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1 Introduction

In the last few decades, researchers of Pharmaceutical and Medical Sciences have
realized that the development of new active pharmaceutical ingredients (APIs) is
less than enough to address current medicinal needs. It is not a rare phenomenon
that potentially efficacious APIs do not have a favorable pharmacodynamic and
pharmacokinetic profile. This is the main reason why the science of drug delivery
systems has flourished. In this area, Pharmaceutical Nanotechnology and
Nanomedicine are pioneers due to their unique properties that are inextricably con-
nected with the size of the delivery systems (I nm = 10~ m). Drug delivery nano-
systems function as a Trojan horse that protects the API from biodegradation, drives
it to the tissue or organ of desire, and eliminates its toxicity to healthy tissues. The
first medicine based on pharmaceutical nanotechnology was approved in 1995 and
since then many others have followed [1]. Lipid-based and polymeric nanoparticles
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are the main platforms that are used, though other platforms such as inorganic nano-
platforms and carbon nanotubes are also studied [2]. All of these nanosystems have
undoubtedly optimized drug delivery. But what happens when the API is not just a
classic small molecule? The recent example of coronavirus disease 2019
(COVID-19) has proved there is a need for innovative platforms that can encapsu-
late and deliver bioactive molecules, such as proteins or RNAs. Indeed, the majority
of the authorized COVID-19 vaccines utilize nanoplatforms to induce human
immunity and achieve their protective role [3].

In this chapter, we will discuss exosomes as API delivery nanovesicles, their
limitations in clinical practice, and the development of artificial exosomes. The arti-
ficial exosomes are fully- or semisynthetic nanoplatforms that can encapsulate a
variety of different biomolecules while being free of the main disadvantages of cell-
derived exosomes.

2 Exosomes

Extracellular vehicles (EVs) are cell-derived lipid bilayer structures that were first
observed by P. Wolf in human plasma [4]. They are produced by both prokaryotic
and eukaryotic cells and are classified into three main categories, based on their
biogenesis mechanism, cargo, and size: (i) apoptotic bodies (1000—10,000 nm), (ii)
microvesicles (100—1000 nm), and (iii) exosomes (50—150 nm). All types of EVs
carry bioactive molecules, such as proteins, lipids, and nucleic acids, that are con-
nected to their parent cell. Thus, depending on the endogenous messages they carry,
each of these EV types leads to the activation of different biological signaling path-
ways [5]. The aim of this unit is the presentation of the biological behavior of exo-
somes, the smallest group of EVs, and their potential role as well as their main
difficulties as effective therapeutic delivery platforms.

2.1 Biogenesis

In contrast with the other types of EVs, which are formed by the outward bending
of the plasma membrane, exosomes are released after the fusion of the plasma mem-
brane with the endogenous multivesicular bodies. The term “exosome” comes from
the Greek words “¢€w” (exo), meaning outside and “copa’ (soma), meaning body.
It was first proposed by Johnstone and her team, due to their formation mechanism:
these bodies are formed mainly into the cytoplasm and afterward, they are released
in the extracellular plasma [6].
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2.1.1 ESCRT-Dependent Pathway

Exosome biogenesis is connected with the endosomal formation mechanism.
Extracellular molecules, such as proteins, ions, and lipids, are inserted into the cell
through endocytosis. In this way, the early endosomes are formed. Interactions
between the early endosomes and intercellular organelles, mitochondria, and trans-
Golgi network lead to the insertion of intercellular constituents into the endosomes
and their transformation into late endosomes [7]. Some additional modifications
and content exchange between these blebs and the cytoplasm give rise to the multi-
vesicular bodies (MVBs). During the formation of the late endosomes and the
MVBs, the inward invagination of the bleb membrane results in the development of
the intraluminal vesicles (ILVs), which are the future exosomes (Fig. 1). Two path-
ways are responsible for the production of the ILVs: (a) the endosomal sorting com-
plex required for transport (ESCRT)-dependent and (b) the ESCRT-independent, as
analyzed below. MVBs can either undergo a degradation process, direct interaction
with lysosomes, or degradation after fusion of MVBs with the autophagosomes
first, or anchor into the plasma membrane and release their constituents into the
extracellular environment [8].

Fig. 1 (a) Exosome biogenesis. Extracellular molecules, such as proteins, ions, and lipids, are
inserted into the cell through endocytosis and early endosomes are formed. Early endosomes inter-
act with organelles (i.e., mitochondrion) and are converted into late endosomes. Further modifica-
tions and interactions with the trans-Golgi network lead to the formation of multivesicular bodies
(MVBs) that encapsulate small vesicles that are called intralumilar bodies (ILVs). MVBs can be
either degraded or attach to the cell membrane and release their cargo, which contains the modified
ILVs known as exosomes, in the extracellular matrix. (b) Structure of exosomes. Exosomes carry
a variety of biomolecules such as proteins, lipids, and nucleic acids that are produced in the parent
cells. (Figure (b) adapted from [27])
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Fig. 2 Possible mechanisms of exosomes internalization by the target cells: (a) clathrin-mediated
endocytosis, (b) lipid raft-mediated endocytosis, (¢) caveolin-mediated endocytosis, (d) phagocy-
tosis, (e) micropinocytosis. (Adapted from [8])

Four protein complexes (ESCRT-0, ESCRT-I, ESCRT-II and ESCRT-III), as well
as the AAA ATPase Vps4 complex (VPS4, ALIX, TSG,), play a key role in the
biogenesis of the exosomes via the ESCRT-dependent pathway. ESCRT-0 complex
recognizes and binds to the mono-ubiquitinated proteins of the endosomal surface
[9]. ESCRT-0 and phosphatidylinositol 3-phosphate (an endosome-enriched lipid)
recruit ESCRT-I and ESCRT-II into this area. Subsequently, ESCRT-I and ESCRT-II
induce membrane deformation and the development of small blebs into the surface.
These blebs enclose soluble molecules and cytoplasm into their center [10, 11].
ESCRT-IIT and VPS4 (vacuolar protein sorting-associated protein 4) are necessary
for the inward endosomal membrane abscission and the release of the ILVs into the
late endosomes or MVBs [12]. Next, de-ubiquitylating enzymes de-ubiquitylate the
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ubiquitylated proteins so that the vesicles will not be degraded [13]. During all of
the mentioned processes, the role of ESCRT-accessory proteins ALIX (apoptosis-
linked gene 2-interacting protein X), TSG101 (tumor susceptibility gene 101), and
SNARE [soluble N-ethylmaleimide-sensitive factor (NSF) attachment protein
receptor] complex proteins is of extreme importance as they control the production,
the homogeneity, and the value of the ILVS content [14]. For instance, ALIX binds
to the de-ubiquitylated proteins and transfer them in the ILVs, with the help of syn-
decans and tetraspanin CD63 [15]. SNARE complex proteins are responsible for the
fusion of MVBs with the plasma membrane and subsequently in the release of exo-
somes [11].

2.1.2 ESCRT-Independent Pathway

The ESCRT-independent pathway is mainly driven by some areas in the surface of
lipidic bilayer membranes that are called lipid rafts or microdomains. Lipid rafts
have a very sticked composition and conformation. They are enriched in choles-
terol, sphingolipids, glycosylphosphatidylinositol (GPI), ceramides, and saturated
phospholipids. The architecture of lipid rafts is stabilized by the high quantity of
tetraspanins or other GPI-anchored proteins [16]. These areas seem to be rich in
information content, encrypted into the so-called thermodynamic epitopes [17]. The
information is translated into an enthalpic content that is capable of interacting with
the neighbor molecules [18]. Indeed, lipid rafts are responsible for the encapsula-
tion of certain RNA molecules into exosomes due to enhanced affinity for specific
RNA motifs. This process seems to be lipid- and not protein-mediated, while entro-
pic phenomena of the lipidic surface are translated into a “bind-here” message for
the RNA motifs [19]. Although this type of information content may be unusual in
biological sciences, it is mathematically explained by the Shannon equation of
information [20]:

n

H(x)= —Zp(x,-)l()gb p(x)

i=1

where H represents the entropy for x; possible outcomes. p(x;) represents the prob-
ability of the possible outcomes and b is the base of the logarithm used. The corre-
sponding entropy units are bits when b = 2.

The above equation can explain the thermodynamic behavior of biological epit-
opes taking into account the quality and quantity of information (bits) they carry.
Thus, the information content of the lipid rafts activates an early-exosome produc-
tion mechanism that is thermodynamically favored.

Although the complete mechanism of exosome production and release is cur-
rently not fully understood, both ESCRT-dependent and ESCRT-independent path-
ways have an important role on exosomes’ biogenesis. Recent studies support that
these two processes act complementary to each other, providing a complex biogen-
esis algorithm [21-24].
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2.2 Biological Role

In the early ages of their discovery, exosomes were thought to be cellular waste car-
riers so that the unwanted cell cargo is released outside of the cell compartment.
However, recent research has proved that their role in cell-to-cell communication is
much more complex [25]. Figure X presents possible mechanisms of exosomes’
internalization into the receiver cells. As they are carriers of several molecules (i.e.,
proteins, lipids, or nucleic acids) of the parent cells and have the ability to transfer
these contents intercellularly, they affect both physiological or pathological bio-
chemical routes [26]. For instance, their role in the progress of different types of
cancer or metastasis [13, 27], in the activation of immune responses [28], or even in
progress of the neurodegenerative diseases has been detected [14].

2.2.1 The Role of Exosomes in Carcinogenesis

The function of tumor-derived exosomes (TDESs), also known as oncosomes, is one
of the most investigated topics concerning their pathogenesis-associated function.
Different cancer types have been studied for this purpose. Breast, gastric, and mela-
noma cancers are some examples [29-31].

Tumor-derived exosomes that are produced and released by the malignant cells
affect the tumor microenvironment and thus the progression of the pathogenicity.
Specifically, stress tumor conditions such as hypoxia and oxidative stress increase
the rate of exosomal biogenesis and the release by the tumor cells. These exosomes
interact with the neighboring area, which subsequently results in the remodeling of
the microenvironment [13]. The main cells of the tumor microenvironment (fibro-
blasts, immune and stromal cells) receive the tumorigenic content of the TDE.

Furthermore, TDE seem to have a crucial role in the metastasis process. TDE can
transit their content in more or less distant areas (in transit or satellite metastasis) or
even organs [32]. As the development of the pre-metastatic niche is equally impor-
tant with the cells’ mutations in the metastasis formation, the TDE should be taken
into account when the secondary tumor tissues are studied [33]. Indeed, according
to Emmanouilidi et al., pancreatic TDE were found to carry more than 300 tumori-
genic proteins [34], while Hoshino et al. claim that the unique integrins of the TDE
drive the organotropic selection of the metastasis site [35]. Moreover, exosomal
miR-25-3p induces the modeling of the pre-metastatic niche in foreign sites [36].

Finally, TDE are of importance due to their active role in drug resistance of
tumors. On the one hand, TDE can actively remove the chemotherapeutic drugs
outside the malignant cells. Notably, HER-2 overexpressing exosomes bind with
trastuzumab and inhibit its action [37]. Nevertheless, the basic role of exosomes in
drug resistance is attributed to biochemical pathways. For instance, TDE transmit
the information for upregulation of certain active molecules such as P-glycoprotein
[38, 39] and GSTP, [40]. Most of the times, nucleic acids are responsible for this
upregulation, mainly miRNAs [13, 41, 42].
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2.2.2 The Role of Exosomes in the Immune System

As exosomes regulate intercellular communication, they may trigger or suppress the
immune response. Interestingly, exosomes that are produced by infected, malignant,
or immune cells exert influence on both innate and adaptive immunity.

The innate system, which is the nonselective way of the human organism to fight
exogenous, and harmful, factors is composed of macrophages, dendritic and natural
killer cells, granulocytes, as well as complement and chemoattractants. Exosomes
derived from infected macrophages are considered to enhance pro-inflammatory
conditions and activation of the innate system [43, 44]. Zhou et al. suggest that
exosomes derived from pancreatic cancer cells are uploaded with miR-203 that
downregulate the expression of the membrane toll-like receptor 4 (TLR4) of den-
dritic cells [35] and thus decrease the capability of dendritic cells to identify bacte-
rial components or host heat shock proteins [45]. Recent studies show that activation
of natural killer cells, which are the responsible cells to recognize and cytolyze
infected, cancer, or allogenic cells, by TDE might have a beneficial role in the elimi-
nation of tumors [46, 47].

On the other hand, the function of adaptive immunity is affected by exosomal
messages too. Exosomes produced by activated dendritic cells were found to be
more efficient in the immunomodulation than the ones from immature dendritic
cells [48]. These vesicles carry in their surface MHC-I and MHC-II complexes that
are bound with pathogenic molecules [49]. Notably, humoral immunity (CD4*
T-lymphocytes and B-lymphocytes) induced by the vaccination with dendritic cell-
derived exosomes that were infected with Eimeria tenella proved to be more effi-
cient than the antigenic-subunit vaccine when intramuscularly administrated in
chicken [50]. Moreover, cellular immunity, mainly caused via the Tj1 route and the
production of CD8" T-lymphocytes, is also synergistically activated by exosomes
from immune cells [51, 52].

Except for the physiological role of exosomes in the immune system, they seem
to trigger or control autoimmune diseases under certain conditions. For instance,
miRNAs that are released under rheumatoid arthritis can either up- or downregulate
the progress of the disease [53-55]. Miao and colleagues review their role in a vari-
ety of autoimmune diseases, such as systemic lupus and sclerosis [56].

2.2.3 The Role of Exosomes in the Central Nervous System
and Neurodegeneration

The mechanism of action, communication, and interaction between the central ner-
vous system (CNS) cells is highly complicated and not yet fully understood.
However, exosomes have proved to be important information transporters for these
mechanisms. Indeed, great studies show that CNS-derived exosomes that were iso-
lated from human fluids such as plasma carry miRNAs and protein aggregates that
could help in the very early diagnosis of CNS neurodegenerative diseases like
Alzheimer’s or Parkinson’s disease [57-60].
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Microglia, neurons, astrocytes, and oligodendrocytes all produce exosomes that
are important factors for neuronal health and normal neural functionality [61-66].
Interestingly, Venturini et al. have recently shown that astrocyte-derived exosomes
can be selectively up-taken by neuron cells although the mechanism of action for
the above activity is not yet clear. These exosomes transferred neuroglobin, a mol-
ecule that is assumed to have a neuroprotective role [67]. Likewise, exosomes from
cortical neurons were found to interact only with neurons and not glial cells [68].
This selectivity empowers the perspective that exosomes are not just “junk carriers”
but they do support neural homeostasis by selective cell-to-cell communication.

A controversy exists of whether exosomes provide a protective or aggressive
profile in the case of neurodegeneration. Recent studies prove that brain-derived
exosomes of AD patients have increased rates of pathological proteins and protein
complexes such as AP oligomers and hyperphosphorylated tau (p-tau) [69, 70].
Some research groups support that these exosomes that are produced by pathologi-
cal AD parent cells promote the spread of the above toxic proteins and consequently,
the evolution of neurodegeneration [69, 71, 72]. On the contrary, some other groups
found that exosomes might also have a neuroprotective functionality under certain
circumstances: recently, Wei and colleagues proved that in in vitro experiments
mesenchymal stem cell-derived exosomes evoke neuronal cell apoptosis in AD
models [73]. Moreover, neuronal exosomes were found to aid in the Af clearance in
nonhuman primates with AD pathologies [74]. Contrariwise, glia-derived exo-
somes, enriched in a-synuclein, a main pathological protein found in patients with
Parkinson’s disease, are accused of causing a-synuclein aggregation and low pro-
tein clearance of the neurons [75, 76].

2.3 Applications in Preclinical and Clinical Stages

The most common way to develop exosomes as innovative medicinal platforms is
through genetic modification of the parent cell. In this way, exosomes are modified
to carry increased or decreased quantities of certain cargoes such as proteins or
nucleic acids. Notably, Duarte-Sanmiguel and colleagues developed a protocol for
the isolation of exosomes derived from modified dendritic cells, mentioning the
importance of these exosomes as up- or downregulators of protein biogenesis in the
receiver cells [77]. A pioneering study by Alvarez-Erviti et al. achieved more than
60% knockdown of the enzyme beta-secretase 1 (BACE-1) in mice by administra-
tion of exosomes derived from genetically modified dendritic cells [78].
Mesenchymal stem cell-derived exosomes that are overexpressing Anti-miRNA-221
or miR-34a proved to be beneficial in the treatment of different cancer types [79-81].

Another way to develop effective therapeutic exosomes is by loading them with
drug molecules. The loading procedure takes place after the exosome production
via passive or active cargo loading [82]. For instance, a passive process is the incu-
bation of the parent cell with the drug molecule [83], while active ones are sonica-
tion [84] or electroporation [78, 85].
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Last but not least, certain categories of exosomes, such as mesenchymal stem
cell-derived exosomes, show a therapeutic effect due to their inherent regenerative
properties without the need of any biochemical or drug loading modifications. For
instance, bone marrow mesenchymal stem cell-derived exosomes have recently
proved through in vitro and ex vivo models to promote tendon regeneration [86].
Similar regenerative properties have been found in preclinical and clinical trials
against musculoskeletal pathologies such as osteoarthritis [87, 88]. Furthermore,
mesenchymal stem cell-derived exosomes could have a therapeutic effect in wound
healing [89]. Interestingly, Yang et al. showed promising results in the treatment of
diabetic wounds after the administration of polymeric hydrogel loaded with umbili-
cal cord-derived mesenchymal stem cell-derived exosomes [90].

Till today, no medicine based on exosomes has been approved by the US Food
and Drug Administration (FDA) or the European Medicines Agency (EMA).
Nevertheless, as of February 2022, by using the keyword “exosome” in the US
National Institutes of Health (NIH) clinicaltrials.gov, 251 trials appear. Most of
these trials concern the diagnosis of diseases, while a few targets in the evaluation
of exosomal therapeutic products. Table 1 presents the clinical trials that evaluate
the exosomes as advanced therapeutic medicines. Only two trials appear to be in
phase III, from whom only one is active (NCT05216562). The active one evaluates
the safety and efficacy of mesenchymal stem cell-derived exosomes to reduce
hyper-inflammation in COVID-19 patients. The effect of the intravenous adminis-
tration of the exosomes will be evaluated additionally with the administration of
standard COVID-19 treatments. As it is shown, the majority of the clinical trials
presented in Table 1 involve mesenchymal stem cell-derived exosomes.
Mesenchymal stem cell-derived exosomes are ideal delivery platforms as they are
easily modified, nontoxic, and biodegradable [91]. However, other parent cells have
also been utilized such as dendritic cells (NCT01159288) or plant cells
(NCT01294072, NCT01668849).

2.4 Difficulties and Disadvantages

Although exosomes show tremendous advantages as innovative medicinal plat-
forms, some serious limitations also exist. Firstly, because the production of exo-
somes requires a parent cell culture, specific quality and safety procedures should
be followed. Different cell banks, e.g., mesenchymal stem cells, dendritic cells, or
plant cells, require different culture conditions and have unique proliferation rates.
Unique microenvironment conditions such as pH, oxygen, or specialized growth
factors shall be applied in each case [92]. As it is necessary for every type of medici-
nal biological factor and in appliance with the guidelines of the worldwide health
administrations [93], the culture of cell lines should be done under good manufac-
turing practice (GMP) conditions, which are stricter for biological products than
conventional drug formulations. Indeed, according to the EMA, exosomes belong to
the category of advanced therapy medicinal products (ATMPs), and their evaluation
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Table 1 Clinical trials of exosomes as advanced therapeutic medicines

Route of
Name administration Phase | NTC number | Location
COVID-19
EXOMSC-COV19 v 2/3 NCT05216562 | Indonesia
Exosomes overexpressing CD24 Intranasal 2 NCT04969172 | Israel
CovenD24 Intranasal 2 NCT04902183 | Greece
COVID-19EXO Intranasal 2 NCT04602442 | Russia
ARDOXSO v 172 NCT04798716 | USA
COVID-19EXO Intranasal 12 NCT04491240 | Russia
EXO-CD24 Intranasal 1 NCT04747574 | Israel
CSTC-Exo Intranasal 1 NCT04389385 | Turkey
MSCs-derived exosomes Intranasal 1 NCT04276987 | China
Diabetes mellitus type 1
MSC exosomes v 23 | NCT02138331 |
Non-small cell lung cancer
Dex2 | N/A 2 | NCT01159288 | France
Pulmonary infection
MPCs-derived exosomes ‘ Intranasal ‘ 172 ‘ NCT04544215 ‘ China
Dry eye
Umbilical mesenchymal stem Intra-ocularly 12 NCT04213248 | China
cell-derived exosomes
Alzheimer’s disease
MSCs-Exos | Intranasal |12 |NCT04388982 | China
Acute respiratory distress syndrome
hMSC-Exos Intranasal (1/2 | NCT04602104 | China

Degenerative disc disease

Platelet-rich plasma (PRP) with
exosomes

Intra-discal

NCT04849429 | India

Osteoarthritis

ExoOA-1

Intra-articular

—_

‘ NCT05060107 | N/A

Colon cancer

Curcumin conjugated with plant
exosomes

N/A

NCT01294072 | USA

Familial hypercholesterolemia

ENDFH

| N/A

—

| NCT05043181 | China

Metastatic pancreas cancer with KrasG12D mutation

iExosomes

v

1

| NCT03608631 | USA

Oral mucositis associated with chemoradiation treatment of head and neck cancer

Grape exosomes | Per-os 1 | NCTO01668849 | USA
Cerebrovascular disorders

Allogenic mesenchymal stem Stereotaxis/ 172 NCT03384433 | Iran
cell-derived exosome enriched by | intraparenchymal

miR-124

(continued)
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Table 1 (continued)

Route of
Name administration Phase | NTC number |Location
Periodontitis
Adipose-derived stem cell Oral topical injection | Early 1 | NCT04270006 | Egypt
exosomes
Ulcer
Plasma-derived exosomes ‘ Transdermal ‘ Early 1 ‘ NCT02565264 ‘ Japan
Macular holes
MSC-Exo | Intra-ocularly | Early 1| NCT03437759 | China

follows EMA/CAT/852602/2018 guidelines [94]. As this category of therapeutics is
new, there are not yet certain advice or recommendations from the medicine
agencies [95].

Moreover, the isolation of exosomes necessitates the development of elegant
techniques that are able to distinguish them from other extracellular vesicles, like
microvesicles or apoptotic bodies. Fortunately, in 2015, the International Society
for Extracellular Vesicles (ISEV) published a position paper regarding the isolation
methods that should be applied for EVs that are studied in clinical trials [96], and
this paper brought a new era in the exosome clinical trials. However, till today, the
distinguished line between the different types of EVs is not yet fully understood and
more research is necessary. Recognizing the need for more certain guidelines, ISEV
recently published another position paper to promote the need for a legislative
framework concerning EV medicinal products. In this paper, ISEV report that
according to current EMA guidelines, EV products are categorized in ATMPs,
though it supports that certain details differentiate them from the other ATMPs and
is correct to be taken into account [97].

Last but not least, exosomes are biological vesicles that contain sensitive cargo.
Thus, the storage conditions might be a limitation too. For instance, especially when
exosomes are used as RNA carriers that can be affected and inactivated very easily,
special storage is required. Indeed, Yamashita and colleagues support that the opti-
mized storage temperature is —80 °C [98]. Such a temperature would dramatically
increase the price of these therapeutical products that could eliminate their use in
low-income countries.

3 Artificial Exosomes

All of the above create obvious difficulties in the manufacturing production of exo-
somal medicines. As a result, scientists are currently trying to go a step further and
develop new platforms that could acquire the advantages of exosomes and eliminate
their disadvantages. The category of artificial exosomes as innovative therapeutic
medicinal products is a new area in nano-biotherapeutics with promising results in
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the development of safe and effective platforms that could fight currently incurable
diseases. In this section, we will discuss the developmental processes of artificial
exosomes and their loading efficiency.

3.1 Development Approaches

Three main approaches for producing artificial exosomes can be found in the litera-
ture: (a) the bottom-up, (b) the top-down, and (c) the hybrid method (Fig. 3). Each
procedure has unique characteristics and limitations that shall be taken into account
in each case.

3.1.1 Bottom-Up Method

The bottom-up approach is a method to develop fully artificial exosomes. Building
block molecules, e.g., phospholipids, cholesterol, proteins, or peptides, are mixed in
the appropriate ratios to self-assemble into biomimetic platforms. The main advan-
tage of the present methodology is that it utilizes the same manufacturing processes
with the development of liposomes and other lipid nanoparticle formulations that
are already authorized [99-101]. For example, thin-film hydration, microfluidics, or
extrusion can be applied for the production of artificial exosomes. This approach,
though, requires deep knowledge of the physicochemical properties of exosomes.
As it is not possible to utilize all the components of biologically derived exosomes,
the choice of certain key molecules leads to a “clean” result when we have targeted
certain exosomal properties of interest [102]. Proof-of-concept experiments on the
role of each molecule in the surface of exosomes or extracellular vesicles as well as
lipidomics analysis are necessary tools for the design of experiment (DoE) method-
ology to develop such innovative biomimetic nanoplatforms [103—-106]. The work
of Pefa et al. in 2009 is one of the first in the area of artificial exosome development.
Although the lipids and the ratios that were utilized do not approach the ones of
exosomes, the researchers achieved the complexation of their liposomes with major
histocompatibility complex-1 (MHC-1) peptide complexes, enhancing the interac-
tion with T-lymphocytes in a similar way with exosomes [107]. In another study,
artificial exosomes carrying DEC205 antibody were developed by a microemulsion
process. The conjugation of the antibody, which is negatively charged, is favored
due to electrochemical interactions with the positively charged lipids. Interestingly,
these platforms do not only have high encapsulation efficiency of the API, but they
also show decreased cytotoxicity because of the charge neutralization [108].
Similarly, Staufer et al. developed fully synthetic extracellular vesicles (fSEVs)
decorated with tetraspanins, which are naturally present in EVs’ membranes and
loaded with miRNA molecules. The wound-healing abilities of fSEVs were evalu-
ated by in vitro and ex vivo experiments showing promising results as therapeutic
platforms. Although this study is the most accurate concerning the membrane
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Fig. 3 Development approaches of artificial exosomes. (a) Top-down method: cells pass through
polycarbonate filters or microfluidics devices and cell membranes are isolated and form pseudo-
spherical vesicles. (b) Bottom-up method: block molecules, e.g., phospholipids, cholesterol, pro-
teins, or peptides, are mixed in the appropriate ratios to self-assemble into exosome-like particles.
(¢) Hybrid method: exosome-like particles or liposomes and biologically derived exosomes are
mixed through fusion techniques and hybrid liposomal-exosomal particles are formed. (Adapted
from [102])

composition, the physicochemical characteristics of the fsEVs need further optimi-
zation as the polydispersity index (PDI) of the empty platforms is approximately 0.8
[109]. Finally, it is worth mentioning that there is a gray area in the literature of the
definition of artificial exosomes which should be based on their functionality and
their morphological characteristics. For instance, Aday et al. mention the
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development of artificial exosomes loaded with RNA molecules [110]. However,
the developed platforms are basically lipid nanoparticles (LNPs) that carry an
miRNA that is found in small EVs. In our point of view, the functionality of such
nanomorphologies based on their surface characteristics, i.e., the lipid rafts, could
be the road map for characterizing such nanoplatforms as artificial exosomal mem-
branes and not as artificial exosomes. However, the platform cargo, such as a single
nucleic acid, is not sufficient to characterize the nanovesicles as artificial exosomes
without proving their functionality.

3.1.2 Top-Down Method

The top-down method to produce exosome-like particles, also known as nanovesi-
cles, is based on cell membrane fractions that assemble into pseudospherical blebs.
Two main processes, extrusion over polycarbonate filters and microfluidics, are uti-
lized for the production. Both methodologies require a cell culture. These cells will
then be driven in membrane pressure that conclude in the formation of small
nanovesicles. In this way, cell membranes as it is, including the transmembrane
proteins and other signal molecules, are part of the final platforms. Thus, the pro-
duced artificial exosomes have a very similar proteomic and lipidomic consistency
as biologically derived exosomes. Goh et al. presented those data and compared
cell-derived nanovesicles (CDNs) with exosomes resulting that CDNs might play
an important role as ATMPs [111]. Although a similarity between them is well-
established, someone should take into account that differences do exist. For exam-
ple, in this study, an important differentiation in the percentage of sphingomyelin is
observed. Such an observation might seem insignificant, but we believe that it is
possibly connected with the formation of lipid rafts, areas of high importance for
exosomes, as mentioned above. Various producer cells, such as U937 cells [112],
NIH3T3 fibroblasts [113], hMSF10A [113], or ASC cells [114], are cultured to
produce NVs. Depending on the desired pharmacological effect, the origin of the
NVs is decided as the final vesicles appear with high affinity to their parent cells.
Such an approach has tremendous advantages in artificial exosome development.
However, many of the limitations that appear in the classic exosome development
are also present here.

3.1.3 Hybrid Method

Some recent studies focus on a more complex design by mixing synthetic liposomal
formulations with biologically derived exosomal membranes. That semisynthetic
approach is a result of the technological combination of both top-down and bottom-
up methods and targets the design and development of ATMPs that will take advan-
tage of both synthetic and biological platforms while eliminating their problems in
clinical use [110]. A pioneering study that took place in 2016 by Sato et al. presents
the successful development of hybrid exosomes by freeze-thaw and their in vitro
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evaluation. Notably, the researchers pointed out that the lipids used for the liposo-
mal platforms affected the final behavior of the hybrid systems. Thus, the variety of
synthetic lipids could lead to unique biological behavior of the final platform [115].
For instance, the incorporation of PEGylated lipids could eliminate the recognition
and neutralization by the mononuclear phagocyte system (MPS), correspondingly
to liposome’s behavior [116]. At the same time, another research group studied the
endogenous production of hybrid EVs after infection of the producer cells with
membrane fusogenic liposomes [117]. Results concerning the loading of both
hydrophobic and hydrophilic molecules into the produced EVs showed that the effi-
ciency was higher when membrane fusogenic liposomes are utilized in comparison
with non-fusogenic highly cationic liposomes.

Two years after, two different research groups applied simple incubation meth-
ods to mix synthetic liposomes with mesenchymal-derived EVs [118] or HEK293FT
exosomes [119]. According to Piffoux et al., the hybrid systems maintain the intrin-
sic properties of the EVs while adopting the high loading efficiency and prolonged
circulation time from the synthetic cells [118]. Lin et al. benefit from this technol-
ogy to deliver the CRISPR/CASY system into cells. The isolated exosomes were
incubated with liposomes that carried the above gene modification tool and created
hybrid exosomes that could transfer CRISPR/CASY intracellular without the need
of a viral vector, as it is often presented [119].

Another method to produce hybrid exosomes is by extrusion through polycar-
bonate filters. Ryamajhi et al. developed hybrid anticancer exosomes from
macrophage-derived EVs and doxorubicin-loaded liposomes. Their results showed
enhanced in vitro internalization of the hybrid exosomes into the tumor cells in
comparison to the normal cell lines. That observation attributed to the ability of
macrophage EVs to actively interact with the cancer cells over the physiological
cultures [120]. Moreover, Jhan et al. succeeded to encapsulate siRNA molecules
into hybrid EVs. They follow a protocol that the hybrid EVs were first developed by
simultaneous extrusion of lung carcinoma (A549) or mouse fibroblast (3T3) cell
lines with the liposomal formulation. Afterward, the hybrid systems were loaded
with the siRNA via an electroporation process. The scientists achieved an eightfold
increase of the hybrid EVs’ quantity over the natural production, but believe that
further system optimization could lead to less toxic platforms (a parameter that is
correlated with the electroporation method) and more effective and “clean” delivery
systems [121]. On the other hand, Evers et al. achieved a siRNA encapsulation effi-
ciency of 50-60% into hybrid EV-liposomal systems by adding the siRNA during
the liposomes’ thin film hydration stage [122].

3.2 Cargo Loading

As it is mentioned above, artificial exosomes have been used for a plethora of dif-
ferent drug molecules or biomolecules. First of all, artificial exosomes have proved
beneficial for the loading of small molecules. For instance, Wu et al. developed
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advanced platforms that carry doxorubicin. In vitro and in vivo models showed that
these novel platforms might potentially aid in the treatment of glioblastoma [123].
Moreover, another study by Go et al. achieved the production of EV-mimetic plat-
forms loaded with anti-inflammatory drug molecules (dexamethasone). The
researchers support that their ghost nanovesicles preserve the properties of the EVs,
produced by U937 cell cultures. At the same time, the quantity of vesicles is signifi-
cantly increased and the loading capacity is enhanced [124].

Furthermore, surface molecules of various molecular weights are able to attach
in the surface of artificial exosomes. Notably, Yenerni et al. designed a click chem-
istry methodology that enables the binding of biomolecules in the exosomal surface.
A cholesterol-DNA tether is responsible for the interaction with the bioactive mol-
ecules. In that study, the researchers attached an immunomodulatory protein,
FasL. Nevertheless, due to the nature of click chemistry methodology, the experi-
mental protein is just an example and many other molecules could replace it [125].

Lastly, different nucleic acids have also been delivered in in vivo preclinical
experiments by artificial biomimetic vesicles. For example, EV-mimetic nanovesi-
cles loaded with long noncoding RNA H19 that are produced through a top-down
extrusion procedure provide promising results in the treatment of diabetic wounds
[126]. Similarly, in vivo and in vitro uptake studies showed that artificial exosomes
can effectively deliver siRNA [127].

4 Future Perspectives and Conclusion

The development of artificial exosomes provides new possibilities and opens new
roads in the area of ATMPs and the technology of delivery systems. Due to their
smart design, they combine the benefits of both biological systems and liposomal
vesicles. First of all, their small size allows the easy drug or biomolecule delivery
when they are in vivo administrated. A lower degree of interaction with the MPS has
also been observed, compared to classical liposomal formulations. Moreover, mem-
brane EV proteins that are incorporated in the surface of artificial exosomes might
lead to enhanced active targeting to the desired tissue. Finally, the well-established
liposome technology allows the production of platforms that can carry a variety of
different types of molecules. Small drugs, proteins, nucleic acids, or even com-
plexes, as in the case of the CRISPR/Cas9 complex, could be effectively loaded into
artificial exosomes. Although the encapsulating efficiency of the drugs or biomole-
cules might be lower than in the case of classic liposomes (especially in the case of
hydrophilic molecules), the artificial platforms eliminate the toxicity and adverse
effects as they provide higher targeting efficiency. Thus, these bio-mimicking plat-
forms might be morphologically complicated, due to the variety of their compo-
nents, but they present a very clear, noncomplex functionality that we believe is
strongly connected with the biophysical routes of biosystems.

However, a lot of points are yet to be cleared or optimized. For instance, although
the top-down approaches are the most common ones, as mentioned above, they
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often need advanced manufacturing equipment and supplies that increase the cost of
the final product. In addition, stricter instructions concerning GMPs are necessary
for comparison with fully synthetic nanoparticles. Thus, the acceptance process is
more demanding and currently under discussion. On the other hand, bottom-up
approaches are still on an early stage, and thus, highly functional nanoplatforms are
yet to be developed.

The hybrid systems present interesting behavior as advanced nano-therapeutic
medicinal products. They combine the benefits of both synthetic and biological
nanoplatforms resulting in the development of innovative procedures in the area of
therapeutics. However, thorough design and targeted experiments are necessary to
achieve the development of platforms that present the advantages and lack the limi-
tations of these two technologies.

Nevertheless, exosomes and especially artificial exosomes breathe new life into
the area of therapeutics, as they bring together the classic synthetic techniques of
Pharmaceutical Sciences and the biological processes that are used in bio-medicinal
products.
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