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A B S T R A C T   

Many strategies for regenerating the damaged tissues or degenerating cells are employed in regenerative med
icine. Stem cell technology is a modern strategy of the recent approaches, particularly the use of mesenchymal 
stem cells (MCSs). The ability of MSCs to differentiate as well as their characteristic behaviour as paracrine 
effector has established them as key elements in tissue repair. Recently, extracellular vesicles (EVs) shed by MSCs 
have emerged as a promising cell free therapy. This comprehensive review encompasses MSCs-derived exosomes 
and their therapeutic potential as nanotherapeutics. We also discuss their potency as drug delivery nano-carriers 
in comparison with liposomes. A better knowledge of EVs behaviour in vivo and of their mechanism of action are 
key to determine parameters of an optimal formulation in pilot studies and to establish industrial processes.   

Mesenchymal stem cells 

MSCs are multipotent adult stem cells of great interest in tissue en
gineering and regenerative medicine owing to their differentiation po
tential. Their capacity to differentiate mainly into chondrocytes, 
osteoblasts, and adipocytes3 make them distinctive along with self- 
renewal properties. They express surface markers including CD 29, 
CD73, CD90, CD105, without the expression profile of HLA- II, CD11b, 
CD14, CD19, CD34 and CD45.4 Morphologically, MSCs appear like fi
broblasts5 and easily adhere to plastic substrates6 with simple ex vivo 
expansion conditions.7 Initially discovered in the bone marrow,9 MSC 
have been isolated from a variety of tissues, such as dental pulp, adipose 
tissue, amniotic fluid, placenta, Wharton’s jelly, umbilical cord blood, 
liver, spleen, kidney, thymus, lung, and pancreas.10 

Therapeutical Applications in the regeneration of damaged tissues 
span a variety of chronic diseases such as cardiovascular, musculoskel
etal, renal, hepatic, autoimmune disorders like systemic lupus erythe
matosus, rheumatoid arthritis (RA), and diabetes type 1, 
neurodegenerative diseases such as Parkinson’s, multiple sclerosis, 
vitiligo, and Alzheimer’s.11 MSCs can migrate to inflammation sites and 
damaged tissues, producing their immunomodulatory and trophic ef
fects through secretion of cytokines, chemokines, growth factors 

including basic fibroblast growth factor (bFGF), vascular endothelial 
growth factor (VEGF), transforming growth factor beta (TGF-β) and 
epithelial growth factor (EGF).8 Therapeutic effects would rely on the 
ability of MSC to migrate to damaged tissues, engraft, and differentiate 
and replace the damaged cell for tissue regeneration. However, in
vestigators also underline that the therapeutic efficacy of MSCs also 
relies on their secretion of paracrine mediators.1,12,13 Indeed, MSCs- 
secreted molecules operate as efficient mediators, either directly by 
activating the target cells or indirectly by stimulating by-standers for the 
secretion of trophic factors Aside from truly soluble mediators, Extra
cellular vesicles secreted by MSC constitute another storage pool of 
mediators that cargo active molecules in body fluids.14 However, it has 
recently been discovered that MSCs generate many extracellular vesicles 
(EVs) that contribute to tissue regeneration by communicating with 
damaged tissue or cells and exerting therapeutic activity similar to the 
MSCs.2,14,15 

Extracellular vesicles 

Extracellular vesicles (EVs) are membrane-enveloped vesicles that 
are bio-generated by different cell types, such as B cells, platelets, T 
cells, mast cells, dendritic cells, endothelial cells, Schwann cells, 
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epithelial cells, neuronal cells, cancerous cells, embryonic cells, oligo
dendrocytes, and MSCs. EVs have been found in different physiological 
fluids including blood, saliva, breast milk, cerebrospinal fluid, breast 
milk, amniotic fluid, normal urine, semen, bronchial lavage fluid, bile, 
synovial fluid, and ascites fluid.10 The different terms have been coined 
for the sub-populations of EVs including micro-particles, ectosomes, 
apoptotic bodies, oncosomes, microvesicles, exosomes, prostasomes, 
and membrane particles.16 Microvesicles (MVs) and exosomes are the 
two most significant EVs. Since years, paracrine and autocrine secreted 
mediators have been evidenced in intercellular communication in 
addition to the cell-cell contact. The last two decades, EVs have emerged 
as new actors in intercellular communication in several physiopatho
logical processes involving homeostasis, inflammation, immune re
sponses, hemostasis, angiogenesis and cancer pathogenesis.17 

Main types of EVs 

Exosomes 

Exosomes are the most significant sub-category of EVs released by 
different types of cells. These membrane vesicles are nanosized (30–120 
nm) with an endosomal origin. The development of early endosomes 
occurs through invagination of the plasma membrane due to the ab
sorption of intracellular fluid. This early endosome maturation and 
expansion results in the late endosome formation; then the internal 
budding of the endosomal membrane generates multivesicular bodies 
(MVBs) containing intraluminal vesicles (ILV). The MVBs are then 
released into the extracellular micro-environment after fusing to the cell 
membrane. The vesicles are now known as exosomes18,19 (Fig. 1A). In a 
sucrose gradient, exosomes exhibit a density between 1.13 and 1.19 g/ 
mL. They can be separated by centrifugation at 100,000g and kept 
functionally intact for more than 6 months when stored at − 80 ◦C 
without the use of hazardous cryoprotectants.20 Their membranes are 
rich in sphingomyelin, ceramide and cholesterol collectively known as 
lipid rafts.21 Exosomes are also abundant in annexins and tetraspanins 
like CD9, CD63, and CD81. They also contain heat shock proteins such as 
Hsp60, Hsp70, and Hsp90. Most exosomes also express evolutionary set 
of proteins including clathrin, Alix, and tumor susceptibility gene 101 
(Tsg101)22 (Table 1). They are also immuno compatible due to their cell- 
based origin and immunomodulatory properties. In addition, exosomes 
are protected by a bilayer membrane that protects their contents and 
permit them to travel far inside tissues. The outer face of membrane 
contains considerable amounts of phosphatidylserine. Exosomes carry a 
cargo of genetic information through pre-miRNA, miRNA, mRNA and 
noncoding RNA.23 These genetic materials and proteins interact with the 
recipient cells by three distinct mechanisms including endocytic uptake, 
direct fusion with plasma membrane, and ligand binding to the recep
tor24 (Fig. 1A). These interactions suggest that exosomes play crucial 
roles in immunological regulation and cell-to-cell communication under 
various physiological and pathological conditions.25 Currently, there are 
several different used methods for isolation and characterization of 
exosomes20,26,109 (Fig. 1B). 

Microvesicles 

Microvesicles also known as shedding vesicles and are generated by 
budding of the plasma cell membrane (Fig. 1A). This process is depen
dent on the raise in intracellular calcium following cell stimulation, 
calpain activity and cytoskeleton reorganization. These vesicles have a 
100–1000 nm diameter and can be separated by centrifugation having a 
density of 1.04–1.07 g/mL. MVs are enriched with surface markers, 
ceramide, sphingomyelin, phosphatidylserine, selectins and integrins, 
depending on the cell origin (Table 1). Their cargo includes lipids, 
proteins, microRNAs and mRNAs. MVs interact directly with target cells 
through ligand-receptor interactions.23 They are irregular in shape and 
can change the functionality of target cells by transferring proteins. For 

example, microvesicles released by endothelial cells can transfer 
proangiogenic molecules promoting angiogenesis.27 

Therapeutic effects of EVs derived from MSCs 

In recent years, the paracrine effects of MSCs have attracted the focus 
of researchers for their regenerative potential. In contrast to cell-based 
therapies, cell-free strategies circumvent the risks and the difficulties 
caused by MSC engraftment and differentiation post-transplantation, 
among which, tumorigenicity, uncontrolled proliferation or differenti
ation.28 Exosome-based therapies would also cargo small amounts 
membrane-bound MHC molecules.29 The therapeutic potential of MSC- 
EVs was first explored in a mouse model for myocardial ischemia.30 

Since then, they have been studied in many diseases. MSC-derived 
exosomes are the most studied of MSC’s EVs, we summarize the thera
peutic potential of MSC-exosomes in cardiovascular, kidney, liver, 
neurological and degenerative diseases. 

Therapeutic potential of MSC-derived exosomes in cardiovascular diseases 

MSC-exosomes are key factors for cardioprotection by reducing 
cardiomyocyte apoptosis and promoting angiogenesis. In a mouse heart 
model of ischemia/reperfusion injury, Lai et al.30 explored that MSC- 
exosomes decreased infarct size, resulting in cardioprotection. Exo
somes from (HIF-1)-modified MSCs have also been shown to promote 
neoangiogenesis by upregulating proangiogenic factors that mediate 
cardioprotection.31 Exosomes obtained from UCBMSCs, BMMSCs and 
ADMSCs promoted angiogenesis by upregulation of bFGF, HGF and 
VEGF. Furthermore, three kinds of MSC-based exosomes increased 
microvascular density MVD, decreased infarction area and inhibited 
apoptosis in cardiomyocytes. However, ADMSCs exosomes upregulated 
most of the cardioprotection factors.32 

MicroRNAs derived from MSC-based exosomes play vital role in 
cardioprotection. For instance, Kristin et al.33 confirmed that, in a mice 
model, miR-21a-5 (sub-type of miRNA) is a major paracrine factor that 
mediates cardioprotection after transferring into the myocardium. Their 
results also showed that increase of miR-21a-5 in cardiomyocytes, 
downregulated the pro-apoptotic gene products PTEN, PDCD4, FasL and 
Peli 1 in the myocardium. 

The therapeutic efficacy of exosomes can be enhanced by drug pre
treatment of MSCs. Exosomes isolated from MSCs pretreated with 
atorvastatin, a drug that reduces the cholesterolemia through the inhi
bition of the HMG-CoA reductase, mediate cardioprotection in a model 
of acute cardiac infarction, angiogenesis and improved endothelial cell 
(EC) function via the MSC upregulation of LncRNA H19 (long non- 
coding RNA H19), its secretion in exosomes and delivery to the EC. 
The results also showed approximately 8 % reduction of infarcted area 
by the treatment group (MSC-atorvastatin-exosome) compared to con
trol group (MSC-exosome).34 MSC-exosomes have therapeutic efficacy 
by limiting pulmonary vascular remodeling. In a rat study, exosomes 
could significantly reduce the right ventricular hypertrophy (RVH) and 
inhibit apoptosis induced by hypoxia in pulmonary arterial endothelial 
cells. The mechanism involved the up regulation of Wnt5a expression.35 

The anti-inflammatory and anti-fibrotic effects of MSC-exosomes are 
also well established. Intramyocardial transplantation of MSC-derived 
exosomes reduced inflammation36 and inhibited cardiac fibrosis after 
ischemia reperfusion injury.37 Previous studies also investigated that 
intravenous administration of exosomes attenuated inflammation38 and 
reduced fibrosis.39 Sun et al.40 studied that MSC-exosomes changed 
macrophages’ pro-inflammatory effects into anti-inflammatory effects 
through JAK2-STAT6 pathway. 

MSC-exosomes are also cardioprotective via their antioxidant and 
anti-apoptotic properties. They may decrease oxidative stress and 
apoptosis of cardiomyocytes in the microenvironment of infarcted area. 
A recent study showed that treatment group (MIF-BM-MSC-exo) was 
associated with 33 % less generation of reactive oxygen species (ROS) 
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Fig. 1. (A) Biogenesis and secretion of two main subclasses of extracellular vesicles (exosomes and MVs) from MSCs. Exosomes are biogenerated from MVBs, while 
MVs are shed from the plasma membrane. Exosomes interact with recipient cells through endocytosis, receptor-ligand binding and direct fusion pathways. MVs, 
Microvesicles; MSCs, Mesenchymal Stem Cells; MVBs, Multivesicular Bodies; ILV, Intraluminal Vesicles. Created with inkscape. (B) Methods of exosome isolation and 
characterization.20,26,109 
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and 12 % reduction in infarction compared to control group. There was 
also improvement in left ventricular ejection fraction (LVEF) up to 10 % 
in a rat model of MI treated with MIF-BM-MSC-exo along with reduced 
apoptosis and decreased cardiomyocyte mitochondrial fragmentation 
after cardiac infarction.41 In a similar study, exosomes encapsulated in 
alginate (2 %) with 0.5 % calcium chloride released 100 % exosomes 
while alginate (2 %) with 2 % calcium chloride released 60 % exosomes 
within 10 days. These released exosomes ameliorated cardiac apoptosis, 
and promoted angiogenesis.42 In a myocardial infarction (MI) rat model, 
exosomes alleviated oxidative stress and extracellular matrix remodel
ing possibly via Akt/Sfrp2 signaling pathway.43 Many studies investi
gated those miRNAs including miR-22,44 miR-214,39 miR-19a,45 miR- 
199a46 play roles in exosome-triggered anti-apoptotic reparative effects. 
In another study of rodents, miR-210 mediated cardiac regeneration and 
reduced apoptosis via increased expression of Bcl-2 and β-catenin while 
suppressing the expression of caspase-3, p16 and adenomatous polyp
osis coli (APC).47 

In summary, MSC-exosomes offer cardioprotection through multiple 
pathways involved in fibrosis, inflammation, apoptosis, and remodeling 
and thereby reduce the infarct size, (Fig. 2). Thus, exosomes derived 
from MSCs could be an alternative to cardioprotective drugs and cell- 
based therapies for cardiovascular diseases. However, extensive 
research is required for translational application. Continuous attempts 
are also needed to evaluate and compare the various routes of admin
istration, their biodistribution and pharmacokinetics, their optimal dose 
in different acute and chronic cardiovascular pathologies. 

Therapeutic potential of MSC-derived exosomes in kidney diseases 

Renal fibrosis (RF), especially tubulointerstitial fibrosis, is the 
outcome of progressive chronic kidney disease (CKD). The deposition of 
extracellular matrix (ECM) within the walls of glomerular capillaries 
and in the interstitium is associated with fibroblast activation, expansion 
of the peritubular microvasculature and tubular cell necrosis resulting in 

Table 1 
Characteristics of exosomes and microvesicles.   

Exosomes Microvesicles Ref. 

Origin Endosomal origin Plasma membrane budding 18,19 

Size (nm) 30–120 100–1000 18,19 

Density 1.13–1.19 g/mL 1.04–1.07 g/mL 20 

Isolation techniques Ultracentrifugation at 100,000 G, microfluidics, gelfiltration Ultracentrifugation at 10,000–20,000 G 
60–90 min 
Magnetic beads 

20 

Composition Proteins, lipids, nucleic acids, and metabolites Proteins, lipids, nucleic acids, and metabolites 19,23 

Major components Tetraspanins (CD9, CD63, CD81), 
ESCRT proteins (Tsg 101, Alix, clathrin) 
Heat shock proteins (Hsp60, Hsp70, Hsp90) 

Plasma membrane CDs Phosphetidylserine, selectins, Integrins, 
Enzymes 
Receptors 
caspases 

21,22 

Function Immunomodulation (NK cells, beta cells, T-cells etc), Cell-cell communication Cell-cell communication 25,27  

Fig. 2. Therapeutic effect of mesenchymal stem cells derived exosomes in different disease models. EMT, Epithelial Mesenchymal Transition; ECM, Extracellular 
Matrix. Portions of the figure utilized images from Servier Medical Art, licenced under Creative Common Attribution 4.0. 
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nephron demise.48 Several studies have investigated the anti-fibrotic 
therapeutic potential of MSC derived exosomes. Recently, in vivo, and 
in vitro study showed that MSC-exosomes can protect against renal 
fibrosis by upregulating the expression of SIRT6 and downregulating the 
expression of β-catenin.49 Epithelial mesenchymal transition type-2 is a 
process where epithelial cell changes their phenotype to myofibroblasts 
with significant pro-inflammatory and profibrotic characteristics 
resulting in tissue damage and fibrotic events.50 BMMSC-exosomes may 
prevent this epithelial mesenchymal transition (EMT) of renal tubular 
epithelial cells by upregulating and transporting Nedd4L.51 

Another mechanism of renal fibrosis is oxidative stress due to high 
generation of reactive oxygen species (ROS).52 Over-production of ROS 
suppress the antioxidant capacity of enzymes resulting in cell lysis via 
DNA fragmentation, protein damage and lipid peroxidation. Conse
quently, ROS can accelerate renal interstitial fibrosis by the infiltration 
of macrophages and monocytes.53 UCMSC-exosomes mitigated renal 
interstitial fibrosis and restored kidney function by inhibition of ROS, 
apoptosis (2.1 %), and ROS-mediated P38MAPK/ERK signaling path
ways.54 Several other studies have also evaluated the anti-fibrotic effects 
of exosomes by different mechanisms including the downregulation of 
collagen-1 and TGF-β and upregulation of IL-10,55 decreased α-SMA and 
PDGFR-β,56 increased expression of E-cadherin and decreased expres
sion of α-SMA and collagen-1.57 

Hypertension is also one of the main causes of CKD because of the 
harmful effects of increased blood pressure (BP) on the kidney. Persis
tent hypertension alters the systemic and renal micro and macro
vasculature, impairing renal autoregulation, raising glomerular 
capillary pressure, and inflicting tubular damage from hyperfiltration.58 

Hyperfiltration leads to glomerular proteinuria, which encourages the 
release of growth factors and inflammatory cytokines.59 Additionally, 
chronic hypertension causes vascular stretching, endothelial dysfunc
tion, and subsequent activation of renin-angiotensin system (RAS), 
which amplifies the release of growth factors and cytokines, enhances 
the production of ECM, and ultimately results in progressive glomerular 
and interstitial fibrosis.60 According to Lindoso et al., AMSC-exosomes 
provided renal protection against hypertension-mediated kidney dam
age by the downregulation of the pro-inflammatory markers like plas
minogen activating inhibitor-1 (PAI1) and monocyte chemoattracting 
protein-1 (MCP-1) and reduced infiltration of macrophages in the kid
ney. Moreover, the administration of exosomes significantly altered the 
miRNA-200-TGF-β axis resulting in reprogramming of EMT signaling 
pathway and preventing renal fibrosis (100 % reduction in collagen 
deposition) and inflammation.61 Recently, Feng et al.62 explored that 
exosome from iPS-MSCs inhibited structural remodeling in old mice 
kidney. They also investigated that administration of exosomes could 
attenuate upregulation of MMP2 and MMP9 levels resulting in inhibi
tion of collagen deposition in glomeruli and mitigation of tubulointer
stitial nephritis. 

To conclude, MSC-exosomes provide renal protection through 
different pathways including prevention of EMT, reduction in remod
eling, oxidative stress, fibrosis, inflammation, and apoptosis (Fig. 2). 
However, additional in vivo studies are required to better understand 
the role of exosomes in other kidney diseases like renal cancer and acute 
tubular necrosis (ATN). It may also be interesting to explore if renal 
protective drugs (angiotensin-converting enzyme (ACE) inhibitors, 
angiotensin receptor blockers (ARB) and some loop diuretics) can 
enhance the therapeutic efficacy of MSC-derived exosomes in acute and 
chronic renal pathologies. 

Therapeutic potential of MSC-derived exosomes in osteoarthritis 

Osteoarthritis (OA) is one of the degenerative joint diseases that af
fects almost all tissues in a joint including the cartilage, subchondral 
bone, meniscus, and ligament. The pathogenesis of OA is complicated 
and involves many factors, including senescence, biomechanics, 
inflammation, and metabolism.63 Recently, exosomes isolated from 

mesenchymal stem cell, have attracted much attention of researchers in 
OA therapy. MSC-derived exosomes have been employed in basic and 
clinical research to investigate their cartilage repair therapeutic poten
tial for osteoarthritis.64 The exosomes carry a cargo of miRNAs that are 
capable of mediating cell-cell communication including cartilage for
mation and gene regulation. For instance, a study revealed that miR-29a 
and miR-29b targeted directly the 3′UTR of col2α1, that encodes type II 
collagen regulated by SOX9 protein.65 Additionally, miRNAs in exo
somes can inhibit arthritic inflammation limiting OA progression. 
Studies showed that miR-129-5p in exosomes isolated from human sy
novial MSCs (HSMSCs) could relieve OA by the downregulation of 
COX2, MMP13, iNOS and NF-κB and simultaneously inhibition of 
HMGB1 release.66 miR-140-5p, miR-210 and miR-135b are some of the 
other exosomal miRNAs associated to chondrocyte proliferation and 
cartilage regeneration.67–69 

Long noncoding RNAs (Lnc-RNAs) are similar to mRNA having more 
than 200 nucleotides and considered as significant component of 
mammalian transcriptome. They play integral roles in cell growth, dif
ferentiation, and apoptosis.70 These Lnc-RNAs can be employed as po
tential biomarkers and therapeutic targets for a variety of disorders.71 It 
has been demonstrated that exosomal Lnc-RNAs including Lnc-RNA 
MALAT1,72 Lnc-RNA MEG372 and Lnc-RNA H1973 have been investi
gated for their significant roles to mitigate bone and joint disorders. The 
BMMSC-derived exosomal Lnc-RNA MALAT1 also increases activities of 
osteoblast.74 

Exosomal proteins have also been extensively investigated due to 
their vital roles. A comprehensive proteomic analysis of MSC-derived 
exosomes revealed a total of 1927 proteins.75 Some of these exosomal 
proteins like CD9, CD63 and TSG101 can stimulate the migration and 
proliferation of chondrocytes thus attenuating OA.76 

Biomaterials are useful auxiliary tools employed for retention and 
controlled release of MSC-derived exosomes.77 For example, Yang 
et al.78 used Diels-Alder cross-linked hyaluronic acid/PEG hydrogel to 
control the sustained release of MSC-derived exosomes with the help of 
hyaluronidase enzyme. The cumulative release rates were 33.44 %, 
56.06 % and 78.44 % respectively in 0.1 μg/mL, 1 μg/mL and 10 μg/mL 
hyaluronidase treated groups. Their results of in vivo study also showed 
the improvement in therapeutic efficacy and bioavailability of exosomes 
for OA treatment. The MSC-derived exosomes also revealed enhanced 
therapeutic effects by extending their retention time and enhanced 
stability when encapsulated in injectable chitosan hydrogel.79 Other 
studies also explored that exosome exerted a longer reparative effect for 
bone defects when embedded in Hydroxyapatite-embedded hyaluronic 
acid-Alginate hydrogel80 and PLGA based scaffolds (MSCs migrated 33 
% more in presence of exosomes).81 Previous researches indicated that 
scaffolds modified by MSC-derived exosomes could increase osteogenic 
differentiation potential of human bone marrow MSCs (hBMSCs) and 
enhance regeneration of bone and tissue. For instance, exosome/β-TCP 
scaffold showed greater osteogenic differentiation (80 % bone stained 
by alizarin red) as compared to unmodified β-TCP only (only 20 % bone 
stained by alizarin red). Similarly, bone mass density (BMD) was also 40 
% higher in exosome treated group as compared to β-TCP only.82 

Recently, another study demonstrated that immobilizing MSC-derived 
exosomes on the surface of titanium (Ti) can improve MSCs adhesion 
and spreading after 24 h and proliferation after 3 and 6 days.83 Wang 
et al. reported that the modification of PCL scaffold by MSC-derived 
exosomes and GSNO could promote the osteogenic differentiation in 
hBMSCs while concurrently suppressing pro-inflammatory genes in 
macrophages.84 In a recent study, 3D printing technique was applied to 
create a scaffold made up of exosome/gelatin methacrylate and extra
cellular matrix (ECM). This radially oriented scaffold restored the 
mitochondrial dysfunction of chondrocytes and enhanced their migra
tion resulting in OA improvement. Moreover, the expression of collagen- 
II also upregulated upto 8 % in exosome containing group as compared 
to the control group.85 

In a nutshell, MSC-derived exosomes can improve osteoarthritis 
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through cartilage regeneration by increasing cell proliferation and dif
ferentiation (MSCs to chondrocytes) and decreasing inflammation and 
oxidative stress. Furthermore, MSC-derived exosomes are also biocom
patible with biomaterials employed to tune their retention and release. 
Therefore, it is of great interest to explore the behaviour of exosomes 
following encapsulation in multiple biomaterials (natural and synthetic) 
for OA treatment. It might also be interesting to investigate whether 
anti-osteoarthritis drug-loaded exosomes have better therapeutic effects 
for cartilage regeneration than either exosomes or the drug alone. 

Therapeutic potential of MSC-derived exosomes in liver diseases 

MSC-derived exosomes have been reported to exert their reparative 
effect in different hepatic injuries including acute liver failure, liver 
fibrosis, and hepatocellular carcinoma. Hepatocyte death is the primary 
feature of most hepatic injuries triggering inflammatory cell infiltrations 
resulting in apoptosis and necrosis.86 Several studies have reported the 
anti-apoptotic features of MSC-derived exosomes. In an in vitro study, 
Zhao et al.87 investigated the anti-apoptotic effects of BMSC-derived 
exosomes on D-galactosamine and lipopolysaccharide (D-GalN/LPS) 
induced apoptosis. They demonstrated that exosomes could attenuate 
hepatocyte apoptosis via the upregulation of autophagy proteins LC3 
and Beclin-1 and downregulation of proapoptotic proteins Bax and 
cleaved caspase-3. Simultaneously, the expression of autophagosomes 
and antiapoptotic protein Bcl-2 was upregulated. Another study evalu
ated the antioxidant and hepatoprotective effects of MSC-derived exo
somes in mouse models of hepatic injury induced by CCL4.88 Similarly, 
Du et al.89 found that MSC-derived exosomes could attenuate hepatic 
ischemia reperfusion injury through the activation of sphingosine kinase 
and sphingosine-1-phosphate (S1P) signaling pathways with significant 
reduction in AST (57 % after 24 h) and ALT (50 % after 24 h) hepatocyte 
injury markers in a murine ischemia/reperfusion injury model. 

Hepatic stellate cells (HSCs) play critical role in the development of 
hepatic fibrosis, characterized by excessive and abnormal accumulation 
of extracellular matrix proteins (ECM), particularly collagens..90 A 
recent study suggested that MSC-derived exosomal circDIDO1 (circular 
DNA that forms a closed loop and has no ends) could suppress and 
inhibit the proliferation of hepatic stellate cells by miR-141-3p/PTEN/ 
AKT signaling pathway in human hepatic fibrotic cells.91 It has been 
demonstrated that exosomal miRNA-125b reduced fibrosis by sup
pressing Hedgehog (Hh) signaling via the downregulation of Smo 
expression resulting in liver regeneration.92 Another study showed that 
MSC-derived exosomes expressing miRNA-122 could decrease the acti
vation and proliferation of hepatic stellate cells (HSCs) thereby reducing 
fibrosis in liver.93 

Hepatocellular carcinoma (HCC) is the fourth fatal cancer world
wide.94 Exosomes showed strong anti-HCC effects in vitro as well as in 
vivo. For example, hBMSC-exosomes induced apoptosis and inhibited 
cell cycle progression in HepG2 cells. Moreover, in vivo intra-tumor 
administration of exosomes in established tumors generated by subcu
taneous injection of HepG2 cancer cell lines in SCID mice substantially 
inhibited tumor growth.95 In another study, hBMSC-exosomes inter
acted with cancer cell lines resulting in significant inhibition of tumor 
site angiogenesis, metastasis, and invasiveness in rats.96 MSCs and 
secreted exosomes can be modified to enhance their anti-HCC effects. 
Exosomes isolated from BMSCs silenced by the SiRNA to the Glucose 
regulatory protein 78 (GRP78), a key chaperone of the unfolded protein 
response in the ER inhibited the growth of cancer cells (HepG2, PLC) in 
vitro. Additionally, siGRP78 -secreted exosomes also significantly 
increased the sensitivity (approximately 20 %) of resistant cancer cells 
to Sorafenib, a multi kinase inhibitor for advanced kidney cancer.97 

According to another study, exosomes rich in miRNA-451a isolated from 
human umbilical cord MSCs when co-cultured with SMMC-7721 and 
Hep3B cell lines, reversed the resistance to paclitaxel, an antimitotic 
drug, promoted apoptosis of HCC cells, and inhibited epithelial- 
mesenchymal transition (EMT), a response promoting lung tissue 

remodeling and ultimately fibrosis.98 

The therapeutic role of MSC-derived exosomes in treating acute and 
chronic hepatic diseases is in full swing. The therapeutic molecular 
mechanism in HCC and liver fibrosis is also of research highlight. 
However, several key signaling mechanisms involved in therapeutic 
exosomes remain undiscovered. On the contrary, disease promoting 
exosomes are also secreted as the liver disease progresses. Little research 
has been done for their identification and characterization. Large scale 
animal studies are still required to understand their role in liver path
ogenesis and to inhibit their formation. 

Current investigations have found that some chemotherapeutics 
when loaded in exosomes, showed improved cellular uptake, decreased 
toxicity and less resistance. This indicates the possibility of loading 
multiple chemotherapeutics in MSC-derived exosomes to obtain syner
gistic effects against liver cancer. Likewise, hepatoprotective drugs 
(such as N-acetylcysteine and silymarin) can be loaded in MSC-derived 
exosomes in the future to achieve better efficacy than free drug. 

Therapeutic potential of MSC-derived exosomes in neurological diseases 

Recently, in a mouse model of Parkinson’s disease, MSC-derived 
exosomes showed therapeutic effect by promoting ICAM1-mediated 
angiogenesis mediated by the activation of SMAD3 and P38MAPK 
signaling pathways in microvascular endothelial cells of brain, resulting 
in a possible therapeutic potential for Parkinsonism.99 Similarly, 
− modified exosomes enriched in miRNA-17-92 could provide neuro
protection of peripheral nerves by the activation of PI3K/protein kinase 
B/mechanistic target of rapamycin/glycogen synthase kinase 3β 
signaling pathway.100 MSC-derived exosomes can also restore traumatic 
brain injury. In a LPS-induced inflammatory model of rat, exosomes 
suppressed the NFkB and P38 mitogen-activated protein kinase 
signaling in the microglia/macrophages resulting in reduced inflam
mation and rapid recovery of traumatic brain injury.101 

Alzheimer’s disease (AD) is characterized by dementia and cognitive 
dysfunction due to the deposition of β-amyloid (Aβ) in and around 
neurons with neurofibrillary tangles (NFT) of abnormal protein called 
hyperphosphorylated tau.102 A study indicated that ADMSC-derived 
exosomes carry neprilysin (neprilysin specific activity level of 1 μg 
protein obtained from exosomes was equivalent to 0.3 ng of recombi
nant neprilysin), Zn metalloproteinase that can degrade Aβ of the brain. 
Exosomes significantly decreased levels of both secreted and intracel
lular Aβ in vitro.103 Recently, MSC-derived exosomes injected intrave
nously, reduced Aβ expression in transgenic mice model of the disease. 
The exosomes also inhibited the downregulation of neuronal memory/ 
synaptic plasticity-related genes including brain-derived neurotrophic 
factor (BDNF exon IV, 53.7 %) and synaptophysin (Syp, 16.2 %).104 

Similarly, MSC-derived exosomes relieved Aβ-mediated cognitive 
impairment and promoted neurogenesis in the subventricular zone in 
another mouse model of Alzheimer’s disease.105 In a murine model of 
the disease, MSC-based RVG-modified exosomes reduced the pro- 
inflammatory action of various mediators such as TNF-α (20 %), IL-β 
(10 %), and IL-6 (10 %) with significant elevation in anti-inflammatory 
factors including IL-10 (20 %), IL-4 (10 %), and IL-13 (8 %).106 

Interestingly in a stroke rat model, intravenous administration of 
MSC-derived exosomes could improve post stroke neurological recovery 
by promoting neurogenesis and angiogenesis.107 MSC-derived exosomes 
enriched with the miR-17-92 via transfection electroporation markedly 
enhanced neurogenesis, oligodendrogenesis, neural plasticity/neurite 
remodeling, and functional recovery when compared to control MSC 
exosomes, possibly via inhibiting PTEN and increasing the phosphory
lation of phosphatase resulting in the activation of PI3K/protein kinase 
B/mechanistic target of rapamycin/glycogen synthase kinase 3β 
signaling pathway.108 

In summary, MSC-derived exosomes have been mainly studied in the 
context of Parkinsonism and Alzheimer’s disease. For example, they 
have been shown to provide neuroprotection and reduce Aβ expression 
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in animal models of both the diseases respectively. However, their role 
in other neurodegenerative diseases (e.g., Amyotrophic lateral sclerosis 
and Lewy body dementia) raises several unanswered questions. Further 
studies are also required to identify the contribution of natural exosomes 
to the neurodegenerative diseases and provide insights on the best 
therapeutical strategy to target these crippling diseases in future. 

MSC-derived exosomes as drug delivery nanocarriers 

MSC-derived exosomes are also claimed a new approach for drug 
delivery in the treatment of various disorders including cardiovascular 
diseases, neurological diseases, and malignant tumors. Drugs could be 
loaded onto exosomes by several methods including incubation, elec
troporation, sonication, extrusion, freeze-thawing and pH-gradient. 
These drug loaded exosomes can be characterized by transmission 
electron microscopy (TEM), confocal microscopy, magnetic resonance 
imaging (MRI), western blotting, low speed centrifugation, ultracentri
fugation, size exclusion chromatography (SEC), ultrafiltration and su
crose gradient ultracentrifugation etc..109 Compared with synthetic drug 
delivery carriers, exosomes own lower toxicity, better drug-target 
communication, stable drug release profile, tissue specific targeting, 
and higher biocompatibility with prolonged blood circulation110 

(Fig. 3). 
In addition to encapsulate different therapeutic genetic elements 

(such as proteins and multiple RNA types), MSC-derived exosomes could 
also wrap different small therapeutical agents to augment their efficacy. 
Several studies have compared the efficacy of exosome encapsulated 
drugs to the drug alone and/or to empty exosomes. Liang et al.111 

showed that the encapsulation of norcantharidin (NCTD) in BMMSC- 
exosomes could promote the uptake of NCTD by HepG2 cells, reduce 
HepG2 proliferation, increase HepG2 apoptosis and facilitated HepG2 
cycle arrest. Similarly, Bagheri et al.112 also developed a drug delivery 
system to encapsulate doxorubicin (DOX) in MSC-derived exosomes 
with 35 % encapsulation efficiency against colorectal cancer. Their 

results showed that this engineered DOX-exosome-apt system inhibited 
tumor growth (65 %) as compared to DOX-exosome (25 %) and free DOX 
(16 %). This controlled drug delivery system was found to be non- 
immunogenic, biocompatible along with targeted ability and desirable 
biodistribution. Another investigation demonstrated that exosomes 
loaded with paclitaxel induced apoptosis and suppressed EMT signaling 
in Hela cervical cancer cells. The effective nanocarrier system of pacli
taxel suppressed the proteins responsible for EMT in Hela cells.113 

Recently, MSC-derived exosomes could be excellent nanocarriers to 
deliver doxorubicin against osteosarcoma with decreased toxicity in 
cardiac tissue. The results of this study also showed that the targeting 
ability of exosomes was due to the chemotaxis of exosomes to osteo
sarcoma cells mediated through SDF1-CXCR4 axis.114 In another study, 
the engineered exosomes loaded with curcumin and indocyanine green 
showed better chemo-phototherapy effect as compared to chemotherapy 
or phototherapy alone. It was found that engineered exo-CUR + ICG can 
cause cancer cell inhibition by triggering apoptosis along with cell arrest 
in G2/M phase against glioma mice model.115 Yang et al. found that 
desialylated exosomes loaded with doxorubicin significantly improved 
cellular uptake, enhanced targeting efficacy, and had a better inhibiting 
effect against HepG2 cancer cell lines when compared to free 
doxorubicin.116 

Most of the drugs are unable to cross the blood–brain barrier (BBB) 
and represent major problem for drug delivery of modern neurophar
macology. In this regard, exosomes own a significant advantage, 
because they can cross BBB117 (Fig. 3). These new advancements pro
vide possibilities to administer drugs intravenously or even intranasally 
to deliver them at desired neural site via exosomes. In a mice model of 
Parkinsonism, the combination of engineered exosomes with curcumin 
crossed the complex membrane barriers including blood brain barrier 
(BBB) resulting in direct release of drug into the cytoplasm of target cells 
following intranasal administration. This promising synergistic combi
nation also reduced α-synuclein aggregates, promoted neuron function 
recovery, and alleviated the neuroinflammation. Consequently, there 

Fig. 3. Therapeutic advantages of MSC-derived exosomes as drug delivery nanocarriers.  
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was significant improvement in the movement and coordination.118 

Similarly, another study revealed that blood derived exosomes loaded 
with dopamine can cross the BBB because of interaction between 
transferrin and its receptor. The findings of this study proved that blood 
exosomes are powerful nanocarriers for targeted therapy against 
Parkinsonism in mice and possibly for other central nervous system 
diseases as well.119 

Currently, liposomes are the preferred vehicles for drug delivery. 
They have been used for the delivery of multiple drugs including anal
gesics,120 anti-fungal drugs,121 anti-cancer drugs122–124 etc. Liposomes 
with a bilayer phospholipid membrane, could encapsulate hydrophobic 
drugs within the hydrophobic membranes and hydrophilic drugs in their 
aqueous core (Fig. 4A). They may also break the plasma membrane to 

release the drug. Considering the similar composition of phospholipid 
membrane of exosomes and liposomes (Fig. 4A), exosomes are termed as 
natural liposomes. Being nature-derived, exosomes could potentially 
circumvent some of the limitations presented by synthetic liposomes 
such as toxicity of the synthetic phospholipid membranes. Exosomes 
also own many better key features when compared to synthetic lipo
somes including longer circulating half-life, more specific internaliza
tion by the target cells and greater evasion by the host immune system 
(Fig. 4B). 

Exosomes have several features that make them an ideal drug de
livery vehicle. Firstly, exosomes have wide biodistribution in body fluids 
such as breast milk,125 blood126 and urine.127 Therefore, these nano- 
vehicles have longer circulating half-life resulting in improved 

Fig. 4. (A) Comparative schematic illustration of exosome (right part) and liposome (left part) structures. (B) The main similarities and differences of exosomes and 
liposomes. PEG, polyethylene glycol; MHC, major histocompatibility complex. 
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efficacy. Secondly, the abundance of genetic materials and proteins in 
exosomes implies that such biological materials could be encapsulated 
into exosomes. Thirdly, exosomes also own homing ability to target 
tissues with preferential homing targets based on their cell source. For 
example, Hood et al.128 showed that homing of melanoma exosomes to 
sentinel lymph nodes promoted tumor metastasis. Fourthly, exosomes 
can be up taken through endocytosis unload their cargo into target cells. 
For example, Andrey et al.129 revealed that dendritic cell-derived exo
somes can transfer MHC Class I/Peptide complexes to other dendritic 
cells to tune immune response. Finally, modifications to exosome 
membranes could be made to enable cell type-specific targeting. For 
example, Alvarez-Erviti et al.130 reported that in dendritic cells over
expressing of LAMP2B (an exosomal membrane protein), secreted exo
somes expose RVG peptide on their membranes. When loaded with 
exogenous siRNA and injected intravenously these exosomes crossed the 
blood brain barrier, delivered siRNA to target specific gene in neurons, 
microglia and oligodendrocytes, resulting in a target gene knockdown. 

The stability of nanocarriers is a key factor in drug delivery thera
peutic applications. Indeed, the chemical integrity and the therapeutic 
effect of the encapsulated drugs depend on the stability of the liposomal 
preparations. A stable liposomal formulation should preserve its phys
ical and chemical stability. Generally, physical stability includes the 
determination of size and visual inspection of liposomes to check the 
tendency of aggregation. While chemical stability can be considered the 
ability of liposomes to preserve their encapsulation efficiency (EE) when 
exposed to pH changes, oxidizing agents, and surfactants.131 However, 
fusion and breakage of liposomes due to instability may result in drug 
leakage.132 Furthermore, liposomal stability also includes the resolution 
of some other parameters such as the impact of biological fluids on the 
liposomes, conservation of their size and structure and the interactions 
between phospholipids and the encapsulated drugs.133 The presence of 
unsaturated fatty acids in liposomes can lead to oxidation triggered by 
light and metal ions. The removal of microbial contaminants from 
parenteral liposomal products is also important to control the microbial 
stability.134 Liposomal products can be stored in dry powder form or in 
an aqueous solution.135 However, the storage of liposomes in dry pow
der form offers long term stability.136 Among the available methods, 
lyophilization is the most applied technique for water removal to 
overcome the instabilities of liposomes in an aqueous solution. In 
summary, liposomal behaviour and stability have been deeply studied 
under various conditions to evaluate the impact of multiple external 
parameters including pH, UV exposure and temperature, in relation to 
the intrinsic parameters of the carrier (composition, charge and size). 
Retention time of liposomal cargo can vary from hours to months 
depending on these parameters and surface modifications have also 
been developed to tune these properties, with as a classical example the 
use of PEG coating to strengthen plasma lifetime.137 In contrast, natural 
vesicles storage guidelines are still under investigations and their stor
age under − 80 ◦C seems preferable if fresh use (within few hours) is not 
possible.138 As for all cell-based therapies, expensive bioreactors costs 
are required (for instance, a lab scale bioreactor can cost tens of thou
sands of euros). The process of vesicle production requires the stimu
lation of cells through chemical (e.g. sulfhydryl blocking agents or 
cytochalasins) or physical (e.g. shear stress or through acoustic exposi
tion) stress, or even via specific culture conditions such as hypoxia or 
starvation.139 The production method applied has also an impact on the 
produced EVs (e.g. size) and their therapeutic potential. In comparison, 
liposomes are produced using physicochemical based principles (reverse 
phase evaporation, thin-film hydration, freeze-drying, cross-flow filtra
tion and membrane contractor)140 and the impact of the process pa
rameters is well understood and optimized. 

Liposomal formulations are now well mastered with dozens of 
commercial products on the market (AMBISOME®, VISUDYNE®, LIP
IREX®…)140,141 but the higher therapeutic potential of natural EVs 
should promise them a robust avenir. 

Challenges in marketing 

There are several challenges to introduce the exosomes as a thera
peutic moiety and nano-carrier to the clinic and market. Currently, 
clinical trials are being conducted focusing on the application of MSC- 
derived exosomes as therapeutic tools. However, the resolution of pa
rameters such as exosome mass production, optimal dose, standard 
testing methods, stability studies at different conditions and storage 
standardization still requires preclinical to clinical transition. The 
complex biochemical nature of nanoscale drugs makes them vulnerable 
to instability and storage complexity. These promising nanovesicles also 
face other challenges, including batch-to-batch variation, costs, and the 
profit/risk ratios, and extensive research is still required to master the 
impact of their production method. Likewise, formulations containing 
drug loaded exosomes should be tailored to offer the optimal dose with a 
desired delivery profile to target the specific pathological sites. The drug 
loading method should be robust enough not to affect the delicate 
structure of the exosomal membranes. 

Moreover, as exosomes are derived from cells, some ethical issues 
may need to be addressed. The therapeutic efficacy, minimum batch-to- 
batch variation, long-term biocompatibility, and stability of nano 
pharmaceutical should also be confirmed to pass some regulatory as
sessments. Further in vivo investigations and clinical trials should clarify 
the in vivo behaviour of MSC-derived exosomes and their formulations. 

Conclusion and perspective 

MSC-derived exosomes have gained significant potential regarding 
their use as nano-therapeutics in regenerative medicine. Unique prop
erties of MSC-derived exosomes such as low immunogenicity, cell-origin 
nature, engineering capacity, nano-sized scale, high biocompatibility, 
and crossing through BBB make them superior to MSCs. As a cell-free 
therapy, MSC-exosomes carry biologically active molecules capable to 
exert their therapeutic effects like immunomodulation, tissue regener
ation, and many other significant beneficial effects. Moreover, owing to 
many features of an ideal drug delivery nanocarrier, exosomes can serve 
better than liposomes in the treatment of various disorders. However, 
large scale production of exosomes is a challenge regardless of whether 
they are used as exosomes therapy or drug delivery nanocarrier. Hence, 
even though many studies revealed promising results, many of them 
were conducted in a preclinical setting, requiring extensive in
vestigations for the translational application. 
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