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ABSTRACT

In the inflammatory microenvironment, there are numerous exosomes secreted by
immune cells (Macrophages, neutrophils, dendritic cells), mesenchymal stem cells (MSCs)
and platelets as intercellular communicators, which participate in the regulation of
inflammation by modulating gene expression and releasing anti-inflammatory factors. Due
to their good biocompatibility, accurate targeting, low toxicity and immunogenicity, these
exosomes are able to selectively deliver therapeutic drugs to the site of inflammation
through interactions between their surface-antibody or modified ligand with cell
surface receptors. Therefore, the role of exosome-based biomimetic delivery strategies
in inflammatory diseases has attracted increasing attention. Here we review current
knowledge and techniques for exosome identification, isolation, modification and drug
loading. More importantly, we highlight progress in using exosomes to treat chronic
inflammatory diseases such as rheumatoid arthritis (RA), osteoarthritis (OA), atherosclerosis
(AS), and inflammatory bowel disease (IBD). Finally, we also discuss their potential and
challenges as anti-inflammatory drug carriers.
© 2022 Shenyang Pharmaceutical University. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

often divided into acute and chronic inflammation. Acute
inflammation is an immediate, adaptive and controlled
response, which is usually beneficial to the body. However,

Inflammation is involved in many chronic and degenerative
diseases, such as diabetes, arthritis, cancer and cardiovascular
disease [1,2], and abnormal inflammatory responses can
lead to severe pathological conditions [3]. Inflammation is
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if the symptoms are not effectively alleviated between
six weeks, acute inflammation will develop into chronic
inflammation [4]. Chronic inflammation continues to damage
tissues due to the persistence of pathogenic factors. These
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symptoms may persist for months or even years, seriously
damaging health and reducing the quality of life [5].

A large number of studies have shown that neutrophils,
macrophages, fibroblasts, lymphocytes and other cells run
through the occurrence and development of inflammation [6-
8]. These cells regulate the inflammatory process by secreting
extracellular vesicles (EVs) as communication and cargo
carriers. EVs are divided into three categories: exosomes,
which have diameters of 30-100nm; microvesicles, 50-
1000nm; and apoptotic bodies, several hundred to several
thousand nanometers [9-11]. Exosomes are membrane
vesicles secreted by cells into the extracellular space
containing a variety of biological components, such as
nucleic acids, proteins and others [12]. Exosomes secreted
by cells involved in inflammation have high inflammatory
affinity and targeting, therefore they can deliver cargo
to inflammatory cells through the interaction of surface-
antibody and receptors of cell surface, which can achieve
better anti-inflammatory effect [13]. In addition, exosomes
derived from mesenchymal stem cells (MSCs), astrocytes
and dendritic cells (DCs) from inflammatory sites with
immunomodulatory functions are widely used as transport
vehicles to deliver cargo to inflammatory sites for better
anti-inflammatory effects [13-15].

Exosomes show good biocompatibility as well as low
immunogenicity and toxicity [16], and they easily penetrate
biological barriers due to their lipid bilayer [17]. In addition,
exosomes can be endowed with different biological functions
and targeting capabilities by surface engineering strategies.
This flexibility makes them great potential as drug delivery
platforms for the treatment of chronic inflammatory
diseases [18]. Studies have demonstrated that exosomes can
accurately deliver proteins, nucleic acids, small molecules
and nanoparticles to inflammatory microenvironment, which
makes them an excellent nano cargo delivery platform. After
triggering the signal response, the vesicles further fused with
the cell membrane, and the recipient cells phagocytose the
vesicle through endocytosis, the processing of the endosomal
pathway led to the release of cargo [17].

Here we review recent developments in knowledge and
methods of exosome identification, isolation, drug loading
and targeted modification. More importantly, we summarize
the latest advances in the application of exosomes as
intelligent biomimetic carriers against chronic inflammatory
disorders, and we discuss the prospects and challenges of
using exosomes as personalized delivery systems.

2. Methods to isolate, identify and store
exosomes

Exosomes can be isolated based on size, buoyancy density
or solubility using ultracentrifugation, precipitation,
ultrafiltration, immunoaffinity isolation, size-exclusion
chromatography (SEC), or density gradient centrifugation
(Fig. 1) [19]. Ultracentrifugation purifies exosomes from other
components based on density differences, which translate
into differences in sedimentation rate. This technique is
currently considered the gold standard for isolating exosomes
due to its simple operation, low cost, and high purity [20].

Ultrafiltration is a simple, fast isolation method that exploits
size differences between exosomes and other components.
This technique is usually the first step in separating
exosomes, but the filter is easily blocked, and excessive
force can distort or even destroy exosomes. Precipitation
is a rapid and effective method using precipitators such
as polyethylene glycol (PEG), protamine, sodium acetate,
and organic solvents [21,22]. However, this method is time-
consuming and may fail to completely remove protamine
contaminants. The above isolation methods can obtain a
certain quality of exosomes.

It is necessary to combine multiple separation methods
to isolate the exosomes of interest due to the existence
of different subtypes. For example, to obtain M2 exosomes,
RAW?264.7 cells in serum-free medium were stimulated with
100ng/ml interleukin (IL)-4 for a period of time to obtain
M2 macrophages. Acquisition of exosomes from the M2
macrophage conditioned medium requires a combination
of ultracentrifugation and ultrafiltration [23]. Briefly, cells
and cell debris were removed from the collected culture
medium by gradient low-speed centrifugation. To further
concentrate the exosome solution, ultrafiltration of the
supernatant through a molecular weight cutoff of 100kDa
was required. Finally, the supernatant was ultracentrifuged
at 120,000 g for 70 min and washed with PBS. The procedure
of ultracentrifugation was repeated to obtain the purified M2
exosomes.

Due to their small size, low density, and heterogeneity,
different isolation methods can get different subsets of
exosomes [24]. Therefore, multiple identification methods are
required to evaluate the types of exosomes and determine
different subtypes. Several techniques have been developed to
determine the physical and biological properties of exosomes
and evaluate their size distribution, concentration and
integrity, including transmission electron microscopy (TEM),
western blotting, confocal microscopy, and nanoparticle
tracking analysis (NTA) [25]. TEM is commonly used to
observe exosome surface characteristics such as size and
morphology, distinguish single exosome and other particles
of similar size, and evaluate their quality and concentration
[26]. Western blotting is a semi-quantitative or quantitative
method for monitoring target proteins [27]. The advantages
of this technique are small sample size and high efficiency.
Characteristic proteins such as transmembrane proteins CD9,
CD63 and CD81 can be identified by this technique [28].
Confocal technology can obtain 3D images of exosomes, with
the advantages of clear imaging, qualitative and quantitative
analysis. In addition to being able to identify exosomes
with a high signal to noise ratio, confocal microscopy
also distinguishes between specific fluorescent signals and
artificial signals from exosomes [29]. NTA is a straightforward
technique for semi-quantitative particle characterization,
which allows the analysis of exosome size distribution and
concentration [30]. The method involves light scattering
measurements and tracking of the Brownian motion of
irradiated single particles using an optical microscope
equipped with a high-definition camera [31].

For storage after isolation, the current commonly used
storage method is cryopreservation (4 °C for short-term
storage and —80 °C for long-term storage) [32]. Notably, due
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Fig. 1 - Common methods for isolating exosomes from natural cells.

to direct freezing causes irreversible damage, cryoprotectants
such as DMSO, trehalose and sucrose are often added to
overcome these defects, while repeated freeze-thaw cycles
should be avoided [12]. Unfortunately, long-term storage
at —80 °C is not only costly and difficult to transport, but
also changes the morphology of exosomes and reduces
their biological activity [33]. Compared to cryopreservation,
samples obtained by lyophilization which requires the
addition of freeze-drying protectant such as mannitol
can maintain their morphology and function at room
temperature, raising the promise of clinical transformation of
exosome-related products [34,35].

3. Methods to load cargo into exosomes

Exosomes are commonly used as carriers for a wide range of
materials, such as drugs, proteins, and small nucleic acids,
due to their tremendous potential for in vivo delivery and
their ability to inherit signaling molecules from their parental
cells that can bind specifically to receptors on the surface of
target cells (Fig. 2) [36]. Cargo can be loaded into exosomes
using intracellular transfection or extracellular loading
(Fig. 3) [37]. Intracellular transfection involves adding
genes to parental cells, which produce the desired protein
cargo or simply make copies of the transfected genetic
material, and then isolating exosomes containing the
desired protein or genetic material. In extracellular loading,
exosomes are first isolated from cells and then loaded
with the required cargo by incubation, electroporation, or
ultrasonication.

Gene transfection can introduce exogenous genes into
parental cells and ensure that they or their protein products

are loaded into exosomes without being secreted out of the
cell, which is considered as an elegant drug delivery method
[38]. This technique has the advantages of high stability
and low immunogenicity [39]. The serious disadvantage,
however, is its low efficiency compared to electroporation and
ultrasonic loading technology.

Electroporation is another simple, fast cargo loading
method commonly used to help hydrophilic drugs and nucleic
acids penetrate the lipid bilayer membrane of exosomes. In
this technique, a transient shock is delivered to the vesicle
membrane, opening up reversible pores [40]. The loading
capacity and efficiency of exosomes depend on their diameter
and the size of the cargo molecules [41]. The electroporation
shock lasts only a few milliseconds, so vesicle membrane
components are not damaged.

Incubation is a simple, low-cost loading method in
which either the parental cells are incubated with a drug
solution, and then drug-loaded exosomes are isolated; or,
more commonly, the drug solution is incubated directly with
isolated exosomes [42,43]. Compared to hydrophilic drugs, the
lipid bilayer structure of the vesicle membrane makes it easier
for hydrophobic drugs such as curcumin and paclitaxel to be
loaded into exosomes by incubation [44,45].

Sonication is used to help small nucleic acids and
drugs penetrate into exosomes where transient pores are
formed on the surface of the membrane without affecting
vesicular structure [46]. Study showed that the average loading
efficiency of paclitaxel in M1 macrophage-derived exosomes
increased from 4.85% + 1.65% to 19.55% =+ 2.48% after
sonication [47], and the integrity of exosome membranes can
be restored after a brief incubation at 37 °C.

Interestingly, freeze-thawing also can form transient holes
in exosome membranes, which requires at least three
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repetitions of the following operations to encapsulate cargo:
incubating drugs with exosomes at room temperature for a
period, followed by freezing at —80 °C and thawing at room
temperature [48].

Furthermore, extrusion and saponin treatment and other
techniques can also be used to load various materials
into exosomes [49-52]. In fact, each loading method has
its advantages and disadvantages, and suitable loading
methods must be selected according to the type of cargo

(nucleic acid, protein, therapeutics) and nature (hydrophilic or
hydrophobic).

4. Targeted modification of exosomes

Compared to traditional nanomedicine delivery systems, the
natural properties of exosomes give them some advantages in
target cell uptake. Nevertheless, in order to improve the ability
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Fig. 4 - Inflammatory regulation of exosomes from immune
and non-immune cells in chronic inflammatory diseases.

of exosomes to target disease sites, further modifications are
needed. It is well known that genetic engineering strategies
are the most mature targeted modification strategy, aiming to
fuse ligands with characteristic functions to a large number
of transmembrane proteins (CD9, CD63, Lamp2b) on the
exosome surface. Genetic modification of parental cells can
be achieved using plasmids or viruses that encode fusion
ligands for transmembrane proteins. This strategy allows the
expression of peptides and proteins of interest on the surface
of exosomes and endows them with diverse functions [53].
The fusion of targeted peptide HSTP1 with membrane protein
Lamp2b effectively promoted the uptake of exosomes by
HSC-T6 cells [54]. However, conventional genetic engineering
strategy has the disadvantages of low efficiency and low
membrane protein expression.

Direct engineering of exosomes provides a more
controllable and efficient strategy. Strategies of physical
and chemical modification can bind small peptides, proteins,
targeted molecules (such as folate or PEG) or chemical
compounds (such as maleimide or azide derivatives) to
exosome surfaces [49,55], not only preserving the integrity of
exosomes, but also giving them additional functions such as
fluorescence, imaging contrast or activation of the immune
system [56]. During the physical surface modification process,
the lipid structure of the exosome surface is temporarily
destroyed by external forces (such as ultrasound or extrusion),
and the vesicles will slowly return to their natural state after
removal of these forces [57]. Based on the self-assembly
properties, physical modification methods have been widely
used in exosome imaging or fluorescence labeling [58,59].

Chemical modification is characterized by mild reactions,
short time consumption, high efficiency, ease of synthesis and
product separation, and does not affect size. This modification
method includes covalent binding of protein groups
(carboxyl, amino, and hydroxyl) through click chemistry

with biologically compatible chemical molecules, or non-
covalent binding through ligand-receptor or hydrophobic
interactions [53,56,57,60].

Selective uptake of exosomes by target cells is mainly
achieved through the following three ways: receptor-ligand
interaction, membrane fusion and endocytosis [61], of which
endocytosis is the most common. To further visualize
exosome uptake in vitro and biological distribution in vivo, the
most commonly method is to visualize lipophilic fluorescent
probe or fluorescent protein labeled exosomes based on
laser confocal microscopy [62]. After successful labeling of
exosomes, the selective uptake of exosomes by recipient cells
can be analyzed by flow cytometry [23]. With the advancement
of technology, the emergence of single molecule localization
microscopy (SMLM) breaks the limits of the moderate spatial
resolution. SMLM enables the most efficient and clear
visualization and dynamic tracking of exosomes and their
miRNAs in living cells, as well as the observation of exosomes’
movement within the intercellular filamentous structures
[63,64]. In addition, fluorescently labeled or fluorophore-
containing chemicals can be used to track the intracellular
behavior of exosomes [65,66]. In addition to the methods
described above, bioluminescence imaging, nuclear imaging,
computed tomography (CT) and magnetic resonance imaging
(MRI) can be used to track the distribution of exosomes in vivo
[67-69].

5. Current progress of exosome-based
delivery platform to treat chronic inflammatory
diseases

Numerous studies have shown that exosomes secreted by
varieties of immune cells (DCs, macrophages, neutrophils)
and non-immune cells (MSCs, platelets) participate in the
occurrence and development of chronic inflammation
[70,71], and play an important role in regulating the
inflammatory microenvironment by regulating gene

expression and releasing anti-inflammatory factors
(Fig. 4) [72,73]. More importantly, in recent years,
exosomes have attracted attention as optimal drug

carriers for personalized nanomedicine due to their high
biocompatibility, low immunogenicity, and ability to inherit
many characteristics of parental cells [74]. To date, they
have been used as delivery platforms for various materials
in vivo, including nucleic acids, nanodrugs and proteins
(Fig. 5), and have been widely studied for their effect in
the treatment of chronic inflammatory diseases, including
rheumatoid arthritis (RA), osteoarthritis (OA), atherosclerosis
(AS), inflammatory bowel disease (IBD) (Table 1).

5.1.  Therapeutic potential of exosome-based delivery
platform in RA

The excellent inflammatory targeting and cargo delivery
capability of exosomes make themselves a promising
therapeutic agent. At present, the targeted delivery
of macrophage-derived exosomes to the inflammatory
microenvironment has been extensively studied. Depending
on the microenvironment, macrophages can be polarized
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Table 1 - Potential therapeutic role of exosome-based or EV-based delivery strategies in inflammatory diseases.

Diseases Source Cargo Objective cells Final effect Ref.
RA Macrophages Dexamethasone RAW264.7 Upregulated [80]
sodium phosphate macrophages anti-inflammatory
cytokines and enhanced
endocytosis
RA M2 macrophages Plasmid DNA M1 macrophages Promoted M1-to-M2 [23]
encoding IL-10 and macrophage polarization
betamethasone and upregulated IL-10
sodium phosphate
RA MSCs miR-192-5p Not determined Delayed inflammatory [84]
response
RA MSCs miR-150-5p Synoviocyte Inhibited synoviocyte [85]
hyperplasia and
angiogenesis
RA MSCs Curcumin Synovial fibroblasts Reduced the levels of [86]
anti-apoptotic proteins and
inflammatory mediators
RA DCs IL-4 T cells Modulated the activity of [87]
APC and T cells
OA Human miR-140-5p Chondrocytes Enhanced the proliferation [91]
urine-derived stem and migration of
cells chondrocyte
OA BMSCs Curcumin Chondrocytes Inhibited the migration of [92]
IL-1B8-stimulated
osteoarthritic chondrocytes
OA DCs miR-140 Chondrocytes Inhibited [93]
cartilage-degrading
proteases
OA DCs Kartogenin SF-MSCs Promoted the [94]
chondrogenesis of SF-MSCs
AS MSCs Small interfering THP-1 cells Promoted cholesterol efflux [98]
LOC100129516 and suppressed
intracellular lipid
accumulation
AS M2 macrophages Hexyl Not determined Enhanced [76]
5-aminolevulinate anti-inflammatory effects
hydrochloride and alleviated AS
AS THP-1 cells HSP 27 Not determined Activated NF-«B via TLR-4 [99]
and reduced inflammatory
plaques
AS HEK293T cells IL-10 Macrophages Alleviated the AS in [100]
apolipoprotein E-deficient
mice
ucC BMSCs miR-146a Not determined Inhibited TRAF 6 and IRAK1 [103]
expression
uc Bone IL-10 Not determined Reduced analyzed clinical, [107]
marrow-derived DCs macroscopic and
histopathologic parameters
uc M2 macrophages miR-590-3p Colonic epithelial Promoted colonic epithelial [108]
cells cell proliferation and
regeneration
ucC M2 macrophages LncRNA MEG3 Colon epithelial cells Promoted CREB1 [109]
transcription by
competitively binding to
miR-20b-5p
Immune BMSCs miR-181b Macrophages Promoted M2 polarization [117]
response and enhanced
caused by osteointegration
titanium
alloy
Diabetic Milk miR-31-5p Endothelial cells Promoted angiogenesis and [118]
wound wound healing

healing
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into classically activated M1 types and selectively activated
M2 types [75]. Exosomes secreted by M2 macrophages can
produce and release anti-inflammatory cytokines (IL-4, IL-10,
IL-1Ra) and transforming growth factor TGF-g, which have
significant therapeutic effects in fighting inflammation and
repairing tissue damage [76-78]. In addition, M2 exosomes
exhibit a strong inflammatory tendency, which is an
effective bionic carrier for RA targeting. Compared with
the nanoparticles coated with erythrocyte membrane, this
exosome-coated nanoparticle showed extremely strong
in vivo targeting in collagen-induced arthritis (CIA) mice,
addressing the immunogenicity and safety of the loaded drug
tacrolimus and significantly inhibiting RA progression [79].
Exploiting the abundance of folate receptors on the surface
of activated macrophages in the RA microenvironment,
our group encapsulated dexamethasone sodium phosphate
nanoparticles into macrophage-derived exosomes and
modified them with folic acid-PEG-cholesterol (FPC) to
enhance the active targeting ability of exosomes. The
resulting delivery system significantly stabilized the drug
and prolonged its circulation, allowing it to protect the
articular cartilage, downregulate pro-inflammatory cytokines
and upregulate anti-inflammatory cytokines (Fig. 6) [80].
M2 macrophage-derived exosomes carry varieties of anti-
inflammatory cytokines, which play an important role in
fighting inflammation and repairing tissue damage. To limit
the consumption of chemotherapeutic drugs and improve
the delivery potential of exosomes, we have developed
a biomimetic drug delivery system by encapsulating
betamethasone sodium phosphate and a plasmid encoding
IL-10 into exosomes derived from M2 macrophages. The
resulting nano-system promoted M1-to-M2 macrophage
polarization by upregulating IL-10, thereby targeting the

exosomes to sites of inflammation, where they exerted anti-
inflammatory properties and mitigated joint damage in RA
[23].

In recent years, stem cell-based anti-inflammatory
therapies have gained widespread popularity due to their
ability to modulate macrophages, T cells and B cells to
promote the secretion of regenerative cytokines, reduce
inflammatory responses and repair tissues [81,82]. MSCs
and their secreted exosomes have anti-fibrotic and anti-
inflammatory immunomodulatory effects [83]. At present,
the delivery strategy of MSC-derived exosomes has been
widely studied. For instance, MSCs were infected with
lentivirus to obtain exosomes overexpressing miR-192-5p,
which upregulated C3 botulinum toxin substrate 2 in a mouse
model of RA, delaying disease progression [84]. Similarly,
exosomes with high expression of miR-150-5p reduce joint
destruction by inhibiting synovial cell proliferation and
angiogenesis [85]. Exosomes derived from MSCs can also
encapsulate small molecule drugs for the treatment of RA.
Studies have shown that exosomes loaded with curcumin not
only improve the stability of free drugs, but also effectively
inhibit the proliferation and inflammatory response of
synovial fibroblasts by reducing the levels of anti-apoptotic
proteins IAP1 and IAP2 and inflammatory factors such as IL-6
and TNF-« [86].

Exosomes derived from DCs play an important role in the
immune regulation of inflammatory microenvironment
through different types of immune-related proteins.
Therefore, delivery strategies based on DC-derived exosomes
are of great significance in the treatment of inflammatory
diseases. Exosomes overexpressing IL-4 isolated from DCs
transfected with virus were found to regulate antigen
presenting cell and T-cell activity via MHC class II and
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partly Fas ligand/Fas-dependent mechanism [87]. Eventually,
the inflammatory degree of CIA in mice was reduced,
and the inflammation of delayed hypersensitivity was
inhibited. To further strengthen the targeting of DC-derived
exosomes and prolong their blood circulation time, an
engineering modification is necessary. For instance, a ROS-
responsive exosome was developed by hydrophobic inserting
thioketal linker-embedded poly (ethylene glycol) on the
vesicle surface [88]. Neutrophil-derived exosomes have
strong inflammatory targeting properties and become a
potential drug delivery vehicle. Given that the chemotaxis
of neutrophils to inflammatory regions, Zhang et al
prepared neutrophil-derived exosomes functionalized by
click chemistry with ultrasmall Prussian blue nanoparticles
[89]. The exosomes can selectively accumulate in activated
fibroblast-like synoviocytes and alleviate inflammatory stress
by neutralizing pro-inflammatory factors and scavenging
reactive oxygen species. In summary, the above cell-

derived exosomes have unique intrinsic characteristics,
including intrinsic inflammation-tropism, secretion of anti-
inflammatory cytokines, protection of T and B lymphocytes
from inflammation, and immunostimulatory or inhibitory
regulatory effects. Relying on their own advantages, these
exosomes can better undertake the task of drug delivery to the
inflammation site and play a synergistic anti-inflammatory
role, showing great potential in the treatment of RA.

5.2.  Therapeutic potential of exosome-based delivery
platform in OA

IL-18 is overexpressed in the joints, cartilage, and synovial
membrane of OA patients, leading to cartilage degeneration
and joint injury [90]. Therefore, reducing the effect of
IL-18 on OA chondrocytes may be a treatment against
the disease. The delivery strategy based on exosomes is
an important solution to efficiently deliver small nucleic
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acids into the dense, non-vascular extracellular matrix of
cartilage. Studies have shown that human urine-derived
stem cells (HUSCs) can enhance the proliferation and
migration of IL-18 treated chondrocytes [91]. In contrast,
the same treatment of miR-140-5p transfected exosomes
not only retained the above advantages, but also solves
the problem of reducing extracellular matrix by targeting
vascular endothelial growth factor. MSCs and MSC-derived
exosomes have numerous functions, including immune
regulation, homing, differentiation, anti-inflammation and
tissue repair. Therefore, delivery strategies based on MSC-
derived exosomes exhibit great potential in the treatment of
chronicinflammatory diseases. In one research, curcumin was
loaded into exosomes to enhance its bioavailability and then
administered to IL-18-stimulated human OA chondrocytes,
significantly upregulated NF-kB and ROCK1 levels by restoring
miR-143 and miR-124 expression in OA cells, ultimately
alleviating the progression of OA (Fig. 7) [92].

Compared with MSCs, the effect of exosomes secreted
by DCs on arthritis is easily overlooked. Similarly, Liang

et al. successfully transmitted miR-140 into chondrocytes
by constructing engineered DC-derived exosomes [93].
The microRNA was encapsulated into exosomes by
electroporation technology, and the fusion of chondrocyte
affinity peptide with lysosomal associated membrane
glycoprotein 2b protein on the surface of exosomes
endowed them with superior targeting capabilities. After
intra-articular injection, the exosome penetrates the dense
mesochondrium to deliver cargo to the deep cartilage region,
inhibiting cartilage degradation proteases and alleviating
the development of OA. Recently, an engineered targeting
delivery strategy was constructed by fusing MSC-binding
peptide E7 with the exosomal membrane protein Lamp 2b to
generate exosomes capable of targeting synovial fluid-derived
MSCs (SF-MSCs) [94]. Kartogenin was then encapsulated into
exosomes by electroporation. These engineered exosomes
achieve targeted delivery of small molecules and make
it uniformly dispersed in cytosol, strongly promoting
chondrogenesis of SF-MSCs. In the IL-18-induced OA model,
platelet-derived exosomes carry platelet-derived growth
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factor-Ab, TGF-g1, and endothelial growth factor, which can
inhibit the release of TNF-« and alleviate cartilage degradation
and inflammation progression [95]. The anti-inflammatory
protein annexin A1 has a significant anti-inflammatory effect
and its expression in synovial exosomes is significantly higher
than in plasma exosomes [96]. Binding of annexin A1l to the
receptor FPR2/ALX resulted in increased production of TGF-g1
in chondrocytes, alleviating inflammatory damage to articular
cartilage. In conclusion, relying on engineering modifications,
the potential of exosome-based cargo delivery strategies
in the treatment of OA is constantly being explored. In
addition to immunomodulatory effects, the above-mentioned
exosomes can also reduce OA inflammation and repair tissues
by secreting growth factors and anti-inflammatory factors.
Exosome-based delivery strategies not only penetrate dense
matrix layers and highly negatively charged proteoglycans to
deliver cargo to inflammation sites, but also further enhance
the therapeutic effect of drugs. In conclusion, the selection
of the corresponding cell-derived exosome based on the
pathological characteristics of a specific disease helps to
better exert the coordinated therapeutic role of vector and
cargo.

5.3.  Therapeutic potential of exosome-based delivery
platform in AS

Exosomes display excellent cell penetration ability and play
a pivotal role in cell-to-cell communication, promoting or
alleviating the atherosclerotic process [97]|. Therefore, they
have been widely used as drug delivery carriers to target lesion
sites, where they inhibit the inflammatory response in AS. In
the treatment of AS, MSC therapy has shown great potential.
More importantly, the therapeutic research on cargo delivery
strategies based on MSC-derived exosomes is becoming
more and more extensive. The exogenous small interfering
LOC100129516 was successfully delivered to THP-1 cells via
MSC-derived exosomes, resulting in significantly lower levels
of total cholesterol, free cholesterol, and cholesteryl ester
in THP-1 macrophage-derived foam cells [98]. Finally, the
progression of the disease was inhibited by modulating
PPARy/LXRa/ABCA1 signaling.

M2 macrophage-derived exosomes have been selected to
deliver small molecule drugs for the treatment of AS because
of their anti-inflammatory and inflammation-targeting
properties. Recently, it was reported that the construction
of M2 macrophage-derived exosomes loaded with hexyl
S5-aminolevulinate hydrochloride by electroporation [76].
The exosomes targeted sites of inflammation, where
they released surface chemokine receptors and anti-
inflammatory cytokines and promoted the production of
carbon monoxide and bilirubin. These effects significantly
enhanced the anti-inflammatory effects of the drug and
alleviated AS.

Exosomes loaded with proteins have also shown potential
for treating AS. Exosomes loaded with HSP 27, an ATP-
independent anti-apoptotic chaperone involved in the
regulation of several signaling pathways, activated NF-«B
through the TLR-4 pathway, mitigating the inflammatory
response and formation of atherosclerotic plaques [99].
IL-10 is a cytokine that plays an important role in limiting

inflammation and preventing tissue damage. Therefore, Bu et
al. constructed a targeted delivery strategy of IL-10 mediated
by exosome to significantly alleviate AS (Fig. 8) [100]. They
transfected IL-10 mRNA into HEK293T cells with virus and
then isolated exosomes containing IL-10 mRNA, producing
large amounts of IL-10. After injection into the tail vein
of mice, the exosomes were able to efficiently enter some
cells, including macrophages, in apolipoprotein E-deficient
plaques. Kruppel-like factor 2 (KLF2) is a shear-responsive
transcription factor that plays a key role in combating AS.
Thus, increased expression of miR-143/145 in the exosome
secreted by KLF2-transduced endotheliocytes modulates the
smooth muscle cell (SMC) phenotype in order to combat
the development of atherosclerotic lesions [101]. Benefiting
from the powerful in vivo cargo delivery capacity, exosomes
can better help miRNA, protein and small molecule drugs to
enter target cells and produce therapeutic effects. Therefore,
AS treatment based on exosome delivery methods is a very
promising strategy. At present, exosome delivery strategies
based on nucleic acids, proteins and drugs have made some
progress in the treatment of AS. According to the different
types of cargo, appropriate exosomes need to be selected to
better achieve synergistic therapeutic effects. For example,
proteins or drugs with anti-inflammatory effects can be
paired with exosomes with inflammatory regulation and
tissue repair functions. This personalized delivery strategy of
selective collocation is recommended.

5.4.  Therapeutic potential of exosome-based delivery
platform in IBD

Due to their regenerative and immunosuppressive features,
MSCs have recently been identified as a promising approach
for ulcerative colitis (UC) treatment. Research has shown
that MSC-derived exosomes can deliver cytokines and
miRNAs and encapsulate external cargo to the immune
microenvironment to regulate proliferation, maturation,
and polarization of immune effector cells [102]. In one
study, bone marrow mesenchymal stem cells (BMSCs) were
transfected with lentiviruses and subsequently isolated
EVs that overexpressed miR-146a significantly inhibited
the expression of TNF receptor-associated factor 6 and
IL-1 receptor-associated kinase 1, while mitigating colitis
symptoms [103].

DCs are professional antigen-presenting cells, and the
exosomes secreted by DCs can regulate immune regulation
through different types of antigenic peptides [67]. Recently,
DCs have been modified by various anti-inflammatory
factors (including IL-10, IL4, TGF-81) and produced various
immunomodulatory exosome subtypes [87,104,105]. TGF-
Bl-enriched immature DC-derived exosomes alleviated
inflammatory damage in IBD by suppressing Th17 responses
and enhancing regulatory T cells [106]. Since IL-10 plays
an important role in the development of normal mucosal
immunity, IL-10-exosomes were obtained by incubating IL-
10 with DC-derived exosomes [107]. The exosome delivery
therapy significantly upregulated the expression of regulatory
T cells and promoted the expression of IL-10 in colon
tissues, and eventually inhibited the acute colitis induced by
trinitrobenzene sulfonic acid.
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The role of exosomes secreted by M2 macrophages in
UC should also not be underestimated. M2 macrophages
were found to promote the proliferation of colonic epithelial
cells through the exosome pathway [108]. After transfection
with plasmids, exosomes rich in miR-590-3p isolated from
M2 macrophages inhibited LATS1 expression by activating
YAP/B-catenin regulated transcription, which promoted
epithelial regeneration and repair of damaged colon. In
another research, the LncRNA maternally expressed 3 (MEG3)
overexpression lentiviral vector was used to transfect M2
macrophages, and the high expression of MEG3 EVs was
obtained after isolation [109]. After drug administration
through the tail vein, the MEG3 enters the colon epithelial
cells, and competitively binds with mir-20b-5p to promote
the transcription of, mir-20b-5p/cAMP responsive element
binding protein 1, further enhancing cell vitality and
alleviating the inflammatory response of UC. Exosome-

based nucleic acid and protein delivery strategies for the
treatment of UC have been widely studied and show great
potential. However, exosome delivery methods for small
molecule drugs have yet to be developed.

Exosomes derived from stem cells and macrophages
have strong immune regulatory and immunosuppressive
properties, and have the ability of tissue regeneration and
repair in the treatment of Crohn’s disease (CD) [110,111]. MSCs
and MSC-EVs maintained the length of the colon and the
structure of the intestinal mucosa, regulated fibrosis, and
promoted the healing of colitis by upregulating telomerase
and HIF-le while downregulating inflammatory cytokines
[112]. However, studies on exosome-based delivery strategies
for the treatment of CD are rarely reported. Although
their effectiveness has been demonstrated in clinical trials
for the treatment of CD [113], there are few studies on
their therapeutic mechanisms. Therefore, the potential of
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exosome-based in vivo drug delivery in CD therapy has
yet to be exploited, a novel approach to CD therapy. The
various exosomes selected in the aforementioned studies can
regulate the intestinal immune system, inhibit inflammatory
responses, and promote wound healing. With a combination
of miRNA, LncRNA and proteins, cargo-loaded exosomes can
further reduce IBD inflammatory damage and promote tissue
repair. However, personalized delivery strategies based on
anti-inflammatory agents with suitable exosomes for the
treatment of IBD are yet to be developed.

5.5. Therapeutic potential of exosome-based delivery
platform in other chronic inflammatory diseases

Due to the excellent drug delivery ability of exosomes in
vivo, recent research has explored the therapeutic potential
of exosomes against other chronic inflammatory diseases,
such as periodontitis, pneumonia and chronic hepatitis
[114-116]. Transfection of miR-181b into exosomes via
lipofectamine reagent enhanced M2 macrophage polarization
and inhibited the inflammatory response by activating
the PRKCD/AKT signaling pathway, which subsequently
promoted osteointegration in vivo [117]. Furthermore,
exosomes are also considered attractive candidates for
regulating wound healing. miR-31-5p was successfully
encapsulated into milk-derived exosomes by electroporation,
and significantly promoted the proliferation, migration and
angiogenesis of endothelial cells in a mouse diabetic wound
healing model [118]. In conclusion, appropriate cell-derived
exosomes should be selected as delivery vehicles for different
disease types, which will be more conducive to exerting the
function of both carrier and cargo.

Exosomes used for cargo delivery are endogenous vesicles
characterized by low immunogenicity and low toxicity [119].
Most of these exosomes are derived from human cells and
are minimally reactive to the immune system. Studies have
shown that the injection of exosomes isolated from allogeneic
cells into patients does not trigger an immune response and
body resistance [120,121]. Moreover, the excellent targeting
of exosomes enhances the accumulation of cargo at disease
sites and reduces damage to normal cells and the body [122].
In numerous studies of cargo-loaded exosomes in chronic
inflammatory diseases, comprehensive analyses of whole
blood indices and assessments of liver and kidney function
have shown that exosomes seem to be well-adapted [80,123].
In summary, multiple administration of the cargo-loaded
exosomes will not cause damage to major organs and tissues,
and side effects might be ignored.

6. Conclusion and future perspective

Initially, exosomes were used as biomarkers for the diagnosis
of inflammatory diseases. With the continuous exploration
of their biological characteristics and therapeutic potential,
exosomes are now used as cargo delivery vehicles. In addition,
further optimization through engineering design can better
achieve the purpose of treating chronic inflammatory
diseases. Natural exosomes exhibit strong cargo delivery
capacity and therapeutic potential due to their high stability,

high biocompatibility, low immunogenicity and specific
targeting. The important value of exosomes as a nano-
delivery platform in chronic inflammatory diseases has
been effectively demonstrated. Numerous anti-inflammatory
drugs and nucleic acids have been successfully encapsulated
into exosomes and then delivered to the inflammatory
microenvironment for active anti-inflammatory effects.

The "without cells" delivery strategy based on exosomes
has significant advantages over traditional nanomaterial
delivery methods. At present, this delivery strategy is being
continuously developed, and various cargo such as nucleic
acids, proteins and anti-inflammatory drugs have been
encapsulated into exosomes to test varieties of in vivo and
in vitro anti-inflammatory models. Although research on
exosomes as drug carriers is still in the early stages, their
excellent targeted drug delivery ability has been effectively
demonstrated. At present, most exosomes used in the
treatment of chronic inflammatory diseases are derived from
macrophages or pluripotent stem cells, making important
research achievements. More cell-derived exosomes such as
immune cells need to be developed to enrich and develop
this therapeutic strategy. Recently, milk-derived exosomes
and plant-derived exosome-like nanoparticles (PENs) have
attracted wide attention as drug delivery carriers with great
potential [124-126]. They have little cytotoxicity to healthy
tissue and are widely and economically available. For example,
PENSs can be isolated from a variety of plants such as grapes,
lemon and ginger [127]. Milk-derived exosomes and PENs
represent a potentially scalable and cost-effective approach
to animal cell-derived exosome delivery strategies for the
treatment of chronic inflammatory diseases, although current
research on this complementary strategy is still in an early
stage. During this period, it is most important to figure out the
uptake mechanism of milk-derived exosomes and PELNs by
mammalian cells.

Most studies on cargo-loaded exosomes for the treatment
of chronic inflammatory diseases are still in the preclinical
stage, and no relevant products have been reported on
the market, due to the difficulty in isolating various
exosome subtypes, low drug loading efficiency, complicated
preparation steps, and low yield to scale up production.
It’s reported by clinical studies that a single intra-articular
injection of allogeneic MSC-derived exosome in patients with
knee OA had been entered phase 1 evaluation [131]. Moreover,
the safety and efficacy of human placental BMSC-derived
exosomes in treating anal fistula in patients with CD was
evaluated by phase 2 study [132]. In the future, it is possible
to achieve large-scale production of exosomes with good
stability by further improving the isolation and purification
strategy, increasing the drug loading efficiency, enhancing
the targeting ability, simplifying the operation steps and
increasing the yield. Exosomes modified via engineering
can improve targeting capability, but there are still some
challenges before realizing the rationality and economic
requirements of clinical commercialization and commercial
promotion. For instance, the lack of corresponding quality
standards and specifications for the safety, stability and
reproducibility of exosome preparations. A standardized
procedure is required to standardize large-scale exosome
isolation, purification, modification, loading and storage
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processes, and a long-term drug safety assessment of the final
preparation.

The inherent biological composition of different subsets
of exosomes is heterogeneous, troubling the design, dosage
and standardization of exosome-based products. Further
identification and purification of specific subtypes of
exosomes are required to achieve more effective therapeutic
effects, which is exactly the technology that urgently needs to
be developed. The cellular uptake mechanisms of exosomes
vary with different cell types and delivery routes. Different
drug delivery routes will affect the biological distribution
of exosomes due to physical transport barriers, uptake of
non-target tissues, and rapid clearance in vivo [128]. Further
studies on the limiting factors of different drug delivery
routes are required to find suitable solutions. The most likely
strategy for scaling up production is to isolate exosomes from
large quantities of readily available biological materials, such
as biological fluids and blood samples. Second, cells such as
MSCs, erythrocytes, DCs, and macrophages can preferentially
meet therapeutic needs. In the early stage of development, it
can be anticipated that through the combination of filtration,
centrifugation, SEC and other separation methods, there
will be a breakthrough in the production scale of exosomes
related products and become the core separation principle.
Additionally, the storage conditions of exosomes also need
to be further explored. Although the storage environment of
4 °C or even —80 °C seems to have no effect on the physical
and chemical properties of exosomes [129], whether and to
what extent these conditions will affect the biological activity
of exosomes remains to be investigated. Regulators and
stakeholders should mutually contribute to the establishment
of quality standards and safety specifications for clinical trial
evaluation and market approval of exosome-related products
within a reasonable monitoring framework.

Interestingly, encapsulation of exosomes into hydrogels
can achieve the goal of slow release in the inflammatory
Sustained release of  primary
chondrocyte-derived exosomes at damaged cartilage sites
was achieved by loading them with an injectable heat-
sensitive hydrogel [130]. However, this slow-release strategy
is mostly applied to natural exosomes. In the future, it can be
foreseen that inflammatory damage can be better alleviated
and repaired by developing multiple sustained release
vectors for loading exosomes. Furthermore, the integration
of exosomes into nanomedicine, materials science, and
bioengineering, combined with deeper understanding of the
physiological effects of their various components, should
further increase their therapeutic potential as a delivery
carrier, especially against inflammatory diseases. Through
in-depth exploration of the above issues and accelerating
the development of clinical trials, exosome mediated drug
delivery strategy is expected to make a major breakthrough
in the treatment of inflammatory diseases.

microenvironment.
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