production of gametocytes, the microvesicles can effectively enhance
the transmission potential of the parasite, making it more likely to be passed on to
mosquitoes and therefore increase the spread of malaria [17, 18].

67



Exosomes — Recent Advances from Bench to Bedside

2.1.1 Plasmodium falciparum

Malaria parasite Plasmodium falciparum has been found to use exosomes for com-
munication between infected red blood cells. This communication between infected
and uninfected red blood cells via exosomes is thought to play a key role in the
pathogenesis of malaria [7]. Exosomal vesicles released from P, falciparum infected
erythrocytes have been shown to help in parasite survival, transmission, density
sensing and differentiation of gametocytes [19-21]. Plasmodium falciparum-infected
RBCs (iRBCs) can communicate with each other via different mechanisms, including
the exchange of genetic material through a process called cell-cell transfer or tunnel-
ing nanotubes (TNTs). This communication can result in the increased production
of gametocytes, which are the parasite’s sexual forms that can be transmitted to
mosquito vectors and infect other hosts. In addition to TNTs, iRBCs can also release
exosome-like vesicles that contain different types of cargo, including proteins, lipids,
and nucleic acids. These vesicles can be taken up by other iRBCs or host cells, modu-
lating their functions and promoting parasite survival in different environments,
such as drug pressure or immune attack. One of the proteins that play a critical role in
exosome-like vesicle production in P. falciparum is PEPTP2. This protein is a phos-
phatase that regulates different signaling pathways in the parasite, including those
involved in vesicle biogenesis and secretion. Disrupting PfPTP2 function can reduce
exosome-like vesicle production and affect parasite survival and virulence.

2.2 Protozoan parasites
2.2.1 Trichomonas vaginalis

Trichomonas vaginalis, a parasitic protozoan that is responsible for the common sex-
ually transmitted infection trichomoniasis, has been shown to release functional exo-
somes that play a role in both parasite-to-parasite and parasite-to-host communication.
One study published in 2013 showed that T vaginalis exosomes contained virulence
products that could specifically downregulate the secretion of the pro-inflammatory
cytokine IL-8 by ectocervical cells [22]. This downregulation of IL-8 secretion could
potentially limit neutrophil migration, which in turn could prevent pathogen clear-
ance and facilitate the establishment of infection. Furthermore, T vaginalis exosomes
have been shown to contain a range of other bioactive molecules, including proteins,
lipids, and nucleic acids, that are capable of modulating host cell behavior. They are
known to induce cell death in host immune cells, impair host cell signaling pathways,
and modulate host cell gene expression. The detection of exosomes secreted by T.
vaginalis suggests a potential role for these extracellular vesicles in the pathogenesis of
trichomoniasis. Furthermore, the detection of specific parasite proteins in T. vaginalis
exosomes suggests that these vesicles may also play a role in the parasite’s adherence to
host epithelial cells, which is a critical step in the infection process.

2.2.2 Toxoplasma gondii

Toxoplasmosis is known to be caused by Toxoplasma gondii. The human foreskin
fibroblasts infected with T. gondii release a type of exosome-like vesicle that con-
tains abundant miRNAs and shows a significant increase in mRNAs compared to
uninfected fibroblasts. The mRNAs that are most enriched in these vesicles include
thymosin beta 4, eukaryotic elongation factor-1a (EF-1a), Rab-13, and LLP homolog.
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These mRNAs have been previously associated with neurologic activitysuggesting
that T. gondii exosomes may play a role in mediating neurologic effects in toxoplasmo-
sis, a parasitic disease caused by T. gondii [23].

2.3 Helminths

Various helminths, including trematodes like Fasciola hepatica and Echinostoma
caproni, secrete exosomes and other extracellular vesicles (EVs) that can be internalized
by host cells. Electron microscopy images have been used to study the morphology and
distribution of EVs released by these helminths, including those that can be detected
on the tegumental surface. The tegument is the outermost layer of the parasite, and it
plays a critical role in the host-parasite interaction. By releasing EVs that can interact
with the tegument, these helminths may be able to modulate the host immune response
and evade host defenses [24]. Exosomes released by Heligmosomoides polygyrus (H.
polygyrus), a parasitic helminth, can block the activation of type 2 innate lymphoid cells
(ILC2s), which are immune cells that play a critical role in the host response to helminth
infections. This blockade of ILC2 activation is thought to contribute to the ability of
H. polygyrus to establish chronic infections in its host [25]. Furthermore, H. polygyrus-
derived exosomes have downstream effects on eosinophilic recruitment. Eosinophils
are immune cells that play a role in the host response to helminth infections, and studies
have shown that H. polygyrus-derived exosomes can induce the recruitment of eosino-
phils to sites of infection. This recruitment is thought to be mediated by the activation
of IL-5, a cytokine that plays a role in the production and recruitment of eosinophils.
Analyses of the secretion products of the tapeworm E. granulosus have revealed the
presence of exosome-associated proteins, including CD63-like tetraspanins. CD63 is a
transmembrane protein that is commonly used as a marker of exosomes, and tetraspa-
nins are a family of proteins that are associated with the membrane of exosomes and
play a role in their biogenesis and function. The presence of CD63-like tetraspanins in
the secretion products of E. granulosus suggests that the parasite is capable of releasing
exosomes, which could play a role in the pathogenesis of echinococcosis [26]. Exosomes
released by parasites such as Heligmosomoides polygyrus, Schistosoma mansoni, and
Schistosoma japonicum have been shown to contain immunomodulatory molecules,
including proteins and miRNAs, which can modulate the host immune response and
aid in parasite survival and proliferation. Exosome-like extracellular vesicles (EVs) was
isolated from excretory-secretory (ES) products of fourth stage larvae (Tci-L4ES) of
Telodorsagia civcumcincta, a parasitic nematode that affects sheep. Proteomic character-
ization of these EVs and identified several proteins involved in various functions such
as structure and metabolism of the parasite. Importantly, it was found that some of
these proteins can be bound by two types of antibodies, IgA and IgG, in T. circumcincta-
infected sheep suggesting that these proteins may have potential as vaccine targets
for the development and production of a vaccine against T circumcincta infection
[27]. Proteomic analysis could identify proteins carried by extracellular vesicles (EVs)
released by tapeworms. Parasite-derived proteins such as antigen-5, severin/gelsolin/
villin lipid transport protein, alpha-mannosidase, and malate-dehydrogenase, as well
as host-origin proteins such as carbonic anhydrase, fructose-bisphosphate aldolase,
peroxiredoxin, hemoglobin alpha and beta, pyruvate kinase, serum albumin, and triose
phosphate isomerase were identified in the EVs. The study also revealed that the EVs
carried virulence factors, including highly immunogenic and tolerogenic antigens and
peptidases, that were associated with cyst survival. This finding suggests that EVs may
play a crucial role in tapeworm infection [28].
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2.3.1 Filarial parasites

Lymphatic filariasis is a parasitic disease caused by filarial worms, including
Brugia malayi, Wuchereria bancrofti, and Brugia timori, which are transmitted
through the bites of infected mosquitoes. Studies have suggested that extracellular
vesicles (EVs), including exosomes, released by these worms may play a role in the
pathogenesis of the disease [29]. Exosome-like vesicles secreted by the infective
L3 stage of B. malayi are designated a set of proteins, including actin, EF-1a, EF-2,
Rab-1, and HSP70, as exosome markers based on their presence in the vesicles. These
proteins are known to be involved in various cellular processes, such as cytoskeletal
organization, protein synthesis, and vesicle trafficking, suggesting that the EVs may
play a role in modulating the host immune response and promoting parasite survival.

3. Exosome-mediated pathogen transmission by arthropods

Arthropods, such as ticks and mosquitoes, have been shown to release extracel-
lular vesicles (EVs) in their saliva during feeding. EVs are double-layer vesicles that
are secreted by all cells and play a critical role in cell-to-cell communication. These
vesicles contain various molecules, including proteins, lipids, and nucleic acids,
that can be transferred to other cells to influence their behavior. In the context of
pathogen transmission, infected cells can secrete EVs that carry infectious cargo,
such as viral RNA, which can enhance pathogen transmission and replication. This
has been demonstrated in the case of Zika virus, where infected mosquito saliva was
found to contain EVs that carry viral RNA and can promote infection in recipient
cells. Ticks are ectoparasites that feed on the blood of their hosts, and their saliva
contains a complex mixture of proteins, lipids, and other molecules that help them to
obtain a blood meal and evade the host immune response. It is likely that EVs are also
present in tick saliva and play a role in modulating the host immune response. The
argasid tick Ornithodoros moubata secretes immunomodulatory proteins in the saliva.
Proteomic analysis of tick saliva has revealed several exosome-associated proteins,
such as aldolase and enolase, as well as lipocalins that have anti-inflammatory proper-
ties. These lipocalins can scavenge leukotrienes, which are inflammatory mediators,
and adenosine nucleotides, which can modulate the immune response. It is reported
that exosomes are critical for the transmission life cycle of Langat virus (LGTV), a
tick-borne virus closely related to tick-borne encephalitis virus (TBEV), which is
a causative agent of a neurological tick-borne disease [30]. A study demonstrated
that LGTV can infect tick cells and replicate within them. The virus is then secreted
into the extracellular space via. Exosomes, which are taken up by neighboring cells,
including both tick and mammalian cells. The exosomes containing LGTV were found
to be infectious and could transfer the virus from infected to uninfected cells, indicat-
ing that exosomes play a crucial role in LGTV transmission. Furthermore, research
shows that the exosomal cargo of LGTV-infected tick cells contained viral RNA and
proteins, which could induce an antiviral response in uninfected cells, potentially
limiting viral spread. It is also suggested that exosomes derived from neuronal cells
are likely able to mediate transmission of tick-borne flavivirus RNA and proteins from
one neuronal cell to the other in the CNS. These findings suggest that exosomes play
a complex role in the transmission and pathogenesis of LGTV, and potentially other
related tick-borne viruses such as TBEV. RNAi-mediated silencing of synaptobrevin
expression in A. americanum adult ticks resulted in a significant decrease in feeding
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success. Specifically, the silenced ticks exhibited increased mortality, premature
detachment from the host, and lower engorgement weights compared to control ticks.
These findings suggest that synaptobrevin is critical for successful tick feeding and
survival [31]. Arthropods such as mosquitoes are known to be important vectors for
the transmission of flaviviruses, including DENV. Recent studies have shown that
arthropod-derived EVs can contain viral RNA, including full-length viral genomes,
and can transfer this RNA to neighboring cells or even to other hosts, potentially
leading to the spread of infection. In addition to DENV, other flaviviruses such as Zika
virus, Japanese encephalitis virus, and West Nile virus have also been shown to be
transmitted by arthropod vectors and may potentially be contained within EVs. The
mechanisms by which flaviviruses are packaged into arthropod-derived EVs and how
they are transmitted to new hosts are not yet fully understood, and further research

is needed to elucidate these processes. However, the discovery of viral RNA in arthro-
pod EVs suggests that these structures may play an important role in the transmission
and dissemination of flaviviruses.

4. Exosome mediated fungal transmission

In addition to the parasites, other eukaryotes such as pathogenic fungi also release
extracellular vesicles (EVs) that play important role in mediating the pathogenesis.
Exosomes can play a role in the proliferation of fungal infections by several mecha-
nisms. Firstly, fungal exosomes can carry virulence factors and antigens that can
directly contribute to the pathogenesis of the infection. For example, fungal exo-
somes have been shown to contain proteins and lipids that promote the adhesion and
invasion of host cells, as well as molecules that suppress the immune response and
promote the survival of the pathogen within the host. Secondly, exosomes secreted by
infected host cells can also indirectly promote the proliferation of fungal infections by
modulating immune responses. For instance, exosomes released by infected immune
cells can contain cytokines and other immune modulators that suppress the activity
of immune cells, such as macrophages and neutrophils, which are crucial for control-
ling fungal infections. This, in turn, can facilitate the proliferation of the fungus
within the host. Moreover, recent studies suggest that exosomes may play a role in
the horizontal transfer of antifungal resistance among fungal populations. Fungal
exosomes can carry genetic material, such as RNA and DNA, which can be trans-
ferred to other fungi, leading to the acquisition of antifungal resistance. Exosomes
can proliferate fungal infections by carrying virulence factors, modulating immune
responses. For example, the pathogenic fungus Paracoccidioides brasiliensis releases
highly immunogenic EVs that contain the carbohydrate galactose-/-1,3-galactose
(/-Gal), which is not found in human cells. These/-Gal-enriched EVs may generate a
robust immune response in the host, but they may also be beneficial to the pathogen
by binding to host lectins and potentially stimulating a suppressive type 2 response.
Other opportunistic fungi, including Cryptococcus neoformans, Candida albicans, and
Histoplasma capsulatum, also release EVs that contain virulence-associated factors
such as polysaccharides and lipids [32]. For example, C. neoformans EVs are enriched
in virulent capsular components such as glucosylceramide and glucuronoxylomannan
(GXM), and a recent study has shown that phospholipid translocases (flippases) are
important for C. neoformans exosome packaging and transport [33]. Interestingly,
fungus-released EVs can also induce antimicrobial activity by host cells. C. neoformans
EVs are taken up by macrophages and stimulate the production of TNF, IL-10, TGF-b,
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and nitric oxide [34]. EVs released by Malassezia sympodialis, a component of human
flora, can generate IL-4 and TNF secretion from peripheral blood mononuclear cells,
enhancing an inflammatory response in cases of atopic dermatitis [35].

5. Exosome mediated bacteria transmission

Extracellular vesicles (EVs) have been identified as a mechanism for dissemina-
tion of bacterial components. Gram-negative bacteria such as Escherichia coli and
Salmonella have been shown to produce outer membrane vesicles (OMVs) that con-
tain lipopolysaccharide (LPS), a potent endotoxin that can trigger an inflammatory
response in host cells. OMVs have also been shown to carry other virulence factors,
such as adhesins and toxins, and can promote bacterial survival and dissemination
within the host. Similarly, Gram-positive bacteria such as Staphylococcus aureus and
Streptococcus pyogenes have been shown to release membrane vesicles that carry lipo-
teichoic acid (LTA), another pathogen-associated molecular pattern (PAMP) that can
activate host immune responses. In addition to OMVs and membrane vesicles, bacteria
can also release exosomes, which are thought to originate from the bacterial cytoplas-
mic membrane and can carry a range of bacterial components, including nucleic acids,
proteins, and lipids. Extracellular vesicles (EVs) are a newly described mechanism for
bacterial dissemination and can contribute to the pathogenesis of bacterial infections.

5.1 Mycobacterium spp.

In the case of bacterial infections, much of our understanding of exosome produc-
tion and function comes from studies on Mycobacteria. Additionally, there is increasing
evidence that other bacterial species also produce exosomes that contribute to disease
pathogenesis. Mycobacterial exosomes have been shown to carry bacterial compo-
nents that modulate host immune responses and promote bacterial survival, as well
as contributing to the dissemination of mycobacteria to other cells and tissues in the
host. Mycobacterium avium-infected macrophages release vesicles that can stimulate
a pro-inflammatory response in neighboring macrophages that are not infected [36].
Mycobacterium tuberculosis PAMPs can be transported from the phagosome to the MVB
during macrophage infection, and these PAMPs are also found in extracellular vesicles
released by infected macrophages [37]. These vesicles have been shown to have mark-
ers of a late endosomal/lysosomal compartment and are released through calcium-
dependent exocytosis, suggesting that they are exosomes [38]. The content of these
exosomes can be detected inside neighboring uninfected cells, suggesting a potential
role in intercellular communication during infection. The release of pro-inflammatory
exosomes has also been observed in macrophages infected with Mycobacterium tuber-
culosis or Mycobacterium bovis BCG. These exosomes carry mycobacterial components
that can stimulate an immune response and contribute to disease pathogenesis. The
pro-inflammatory response is thought to be mediated by the activation of pattern
recognition receptors (PRRs) on the surface of the macrophages, which recognize
the mycobacterial components carried by the exosomes. This activation leads to the
production of pro-inflammatory cytokines and chemokines that recruit and activate
other immune cells to the site of infection. While mycobacterial exosomes have been
shown to stimulate pro-inflammatory responses in macrophages, it is also possible
that the mycobacterial components present on or in the exosomes could function to
suppress the immune response. Mycobacterial exosomes can carry immunosuppressive
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components, such as mycobacterial lipids, that can downregulate the immune response
and promote bacterial survival within host cells. In addition to carrying immunosup-
pressive components, mycobacterial exosomes may also promote bacterial persistence
by facilitating intercellular communication and promoting the formation of bacterial
aggregates within host cells. This can protect the bacteria from immune surveillance
and promote their survival within the host. Exosomes have been shown to play a role in
anthrax infection by serving as carriers of anthrax toxin components [39]. Tissue fac-
tor, is a blood coagulation protein that is also involved in a variety of cellular processes
such as cell proliferation, migration, and apoptosis. It has been found on the surface of
various cell types, including endothelial cells and macrophages.

5.2 Helicobacter pylori

miRNA expression in exosomes plays a role in the regulation of inflammation in
macrophages and can affect the infectivity and pathogenicity of Helicobacter pylori.
Specifically, miR-155 expression in exosomes derived from H. pylori-infected mac-
rophages was found to increase significantly and could be delivered to surrounding
macrophages to induce a stronger inflammatory response. Moreover, miR-155 loaded in
exosomes derived from H. pylori-infected macrophages was found to promote the pro-
duction of cytokines such as TNF-a, IL-6, and IL-23 to regulate inflammatory responses,
thereby enhancing the expressions of cellular signal transduction proteins such as CD40,
CD63, CD81, and MHC-I for immune-regulation responses. However, overactive macro-
phages can produce a multitude of proinflammatory cytokines and chemokines, leading
to inflammation-related diseases or autoimmune diseases. During H. pylori infection,
exosomes may act as vectors to carry virulence factors or proteins of H. pylori to host
cells and target organs, thus playing a role in the pathogenicity of H. pylori [18].

5.3 Bacteroides fragilis

Bacteroides fragilis, a representative strain of Bacteroides spp., has been found to
enhance immune function. This is achieved through the transfer of bacterial lipopoly-
saccharide to intestinal dendritic cells via exosomes. This process promotes the secretion
of IL-10 and IL-6 by dendritic cells and the differentiation of T lymphocytes, which in
turn intensifies the immune reactions of the host. Exosomes, which are closely associ-
ated with bacterial infection, are believed to act as signal transduction messengers [40].

5.4 Other bacteria

It is shown that “microparticles” released from Chlamydia pneumoniae-infected cells
contain tissue factor, and that these microparticles can activate NF-kB, a transcription
factor involved in the regulation of TF expression in endothelial cells suggesting that
Chlamydia pneumoniae may use exosomes or exosome-like vesicles as a mechanism
for spreading the infection and modulating host cell responses [37]. Other bacterial
species, such as Pseudomonas aeruginosa, Burkholderia cenocepacia, and Staphylococcus
aureus, also produce exosomes that carry virulence factors and other bacterial com-
ponents, which can modulate host immune responses and promote bacterial survival
and dissemination. Chlamydia trachomatis is an intracellular bacterial pathogen that
causes a variety of diseases in humans, including sexually transmitted infections and
ocular infections. To establish and maintain infection, C. trachomatis has evolved
several mechanisms to interact with host cells and manipulate host cellular processes.
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One such mechanism is the release of host cell vesicles that contain bacterial effector
proteins. These vesicles can be internalized by neighboring cells, allowing C. trachoma-
tis to spread and establish new infection foci. Several cytotoxic and secreted proteins
have been identified in these host vesicles, and they are believed to play a role in the
delivery of virulence factors. One such protein is CT166, a cytotoxic protein that has
been shown to induce cell death in host cells. Another is CT694, a secreted protein

that has been shown to interact with host proteins involved in cell signaling pathways.
These proteins, along with others found in host vesicles, likely play a critical role in C.
trachomatis pathogenesis by facilitating the delivery of virulence factors and manipulat-
ing host cellular processes to the bacterium’s advantage. Exosomes have been found to
play a role in the pathogenicity of Staphylococcus aureus, specifically through the actions
of the pore-forming a-toxin [41]. This toxin targets human non-virally transformed
keratinocytes (HaCaT cells) and can be endocytosed by the cells to prevent cell lysis.
The toxin-containing vesicles are then transported to late endosomes and incorporated
into exosomes, which are secreted by the cells [42]. Interestingly, these exosomes
contain both mono- and multi-meric toxins, which can be activated after being taken
up by naive cells. This mechanism allows the bacteria to spread its virulence factors and
evade the immune system, ultimately leading to the development of infections.

6. Exosome-mediated viral transmission

Exosomes have been shown to play a role in a range of viral infections, includ-
ing HIV, Hepatitis B and C, Influenza, and Zika virus, among others. Exosomes can
contribute to viral pathogenesis by promoting viral replication and spread, inducing
apoptosis in infected cells, and modulating the immune response to favor viral per-
sistence. Additionally, exosomes can serve as vehicles for the transfer of viral compo-
nents, including nucleic acids and proteins, between cells, facilitating viral spread and
potentially contributing to the development of chronic infections. Viruses can hijack
the host cell’s exosomal pathway to promote the transfer of viral components, includ-
ing nucleic acids such as viral RNA or DNA, between cells. Exosomes containing viral
genomes can be taken up by susceptible cells, potentially leading to the establishment
of a productive viral infection. When a cell is infected with a virus, it may secrete
exosomes that contain viral components. These exosomes can then be taken up by
other cells, potentially leading to the spread of the virus. Exosomes derived from
viral-infected cells can contain a range of viral components, including viral proteins,
nucleic acids (such as RNA or DNA), and even intact viruses themselves. These
exosomes can therefore serve as a means of exporting viral components from the
infected cell, potentially contributing to viral pathogenesis [43, 44]. The viral com-
ponents contained within exosomes derived from viral-infected cells can contribute
to the pathophysiological effects on recipient cells. These effects can be mediated by
a variety of mechanisms, including the activation of cellular signaling pathways, the
induction of inflammation, and the suppression of antiviral responses.

6.1 Human immunodeficiency virus (HIV)

Exosomes derived from HIV-infected cells have been shown to contain viral pro-
teins that can induce apoptosis (programmed cell death) in recipient cells. Similarly,
exosomes derived from cells infected with the Respiratory Syncytial Virus (RSV) have
been shown to contain viral proteins that can trigger an inflammatory response in
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recipient cells. HIV-1 is known to exploit exosomes to facilitate viral spread and evade
host immune responses. The transfer of HIV-1 coreceptors CCR5 and CXCR4 within
exosomes from infected to uninfected cells is one mechanism by which the virus can
enhance its infectivity and spread to new cells. Exosomes from HIV-1-infected cells
can transfer viral proteins and RNA to uninfected cells, leading to the activation of
host immune responses and the promotion of viral replication and dissemination

[45, 46]. In addition to promoting viral spread, exosomes can also serve as a mecha-
nism for the virus to evade host immune surveillance. HIV-1 has been shown to use
exosomes to downregulate host immune responses by transferring viral proteins such
as Nef and Vpu to immune cells, leading to the degradation of host immune factors
such as CD4 and MHC class I molecules [47].

6.2 Hepatitis A virus (HAV)

Exosomes can acquire Hepatitis A Virus (HAV) components after HAV-infected
plasmacytoid dendritic cells. These exosomes can protect HAV from neutralization by
HAV antibodies and assist in the transmission of HAV among liver cells. Additionally,
these HAV-carrying exosomes can also directly invade and infect uninfected cells
with modest pathogenicity. In the case of HAV, infected plasmacytoid dendritic cells
can release exosomes containing HAV components, which can then be taken up by
uninfected liver cells. These exosomes can protect HAV from neutralization by HAV

antibodies, allowing the virus to more easily infect liver cells and spread throughout
the liver [48].

6.3 Hepatitis C virus (HCV)

In the case of HCV, studies have shown that the virus can incorporate into exo-
somes either as whole virions or as nucleocapsids, envelope proteins, and replication-
competent viral RNA. The mechanism by which HCV incorporates into exosomes
and how this process is regulated is not yet fully understood. However, it is believed
that the incorporation of HCV into exosomes may help the virus to evade the immune
system and spread throughout the body and play a role in the pathogenesis of HCV
infection [49]. Hepatitis C virus (HCV) is a small enveloped virus with a positive-
sense single-stranded RNA genome, belonging to the Flaviviridae family. Recent
research has shown that the assembly and release of HCV virions in hepatocytes are
closely correlated with the exosome secretory pathway. This pathway can incorporate
either the whole virions or only nucleocapsids, envelope proteins, and replication-
competent viral RNA into exosomes. In addition to classical transmission by free
viral particles, HCV can also be transferred by exosomes to naive human hepatoma
Huh7.5.1 cells, resulting in productive infection with efficiency like that of free
infectious particles. Exosomes derived from HCV-infected Huh7.5 cells or individuals
both contain miR-122, which promotes HCV replication and transfer. Exosomes can
transmit HCV to naive cells and modestly protect antibodies from being neutralized
by HCV. This suggests that HCV may use transmission via exosomes as an immune
evasion mechanism, allowing it to resist neutralization by anti-HCV antibodies.

6.4 Epstein-Barr virus (EBV)

Epstein-Barr virus (EBV), exosomes are known to play a role in the maintenance
of latent infection. EBV is a virus that can cause infectious mononucleosis and is
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associated with several types of cancer. When EBV infects a cell, it can enter a latent
phase in which it remains in the host cell without causing any symptoms. During this
phase, the virus can be reactivated and start replicating, leading to the production of
new viral particles and the spread of infection. EBV can exploit exosomes to deliver its
genetic material, including proteins, RNA, and miRNA, to target cells. This allows the
virus to maintain its latent infection in the host by regulating the expression of viral
and host genes [50]. Apart from Burkitt lymphoma and nasopharyngeal carcinoma,
EBV has also been linked to other malignancies, including Hodgkin’s lymphoma,
gastric cancer, and certain types of lymphomas and leukemias. Exosomes released by
EBV-infected cells can play a role in the pathogenesis of these diseases by transferring
viral proteins, RNA, and miRNA to surrounding cells and tissues. This can lead to

the activation of signaling pathways that promote tumor growth and metastasis, as
well as the suppression of host immune responses against the virus and cancer cells.
Therefore, understanding the role of exosomes in EBV-associated malignancies may
provide new insights into the mechanisms of tumor progression and immune evasion,
as well as potential targets for therapeutic intervention [51].

6.5 Herpes simplex virus (HSV)

Exosomes derived from Herpes Simplex Virus (HSV) infected cells have been
shown to contain viral proteins, RNA, and miRNAs that can be transmitted to
uninfected cells and modulate their gene expression to promote viral replication
and transmission [52]. The presence of these viral components in exosomes suggests
that they may play a role in HPV-mediated immune evasion and tumor progression.
Furthermore, the ability of exosomes to transfer their contents to neighboring cells
may contribute to the spread of HPV infection. Dias et al. [53]. found that the prion
protein (PRNP) plays a role in directing multivesicular bodies (MVBs) containing
intraluminal vesicles (ILVs) toward the plasma membrane for the release of exosomes.
Specifically, PRNP was shown to interact with components of the endosomal sorting
complex required for transport (ESCRT) machinery, which is involved in the forma-
tion of ILVs within MVBs. This interaction was found to promote the association of
MVBs with the plasma membrane and the subsequent release of exosomes. These
findings suggest that PRNP may play a key role in regulating the secretion of exo-
somes in various physiological and pathological contexts.

6.6 Porcine reproductive and respiratory syndrome virus (PRRSV)

Exosomes derived from Porcine Reproductive and Respiratory Syndrome Virus
(PRRSV)-infected cells can contain viral RNAs and transfer productive infections to
naive cells, even in the presence of PRRSV-specific neutralizing antibodies (NAbs).
PRRSV is a highly contagious virus that causes significant economic losses to the
swine industry worldwide. The virus is known to replicate in the respiratory tract
and can cause respiratory distress in infected pigs, as well as reproductive failure
in pregnant sows. Recent studies have shown that exosomes derived from PRRSV-
infected cells can contain viral RNAs, proteins, and even infectious virions. These
exosomes can then be taken up by naive cells, which can lead to the establishment of
a productive infection. It has been shown that PRRSV-specific NAbs are not effective
in neutralizing the virus when it is packaged within exosomes. This suggests that
exosomes may provide a mechanism for PRRSV to evade the host immune response
and spread the infection to other cells [54].
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6.7 West Nile virus (WNYV)

It has been demonstrated that exosomes containing mosquito-borne West Nile
Virus (WNV) can facilitate the transmission of viral RNA and proteins from one
neuronal cell to others, suggesting a potential role for exosomes in WNV neuropatho-
genesis. West Nile Virus is a neurotropic virus that can cause severe neurological
disease in humans and animals. The virus is thought to replicate in neurons and can
spread from cell to cell within the nervous system. Recent studies have shown that
exosomes derived from WNV-infected cells can contain viral RNA and proteins,
which can be transferred to neighboring neuronal cells. This suggests that exosomes
may play a role in the spread of WNV within the nervous system [44]. Furthermore,
it has been suggested that exosomes may also be involved in the development of WNV
neuropathogenesis, as the transfer of viral RNA and proteins to neighboring cells may
alter the function of the recipient cells and contribute to disease progression.

7. Conclusion

In conclusion, exosomes play a significant role in mediating pathogen trans-
mission between cells. Through their ability to transfer various types of bioactive
molecules, including nucleic acids, proteins, and lipids, exosomes can facilitate the
transfer of infectious agents, including bacteria, viruses, and parasites. Exosomes
have been shown to act as vectors for the spread of several human pathogens, includ-
ing HIV, HCV, and prion proteins. In addition, exosomes released from infected
cells can promote the spread of infection by suppressing the host immune response
and facilitating pathogen replication. However, the mechanisms by which exosomes
mediate pathogen transmission are still not fully understood, and further research
is needed to better characterize the specific roles of exosomes in the pathogenesis of
different infectious diseases. Additionally, the potential use of exosomes as diagnostic
markers or therapeutic targets for infectious diseases warrants further investigation.
Despite the remaining uncertainties, the emerging evidence suggests that exosome-
mediated pathogen transmission is a crucial aspect of infectious disease biology and
has significant implications for the development of new diagnostic and therapeutic
approaches.
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Chapter 5

Role of Exosomes in Tuberculosis:

Looking towards a Future Road
Map

Sushanta Kumar Barik and Jyotirmayee Turuk

Abstract

Exosomes are generated by the multivesicular degradation of plasma membrane
fusion, lysosomal, and extracellular release of intracellular vesicles. The exosome
ranges from 30 to 150 nm in size. Exosomes are “bioactive vesicles” that promote
intercellular communication. Exosomes contain a variety of biologically active
substances packaged with proteins, lipids, and nucleic acids. After any microbe
infection into the exosomes, the content of the exosomes changes and is released into
the bloodstream. Such type of exosome content could be useful for basic research
on exosome biology. Tuberculosis (TB) is a serious infectious disease caused by
Mycobacterium tuberculosis (Mtb). During the Mtb infection, the exosomes played
an important role in the body’s infection and immune response by releasing several
exosome components providing new ideas for diagnosis, prevention, and therapeutic
treatment of Mtb infection. The detection of the low abundance of the Mth numbers
or secreted peptides in the serum of TB patients is not possible. The best way of find-
ings for diagnosis and treatment of TB could be possible by the exploration of exo-
some content analysis through various useful technologies. The study and analysis of
exosome content would produce a road map for the future early diagnosis, prognosis
estimation, efficacy monitoring, research, and application for TB.

Keywords: exosome, TB, Mtb, content, roadmap, serum

1. Introduction

Tuberculosis (TB) is an infectious disease caused by Mycobacterium tuberculosis
(Mtb). Mtb is an intracellular bacteria engulfed by the macrophages through the
process of phagocytosis. After invades into the host body, some of them eliminates
and survives by immune escape mechanism as well but cause TB or latent tuber-
culosis infection (LTI). The exosomes size ranges 30-100 nm and is secreted by
all living cells. Exosomes are circulating in the human body fluids rich in proteins,
nucleic acids, lipids, etc. The components of the exosomes released by the body
after Mtb infection play an important role in body’s immune response and infec-
tion by providing new ideas on the diagnosis, treatment, and prevention of TB
infection [1]. The vesicles were isolated through centrifugation at 10,000 g for
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90 minutes from in vitro culture of sheep reticulocytes during the maturation of
reticulocytes. These vesicles were called “exosomes” coined by Johnstone in the
year 1987 [2]. Those vesicular exosomes were released during the maturation of the
sheep reticulocyte and contained a few numbers of plasma membrane functions.
These vesicles contained the transferrin receptor and also contain other plasma
membrane activities such as nucleoside transporter and acetylcholinesterase. The
formation of exosomes is a natural phenomenon with the release of the transfer-
rin receptor [3]. Exosomes were observed in both nucleated and non-nucleated
reticulocytes. The protein content of exosomes is equal to the protein content of
plasma membrane. The protein content of the exosomes may vary on the origin of
the species. Exosomes contain a non-transmembrane protein HSP70, a major cel-
lular chaperone protein. The externalized proteins are the intact proteins retaining
the catalytic activity and native ligand binding activity. The small exosome struc-
tures relatively contain many proteins play an important role in controlling serious
human pathological problems by various pathogens. Revisiting the functions of
exosomes in human pathological problems since the discovery could possibly to
making a roadmap [4].

Exosomes were involved in intercellular information transmission and poten-
tial medical applications. The special insight on the biological significance of the
exosome is very essential for various applications in the human biological field [4].
The characterization of exosomes is very essential during immune response for a
better announcement of host-pathogen interactions. Based on exosome character-
ization, development of various approaches would be possible to fight infections
through various pathogens. When macrophages infected with the Mtb release from
cells small vesicles known as exosomes that contain pathogen-associated molecular
patterns (PAMPs). When exosomes were exposed to the uninfected macrophages,
they were stimulated with a proinflammatory response in a toll-like receptor and
myeloid differentiation factor 88-dependent manner. The cell culture media along
with fetal calf serum (FCS) at a centrifugal speed of 100,000 g for 15 h had been
used to isolate contaminating exosomes [5]. The exosomes are controlling Mtb
infection through exosome biogenesis. During Mtb infection, exosomes played an
important role in recruiting and regulating host cells. Mtb-infected RAW264.7 cells
secreted chemokines from C57BL/6 mouse-derived bone marrow macrophages
treated with exosomes and also induced the migration of CFSE-labeled macro-
phages and splenocytes. Exosomes were purified using Exo Quick purification
system (System Biosciences, CA) on an average of 20 pg purified exosomes from 10
million cells [6].

Mtb peptides were detected in serum extracellular vesicles with latent tubercu-
losis-infected (LTBI) individuals. The identification of biomarkers from a serum
source of latent Mtb-infected patients could be a better target for preventive therapy.
Multiple reaction monitoring mass spectrometry (MRM-MS) assays detected 40 Mtb
peptides from 19 LTBI patients. Mtb peptide detection in serum extracellular vesicles
is a useful technique in diagnosis of LTBI [7]. Exosomes containing highly antigenic
proteins could be an alternative approach for the development of a TB vaccine [8].
Extracellular vesicles (EVs) delivered Mycobacterium RNA into the host to promote
host immunity by killing the bacteria. This technology is a novel approach to treat
drug-resistant TB [9]. Exosomes were used as a tool for rapid diagnosis of TB. The
detection of Mtb lipoarabinomannan and CFP-10 from the urinary EVs of pulmonary
tuberculosis (PTB) and extrapulmonary tuberculosis (EPTB) patients would be help-
ful in the rapid diagnosis of TB [10].
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Mtb-infected exosome contains a lot of proteins, nucleic acids for the rapid or slow
manner detection and diagnosis of TB whether PTB or LTBI or drug-resistant (DR-
TB). The collection of various Mth-infected exosome materials from various research
papers could give a better road map on the diagnosis of TB in a better way and plan
out the future for rapid diagnosis on the development, detection, and cure of TB in
the world.

2. Exosomes response to the Mth

The host interactions with the pathogens are always a challenge in chronic diseases
and to understand the mechanism, complexities, and sequential events. TB is a major
worldwide disease and the understanding of TB immunology become a major refined
since the identification of Mtb. Understanding the mechanism of how the immune
cells are recognizing Mtb can be an important issue for development of therapeutic
strategies and vaccine development. Several classes of pattern recognition receptors
(PRRS) including toll-like receptors (TLRs), C-type lectin receptors (CLRs), and
nod-like receptors (NLRs) were involved in the recognition of Mtb. TLRs family such
as TLR1, TLR2, TLR4, TLRY, IL-1, and IL-18 played an important role in the patho-
genesis of TB [11].

Exosomes are the potential mediator of T cell activation. The released exosomes
from mouse Mtb infection contribute significantly to T cell response. Rab27a played
an important role in exosome biogenesis. The Rab27a deficiency mice showed dimin-
ishing of the protein components to exosomes and Mtb strains. Exosomes function to
promote T cell immunity during Mtb infection and an important source of extracel-
lular antigen [12]. Exfoliated vesicles with 5'-nucleotidase activity was reflected from
the culture of various normal and neoplastic cell lines. Exfoliated membrane vesicles
were served in physiologic function and referred to as exosomes. It was observed
by electron microscopy that the shredded vesicles were a constituted part of plasma
membrane [13].

EVs were packed with proteins, nucleic acids, and lipids released from the mam-
malian and bacterial cells. EVs played an important role through the intercellular
transduction acts like a messenger. The Mtb-infected EVs released cells played an
important regulatory role in the anti-Mtb immune response. EVs regulate innate
and acquired immune responses of the body against Mtb and for this key immune
response, EVs were considered an important factor in the development of Mtb
vaccine [14]. The microbial and host interaction components were spread through
exosomes either activate or suppress the immune system of the host. Exosomes were
involved in multiple infection processes including formation or modification of
the infection, T or B cells activation, and interaction with nonimmune cells such as
fibroblasts and endothelial cells (Figures 1-3). When the bacteria exposure to the
exosome, the release of cellular components begins with the activation/submersion of
the immune response of the host [15].

Proteins secreted from the Mycobacterium species were identified those were
contributed to the protective immunity. Mycobacterial surface proteins were
analyzed from infected macrophages. The fibronectin and 85 kDa protein com-
plexes were identified among the mycobacterial proteins released by the infected
macrophages [16].

The exosomes promoted the macrophages for the release of chemotactic factors
by activating immune cells in vivo and in vitro [6]. The microvesicles and exosomes
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Figure 1.

(Ag)uElectron photomicrograph of vesicular particles sedimented from superfusate of C-6 rat glioma monolayer
cultures. Particles in conditioned medium. (magnification X 33 600). Note smaller vesicles contained within

the lavger vesicles (arrow). (B) Small vesicle population at greater magnification (glutaraldehyde fixed,
magnification X 78 400) [13].
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Figure 2.

Ex%lslome: from bacteria-infected macrophages release exosomes containing antigens that induce cross-priming
to activate antigen-specific CD4" and CD8" T cells. Some exosomes veleased from infected cells inhibit cytokine
production by T cells. Exosomes from infected cells also contain PAMPs that stimulate macrophage production
of proinflammatory mediators like TNF-a or limit the macrophage response to IFN-Y. Dashed line indicates
unknown mechanism [15].

from the Mtbh macrophages could activate T cells in response to antigen presentation.
Adenosine triphosphate (ATP) induced exosomes were generated very rapidly and
yielded much higher allowing significant time and cost advantages. Mtb interacted
with ATP to induce the release of exosomes. These induced exosomes contained the
major histocompatibility complex class-II (MHC-II) molecules for antigen presenta-
tion. ATP-induced exosomes could be used for a therapeutic purpose as an alternative
to conventional exosomes [17].
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Figure 3.

The release of mycobacterial proteins from the phagosome in infected macrophages. Release of labeled
mycobacterial proteins from the phagosome in infected macrophages. Live BMMY infected for 24 h with fluorescein
succinimidyl ester-labeled BCG were analyzed by fluovescence microscopy. Labeled bacterial proteins were
released from the mycobacterial phagosome into subcellular compartments of the infected macrophage (small
arrowheads). The labeled bacteria are intensely fluorescent and ave indicated by the large arrows [16].

3. Exosome contents and proteomic profiles of exosome proteins with TB

Exosomes are nanovesicles secreted by most but not all cells and specifically
mediate intercellular communication through the transfer of genetic information
of coding and noncoding RNA to recipient cells. The exosomes played an important
biological role in the regulation of normal physiological and pathological processes
through altered gene regulatory networks. Exosomes were targeted for the delivery
of human genetic therapies through exogenous genetic cargoes such as siRNA [18].
Mtb is always in a dormant state for many years in the host system which is the
cause of latent tuberculosis (LTB). Exosome contains a lot of Mtb antigens may be
used as an alternative approach to develop the TB vaccine. A study was reported
through the LC-MS/MS technique identified 41 Mtb proteins such as antigen 85-C,
PckA, GabD1, p-1,3-Glucanase precursor, DnaK, LpdC, LprA, EST-6, etc. These
were presented in exosomes released from Mth-infected ]J774 cells and 29 Mtb
proteins such as antigen 85-C, PckA, Fba, PepN, SahH, GroES, etc. Many of the
released exosome proteins were highly immunogenic [8]. Flow cytometry analysis
is a suitable method to characterize the surface markers of the extracellular vesicle’s
subpopulations in cells. The surface marker proteins were detected those were
unique to exosomes naive and Mtb infected THP-1 macrophages. The most similar
findings of the surface protein markers such as CD63, CD9, CD81, and CD29 were
detected in the exosomes of THP-1 cell culture supernatants by flow cytometry
method. The purpose of characterization of the exosome surface proteins from
the cell culture supernatants. Thus, the establishment of more sensitive methods
enables the researcher to characterize the Mtb proteins in exosomes [19]. The main
function of exosomes is interaction between cells through contact and exchange of
soluble materials.

In TB patients, the exosomes were released from the Mth-infected cells. The
plasma of active TB patients generally contains the lipids and proteins derived from
the exosome. Exosomes of all TB patients contains a lot of proteins such as sphingo-
myelins (SM), phosphatidylcholines, phosphatidylcholine inositol, free fatty acids,
triglycerols, cholesteryl esters, etc. Mtb infections to the host proteins changed the
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host protein composition of a total of 37 proteins. Proteomic study indicates the
expression of low levels of proteins such as apolipoproteins, antibacterial proteins
cathelicidin, scavenger receptor cystine rich family member, ficolin3, etc. were
observed in TB patients but the adhesion proteins (integrins, intercellular adhesion
molecule2 (ICAM2), CD151, proteoglycan4 were highly prevalent in PTB patients.
Analysis of these exosome proteins in TB patients is a new achievement in the host-
pathogen interaction and helps the development of new vaccines and therapies in TB
research [20].

Exosomes were loaded with the microbial proteins after Mtb infection. After Mtb
infection into the exosome, there must be changes in the composition of exosomal
proteins and the study of the exosomal proteins could contribute to the understand-
ing of the progression of TB after Mtb infection and open the way to understand the
development of a specific biomarker for diagnosis of the TB. An experimental analy-
sis of the Mtbh-infected cells by the tandem mass spectrometry analysis specifically
showed that the 41 proteins were significantly more abundant in exosomes. Some of
the proteins were identified through the novel biotinylation strategy to confirm the
protein localization in the exosomal membrane. The Mtb influenced the changes in
the protein composition of exosomes released from the Mtb-infected cells [21]. These
proteins are given in Tables 1-3.

A study investigated the regulation of protein N-glycosylation in human
macrophages and their secreted microparticles (MPs) after Mtb infection. Upon
Mtb infection, the protein N-glycosylation of macrophages rapidly and signifi-
cantly occurred following Mtb infection [22]. Always searching for a rapid and
sensitive biomarker is useful for the diagnosis of TB. Exosome markers were
stable within the double membrane of the exosome. Heat shock protein HSP16.3
was an important capsule protein produced by Mtb. The HSP16.3 protein was
secreted in excess amount in exosomes from the U937 cells infected with Mtb and
an amount of HSP16.3 proteins was detected in blood exosomes of ATB patients.
Thus, the HSP16.3 protein act as an exosome-based TB biomarker for Mtb diag-
nosis [23]. Blood-secreted exosome-based “biosignature” through the multiple
reactions monitoring mass spectrometry assay (MRM-MS) could be used as a
diagnostic biomarker for active TB [24]. The details of the peptides are given in
Tables 4 and 5.

Exosome RNA sequencing analysis were derived from the clinical samples
of ATB, LTB revealed the gene expression profiles. The selective packaging of
RNA cargoes into exosomes in different stages of Mtb infection would facilitate
the potential targets for prevention, treatment, and diagnosis of TB. The gene
enrichment analysis of the Mth RNA in exosomes identified a lot of functions in
active and LTB patients [25]. The details of total function of Mth exosome are given
in Figure 4.

These gene-enrichment analysis of the Mtb-infected exosome gives an idea of
the future roadmap of the TB diagnosis in active population level. Generally, TB
diagnosis was performed through microscopy, PCR amplification, or culture of
Mtb DNA from sputum or the biopsy of infected tissue from human beings. The
current improvement of detection methods for diagnosis of TB in serum samples
could possible by advanced methods. Sometimes the detection of Mycobacterial
products in serum is not possible due to the low abundance number of Mth. The
exploration of the exosome enrichment advance assay would require to improve the
sensitivity of the assay.
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No. of proteins Identified proteins

1. 60S acidic ribosomal protein PO

2. Coronin-1C

3. Lupus La Protein

4. Heterogenous nuclear ribonucleoprotein K

5. Heat shock 70KDa protein 4

6. Alanine -tRNA ligase, cytoplasmic

7. Calreticulin

8. Protein disulphide isomerase A3

9. L-amino acid oxidase

10. Moesin

11 Nucleolin

12 Vimentin

13. Protein disulfide-isomerase A6

14. Spliceosome RNA helicase DDX39B

15. Fermitin family homolog 3

16. Programmed cell death -6 interacting protein
17. S-adenosylmethionine synthase isoform type -2
18. Glyceral dehyde -3 phosphate dehydrogenase
19. ATP dependent RNA helicase A

20. 60 kDa heatshock protein, mitochondrial

21. Cytosol aminopeptidase

22. Ubiquitin like modifier activating enzyme-1

23. ITIH4 protein

24. Serine/threonine protein phosphatase 2A 65kDa regulatory subunit A alpha isoform
25. Tryptophan t-RNA ligase cytoplasmic

26. Transketolase

27. Zyxin (fragment)

28. Heat shock protein HSP90-beta

29. Tyrosine-tRNA ligase, cytoplasmic

30. 6-Phosphogluconate dehydronase, decarboxylating
31 X-ray repair cross complementing protein-6

32. 78kDa glucose regulated protein

33. Eukaryotic initiation factor 4A-I

34. Thrombospondin -4

35. Bifunctional purine biosynthesis protein PURH
36. Staphylococcal nuclease domain containing protein-1
37. Heat shock cognate 71kDa protein

38. Integrin beta-1
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No. of proteins

Identified proteins

39.

UDP glucose 6-dehydronase

40. Purine nucleoside phosphorylase
41. Lamin B-1
42. Transforming growth factor beta induced protein ig-h3
43. Palmitoyl protein thioesterase -1
44, Complement C4- A
Table 1.

Proteins significantly different between exosomes from Mtb-infected and control macrophages.

No. of proteins

Membrane associated proteins

1 60S acidic ribosomal protein PO
2. Coronin-1C
3. Heterogenous nuclear ribonucleoprotein K
4. Alanine -tRNA ligase, cytoplasmic
5. Calreticulin
6. Protein disulphide isomerase A3
7. Moesin
8. Nucleolin
9. Vimentin
10. Protein disulfide-isomerase A6
11. Fermitin family homolog 3
12. Programmed cell death -6 interacting protein
13. Glyceral dehyde -3 phosphate dehydrogenase
14. ATP dependent RNA helicase A
15. 60 kDa heatshock protein, mitochondrial
16. Cytosol aminopeptidase
17. Serine/threonine protein phosphatase 2A 65kDa regulatory subunit A alpha isoform
18. Transketolase
19. Heat shock protein HSP90-beta
20. 78kDa glucose regulated protein
21. Eukaryotic initiation factor 4A-I
22. Bifunctional purine biosynthesis protein PURH
23. Staphylococcal nuclease domain containing protein-1
24, Heat shock cognate 71 kDa protein
25. Integrin beta-1
26. Lamin-B1l
Table 2.

Membrane-associated proteins significantly more abundant in exosomes from Mitb infected cells and their
biotinylation pattern.
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No. of proteins Protein name and sequences

1. Eukaryotic initiation factor 4Al and EVQKLQMEAPHIIVGTPGRVF

Glyceral dehyde 3 phosphate dehydrogenase and DNFGIVEGLMTTVHAITATQkKTV

Heat shock cognate 71 kDa protein and DPVEKALR

Moesin and EFAKEALLQASR

Nucleoside diphosphate kinase and ERTFIAIKP

2
3
4. Heat shock protein HSP90-beta and ERIMKAQALR
5
6
7.

Vimentin and DVRQQYESVAAKNLQEA

Table 3.
List of proteins and specific peptides labeled with LC-LC biotin.

An enhanced MRM-MS is a method to detect ultra-low abundance of ultra-Mtb
peptides in human serum exosomes. This MRM-MS technology could be useful
for the detection and diagnosis of low-abundance Mtb peptides in the circulating
serum exosome for the search of biomarkers [26]. As TB is a chronic infectious
disease, attention to be paid to the non-coding RNA of exosome content of Mth
patients. Research on progress reported by Shu-hui et al. [27] on exosome non-
coding RNA of Mtb patients could be useful as a potential biomarker on TB. A
comprehensive proteomic analysis of the serum exosome proteins was analyzed
in active TB (ATB) patients. A total of 123 differential proteins were identified in
the serum exosome of ATB patient’s. The characterization and identification of
proteins in exosome of serum-active patients could consider a potential biomarker
for TB [28]. The details of upregulated and downregulated proteins are given in
Tables 6 and 7.

The study and analysis of exosome contents are suitable for the development of
a suitable biomarker for the diagnosis and treatment of TB. The exosome protein
components were identified.

Sequence Protein

a.PTB patient

FALNAANAR GlcB

VYQNAGGTHPTTTYK Mpt64
AFDWDQAYR Mpt64
EAPYELNITSATYQSAIPPR Mpt64

b.EPTB patient

PGLPVEYLQVPSPSMGR Ag85

FLEGLTLR Ag85c

LYASAEATDSK Mpt32

ATIEQLLTIPLAK GlcB

DGQLTIK HspX

SEFAYGSFVR HspX
Table 4.

Peptides that distinguish (a) pulmonary tuberculosis (PTB) or (b) extra-PTB patients from non-Th patients.
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Sequence Protein
FALNAANAR GlcB
DGQLTIK HspX
SEFAYGSFVR HspX
WHDPWVHASLLAQNNTR Mpt51
GSVTPAVSQFNAR Mpt63
VYQNAGGTHPTTTYK Mpt64
EAPYELNITSATYQSAIPPR Mpt64
IPDEDLAGLR AcpM
ATIEQLLTIPLAK GlcB
Tables.

Peptides specifically detected in active Th patients.

| General function prediction only
(mUipid transport and metabolism )
® Secondary metabolites biosynthesis, transport and catabolism
® Energy production and conversion
m Amino acid transport and metabolism
= Replication, recombination and repair
® Function unknown
® Inorganic lon transport and metabolism
H Cell wall/membrane/envelope biogenesis
B Transcription
B Carbohydrate transport and metabolism
# Coenzyme transport and metabolism
B Translation, ribosomal structure and biogenesis
u Signal transduction mechanisms
& Cell motility
= Posttranslational modification, protéin turnover, chaperones
= Nudeotide transport and metabolism
# Defense mechanisms
¥ Cell cyde control, cell division, chromosome partitioning
= Intracellular trafficking, secretion, and vesicular transport
RNA processing and modification

Figure 4.
Total function of Mth exosome.

4. Exosome miRNA as a biomarker source for diagnosis and treatment of TB

Serum exosomes expressed CD81, the exosome marker protein. When these
exosomes were infected with the Mth, contains the increased level of miRNA
such as miR484, miR 425, and miR96 in TB patients compared with the healthy
control. As these markers were associated with active PTB, the expression of these
miR could possibly increase the diagnostic power for diagnosis of TB patients as a
biomarker [29]. Selection of biomarkers for diagnosis and treatment of TB is the
most important issue. Analysis of blood samples from TB patients showed that the
upregulation of miR-106b-5p was increased in exosomes. miR106b-5p promoted
lipid droplet accumulation through the regulation of Creb5-SOAT1-CIDEC and sup-
pressed macrophage apoptosis via Creb5-CASP9-CASP3 pathway leads to survival
of Mtb in the host. The miR-106b-5p could be used as a biomarker for diagnosis of
TB patients [30].

92



Role of Exosomes in Tuberculosis: Looking towards a Future Road Map
DOI: http://dx.doi.org/10.5772/intechopen.111544

Now a days, TB is a threat to human health problem has an accuracy to the
current TB diagnosis. Circulating exosome could be used as a diagnostic biomarker
in TB. The study was examined the expression of the biomarkers for the diagnosis
of TB infection. The miR-484, miR425, and miR96 were significantly increased in
TB patients as compared with the healthy control and was examined the expression
of miRNA as biomarker candidates for diagnosis of TB infection [31]. miRNA and
electronic health records (EHRs) could be used to develop diagnostic models for

Number Protein Protein name Gene

1 P02671 Fibrinogen alpha chain FGA

2 G3VIN2 HCG1745306, isoform CRA_a HBA2

3 AONO71 Delta globin HBD

4 A0A024R035 Complement component C9 C9

5 VOHWE3 Carbonic anhydrase HEL-S-11

6 QoYeC2 EMILIN-1 EMILIN-1

7 AO0A024RC61 Aminopeptidase ANPEP

8 Q8TCFO L Lipopolysaccharide-binding LBP

protein

9 P02786 Transferrin receptor protein 1 TFRC

10 P01023 Alpha-2-macroglobulin;a-2 A2M

11 C9JB55 Serotransferrin TF

12 P19652 Alpha-1-acid glycoprotein 2 ORM2

13 Q1L857 Ceruloplasmin N/A
Table 6.

Upregulated proteins with significant intevesting in exosomes from ATB patients.

Number Protein Protein name Gene

1 A3KPE2 Apolipoprotein C-III APOC3

2 VOHVZ4 Glyceraldehyde-3-phosphate HEL-S-162eP
dehydrogenase

3 BOUXD8 HLA-DRA HLA-DRA

4 P04899 Guanine nucleotide-binding GNAI2
protein G(i) subunit alpha-2

5 E7EU05 Glycoprotein IIIb CD36

6 P23229 Integrin alpha-6 ITGA6

7 A0A024R4F1 2-phospho-D-glycerate HEL-S-17
hydro-lyase

8 G8GBVO MHC class I antigen HLA-A

9 P07737 Profilin-1 PFN1

10 L70UZ7 Integrin beta ITGB3

11 Q5JP53 Tubulin beta chain TUBB

12 VO9HWEFO0 Integrin-linked protein HEL-S-28
kinase
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Number Protein Protein name Gene

13 A0A024R611 Coronin CORO1A

14 VOHWN7 Fructose-bisphosphate HEL-S-87p
aldolase

15 GIFP35 Guanine nucleotide binding GNAQ
protein

16 D3DVFO0 Junctional adhesion F11R
molecule 1

17 Q9NZN3 EH domain-containing EHD3
protein 3

18 A0A024R3Q0 ADP-ribosylation factor 1, ARF1
isoform CRA_a

19 V9HWEF5 Peptidyl-prolyl cis-trans HEL-S-69p
isomerase

20 BOV023 Céorf25 Cé6orf25

21 X6RJP6 Transgelin-2 TAGLN2

22 Q12913 Receptor-type tyrosine- PTPRJ
protein phosphatase eta

23 P08567 Pleckstrin PLEK

24 P48059 LIM and senescent cell LIMS1
antigen-like-containing
domain protein 1

25 Q86UX7 Fermitin family homolog 3 FERMT?3

26 Q9Y490 Talin-1 TLN1

27 P21333 Filamin-A FLNA

28 V9HWI5 Cofilin, non-muscle isoform HEL-S-15

29 P61160 Actin-related protein 2 ACTR2

30 ASKOT9 F-actin-capping protein N/A
subunit alpha

Table7.

Down-expressed proteins with significant intevesting in exosomes from ATB patients.

PTB and tuberculosis meningitis (TBM) in a selective cohort study with the sup-
port vector machine (SVM) algorithm. Exosomal miRNAs (miR 20b, miR191 and
miR486) along with EHR data through a machine learning algorithm could suggest
for the diagnosis of the PTB and TBM [32]. The development of potential molecular
targets for the detection and diagnosis of latent and active TB is possible by the
miRNAs and repetitive region-derived small RNAs in exosomes. The most possible
specifically expressed miRNA in LTBI patients were (hsa-let-7e-5p, hsa-let-7d-5p,
hsa-miR-450a-5p, and hsa-miR-140-5p) and in TB patients were (hsa-miR-1246,
hsa-miR-2110, hsa-miR-370-3P, hsa-miR-28-3P, and hsa-miR-193b-5p). Over all
findings on miRNA, indicates the presence of biomarkers on the detection and

diagnosis of the LTBI and TB patients [33].
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The emerging role of functional and diagnostic potential of the several exosomal
miRNA was studied by the several investigators and could explore as a possible diagnostic
and therapeutic biomarker in Mtb infection [34]. TB biomarkers are generally predict-
ing the treatment efficacy, cure of active tuberculosis, induction of protein immune
responses by vaccination and reactivation of LTI The suitable efforts are needed for
development of suitable biomarker to meet the future challenges to cure the TB.

5. Exosomal DNA as a novel diagnostic biomarker for TB

Exosome is suitable for the detection of pathogen-derived nucleic acids. A novel
approach was adopted for diagnosis of TB using exosomal DNA (exoDNA) through
the droplet digital PCR (ddPCR). The ddPCR platform was used for detection of
Mtb DNA in suspected PTB cases. The exosomal DNA was the primary method for
the detection of the Mtb DNA in the ddPCR. The ddPCR is more sensitive than the
real-time PCR. Therefore, the detection of exoDNA would be a sensitive and accurate
method for diagnosis of Mtb infection [35].

6. Basic needs of exosomes as a biomarker content in the diagnosis and
treatment of TB

Mtb causes the high morbidity and mortality for human TB. The pathogenesis
of Mtb is very complex and is difficult to explained the mechanism of infection into
human beings. The current TB diagnosis tools is inadequate and had several short-
comings on Mtb pathobiology. The study of the genetic diversity, pathogenesis of the
Mtb through multi-omics approach leads to development of host biomarker in early
diagnosis of TB. The discovery of new biomarkers has a great challenge on TB preven-
tion and treatment. The search of a suitable biomarker for early diagnosis of TB is
a great achievement in clinical context. TB remains a worldwide problem of human
health. In order to prevent the TB infection, we must need the accurate vaccine
development and reliable diagnostic tools.

Exosomes were isolated from human body fluids and considered for early detec-
tion of Mtb for diagnosis. From the above descriptive research papers, the research
on the Mth-derived exosomes (Mtbexo) is still at the preliminary stage and miRNA,
protein, or DNA content of the Mtb-derived exosome from TB patients could possible
for making a road map for biomarker discovery for the early diagnosis, treatment,
and prevention of TB.

7. Conclusion

Exosome emerged as a potent genetic information for therapeutic potential
through transfer agents corroborating a range of biological processes. Exosomes were
used as a research tool for diagnosis and treatment of TB because the exosomes were
released from cells packaged with biochemical materials. The characterization and
detection of various packaged biochemical materials in exosome could make a future
roadmap for the diagnosis and treatment of TB in human population level.
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Perspective Chapter: Tissue
Specificity of Exosomes

and Their Prospects as a Drug
Delivery System

Alisa Petkevich, Aleksandr Abramov and Vadim Pospelov

Abstract

This chapter reviewed the various sources of exosomes and their characteristics.
Exosomes, which in the context of the proposed chapter are the synonym for extra-
cellular vesicles up to 200 nm, play a pivotal role in cell to cell communication thus
leading to the involvement of exosomes in inflammation and cancer development.
This brings exosomes to the forefront of promising markers of a sub-clinical stage
of the disease, which makes identifying exosome’s source and destination one of
the main goals in exosome research. However, due to some biogenesis features and
technological difficulties, which are discussed further, identification of a certain exo-
some’s address, or its specificity for a certain tissue or cell type, becomes a non-trivial
task. The chapter covers the following questions: some of the main barriers on the way
of testing tissue specificity hypothesis of exosomes, exosomes from synovial fluid and
CSF and their features, exosomes from mesenchymal stem cells (MSCs) of different
origins, and some membrane and cargo exosomal markers for tissue specificity and
the prospect of exosomes as a drug delivery approach.

Keywords: exosomes, tissue specificity, synovial fluid, cerebrospinal fluid,
mesenchymal stem cells of different origins, drug delivery

1. Introduction

The term “exosome” has been known since the beginning of 1970s, when it
was first used in papers published in “The Proceedings of the National Academy
of Sciences (PNAS)” and dedicated to the transfer of DNA fragments between
Drosophila or Neurospora cells. The term in that context had little in common with
lipid bilayer vesicles, which may contain a wide variety of nucleic acids and proteins
and was mainly related to DNA fragments that are not integrated into the exome
and eliminated during meiosis [1]. The first use of the term “exosomes” in the extra-
cellular vesicles context happened in 1980s, when Trams et al. in 1981 described
vesicles that are produced directly by outward budding at the plasma membrane
[2]. Nowadays, the ISEV (International Society for Extracellular Vesicles) consensus
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recommendation on nomenclature is to use “extracellular vesicle” as the “generic term
for particles naturally released from the cell that is delimited by a lipid bilayer and
cannot replicate” and to modify “EV” based on clear, measurable characteristics such
as the cell of origin, molecular markers, size, density, function, etc [1]. In this paper
we assume exosomes and extracellular vesicles (EV) as synonym terms. They are
assumed to be a tool for intracellular communication and are promising biomarkers in
different pathologies, including tumor growth. Another perspective trend for exo-
some’ application is the use of the latter as a delivery system for various therapeutic
targets. These microvesicles have some of the features of an ideal drug delivery system
such as high biocompatibility, minimal toxicity, and tissue specificity. The latter
feature may seem difficult to be objectively determined as far as the experimental
design for confirmation or refutation of exosomes" tissue specificity is troublesome.
This chapter proposes to discuss various aspects of the tissue specificity of exosomes,
including some of the main barriers on the way of testing the tissue specificity
hypothesis of exosomes, exosomes from synovial fluid and CSF and their features,
exosomes from mesenchymal stem cells (MSCs) of different origin and some of mem-
brane and cargo exosomal markers for tissue specificity the prospect of exosomes as a

drug delivery approach.

2. Some of the main barriers on the way of testing the tissue specificity
hypothesis of exosomes

First of all, culturing difficulties should be admitted. The difference between
cell lines and even the corresponding primary cell cultures is obvious and does not
allow to extrapolation of data obtained on cell lines to corresponding cells of an
organism without limitations. Barriers in experiments with exosomes on the primary
cell cultures lie on the surface: during obtaining the ex vivo culture of human cells
successive steps should be performed, including dissection and/or disaggregation of
the tissue, which may be accompanied by the formation of vesicles as the result of
mechanical destruction of cells, especially in working with dense tissues, requiring
preliminary mechanical grinding [3]. Another barrier, and perhaps more serious, is
time limits. It is well known, that the longer primary cell cultures exist the less they
reflect the ex vivo state of the corresponding tissue. Anyway, the latter reason along
with others such as changes in morphology and signaling under the influence of anti-
biotics, culture flask, absence of tissue architectonics, etc., is not unique to exosome
experiments.

Secondly, in terms of biogenesis exosomes are secreted intraluminal vesicles
(ILVs), which sequester specific proteins, lipids, and cytosolic components, whilst
multivesicular bodies (MVBs), and late endosomes are a subset of specialized endo-
somal compartments rich in intraluminal vesicles. ILVs are generated by the inward
budding of endosomal membranes and MVBs get transported to plasma membrane
via cytoskeletal and microtubule network, after that they undergo exocytosis post-
fusion with the cell surface whereby the ILVs get secreted as exosomes [4]. The
biology of this process does not allow us to make a firm assumption, that exosomes,
even secreted by different cell types, have distinct superficial/membrane markers,
identifying their specificity. Nevertheless, there is a probability of determining exo-
some’s cell or tissue origin or tissue-specific engagement in disease by the presence of
specific combinations of surface proteins and their abundance [5]. Anyway, there is
always a possibility to suppose the origin of exosomes by their cargo, for example, by
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miRNA profile, which is discussed later, but considering all of the above identifica-
tion of exosome fraction of certain miRNA profiles is a non-trivial task. Moreover,
the effects of exosomes from different sources might overlap with each other and, for
example, might act complementary in eliciting inflammatory reactions, e.g. as has
been observed for microvesicles from atherosclerotic plaques [6, 7].

Thirdly, partly due to exosomes’ size, there are technical difficulties in iden-
tifying exosomal membrane markers especially when there is a complex of these
markers. Currently, opportunities for the detection of exosomes are improving due
to the new emerged technologies. Imaging flow cytometry is on the edge of these
technologies, remaining one of the basic instruments for phenotype description.
Imaging flow cytometry overcomes obstacles in traditional flow cytometry by
including a CCD camera with a 60x objective, allowing detection of vesicles with
sizes below 500 nm through enhanced fluorescence with only a small number of
fluorophore-labeled antibodies like two protein targets per exosome [5]. However,
this area is growing rapidly, and flow cytometry kits based on beads carrying up
to 37 exosomal protein markers on their surface are nowadays available. There are
some alternative options for multiplex surface markers recognition on exosomes
like proximity-dependent barcoding assay, converting the protein composition to
DNA sequence information via bound antibody-DNA conjugates with the following
decoding by NGS [5].

And, fourthly, the biological materials which are widely available for sampling are
blood, urine, and saliva. Apparently, every of this biomaterial is a stock of everything
from everywhere and it is extremely difficult to determine the origin of exosomes,
isolated from these biomaterials. A major source of microvesicles in plasma is repre-
sented by platelets, other sources of exosomes in blood plasma are endothelial cells,
smooth muscle cells, monocytes, lymphocytes, and erythrocytes [6, 8]. Berckmans
René et al. in 2001 discovered, that among total exosomes, isolated from human
plasma, 82% were platelet exosomes, 15% from erythrocytes, and 3% from leuko-
cytes; in 2019 they discovered, that among total isolated plasma, 52% are platelet
EVs, 29% erythrocyte Evs, 20% leucocyte Evs and a low concentration of EVs from
(activated) endothelial cells (E-selectin, CD62E) can be detected [9]. The biofluids
which allow assuming the specificity of the isolated exosomes are synovial fluid and
cerebrospinal fluid (CSF), exosomes from these biomaterials are discussed below.

3. Exosomes from synovial fluid and CFS

The biofluid, which is available for research in a limited number of cases, is syno-
vial fluid. With a large synovial microvesicular pore radius reaching 40 nm, it can be
assumed, that the exosomes, isolated from the synovial fluid, are mostly exosomes,
produced by fibroblast-like synoviocytes and by chondrocytes, which constitute the
synovial membrane and joint cartilage respectively [10].

Huang et al. investigated exosomes from synovial fluids of patients with differ-
ent joint diseases: gout, rheumatoid arthritis (RA), axial spondyloarthritis (axSpA),
and osteoarthritis (OA). The main goal of the experiment was not to identify tis-
sue or cell-specific markers in exosomes but to determine markers, which would
primarily allow differentiating these disease states in patients. However, this is
valuable research in characterizing tissue specificity of exosomes, which include
samples of synovial fluid of total of 100 patients. Twenty-five proteins were found
highly expressed in gout uniquely, lysozyme C and protein S100-A9 included, whose
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bioinformatic analysis was significantly involved in “neutrophil degranulation” and
“prion diseases” Along with differentially expressed proteins, there were thirty-

nine proteins highly expressed in axSpA uniquely and twenty-eight proteins in RA.

In axSpA among others there were RNA-binding protein 8A and protein transport
protein Sec24C included, whose bioinformatic analysis was significantly involved in
“acute-phase response” and “citrate cycle”. In RA, these uniquely expressed proteins
included pregnancy zone protein (PZP) and stromelysin-1, whose bioinformatic
analysis was significantly involved in “serine-type endopeptidase inhibitor activity”
and “complement and coagulation cascade” [11]. Apparently, these molecular events
may have distinct functional consequences: exosomes isolated from synovial fibro-
blasts, which were cultured in conditions mimicking OA, were able to induce MMP-13
and aggrecan expression in articular chondrocytes isolated from healthy synovial
joints, suggesting in vitro this would lead to tissue degeneration [12]. Moreover, Esa
et al. admit in their review that exosomes produced by both synovial fibroblasts and
chondrocytes under OA-like conditions upregulate the release of pro-inflammatory
cytokine cascades, including MMP-13, creating a “positive-feedback loop” that drives
inflammation within the joint and ultimately leads to the damage of articular cartilage
and a loss of structural integrity [13]. By the way, it is interesting to note, that, unlike
exosomes from MSCs of different origins, exosomes from healthy individuals or indi-
viduals with OA do not differ either in the concentration (OA: 1.18 x 1010 particles/
ml, n = 6; non-OA: 1.59 x 1010 particles/ml, n = 6) or in the size (OA: 0.128 pm, n = 6;
non-OA: 0.127 pm, n = 6) [14].

Another biofluid that is also available in a limited number of cases is cerebrospinal
fluid. Taking into account that CSF is produced by ependymal cells and permeability
of blood-brain barrier to hydrophobic molecules and small non-polar molecules, it is
possible to assume exosomes, isolated from CSF, are specific for the cells, making up
and supporting functioning the central nerve system, such as neurons, astrocytes,
microglia, and oligodendrocytes [15]. On the other hand, it should be admitted exo-
somes can cross BBB in blood-brain direction, which makes them a promising approach
for the target delivery of therapeutic agents [15, 16]. The ability of exosomes to cross
the blood-brain barrier (BBB) in the opposite direction makes them a highly attractive
source of biomarkers originating in the CNS that could be isolated from the blood [17].

Otake et al. detected 14,807 genes in CSF exosomes, of which 4580 genes were
commonly detected among four individuals, including neuron-enriched genes
such as TUBB3 and CAMK2A. Gene Ontology analysis and pathway analysis with
these genes revealed functional enrichment of ubiquitin-proteasome pathway,
oxidative stress response, and unfolded protein response in CSF from patients with
amyotrophic lateral sclerosis. These pathways are related to pathomechanisms of
amyotrophic lateral sclerosis [18]. Along with common exosomal protein markers,
expressed on the surface of CSF exosomes and in mRNA exosomal content, there are
such proteins as NCAM, L1CAM, SOD1, a-synuclein Ap42, total tau, TDP-43, and
pT181-tau [16, 18]. The presence of SOD1, which is one of the most studied causes of
amyotrophic lateral sclerosis, in exosomes secreted from motor-neuron-like NSC-34
cells overexpressing human wild-type or mutant SOD1 provided the first evidence
for the secretion and cell-to-cell transmission of SOD1 in the context of ALS [16].
TDP-43 is assumed to facilitate a prion-like spread of its misfolded species [19].
NCAM is a neuronal cell adhesion protein, which is involved in cell-cell and cell-
matrix interactions, and LICAM is an axonal glycoprotein that plays an important
role in nervous-system development and its mutations cause neurological syndromes
known as CRASH [19, 20].
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4. Exosomes from mesenchymal stem cells (MSCs) of different origin

Mesenchymal stem cells (MSCs) are the subject of intense research as they are a
potential therapeutic tool for several clinical applications and among others one of
the most available options to study stem cells, what is one of the main reasons why
exosomes from these cells seem to be mostly described and studied. Thus, exosomes
from different variants of mesenchymal stem cells seem to be well described and
characterized.

In 2021 Gonzalez-Cubero et al. described the phenotype of adipose tissue-derived
mesenchymal stem cells (ASCs-derived) exosomes: from 37 exosomal surface epito-
mes 31 were detected and 6 were undetected. Among the detected ones were
CD3, CD4, CD19, CD8, HLA-DRDPDQ, CD56, CD105, CD2, CD1c, CD25, CD49e, ROR1,
CD209, CD9, SSEA-4, HLA-ABC, CD63, CD40, CD11c, CD81, CD41b, CD86, CD326,
CD133/1, CD29, CD69, CD45, CD31, CD20, CD14, while CD3+, CD45+, CD56+, HLA-
ABC, and HLA-DRDPDQ were particularly strongly enhanced in samples with ASCs-
derived exosomes (99.99% +0.06%, 55.45% +6.36%, 88.68% +4.29%, 84.66% +5.99%,
59.98% +7.45%, respectively). However, CD42a, CD44, CD62P, CD142, CD146, and
MCSP were undetectable [20]. Like ASCs-derived exosomes, it was shown, that
exosomes from BMSC do not express CD146 and CD42a. However, CD1c, CD2, CD3,
CD4, CD14, CD20, CD25, CD31, CD40, CD45, CD49e, CD56, CD69, CD133/1, and
CD326 also were undetectable in exosomes from BMSC [21].

Moreover, 1 year in 2020 Wang et al. compared the exosomes, isolated from bone
marrow-derived MSC (BM-MSC), umbilical cord-derived MSC (UC-MSC), and
adipose tissue-derived MSCs (AT-MSC). They found that AT-MSCs produced exosomes
more intensively, as far as the concentration of exosomes in the supernatant, collected
for the same time period, was higher than that of BM-MSC or UC-MSC exosomes
[22]. However, simultaneously in 2020 Xu et al. showed this is not a strict regular-
ity: during the experiment, they got supernatant with the density 2.38 x 1011/mL in
exosomes from BMSCs; 1.08 x 1011/mL in exosomes from ADMSCs and 1.75 x 1011/
mL in exosomes from UCMSCs [23]. In the research of Wang et al., exosomes from all
three different tissue sources were studied with TEM, typical cup-shaped vesicles were
observed and no differences in shape among the exosomes were noted [22]. Xu et al.
showed there is sometimes possibly a slight difference in the size distribution of exo-
somes from BMMSCs, ADMSCs, and UCMSC:s: in the case of BMMSCs, exosomes were
round or dish-shaped with a diameter of 40-100 nm, the average particle diameter of
exosomes was 70.3 nm. Exosomes from ADMSCs were uniform in size with a diameter
of 30-100 nm with the average particle diameter within 95 nm and the majority of exo-
somes were 72.8 nm, while the UCMSCs exosomes were round in shape with a diameter
of 10-90 nm and most of the particles had diameters of about 80.6 nm [23].

A detailed proteomic analysis revealed 771, 457, and 431 proteins in exosomes
from BM-MSC, AT-MSC, and UC-MSC, respectively; comparison of the three types
of exosomes revealed 355 common proteins, and 341, 23, and 37 proteins unique
to the exosomes from BM-MSC, AT-MSC, and UC-MSC, respectively. In terms of
biological process, proteins from BM-MSC exosomes were mainly involved in granu-
locyte activation and regulation of cell migration, whereas proteins from AT-MSC
exosomes were enriched in leukocyte activation involved in immune response and
UC-MSC exosomes along with leukocyte activation proteins involved in immune
response were enriched in proteins of collagen metabolic process. As for molecular
function, AT-MSC exo and UC-MSC exo proteins were both significantly enriched in
cell adhesion molecule binding, whereas BM-MSC exo proteins were mostly involved
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in protein complex binding and integrin binding. Along with protein cargo, Wang et
al. examined membrane markers of isolated exosomes and identified some membrane
proteins, that are differentially expressed: ATP2B1 and ATP1A1 showed high expres-
sion in AT-MSC exosomes, whereas ITGA2 and LRP1 showed low expression. LTGB3
and SLC44A1 showed low expression in UC-MSC exosomes. In contrast, ADAM9,
ADAM10, CD81, CACNA2D1, NOTCH2, and HLA-A showed high expression in
BM-MSC exosomes [23]. There is a strong data, exosomes of all three sources—
BMMSCs, ADMSCs, and UCMSCs—show highly expressed exosomes specific mark-
ers CD63, HSP70, CD81, and CD9 [21, 23].

Exosomes from MSCs are known to express another protein, a milk fat glob-
ule- epidermal growth factor-factor VIII (MFGES), a glycoprotein that bridges
externalized phosphatidylserine (PS) on the apoptotic cell surface to alphaVbeta3 or
alphaVbeta5 integrins on the phagocyte. The expression of this protein has certain
functional consequences in exosomes: their administration increases macrophage
uptake of apoptotic bodies in the border zone of infarction and is associated with
reduced proinflammatory response, increase in neovascularization, lower infarct size,
and an improvement in cardiac function [24].

Three years before that in 2017 Mead B. et al. discovered the difference in mem-
brane proteins expression between exosomes from BMSC and fibroblasts: more
CD11c+ and CD63+ exosomes were detected on the BMSC exosomes (20.3% + 8.3%,
81.7% =+ 12.3%, respectively) compared to fibroblast exosomes (7.7 + 0.7, 49.6 + 2.4,
respectively), whereas more CD29+ and CD81+ exosomes were detected on fibroblast
exosomes (32.4% =+ 0.75%, 39% + 3.3%, respectively) compared to BMSC exosomes
(20.5% + 1.9%, 15.3% + 10.6%, respectively) [24]. On the surface of AT-MSCs exosomes
along with an abundance of well-known exosomal markers CD63, CD9, and CD81, there
was revealed the expression of CD105, an MSC marker, as well as CD44, CD29, CD49e,
and melanoma-associated chondroitin sulfate proteoglycan (MCSP). In addition, MSC-
exosomes were found to be preferentially distributed in the damaged kidneys of mice
with glycerol-induced AKI compared to in the healthy kidneys of control mice [25].

Exosomes from BM-MSCs and ADSCs show similar profiles, which are positive for
CD105, CD73, CD90, and CD44; negative for CD45, CD31, and CD34 [26]. Nevertheless,
there is a difference in functional capabilities of exosomes derived from BM-MSCs and
ADSCs, the latter has a more significant neprilysin (NEP) activity: NEP-specific enzyme
activity accounted for 38.3 + 4.5% of total enzyme activity of ADSCs exosomes while
BM-MSCs showed weak or undetectable NEP enzyme activity. Katsuda et al. calculated
NEP-specific activity after the subtraction of fluorescence in the presence of thiorphan
and they demonstrated that all ADSCs exhibited NEP-specific enzyme activity [27]. This
makes ADSCs exosomes a promising approach for Alzheimer’s disease treatment. This
difference between exosomes from ADSCs and BM-MSCs is also determined in protein
expression: immunoblot analysis revealed that the NEP protein expression level in
ADSCs was ~4-fold higher than that of BM-MSCs [26].

5. Some membrane and cargo exosomal markers for tissue specificity

As it was already mentioned above, identifying the source of a certain exosome
with its membrane markers is a non-trivial task, requiring consideration of the
combination of different proteins and their abundance.

Skogberg et al. in their study of exosomes from human thymic epithelial cells
(TEC) revealed the typical mTEC-associated cytokeratins K5, K14, and in both cells
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and exosomes, while the typical cortical thymic epithelial cell (¢cTEC) associated
cytokeratin K8 and, for example, involucrin, a marker for late-stage mTEC differ-
entiation, and CLAUDIN-1 were only identified in cells. Amidst the markers, which
were found only in exosomes and not in cells, there were classical exosomal mark-
ers such as TSG101, CD82, CD63, MFG-E8, FLOTILIN-1 and immunoproteasome
subunits PSMB9 and PSMB10, while PSMBS was found in both, cells and exosomes.
Other proteins, which were identified in cells and in exosomes from these cells, were
CP, ALDOC, COL6A1, LAMA2, SRI, HSPG2, TSN, AOC3, SLC34A2, and F13A1 [28].

Mathivanan et al. also revealed some markers, which are specific for colorectal
cancer cells (LIM1215) and can be identified both in cells and in exosomes. Amidst
others, these are A33 antigen, cadherin-17, carcinoembryonic antigen, and ephrin-
B1 and -B2, cell type-specific proteins associated with the gastrointestinal tract.
Comparing proteomes of LIM125-derived exosome with previously published
proteomes of human urinary exosomes and mast cell-derived exosomes, they found
31 proteins to be common between all of three exosomal proteomes, whereas 79 and
96 proteins were in common between LIM1215-mast cell and LIM1215-urine data
sets. The 31 common proteins include Alix, transferrin, actins (a, f, and y), RAB5B,
RABS5C, EH-domain containing 4, heat shock proteins, annexins A6 and A11, and
ADP-ribosylation factor 1 among others. Moreover, they found, that LIM125-derived
pure exosome proteins are enriched with tetraspanin-containing proteins (p-value
0.0001) when compared with the entire human proteome and were the first to report
the presence of phospholipid scramblase 3 in exosomes [29].

Saheera et al. in their recent review admit, exosomes from cardiomyocytes are
enriched with proteins, which play critical roles in cardiomyocyte growth and
survival like heat shock proteins (Hsp) like Hsp20, Hsp60, and Hsp70. Furthermore,
these exosomes are known to be loaded with such inflammatory factors responsible
for cardiac remodeling as IL-6 and TNF-a. Among others, these exosomes include
GLUT4, GLUT1, and lactate dehydrogenase, different miRNAs, namely miR-320 and
miR-126 [29]. The specificity of exosomes is possible to be used in target delivery
purposes: the delivery of exosomes, expressing cardiac-targeting peptide on their
membrane, in HIC2 cells was 16% greater than that of exosomes, which did not
express this peptide, whereas the delivery of the exosomes of these two types was
not different in HEK 293 cells exosomes expressing cardiac-targeting peptide (CTP)-
Lamp2b on their membrane (CTP-Exo) was generated by introducing vectors encod-
ing CTP-Lamp2b into HEK 293 cells. Moreover, compared with exosomes without
cardiac-targeting peptide on its membrane, the in vivo delivery of exosomes to the
hearts of mice was increased by 15% with CTP-Exo (P = 0.035) [30].

In exosomes from ECC1 cells, which are the most accurate resemblence of the
endometrial luminal epithelium, Greening et al. found 14 proteins, which are essential
for embryo implantation. As exosomal protein cargo, there were complement decay-
accelerating factor (CD55, Rsc 7.1), perlecan (HSPG2, Rsc 5.9), and EGFR (Rsc5.1),
which are highly regulated at the time of blastocyst apposition and attachment [31, 32].
In general, it should be emphasized exosomes participate not only in tissue-specific
processes like blastocyst apposition and attachment but in common processes like
inflammation, cancer development, and cell senescence. Saheera et al. in their review,
dedicated to exosomes’ role in cell aging, admit senescence-associated exosomes could
transfer many molecules and could accelerate the aging process or associated patholo-
gies in an autocrine, paracrine, and endocrine fashion. Moreover, senescence-associated
exosomes can intensify the aging process by cargos transfer between cells that may
be recruited to increase the exosome release observed during cellular senescence.
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Exosomes from older individuals were shown to have MHC-II expression on monocytes
and they are taken up faster by B cells in older individuals when compared to young, and
as aresult, the levels of circulating exosomes could be reduced [32].

It is worth it to note in some cases exosomes may be one of the features causing
graft rejection. Sharma et al. in 2018 revealed a higher expression of some proteins in
exosomes isolated from patients with complications compared with patients without
complications. They collected serum samples from patients who had undergone lung
(n =30), heart (n = 8), or kidney (n = 15) transplantations. Using western blot along
with CD9 identified tissue-associated lung SAgs, collagen V (Col-V) and K-alpha
1 tubulin (Ka1T), heart SAgs, myosin and vimentin, and kidney SAgs, fibronectin
and collagen IV (Col-IV). Lung transplant recipients diagnosed with bronchiolitis
obliterans syndrome had exosomes with higher expression of Col-V (4.2 fold) and
KalT (37.1fold) than stable. Heart recipients with coronary artery vasculopathy had a
3.9-fold increase in myosin and a 4.7-fold increase in vimentin compared with stable.
Exosomes in kidney transplant recipients diagnosed with transplant glomerulopathy
2-fold increased expression of fibronectin and 2.5-fold increased in Col-IV compared
with exosomes from stable patients [33]. This is not a unique case of exosomes
involvement in heart pathology processes: exosomes from macrophages exposed to
diabetic milieu (high glucose or db/db mice) significantly increase inflammatory and
profibrogenic responses in fibroblast (in vitro) and cardiac fibrosis in mice [34].

Some of the features which are specific for exosomes of certain origins are listed in
the Table 1.

6. Exosomes as a promising approach for drug delivery

Exosome delivery is a novel nanoscale delivery system with many advantages, such
as biocompatibility, biodegradability, less toxicity, specificity to the target cells, small
size, promotes plasma membrane fusion, among different cells, longer half-life,
low-uptake machinery, capability to pass contents from one cell to another cell, low
immunogenicity and the unique feature that they have more tendency to accumulate

# Exosomes’ Characteristics/effects of certain Material/experiment Reference
source exosomes in vitro or in vivo design
1 Synovial fluid 25 proteins, including lysozyme C Samples from [11]
and protein S100-A9, uniquely highly 100 patients with
expressed in gout patients; 39 proteins gout, rheumatoid
including RNA-binding protein 8A arthritis (RA), axial
and protein transport protein Sec24C spondyloarthritis
uniquely high expressed in axSpA; (axSpA)

pregnancy zone protein (PZP) and
stromelysin-1 highly expressed in RA

2 Synovial fluid Induced MMP-13 and aggrecan Exosomes from synovial [12]
expression fibroblasts cultured in
OA conditions were
added to articular
chondrocytes isolated
from healthy synovial
joints
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# Exosomes’ Characteristics/effects of certain Material/experiment Reference
source exosomes in vitro or in vivo design
3 CSF Exosomes with highly expressed NCAM, CSF from patients [17, 18]
L1CAM, SOD1, a-synuclein Ap42, total including patients with
tau, TDP-43 and pT181-tau amyoptophic lateral
Exosomes with functional enrichment of sclerosis
genes of ubiquitin-proteasome pathway,
oxidative stress response, and unfolded
protein response in CSF from patients
with amyotrophic lateral sclerosis.
4 adipose ASC-derived exosomes were positive Exosomes isolated [21]
tissue- for 31 surface markers including CD3, from culture media of
derived CD4, CD19, CD8, HLA-DRDPDQ, adipose tissue-derived
mesenchymal CD56, CD105, CD2, CD1c, CD25, mesenchymal stem
stem cells CD49e, ROR1, CD209, CD9, SSEA-4, cells
HLA-ABC, CD63, CD40, CD11c, CD81,
CD41b, CD86, CD326, CD133/1, CD29,
CD69, CD45, CD31, CD20, CD14, while
CD3+, CD45+, CD56+, HLA-ABC,
and HLA-DRDPDQ and negative for
CD42a, CD44, CD62P, CD142, CD146,
and MCSP
5 Bone A detailed proteomic analysis Exosomes isolated [22, 23]
Marrow- revealed 355 common proteins from culture media of
MSC, between BM-MSC, AT-MSC, and Bone Marrow derived
Adipose UC-MSC-derived exosomes, and MSC, adipose tissue-
Tissue-MSC, 341 (out of 771 proteins detected in derived MSC, and
and Umbilical BM-MSC-derived exosomes), 23 (out umbilical cord- derived
Cord-MSC of 457 proteins detected in AT-MSC- MSCs
derived exosomes), and 37 (out of 431
proteins detected in UC-MSC-derived
exosomes) proteins unique to the
exosomes from BM-MSC, AT-MSC, and
UC-MSC, respectively.
In AT-MSC exosomes ATP2B1 and
ATP1A1 showed high expression; ITGA2
and LRP1 showed low expression.
In UC-MSC exosomes LTGB3 and
SLC44A1 showed low expression.
In BM-MSC exosomes ADAMO9,
ADAMI0, CD81, CACNA2D1,
NOTCH?2, and HLA-A showed high
expression
6 BM-derived On the exosomes from BMSC there Exosomes were isolated [24]
stem cells and were more CD11c+ and CD63+ from cultured media of
fibroblasts (20.3% + 8.3%, 81.7% =+ 12.3%, BM derived MSC and
respectively) compared to fibroblast fibroblasts

exosomes (7.7 + 0.7, 49.6 + 2.4,
respectively), whereas on the fibroblasts
derived exosomes there were more
CD29+ and CD81+ (32.4% + 0.75%,
39% + 3.3%, respectively) compared to
BMSC derived exosomes (20.5% + 1.9%,
15.3% + 10.6%, respectively).
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# Exosomes’ Characteristics/effects of certain Material/experiment Reference
source exosomes in vitro or in vivo design
7 Exosomes mTEC exosomes expressed the typical Exosomes were isolated [28]
from human mTEC-associated cytokeratins K5, from media of TEC
thymic K14 (like TEC) and were negative
epithelial for involucrin, cytokeratin K8 and
cells (TEC) CLAUDIN-1, the typical cortical
thymic epithelial cell (¢cTEC) associated
markers.
mTEC exosomes were positive classical
exosomal markers such as TSG101,
CD82, CD63, MFG-E8, FLOTILIN-1 and
immunoproteasome subunits PSMB9
and PSMBI0 (cells were negative for
these markers), while PSMB8 was found
in both, cells and exosomes.
Such markers as CP, ALDOC, COL6A1,
LAMAZ2, SRI, HSPG2, TSN, AOC3,
SLC34A2, F13A1 were identified both in
cells and exosomes.
8 Exosomes Exosomes and cells were positive for A33 Exosomes were isolated [29]
from antigen, cadherin-17, carcinoembryonic from culture media of
colorectal antigen, ephrin-B1 and -B2. LIM1215 cells
cancer cell 31 proteins were be common between
LIM1215 exosomal proteomes of LIM1215 cells,

mast cells and exosomes from urine,
whereas 79 and 96 proteins were in
common between LIM1215-mast cell
and LIM1215-urine data sets. The

31 common proteins include Alix,
transferrin, actins (a, B, and y), RABSB,
RABS5C, EH-domain containing 4, heat
shock proteins, annexins A6 and A11,
and ADP-ribosylation factor 1 among
others.

LIM125-derived pure exosome proteins
were enriched with tetraspanin-
containing proteins when compared
with the entire human proteome and
were the first to report the presence of
phospholipid scramblase 3 in exosomes.

Table 1.

Some of the surface markers and proteome particularities of the exosomes of a certain origin.

in the cancerous cell than normal cells [35]. Other features making exosome a promis-
ing delivery system are innate stability, the ability to cross biological barriers, and
enhanced loading capability of biological molecules [36]. It should be noted, due to
the preferential homing of exosomes for their source cells, cancer exosomes should
not or should be used as drug carriers with particular attention because they may
promote tumor invasion or epithelial-mesenchymal transition, or they may transfer

tumor resistance genes to tumor cells [37].

Their superior tissue-homing capabilities have been identified such as unidi-
rectional synaptic transfer of microRNA from T cells to antigen-presenting cells.
Moreover, depending on the integrin expression pattern of the parent cells, different
mammalian tumor exosomes were shown to preferentially target healthy cells in the
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predicted tissue. As it was mentioned above, cancer exosomes, like exosomes from
sarcoma cells, show preferential tumor homing. As for the biodistribution, exosomes
accumulate primarily in the liver, lung, spleen, and gastrointestinal tract and this
distribution in some cases, like with systemic exosome administration, is not specific
[38]. Nevertheless, depending on the origin of exosomes, the biodistribution may be
changed: dendritic-cell-derived exosomes are preferentially taken up by the spleen,
melanoma-cell-derived exosomes accumulate more prominently in the liver [38].
Despite a shorter half-life compared with liposomes, reaching a maximum of 60 min-
utes, exosomes were superior in escaping stress-relaxing environments and had a
comparatively longer circulation half-life [38, 39].

Among others, there are three relatively simple and effective options for loading
cargo into exosomes: electroporation, passive transport of the target during incuba-
tion, and sonication. Electroporation is a well-known method for different genetic
structures loading into cells has the same principle in exosome loading: pores are
created in the exosomal membrane by applying an electric field to a suspension of
exosomes facilitating the movement of cargo into the lumen of the exosomes. A very
simple and nevertheless effective way of cargo loading is a simple incubation of exo-
somes with the cargo: curcumin was efficiently loaded into exosomes after only 5 min
of incubation at 22°C [40]. Another method to load cargo into exosomes is sonication
with the same basic idea as electroporation, which is making pores in the bilipid
exosomal membrane and cargo loading into exosomes via these pores. An accurately
chosen regimen of sonication does not cause significant changes in the structure and
content of exosomal membranes [40]. Thus, the appropriate method for cargo load-
ing should be chosen based on the exosomes concentration, preliminary procedures
like method of isolation and exosome storage condition and the loading target. Other
methods of loading cargo into exosomes are transfection, freeze-thaw cycles, extru-
sion, surfactant treatment, and hypotonic dialysis.

Exosomes, being biodegradable nanoparticles, have successfully encapsulated
bioactive molecules such as curcumin, paclitaxel, neurotoxin-I, and dexamethasone.
Additionally, exosomes are utilized as drug delivery vesicles for multiple disease
models of cancers, diabetes, and brain diseases such as Alzheimer’s, prions, and
Parkinson’s [41].

Due to the biocompatibility of exosomes, various routes of administration are
possible such as intravenous, intraperitoneal, oral, intranasal, and intratumoral.
The exosomes have been considered a transporter of biomolecules, including lipids,
proteins, enzymes, transmembrane proteins, cytoskeletal proteins, and genetic
material. Exosomes were shown to effectively deliver an antibody-drug conjugate
(trastuzumab-emtansine) to cancer cells in HER2-positive cancer [42]. Barok et al.
showed that antibody-drug-conjugated exosomes bound to HER2+ cancer cells with
growth inhibition and activation of caspases-3 [42]. Another example of success-
ful use of cancer-related exosomes in cancer treatment is loading of modification
of inhibitor of apoptosis protein survivin-survivin-T34A, which is a dominant-
negative mutant of survivin—into exosomes isolated from melanoma cell lines.
These exosomes were shown to effectively induce apoptosis in cancer cells [43, 44].
Kooijmans et al. anchored anti-epidermal growth factor receptor nanobodies to
the surfaces of exosome vesicles via glycosylphosphatidylinositol to improve the
interactions between exosomes and epidermal growth factor receptor-expressing
tumor cells [45].

Elucidation of the mechanisms underlying protein and RNA sorting in exosomes
may have great potential for developing various therapeutic applications. Although
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in clinical trials exosomes are commonly used as diagnostic and/or prognostic and/
or predictive markers they are more than viable candidates for targeted drug delivery
innovation due to the various benefits mentioned above [41].

7. Conclusion

Working with exosomes isolated from biological fluids we do not havestrong argu-
ments allowing us to firmly assume the tissue origin of the isolated exosomes. This is
due to the biogensis features of exosomes and methodological difficulties in perform-
ing experiments to identify the tissue specificity of exosomes. All this explains a few
data, allowing us to compare membrane proteins and protein and nucleic acids cargo
of exosomes of a certain origin except the research on cell lines, which have a wide
range of limitations in the extrapolation of obtained data to the corresponding tissue.
However, exosomes remain a promising diagnostic approach for different patholo-
gies and gain more interest as therapeutic agents delivery systems because of their
biocompatibility, safety, and tissue-homing capabilities. Further research in exosomes
biology would provide a big future for the application of these biomolecules for
different aspects of clinical medicine.
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Abstract

Exosomes are secret intercellular messengers in the body, carrying crucial informa-
tion from different organs. Different cargos can be packaged in exosomes including
DNA, RNA, and proteins. The type of exosomal cargo can vary according to the tissue
type, its pathophysiological state, and circadian rhythm. Therefore, exosomes have
an immense potential to be utilized for diagnostic purposes if the conundrum of their
cargo can be understood. Recent advances in exosome isolation and characterization
have made it possible to define disease-specific cargo carried by these tiny messengers.
We attempt to highlight disease-relevant exosomal cargos for diagnostic purposes.

Keywords: exosomes, cancer, neurodegeneration, cardiovascular, miRNA

1. Introduction

Cells are the most unique and well-established micro-machines that assemble and
make efficient metabolic molecules and pathways to maintain homeostasis. Exosomes
are one of those cellular secretions that carry hidden information about proteins,
RNAs, DNAs, and metabolites of secretory cells. Certain amounts of these molecules
are packaged in the exosomes during their synthesis and secreted from the cell ina
normal process. These exosomes are released in the extracellular environment and get
captured by the nearby cells. Exosome content carrying information of parent cells
makes the physiological changes in the recipient cell, making them an intercellular
messenger of genetic and metabolic information.

Extracellular vesicles are the membrane-enclosed form of cell cargo with dynamic
size, variety, and diversity. These can be distributed in three types based on the diam-
eter of the vesicle; microvesicles (100-1000 nm), exosomes (30-150 nm), and apop-
totic bodies (50-5000 nm) [1]. Exosomes were first recognized in rat ovum and algae
in the 1950s [2, 3]. Soon after this, the detection of EVs was also done in plants and
fungi [4, 5]. At that time EVs were not recognized well, instead, they were thought to
assist in removing garbage from the cell. Later in 1996, Raposo declared that antigen-
specific MHC-2 containing vesicles from B-lymphocytes induces an antigen-specific
response in T-cells, clarifying that EVs are not garbage anymore [6]. EVs were also
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discovered in bat thyroid follicular cells by Nunez and Gershon [7]. This was the first
chapter to explain the proximity of multivesicular bodies near the limiting mem-
brane, and their fusion with the membrane to release them into luminal space. EV
secretion is the ancient feature, followed by archaea, prokaryotes, and eukaryotes that
play a significant role in cell-cell communication [8, 9].

2. Exosome biogenesis

Exosomes like vesicles (ELV) or exosomes are synthesized in the endosomal
compartments in a well-regulated way, and stress, mutation, and alteration in the
microbiological environment may change the generation and secretion of exosomes.
This regulation is maintained by the multiple proteins such as RAB, SNAREs, and
cytoskeletal proteins [10]. Endosomes are synthesized by the invagination of the cell
membranes. A naive endosome is non-judgmental with no decided fate and is called
an early endosome. It either can fuse with the available endocytic vesicles containing
cargo for export/degradation/recycling or can mature into late endosomes [11, 12]. Late
endosomes are slightly more acidic than early endosomes, which might affect exosome
production. A study by Logozzi has revealed that when cells are grown in acidic pH, the
amount of exosome synthesis also increases as compared to the buffered medium [13].
Within the late endosome, the inward budding of the membrane synthesizes intralu-
minal vesicles that accumulate cytosolic content such as nucleic acid, proteins, metabo-
lites, ions, and lipids. At this stage, the whole organelle containing ILV is considered as
MVBs (Multi Vesicular Bodies). The pre-decided fate of MVB is not clear whether it
will fuse with lysosome or autophagosome or exocytose to deliver in luminal space.

Exosomes are synthesized in the MVBs in the form of ILVs. Biogenesis of exosomes
necessitates enrichment of CD9 and CD63 tetraspanin molecules and assembly of
ESCRT (Endosomal Sorting Complex Required for Transport) complex at the site
[14-16]. ESCRT is the preferred route of ILV formation but if ESCRT is necessary for
cargo selection and exosome secretion is still controversial. ESCRT consists of four
ESCRT protein complexes: ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-III. Another
AAA ATPase Vps4 complex works together with the ESCRT-III to deform and
amputee endosomal membrane [17]. These protein complexes show a high degree of
cooperativity while sorting cargoes, vesicle budding, and MVB biogenesis [18]. The
whole process of cargo selection, vesicle formation, and cargo incorporation occurs
simultaneously. ESCRT-0 complex first initiates the recognition of microdomains on
the endosomal membrane where ubiquitinated proteins are sequestrated. This occurs
through the recognition by the HRS protein of ESCRT-0 to TSG101 of ESCRT-I. This
initiates the invagination of the membrane, considering that all the proteins assigned
for their secretion/degradation are clustered. ESCRT-0 complex interacts with the
ESCRT-I and ESCRT-II and a wide-neck vesicle is formed inside the endosome [19].
Vesicle maturation marks the deubiquitination of clustered proteins. At this stage,
ESCRT-0, ESCRT-I, and ESCRT-II units disassociate from the site and ESCRT-III
assembles at the site. Snf7 protein, a unit of ESCRT-III, forms an oligomeric assem-
bly and recruits ALIX (ALG-2 interacting protein X) at the site that stabilizes the
ESCRT-III and promotes vesicle budding [20]. This complex narrows down the neck
of the newly forming vesicle and then interacts with the AAA ATPase Vps4 complex,
which is the key energy providing protein in releasing the vesicle from the endosomal
membrane. Newly synthesized vesicle containing cargo now disassemble from the
endosomal membrane and accumulate in the MVBs.
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Another route for exosome production is the ceramide pathway, an ESCRT-
Independent pathway. Microdomains present on the endosomal membrane are
enriched with sphingomyelinases (SMases). These SMases cleave sphingomyelin
lipid of the membrane, remove phosphocholine moiety and incorporate ceramide.
These ceramides in the membrane induce lateral phase separation and amalgam-
ate the microdomains of the membrane [21]. Consequently, a negative curvature
is formed that promotes budding. Tetraspanins such as CD9, CD63, and CD81 are
highly enriched in the exosome membrane and assist in protein sorting and exosome
biogenesis. These tetraspanins containing microdomains are the specialized struc-
ture involved in an assortment of receptors and signaling molecules in the plasma
membrane [22].

3. Exosome secretion

Rab protein is the largest family of small GTPases that governs the switch of GTP
hydrolysis. More than 60 members of the Rab family are present in the intracellular
membrane, serving as the main regulator of vesicle secretion [23]. Rab GTPases cover
a major portion of membrane trafficking by its interaction with SNAREs, motor
proteins, and coat proteins. The activation of GTPase activity is regulated by the
GEFs (Guanine nucleotide exchange factors). The study also demonstrates that the
interaction of SNARE with Rab induces the release of exosomes [24]. Rab proteins
are the key molecules that determine the size of exosomes and regulate MVB docking
at the plasma membrane, such as Rab27a, and intracellular distribution of MVBs for
exosomal traffickings, such as Rab27b [25, 26]. Rab27a and Rab27b interact with their
respective effector proteins, Slp4 and Slac2b, respectively, to transfer MVBs from the
perinuclear to the periphery area of the cell [25]. Abolishing these interactions leads
to decreased exosome release and inhibited breast cancer cell invasion and migra-
tion [27]. Additionally, some factors such as HSP90 and lysosome-associated protein
transmembrane-4B (LAPTM4B) also transfer MVBs toward the periphery to promote
their secretion [28, 29]. KIBRA interacts with Rab27a and enhances its retention,
while some other GEFs such as MADD and Fam45a control exocytosis [26, 30, 31].
Rabl1 and Rab35 are majorly involved in the endosome recycling pathway, and also
assist in exosome secretion and cargo selection. Loss of function in Rabl1 and Rab35
results in exosome accumulation in the cells [32]. But a similar study declaring that
Rablla and Rab7 remain uninvolved during the exosome biogenesis process is still
controversial. The same study also shows that Rab7 enhances the release of exosomes
containing Alix and syntenin in breast cancer cells but its knockdown does not affect
exosome release in HeLa cells [25, 33]. Some small GTPases such as Rab2a, Rab5a,
and Rab9a also increase exosome secretion [25]. These diversified functions of Rabs
modulate the exosome biogenesis machinery and its secretion out of the cells. HRS,
STAM1, and TSG101 silencing decrease the exosome release in dendritic cells [34].

4. Exosome cargo

The exosome content is solely dependent on the extracellular environment and
intracellular metabolic activities that may vary at any stage of the cell. Exosomes are
loaded with RNA, DNA, lipids, and proteins with different concentrations and types.
This specificity can be changed from cell to cell even with the same environment. Many
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studies are ongoing and have been done to get exosome content. For now, few databases
are accessible to collect information about the exosome cargo. These are exoRBase,
Exocarta, EVpedia, Vesiclepedia, EV-TRACK, and ExoBCD [35-42]. For now, >9700
proteins, >3400 mRNA, >2800 miRNA, and > 1100 lipid data in EVs have been identi-
fied [39].

a.DNA: A diverse nature of nucleic acid content is found in the secreted EVs but

only a few cases have been studied where genomic and mitochondrial DNA of
EV works in cancer detection [43, 44]. Exosome-gDNA-based liquid biopsies
for colorectal cancer are often performed [45]. Mammalian cells often discard
the mutated portions of DNA and some transposon elements that are harmful to
the cell. This fragmented gDNA and mtDNA get accumulated in the cytosol and
packaged in exosomes for their secretion out of the cell. A study on pancreatic
cancer identified mutated p53 and KRAS DNA in the serum exosomes, revealing
it as an important biomarker for early detection of cancer [43, 46, 47]. In the
same studies, it was also identified that large double-standard gDNA fragments
reflect the mutation status of the tumor, important for molecular mapping.
Considering this, exosome DNA databases can be formed for early screening of
diseases, DNA modifications, and evaluating drug resistance.

b.RNA (coding, non-coding): Exosomes are enriched with the RNAs specifically

functional non-coding RNAs [48]. Out of them, certain miRNAs are found so
frequently with high diagnostic potential. Overall, exosomes are enriched with
tRNA, 18S, and 28S rRNAs but other RNA species such as mRNA, miRNA, Pre-
miRNA, Y-RNA, tRF, IncRNA, sncRNA, piwi-RNA, circRNA, and vault RNA are
also found [49-52]. RNAs in the EVs were found from as short as 200 bp to >4 kb
in length with most of them containing 3’-UTR regions [53]. These RNAs remain
protected with the vesicle lipid bilayer or are associated with some RNPs such as
RNPs or lipoproteins (HDL and LDL) [54].

Different mechanisms have been proposed for the loading of RNAs in the EVs.
For example, specific sequences within the 3' UTR act as “zip-code” to export
certain specific RNAs in the EVs. These “zip-codes” are about ~25 nt in length,
such as the binding site for the miR-1289 carries by another mRNA containing
the “CTGCC” sequence on its stem-loop structure [55]. It has also been seen

that certain miRNAs carrying four nucleotide sequence motif “GGAG” interact
with the hnRNPA2B1, which enhances their sorting in the EVs [56]. In addition,
post-transcriptional modifications of miRNAs determine their fate of retention,
such as uridylated 3'-end of miRNAs are sorted into the EVs, while adenylated
3’-end keeps them to stay within the cell [57]. Another mechanism is based on the
nSmase?2 activity, which if, overexpressed, releases more amount of miRNAs by
enhancing exosome production [58]. Apart from this, the role of argonaute pro-
tein in the loading of RNAs in EVs is still a controversial statement. Some studies
support that the knockdown of argonaute protein decreases certain specific
miRNAs in the EVs. Whether argonaute is found in the EVs or the MVBs or in the
endosomes, is still a complex scenario in the EV research [59, 60].

c. Proteins: The information about the protein cargo within the EVs is still unclear
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in the endosomal pathway, like Alix, tetraspanins, and some ESCRT proteins. In
addition, proteins for exosome secretion such as Rab27a, Rabl1b, and ARF6 are
commonly found in the EVs. Interestingly, most of the EVs contain tetraspanins
(CD9, CD63, CD81, CD82, CD86), antigen-presenting molecules (MHC-1 and
MHC-II), transcription factors (Wnt, Notch, hedgehog), transport and fusion
proteins (GTPase and flotillin), heat-shock proteins (Hsp20, Hsp27, Hsp60,
Hsp70, Hsp90), cell-surface peptidases (CD13 and CD26), and signaling recep-
tors like EGFR [36, 61-64]. Exosome composition is mostly decided by the

cell type it is derived from. A drug-resistant cell secretes exosomes containing
MDR-proteins such as ABCB1, ABCC2, ABCG2, and p-glycoproteins to enhance
the tumor environment more resistant to drugs [65, 66].

d.Lipids: Exosomes are loaded with certain metabolic active lipids that regularly
participate in exosome syntheses, such as sphingomyelins, ceramides, ami-
nophospholipid, cholesterol, and phosphatidyl serine [66]. In addition, a high
phosphatidyl serine ratio in the outer layer of exosomes may enhance their
uptake by target cell [67]. Overall, the lipid composition of exosomes is ~80%
similar to the parent cell but the amount of polyunsaturated glycerophosphoser-
ine and phosphatidyl serine makes it more unique and different [68, 69].

e. Metabolites: Much research is ongoing to capture attention toward the metabo-
lite composition of extracellular vesicles. By targeting urine, serum, or plasma
vesicles, more promising results have already been revealed [70-72]. Mostly,
exosome lipidomes have been quantified with glycerophospholipids, prenol
and sterol lipids, glycerolipids, free fatty acids, and sphingolipids [73, 74]. Some
studies also demonstrate that apart from lipids, few amounts of sugar, amino
acids, organic acids, carboxylic acids, nucleotides, metabolic intermediates,
carnitines, phenolic compounds, and vitamins are also present [75-77].

5. Exosomes in different biological fluids

Exosomes are very small molecules that formed within endosomes via differ-
ent ESCRT-dependent processes [78]. Their sizes range from around 30 nm to
150 nm. These EVs are secreted into the various body fluids, such as blood, urine,
saliva, breast milk, ascites effusions, nasal secretions, tears, amniotic, synovial,
lymphatic, cerebrospinal, and seminal fluids by the various cell types found within
the body, including red blood cells, B cells, T cells, mast cells, platelets, endothelial
cells, fibroblasts, adipocytes, epithelial cells [79-85]. Exosomes present in them move
through these fluids to other areas or interact with other cells to carry out a variety
of biological functions, including the modulation of immune response [86, 87],
antigen presentation [88, 89], and the transfer of RNA and proteins [90, 91], inter-
cellular communication, non-classical protein secretion [92], and transmission of
pathogenic cargo [93-95]. Exosomes are typically obtained from various body fluids
using ultracentrifugation [96] based on the sedimentation principle, which yields a
very pure exosomal fraction that is recognized as the gold standard. Size exclusion
filtration [97] or chromatography [98] is a different procedure that involves filtering
through a number of filters with pores smaller than 100 nm and then centrifuging
(100,000 g) to concentrate the exosomes. The biological function and integrity of
the exosome are maintained using this method. Using a solid support magnet or flow
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cytometry, immune affinity capture [99] involves binding specific micro-beads to
bio-fluids containing exosomes and separating the exosome-bound micro-beads from
the bio-fluids. Exosome isolation is also done using kit-based techniques, such as the
precipitation method ExoQuick [100] and the microfluidic technology (ExoChip)
[101] based on the immunoaffinity methodology. The sample source and intended
use of the exosomes may determine which of these various techniques and procedures
to adopt, each of which has advantages and disadvantages of its own. Exosomes
contain a variety of nucleic acids to perform various biological functions. The lipid
bilayer’s DNA, RNA, lipids, proteins, and metabolites keep them stable and allow for
long-term storage. Even yet, the microenvironment and the type of cell to which an
exosome is delivered determine what is contained within the cargo. As a result, the
stability of different biomolecules within the exosome and their enrichment make
them appropriate for a range of therapeutic and diagnostic uses. Exosome vesicles are
primarily extracted from the serum, plasma, CSF, and urine and are the form that
has been examined the most. As of now, exosome vesicles produced from particular
fluids have more precise identification and validation than whole body fluid [78]. For
instance, Kalra et al. [102] isolated EVs from plasma and demonstrated the depletion
of highly abundant plasma proteins [103, 104]. As a result of their cargo and diverse
features, exosomes are transformed by cells and may play a role in the progression of
various diseases. As a diagnostic biomarker in the early detection and prognosis of
diseases, these changed content (proteins or miRNAs) revealing distinct [78] profiles
in exosomes are being different from the exosomes released by the normal/healthy
cells. Another arm of exosomes is their therapeutic role for different purposes such as
vaccination, biological targeting, and drug delivery tools, using a variety of therapeu-
tic materials, including siRNA, antagomirs, g-RNA (siRNA), recombinant proteins,
and anti-inflammatory drugs [105].

6. Exosomes in diseases

Exosomes in disease pathophysiology have recently attracted a lot of attention
from researchers. Literature studies have shown that due to the potential ability
of cell-to-cell communication among homozygous and heterozygous cell types,
exosomes acts as a mediator for maintaining healthy physiological conditions [106].
In addition to their regular role, these exosomes are manipulated by the pathogen
to infect the host cell activity [107] and act to potentiate stress and damage [106].
Exosomes have been discovered to play a role in the onset and progression of a
number of diseases, including cancer, autoimmune disorders, neurodegenerative
diseases [108], cardiovascular diseases, liver diseases [109], and genetic diseases,
among many others.

6.1 Exosomes in tumor microenvironment, metastasis, and angiogenesis

Cancer is one of the oldest and deadliest diseases in the world. The ability of
cancer cells to communicate with other cells is achieved primarily through exosome
vesicles to maintain normal physiological conditions and trigger disease progression.
These vesicles help cells to communicate between homotypic and heterotypic cells.

In homotypic exosome transfer, exosome content and signaling capabilities allow
cancer cells to progress and transmit cell growth, transformation, and survival signals
to other cancer cells [110]. Various autocrine signaling pathways Akt/PI3K and MAP
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kinase are involved in its progression [111]. As heterotypic exosome transfer involves
all stages of cancer development and progression, tumor spread is driven by its local
tumor microenvironment (TME). TME is composed of different cell types, includ-
ing endothelial cells, fibroblasts, and immune cells. This tumor microenvironment
enables a variety of cancer cell-derived exosomes, such as CAF-derived exosomes
(CDE) and fibroblast-derived exosomes, to sustain proliferation, evade growth sup-
pression, evade immune recognition, and activate invasion and metastasis cascades.
It helps in regulation, resisting cell death, initiation of angiogenesis, promotion of cell
proliferation, and deregulation of cell energetics through juxtracrine and paracrine
signaling interactions [112, 113].

In cancer metastasis, primary tumor cells migrate to another part of the body
where they multiply and form new tumors. There are various stages in this process:
vascular invasion, extravasation, tumor latency, and formation of macro- or micro-
metastases [114]. The process of metastasis is modulated by EMT, ECM remodeling,
activity of the immune system, and alteration in tumor micro-environment [115,
116]. However, exosomes play a significant role during metastasis, as it influences
tumor roles and primarily contributes to the formation of the pre-metastatic niche
that determines specific organotrophic metastasis [114, 117]. During the invasion,
the primary tumor releases various factors (microRNAs, EGFR signaling ligands,
EMT inducers, etc.) that promote invasion [118-120]. For example, miR-10b is
transported and released by exosomes and promotes the metastatic properties of
breast cancer cells [121]. Another, miR-23a inhibits E-cadherin synthesis in lung
cancer and melanoma cells, thereby inhibiting the release of TGF-1 supporting
EMT-promoting effects [50, 51]. EGFR signaling factors include ligands such as
amphiregulin, tissue-type plasminogen activator, and/or annexin II, and signifi-
cantly increase cancer cell invasion [122]. Exosomes secrete EMT inducers such as
vimentin, snail, and twist in urothelial cell lines while reducing E-cadherin and
catenin expression through the TGF-1 pathway [123]. These exosomes have proper-
ties that drive exosome organotropism in cancer cells, and ITGa6p4 and -a6p1 are
associated with lung metastasis, and ITGavf5 is associated with liver metastasis.
Related, ITGp3 is related to brain metastasis [124]. Exosomes also exhibit stromal
cell proliferation, cancer cell migration and survival, and ECM remodeling that
increases tumor cell resistance to apoptotic signals. This, along with the effect of
chemokines and growth factors, leads to the formation of a new microenvironment
for cancer cells, immune cells, and other stromal constituents that is referred to as
the PMN [122, 125, 126]. For the initiation of the metastatic process, an adequate
blood supply to the tumor facilitates the entry of tumor cells into the bloodstream
[127]. Thus, angiogenesis provides an opportunity for tumor growth by supplying
cancer with oxygen, nutrients, and metabolite replacement [127]. Exosomes can
transport various biomolecules such as microRNAs, DNA fragments, proteins,
lipids, and even pharmacological compounds from donor cells to recipient cells
[128]. Therefore, noncoding RNAs, especially long noncoding RNAs (IncRNAs) and
microRNAs, play important roles in regulating angiogenesis [129]. In addition, exo-
somes can interact with target cells such as endothelial cells (EC) as well as immune
cells to initiate and promote angiogenesis. The uptake of tumor-derived exosomes by
normal endothelial cells activates angiogenic signaling pathways and stimulates new
blood vessel formation [130]. Exosomes migrate to the cell periphery and invade
advanced pseudopods. After complete remodeling, neighboring ECs likely transport
exosomes to other ECs and other cells within the TME (tumor microenvironment)
via nanoparticle structures [131].
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6.2 Exosomes in neurodegenerative diseases

The majority of human neurodegenerative diseases, such as Alzheimer’ disease,
Parkinson’s disease, and Huntington’s disease, have aggregation of aberrant proteins
as a common mechanism [132]. The existence of vesicles in the CSF has proven that
these EVs are involved in the pathogenic spread of harmful proteins [132].

Alzheimer’s disease is a neurological disorder caused by the disparate modifica-
tion of Amyloid beta (Ap) peptide and tau protein. Exosomes carry proteases, APP
and its C-terminal fragments (CTFs-APP) that are caused by gamma and f secretase
within the early endosomes, ultimately exports Ap into the exosomes [133]. Exosomes
provide a unique pathway for removing Af from cells. However, they make Ap more
prone to aggregation and, therefore, could endanger neighboring cells [134]. Another
protein called TAU is crucial for accelerating tubulin assembly into microtubules and
preserving their structural integrity. Tau’s protein biological activity is compromised
by hyperphosphorylation, which also results in defective microtubule stabilization
and the formation of neurofibrillary tangles that impact neuronal connection and
function [135, 136]. The mechanism of exosome-based release of Tau protein helps
microglia to spread damaging tau protein [137, 138].

Parkinson’s disease is mostly caused by an accumulation of clumped or misfolded
alpha-syn nuclei, which affect the cells’ ability to function as neurons [139]. Exosomes
are thought to protect against neuronal cytotoxicity and prevent intracellular protein
aggregation by excreting alpha syn nuclei outside of cells. This could result in an
increase in the concentration of harmful alpha syn nuclei in extracellular space. The
exosomes can take up both big and small alpha syn structures and cause various forms
of downstream mediated toxicity from healthy neuronal cells [140]. These aggregates
can kill the other target cells [141-145]. In addition to these, there are several exo-
somal miRNAs that contribute to the progression of PD pathogenesis. MiR-7 binding
to the 3° UTR of SNCA mRNA suppresses transcription, which results in miR-7
loss. This loss of miR-7 is what causes greater -syn upregulation, aggregation, and
dopaminergic neuron death in the brain of PD patients [146]. Another mi-RNA, miR-
4639-5p has been upregulated, which negatively controlled the post-transcription
of DJ-1 to cause significant oxidative stress and neuronal death in PD patients [147].
These all suggest a multi-functional role of exosomes in PD pathogenesis.

6.3 Exosomes in kidney diseases

The role of exosomes in acute and chronic kidney disease is highly specialized.
Studies have shown that cell-to-cell communication between different regions of
the kidney and organs amplifies kidney damage [148]. This exosome vesicle release
contains proteins from different regions of the nephron fragment, including the thick
ascending limb of the Henle loop, the distal tubule, and the collecting duct [149]. Due
to their different origins, they have different protein content than their origin and
serve as biomarkers for certain diseases [150]. The extracellular vesicles release from
podocyte mediate communication between glomeruli and renal tubules, whereby
alterations in communication outside the vesicles can affect podocytes and cause
tubular damage/injury [151]. Studies suggest that there is upregulation of CD2AP
mRNA and downregulation of Wilms tumor protein 1 (WT1) in extracellular vesicles
are potential biomarkers of podocyte injury. This mechanism contributes to damage
amplification, development of tubule-interstitial fibrosis, and progression of CKD
[152]. In acute chronic kidney disease, urinary exosomes miRNAs reflect the state of
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injury and fibrosis by the release of miR-9a, miR-16, miR-200a, and miR-141 [153].

A specific transcriptional repressor for activating transcription factor 3 (ATF3) was
increased in sepsis-induced AKI [154]. In chronic kidney diseases such as diabetic
nephropathy, there is a high glucose concentration in renal cells that cause changes

in exosome composition and trafficking, further modifying and damaging intact
cells [155]. Bioinformatics analysis revealed high levels of miR-133b and miR-342

in urinary exosomes of patients with diabetic nephropathy type 2 (T2DN) [156].

In addition, there are specific miRNAs such as miR-let-7i-3p, miR-24-3p, and miR-
27b-3p, whose downregulation is involved in Wnt/f-catenin signaling, leading to
T2DN pathogenesis [157]. Exosomes overexpress cellular repressors of multiple genes
such as envoplakin, villin 1, prominin 1, and E1A-stimulated gene 1 (CREG1), causing
autosomal dominant polycystic kidney disease (PKD) with abnormal morphological
and proliferative changes [158, 159]. Circulating extracellular vesicles may lead to
intra-organ crosstalk that shows an impact on autoimmune kidney diseases such as
systemic lupus erythematosus, anti-phospholipid syndrome, and ANCA-associated
vasculitis. For instance, circulating extracellular vesicles may encourage coagulation,
thrombosis, and immune-mediated renal pathological conditions [160]. Placenta-
derived extracellular vesicles carrying anti-angiogenic factors that are released into
the maternal circulation in pre-eclampsia may cause proteinuria and glomerular
endothelial dysfunction [161].

7. Exosomes in cardiovascular diseases

Cardiovascular diseases are major global diseases that affect the circulatory
system [162]. Exosomes produced from the cardiac cells are one of the components
in the body that keep cardiac under hypoxia and improve heart function [163]. These
exosomes show changes in their states under various cardiovascular pathophysiol-
ogy conditions and maintain homeostasis primarily during stress signals [164, 165].
Numerous diseases, such as cardiac fibrosis, ischemic heart diseases, heart failure,
myocardial infraction, and cardiac hypertrophy, exhibit changes in cargo and pro-
tein content and serve as a biomarker for physiological changes [162]. It has been
demonstrated that the pattern of fibroblast gene expression is regulated by cardiac
cell-derived exosomes [166]. On external stimulation, cardiac fibrosis results in a sus-
tainable remodeling of the extracellular matrix (ECM) through non-canonical Wnt
and ERK1/2 pathways, as well as JNK pathways [167]. These pathways are promoted
by the WNT-5a-enriched exosomes resulting in IL6 production and fibrosis [168].
Exosomes serve as intercellular communication (regulates intimal integrity) and
myocardium remodeling in conditions such as ischemic heart disease and myocardial
infarction respectively allowing injured cells to communicate with distant normal
cells [162]. Exosomes derived from fibroblasts promote the RAS system and activate
angiotensin II in cardiomyocytes that accelerate in cases of cardiac hypertrophy [169].

8. Diagnostic potential of exosomes

Exosomes are small EVs (Extra vesicles) of size 30-150 nm in diameter secreted
by both normal cells and diseased cells into the different body fluids such as plasma,
saliva, bronchial lavages, urine, and many others [170]. These fluids having exosomes
contain different biomolecules including RNA, DNA, proteins for their intercellular
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communication, and transportation [171, 172]. There is differential expression of
exosomal RNA and proteins derived from normal cells and diseased cells [173]. This
exosomal protein and nucleic acid emerged as next-generation biomarkers for different
pathology conditions such as neurodegenerative diseases, cardiovascular, kidney dis-
eases, cancet, and others.

8.1 Proteins and cargo as diagnostic marker

In cancer cells, the protein content of exosomes varies between healthy cells and
diseases, and it resembles a variety of conditions associated with cancer, liver, kidney,
and brain diseases [174]. Exosome-specific protein serves as a biomarker for disease
pathology. For instance, distinct protein expression of different fluids acts as a
biomarker. In breast cancer, serum-derived exosomes show enrichment of ADAM10,
metalloprotease, CD9, Annexin-1, and HSP70 [175] proteins, and plasma-derived
exosomes show diagnostic potential for fibronectin and developmental endothelial
locus-1 (Del-1) [176]. In lung cancer, expression of CD151, CD171, and tetraspanin
8 is higher in serum exosome [177]. Glypican-1 (GPC1)-positive exosomes serve as
potential biomarkers in early-stage pancreatic cancer [178] and CD26, CD81, S1C3A1,
and CD10 could be used as a potential biomarkers for hepatic damage [179].

Apart from cancer, other diseases also have significant alteration in exosomes
profile and lead to different expression of proteins act as a biomarker for diagnostic
potential. In neurodegenerative diseases such as Parkinson diseases elevated expres-
sion of different proteins such as PrPc (glycoprotein) [180], DJ-1 [181] (plasma neu-
ral-derived), OxiDJ-1 [182] (urine-derived), and Tau Protein (neuron-derived) could
be a marker for PD diagnosis. Other potential biomarkers such as a decreased expres-
sion of Clq derived from serum exosome and more of blood-derived Apolipoprotein
Al (Apo A1), clusterin, complement C1r subcomponent, and fibrinogen gamma chain
exosomal expression levels in the plasma of PD subjects may serve as a biomarker for
the diagnosis of PD [183, 184]. In Alzheimer’s diseases, human serum-derived exo-
some shows an elevated expression of Cathepsin-D, LAMP-1, ubiquitinylated protein
[185]. Downregulation of SNAP-25 [186] marks the synaptic loss during the progres-
sion of AD and HSP70 [185, 187] shows dysfunction and neurodegeneration.

The kidneys play a crucial role in the human body’s homeostasis regulation and
maintenance [188]. The release of exosomes from various parts of the kidney facilitates
cell-to-cell communication that has an impact on the physiology of the kidney [189].
The proteins and nucleic acids contained by exosomes carry through the urine serve as
a non-invasive diagnostic biomarker for renal diseases. For instance, the protein level of
Fuetin-1and AQP2 have been identified as potential biomarkers for acute kidney injury
(AKI) [153, 190]. There is an increased amount of neutrophil gelatinase-associated lipo-
calin (NGAL) and activating transcription factor 3 used as a marker for early diagnosis
in sepsis-induced AKI [154]. The non-invasive biomarker for PKD is demonstrated by
the elevated expression of the urinary exosome proteins such as villin-1, periplakin,
and envoplakin in ADPKD (autosomal dominant polycystic kidney diseases) [158].
However, increased expression of AQP-2 and AQP-5 in exosomes in chronic diseases
like diabetic nephropathy can be used as a biomarker to diagnose T2DN [191].

8.2 Nucleic acid as diagnostic and prognostic biomarker

Exosomes secreted from diseased cells contain different biomolecules than the
healthy ones. Therefore, the basic nucleic acid content also varies with the diseases
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and mainly circulating microRNAs are being focused to carry out effective diagnosis
and prognosis of numerous diseases [192]. For example, in breast cancer, the plasma-
derived exosomes show the elevated expression of miR-1246 and miR-21 compared
to healthy individuals [193, 194]. These serum-derived exosome shows miR-21 levels,
which differentiate between metastatic and non-metastatic breast cancer [195].
Apart from these, upregulation of miRNAs, such as miR-223-3p, miR-16, miR-27a/b,
miR-152, miR-199a-3p, miR-340, miR-376a, miR-410, and miR-598 [196-198],
shows the presence of breast tumor. In non-small cell lung cancer (NSCLC), there is
upregulation of different exosome miRNAs subset of 4 miRNAs (miR-378a, miR-
379, miR-139-5p, and miR-200b-5p) and six miRNAs (miR-151a-5p, miR-30a-3p,
miR-200b-5p, miR-629, miR-100, and miR-154-3p) respectively [199, 200]. Other
than this, plasma-derived miRNA-9 and miRNA-15 can distinguish a metastatic
and aggressive state of tumor, thus having high potential as a diagnostic marker for
NSCLC [201]. However, in the diagnostic marker for hepatocellular carcinoma, there
is upregulation of miRNA-21 in the plasma, which distinguishes patients from healthy
individuals [202]. On the other hand, the cancer malignancy in hepatoblastoma is
mediated by a panel of miRNAs involving miR-21, miR-34a, miR-34b, and miR-34c
in plasma which are verified as diagnostic and prognostic tool [203]. High levels of
miRNA-10b, miR-21, miR-30c, and miR-181a and decreased let-7a levels are seen in
pancreatic ductal adenocarcinoma patients as compared to a healthy individual [204].
In neurodegenerative diseases such as Parkinson’s and Alzheimer’s disease, blood
and peripheral fluids also contain exosomes synthesized from nerve cells that are
passed through the BBB (blood-brain barrier). These fluids show different miRNAs
expression in patients and healthy controls. miRNAs from serum are the non-invasive
and feasible approach to determining biomarkers for neurodegenerative disease.
Exosomal miRNAs derived from plasma, CSF, and serum are being either upregulated
or downregulated in different pathophysiological conditions. Certain serum-derived
miRNAs such as miR-15a-5p, miR-18b-5p, miR-30e-5p, miR-93-5p, miR-106a-5p, miR-
143-3p, miR-335-5p, miR-361-5p, and miR-424-5p are upregulated in comparison with
healthy individuals and some of the miRNAs such as miR-15b-3p, miR-342-3p, and
miR-1306-5p are downregulated in AD patients [205, 206]. CSF-containing exosomes
also show potential diagnostic miRNAs such as upregulation of miR-125b-5p and
downregulation of miR-16-5p and miR-451a [207]. These differently regulated miR-
NAs from different fluids improve the early onset and late-onset diagnosis and prog-
nosis of AD. Similarly, in Parkinson’s disease, several miRNAs derived from different
fluids have differentially regulated miRNAs. Serum-derived exosomes have upregu-
lated miR-24, miR-195, and miR-29a [208]. In plasma-derived exosomes, elevated level
of miR-331-5p and let-7e-5p is observed. Some miRNAs like miR-10a-5p, miR-151a-3p,
let-7t-5p, and many more are seen upregulated in CSF-derived exosomes [209]. Not
only the upregulated miRNAs from different fluids show diagnostic potential but the
downregulated miRNAs compared to healthy controls also act as diagnostic markers.
For example, in PD patients, CSF-derived exosomal miRNAs show downregulated
expression such as miR-27a-3p, miR-423-5p, miR-22-3p, miR-1, miR-22, miR-29, miR-
374, miR-119a, miR-28 [210]. Some miRNAs such as miR-505 and miR-19b derived
from plasma and serum respectively also show downregulation in PD patients [211].
Kidney diseases include AKI (acute kidney injury), chronic kidney diseases, diabetic
nephropathy, polycystic kidney diseases, and various others. Exosomes isolated from
urine contain differential biomarkers in form of microRNAs. In the AKI condition, uri-
nary exosomes show various miRNAs for different conditions such as AKI progression
including miR-16, miR-24, and miR-200c [212]. Also, miR-210 predicts AKI mortality
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in ICU patients [213]. In sepsis-induced AKI, there is decreased expression of miR-376b,
which acts as a potential biomarker for diagnosis [214]. Certain serum-derived exosomes
reportedly decreased miR-24, miR-23a, and miR-145 expression in post-myocardial
infarction AKI pathogenesis [215]. There are other serum-derived miRNAs that show
a change in expression from healthy and AKI-diseased individuals including miR-101,
miR-127, miR-210, miR-126, miR-26b, miR-29a, miR-146a, miR-27a, miR-93, and miR-
10a [216]. Other kidney diseases, such as Diabetic Nephropathy, miR-192 is a master
miRNA regulator of DN [212, 217]. Expression of miR-130 and miR-145 is upregulated,
while miR-155 and miR-424 have reduced levels in diabetic patients with microalbumin-
uria, acting as a biomarker [218]. miR-415 derived from urinary exosome shows elevated
expression in albuminuria and glomerulosclerosis and acts early diagnostic biomarker.
miR-126 and the miR-770 family are derived from urine and blood as a promising bio-
marker for DN progression [212]. Although in diabetic patients, some Urine exosomal
miRNAs including miR-192 and miR-21 show upregulated expression while reduced
miR-30b levels which altered kidney function [219-222]. In type 2 diabetic nephropathy,
the most upregulated miRNAs are MiR-34a and miR-320c which acts as a biomarker,
and sediment miR-95 and miR-631 also reflect the severity and prognosis of type 2
DN [223-225]. Apart from these, certain other potential miRNAs biomarkers include
miR-15b, miR-636, miR-34a, and miR-4534 in urine [226, 227] and miR-638 in serum.
The ratio of albumin—creatinine shows an effect on miR-103a suggesting miR-103a as a
dynamic biomarker reflecting pathological status and treatment response [228]. The role
of EV miRNAs like miR-3907 upregulation in circulation predicts Autosomal Dominant
Polycystic Kidney Disease progression [229]. Diagnosis shows other serum-derived
miRNAs including miR-17 family members (miR-20a, miR-93, and miR-106a) show a
significant decrease in expression after hemodialysis [230]. Apart from these, in some
chronic kidney diseases such as hypertensive nephropathy, Lupus Nephritis, kidney
immune diseases, and many others, the role of serum and urine-derived miRNAs show a
prominent role in diagnosis, prognosis, and disease progression.

In cardiovascular diseases, circulating EVs miRNAs, miRNA-425, and miRNA-
744 acts as a novel biomarkers for cardiac fibrosis [231, 232]. Also, miR-30d is
associated with deleterious cardiac remodeling and the expression of fibrosis and

()= ESCRT-0
&) < ESCRT-I

§ > ESCRT-NI

2 = ESCRT-lII

I\ -2 Vpsd

il

->Exosomes
@

s 2 Cargo

(a) (€

Figure 1.

(A) Multivesicular bodies can either merge with the lysosome or the autophagosome or be secreted out of the cell as
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Figure 2.
Schematic representation of exosome isolation and diagnostic importance in different types of disorders.

inflammation-related genes [233]. In both coronary artery diseases and acute myo-
cardial infraction, several exosomal miRNAs including miR-1, miR-133a, miR-208a,
miR-423-5p, miR-499, miR-126, miR-21, and miR-29b show increased expression
which potentially acts as a diagnostic biomarker as well as a prognostic marker for
left ventricle remodeling [234-238]. However certain miRNAs including miR-423-5p
[237], miR-499 [235], and miR-29b [239] essentially for AMI. miR-122 andmiR-199a
[240] have elevated expression and miR-145 [241], miR-146a [242], miR-30c/d show
downregulation that acts as diagnostic marker for CAD [243]. In contrast, miR-21,
miR-199a miR-27a, and miR-30c/d show elevated levels, thus having a diagnostic
potential of cardiac hypertrophy [244, 245]. However in heart failure diseases, the
increased expression of miR-1254, miR-106a-5p, and decreased expression of miR-328
are other potential miRNA molecules apart from miRNA included in AMI, CAD, and
cardiac hypertrophy, which act as diagnostic biomarker [246-248] (Figures1and 2).
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Chapter 8

Perspective Chapter: Clinical
Application of Exosome
Components

Mengyuan Hou, Jingwu Li, Zhiwu Wang and Yankun Liu

Abstract

Exosomes belong to a subpopulation of EVs that carry different functional
molecular cargoes, including proteins, nucleic acids, metabolites, and lipids. Notably,
evidence has demonstrated that exosomes participate in bidirectional cell-cell
communication and act as critical molecular vehicles in regulating numerous physi-
ological and pathological processes. Since the specific contents within exosomes carry
the information from their cells of origin, this property permits exosomes to act as
valuable biomarkers. This chapter summarizes the potential use of exosome com-
ponents in diagnosing, prognosis, or monitoring and treating multiple cancers and
other non-neoplastic diseases. We also discuss the deficiency of basic applications,
including the limitations of research methods and different research institutions and
the differences generated by specimen sources. Thus, a better understanding of the
problem of exosome detection may pave the way to promising exosome-based clinical
applications.

Keywords: exosomes, cancer, dieases, diagnosis, prognosis, therapy

1. Introduction

Exosomes are a subpopulation of EVs secreted by the endocytosis process, with a
diameter ranging from 30 to 150 nm [1]. Exosomes are naturally secreted by all kinds of
cells and carry diverse functional molecular cargoes, including proteins, lipids, nucleic
acids, enzymes, and metabolites to promote intercellular communication. As one of
the types of cargo of exosomes, nucleic acids include DNA, messenger, and noncod-
ing RNA. Among all the molecular cargoes, proteins, and nucleic acids are the most
abundant contents in exosomes [2]. They have biological functions and are selectively
packaged into exosomes. As exosomes are naturally secreted by all kinds of cells and are
commonly detected in bodily fluids, including blood, urine, saliva, and cerebrospinal
fluid [3], the application potential of exosomes in clinical tumor diagnosis and therapy
is promising. In this chapter, we will discuss the bioactive exosomal contents, focusing
on proteins, noncoding RNAs, and DNA to better clarify their roles in disease develop-
ment and the potential application of exosome cargoes (Figure 1).
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Figure 1.
Application of exosome components in diseases.

2. Exosome protein

With the recent development of isolation methods of exosomes and the applica-
tions of protein spectrum, the roles of exosome proteins in the diagnosis, prognosis,
and treatment of diseases have been demonstrated in many medical fields, especially
for cancer [4]. Exosomal proteins include (1) Membrane transport and fusion-related
proteins, such as annexin (Anx II), Rab-GTPase, and heat shock proteins (HSPs),
including Hsp60, Hsp70, and Hsp90; (2) Four-transmembrane cross-linked proteins,
namely CD9, CD63, CD81, CD82, CD106, Tspan8, intercellular adhesion molecule-1
(ICAM-1); (3) Multi-vesicular bodies (MVBs)-related proteins, for instance, ALIX
and TSG101; (4) Other proteins, like integrins, actin, and myosin [5].

2.1 Application of exosomal proteins in tumors: Diagnosis, prognosis,
and treatment

2.1.1 Lung cancer

Numerous studies have focused on the clinical application of protein components
in circulating exosomes from lung cancer patients. Yet, blood derivatives are the
biofluids of choice for metabolomic clinical studies due to their low invasiveness and
wealth of biological information [6]. Of note, some exosomal surface proteins, like
CD91, CD151, and CD171, have been investigated to be used as biomarkers for early
diagnosis of lung cancer [7, 8]. Of these, exosomal CD91 showed a high sensitivity
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for diagnosing stage I and II lung adenocarcinoma (LUAD) patients [7]. Notably,
exosomal CD151 and CD171 have been demonstrated to be upregulated in LUAD
and can distinguish the subgroups of lung cancer [8]. Besides that, as a diagnostic
biomarker, exosomal epidermal growth factor receptor (EGFR) and programmed
death-ligand 1 (PD-L1) are considered to be the compact surface plasmon resonance
(SPR) biosensor in lung cancer diagnosis [9]. Moreover, plasma exosomal proteins
have also been reported to be served as prognostic and therapeutic biomarkers. As
such, New York esophageal squamous cell carcinoma-1 (NY-ESO-1), placental alka-
line phosphatase (PLAP), EGFR, ALIX (ALG-2-interacting protein X), and epithelial
cell adhesion molecule (EpCAM) in circulating exosomes have been detected by
extracellular vesicle array and correlated with overall survival (OS) of non-small cell
lung cancer (NSCLC), which are recognized to be potential prognostic biomarkers
for NSCLC [10]. Wang et al. also revealed that hypoxia-induced exosomes delivering
pyruvate kinase M2 (PKM2) transmit cisplatin resistance to sensitive NSCLC cells.
Additionally, Wang et al. found that exosomal PKM2 might be a potential biomarker
and therapeutic target for cisplatin resistance in NSCLC [11]. Therefore, these exo-
somal proteins for lung cancer diagnosis, prognosis, and treatment must be further
validated in larger cohorts.

2.1.2 Gastric cancer

Gastric cancer (GC) is one of the most malignant cancers worldwide [12].
Importantly, exosomal proteins are specific diagnostic, prognostic, and thera-
peutic biomarkers for GC [13]. Various methods, such as liquid chromatography—
tandem mass spectrometry (LC-MS/MS), have detected the proteomic profile
of exosomes from the serum of GC patients. For example, a study reported that
tripartite motif-containing protein 3 (TRIM3) protein in GC patients’ serum
exosomes was lower than in healthy donors using LC-MS/MS [14]. The higher
exosomal transforming growth factor beta 1 (TGF-p1) expression of GC has been
analyzed to be associated with tumor-node-metastasis (TNM) stage and lupus
nephritis (LN) metastasis by enzyme-linked immunosorbent assay (ELISA) [15].
In addition, the high expression of exosomal TGF-p1 correlated with forkhead
box protein 3* (FOXP3") Treg cells in draining LNs, and the high percentage of
FOXP3" Treg cells correlated with tumor size, Bormann type, tumor depth, and
lymph node metastasis [15]. Furthermore, exosomal angiotensinogen (AGT),
serpin family H member 1 (SERPINH1), and matrix metallopeptidase 7 (MMP7)
have been demonstrated to perform well in predicting OS and be non-invasive
prognostic biomarkers of GC [16]. Gastrokine 1 (GKN1) has also been identified to
be secreted from HFE-145 gastric epithelial cells and can reduce tumor growth and
tumor volume, which could be served as a therapeutic target for GC [17]. Likewise,
these effective therapeutic proteins can be encapsulated into the exosomes and
might prevent GC progression [18]. Thus, these exosomal proteins contribute to
the development of GC.

2.1.3 Breast cancer

Exosomal proteins play an essential role in diagnosis evaluation and prognosis
prediction of breast cancer (BC) [19]. Notably, it has been demonstrated that the
exosomal human epidermal growth factor receptor 2 (HER2) was significantly
increased in BC patients compared with healthy donors [20]. In addition, exosomal
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CD82 was significantly decreased in BC tissues compared with healthy donors

and benign breast disease tissues [21]. Likewise, exosomes in preoperative plasma
contained a higher level of developmental endothelial locus-1 (Del-1) than the post-
operative plasma, and the high Del-1 level in postoperation was associated with early
relapse [22]. Another report identified 1107 exosomal proteins between metastatic
BC cell lines MDA-MB-231 and non-cancerous epithelial breast cell lines MCF-10A
[23]. Moreso, 87 proteins were associated with BC, and 16 were correlated to BC
metastasis [23]. Among them, exosomal glucose transporter 1 (GLUT-1), glypican

1 (GPC-1), and a disintegrin and metalloproteinase 10 (ADAM10) may be served as
BC potential biomarkers [23]. Exosomes carrying proteins, including Anx II, Wnt7a,
and ephrin type-A receptor 2 (EPHA2) could stimulate BC’s invasive, angiogenesis,
and metastasis abilities [24-26]. Exosomal Anx II has stimulated angiogenesis and
BC metastasis [24]. Further, exosomal Wnt7a has been found to promote lung metas-
tasis of BC [25]. Exosomal EPHA?2 has also been found to activate the AMP-activated
protein kinase (AMPK) signal pathway via the Ephrin A1-EPHA2 forward signal
that promoted the angiogenesis and metastasis of BC [26]. Therefore, these exosome
proteins may serve as potential BC therapeutic targets.

2.1.4 Colorectal cancer

Due to carcinoembryonic antigen (CEA), carbohydrate antigen 19-9 (CA19-9),
and CA24-2 having poor specificity for the diagnosis of colorectal cancer (CRC)
[27], novel biomarkers need to be explored to diagnose CRC development. In recent
years, exosomal proteins have been explored for their potential clinical values to
serve as tissue and/or liquid biopsy biomarkers to diagnose early CRC. For example,
Sun et al. extracted the exosomes in tissues and plasma. They validated that the
fibrinogen beta chain (FGB) levels and beta-2-glycoproteinl ($2-GP1) levels of
exosomes in CRC tissue were significantly higher than those in paracancerous tis-
sues [28]. Notably, the areas under the receiver operating characteristic (ROC) curve
of plasma exosomal FGB and p2-GP1 as CRC biomarkers were 0.871 and 0.834,
respectively, higher than those of CEA (0.723) and CA19-9 (0.614) [28]. Another
oncogenic biomarker, exosomal GPC1 protein, was increased in tumor tissue and
plasma of CRC patients [29]. However, GPC1 was also highly expressed in other
tumor exosomes, which posed a challenge to the specificity of GPC1 in diagnosing
CRC. In addition, some exosomal proteins were also proved to be carcinostatic bio-
markers. For example, Jiang et al. verified that the level of exosomal angiopoietin-
like protein 1 (ANGPTL1) was significantly decreased in CRC tissues compared with
paired normal tissues and inhibited CRC metastasis to the liver [30]. Likewise, an
exosome protein profile result demonstrated that the adherence-related proteins
were enriched in the primary CRC cell (SW480) exosomes [31]. The metastatic fac-
tors (MET, S100 calcium-binding protein A8 (S100A8), SI00A9, Tenascin-C(TNC)),
signal transduction molecules (Ephrin B2 (EFNB2), Jaggedl (JAG1), SRC, Traf2-
and Nck-interacting kinase (TNIK)), and lipid raft and lipid raft-associated com-
ponents (Caveolin-1 (CAV1), Flotillin-1 (FLOT1), Flotillin-2 (FLOT2), Prominin
1(PROM1)) were enriched in the metastatic CRC cell (SW620) exosomes, which
were associated with tumor progression and poor prognosis [31]. Interestingly, most
exosomal proteins correlate with epithelial mesenchymal transition (EMT), migra-
tion, invasion, and angiogenesis. Therefore, exosomal proteins may be biomarkers
for predicting CRC metastasis.
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2.1.5 Pancreatic cancer

Pancreatic cancer (PC) is one of the most lethal malignant neoplasms worldwide
[32]. Existing tumor markers, such as CA19-9, cannot reasonably predict the occur-
rence and progression of PC, while exosomal proteins may play decisive roles in the
occurrence and development of PC [33]. Excitingly, exosomal GPC1 has also been
found in PC. Notably, the area under the ROC curve of GPC1 circulating exosomes
(from the serum of pancreatic ductal adenocarcinoma (PDAC), benign pancreatic
disease patients, and healthy donors) was 1.0, and the sensitivity and specificity of
exosomal GPC1 were 100% [33]. Moreover, the level of circulating GPC1 exosomes
was associated with tumor burden and the OS of PC patients [33]. Besides that, Xie et
al. also observed that the high expression of exosomal CD44v6 (CD44 variant isoform
6) and C1QBP (complement Clq binding protein) was associated with a poor progno-
sis and a higher risk of postoperative liver metastasis of PDAC [34]. Costa-Silva et al.
also found that exosomal migration inhibitory factor (MIF) was highly expressed in
PDAC patients, which promoted liver pre-metastatic niche formation and metastasis
[35]. The expression of exosomal MIF in PDAC liver metastasis was significantly
higher than those without liver metastasis [35]. Furthermore, exosome survivin-T34A
(T34A) enhances the sensitivity of gemcitabine to PC cells [36]. Importantly, these
biomarkers illustrate their potential value in predicting the occurrence and develop-
ment of PC.

2.1.6 Liver cancer

Hepatocellular carcinoma (HCC) is one of the most common forms of cancer
[37]. Although serum a-fetoprotein (AFP) has been widely applied as a biomarker
for diagnosis and dynamic monitoring of HCC, it is not elevated in each HCC patient
[38]. As a result, exosomal proteins have been searched for diagnosis, prognosis, and
treatment of HCC. Fu et al. reported that high exosomal small mother against deca-
pentaplegic family member 3 (SMAD3) protein level was positively related to tumor
size and TNM stage and correlated negatively with disease-free survival (DFS) [39].
Sun et al. also found that HCC patients with high plasma exosomal S100A4 had a poor
prognosis, which promoted HCC cell metastasis by activating the signal transducer
and activator of transcription 3 (STAT3)/OPN signal pathway [40]. Moreso, down-
regulated C-Type Lectin Domain Family 3 Member B (CLEC3B) in HCC-derived
exosomes promoted migration, invasion, and EMT of HCC cells via AMPK and
vascular endothelial growth factor (VEGF) signals. Furthermore, the downregulation
of CLEC3B in exosomes suppressed VEGF secretion in both HCC cells and endothelial
cells (ECs), eventually inhibiting angiogenesis [41]. Therefore, these studies suggest
that exosomal proteins play different roles in HCC development.

2.1.7 Prostate cancer

Prostate cancer (PCa) is a life-threatening disease among men worldwide [42].
Notably, prostate-specific antigen (PSA) has often been used as a diagnostic biomarker
for PCa [43]. However, due to PSA’ lack of sensitivity and specificity, new biomarkers
are urgently needed to assist in diagnosing, prognosis, and treating PCa [43]. A study
reported that plasmatic exosomes expressing CD81 and PSA reached 100% specificity
and sensitivity in distinguishing PCa patients from healthy donors [44]. Except for
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the blood exosomes, urine exosomal prostate cancer antigen 3 (PCA3) and trans-
membrane protease serine 2:ERG (TMPRSS2:ERG) derived from PCa patients can
also be used as non-invasive diagnostic biomarkers and monitor cancer patients’ PCa
status [45]. Another study reported that the urine exosomes integrin alpha-3 (ITGA3)
and integrins beta-1 (ITGB1) in metastatic PCa patients were higher than PCa and
benign prostatic hyperplasia (BPH) [46]. Plasma exosomal aldo-keto reductase family
1 member C3 (AKR1C3) have also been demonstrated to be associated with the OS

of PCa patient, which is recognized to be a potential prognostic biomarker for PCa
[47]. Furthermore, Krishn et al. demonstrated that avf3 integrin was transferred to
p3-negative recipient cells by exosomes derived from PCa patient plasma and can be
identified as a therapeutic target for PCa [48].

2.2 Application of exosomal proteins in other diseases: Diagnosis, prognosis, and
treatment

2.2.1 Cardiovascular disease

In recent years, many studies have paid more attention to the roles of exosomal
proteins in cardiovascular diseases (CVD). Notably, exosomal proteins from differ-
ent cell origination play critical roles in cardiac cell development [49]. For instance,
GLUT1, GLUT4, and lactate dehydrogenase (LDH) functioned in ECs for glucose
transport and metabolism in cardiac cell-derived exosomes [50]. Proteins carried by
exosomes using i vitro cultures of neonatal cardiac fibroblasts under normoxic con-
ditions are known to be associated with the extracellular matrix, cytoskeleton, mito-
chondrial, and nucleotide-binding [51]. Exosomal milk fat globule epidermal growth
factor VIII (MFGES) could activate phagocytic signaling and efficiently clear dead
cells, promoting cardiac recovery after injury [52]. Additionally, ex vivo, in vivo, and
in vitro studies using settings of ischemia-reperfusion found that exosomal HSP70
transmitted cardioprotective signals to the heart by activating the toll-like receptor
4 (TLR4) downstream signal pathway [53]. Exosomal-associated human antigen R
(HuR) has also been recently reported to increase inflammatory and profibrogenic
responses iz vitro and in vivo using diabetic heart models [54]. Thus, exosomal HuR
might be a therapeutic target to alleviate cardiac inflammation and fibrosis in diabetes
[54]. Hence, exosomal proteins can affect CVD by regulating metabolism, macro-
phage engulfment, and inflammatory and profibrogenic responses.

2.2.2 Respiratory system disease

Exosomes released from severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) infection induced tissue factor (TF) expression that may drive thrombosis
[55]. The EVs TF activity was related to disease severity and mortality and could be
a prognostic biomarker and therapeutic for coronavirus disease 2019 (COVID-19)
[55]. Monosialodihexosyl ganglioside (GM3)-enriched exosomes may contribute
to the pathological processes related to COVID-19 and provide the most significant
repository on the plasma lipidome and metabolome distinct to COVID-19 [56].
Moreso, in vitro studies have demonstrated that EV proteins, such as TNC, insulin-
like-growth-factor-binding protein 7 (IGFBP7), fibrillin-1 (FBN1), alpha-2 collagen
chain (I) (COL1A2), alpha-1 collagen chain (I) (COL1A1), and lysyl oxidase homolog
1 (LOXL1), secreted by fibroblasts might contribute to idiopathic pulmonary fibrosis
(IPF) [57]. Furthermore, exosomes also transferred proteins to distant recipient
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cells and were expected to be a new drug delivery system and a novel therapeutic
target [58].

2.2.3 Nervous system diseases

Parkinson’s disease (PD) and Alzheimer’s (AD) are classic chronic neurodegenera-
tive diseases [59]. Previous studies have reported few specific blood biomarkers in
diagnosing PD and AD [60]. This is, to some extent, likely attributed to the lack of
biomarker specificity [60]. For example, exosomal DJ-1 and a-synuclein in plasma
failed to distinguish between PD patients and healthy donors [60]. However, the
two proteins in plasma neural-derived exosomes could distinguish PD patients and
healthy donors [60]. Besides the circulating specimen, the urine exosomal Ser(P)-
1292 LRRK?2 (leucine-rich repeat kinase 2) was considered a biomarker associated
with PD progression [61]. In addition, the t-tau and p-tau levels derived from neuron
exosomes of mild-AD groups were significantly higher than age-matched controls and
mild cognitive impairment groups [62]. Likewise, exosomal growth differentiation
factor-15 (GDF-15) derived from bone mesenchymal stem cells (MSCs) was con-
firmed to alleviate SH-SYSY cell damage of AD by activating AKT/GSK-3p/p-catenin
pathway [63]. Thus, exosomal proteins from different specimen sources may be used
as potential biomarkers for diagnosis and prognosis of nervous system diseases.

3. Exosome RNA

Exosomal RNAs include miRNAs, circRNAs, IncRNAs, and mRNAs [64].
Additionally, evidence has established that exosomes play a significant role in tumori-
genesis and tumor progression by transferring miRNAs, circRNAs, and LncRNAs [1].
These exosomal RNAs are biomarkers and therapeutic targets for human diseases,
particularly malignant tumors.

3.1 Application of exosomal RNAs in tumors: diagnosis, prognosis, and treatment
3.1.1 Lung cancer

It has been reported that free RNA molecules secreted by tumor cells will degen-
erate in the bloodstream [65]. The exceptions are cell-free microRNAs that can be
detected in cancer patients’ blood plasma or serum [65]. Relevant RNA molecular
information, such as exosomes, may also be obtained in EVs [66]. The existing
literature also shows that exosomal RNAs play critical roles in different stages of the
development cascade of cancer. For instance, serum exosomal miR-96 and miR-23a
were upregulated in lung cancer and could be used as a biomarker for diagnosing
lung cancer [67, 68]. Besides circulating exosomal miRNAs, exosomes released from
bronchoalveolar lavage fluid could also serve as biomarkers for early lung cancer diag-
nosis. For instance, exosomal miR-126 and Let-7a from bronchoalveolar lavage fluid
were significantly higher in LUAD patients than in healthy donors [69]. Exosomal
miRNAs could be used as a prognostic biomarker for NSCLC development, such as
miR-23b-3p, miR-10b-5p, and miR-21-5p were found to be independently associated
with poor OS of NSCLC [70]. Moreso, exosomal circ-002178 was enriched in plasma
exosomes from LUAD patients and could be delivered into CD8" T cells to induce PD1
expression [71]. Exosomes from NSCLC patient serum were enriched with circSATB2,
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which has high sensitivity and specificity for clinical detection and is related to lung
cancer metastasis [72]. Furthermore, Lv et al. verified that exosomal long intergenic
non-coding 00662 (LINC-00662) promoted proliferation, invasion, and migration of
NSCLC by the miR-320d/E2F1 axis, indicating that LINC-00662 may be a potential
therapeutic target for lung cancer [73].

3.1.2 Gastric cancer

As discussed earlier, several circulating RNAs are excellent as potential diagnostic
markers of GC. Circulating exosomal miR-1290 has been reported to be upregulated
in various malignant cancers, including GC [74], LUAD [75], epithelial ovarian
cancer [76], and PCa [77]. Kumata et al. observed that the miR-23b in exosomes from
the plasma of GC patients was significantly lower than that of the healthy donors
[78]. Many studies have also confirmed that exosomal circRNAs act as molecular
sponges of miRNAs to regulate the proliferation, invasion, metastasis, and angiogen-
esis of GC cells [79-81]. Moreso, the circSHKBP1, elevated in GC tissues and serum,
promoted GC progression by sponging miR-582-3p to increase HuR expression
and suppress HSP90 degradation [79]. In contrast, exosomal circRELL1 has been
reported to inhibit the progression of GC via the circRELL1/miR-637/EPHB3 axis
[80]. Furthermore, exosomal IncRNA HOTTIP was also found to be a GC diagnostic
biomarker associated with poor OS of GC patients [82]. In summary, these exosomal
RNAs may serve as potential biomarkers for GC.

3.1.3 Liver cancer

Much evidence has demonstrated that exosomal RNAs are involved in the
growth, metastasis, and angiogenesis of HCC cells and could be used as diagnos-
tic and prognostic biomarkers and therapeutic tools in HCC [83, 84]. Notably,
exosomal miRNAs have been studied as the potential diagnostic biomarker for
HCC. For example, serum exosomal miR-122, miR-148a, and miR-1246 were
significantly higher in HCC patients than in liver cirrhosis and healthy donors [85].
Interestingly, exosomal miR-101, miR-106b, miR-122, and miR-195 were signifi-
cantly lower in HCC serum than in chronic hepatitis B (CHB) [86]. A study also
reported that high serum exosomal miR-638 was associated with HCC recurrence,
suggesting the potential of exosomal miR-638 as a reliable biomarker for prognos-
tic monitoring [87]. Another study reported that serum exosomal circPTGR1 was
upregulated in HCC patients and associated with the TNM stage and OS. Moreover,
exosomal circPTGR1 has promoted the proliferation, invasion, and migration of
HCC via the miR-449a-MET axis [88]. Beyond miRNAs, some IncRNAs in exo-
somes may also be served as the promising diagnostic marker for HCC. Sun et al.
indicated that the serum exosomal LINC-00161 was higher in HCC patients than
in healthy donors, suggesting that LINC-00161 could be a potential diagnostic
biomarker for HCC [89].

3.1.4 Breast cancer

Most BC patients are hormone-dependent [90]. Increasing evidence demonstrated
that exosomes play an essential role in breast tumorigenesis and progression by
transferring miRNAs and LncRNAs [1]. Triple-negative breast cancer (TNBC) refers
to the expression of estrogen receptor (ER), progesterone receptor (PR), and HER2
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being negative in BC tissue [91]. Notably, miR-30b was associated with recurrence,
and miR-93 was abundant in ductal carcinoma in situ (DCIS) [92]. Circulating
exosomal miR-373 has been enriched in TNBC, and serum exosomal miR-373 was
higher in ER-negative and PR-negative patients than in patients with hormone-
receptor-positive patients [93]. In contrast, exosomal miRNAs, such as miR-16, were
particularly enriched in estrogen-positive BC patients [92]. These studies remind

us that the expression level of miRNAs in exosomes may contribute to the luminal
classification of BC. Beyond miRNAs, circPSMA1 in exosomes acted as a “miRNAs
sponge” to absorb miR-637 [94]. It could transmit migration and proliferation capac-
ity to recipient cells to promote TNBC cell proliferation, migration, and metastasis via
the miR-637/Aktl1/B-catenin (cyclin D1) axis [94]. The IncRNA DARS-AS1 delivered
by exosomes has been found to effectively inhibit TNBC cell growth and liver metas-
tasis [95]. Thus, different RNA types can play different roles in TNBC development.
To date, drug resistance is a significant obstacle to BC treatment [96]. Many pieces of
evidence have demonstrated that exosomes regulate drug resistance for BC by deliver-
ing RNA. For instance, Han et al. demonstrated that miR-567 delivered by exosomes
increased the sensitivity of BC cells to trastuzumab [97]. Similarly, IncRNA H19 could
be transferred via exosomes to sensitive cells, leading to doxorubicin resistance in BC
[98]. Thus, these studies strongly suggest that exosomal RNAs are known to act as
biomarkers for BC development and drug resistance.

3.1.5 Colorectal cancer

Exosomes carry and deliver specific molecules and have been found to mediate
crosstalk between primary cancer sites and metastatic cancer loci [31, 84]. Exosomal
miR-10a derived from SW480 cells inhibits human lung fibroblast migration and
inflammatory factors releases, transferring the metastasis suppression signal to
primary CRC [99]. Further studies have established a pair of human liver fibroblast
cell lines to confirm the regulation function of miR-10a-5p between primary CRC and
metastatic liver loci [100]. As mentioned above, abnormal expression of exosomal
RNAs in peripheral blood can also be considered emerging diagnostic, prognostic,
and therapeutic biomarkers of CRC. For instance, exosomal miR-1229 is significantly
upregulated in the serum exosomes from CRC patients and was associated with tumor
size, TNM stage, lymphatic metastasis, and poor OS [101]. Zeng et al. also found
that miR-25-3p could form a pre-metastatic niche via stimulating angiogenesis and
vascular permeability in CRC [102]. Circulating exosomal circRNAs could also serve
as strong diagnostic biomarkers for CRC. Serum exosomal circ-0004771, circPNN,
and circFMN2 levels were significantly upregulated in CRC patients [103-105].
Exosomal circ-133 was also significantly upregulated in the plasma of CRC patients
and associated with hypoxia and cell metastasis by miR-133a/GEF-H1/RhoA axis
[106]. Moreover, the mechanisms for targeting dysfunctional exosomal LncRNAs are
being developed to treat CRC. For example, exosomal LINC-00659 has been found
to promote CRC cells proliferation, invasion, migration, and EMT by miR-342-3p/
ANXA2 pathway, suggesting that LINC-00659 could work as a potential biomarker
for selecting a suitable treatment strategy [107]. Essential to the development of
improved therapeutic strategies is a mechanistic understanding of exosome-mediated
cell communications. Furthermore, MSCs -derived exosomes have been used as carri-
ers to deliver anticancer agents in CRC [108]. Notably, this therapeutic effect is based
on direct cell-cell communications and indirect communications mediating by cell
secretome [109].
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3.2 Application of exosomal RNAs in other diseases: Diagnosis, prognosis, and
treatment

3.2.1 Cardiovascular disease

As mentioned earlier, exosomal RNAs secreted from senescent cells are considered
to be associated with CVD and vascular aging [110]. miR-155 contained in exosomes
is transferred from smooth muscle cells to endothelial cells to induce endothelial
injury and promote atherosclerosis [111]. In diabetic cardiomyopathy, miR-320 is
enriched in diabetic patients and could inhibit Hsp20 in endothelial cells, exerting
an anti-angiogenic function [112]. Additionally, exosomal LOC100129516 has been
found to ultimately alleviate the progression of atherosclerosis and decrease the
cholesterol level via the PPARy/LXRa/ABCA1 pathway [113]. Therefore, these studies
suggest that the pathologic role of exosomes involves RNA delivery and could contrib-
ute to developing diabetic cardiomyopathy via different cell signals.

3.2.2 Autoimmune disease

Autoimmune diseases may be related to genetic, environmental, hormonal, and
immunological factors [114]. Mounting evidence indicates that exosomes play an
important role in autoimmune diseases, such as systemic lupus erythematosus (SLE),
rheumatoid arthritis (RA), and ankylosing spondylitis (AS). For example, it was
demonstrated that urinary exosome miR-146a level was significantly increased in
SLE patients compared with healthy donors. Its expression level was closely related
to renal injury index, like proteinuria, histological features, and lupus activity [115].
It was also verified that exosomal circEDIL3 suppresses inflammation-induced
angiogenesis and ameliorates RA via the miR-485-3p/PIAS3/STAT3 pathway [116].
In addition, the expression of serum exosomal nuclear paraspeckle assembly tran-
script 1 (NEAT1) in RA patients was higher than that of healthy donors. Moreover,
NEAT1 has promoted the progression of RA by downregulating miR-144-3p and
upregulating Rho-associated protein kinase 2 (ROCK2), suggesting that NEAT1 may
be a potential biomarker and therapeutic target for RA [117]. The levels of exosomal
circRNA:s, like circ-0110797, circ-0097378, circ-0122309, circ-0058275, and circ-
0008346 in AS, were significantly down-regulated compared with healthy donors,
providing more optional biomarkers for the early diagnosis of AS [118].

4. Exosome DNA

Circulating tumor DNA (ctDNA) fragments are released by tumor cells into the
bloodstream. The information on genomic alterations identified in tumors, includ-
ing point mutations, rearrangements, amplifications, and even gene copy variations,
could be identified by analyzing ctDNA molecules [119]. Although cancer detection
by monitoring ctDNA is an area of active investigation, identifying very low amounts
of ctDNA in blood samples with variable amounts of free DNA (cfDNA) remains
challenging. To date, the studies focused on exosome DNA (exoDNA) are fewer than
those on exosome RNA and protein [120]. It is revealed that a variety of cancer-derived
DNA markers in exosomes by high throughput genome and transcriptome comparative
analyses, including copy number, point mutation, insertion, deletion, and gene fusion.
ExoDNA has great potential for disease diagnosis, prognosis assessment, and treatment
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monitoring. For instance, methylation tests of exoDNA and/or ¢fDNA derived from the
gastric fluid can be used to diagnose GC. In fact, the difference between exoDNA and
cfDNA is that the former derives from living cells, the latter from dead ones [121]. Urine
from bladder cancer patients contained significant amounts of exoDNA compared with
healthy donors [122]. Bernard et al. studied that the increased level of exoDNA was
significantly associated with disease progression. Moreover, PC patients with metasta-
ses and detectable ctDNA at baseline status had poor progression-free survival (PFS)
and OS compared with patients without detectable ctDNA [123]. Degli Esposti et al.
also demonstrated that neuroblastoma patients with high tumor mutation load values
in exoDNA had a worse outcome than those with lower values [124]. Importantly, the
advantage of exoDNA is that they are stable enough to be analyzed retrospectively
from frozen bio-banked samples [125]. Meanwhile, exoDNA widely exists in various
body fluids and can be easily collected [126]. Therefore, exoDNA may be an ideal liquid
biopsy method and a novel tumor marker. However, due to the uncertainty of technical
methods and high cost, research on exoDNA is relatively limited.

5. Problems and prospects of exosomes

Exosomes can be isolated from multiple sources, including cell culture medium,
body fluids, and tumor tissues [28, 127, 128]. Thus, the components of exosomes
have potential applications in diagnosis and prognosis for cancer and other diseases.
Nevertheless, the basic application of exosomes is at an early stage and restricts their
clinical application. Furthermore, considering that the tissue collection method is a
non-invasive procedure, patient compliance may also limit the clinical application of
exosomes.

5.1 Various isolation methods of exosomes

Exosomes can be extracted by differential ultracentrifugation (UC), density
gradient fractionation, polymeric precipitation, microfluidics techniques, and
immunoaffinity isolation [129]. The major problem is the different methods will
cause significant differences in the composition and content of exosomes. In addition,
the low amounts of components in exosomes led to difficulties in quantification. To
date, differential UC is the most commonly used isolation method to harvest highly
purified exosomes from a cell culture medium [130]. Polymeric precipitation requires
little hands-on time but produces the highest contamination [131]. Additionally,
immunoaffinity isolation is based on the characteristic surface proteins on certain
exosomes [132]. Antibodies conjugated with beads can select the desired exosomes
(immuno-enrichment) or trap unwanted exosomes (immuno-depletion) [129].

This selection process makes it possible to clarify unique exosome populations while
undoubtedly leading to lower yields [129]. Each method has advantages and limita-
tions and varies in the quantification of exosome size [133]. As exosomes diagnostic
and prognostic platforms become available, there will be requirements for clinical
application and manufacturing standards development.

5.2 Differences in research institutions

A biomarker that can be used in clinical applications should meet the following
premise: There should be no statistically significant differences between different
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detection institutions, detection methods, and researchers. However, it is not the case
in the current situation of studying exosomes. For example, a report indicated that
surface protein CD47 in circulating exosomes was higher in healthy than BC patients
[134]. However, exosomal CD47 in BC patients was reported to be significantly higher
than those in healthy controls [19]. Thus, the standards of specimen source, collec-
tion, and process in different institutions should first be well established.

5.3 The differences generated by sources of specimen

Specimens for clinical application could be obtained from blood, tissues, and other
biological fluids, like urine, hydrothorax, ascites, and cerebrospinal fluid [6, 28].
Among all these specimens, serum and plasma are the most suitable for reflecting
healthy or diseased conditions, genetic variations, environmental factors, lifestyle,
nutrition habits, and drugs [6]. They can also provide important information at a sys-
temic level [6]. Nevertheless, the exosomal contents from plasma and serum simul-
taneously and place have been identified to differ in the stability and composition of
metabolome and lipoproteome [6]. Thus, the criterion should be established for using
different specimens, and collection tubes, even among the same blood matrix.

6. Conclusions

In summary, technological improvements and our understanding of exosomal
proteins, nucleic acids, and their exosomal content profiles may provide diagnostic,
prognostic, and therapeutic clues for diseases in the future.
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Chapter 9

Perspective Chapter: Development
of Exosomes for Esthetic Use

Byong Seung Cho and Diane Irvine Duncan

Abstract

While there are thousands of peer-reviewed papers on exosomes, most of the
work has been done in the medical field. Studies and clinical trials on exosome-related
products for the esthetic industry have just begun to be a regular occurrence. One
of the reasons for this is a lack of regulatory approval for any exosome use. The FDA
does not regulate topical cosmetic use, while only a few exosomes are registered on
the International Cosmetic Ingredient Dictionary (ICID) of the Personal Care Product
Council (PCPC), so most esthetic providers are utilizing exosomes in this manner.
Clinical uses for exosomes in esthetic practice include the treatment of burns, active
acne, atopic dermatitis, and chronic skin irritations. When used in combination with
energy-based device treatment, exosomes reduce inflammation and redness, improve
the rapidity of healing for laser and microneedling patients, and reduce the tendency
for fibrosis and thick hypertrophic scar formation when used topically. Byong Cho is
the CEO & CTO of ExoCoBio, one of the four largest exosome companies globally. He
has developed a large research, development, and GMP manufacturing facility just
south of Seoul, Korea. His topic, the development of exosomes for clinical esthetic
use, will take us through the process of developing a safe and cost-effective biological
regenerative product while staying in line with regulatory limitations.

Keywords: regenerative, esthetic, exosome, secretome, scar treatment, resurfacing,
hair restoration, burn treatment

1. Introduction

I first learned about exosomes in early 2016. I heard the word “exosome” for the
first time from a close friend and professor of biology. After that, for several months,
I did basic research and study on papers and patents related to exosomes [1]. Through
this, I found that exosomes can develop a completely new biotech technology, and
in particular, I became very interested in “stem cell-derived exosomes” for regenera-
tion and dermatological applications. During 6 months in 2016, I was able to secure
basic knowledge about it. In addition, it was identified that stem cell exosomes have
great potential as a next-generation regeneration plus anti-inflammation technology.
Further, I became very interested in Dr. Sai Kiang Lim, and her brilliant discovery,
who discovered stem cell-derived exosomes for the first time in the world [2].
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Additional factors that made me interested in exosomes in 2016 include my back-
ground. I had more than 15 years of experience in investing in biotechnology and com-
mercialization in venture capital. After putting together 2 biotech startups in early 2002,
I was the first venture capital investor in Asia who supported the commercialization of
botulinum toxin technology. I have continued to have a deep interest and experience in
the field of medical esthetics since then, and I thought that I found “something new”
about the commercialization potential of stem cell-derived exosomes. I have been con-
tinuously trying to find and commercialize new technologies in the field of “regenerative
medicine or aesthetics” for more than 10 years before knowing about exosomes.

My vision was to fill an unmet need for our global aging population. While there
are botulinum toxins, dermal fillers, & energy-based devices, not all of them would
be appropriate for very senior people. We would need something new—a regenera-
tive esthetics or regenerative medicine treatment option that might be able to reverse
certain aspects of aging. Also, stem cell-derived exosomes can be used to treat
incurable or very difficult skin diseases like dermatitis, psoriasis, scleroderma, skin
fibrosis, and so on, based on the dual and synergistic function of regeneration and
anti-inflammation. This premise of exosome therapy could certainly expand the field
of regenerative dermatology.

2. As a pioneer in the field, what were your first steps in developing
exosomes?

After learning about exosomes, the most important tasks for me were (1) establish-
ing a business plan, (2) licensing and developing exosome technology, (3) financing to
create a successful exosome startup, (4) registering adipose stem cell-derived exosomes
as a cosmetic ingredient, and (5) finding a partner for marketing and sales in the US.

While exploring numerous scientific papers and patents on exosomes around
the world [3, 4], I sought what kind of business to do with exosomes. In particular,
the biggest challenge was to determine whether stem cell exosomes would become a
major technology in the field of “regenerative medicine or regenerative aesthetics” in
the future. And, since then I had no exosome technology on my own, and to license
stem cell exosome technology, I read all the publications of Dr. SK Lim and directly
contacted her to discuss technology licensing and to have her as a scientific advisor
for 6 months in 2016. While studying other scientists’ technologies and patents [5, 6],
I was able to build a solid business plan at the time of ExoCoBio’ establishment. Of
course, since exosome technology is in its infancy, and I thought there would be many
changes in the future, I planned to develop various types of exosome-based esthetic
technologies and products in my 5-year business plan (Figure1).

In the commercialization of new technology such as exosomes, the most important
thing was a series of financing to support the business plan. With my early ideas, I
made lots of calls to my VC friends to pre-market the business plan for 6 months.

At that time, I had about 15 years of experience in the venture capital industry

and successful commercialization and IPO (Initial Public Offering) of two biotech
companies. With this background, I felt I could incorporate ExoCoBio in Jan 2017. Just
after 3 months, I was able to raise about USD 12 million in March 2017 through Series
A financing and angel financing from multiple venture capital firms and individuals.
It was the biggest financing as Series A funding for a biotech startup in South Korea.

Our first office was small. After setting up my business plan and team build-
ing, ExoCoBio was incorporated in a tiny office of about 270 SqFt outside Seoul,

174



Perspective Chapter: Development of Exosomes for Esthetic Use
DOI: http://dx.doi.org/10.5772/intechopen.111846

Volunteer 1 Volunteer 20
Before 8 weeks after Before 8 weeks after
B e N m e
® .
. lL ‘
S ] \
@
S ! |
@ \
(2] ' i
Q ] |
< { \
i | 1

-ﬂ ——“ - L
. | .
E |
o
Q

L

Figure 1.
Clinical evaluation of the skin brightening effect of ASC-exosomes.

South Korea, in Jan 2017. The company successfully raised about $2 million from indi-
vidual investors to get the first office and ExoCoBio got a small and humble laboratory
in a university to start to develop our own manufacturing process of cell culture, TFF
process, in vitro tests, and others.

One of the most significant jobs in 2017 was to register our own exosomes based on
adipose stem cells (ASCE) to the ICID of the PCPC in the US. Since I knew that cos-
metic registration was critical to commercialize this new exosome technology, and, I
wanted to be the first in the world, the registration process was started immediately
after the financing around April 2017. It took about 9 months which was longer than
expected, because there was no predicate ever of cosmetic exosomes. With all the
efforts, ExoCoBio became the first to have the International Nomenclature Cosmetic
Ingredient (INCI) name and, still now, ExoCoBio has proudly the biggest number of
exosome registration in the ICID.

The last job to develop a successful exosome business in 2017 was to find a partner
who can do market this new technology and sell our products even before we have an
actual product of ASCE 2 years ago. So, I was introduced to BENEV Inc. in California,
US, which had about 20 years of experience in growth factor-based esthetic products
worldwide. When I first met Mr. Ethan Min at his office in May 2017, in Mission
Viejo, CA, we did talk a lot about our experiences and business plan including the
product concept for several hours. Very fortunately, we had the same mind! He gave
me important insight into the future of regenerative esthetics based on exosomes and
then we initiated to collaborate to be the first and to create a new industry.

3. Were there any sources (say bone marrow) that you tried and discarded?
Why choose ADSCs for cosmetic use?

This is a very good question. It seems that many scientists and doctors have a
misunderstanding about the source and quality of exosomes, especially about adipose
stem cell-derived exosomes (ASCE).
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So far, ExoCoBio has been focusing on adipose stem cell-derived exosome
technology.

In 2019, ExoCoBio conducted an internal comparison of three types of stem cell
exosomes. In other words, we cultured three types of adipose tissue-derived stem
cells, umbilical cord-derived stem cells, and Wharton Jelly-derived stem cells and
isolated exosomes from each. Then, when in vitro efficacy tests were done, there was
no significant difference in efficacy. Through this series of internal studies, it was
determined that adipose stem cell exosomes are the most commercially superior in
terms of efficacy and cost.

Adipose stem cell exosomes produced by ExoCoBio have been proven with 8 scien-
tific publications [7-12] and 48 patents including 8 US patents, that they will be the most
effective in the esthetic field. For example, our clinical trial demonstrated that skin with
acne scars was improved by the combined use of exosome derived from adipose tissue-
derived mesenchymal stem cells with fractional CO, laser would provide synergistic
effects on both the efficacy and safety of atrophic acne scar treatments [11].

As of March 11, 2023, there are 5609 “stem cell exosome” papers searched in
Pubmed, including 625 “adipocyte stem cell exosome” papers, which is a signifi-
cant proportion. I believe absolutely that ASCE has been scientifically validated.
ExoCoBio is the only company that has performed a double-blinded, randomized,
and split-face clinical study based on any kind of stem cell exosomes in the world.
Also, according to a paper published by Xu, H. et al. in 2019 (41), it is known that
adipose stem cell exosomes have the highest regenerative effect and contain the most
growth factors for cardioprotection and anti-apoptotic effects than other exosome
sources (Figure 2).
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Figure 2.
Effects of ASC-exosomes on skin.
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Some important discoveries made in the field of stem cells over the past 20 years,
and as a result, several pros and cons were found. Exosomes derived from stem cell
has been studied and the results of published articles demonstrated that exosome can
overcome the cons of stem cell [13]. Stem cells and exosomes are different in many
ways. In addition, adipose stem cell exosomes have the following advantages:

Stem cells and stem cell exosomes are fundamentally different. Stem cells are live
cells, but stem cell-derived exosomes are not live. In terms of the risk of adverse
effects, since exosomes are not living cells, there is a much lower risk of adverse
effects, such as immune rejection, tumor formation, and infection, which can
occur with stem cell transplantation.

There are a variety of stem cells, but each seems to have different characteristics.

In particular, in terms of anti-inflammatory effect, adipose stem cells and their
exosomes are judged to be the most excellent [14]. According to our unpublished
findings, ASCE contains a huge number of miRNA-let-7, as the most abundant
miRNA among about 200 types of miRNAs inside exosomes. Actually, miRNA-let-7
is the most well-known anti-inflammatory as well as an anti-cancer miRNA [15].

The largest organ in the human body is the “skin” [16]. The skin is the most
important organ that protects us from the external environment. In addition,
“subcutaneous fat” is the organ with the biggest number of stem cells in our body
[14]. Therefore, adipose stem cells, as one of the most critical parts of our skin,
constantly secrete exosomes to protect us and keep our skin healthy and young.

In addition, when researchers compare and analyze the three types of stem cells,
adipose stem cells are usually compared after being collected from adults. In this
case, of course, the cell passage number, which is the number of times that the
culture has been sub-cultured, is high, so it is not fair to compare these with younger
stem cell populations. If we compare these with umbilical cord-derived stem cells,
for example, at passage 5, we think we should compare adipose stem cells with the
same passage number. However, since most papers compare stem cells with different
passage numbers, it is presumed that there are significant errors in comparative data.

Moreover, exosomes seem to have significantly different efficacy depending on
the way they are produced. ExoCoBio has been continuously developing and
upgrading the patented ExoSCRT™ technology (KR Patent No. 10-1,895,916) for
mass manufacturing of exosomes at the highest and consistent quality in compli-
ance with the Good Manufacturing Practice (GMP), with 4 master cell banks
created which store autologous adipose tissue-derived stem cell at passage 2 with
stem cell positive markers and without negative markers.

Lastly, adipose stem cells are the most accessible cell source of the lowest cost.
Through this, it is possible to produce exosomes at the most affordable price.

4. Were there any processes production wise that you tried and changed?

In my view, there are a few important decisions to make or still to develop some-
thing to have better exosomes. ExoCoBio has tried to improve some parts in the last
few years.

177



Exosomes — Recent Advances from Bench to Bedside

First, we need to think about the purity and impurities of exosomes. This is also
related to regulatory affairs. During the last two decades or more, multiple clinical
studies [17, 18] have shown that stem cells, including allogeneic stem cell treatments,
are generally safe. So, it is very natural that stem cell-derived exosomes are believed
to be generally safe, even though we need to do an extensive toxicological evaluation
in the future. How many impurities can a product contain and retain safety? For
example, any blood-derived exosomes may naturally contain lots of lipoproteins or
proteins aggregate during the isolation process. Though not toxic, the presence of
these may dilute the efficacy of the exosome product.

Second, the choice of a storage buffer is very important to maintain the potency of
exosomes in the long term. For many companies and scientists, exosomes including
stem cell exosomes are produced and stored in a phosphate-buffered saline (PBS) or
similar simple buffer, which can easily degrade the quality of exosome in a short time,
as published in the Journal of Extracellular Vesicles by Dr. Samir Andaloussi et al. in
2022. Dr. Andaloussi discovered that exosomes are drastically fractured at all tem-
peratures of +4 ~ —80 degrees in Celsius tested. This may be a reason why many liquid
exosome products currently available on the market have limited or less efficacy in
the field. ExoCoBio has been focused on developing its proprietary formulation for
long-term stability.

Third, lyophilization is the best process for the long-term storage of exosomes at
present. Combined with a specific formulation of storage buffer, lyophilization can
extend and keep the quality of exosomes shelf stable for 2 years. Two different groups
of scientists have proven that they could produce exosomes in compliance with the
GMP procedure a few years ago [19, 20]. Liquid or frozen exosomes are stable only for
a limited time or only in a special formulation. A challenge in clinical practice is the
storage of exosomes in a cryo tank or a special freezer that generates temperatures of
—80 degrees Celsius. If the cryo tank runs out of nitrogen, or the power is off during
the weekend, the costly exosomes are no longer usable. Stability on the shelf at room
temperature or in a standard refrigerator can help a clinic maintain safety standards
more easily than with demanding specialized laboratory equipment.

Fourth, pure exosomes are efficacious, but the effects could be further improved.
From our studies, exosomes are found to be significant “seeds” or triggers for regenera-
tive or anti-inflammatory effects, because exosomes contain a huge number of growth
factors, cytokines, short-chain RNAs, peptides, and lipids. However, for example, when
we added specific amino acids or other small peptides, efficacy was better for regenera-
tion as well immune modulation in our experiments. Furthermore, due to the high cost
of pure exosomes, market acceptance has been limited. ExoCoBio has decided to change
its product strategy and become the first company to develop a combination of formula-
tion processes in order to stimulate the potency of stem cell-derived exosomes. In this
way, we could provide quality products based on ASCE. ExoCoBio is very proud to help
people suffering from a variety of problematic skin conditions in addition to regular
cosmetic uses around the world.

5. A similar question for extraction. Did you try ultracentrifugation and
then discard that method? Why?

Since the beginning of 2019, ExoCoBio has conducted various studies on the
method of isolating exosomes. There are about 9 different methods to extract
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exosomes from conditioned media of stem cell culture. The most frequent way is
ultracentrifugation, well known by many publications at that time [21].
We saw the advantages of ultracentrifugation for exosome isolation as follows:

Easy to Use: Ultracentrifugation is one of the most effective methods for isolating
exosomes from biological fluids and can provide high yields of pure exosomes.

Versatility: Ultracentrifugation can be used to isolate exosomes from a wide
range of biological fluids, including blood, urine, and saliva.

Established protocol: Ultracentrifugation is a well-established technique for exo-
some isolation, with many published protocols and established best practices.

Compatibility with downstream analysis: Exosomes isolated by ultracentri-
fugation are compatible with a wide range of downstream analyses, including
Western blotting, ELISA, and electron microscopy.

However, the long-term goal of ExoCoBio was to provide high quality exosomes
at an affordable price. From that point of view, there were these disadvantages of
ultracentrifugation for mass manufacturing of exosomes as follows:

Time-consuming: Ultracentrifugation can be a time-consuming process, espe-
cially when processing large volumes of the sample or separating exosomes from
other vesicles with similar sedimentation rates.

Expensive: Ultracentrifuges are expensive instruments that can require special-
ized training and maintenance, making them inaccessible to some researchers.

Potentially damaging: Ultracentrifugation can potentially damage exosomes,
especially if the conditions are not optimized for the specific sample being
processed.

Limited specificity: Ultracentrifugation can isolate a range of vesicles, including
exosomes, but may also co-isolate other vesicles or non-vesicular components,
reducing the specificity of the isolation method.

Therefore, ExoCoBio decided to utilize another technology and process, namely
tangential flow filtration (TFF). This is a membrane-based separation technique used
to separate and concentrate biological molecules and particles from a liquid sample.

It involves passing the sample across a semipermeable membrane under pressure,
allowing smaller molecules or particles to pass through the membrane while retaining
larger molecules or particles on the membrane surface.

TFF could be used for a variety of applications that can process the large volume of
stem cell conditioned media, including:
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* Harvesting and concentrating cells or cell debris from a culture or fermentation
broth.

Actually, at that time, ExoCoBio found that TFF was very similar to the serial
filtration method used in the first publication of Dr. SK Lim about 15 years ago [2].
To find exosomes, Dr. Lim performed a series of filtration with different pore sizes to
track down the paracrine effect of stem cell-derived exosomes.

TFF is a versatile and scalable technique, which can be easily adapted to pro-
cess large or small volumes of a sample. It can be combined with other separation
techniques, such as chromatography, to achieve a higher degree of separation or
purification. TFF is widely used in bioprocessing, biopharmaceutical production, and
research applications.

6. Now that you have your new facility, tell us what your company is
currently doing

After 3 years and still ongoing about $20 million investment, ExoCoBio built the
world’s largest GMP mfg. facility of ASCE production, named ExoGMP™ in Osong,
South Korea. The purpose of ExoGMP is to produce intravenously injectable grade
exosomes that are fully GMP-compliant, for regenerative medicine and regenera-
tive esthetics as well. Though neither KFDA nor FDA approval for this use has been

Figure 3.
ExoGMP™ in Osong, South Korea.
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achieved, the company plans to be ready with this type of product once regulatory
approval has been achieved (Figure 3).

ExoCoBio has installed more than 200 instruments and equipment, trying to
establish about 300 standard operating procedures (SOP). Our team is committed to
the production of quality exosomes and finalizing all the qualifications to hopefully
produce the first batch of clinical-grade exosomes in the second quarter of 2023.
ExoCoBio plans to initiate a Phase 1 clinical study in 2025.

The future of exosomes in esthetic medicine looks strong. However, regulatory
issues are still a hurdle. Currently, there are no approved uses for exosomes, either in
the medical or esthetic field. While the FDA does not regulate topical cosmetic use,

a provider cannot claim to be using the product “off label” if injecting into patients.
To stay safe, all exosome use should remain as a topical cosmetic product until full
regulatory approval has been obtained.

Many postulations regarding future uses for exosomes have been made. From
curing cancer to the reversal of genetic mutations and epigenetic cellular change, the
potential for exosome therapies appears to be broad and strong. A current challenge is
reading the “message” or contents of each exosome. Targeted or programmed exo-
somes would be able to direct recipient cells to behave in a certain way. Because of the
popularity of the term, many products claiming to have exosomes either have none or
have a minimal amount. While exosomes are not living cells, proteins in the contents
will degrade over time, so without proper storage formulation, long-term shelf stabil-
ity is not possible. Exosomes are merely a vehicle for the message they contain. Once
we can safely and cost-effectively tailor the directions for cellular change that these
tiny particles carry, we can potentially direct recipient cells to repair, reverse such
processes as methylation or senescence, and reacquire lost metabolic functions.

7. Plant-derived extracellular vesicles

Plant exosomes, also known as extracellular vesicles, are small membrane-bound
vesicles that are released by plant cells into the extracellular space. They are similar
in structure and function to exosomes found in animals and other organisms. Plant
exosomes contain various molecules such as proteins, lipids, and nucleic acids, which
can be delivered to target cells and tissues to regulate various biological processes [22].

Research on plant exosomes is still relatively new. However, plant exosomes are
involved in various physiological and developmental processes, such as cell-to-cell
communication, stress response, and defense mechanisms. They have also been
shown to play a role in inter-kingdom communication, where they can be taken up
by other organisms such as fungi and bacteria [23]. In terms of anti-inflammation or
immune modulation, edible P. lobata-derived exosomes promoted M2 macrophage
polarization [24].

On Pubmed (pubmed.ncbi.nlm.nih.gov), we can find about 450 publications. One
of the earliest publications is about multivesicular bodies (MVBs)-derived exosomes
[23]. Further, one of the most recent publications is about the drug-delivery approach
based on plant-derived exosomes for the treatment of inflammatory bowel disease
and colitis-associated cancer [25]. In this publication, the isolation of plant-derived
exosomes was done by ultracentrifugation mostly and it was found that the intake of
plant miRNA may have a variety of effects on our bodies.

One of the R&D projects of ExoCoBio was to expand and apply ExoSCRT™ tech-
nology into plant- or microbial-derives extracellular vesicles or exosomes, to find
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new material. In that way, I was very interested in rose stem cell (Callus) — derived
EVs (RSCE), because (1) roses have been the most popular plant and a cosmetic
ingredient for humans, (2) there has still no scientific discovery on the contents of
the rose stem cell-derived exosomes. ExoCoBio has been researching to isolate and
characterize RSCE for the last 3 years and found a few biological functions as follows
(As of now, all the data on RSCE are unpublished, to be submitted for publication
soon.):

* Rose stem cell exosomes (RSCE) were obtained by separating and refining
the RSC culture supernatant. The physical characteristics of the lipid mem-
brane and the sizes of 30-200 nanometers were confirmed through Nano
Tracking Analysis (NTA) and Transmission Electron Microscope (TEM)
(Figures 4 and 5).

* Preliminary miRNA analysis revealed that RSCE has more than 1000 kinds of
miRNA which are mostly de novo sequences. Only about 30 kinds of them have
been matched to human-derived miRNA sequences. Most of them are related to
housekeeping functions.

* RSCE could increase the collagen production of human dermal fibroblasts by

40-120% in a dose-dependent manner and promote cellular migration by more
than 20%.

* RSCE was found to have an anti-inflammatory function that the IL-6 production
of macrophages was also reduced to 50-60%, depending on its concentration

(Figure 6).
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RSCE NTA analysis. Source: ExoCoBio Inc. (unpublished data).
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Figure 5.
RSCE TEM image. Source: ExoCoBio Inc. (unpublished data).
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Figure 6.
Collagen synthesis of RSCE in human dermal fibroblasts (HDF). *note: Rose callus CM is the supernatant of the
stem cell (callus) culture of rose. Source: ExoCoBio Inc. (unpublished data).

One disadvantage of plant-derived exosomes is that there is no universal quality
standard yet. Many of the previous studies were done before the announcement of
the minimal requirements established by the International Society of Extracellular
Vesicles (ISEV). So, we need to be cautious in evaluating the data and results and
make sure how to isolate and characterize plant-derived EVs. Moreover, the biogenesis
pathways of plant-derived exosomes are also not well defined yet. Classifying plant-
derived exosomes with the current terms used for animal EVs is still difficult due to a
lack of current level of scientific discovery.

I believe that when we consider that microbes or bacteria are releasing extracel-
lular vesicles and that kind of biology is universal across the kingdoms and species, it
is very worth researching plant-derived EVs indeed for next-generation plant biology.
ExoCoBio and other companies are trying to commercialize them as cosmetics or
skincare products on the market.
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8. Previous Writing

8.1

What is skin?

Our skin is a vital and complex organ that plays a crucial role in maintaining our

overall health and well-being. Skin is the largest organ of the human body, and it

is the outermost layer that covers and protects our entire body. It is a complex and
multifunctional organ that serves many purposes. Some of the primary functions of
the skin include:

* Protection: The skin acts as a barrier against harmful environmental factors such

as UV radiation, pollution, and bacteria, which can cause damage or infection.

* Sensation: The skin contains a vast network of nerve endings that detect sensa-

tions such as touch, pressure, temperature, and pain.

* Thermoregulation: The skin helps to regulate body temperature by releasing

sweat, which cools the body down, and constricting or dilating blood vessels to
conserve or release heat.

* Hair: The skin plays an essential role in the growth and maintenance of hair. Hair

is produced by hair follicles, which are small structures located in the dermis
(the middle layer of the skin). The hair follicles contain specialized cells called
keratinocytes, which produce the hair shafts that grow out of the follicle.

* Vitamin D synthesis: The skin produces vitamin D when exposed to sunlight,

8.2

which is essential for maintaining healthy bones and teeth.
The structure of skin

The skin is the largest organ of the human body and has three main layers:

* Epidermis: This is the outermost layer of the skin and is made up of several layers

of cells. The top layer of the epidermis is called the stratum corneum, which is
composed of dead skin cells that have been shed from the skin surface. Further,
we have a great skin barrier generated by a lipid layer of key lipid molecules like
ceramides or dihydroceramides, or others. This skin barrier is critical for our skin
health and aging. The epidermis also contains melanocytes, which are respon-
sible for producing the pigment melanin that gives the skin its color.

¢ Dermis: This is the middle layer of the skin and contains various types of connec-

tive tissue, including collagen, elastin fibers, and hyaluronic acids. It also houses
hair follicles, sweat glands, and sebaceous glands. The dermis is responsible for
providing the skin with its strength and elasticity.

* Subcutaneous tissue: This is the innermost layer of the skin and is made up of
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adipose tissue (fat) and connective tissue. This layer contains the biggest number
of stem cells in our body, which means that adipose stem cells and their exosomes
are critical for skin health and aging, even though this is not well known previ-
ously. It helps to regulate body temperature and provides cushioning for the
body’s organs and bones.
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8.3 The skin aging

Skin aging is a natural process that occurs as we age, and it is characterized by
various changes in the skin’s appearance, texture, and function. Some of the most
common signs of skin aging include:

» Wrinkles and fine lines: As we age, the skin loses its elasticity, and wrinkles and
fine lines begin to appear.

* Age spots: These are brown or black spots that appear on the skin, often on the
face, hands, or arms, as a result of prolonged sun exposure.

* Dryness: As we age, the skin becomes drier and less able to retain moisture,
leading to a rough, scaly texture.

* Thinning of the skin: The skin becomes thinner and more fragile as we age,
making it more susceptible to injury.

* Loss of collagen and elastin: Collagen is a protein that gives the skin its strength
and elasticity, and as we age, the production of collagen decreases, leading to
sagging and loss of firmness.

9. Current trend in skin rejuvenation and exosomes

The trend in skin rejuvenation currently is towards non-invasive, minimally
invasive, and more importantly, regenerative procedures that provide natural-looking
results with little to no downtime. Patients are increasingly seeking out treatments
that can address a variety of skin concerns, including wrinkles, fine lines, sun dam-
age, and loss of volume, without the need for surgery or extensive recovery time.
Some of the most popular non-invasive and minimally invasive treatments for skin
rejuvenation include:

* Neurotoxins: Botulinum toxin injections, such as Botox® and Dysport®, can be
used to temporarily reduce the appearance of wrinkles and fine lines caused by
facial expressions.

¢ Dermal fillers: Injectable dermal fillers can be used to restore volume to the face,
reduce the appearance of wrinkles and fine lines, and enhance facial features.

* Energy-based devices: Energy-based devices, such as lasers, radiofrequency,
ultrasound, and light therapy, can be used to stimulate collagen production,
tighten the skin, and reduce the appearance of wrinkles and fine lines.

* Chemical peels: Chemical peels use a solution to remove the outer layer of skin,
revealing smoother, more youthful-looking skin.

* Microneedling: Microneedling involves using a device to create small punctures
in the skin, stimulating collagen production and improving the texture and
appearance of the skin.
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* Platelet-rich plasma (PRP) therapy: PRP therapy involves injecting a concen-
trated solution of the patient’s blood platelets into the skin, stimulating collagen
production, and promoting tissue repair.

¢ Stem Cells: Stem cells have shown great promise in skin rejuvenation due to their
ability to differentiate into various types of cells, including skin cells. In skin
rejuvenation, stem cells can be used in various ways. Stem cells can be injected or
applied topically to the skin, where they can release growth factors and cytokines
that promote the growth of new cells, stimulate collagen production, and reduce
inflammation. Another approach is to use stem cells to enhance the effects
of other skin rejuvenation treatments, such as dermal fillers or energy-based
devices. Stem cells can be mixed with dermal fillers or injected into the skin
before or after energy-based treatments to improve their efficacy and enhance
tissue repair.

* Exosomes: Exosomes are small vesicles that are released by cells, including stem
cells. They contain various molecules, including proteins, lipids, and nucleic acids,
that can regulate cellular functions and promote tissue repair and regeneration.
Exosomes have emerged as a promising new approach to skin rejuvenation due to
their ability to stimulate collagen production, promote tissue repair, and reduce
inflammation. Exosomes can be obtained from various sources, including mes-
enchymal stem cells, and can be applied topically or injected into the skin. When
applied to the skin, exosomes can penetrate the epidermis and dermis, where they
can stimulate fibroblasts and other cells to produce collagen, elastin, and other
extracellular matrix proteins that improve skin texture and reduce the appearance
of fine lines and wrinkles. Exosomes can also promote tissue repair and reduce
inflammation by modulating immune responses and promoting the growth of new
blood vessels. This can help to improve skin health and reduce the risk of skin dam-
age caused by environmental factors such as sun exposure and pollution. Clinical
studies have shown promising results for the use of exosomes in skin rejuvenation.

10. Adipose stem cells and aging

Adipose stem cells, also known as adipose-derived stem cells (ASCs), are a type of
stem cell found in adipose tissue (fat tissue). These cells have the ability to differenti-
ate into various cell types, including adipocytes (fat cells), chondrocytes (cartilage
cells), and osteocytes (bone cells). Adipose stem cells also have the strongest anti-
inflammatory and regenerative properties, which make them valuable in the field of
regenerative medicine.

During aging, there is a gradual loss of adipose stem cells in the body including
facial skin and scalp, which can contribute to various age-related health problems.
This loss of stem cells is thought to be due to a combination of factors, including
decreased stem cell proliferation and increased cell death.

As the number of adipose stem cells decreases with age, the body’s ability to
regenerate and repair damaged tissues also declines. This can lead to a range of skin
and health problems, including slower wound healing, more inflammation in the skin
and other organs, decreased muscle mass, and decreased bone density.

Scientists have been actively researching ways to preserve and replenish adipose
stem cells in the body, in order to promote better health and slow down the aging
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process. One promising approach involves the use of stem cell therapy, which involves
the transplantation of stem cells into the body to replace damaged or depleted cells.

Recently, exosomes derived from adipose stem cells are being applied to treat a
variety of diseases including dermatological and esthetic uses. Exosome esthetics
refers to the use of exosomes in cosmetic procedures and treatments to improve the
appearance of the skin, hair, and other parts of the body. In the field of esthetics,
exosomes are used to stimulate the growth and regeneration of skin cells, reduce
inflammation, and improve the overall appearance of the skin. Exosome-based treat-
ments can be used to address a variety of cosmetic concerns, including fine lines and
wrinkles, age spots, uneven skin tone, and acne scars. These treatments may involve
the injection or topical application of exosomes directly to the skin or hair follicles.
The exosomes can be derived from various sources, including mesenchymal stem
cells, which are known to produce particularly potent exosomes with regenerative
properties.

10.1 Exosomes for clinical applications

Exosomes are nano-sized vesicles of 30-200 nanometers that are released by cells
and contain a variety of biomolecules, including proteins, lipids, and nucleic acids
such as cytokines, growth factors, & microRNAs. Exosomes play important roles in
cell-to-cell communication and have been found to have a wide range of potential
clinical applications.

Here are some examples of the clinical applications of exosomes:

* Regenerative medicine: Exosomes have regenerative properties and can be used
to promote tissue repair and regeneration. They have been studied for their
potential use in treating various conditions, such as heart disease, liver disease,
and neurodegenerative diseases.

* Anti-aging treatments: Exosomes have been studied for their potential use in
anti-aging treatments. They contain growth factors and other molecules that can
promote tissue repair and regeneration, which may help to slow down the aging
process.

* Anti-inflammatory function: Stem cell exosomes, especially adipose stem
cell-derived exosomes, have been found to have anti-inflammatory properties,
which is one of the reasons they have potential therapeutic applications in vari-
ous inflammatory diseases. For example, adipose stem cell exosomes have been
found to inhibit the production of pro-inflammatory cytokines, such as TNF-
alpha and IL-6, and promote the production of anti-inflammatory cytokines,
such as IL-10. This can help to suppress the inflammatory response and promote
tissue healing and regeneration like dermatitis or inflammatory bowel diseases.

* Drug delivery: Exosomes can be used as a vehicle for drug delivery, as they are
capable of crossing biological barriers such as the blood-brain barrier. This
makes them a promising tool for the targeted delivery of drugs to specific cells or
tissues.

* Cancer treatment: Exosomes have been studied for their potential use in cancer
treatment. They can be engineered to carry therapeutic agents, such as drugs or
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small interfering RNAs (siRNAs), to cancer cells. Additionally, exosomes can be
used to stimulate the immune system to attack cancer cells.

* Diagnosis and monitoring of diseases: Exosomes contain biomolecules that can
serve as biomarkers for various diseases. This makes them a potential tool for
the diagnosis and monitoring of diseases, such as cancer and neurodegenerative
diseases.

10.2 The differences and combination between exosomes and current technologies

Botulinum toxin is a neurotoxic protein produced by the bacterium Clostridium
botulinum. This toxin is known to cause a severe form of food poisoning called botu-
lism, which can be fatal in some cases. However, botulinum toxin has also been found
to have therapeutic uses, particularly in the field of cosmetic and medical dermatol-
ogy. In dermatology, botulinum toxin is used as a muscle relaxant to temporarily
paralyze facial muscles and reduce the appearance of wrinkles and fine lines. The
injection of botulinum toxin blocks the release of acetylcholine, a neurotransmitter
that signals muscle contraction. This causes the targeted muscles to relax and reduces
the appearance of wrinkles and fine lines.

Exosomes and botulinum toxins are two very different substances with distinct
mechanisms of action and therapeutic applications. While both exosomes and botu-
linum toxins have potential applications in dermatology, they work through different
mechanisms and have different therapeutic effects. Exosomes promote tissue repair
and regeneration and have anti-inflammatory effects, while botulinum toxins are
primarily used to reduce muscle activity and smooth wrinkles.

Dermal fillers are injectable substances used to restore volume and fullness to the
face, reduce the appearance of wrinkles and fine lines, and enhance facial features.
They are typically composed of a variety of materials, including hyaluronic acid,
calcium hydroxylapatite, poly-L-lactic acid, and polymethylmethacrylate beads.
Hyaluronic acid fillers are the most commonly used type of dermal filler. Hyaluronic
acid is a naturally occurring substance found in the body that helps to hydrate and
plump the skin. When injected into the skin, hyaluronic acid fillers can restore vol-
ume to the face, smooth out wrinkles and fine lines, and enhance facial features, such
as the lips and cheeks. Mostly, dermal fillers are primarily used to restore volume to
the face and reduce the appearance of wrinkles and fine lines. Only a few fillers have
collagen-boosting effects, while exosomes can promote tissue repair and regeneration
and have anti-inflammatory effects synergistically.

Energy-based devices for skin are non-invasive or minimally invasive devices that
use various types of energy, such as light, radiofrequency, ultrasound, or laser, to
improve the appearance of the skin. These devices can be used to address a range of
skin concerns, including wrinkles, fine lines, sagging skin, hyperpigmentation, and
acne scars. Some common types of energy-based devices for skin include:

* Laser: Lasers emit concentrated beams of light that are absorbed by the skin to
stimulate collagen production and reduce the appearance of wrinkles, fine lines,

and hyperpigmentation.

* Radiofrequency: Radiofrequency devices use electric energy waves to heat the
skin and stimulate collagen production, resulting in tighter, firmer skin.
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¢ Ultrasound: Ultrasound devices use sound waves to heat the skin and stimulate
collagen production, resulting in tighter, firmer skin.

* Light therapy: Light therapy devices use different wavelengths of light to
improve the appearance of the skin. For example, blue light therapy can help to
kill acne-causing bacteria, while red light therapy can stimulate collagen produc-
tion and reduce the appearance of fine lines and wrinkles.

Exosomes have been proven to work synergistically with these energy-based
devices in dermatology. While exosomes give bio-stimulating signals to cells in the
skin, energy-based devices provide manageable damage. Both mechanisms of action
showed significant improvement to treat acne scars in combination with fractional
CO2 laser and adipose stem cell exosomes recently.

11. Stromal vascular fraction (SVF), nanofat, and exosomes

SVEF, Nanofat, and exosomes have shown promise in skin rejuvenation and other
regenerative medicine applications. Stromal vascular fraction (SVF) and exosomes
are both derived from stem cells and have been investigated for their potential appli-
cations in regenerative medicine and skin rejuvenation. However, there are some key
differences between the three:

* SVF is a mixture of cells, including adipose-derived stem cells, as well as other
cell types such as endothelial cells, smooth muscle cells, and immune cells. SVF
also contains extracellular matrix proteins and growth factors that can promote
tissue repair and regeneration.

* Nanofat is a minimally invasive cosmetic treatment that uses a small amount
of the patient’s fat to promote tissue regeneration and rejuvenation. The term
“nanofat” refers to the small size of the fat particles that are injected, which
are typically less than 500 microns in diameter. During the procedure, a small
amount of fat is harvested from the patient using liposuction. The fat is then
processed and emulsified to create a solution of small fat particles. The nanofat
solution is then injected into the desired area of the body, such as the face or
hands, using a fine-gauge needle.

* Exosomes, on the other hand, are tiny vesicles that are secreted by cells, includ-
ing stem cells. Exosomes contain various molecules, including proteins, lipids,
and nucleic acids, that can regulate cellular functions and promote tissue repair
and regeneration. Stem cell exosomes are not or minimally immunogenic, which
means that they are generally recognized as safe.

One key difference between SVF/Nanofat and exosomes is that SVF/Nanofat
contains a mixture of cell types, while exosomes contain only the molecules that are
secreted by stem cells. This means that exosomes are a more focused approach to stem
cell-based therapies, as they target the specific molecules that are responsible for
promoting tissue repair and regeneration. Another difference between SVF/Nanofat
and exosomes is that SVF/Nanofat is typically obtained autologously by processing
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adipose tissue, while exosomes can be obtained from a variety of cell sources, includ-
ing adipose-derived stem cells, bone marrow-derived stem cells, and mesenchymal
stem cells. SVF/Nanofat is an autologous treatment while exosomes can be allogenic as

“off-the-shelf products.”

12.

Key exosomes science and patents for dermatological use

Exosome research is a rapidly evolving field with many scientists and researchers

contributing to its development. There are two famous scientists in exosome research:

* Dr. Jan Létvall: He is a Swedish immunologist who is widely regarded as one of

the pioneers of exosome research. He discovered the RNA transfer medicated by
exosomes for the first time in the world in 2007 and his publication has the big-
gest citation number of 12,000 times in exosome science. He has made important
contributions to the understanding of exosome biology and function, and his
research has paved the way for the development of exosome-based therapies.

He founded the International Society of Extracellular Vesicles (ISEV) and is the
Chief Editor of the Journal of Extracellular Vesicles (JEV) at present. He has been
doing a lot of jobs to set the standards of exosomes for years.

* Dr. Sai Kiang Lim: She is the first discoverer of stem cell-derived exosomes,

which defined the “paracrine effect” of stem cells. Now she is a Senior Principal
Investigator and Deputy Director at the Institute of Medical Biology at A*STAR
in Singapore. Dr. Lim’s research has focused on the use of stem cell-derived
exosomes for tissue engineering and regenerative medicine applications. She has
been developing stem cell exosomes as drugs for various inflammatory diseases.

In last years, lots of scientists and companies have created key patents for esthetic

and dermatological uses based on exosomes. They are stem cell, plant, & microbe-
derived, as follows:

¢ US Patent No. 10,071,050: This is the first patent on the skin rejuvenation effect of

adipose stem cell exosomes in the world. It relates to a cosmetic composition for skin
whitening, wrinkle improvement, or skin regeneration and includes, as an active
ingredient, exosomes derived from stem cells comprising proliferating stem cells.

¢ US Patent No. 11,529,306: The lyophilized formulation of stem cell-derived exo-

somes and the anti-inflammatory composition including the same as an active
ingredient is able to stabilize stem cell-derived exosomes and exhibit excellent
anti-inflammatory effects, and particularly, exhibit remarkable anti-inflammatory
effects as compared with not-lyophilized stem cell-derived exosomes isolated and
purified from conditioned media of stem cells. Therefore, the lyophilized formula-
tion of stem cell-derived exosomes and the anti-inflammatory composition includ-
ing the same as an active ingredient is able to effectively prevent, suppress, alleviate,
ameliorate, or treat inflammatory response or inflammatory diseases.

¢ US Patent No. 11,529,370: This patent is about composition for strengthening the
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skin barrier, and/or the improvement of skin barrier function. The composition
exhibits the effects of increasing the number of ceramides, dihydroceramides,
and sphingoid bases, increasing the activities of enzymes that are involved in
the synthesis thereof, and decreasing the activities of enzymes that are involved
in the degradation thereof. In addition, the composition is able to restore skin
barrier function by reducing TSLP, IL-4, and IL-13 which are closely associated
with skin barrier damage, thus interrupting a vicious circle in which the lipids
and proteins contributing to skin barrier decrease.

* US Patent No. 11,446,333: The present invention provides a composition for
preventing, suppressing, alleviating, ameliorating, or treating pruritus compris-
ing stem cell-derived exosomes as an active ingredient. The composition of the
present invention is able to act against pruritus-inducing multiple cytokine
targets, for example, IL-4, IL-31, and TSLP, and thus is able to be widely applied
against pruritus caused by various factors and is able to effectively suppress and
alleviate pruritus. In addition, when the composition of the present invention
is applied directly to human skin, it is able to remarkably ameliorate pruritus-
associated clinical scores, erythema, and the like. Thus, the composition of the
present invention is able to be used as a pharmaceutical composition, a skin
external preparation, and a cosmetic composition for preventing, suppressing,
alleviating, ameliorating, or treating pruritus.

¢ US Patent No. 11,337,419: This patent relates to a method of lyophilizing exosomes
using a cryoprotectant comprising methionine, mannitol, and trehalose is dis-
closed. The lyophilized exosome product shows a good appearance which maintains
a porous sponge shape without forming ice crystals. In addition, the lyophilized
exosome product can be applied to a pharmaceutical composition, a skin external
preparation, and a cosmetic composition. For example, the lyophilized exosome
product can be used as a solution obtained by simply mixing it with a diluent.

* WO 2020022731: This patent is the first plant stem cell-based in the world. The
present invention provides a cosmetic composition comprising rose stem cell-
derived exosomes as an effective ingredient for skin regeneration, skin elasticity
improvement, or skin wrinkle reduction. The cosmetic composition of the pres-
ent invention has excellent effects on skin regeneration, skin elasticity improve-
ment, and/or skin wrinkle reduction.

¢ US Patent No. 11,534,392: This is a cosmetic composition including exosomes
derived from Galactomyces as an active ingredient that is provided for skin
regeneration, skin elasticity improvement, or skin wrinkle reduction. Cosmetic
composition has excellent effects on skin regeneration, skin elasticity improve-
ment, and/or skin wrinkle reduction.

13. Exosomes manufacturing and quality standards

Almost every cell is releasing exosomes so there are a huge number of types and
sources of exosomes. So, it is very important to set up quality standards to produce
exosomes for commercialization and clinical applications. There is currently no
universally accepted quality standard for exosomes, as the field of exosome research is
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still evolving and the properties and characteristics of exosomes can vary depending
on the source, isolation method, and intended use.

However, the ISEV has been trying to give minimal requirements on exosome
standards from time to time. And there are generally accepted guidelines and best
practices that have been proposed for the characterization and quality control of
exosomes. These include:

* Size and morphology: Exosomes should be characterized by their size and
morphology using techniques such as electron microscopy, dynamic light scat-
tering, or nanoparticle tracking analysis. The size range of exosomes is typically
between 30 and 200 nm, and they should exhibit a characteristic cup-shaped
morphology.

* Protein markers: Exosomes should be analyzed for the presence of specific pro-
tein markers that are typically associated with exosomes, such as CD63, CD81,
and CD9. The absence of contaminating proteins or markers from other cellular
components should also be confirmed. Unfortunately, there are no generally
accepted protein markers existing on or inside bacterial or plant exosomes,
which needs vigorous research in the future.

* Nucleic acid content: Exosomes should be analyzed for their nucleic acid con-
tent, including DNA, RNA, and miRNA. The quantity and quality of nucleic
acids can provide valuable information on the biological activity and potential
therapeutic applications of exosomes.

* Purity and concentration: Exosomes should be purified to remove contaminants
and characterized for their concentration using appropriate techniques such as
Bradford assay, BCA assay, or nanodrop. Especially, blood-derived exosomes
contain lots of lipoproteins or protein aggregates which are 100 times more than
actual exosomes. A simple manufacturing process can not discriminate those
impurities from exosomes due to their very similar size.

* Functional assays: Finally, exosomes should be tested for their biological activ-
ity using appropriate functional assays. For example, exosomes derived from
stem cells should be evaluated for their ability to promote tissue regeneration
or reduce inflammation, while exosomes intended for drug delivery should be
evaluated for their efficacy and safety.

In particular, to get the best quality of exosomes, the manufacturing process must
be Good Manufacturing Practices (GMP)-compliant. The ISEV and the International
Society of Cellular Therapy (ISCT) gave a guideline for GMP manufacturing, for
example, which requires the creation of master cell banks (MCB) and working cell
banks (WCB) to get consistent stem cell quality. Those MCB or WCB are required
to initiate stem cell therapy worldwide, while blood-derived exosomes are limited in
terms of consistent quality due to a lack of cell bank establishment.

While these guidelines can help ensure the quality and consistency of exosome
preparations, it is important to note that the field of exosome research is still evolving
and there is ongoing debate and discussion around the best practices for exosome
characterization and quality control.
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13.1 Exosome stability and long-term storage

The stability of exosomes is an important factor that can affect their safety and
efficacy. Exosomes are sensitive to environmental conditions such as temperature,
pH, and oxidation, which can affect their structural integrity and functional activity.
Therefore, proper storage and handling of exosomes are critical to maintaining their
stability and potency.

Some factors that can affect exosome stability include:

* Lyophilization: The best storage condition for exosomes is considered lyophiliza-
tion as published by 3 groups so far. Lyophilization removes water molecules
from the exosome raw material and prevents protein or RNA degradation.
Liquid- or frozen-exosomes are found to be very short-term stable around
3 ~ 6 months, depending on the storage temperature like —20 ~ —80°C.

* Temperature: Exosomes are sensitive to changes in temperature, and high
temperature can damage their structure and function. Exosomes can be stored
at a temperature between 2 and 8°C for long-term storage of up to 3 years after
lyophilization, and, —20 ~ 80°C for short-term storage.

* pH: Changes in pH can also affect exosome stability. Exosomes should be stored
in a buffer solution with a pH between 7 and 8 to maintain their stability.

* Oxidation: Exposure to oxygen can cause oxidative stress and damage to exo-
somes. Therefore, exosomes should be stored in an environment free from
oxygen or under reduced oxygen conditions.

* Freezing and thawing: Repeated freezing and thawing can damage the structural
integrity of exosomes. Therefore, it is important to avoid repeated freeze-thaw
cycles and to store exosomes in small aliquots.

* Contamination: Exosomes can be sensitive to contamination from bacteria,
viruses, and other contaminants. Therefore, it is important to maintain strict
aseptic techniques when handling and storing exosomes.

Overall, proper storage and handling of exosomes are critical to maintaining their
stability and potency.

13.2 Exosome-based aesthetic products

A huge number of exosome-based cosmetic products are available on the market
worldwide. The regulatory requirements for exosome-based cosmetic products vary
depending on the country or region where the products are intended to be marketed.
In general, exosome-based cosmetic products may need to comply with the following
regulatory requirements:

* Ingredient safety: Exosome-based cosmetic products must use ingredients that
are safe for use in cosmetics. The safety of the ingredients must be supported by
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data from safety assessments, including toxicology studies, clinical studies, and
other relevant data.

* Labeling: The labeling of exosome-based cosmetic products must provide
accurate information about the product’s ingredients, claims, and directions for
use. The labeling must comply with the applicable regulations in the country or
region where the product is intended to be marketed.

* Manufacturing: Exosome-based cosmetic products must be manufactured in
compliance with Good Manufacturing Practices (GMP) to ensure product qual-
ity, safety, and consistency.

* Claim substantiation: The claims made about the product must be substantiated
by scientific evidence. The evidence must be adequate to support the claims
made in the labeling and advertising of the product.

* Registration/notification: Depending on the country or region where the product
is intended to be marketed, exosome-based cosmetic products may need to be
registered or notified to the regulatory authorities. The registration/notification
requirements may vary depending on the product’s intended use, claims, and
ingredients.

In the United States, exosome-based cosmetic products are regulated by the Food
and Drug Administration (FDA) or Personal Care Products Council (PCPC) as cos-
metic products. The FDA does not require pre-market approval of cosmetic products.

To be a successful exosome product, it should be affordable with acceptable effi-
cacy proved by non-clinical and clinical studies. The cost of exosome-based cosmetic
products can vary depending on several factors, including the source of the exosomes,
the manufacturing process, and the quality of the product. As exosome-based
cosmetic products are still a relatively new technology, they may be more expensive
than traditional cosmetic products. However, as the technology becomes more widely
adopted, the cost of exosome-based cosmetic products may become more affordable.

It is important to note that affordability should not compromise safety and
efficacy. Consumers should always choose exosome-based cosmetic products from
reputable manufacturers, fully GMP-compliant and with lots of scientific publica-
tions, that have undergone rigorous safety and efficacy testing. The proven quality
by a series of scientific publications and patents, rather than the simple number of
exosomes, is the most important factor to choose products.

IN CONCLUSION, EXSOMES ARE NEW TECHNOLOGIES FOR ESTHETIC USE
AND WE MUST CHOOSE SCIENTIFIC EVIDENCE-BASED EXSOME PRODUCTS.
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