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Abstract: Extracellular vesicles (EVs)/exosomes are nanosized membrane-bound structures that
are released by virtually all cells. EVs have attracted great attention in the scientific community
since the discovery of their roles in cell-to-cell communication. EVs’” enclosed structure protects
bioactive molecules from degradation in the extracellular space and targets specific tissues according
to the topography of membrane proteins. Upon absorption by recipient cells, EV cargo can modify
the transcription machinery and alter the cellular functions of these cells, playing a role in disease
pathogenesis. EVs have been tested as the delivery system for the mRNA COVID-19 vaccine. Recently,
different therapeutic strategies have been designed to use EVs as a delivery system for microRNAs
and mRNA. In this review, we will focus on the exciting and various platforms related to using EVs
as delivery vehicles, mainly in gene editing using CRISPR/Cas9, cancer therapy, drug delivery, and
vaccines. We will also touch upon their roles in disease pathogenesis.
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1. Introduction

EVs/exosomes are naturally produced by almost all cells to facilitate cell-cell com-
munication. EVs have an enclosed lipid bilayer and are known to pack a wide array of
bioactive molecules such as peptides, lipids, and nucleic acids that protect them while
delivering them to the target cells, transmitting /propagating information [1]. The cargo of
the EVs depends on the parental cells and the pathophysiological circumstances where the
EVs are released. EV cargo allows the parental cells to exert their functions in neighboring
cells/tissues as well as at distant sites. In addition, the topography of the membrane protein
on the EV surface allows for EVs to target specific tissues and to facilitate the uptake of the
EVs by the recipient cells [2]. Importantly, the biocompatibility and specificity of EVs have
been shown to reduce the untoward side effects associated with systemically delivered
drugs [3]. Recent studies have shown that EVs can be isolated and manipulated to target
desired tissues with the desired cargo to deliver a vast selection of therapeutics. For these
reasons, EVs have gained attention as versatile delivery systems that have the potential to
improve the efficacy of therapies through more efficient dose administration and precise
delivery to the target tissues. The use of liposomes as a delivery vehicle was essential for
the success of the SARS-CoV-2 mRNA vaccine, illustrating the importance of these tools in
modern medicine. The information discussed in this review regards promising, exciting
research on a variety of approaches that employ EVs/liposomes in therapy and immunol-
ogy, namely on the delivery of clustered regularly interspaced short palindromic repeats
(CRISPR) and the CRISPR-associated protein (Cas 9), vaccines, drugs, and cancer therapies.
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2. Extracellular Vesicles

EVs/exosomes can be classified into three main categories based on size: exosomes,
microvesicles, and apoptotic bodies [4]. EVs are involved in a variety of biological processes,
including intercellular communication, immune modulation, and disease pathogenesis [5].
Their ability to transfer biological molecules, such as proteins, lipids, and nucleic acids,
between cells is facilitated by a variety of mechanisms, including endocytosis, receptor-
mediated uptake, and fusion with the target cell membrane [6]. EVs protect their cargo
from degradation with enzymes, such as nucleases and proteases, making them an effective
means of delivering bioactive molecules to target cells [6].

There are many efforts to streamline the criteria to define EVs and to explore their vast
potential. The International Society for Extracellular Vesicles (ISEV) released a statement
outlining the minimal experimental requirements for defining EVs and their functions [7].
The statement emphasized the need for characterizing EVs using multiple techniques,
reporting size distribution, morphology, and cargo content, and standardizing isolation
protocols. Adhering to these guidelines has accelerated our understanding of EV biology
and their potential clinical applications through collaborative efforts from the scientific
community. For example, it is important to report the proteins found in isolated EVs to help
characterize and determine whether the protein composition matches target expectations [7].
Researchers must also consider the biological context in which EVs are studied.

EVs are implicated in a range of physiological and pathological processes. For example,
cancer cells release EVs that can promote tumor growth and metastasis, while immune
cells release EVs that can modulate the immune response [3]. Researchers have been
investigating the potential of EVs as diagnostic and therapeutic tools, as they have been
shown to carry disease-specific molecules that could be used as biomarkers, or as a means of
directly delivering therapeutic agents to affected tissues [7]. Overall, the diverse functions
and characteristics of EVs highlight their importance in a wide range of biological processes,
and the potential for their use in a variety of clinical applications. It is noteworthy that
EVs differ from liposomes in that the latter are artificially synthesized lipid bilayer vesicles
and are usually >100 nm in diameter, whereas EVs are naturally generated and released by
cells and are much smaller (30-100 nm) [8]. Furthermore, EVs are more biocompatible than
liposomes. As such, liposomes are more likely to trigger immune responses [8]. However,
liposomes are easier to produce and purify than EVs.

3. Modes of EV Modification to Improve Gene/microRNA/Drug Delivery

There are four main types of methods of producing EVs with a modified expression
of target genes/miRs and drugs. These include (1) endogenous delivery via parental cell
modification, (2) exogenous loading, (3) membrane modification by fusion with liposomes,
and (4) the use of aptamers of RNA and DNA. Examples of these different strategies
are graphically represented in Figure 1. Endogenous loading is when the source cell of
the EV is changed, usually through transfection, to produce desired EVs with modified
contents. These modifications can be made to the cargo of EVs or to their membrane
for specific tropism. An interesting example is the overexpression of the Rabies virus
glycoprotein (RVG), a protein that targets the nicotinic acetylcholine receptor to increase the
delivery of encapsulated SiRNA in the brain. RVG was fused to the lysosome-associated
membrane protein 2b (Lamp2b) of dendritic cells, which is normally associated with
the EV membrane [9]. EVs produced by these modified dendritic cells expressed high
levels of Lamp2b fused to the neuron-specific RVG peptide on their surface, allowing the
EVs to accumulate in the brain through the interaction between RVG and the nicotinic
acetylcholine receptor [9].
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Figure 1. Different examples of strategies used to modify EVs for therapy. Modifications can be
performed in EVs’ cargo or membrane with 1. endogenous delivery via parental cells, 2. exogenous
loading, 3. membrane modification by fusion with liposomes, and 4. membrane conjugation with
aptamers of RNA or DNA.

Exogenous loading is the manipulation of EVs once they have already been isolated
from the source cell to modify their cargo [10]. This is usually achieved via electroporation,
sonication, freeze/thaw cycles, among others [11]. Typically, hydrophobic drugs do better
with exogenous integration while hydrophilic drugs are better incorporated using endoge-
nous loading [11]. EVs can be loaded with many different biochemical molecules [12,13],
which allows for versatility in diseases that can be treated through the use of EVs. EVs have
also been effective in passing through the blood-brain barrier and treating neurodegener-
ative disorders, like Parkinson’s and Alzheimer’s disease, with better efficacy. However,
optimal drug loading is still a challenge. EVs are also difficult to isolate and produce in
sufficient quantities for disease treatment, contributing to the delay of translating EVs to
clinical use [4,11]. The ability to avoid degradation in the human body is also important
to increase the circulation time of EVs. As described above, CD47 is a membrane surface
protein that protects EVs from being phagocytized by macrophages. EVs with higher levels
of CD47 have been proven to lengthen their half-lives, allowing EVs more time to deliver
their target genes, miRs, and encompassed drugs [10].

In modification studies that relied on fusion with liposomes, hybrid EVs that used
polyethylene glycol (PEG) to induce fusion between EVs and liposomes have been de-
veloped to improve drug delivery efficiency [14]. It was observed that the fusion of the
EVs and liposomes did not result in loss of the drug concentration and that the loading
was efficient inside the hybrid EVs, with the highest efficiency at an EV/liposome ratio of
9/1 [14]. These hybrid EVs were highly effective in delivering an anti-tumor drug, mTHCP.
Compared with regular EVs, the hybrid EVs had a significantly higher percent of the drug
loaded, 3% and 90%, respectively [14]. In addition, the spontaneous fusion of natural
EVs and synthetic liposomes with engineered membranes that target specific tissues also
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generated promising results [15]. Recent advances have focused on the use of aptamers to
deliver EVs. In these approaches, DNA [16] or RNA aptamers [17] are used. Aptamers can
bind to diacyllipids, which, in turn, naturally bind to the EV membranes. The aptamers
are specifically designed to bind proteins in specific cell types, allowing for the targeted
delivery of the EVs to these cells.

4. EVs in CRISPR Delivery

Clustered regularly interspaced short palindromic repeats (CRISPR) and the CRISPR-
associated protein (Cas 9) have proven to be a revolutionary gene engineering tool with
vast therapeutic potential [18]. The gene editing ability of CRISPR/Cas9 has been shown to
be effective in upregulating fetal hemoglobin production in patients with Beta-Thalassemia
and sickle cell disease [19]. It has been used to form chimeric antigen receptor T cells
(CAR-T cells) to treat refractory forms of acute lymphoblastic leukemias [20]. EVs have
been investigated as an effective delivery method to deliver the CRISPR/Cas9 system to
the desired cells for gene editing [2]. However, two issues concerning the use of EVs for
CRISPR/Cas9 delivery have been the delivery efficiency of EVs and the loading efficiency
of the CRISPR/Cas9 protein into the EVs.

4.1. Maximizing CRISPR Loading in EVs

To circumvent the problem with plasmid expression in the target cells, a different strat-
egy of loading the CRISPR/Cas9 complex consists of loading the expressed CRISPR/Cas9
protein and single-guided RNA (SgRNA) into an EV. To increase the efficiency of loading
large-protein cargo, such as the CRISPR/Cas9 complex, into EVs, the Cas9 protein was
heterodimerized with a heterodimer partner fused with the EV’s naturally associated pro-
teins, e.g., CD9 and CD81, or a heterodimer partner modified with a fatty acid moiety [21].
The EV-sorting motifs facilitated membrane localization and preferential packing of the
heterodimerized complex into EVs. Furthermore, reversible dimerization systems were
used to allow active loading during EV production and release of the cargo in the recipient
cells. The reversible dimerization process was either controlled by light or a small molecule.
Without the EV-sorting motif, there was negligible Cas9 complex loading into the EV. Both
CD9 and Myristoylation-Palmitoylation—Palmitoylation lipid modification were successful
in loading Cas9 into EVs and in preserving the functionality of Cas9 [21]. In addition to
the heterodimer system, another strategy to fuse CRISPR/Cas9 to an EV-sorting motif is to
use a short single-stranded signaling ribonucleotide, called an aptamer, and an aptamer-
binding protein (ABP) to facilitate an interaction between the two proteins and increase the
loading of CRISPR/Cas9 inside the EVs [22]. The RNA aptamer sequence was embedded
into the sgRNA, while CD63, an EV marker, was fused with the ABP at both ends of the
protein. With this strategy, it is important to express vesicular stomatitis virus G (VSV-G)
protein to facilitate the breakdown of the EV to release the CRISPR/Cas9 complex, once it
is inside the recipient cell [22].

4.2. CRISPR Delivery for Cancer Treatment

The delivery of CRISPR/Cas9 via EVs has shown success for treatment against differ-
ent types of cancer. EVs transfected with CRISPR/Cas9 DNA plasmids were delivered to
the desired target cancer cells. Once inside the target cell, the CRISPR/Cas9 complex was
translated and assembled [23]. One study showed moderate knockdown of the KRAS gene
in pancreatic cancer cells and the reduction of pancreatic tumor size with the use of EV-
delivered CRISPR/Cas9 plasmids [23]. Additionally, breakthrough cancer treatments, such
as Chimeric Antigen Receptor (CAR) T-Cells, have been combined with EVs to improve
CRISPR delivery to B-cell malignancies. CARs are genetically modified receptors that are
specific to cancer antigens used to increase the specificity of treatment [24]. One group
took advantage of this technology by modifying the surface of CRISPR containing EVs
with a CAR specific to B-cell malignancies. In this case, the CAR was made to target CD19;
this tumor antigen was used due to its high expression in B-cell malignancies [24]. Also,
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the CRISPR/Cas9 used was engineered to target the MYC gene, a Proto-Oncogene. This
study found that mice injected with the anti-CD19 CAR EVs loaded with MYC-CRISPR had
slowed tumor growth compared with those injected with MYC-CRISPR-loaded EVs with-
out CAR modifications, and the tumor cell damage was observed in immunohistochemical
studies [24].

4.3. Genetic Diseases and CRISPR

Currently, research is being done to use EV- or liposome-delivered gene editing
molecules to treat diseases that are linked to genetic mutations. Liposomes were used to im-
prove the delivery of Phosphorodiamidate Morpholinoligomers (PMOs) to treat Duchenne
Muscular Dystrophy (DMD) [25]. PMO is the first antisense oligonucleotide approved
by the FDA to treat DMD. However, skeletal muscle cells are known to be difficult to
transfect/transduce [25]. To improve the delivery efficiency, the A2G80 peptide was added
to the liposomes surface as A2G80 peptide binds with substantial affinity to o-dystroglycan
expressed on muscle cell membranes. When A2G80 modified liposomes were injected into
mice with DMD mutation, this strategy showed a significant accumulation of modified lipo-
somes inside muscle cells and increased association with alpha-dystroglycan inside DMD
model mice (mdx mice) [25]. Furthermore, when A2G80-modified liposomes were coated
with long- and short-chain PEG, called A2G80-LSP-Lip, these liposomes improved the
blood circulation of the liposomes using microfluidics. When the liposomes were adminis-
tered to mdx mice via the tail vein, A2G80-LSP-Lip accumulated efficiently in the muscle tis-
sue compared with control liposomes [25]. In another study, the CRISPR/Cas9 compound
was delivered via transferrin-receptor-binding-peptide-conjugated EVs to knockdown
P-glycoprotein (P-gp) in the blood—brain barrier (BBB), ultimately reducing drug resistance
in the brain. P-gp is an efflux pump expressed by brain endothelial cells that pumps
drugs from the brain endothelial membrane and cytosol compartment back into the blood
for subsequent elimination, which makes the brain resistant to certain drugs [26]. This
study showed that EV-delivered CRISPR/Cas9 was effective in inhibiting P-gp, making it
easier for medications that treat diseases of the brain like Alzheimer’s, amyotrophic lateral
sclerosis (ALS), epilepsy, among others, to cross the BBB with improved efficiency [26].

5. EVs in Vaccine Delivery

Vaccines have historically been an effective tool in preventing and eradicating deadly
infectious diseases worldwide [27,28]. As technology continues to advance, different
vaccine strategies are being researched to improve vaccine effectiveness [29]. EVs have been
used as carriers to improve the delivery of vaccine antigens and enhance the immunogenic
effects with low reactogenicity [30]. In 1974, it was shown that using liposomes as a
vaccine adjuvant in making a liposomal diphtheria toxin vaccine generated significant
immunogenic effects [30]. Since then, there have been many efforts to investigate the use of
liposomes in vaccines for different diseases.

In 2014, an oral hepatitis B vaccine was developed with the intention of creating a
painless and needleless effective vaccine [31]. In this strategy, liposomes were incorporated
to microneedle arrays as graphically represented in Figure 2(1). Briefly, liposomes were
mixed with a polymer in gel form. This material was dried and molded into structures that
were implanted in the oral mucosa for liposome delivery. A stable liposome containing
the hepatitis B antigens was able to produce a cellular and humoral response when given
via the oral mucosal route [31]. Furthermore, an increased level of immunoglobulins and
an enhanced Th1/Th2 CD4+ T cell response were observed, primarily due to the lipo-
some containing the C-type lectin-targeting molecule, mannose-PEG-cholesterol conjugate
(MPC), and adjuvant lipid A, which are the hepatitis B antigens that induce an immune
response [31].
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Figure 2. Different strategies employ liposomes in vaccines: 1. microneedle arrays with liposomes for
oral mucosa administration, 2. transdermal immunization with elastic liposomes, and 3. mRNA vaccines.

In another study, a transdermal vaccine against Plasmodium falciparum, the protozoan
parasite associated with malaria, was made with elastic liposomes [32] (represented in
Figure 2(2)). These liposomes are prepared by mixing an ethanolic solution of soybean
phosphatidylcholine (SPC) with span 80 in PBS (86:14% (w/w) containing Ag-MSP-119
solution (10 pg/mL). The resulting liposomes were selected for the desired size with a
series of filtrations [32]. These liposomes were loaded with merozoite surface protein-1
(PIMSP-1). The study compared different forms of vaccine formulations against PEMSP-1
and the elastic liposome vaccine showed a greater IgG1/IgG2a ratio compared with the
other vaccination methods [31]. The study also noted that elastic liposomes increased
the levels of IFN-y compared with those of other vaccines [32]. IFN-y has been shown to
play a crucial role in T-cell immunity and specifically control immune responses against
blood-stage malaria [32].

A more recent study examined the efficacy of using liposome vaccines to induce
immunity against more common infections like influenza A and streptococcus, using
animal models [33]. It was shown that liposomal vaccination against the M2e antigen of
influenza A was effective in producing IgA antibodies and decreasing viral titers in the
lungs of mice [33]. Similarly, ferrets that received the liposomal vaccine had 90% viral
titer reduction compared with those receiving an empty liposome vaccine upon HIN1
infection [33]. This study was also the first to show protection against superinfection using
a combined epitope liposomal vaccine [33]. They combined the ]J8 epitope, an antigen of
streptococcus, and the M2e epitope into a single liposome. Vaccination with combined-
epitope (multi-vax) liposomes produced IgA levels for each antigen equal to the influenza
A liposomal vaccine alone and the streptococcus liposomal vaccine alone. Mice with
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the multi-vax had much better clinical outcomes when inoculated with influenza A and
streptococcus compared with the mice with no vaccination [33].

The most relevant recent use of liposomal vaccines has been its utility in the SARS-
COVID-19 mRNA vaccine [34-36] (Figure 2(3)). The COVID-19 mRNA vaccines elicit
immune responses via mRNAs that encode viral antigens and are intramuscularly admin-
istered. Tsai et al. used a combination of mRNA-encoding SARS-CoV-2 spike antigens
encapsulated in EVs containing LSNME, a fusion of SARS-CoV-2 nucleocapsids, and frag-
ments of spike to inject mice [37]. This combination generated a significant number of
antibodies towards spike proteins and nucleocapsids [37]. Another strategy for the making
of the SARS-CoV-2 vaccine involved conjugating the spike recombinant receptor bind-
ing protein to 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-poly(ethy lene-glycol)-
N-hydroxysuccinimide, and the conjugated molecule was placed on the surface of EVs.
When this EV-based vaccine was given to mice via a nebulizer, it generated high levels
of circulating IgG and mucosal IgG and IgA antibodies against SARS-CoV-2 as well as
stimulated a robust T cell immune response [38].

6. EVs in Cancer Therapy

Cancer therapies are limited due to their lack of selectivity for cancer cells. Current
cancer therapies are known to also damage all types of rapidly dividing healthy cells,
causing many unwanted side effects [10]. To improve cancer therapy selectivity and
achieve targeted delivery, researchers have turned their attention to using EVs as drug
carriers. The biocompatibility and natural cell signaling role of EVs in the human body
allow them to be efficient drug carriers to cancer cells [10]. In addition, EVs have the
ability to target specific organs or tissues using specific surface markers. For example,
CDA47 protein is highly expressed in many cancer cells. It suppresses the phagocytic
function of macrophages and dendritic cells [39]. Antagonizing CD47 via antibodies
with nonspecific delivery was associated with serious side effects, inducing anemia and
thrombocytopenia, albeit with potent antitumor efficacy. EVs harboring signal regulatory
protein alpha (SIPRx)-EV-SIRPx and anti-CD47 with minimal toxic effects on hematologic
parameters were developed [40,41]. SIPRe is a naturally occurring regulatory protein
usually found on the surface of macrophages. It is known to be a ligand of CD47 that, once
bound, causes the inhibition of phagocytosis [42] These EV-SIRP«s used red blood cells
as delivery vehicles to tumors, effectively inhibiting ligation of residual CD47 molecules
and inducing tumor-specific T-cell-mediated antitumor effects, without inducing apparent
anemia [40,41].

EVs tend to resemble the properties and signaling surface molecules of the cells
they originate from [37]. Tumor cells primed with interferon regulatory factor 1 (IRF-1),
a transcription factor associated with antitumor immunity, secrete EVs containing high
levels of IRF-1 target genes, MHC I, and IL-15R« [42]. These EVs stimulated active and
specific cellular immunity against tumor cells. Hepatic tumors inoculated with IRF-1-
primed-tumor-derived EVs slowed the growth of the tumors [42]. TNF-related apoptosis-
inducing ligands (TRAILs) are apoptosis inducing proteins. To increase the bioavailability
and efficient delivery of TRAILs, mesenchymal stromal cells (MSCs) were transduced,
resulting in the production of TRAIL-containing EVs. Interestingly, this approach also
caused an overall increase in EV production by the MSCs [43]. Remarkably, the TRAIL-
containing EVs showed superior apoptosis inducing capabilities in cancer cells when
compared with the alternative, recombinant TRAIL (rTRAIL) [43]. Liposomes, similar
to EVs, have also proven to be successful in delivering cancer therapies. A 2020 study
by Pankaj Dwivedi et al. [44] designed unique liposomes containing citric-acid-stabilized
magnetic nanoparticles and loaded these liposomes with doxorubicin (DOX), a cancer
therapy medication, to form a DOX-loaded magneto liposome (DOX-ML). In addition,
they took it one step further and conjugated the DOX-ML to perfluorocarbon (PFC)-loaded
microbubbles (MBs). The idea behind this complex liposome was to use an external
magnetic field to guide the magneto liposomes to the target tissue and use ultrasound
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(US) waves to burst the PFC-filled MBs to increase the efficacy and selectivity of DOX
administration in pancreatic cancer [44]. They tested different combinations of DOX-
ML, US, magnet, and MBs and recorded tumor volume over 20 days and observed that
DOX-ML-MB+US+magnet was the only combination to shrink the pancreatic tumors [44].
Upon apoptosis analysis, DOX-ML-MB+US showed the highest number of apoptotic cells
compared with the other combinations and the control [44]. This strategy was effective in
targeting specific tissues of interest, with increased accumulation of magnetic liposomes in
the tissues where the external field was applied when compared with other areas with no
electric field [44]. Furthermore, some immune cells were exploited to produce EVs with the
inherent immunogenic activity associated with these cells. Specifically, Natural Killer (NK)
cells produce EVs containing granzyme B, perforin, and FasL, which are apoptosis-inducing
proteins [3]. For example, when NK cells were primed with IL-15, a cytokine that stimulates
immune activity, increased production of EVs with elevated concentrations of granzyme B,
perforin, and FasL were observed [3]. These EVs showed a significant antitumor activity
against glioblastoma, with 89.8% apoptosis of the glioblastoma cells, as compared with the
20.4% apoptosis when the cancer cells were treated with FasL inhibitors [3].

It is noteworthy that EVs with mRNA loading have been used for other disease treat-
ments. For example, EVs loaded with Neprilysin, a membrane-bound metallopeptidase
and one of the major amyloid 3-degrading enzymes, were effective in decreasing abnormal
aggregated beta-amyloid sheets in the brain in a rat model for Alzheimer’s disease [45].
We focused on cancer therapy in this article because of disease prevalence and the intensity
of the research in this arena.

7. EVs, microRNAs, and Disease Pathogenesis/Treatment

In contrast to mRNAs, each microRNA (miR) could regulate multiple genes, play-
ing greater roles in disease pathophysiology [46]. There is abundant evidence showing
that miRs play important roles in signal transductions, cellular processes, and disease
pathogenesis [46—48]. We have shown that miRs play important regulatory roles in en-
dothelial progenitor cell senescence and cardiovascular disease (CVD) development [49].
Importantly, miRs and their antagomirs are conceivably easier to deliver to EVs due to
their short sequences than mRNAs [50]. Because of these reasons, our group has focused
on modification of EVs with miRs. Indeed, we were the first to use genetically modified
MSCs to produce tailored EVs (TEVs) loaded with specific miRs to target signaling events
underlying disease processes. For example, miR-126 is critical for angiogenesis and CVD
development. We have shown that the miR-126-containing TEVs rejuvenated senescent
endothelial progenitor cells, increasing their proliferation and differentiation. When in-
jected in aged apoE knockout mice, these TEVs promoted angiogenesis and improved
blood supply [51]. In a recent study, we demonstrated that let-7b and miR-103-3a encom-
passed in EVs isolated from people living with HIV (PLWH) mediated the effects of HIV
infection in CVD development and that TEVs loaded with the antagomir for let-7b-5p
(miRZip-let-7b and miRZip-103-3a) counteracted the effects of HIV infection on accelerated
atherosclerosis [52].

8. Tissue Distribution of Therapeutic Extracellular Vesicles

Tissue distribution studies have highlighted that EVs tend to accumulate in organs
rich in blood vessels and macrophages, such as the liver, lungs, spleen, and kidneys [53].
Multiple factors affect tissue distribution. These include the size of the EVs, the route of the
administration, and to a lesser degree, the timing of the treatment, among others.

The size of the EVs has shown to be a major factor that determines their tissue distri-
bution. The size of EVs are classified as either small or large, small EVs being <100 nm and
large EVs being >200 nm. Studies evaluated the concentrations of small EVs at 1 h and then
2-12 h post-intravenous (IV) administration in different organ systems; the concentration
eventually declined in a time dependent manner. They found that these particles primarily
accumulated in the liver. In the liver, the EV concentration peaked at 1 h and again between
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2-12 h, eventually disappearing by hour 12 [54,55]. They also reached peak concentration
in the lungs within the first hour but quickly declined after 2-12 h. The spleen showed
moderate concentrations of the small EVs at both time intervals, and the kidneys only had
low levels of small EVs in the first hour. In contrast to small EVs, large EVs primarily
distributed to the lungs 1 h post-IV administration and declined in 2-12 h. Large-EVs also
demonstrated gradual accumulation in the liver, peaking at 24 h post-IV administration
with low to no levels in the spleen [55].

In addition, the route of administration was shown to affect the tissue distribution of
EVs. The common routes that have been tested are intranasal, intravenous, subcutaneous
(5C), and intraperitoneal (IP). In SC injections, EVs must encounter adipose tissue, blood
vessels, and eventually enter the circulation via lymphatic vessels. However, the distribu-
tion is reliant on the ability of the EVs to diffuse through the extracellular matrix (ECM).
Furthermore, it is known that the lymphocyte-mediated clearance limits the amount of
EVs that can reach the intended destination [56]. IP injection poses issues similar to the SC
injections. In IP injections, EVs must cross multiple layers of connective tissue and enter
the circulation via the lymphatic system [56]. With regards to local administrations, such
as in the intramuscular or intranasal methods, EVs have been shown to remain localized
in the tissue in which it is injected, with little spread to systemic circulation [55,56]. This
has been attributed to the tight endothelial barriers in these tissues that do not allow the
EVs to get into the circulation [55]. Lastly, intravenous administration has been shown to
primarily accumulate in the liver and then spread to the lungs, spleen, and kidneys [53-55].

Although targeting specific tissues with EVs has been a challenge, some methods of
EVs modification have shown promise, as discussed in the previous section. Other authors
have proposed the use of EVs in specific contexts that would naturally facilitate their
migration to the desired site. In one experiment, Tieu and colleagues induced acute lung
injury in mice and administered EVs 24 h after the induction of injury—a timepoint in which
inflammation was measured to be at its peak [57]. This study showed a 2.7—4.4-fold increase
in EV concentration in the inflamed lungs compared with those in normal non-inflamed
lungs [57]. Although this model showed good results that could be the basis for developing
therapies for inflamed tissues, other types of pathologies may require more complicated
approaches other than the timing of the treatment. These include the manipulation of EVs
markers which can allow them to accumulate in desired tissues/organs and be taken up by
specific cells to produce specific effects [58].

It is important to note that even if advances have been made in the field, targeting
strategies seem to be limited to an increase in the concentration of EVs in the desired site of
delivery for a certain period of time. This is because EVs persistently disperse to non-target
tissues. Perhaps the combination of different strategies of EV targeting would help control
tissue distribution and generate better results in the future.

9. Conclusions

In conclusion, EVs have gained significant interest in the field of biomedical research
due to their unique properties, including their ability to serve as carriers of therapeutic
agents. The use of EVs for the delivery of different therapeutic agents has shown promise
to improve the treatment of different diseases. EV delivery of CRISPR/Cas9 has shown
great potential in the treatment of various genetic diseases, like Duchenne Muscular Dys-
trophy [5]. A more recent and ubiquitous example has been the use of EVs’ role in the
development of the COVID-19 vaccine [59].

EVs have proven to be effective in delivering a multitude of drugs. Specifically, they
have been very successful in controlling cancer growth via the improved delivery of cancer
therapies [37]. Although challenges remain, such as the efficient loading of therapeutic
agents into EVs, the production of EVs in large quantities, and their targeted delivery to
specific cells [51], advancements in this area are accelerating. As our understanding of
the biology and function of EVs increases, we can expect to see continued progress in the
development of novel therapies based on these unique extracellular vehicles.



Int. . Mol. Sci. 2023, 24, 17134 10 of 12

Author Contributions: Conceptualization, C.D., M.A.P.,, A.D.EF. and G.R.M.; writing—original draft
preparation M. A P.; writing—review and editing, C.D., L.W., A.D.FF. and G.R.M.; supervision, C.D.
and G.R.M.; funding acquisition, C.D. All authors have read and agreed to the published version of
the manuscript.

Funding: The authors would like to thank the National Heart, Lung, and Blood Institute of the
National Institute of Health under award number ROTHL162579 (C.M.D.), the Miami VA Health
System, Grant Number: 5101BX004870-03 (C.M.D.), and the Miami Heart Research Institute (C.M.D.)
for their financial support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Herrmann, ILK,; Wood, M.J.A.; Fuhrmann, G. Extracellular vesicles as a next-generation drug delivery platform. Nat. Nanotechnol.
2021, 16, 748-759. [CrossRef] [PubMed]

2. van Niel, G.; D’Angelo, G.; Raposo, G. Shedding light on the cell biology of extracellular vesicles. Nat. Rev. Mol. Cell Biol. 2018,
19, 213-228. [CrossRef] [PubMed]

3. Zhu, L.; Kalimuthu, S.; Oh, ].M.; Gangadaran, P; Baek, S.H.; Jeong, S.Y.; Lee, S.-W.; Lee, J.; Ahn, B.-C. Enhancement of antitumor
potency of extracellular vesicles derived from natural killer cells by IL-15 priming. Biomaterials 2019, 190-191, 38-50. [CrossRef]

4. Armstrong, ] PK.; Stevens, M.M. Strategic design of extracellular vesicle drug delivery systems. Adv. Drug Deliv. Rev. 2018, 130,
12-16. [CrossRef]

5. Colombo, M.; Raposo, G.; Théry, C. Biogenesis, secretion, and intercellular interactions of exosomes and other extracellular
vesicles. Annu. Rev. Cell Dev. Biol. 2014, 30, 255-289. [CrossRef]

6. Yanez-Mo, M; Siljander, P.R.-M.; Andreu, Z.; Bedina Zavec, A.; Borras, FE.; Buzas, E.I; Buzas, K.; Casal, E.; Cappello, F,;
Carvalho, J.; et al. Biological properties of extracellular vesicles and their physiological functions. J. Extracell. Vesicles 2015,
4,27066. [CrossRef]

7. Letvall, J.; Hill, A.F,; Hochberg, F.; Buzas, E.I; Di Vizio, D.; Gardiner, C.; Gho, Y.S.; Kurochkin, I.V.; Mathivanan, S.; Quesenberry,
P; et al. Minimal experimental requirements for definition of extracellular vesicles and their functions: A position statement from
the International Society for Extracellular Vesicles. J. Extracell. Vesicles 2014, 3, 26913. [CrossRef] [PubMed]

8. AlJipouri, A,; Almurisi, S.H.; Al-Japairai, K.; Bakar, L.M.; Doolaanea, A.A. Liposomes or Extracellular Vesicles: A Comprehensive
Comparison of Both Lipid Bilayer Vesicles for Pulmonary Drug Delivery. Polymers 2023, 15, 318. [CrossRef]

9.  Alvarez-Erviti, L.; Seow, Y.; Yin, H.; Betts, C.; Lakhal, S.; Wood, M.]. Delivery of siRNA to the mouse brain by systemic injection of
targeted exosomes. Nat. Biotechnol. 2011, 29, 341-345. [CrossRef]

10. Jayasinghe, M.K.; Tan, M.; Peng, B.; Yang, Y.; Sethi, G.; Pirisinu, M.; Le, M.T. New approaches in extracellular vesicle engineering
for improving the efficacy of anti-cancer therapies. Semin. Cancer Biol. 2021, 74, 62-78. [CrossRef]

11. Walker, S.; Busatto, S.; Pham, A.; Tian, M.; Suh, A.; Carson, K.; Quintero, A.; Lafrence, M.; Malik, H.; Santana, M.X_; et al.
Extracellular vesicle-based drug delivery systems for cancer treatment. Theranostics 2019, 9, 8001-8017. [CrossRef] [PubMed]

12.  Escudé Martinez de Castilla, P; Tong, L.; Huang, C.; Sofias, A.M.; Pastorin, G.; Chen, X.; Storm, G.; Schiffelers, R.M.; Wang,
J.-W. Extracellular vesicles as a drug delivery system: A systematic review of preclinical studies. Adv. Drug Deliv. Rev. 2021,
175,113801. [CrossRef] [PubMed]

13. Du, S;; Guan, Y,; Xie, A,; Yan, Z.; Gao, S.; Li, W.; Rao, L.; Chen, X.; Chen, T. Extracellular vesicles: A rising star for therapeutics
and drug delivery. J. Nanobiotechnol. 2023, 21, 231. [CrossRef] [PubMed]

14. Piffoux, M,; Silva, A.K.A.; Wilhelm, C.; Gazeau, F,; Tareste, D. Modification of Extracellular Vesicles by Fusion with Liposomes for
the Design of Personalized Biogenic Drug Delivery Systems. ACS Nano 2018, 12, 6830—-6842. [CrossRef]

15. Karmacharya, M.; Kumar, S.; Cho, Y.K. Tuning the Extracellular Vesicles Membrane through Fusion for Biomedical Applications.
J. Funct. Biomater. 2023, 14, 117. [CrossRef]

16. Wang, Y.; Chen, X,; Tian, B.; Liu, J.; Yang, L.; Zeng, L.; Chen, T.; Hong, A.; Wang, X. Nucleolin-targeted Extracellular Vesicles as a
Versatile Platform for Biologics Delivery to Breast Cancer. Theranostics 2017, 7, 1360-1372. [CrossRef]

17.  Pi, F; Binzel, D.W,; Lee, T.J.; Li, Z.; Sun, M.; Rychahou, P; Li, H.; Haque, F.; Wang, S.; Croce, C.M.; et al. Nanoparticle orientation
to control RNA loading and ligand display on extracellular vesicles for cancer regression. Nat. Nanotechnol. 2018, 13, 82-89.
[CrossRef]

18. Gee, P; Lung, M.S.Y,; Okuzaki, Y.; Sasakawa, N.; Iguchi, T.; Makita, Y.; Hozumi, H.; Miura, Y.; Yang, L.F,; Iwasaki, M.; et al.
Extracellular nanovesicles for packaging of CRISPR-Cas9 protein and sgRNA to induce therapeutic exon skipping. Nat. Commun.
2020, 11, 1334. [CrossRef]

19. Frangoul, H.; Altshuler, D.; Cappellini, M.D.; Chen, Y.-S.; Domm, J.; Eustace, B.K.; Foell, J.; De La Fuente, J.; Grupp, S.;
Handgretinger, R.; et al. CRISPR-Cas9 Gene Editing for Sickle Cell Disease and (3-Thalassemia. N. Engl. ]. Med. 2021, 384, 252-260.
[CrossRef]

20. Li, C; Mei, H.; Hu, Y. Applications and explorations of CRISPR/Cas9 in CAR T-cell therapy. Brief. Funct. Genom. 2020, 19,

175-182. [CrossRef]


https://doi.org/10.1038/s41565-021-00931-2
https://www.ncbi.nlm.nih.gov/pubmed/34211166
https://doi.org/10.1038/nrm.2017.125
https://www.ncbi.nlm.nih.gov/pubmed/29339798
https://doi.org/10.1016/j.biomaterials.2018.10.034
https://doi.org/10.1016/j.addr.2018.06.017
https://doi.org/10.1146/annurev-cellbio-101512-122326
https://doi.org/10.3402/jev.v4.27066
https://doi.org/10.3402/jev.v3.26913
https://www.ncbi.nlm.nih.gov/pubmed/25536934
https://doi.org/10.3390/polym15020318
https://doi.org/10.1038/nbt.1807
https://doi.org/10.1016/j.semcancer.2021.02.010
https://doi.org/10.7150/thno.37097
https://www.ncbi.nlm.nih.gov/pubmed/31754377
https://doi.org/10.1016/j.addr.2021.05.011
https://www.ncbi.nlm.nih.gov/pubmed/34015418
https://doi.org/10.1186/s12951-023-01973-5
https://www.ncbi.nlm.nih.gov/pubmed/37475025
https://doi.org/10.1021/acsnano.8b02053
https://doi.org/10.3390/jfb14020117
https://doi.org/10.7150/thno.16532
https://doi.org/10.1038/s41565-017-0012-z
https://doi.org/10.1038/s41467-020-14957-y
https://doi.org/10.1056/NEJMoa2031054
https://doi.org/10.1093/bfgp/elz042

Int. . Mol. Sci. 2023, 24, 17134 11 0f12

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Osteikoetxea, X.; Silva, A.; Lazaro-Ibafiez, E.; Salmond, N.; Shatnyeva, O.; Stein, J.; Schick, J.; Wren, S.; Lindgren, J.; Firth, M.; et al.
Engineered Cas9 extracellular vesicles as a novel gene editing tool. J. Extracell. Vesicles 2022, 11, €12225. [CrossRef]

Yao, X.; Lyu, P; Yoo, K.; Yadav, M.K; Singh, R.; Atala, A.; Lu, B. Engineered extracellular vesicles as versatile ribonucleoprotein
delivery vehicles for efficient and safe CRISPR genome editing. J. Extracell. Vesicles 2021, 10, e12076. [CrossRef]

Zhao, X.; Liu, L,; Lang, J.; Cheng, K.; Wang, Y.; Li, X,; Shi, J.; Wang, Y.; Nie, G. A CRISPR-Cas13a system for efficient and specific
therapeutic targeting of mutant KRAS for pancreatic cancer treatment. Cancer Lett. 2018, 431, 171-181. [CrossRef]

Xu, Q.; Zhang, Z.; Zhao, L.; Qin, Y.; Cai, H.; Geng, Z.; Zhu, X.; Zhang, W.; Zhang, Y.; Tan, J.; et al. Tropism-facilitated delivery of
CRISPR/Cas9 system with chimeric antigen receptor-extracellular vesicles against B-cell malignancies. . Control. Release 2020,
326, 455-467. [CrossRef]

Sasaki, E.; Hayashi, Y.; Kimura, Y.; Sashida, S.; Hamano, N.; Nirasawa, K.; Hamada, K.; Katagiri, F.; Kikkawa, Y.; Sakai, T.; et al.
Alpha-dystroglycan binding peptide A2G80-modified stealth liposomes as a muscle-targeting carrier for Duchenne muscular
dystrophy. J. Control. Release 2021, 329, 1037-1045. [CrossRef]

Yang, T.; Curtis, S.; Bai, A.; Young, A.; Derosier, D.; Ripley, S.; Bai, S. CRISPR/Cas9 targeting liposomes knocked down multidrug
resistance proteins in brain endothelial cells as a model to predict potential pharmacoresistance. Colloids Surf. B Biointerfaces 2023,
222,113103. [CrossRef] [PubMed]

Bandyopadhyay, A.S.; Zipursky, S. A novel tool to eradicate an ancient scourge: The novel oral polio vaccine type 2 story. Lancet
Infect. Dis. 2023, 23, e67—e71. [CrossRef] [PubMed]

Pollard, A.].; Bijker, EM. A guide to vaccinology: From basic principles to new developments. Nat. Rev. Immunol. 2021, 21,
83-100. [CrossRef] [PubMed]

Rappuoli, R.; Mandl, C.W,; Black, S.; De Gregorio, E. Vaccines for the twenty-first century society. Nat. Rev. Immunol. 2011, 11,
865-872. [CrossRef]

Wang, N.; Chen, M.; Wang, T. Liposomes used as a vaccine adjuvant-delivery system: From basics to clinical immunization.
J. Control. Release 2019, 303, 130-150. [CrossRef]

Wang, T.; Zhen, Y.; Ma, X.; Wei, B.; Li, S.; Wang, N. Mannosylated and lipid A-incorporating cationic liposomes constituting
microneedle arrays as an effective oral mucosal HBV vaccine applicable in the controlled temperature chain. Colloids Surf. B
Biointerfaces 2015, 126, 520-530. [CrossRef]

Tyagi, RK,; Garg, N.K,; Jadon, R.; Sahu, T.; Katare, O.P.; Dalai, S.K.; Awasthi, A.; Marepally, S.K. Elastic liposome-mediated
transdermal immunization enhanced the immunogenicity of P. falciparum surface antigen, MSP-119. Vaccine 2015, 33, 4630—4638.
[CrossRef]

Zaman, M.; Huber, V.C.; Heiden, D.L.; DeHaan, K.N.; Chandra, S.; Erickson, D.; Ozberk, V.; Pandey, M.; Bailly, B.; Martin, G.; et al.
Combinatorial liposomal peptide vaccine induces IgA and confers protection against influenza virus and bacterial super-infection.
Clin. Transl. Immunol. 2021, 10, €1337. [CrossRef]

Park, J.W.; Lagniton, PN.P; Liu, Y,; Xu, R.H. mRNA vaccines for COVID-19: What, why and how. Int. |. Biol. Sci. 2021, 17,
1446-1460. [CrossRef]

Polack, EP.; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Pérez Marc, G.; Moreira, E.D.; Zerbini,
C.; et al. Safety and Efficacy of the BNT162b2 mRNA COVID-19 Vaccine. N. Engl. J. Med. 2020, 383, 2603-2615. [CrossRef]
Fang, E.; Liu, X,; Li, M.; Zhang, Z.; Song, L.; Zhu, B.; Wu, X,; Liu, J.; Zhao, D.; Li, Y. Advances in COVID-19 mRNA vaccine
development. Signal Transduct. Target. Ther. 2022, 7, 94. [CrossRef]

Tsai, S.J.; Atai, N.A.; Cacciottolo, M.; Nice, J.; Salehi, A.; Guo, C.; Sedgwick, A.; Kanagavelu, S.; Gould, S.J. Exosome-mediated
mRNA delivery in vivo is safe and can be used to induce SARS-CoV-2 immunity. J. Biol. Chem. 2021, 297, 101266. [CrossRef]
Wang, Z.; Popowski, K.D.; Zhu, D.; Abad, B.L.d.J.; Wang, X; Liu, M.; Lutz, H.; De Naeyer, N.; DeMarco, C.T.; Denny, T.N; et al.
Exosomes decorated with a recombinant SARS-CoV-2 receptor-binding domain as an inhalable COVID-19 vaccine. Nat. Biomed.
Eng. 2022, 6, 791-805. [CrossRef]

Kaur, S.; Elkahloun, A.G,; Singh, S.P.; Arakelyan, A.; Roberts, D.D. A function-blocking CD47 antibody modulates extracellular
vesicle-mediated intercellular signaling between breast carcinoma cells and endothelial cells. J. Cell Commun. Signal. 2018, 12,
157-170. [CrossRef] [PubMed]

Kim, Y.K,; Hong, Y,; Bae, Y.R.; Goo, J.; Kim, S.A.; Choi, Y.; Nam, G.-H.; Kwon, M.; Yun, S.G.; Lee, G.; et al. Advantage of
extracellular vesicles in hindering the CD47 signal for cancer immunotherapy. J. Control. Release 2022, 351, 727-738. [CrossRef]
[PubMed]

Logtenberg, M.E.W.; Scheeren, F.A.; Schumacher, T.N. The CD47-SIRPx Immune Checkpoint. Immunity 2020, 52, 742-752.
[CrossRef]

Yang, M.-Q.; Du, Q.; Varley, PR.; Goswami, J.; Liang, Z.; Wang, R.; Li, H.; Stolz, D.B.; Geller, D.A. Interferon regulatory factor 1
priming of tumour-derived exosomes enhances the antitumour immune response. Br. J. Cancer 2018, 118, 62-71. [CrossRef]
Yuan, Z.; Kolluri, KK.; Gowers, K.H.; Janes, S.M. TRAIL delivery by MSC-derived extracellular vesicles is an effective anticancer
therapy. J. Extracell. Vesicles 2017, 6, 1265291. [CrossRef]

Dwivedi, P; Kiran, S.; Han, S.; Dwivedi, M.; Khatik, R.; Fan, R.; Mangrio, EA.; Du, K; Zhu, Z,; Yang, C.; et al. Magnetic Targeting
and Ultrasound Activation of Liposome-Microbubble Conjugate for Enhanced Delivery of Anticancer Therapies. ACS Appl.
Mater. Interfaces 2020, 12, 23737-23751. [CrossRef] [PubMed]


https://doi.org/10.1002/jev2.12225
https://doi.org/10.1002/jev2.12076
https://doi.org/10.1016/j.canlet.2018.05.042
https://doi.org/10.1016/j.jconrel.2020.07.033
https://doi.org/10.1016/j.jconrel.2020.10.032
https://doi.org/10.1016/j.colsurfb.2022.113103
https://www.ncbi.nlm.nih.gov/pubmed/36571980
https://doi.org/10.1016/S1473-3099(22)00582-5
https://www.ncbi.nlm.nih.gov/pubmed/36162417
https://doi.org/10.1038/s41577-020-00479-7
https://www.ncbi.nlm.nih.gov/pubmed/33353987
https://doi.org/10.1038/nri3085
https://doi.org/10.1016/j.jconrel.2019.04.025
https://doi.org/10.1016/j.colsurfb.2015.01.005
https://doi.org/10.1016/j.vaccine.2015.06.054
https://doi.org/10.1002/cti2.1337
https://doi.org/10.7150/ijbs.59233
https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.1038/s41392-022-00950-y
https://doi.org/10.1016/j.jbc.2021.101266
https://doi.org/10.1038/s41551-022-00902-5
https://doi.org/10.1007/s12079-017-0428-0
https://www.ncbi.nlm.nih.gov/pubmed/29188480
https://doi.org/10.1016/j.jconrel.2022.09.042
https://www.ncbi.nlm.nih.gov/pubmed/36162554
https://doi.org/10.1016/j.immuni.2020.04.011
https://doi.org/10.1038/bjc.2017.389
https://doi.org/10.1080/20013078.2017.1265291
https://doi.org/10.1021/acsami.0c05308
https://www.ncbi.nlm.nih.gov/pubmed/32374147

Int. . Mol. Sci. 2023, 24, 17134 12 0of 12

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Izadpanah, M.; Dargahi, L.; Ai, ].; Taei, A.A.; Barough, S.E.; Mowla, S.J.; TavoosiDana, G.; Farahmandfar, M. Extracellular Vesicles
as a Neprilysin Delivery System Memory Improvement in Alzheimer’s Disease. Iran. J. Pharm. Res. 2020, 19, 45-60. [CrossRef]
[PubMed]

Inui, M.; Martello, G.; Piccolo, S. MicroRNA control of signal transduction. Nat. Rev. Mol. Cell Biol. 2010, 11, 252-263. [CrossRef]
Hussen, B.M.; Abdullah, S.R.; Rasul, M.E,; Jawhar, Z.H.; Faraj, G.S.H.; Kiani, A.; Taheri, M. MiRNA-93: A novel signature in
human disorders and drug resistance. Cell Commun. Signal. 2023, 21, 79. [CrossRef]

Lin, Y.H. MicroRNA Networks Modulate Oxidative Stress in Cancer. Int. ]. Mol. Sci. 2019, 20, 4497. [CrossRef] [PubMed]

Zhu, S.; Deng, S.; Ma, Q.; Zhang, T.; Jia, C.; Zhuo, D.; Yang, F.; Wei, ].; Wang, L.; Dykxhoorn, D.M.; et al. MicroRNA-10A* and
MicroRNA-21 modulate endothelial progenitor cell senescence via suppressing high-mobility group A2. Circ. Res. 2013, 112,
152-164. [CrossRef]

Mori, M.A,; Ludwig, R.G.; Garcia-Martin, R.; Brandao, B.B.; Kahn, C.R. Extracellular miRNAs: From Biomarkers to Mediators of
Physiology and Disease. Cell Metab. 2019, 30, 656-673. [CrossRef]

Wang, L.; Wei, J.; Da Fonseca Ferreira, A.; Wang, H.; Zhang, L.; Zhang, Q.; Bellio, M.A.; Chu, X.-M.; Khan, A.; Jayaweera, D.; et al.
Rejuvenation of Senescent Endothelial Progenitor Cells by Extracellular Vesicles Derived from Mesenchymal Stromal Cells. JACC
Basic Transl. Sci. 2020, 5, 1127-1141. [CrossRef]

Da Fonseca Ferreira, A.; Wei, J.; Zhang, L.; Macon, C.J.; Degnan, B.; Jayaweera, D.; Hare, ].M.; Kolber, M.A; Bellio, M.; Khan,
A; et al. HIV Promotes Atherosclerosis via Circulating Extracellular Vesicle MicroRNAs. Int. J. Mol. Sci. 2023, 24, 7567. [CrossRef]
Aimaletdinov, A.M.; Gomzikova, M.O. Tracking of Extracellular Vesicles” Biodistribution: New Methods and Approaches. Int. .
Mol. Sci. 2022, 23, 11312. [CrossRef]

Kang, M.; Jordan, V.; Blenkiron, C.; Chamley, L.W. Biodistribution of extracellular vesicles following administration into animals:
A systematic review. . Extracell. Vesicles 2021, 10, €12085. [CrossRef]

Driedonks, T.; Jiang, L.; Carlson, B.; Han, Z.; Liu, G.; Queen, S.E.; Shirk, E.N.; Gololobova, O.; Liao, Z.; Nyberg, L.H.; et al.
Pharmacokinetics and biodistribution of extracellular vesicles administered intravenously and intranasally to Macaca nemestrina.
J. Extracell. Biol. 2022, 1, €59. [CrossRef]

Gupta, D.; Wiklander, O.P.B.; Wood, M.J.A.; El-Andaloussi, S. Biodistribution of therapeutic extracellular vesicles. Extracell.
Vesicles Circ. Nucleic Acids 2023, 4, 170-190. [CrossRef]

Tieu, A.; Stewart, D.].; Chwastek, D.; Lansdell, C.; Burger, D.; Lalu, M.M. Biodistribution of mesenchymal stromal cell-derived
extracellular vesicles administered during acute lung injury. Stem Cell Res. Ther. 2023, 14, 250. [CrossRef]

Kooijmans, S.A.A.; Schiffelers, R.M.; Zarovni, N.; Vago, R. Modulation of tissue tropism and biological activity of exosomes and
other extracellular vesicles: New nanotools for cancer treatment. Pharmacol. Res. 2016, 111, 487-500. [CrossRef]
Hernandez-Diazcouder, A.; Diaz-Godinez, C.; Carrero, ]J.C. Extracellular vesicles in COVID-19 prognosis, treatment, and
vaccination: An update. Appl. Microbiol. Biotechnol. 2023, 107, 2131-2141. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.22037/ijpr.2020.112062.13508
https://www.ncbi.nlm.nih.gov/pubmed/33224210
https://doi.org/10.1038/nrm2868
https://doi.org/10.1186/s12964-023-01106-3
https://doi.org/10.3390/ijms20184497
https://www.ncbi.nlm.nih.gov/pubmed/31514389
https://doi.org/10.1161/CIRCRESAHA.112.280016
https://doi.org/10.1016/j.cmet.2019.07.011
https://doi.org/10.1016/j.jacbts.2020.08.005
https://doi.org/10.3390/ijms24087567
https://doi.org/10.3390/ijms231911312
https://doi.org/10.1002/jev2.12085
https://doi.org/10.1002/jex2.59
https://doi.org/10.20517/evcna.2023.12
https://doi.org/10.1186/s13287-023-03472-8
https://doi.org/10.1016/j.phrs.2016.07.006
https://doi.org/10.1007/s00253-023-12468-6

	Introduction 
	Extracellular Vesicles 
	Modes of EV Modification to Improve Gene/microRNA/Drug Delivery 
	EVs in CRISPR Delivery 
	Maximizing CRISPR Loading in EVs 
	CRISPR Delivery for Cancer Treatment 
	Genetic Diseases and CRISPR 

	EVs in Vaccine Delivery 
	EVs in Cancer Therapy 
	EVs, microRNAs, and Disease Pathogenesis/Treatment 
	Tissue Distribution of Therapeutic Extracellular Vesicles 
	Conclusions 
	References

