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Exosomes are a new horizon in modern therapy, presenting exciting new opportunities for advanced
drug delivery and targeted release. Exosomes are small extracellular vesicles with a size range of 30–
100 nm, secreted by all cell types in the human body and carrying a unique collection of DNA fragments,
RNA species, lipids, protein biomarkers, transcription factors and metabolites. miRNAs are one of the
most common RNA species in exosomes, and they play a role in a variety of biological processes including
exocytosis, hematopoiesis and angiogenesis, as well as cellular communication via exosomes. Exosomes
can act as cargo to transport this information from donor cells to near and long-distance target cells,
participating in the reprogramming of recipient cells.

Lay abstract: Exosomes have been found in all of the body fluids, and the content of exosomes’ complex
cargo is easily accessible by biological fluid sampling. The potential utility of exosome-based liquid biopsy
in the diagnosis and prognosis of cancer and some other disorders has been highlighted. Exosomes
can be engineered to transport a variety of therapeutic payloads, such as antisense oligonucleotides,
immunological modulators, therapeutic drugs and vaccines, and they can be directed to a specific target.
For the first time, ten different exosome hallmarks have been categorized according to their functional
capabilities in the present review article.
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Almost every cell in our body releases extracellular vesicles (EVs), which are nano-sized lipid bilayer membrane
vesicles that are released into the extracellular environment. These EVs are currently classified as exosomes,
microvesicles and apoptotic bodies based on their size, biogenesis, molecular composition and functions. They have
been detected in a variety of bodily fluids, including circulating blood, breast milk, bile, saliva, nasal secretion,
semen, cerebral spinal fluid, lymph, tear, urine and amniotic fluid (Figure 1).

Exosomes are the smallest EVs in terms of size, have a cup-shaped morphology when viewed under cryoelectron
microscopy and are more homogenous in shape when compared with other EVs (Figure 2). Exosomes were
discovered initially by Pan and Johnstone in 1983 during the process of erythrocytes maturation from sheep
reticulocytes [1]. Exosomes are biological nanoparticles formed by almost all normal and diseased cell types and are
found in all body fluids as well as in vitro grown cell lines with an average diameter of between 30 and 100 nm in
size [2].

Exosomes are formed by the endocytic pathway (endocytosis), which involves the inward budding of intraluminal
vesicles from the plasma membrane, and are secreted and released into the extracellular space (exocytosis) after late
endosomes or multivesicular bodies fusion with the plasma membrane (Figure 3) [3–9]. The multivesicular body can
either be degraded by fusing to lysosomes or autophagosomes, or it can fuse to the plasma membrane and release
exosomes [10,11]. The released exosomes might be absorbed by target cells through three possible pathways, namely,
fusion with the cell membrane, endocytic absorption and ligand or receptor interaction [12].

Exosomes are a popular topic in medicine right now, with a lot of promise in terms of treating disease with
agents derived from abnormal cells. Exosomal contents, including DNA fragments (both from the nucleus and
mitochondria), various RNA species (coding and noncoding RNAs), cytosolic and cell surface proteins, and small
metabolites, have been shown in many studies. Noncoding miRNAs are one of the most abundant cargos found in
exosomes. These bioactive molecules are transferred from donor cells to target cells by exosome transport system,
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Figure 1. The various biological fluids in the human body.

causing recipient cells to be reprogrammed. Exosomes can be purified from the fluids of a patient and transferred
to the same patient with their new cargo for targeted tumor therapy after being modified [13–15]. The therapeutic
cargos such as miRNAs or drugs can be loaded into native exosomes isolated and purified from cell medium and
delivered by free diffusion, incubation, sonication, freeze–thaw cycles or electroporation [16].

It is vital to remember that exosome extraction methods are continuously improving, and that current biomarkers
may only recognize a subset of exosomes with certain contents [10,17–20]. As a result of the adoption of new
technologies, certain findings will need to be revised. Exosomes’ impact on recipient cells might vary due to
their diverse expression of cell surface receptors, resulting in one set of exosomes driving cell survival, another set
promoting cell death and yet another set stimulating immunomodulation, among other aspects, in various target
cell types.

Exosomes have an impact on a broad range of physiological processes, including immunological responses [21,22],
maintaining stem cells [23], tissue repair [24,25], CNS communication [26] and pathological processes in cardiovas-
cular disorders [27,28], neurodegeneration [29], tumorigenesis [30] and inflammation [31]. Researchers are increasingly
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Figure 2. The exosome’s structure. Exosomes contain DNA, RNA, proteins, lipids and metabolites. Exosomes are
composed of various proteins: transmembrane proteins such as tetraspanins, antigen presenting molecules,
glycoproteins and adhesion molecules; proteins in exosome lumen such as heat shock proteins (Hsp), cytoskeletal
proteins, ESCRT components, membrane transport, fusion proteins, growth factors and cytokines. Exosomes also
comprise of multiple lipids such as cholesterol, ceramides, sphingomyelin, phosphatidylinostol (PI), phosphatidylserine
(PS), phosphatidylcholine (PC), phosphatidylethanolamine (PE) and gangliosides (GM) along with nucleic acids such as
mRNA, miRNA, non-coding RNA and DNA in their lumen.
ESCRT: Endosomal sorting complex required for transport; FasL: Fas ligand; Hsc: Heat shock cognate; TfR: Transferrin
receptor; TGF: Transforming growth factor; TNF: Tumor necrosis factor; TRAIL: TNF-related apoptosis-inducing ligand;
TSG: Tumor suspectibility gene.

interested in the potential of these little wonder vesicles to help with gene transfer, disease diagnostics, cellular
communication, drug delivery and biomarker-driven therapy [32]. The development of engineered exosomes is an
ongoing research field that promotes the evaluation of diverse therapeutic cargoes, target selectivity enhancement,
minimizing drug accumulation in nontarget tissue/organs and manufacturing optimization. Clinical investigations
on their usage as biomarkers for diagnosis, disease severity and therapeutic response, as well as engineering applica-
tions as therapeutic cargo delivery vectors, are now being developed and rapidly translated for human applications.
These approaches emphasize the importance of improved exosome-mediated cellular communication [33–35].

Recent data suggest that exosomal miRNAs are important players in the pathophysiology of many, if not all,
human diseases including cancer, neurodegenerative and cardiovascular diseases, and wound healing [36]. miRNAs
are mainly located in the cytosol but they are also packaged as cargo in exosomes where they are protected
from degradation by RNase present in different biological fluids [37]. miRNAs packaged in exosomes act as post-
transcriptional gene regulators by binding to target mRNAs, blocking mRNA translation or degrading the mRNA
and therefore silencing the gene expression. Depending on the target mRNA, miRNAs can act as tumor suppressors
or onco-miRNAs, and they play a key role in tumor growth, progression, therapy resistance and metastasis. In
tumor cells, miRNA expression can be dysregulated, resulting in the overexpression of oncogenic miRNAs and
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Figure 3. The biogenesis of exosomes and release pathway. (A) The exosome is derived from early plasma
membrane-formed endosomes (endocytosis). (B) Further, early endosomes are transformed into late endosomes. (C)
After that, it forms early multivesicular bodies. (D) Multivesicular bodies of the late stage. (E) In order to release
exosomes, late multivesicular bodies may either be joined with autophagosomes and follow the degradation
pathway through lysosomes or they can be fused to the plasma membrane via the microtubules and cytoskeletal
network, and be released by budding from the cytoplasmic membrane (exocytosis).

the underexpression of tumor suppressor miRNAs. Many oncogenic miRNAs play a key role in cell proliferation,
metastasis and the activation of oncogenic transcription factors, which have been shown to be overexpressed in
various cancer cells.

They have enticing potential to be employed in therapeutic settings as an alternative to transcription factors
during the reprogramming of a variety of somatic cells due to their small size, tissue-specific expression, capability
of safe delivery into cells, regulation of a large number of genes, interlinked networks and pathways, and finally
their involvement in cell fate transitions [38]. In the light of the information obtained to date, up to ten hallmarks
of exosomes can be categorized according to their functions as follows (Figure 4):

• Regulation of gene expression
• Intracellular signaling and cell-to-cell communication
• Reprogramming of target cell
• Survival and proliferation
• Cellular differentiation and neoplasia
• Modulation of immunosystem
• Inducing angiogenesis
• Activating invasion and metastasis
• Diagnostic and prognostic biomarkers
• Delivery vehicle (drugs, vaccines, proteins and nucleic acids).

Regulation of gene expression
Endogenous miRNAs have been found to directly affect gene expression in the nucleus at the transcriptional level, in
addition to mRNA post-transcriptional regulation in the cytoplasm, according to various studies. Exosomal miRNAs
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Figure 4. Hallmarks of exosomes.

can impact the expression of epigenetic machinery components by targeting epigenetics-related enzymes like
DNA methyltransferases (DNMTs), histone deacetylases, histone methyltransferases and ten–eleven translocation
enzymes [39]. In the recent years, the impact of miRNAs on epigenetic expression, such as DNA methylation, DNA
demethylation, RNA modification and histone modification, has become more widely acknowledged. miRNAs
can impact the overall methylation profile of the genome by regulating the expression of DNA methylation-related
enzymes.

The miR-29b was the first epigenetic miRNA to be discovered. It causes global DNA hypomethylation by
suppressing DNMTs expression, either directly targeting the 3′-UTR regions of DNMT3A and DNMT3B or
indirectly targeting specificity protein 1 (Sp1), a transactivator of the DNMT1 gene in the case of DNMT1 [40–

42]. In lung cancer, tumor-suppressor genes like fragile histidine triad enzyme and WW domain containing
oxidoreductase that were epigenetically repressed by promoter hypermethylation were re-expressed as a result
of promoter CpG island demethylation after miR-29b reintroduction [40,43]. miRNAs can also regulate histone
modification in addition to DNA methyltransferases. Histone modifications such as H3K4me1, H3K27me3,
H3K27ac, H3K9ac, H3K4me3 and H2AZ are found to be regulated by miRNAs during human spermatogenesis,
according to bioinformatics analyses [39,44].

miRNAs also have a key role in regulating the cell cycle of embryonic stem cells (ESCs). miR-290-295, miR-302,
miR-17-92, miR-106b-25, miR-106a-363 clusters and let-7 family are the most commonly expressed miRNAs in
ESCs, accounting for roughly 70% of total miRNA molecules [45–48]. The G1/S transition is contributed by these
miRNAs, which decrease the expression of retinoblastoma proteins in ESCs [46]. However, more research into these
pathways, as well as the link between epigenetics and miRNAs, is required. This will help us to better understand
how the human genome is controlled and also how mutagenic gene expression abnormalities might be treated
therapeutically.
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Intracellular signaling & cell-to-cell communication
Exosomes transport encapsulated proteins and genetic information to destination cells, acting as information
messengers from one cell to another. Exosomes have an effect on recipient cells through influencing a vast
number of genes and intracellular signaling pathways, resulting in changes in host–cell function or phenotype.
They mediate the transport of various signaling molecules from abnormal cells to normal cells, which can be
negatively regulated. Exosomes play a key role in cell-to-cell communication between both nearby and distant
tissue cells, causing physiological changes in recipient cells by transferring their cargo, and they have been linked
to a number of pathologies including cancer, neurological disorders, cardiovascular diseases and autoimmune
diseases [49,50]. Exosomes are of great interest to molecular biologists because they are produced by a unique
intracellular regulatory process that defines their composition and, potentially, their functions once released into
the extracellular environment [10,51–53]. However, improving our understanding of how exosomes provide their
signaling function would require the development of improved tools to investigate the intracellular pathways of
exosomes and their payloads.

Reprogramming of target cell
Cell reprogramming is the process that transforms a differentiated somatic cell into a pluripotent stem cell (PSC)
form or, in some cases, generating a new individual under certain circumstances. The reprogramming efficiency of
induced PSCs (iPSCs) is regulated by miRNAs. Overexpression of the miR-290 or miR-302 families, for example,
improves reprogramming efficiency [54]. Surprisingly, miRNAs have the ability to directly transform somatic cells
into iPSCs. Human skin cancer cells, for example, have been demonstrated to be reprogrammed into pluripotent
state using the miR-302 cluster [55]. It has also been shown that the direct transfection of mature miR-200c,
miR-302 and miR-369 into mouse and human somatic cells can also transform them into pluripotent states [56].
In addition, miRNAs from the miR-30/let-7 family, which are downregulated, and those from the miR-17, miR-
19, miR-290 and miR-8 families, which are upregulated, play essential roles in the activation and maintenance
of pluripotency [57]. The three phases of the miRNA-mediated stem cell reprogramming process are initiation,
maturation and stabilization [58]. miR-138 and miR-302/367, for example, promote iPSC generation while miR-
34a and miR-195 inhibit it. In addition, miR-21, miR-1, miR-155, miR-184, miR-199a, miR-199b, miR-211
and miR-449 induce differentiation, while miR-495 inhibits it [59].

The tumor microenvironment (TME)’s reprogramming is critical for the development and establishment of the
malignant phenotype [60]. Tumor-derived exosomes deliver tumor-promoting chemicals to recipient cells, causing
abnormal signaling pathways to activate and mutations to occur, causing irreversible changes in the target cells.
Additionally, a study looking at the role of exosomal miR-93 in hepatocellular carcinoma tumorigenesis found
that it promotes proliferation and invasion, and that exosomal miR-93 overexpression predicts poor prognosis in
hepatocellular carcinoma patients [60,61].

Survival & proliferation
Human growth, development, reproduction and genetics are all based on cell proliferation, as we all know.
Changes in the expression or activity of cell cycle-related proteins are also important in tumor development [62,63].
Exosomes produced from tumor cells have been found to stimulate tumor growth by directly activating signaling
mechanisms such as phosphorylated phosphatidylinositol 3-kinase/protein kinase B (P13K/AKT) or mitogen-
activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK), which are responsible for sustaining
the tumor proliferation [64–68]. Exosome-mediated activation viva P13K/AKT or MAPK/ERK pathways were found
to induce cell proliferation in gastric cancer cells [66]. Another study of gastric cancers indicated that exosomal cluster
of differentiation 97 protein (CD97) is involved in MAPK pathway-mediated proliferation [67]. Exosomes derived
from bladder cancer and oral squamous carcinoma cells have also been shown that the activated PI3K/AKT
and MAPK/ERK pathways stimulate cell proliferation [68,69]. It has been reported that exosomes generated from
platelets transferred glycoprotein IIb–IIIa (CD41) to the surface of lung cancer cells by inducing the expression
of G1/S-specific cyclinD2 in lung cancer cells aiming to promote the phosphorylation of MAPKp4244; also, the
exosomes stimulated lung cancer cell proliferation [70].

Tumor cells-derived exosomes can modify the microenvironment, facilitating disease invasion and dissemination,
in addition to their impact on cell proliferation. Exosomes derived from prostate cancer cells, in particular, have
been found to transform fibroblasts into activated fibroblasts or myofibroblasts by transferring TGF-β to the
extracellular medium [64,71,72]. Fibroblasts are abundant in tumor tissues, and their active form is well known for
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their function in tumor progression via growth factor release [51,73]. Similarly, exosome-mediated TGF-β transfer
induced differentiation and activation of fibroblasts in bladder cancer [74].

Cellular differentiation & neoplasia
Cell differentiation, neoplasia, tumor development and metastasis, paraneoplastic disorders and therapeutic resis-
tance are all influenced by exosomes. The involvement of exosomes in the progression of cancer is believed to be
dynamic and dependent on the type of cancer, genetics and stage of the disease [10]. Through the transfer of their
miRNA cargo, exosomes derived from breast cancer and prostate cancer cells promote neoplasia. In exosomes from
prostate cancer cells, miR-125b, miR-130 and miR-155, as well as Harvey-Ras and Kirsten-Ras mRNAs, play a
key role in neoplastic reprogramming and tumor development of adipose stem cells [10,75,76].

miRNAs & stem cell differentiation

Stem cells have distinct miRNA expression profiles that influence their fate [77]. This expression profiles could
be used to terminally differentiate somatic cells from stem cells in order to treat a variety of diseases, such as
myocardial infarction, neurological diseases, muscle diseases and blood diseases. On the one hand, miR-499, via
targeting Sox6, enhances cardiovascular differentiation of human cardiomyocyte progenitor cells [78]; on the other
hand, miRNAs regulate the cardiovascular differentiation of ESCs and iPSCs. Through the phosphatase and tensin
homology deleted on chromosome ten (PTEN)/Akt pathway, miR-1 enhances cardiac differentiation of ESCs and
suppresses cardiomyocyte apoptosis in the infarcted heart [79]. miR-1 also activates Kruppel-like factor 4 in retinoid
acid-induced ESCs, which stimulates smooth muscle cells differentiation [80]. It has been reported that miR-199b
regulates signal transducer and activator of transcription 3/VEGF signaling, which promotes EC differentiation in
mouse iPSCs [81].

miRNAs & neural differentiation

Previous researches have shown that miRNAs have also play a crucial role in neurogenesis. Doetsch and colleagues
reported that miR-124 stimulates neuronal differentiation in the subventricular zone, which is the largest neurogenic
niche in the adult mammalian brain, according to [82]. Forced expression of miR-34a reduces dendritic length,
neuron branch counts and functional synapses, as well as disrupting inhibitory inputs [83]. More importantly,
miRNAs regulate ESC and iPSC neurogenesis by targeting relative neuronal differentiation genes. In human iPSCs
and ESCs, miR-371-3 is abundantly expressed. It has been reported that miR-371-3 suppression increases neuronal
differentiation [84].

miRNAs modulate osteogenic & chondrogenic differentiation of stem cells

The regeneration ability of osteogenic and chondrogenic cells from adult stem cells is extremely useful in medical
research. miRNAs control osteogenic and chondrogenic differentiation throughout skeletal development by tar-
geting key transcriptional factors and pathways. In osteoblast differentiation, the mitogen-activated protein kinase
(MAPK also known as ERK)-dependent pathway is crucial. It promotes osterix expression and activates alkaline
phosphatase by enhancing the phosphorylation of runt-associated transcription factor-2. By directly targeting focal
adhesion kinase and downstream signaling, miR-138 suppresses the differentiation of human mesenchymal stem
cells (MSCs) into osteoblasts [85]. miR-23b stimulates chondrogenic differentiation in human MSCs via inhibiting
protein kinase A signaling [86]. It has been found that overexpression of miR-335-5p, which targets disheveled
associated activator of morphogenesis 1 and rho-associated coiled-coil containing protein kinase 1, greatly increases
chondrogenic differentiation of mice MSCs [87].

miRNAs regulate hematopoietic differentiation of stem cells

miRNAs play a significant role in hematopoiesis in mammals. AAAGUGC seed-containing miRNAs promote
primary hematopoietic progenitors when they are expressed ectopically [88]. B-lymphocyte differentiation is con-
siderably aided by miR-181 [89].

Modulation of immunosystem
Exosome-derived miRNAs act as a bridge between cancer cells and immune cells, allowing them to communi-
cate with one another. Exosomes can both activate tumor development by generating antitumor immunological
responses and repress tumor growth by evoking immunosuppression and evading immune surveillance in cancer.
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Exosomes’ immunostimulatory effects are mostly dependent on the antigen presentation they carry, whereas their
immunosuppressive effects are primarily dependent on the ligands, proteins and miRNAs they contain, which in-
hibit antitumor cytotoxic T lymphocytes activity or increase immunosuppressive cells. Exosomes’ ability to express
tumor-related antigens, MHCs and certain chemokines as well as induce helper T-cell immune responses, raises
the possibility of using them as anticancer vaccines [90]. The ability of tumor cells to evade immune monitoring has
been identified as a fundamental aspect of metastasis and has been linked to therapeutic resistance [60]. Exosomes
have been linked to immune system dysfunction in both the innate and adaptive systems.

Tumor-derived exosomes from pancreatic cancer cells were found to reduce the expression of two key cytokines,
tumor necrosis factor and interferon, in innate natural killer cells, as well as natural killer cell cytotoxicity against
cancer stem cells, which are thought to be responsible in the metastatic process [60,91]. T-cell-mediated antitumor
immunity can also be boosted by vaccination with tumor antigen-loaded dendritic cell-derived exosomes[12,64].
Indeed, many tumor cell-derived exosomes carry molecules from the parent tumor cells that might alter immune
cell activation, cell development and anticancer actions directly or indirectly [64,92–94]. As a result, cancer antigens
found in exosomes are being investigated as cancer vaccines in immunotherapy [95,96].

Exosomes influence immunosuppression, tumor growth and response to existing cancer therapies by modulating
basic functional aspects of the lymphoid myeloid components of the TME [97]. Exosomes can be used therapeutically
as a powerful weapon to activate antitumor immunity, which could lead to new cancer therapy options. Exosomes
have been used in the development of therapies that target T lymphocyte and antigen-presenting cell-mediated
immunity so far [97]. Despite the fact that this study has shown advanced and remarkable findings, the search for
an effective cancer vaccine is still ongoing.

Inducing angiogenesis
Angiogenesis (the generation of new blood vessels) is a natural process in which pre-existing vessels are used to create
new blood vessels. It occurs often in organisms throughout their growth and development as well as in response
to any injuries [64,98]. This process, however, is critical in the progression of cancer because tumor growth requires
the rapid formation of vasculature to provide access to nutrition, oxygen and waste elimination [64]. Angiogenesis
is essential for malignant tumor development and metastasis because new blood vessels provide more oxygen and
nutrients while simultaneously removing waste products [99]. Angiogenesis is defined as the formation of novel thiny
blood vessels from existing blood vessels, as well as complex endothelial cell activities, all of which are associated by
increased vascular permeability, which promotes tumor growth and metastasis.

Exosomal miRNAs play a significant role in tumor-associated angiogenesis, according to new studies. Exosomes
have a significant role in angiogenesis by transporting miRNA, mRNA and proteins, according to several stud-
ies [10,100,101]. For example, Umezu et al. found that exosomes derived from leukemia cells overexpress miR-92a (a
miRNA that belongs to the mir-17–92 cluster) when they reach endothelial cells, resulting in increased motility
and tube formation [100]. Exosomes can transport Delta-like 4, a membrane-bound Notch ligand that plays a key
role in vascular formation and angiogenesis, through the 3D collagen matrix and to distant cells [101].

Exosome-induced uncontrolled cell proliferation results in a lack of oxygen and nutrient flow in the TME,
causing hypoxia, that promotes epithelial-to-mesenchymal transition and a more invasive phenotype [60,102,103]. To
maintain its microenvironment and metastasis, a developing tumor requires neovasculature for sufficient oxygen and
nutrition supply [60,104]. Exosomes have also been linked to TME angiogenic and extracellular matrix remodeling,
which is a crucial stage in tumor growth and metastatic dissemination. Such as endothelial tight junction zonular
occludens 1 (ZO-1) expression is suppressed by breast cancer cell-derived exosomal miR-105, resulting in enhanced
metastasis via decreasing blood vessel integrity and increasing vascular permeability [10,105].

Exosomal miR-155-5p derived from melanoma could induce fibroblasts to express proangiogenic factors such
as VEGFa, FGF2 and others, giving novel strategies to suppress melanoma proliferation through increased cy-
tokine signaling 1. Breast cancer cell-derived exosomal oncogenic miRNAs, such as miR-105 suppress endothelial
tight junction ZO-1 expression, contributing to increased metastasis by impairing blood vessel integrity and en-
hancing vascular permeability, have been implicated in the angiogenic and extracellular matrix remodeling of the
TME [10,106].

miRNAs found in the exosome, such as miR-9, miR-21, miR-23a, miR-29b, miR-92a, miR-103, miR-105,
miR-126, miR-132 miR-135b, miR-155, miR-210, miR-221 and cytokines (e.g., interleukins: IL-6, IL-8 and IL-
10, TNF-α, TGF-β, FGF2 and VEGF) have been found to be proangiogenic factors to promote neovascularization
and metastasis [13,105–111]. Exosomal miR-9, for example, is produced by tumor cells and promotes the pathway of
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Janus kinase/signal transducers and transcription activators by cytokine signaling 5 suppressor levels to promote
tumor angiogenesis [112].

Exosomal onco-miR-21 can activate signal transducer and activators of transcription 3 pathway in recipient
cells, resulting in increased cellular VEGF receptor levels, showing that miR-21 is essential in angiogenesis. The
overexpressed onco-miR-21 exerts its promoting effect on the antiapoptotic protein Bcl-2 and tumor-suppressor
protein p53, and its increased concentration is positively connected with metastasis and poor prognosis of breast
and lung cancer patients [113].

Activating invasion & metastasis
Metastasis is a systemic disease that results from a completely malignant tumor’s interaction with both local and
distant microenvironments, resulting in secondary malignant development [60,114]. It is well known that the most
prevalent cause of cancer-related mortality is metastasis, which accounts for more than 90% of all cancer-related
deaths [49,115]. It is a complex process in which cancer cells spread throughout the body from a primary malignant
tumor to other organs, producing secondary tumors at the new tissue sites. Several studies have indicated that
exosomes derived from tumor cell play a critical role in tumor metastatic pathophysiology by utilizing tumor-
signaling pathways such as caveolin-1, HIF-1a, miR-21, miR-105, miR-148b, miR-210, β-catenin and oncogenic
kinases (e.g., mutated EGFR, RAS and MAP kinases) [49,116–120].

Tumor-derived exosomes have been found to enhance metastasis at distant organs in addition to modifying
the local TME to induce cancer proliferation [119–121]. Tumor metastasis is a multistep process that includes
the separation from main organs, invasion, movement via the basement membrane, bloodstream diffusion and
eventually adaption and colonization in secondary organ sites [122,123]. Exosome-mediated strategies have been
developed by cancer cells to influence a variety of phases in the metastatic process. For example, triple-negative
breast cancer cell lines (MDA-MB-231) overexpress miR-10b, and exosomes produced from these cells can transfer
miR-10b to a nonmalignant human mammary epithelial cell line, inducing invasion [124]. Exosomes derived from
epithelial ovarian cancer cells have been found to promote ovarian cancer invasion by transferring CD44 to human
peritoneal mesothelial cells [124]. miR-105 from metastatic MDA-MB-231 exosomes can also target the tight
junction protein ZO-1, destroying endothelial cell barriers, causing vascular leakage and promoting metastasis in
vivo models [125]. Recently, it has been found that the overexpression of tumor-derived exosomal miR-3157-3p
promotes angiogenesis, increases vascular permeability and mediates metastasis by downregulating Kruppel-like
factor 2 and tissue inhibitor of metalloproteinase 2 in non-small-cell lung cancer in mouse [126].

Cancer cells may influence the microenvironment of the distance organ after invasion and intravasation to allow
tumor cells to survive and colonize before they arrive [127]. Exosomes from cancer cells have the ability to initiate
such a process [127–130]. Exosomes derived from pancreatic ductal adenocarcinoma have been shown to induce
premetastatic niche formation in the liver, and naive mice treated with pancreatic ductal adenocarcinoma exosomes
had an increased liver metastatic burden [128]. Exosomes from melanoma have also been shown to modify distant
lymph nodes, facilitating the formation of the premetastatic niche [130]. Exosomes from melanoma cells found
in sentinel lymph nodes influence the lymph node distribution pattern of free melanoma cells and promote cell
migration to exosomes-rich sites.

Diagnostic & prognostic biomarkers
Exosome biology in disease is still a work in progress, but the number of researches looking at their use in the diagnosis
and treatment of a variety of diseases has increased dramatically. The complex contents of exosomes are exploited
here, enabling for a multicomponent diagnostic window into disease detection and prognosis monitoring [10].
Exosomes have been shown in several studies to be potential candidates for use as both diagnostic and prognostic
biomarkers for various diseases including cancer. Exosomes contain various miRNAs or clusters of miRNAs that
can be used to diagnose or prognose cancer [10]. Due to their differential expression between cancer cells and
normal cells, oncogenic and tumor-suppressor miRNAs in exosomes may have a high diagnostic value, potentially
improving their usefulness in early diagnosis [131].

Glioblastomas, colorectal, colon, liver, breast, ovarian and esophageal cancers have all been linked to elevated
circulating exosomal miR-21, whereas bladder and prostate cancers have been linked to elevated urine-derived
exosomal miR-21 [10,132]. miR-155, the miR-17–92 cluster and miR-1246 are other exosomal oncogenic miRNAs
associated to a variety of cancers [58,133–135]. Upregulation of these miRNAs has been seen in cancers of the brain,
pancreas, colorectum, colon, liver, breast, prostate and esophagus, as well as lymphoma and leukemia [10]. Tumor-
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Table 1. Clinical use of tumor-derived exosome as diagnostic or prognostic biomarkers.
Clinical use Used sample Exosomes Ref.

Diagnostic

Plasma

Serum
Urine

miR-19-3p
miR-629
miR-151a-5p
miR-21-5p
miR-181a-5p
CD151
miR-23a
miR-196a-3p

miR-23a-3p
miR-205-5p
miR-17-3p
miR-486-5p
let-7d-3p
CD171
miR-155
miR-501-3p

miR-361-5p
miR-200b
miR-361-5p
miR-320b
miR-30d-5p
LRG1
miR-126

miR-200b-5p
miR-100
miR-15b-5p
miR-30a-3p
miR-210-3p
tetraspanin8
miR-205

[33,58,61,62,142,145–152]

Prognostic

Plasma

Serum

miR-4257
miR-23b-3p
miR-23a
EGFR
miR-21

miR-10b-5p
miR-21-5p
miR-32
GRB2
miR-146a-5p

miR-208a
miR-96
miR-425-3p
HSP70
miR-155

miR-222-3p
miR-221-3p
miR-18a
NY-ESO-1

[142,144,153–157]

Therapy Plasma
Serum

miR-221-3p
miR-146a-5p

miR-29a
miR-150

miR-634 [136,143]

EGFR: Epidermal growth factor receptor; GRB2: Growth factor receptor-bound protein 2; HSP70: Heat shock protein 70; LRG1: Leucine rich alpha-2-glycoprotein 1; NY-ESO-1:
Cancer-testis antigen NY-ESO-1.

suppressor miRNAs, including miR-634, miR-146a and miR-34a, have been associated to cancers of the liver,
breast, colon, pancreas and hematology [131]. It has been recently reported that the intravenous administration of
miR-634 induces cell death and significantly reduces the xenograft tumors growth of pancreatic cancer in mice [136].
This result suggests that delivery of miR-634 can potentially be used for cancer therapy.

Exosomal miRNA biomarkers are constantly emerging in connection with cancer diagnosis and prognosis, and
the combination of multiple miRNAs may enhance the diagnostic and prognostic value of exosomal miRNA
(Table 1) [62,132,137–144].

Delivery vehicle (drugs, vaccines, proteins & nucleic acids)
Exosomes derived from various sources such as MSCs, tumor cells and immune cells have been used as a vehicle to
deliver a large number of molecules, including drugs, nucleic acids,and natural phytochemicals . Biologically active
compounds can be found inside exosomes or associated to their surface molecules. Because of their amphiphilic
characteristics, they can carry both hydrophobic and hydrophilic molecules.

Various loading methods have been utilized to load therapeutic molecules in this sort of delivery system, in-
cluding simple incubation, sonication, electroporation, freeze–thaw cycles and extrusion among others, with cells
from various types of tissues, such as brain tissue, as target [12,158]. To restore the membranes, one of the physical
procedures involves several cycles of sonication followed by incubation at 37◦C [151,158,159]. When exosomes are
electroporated, the drug molecules penetrate through temporary membrane pores created by electrical pulses [160].
To summarize, hydrophobic molecules penetrate the exosome membrane more easily, whereas hydrophilic com-
pounds have low diffusion efficiency and require modifying the molecule or increasing membrane permeability
through physical or chemical methods. When comparing the various methods for encapsulating pharmaceuticals
and genetic cargo in exosomes, sonication provides the most efficient encapsulation. The consequences of this
treatments on the membrane are a subject that requires more research. In addition, as with isolation techniques,
encapsulation procedure standardization, reproducibility and scalability are required for clinical applications. Ex-
osomes containing therapeutic molecules such as drugs and vaccines can be given intravenously, intraperitoneally,
intranasally, subcutaneously or orally in vivo.

Exosomes have a number of advantages as drug delivery vehicles, including minimal immunogenicity, long-term
safety and lack of cytotoxicity [161–163]. Traditional methods of delivering miRNAs, proteins and chemical drugs
frequently fail to achieve the desired effects for a variety of reasons: free miRNAs are rapidly destroyed in vivo,
proteins lack native conformation and chemical drugs are likely to cause high toxicity in normal cells. However,
employing exosomes as carriers can protect miRNAs from degradation by ribonuclease within body fluids, therefore
exosome-based cargo delivery to tumor cells holds a lot of promise [12,161–163]. Exosomes are being actively explored
as therapeutic agents, either on their own or as delivery vehicles for the delivery of drug payloads or vaccines.
When administered exogenously in mice, exosomes are more efficient at entering other cells than liposomes and
can deliver a functional cargo with less immune clearance [51,164–167]. Exosome enrichment based on their surface
ligand presentation could lead to the development of receptor-mediated tissue targeting. Engineered exosomes with
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ligand enrichment can also be employed to stimulate or inhibit signaling processes in recipient cells, or to target
exosomes to certain cell types [12,32,51,164–167].

Exosomes can serve as not only potential biomarkers in medicine but also as a very valuable and effective
‘nanovector’ for delivering anticancer drug compounds to target tissues with minimum immunogenicity and
toxicity because of their biological origin when compared with the conventional drug delivery vehicles in cancer
therapy [168–170]. Exosomes can be employed as a therapeutic drug delivery vehicle to target cells since they are
small, nontoxic, nonimmunogenic and native to humans. Their membrane composition is similar to that of
the body’s cell membranes, and have a long life period in the blood circulation system as they protected from
degradation by ribonucleases [168]. The characteristic properties of exosomes in delivering functional cargo content
to diseased cells make them attractive as therapeutic vehicles at both the fundamental and applied levels. Researchers
recently developed natural nanoexosomes, a drug delivery system based on conjugating gold nanoparticles with the
anticancer drug doxorubicin and attaching them to the exosome pH-sensitive hydrazone [62]. In another approach,
the nanoparticles (e.g. gold, iron oxide and drugs) coated with exosomes have been employed for targeted delivery
of therapeutic and imaging agents to specific regions [171,172].

Exosomes that have been engineered to carry drugs or express specific molecules on their surface have opened
up new possibilities in the treatment of many diseases. Exosome genetic engineering is a convenient way to
give exosomes new characteristics. Exosome surface modification, such as cell transgenic expression, chemical
modification, electrostatic interaction and membrane-anchoring platform can increase the targeting and antidisease
efficacy [12]. To begin, ligands or homing peptides are fused to exosome surface-expressed transmembrane proteins.
LAMP-2B is now the most extensively used exosomal surface protein with a targeting motif. The LAMP-2B belongs
to the lysosome-associated membrane protein (LAMP) family that is mostly found in lysosomes and endosomes,
with a little amount migrating to the cell surface [173]. Genetic engineering procedures are used to genetically fuse
a targeting ligand with an exosome surface membrane protein, which is then overexpressed in target donor cells.
As a result, the donor cells produce exosomes that have been genetically modified to carry the targeting ligand. For
the display of functional ligands on the exosomal membrane, genetic engineering of exosomes is a highly effective
strategy.

Exosomes from different cell origins have different surface molecules anchored on them, allowing them to target
certain recipient cells. Surface engineering aims to raise the local concentration of exosomes at the diseased site,
lowering toxicity and side effects while increasing therapeutic efficacy. Despite the fact that surface engineering is
commonly utilized in targeted drug delivery, little is known about how it affects exosome stability, cellular entry
paths and tissue distribution in vivo system. Exosomes with large amounts of disease antigens or specific chemokines
can successfully recruit antidisease immune cells to disease locations and induce abnormal cell-specific cytotoxicity.

Conclusion
Exosomes are being investigated as multicomponent signaling complexes that allow communication between nearby
and distant tissue cells through one cell to another. They are also being studied as a delivery vehicle for their cargo,
which includes proteins, nucleic acids, drugs and vaccines. Exosomes have been shown to be an effective vehicle for
cargo delivery due to their natural characteristics of nontoxicity and low immunogenicity, as well as their ability to
reach specific target cells at any site within the body due to their small size [15,174–176].

Current findings of the content of healthy and disease-derived exosomes have revealed that these vesicles include
a variety of signaling material capable of initiating pathogenesis, as well as their nucleic acid and protein profiles that
differ from healthy cell-derived exosomes [60]. Chemical pharmaceuticals, such as RNA therapeutic exosomes, have
gradually turned to disease therapy in the clinic. Exosomes with nanotechnological modifications, in particular,
have higher biocompatibility and are expected to become a ‘future star’ of therapeutic vaccinations [177].

As a result, exosomes are an excellent delivery system for a variety of diseases, including neurodegeneration, cancer
and other diseases, due to their biocompatibility, low toxicity and immunogenicity, high stability in physiological
fluids, ability to pass various through biological barriers and ability to load specific molecules (e.g. proteins,
miRNAs, antisense oligonucleotides, drugs and vaccines) to targeted cells. Exosomes clearly have innovative and
crucial applications in the treatment of diseases, but there are still challenges to overcome. Exosome analysis
methods should use small-sample volumes, be rapid, sensitive, specific, high yield, high purity, low cost and clinical
validation in order to be helpful in the clinical settings. Purification, concentration, source clarity and sample
validation are all critical considerations for employing exosomal miRNA as clinical biomarkers in liquid biopsy.
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Although the application of exosomes and their biomarkers is currently limited, it is anticipated that clinical use of
these biomolecules and their biomarkers will be available shortly.

Future perspective
In summary, while fascinating exosome biology is being unraveled mostly through cell-culture systems, investigations
using in vivo models and physiologically relevant experimental circumstances are required. The need for precise
and accurate characterization of exosomes will continue to expand as our understanding of exosome heterogeneity,
cargo content and roles expands. Animal models to research exosome biogenesis, trafficking and cellular entrance
are desperately needed in this field [10].

Despite recent advances in exo-miRNA detection methods, more work is needed to develop more sensitive, rapid,
sufficient yield and cost-effective methods for more accurate characterization and functions of body fluid exosomal
miRNAs, providing a new strategy for better disease prevention, early and accurate diagnosis, and personalized
treatment. The clinical application of engineered exosome delivery for in vivo diagnosis, prognosis monitoring and
therapy will be greatly facilitated as a result of this.

In summary, exosomes in body fluids have made tremendous progress in the clinic for diagnosing diseases and
assessing patient prognosis. However, reliable exosomal biomarkers for early-stage disease detection and prognosis
monitoring in large-scale samples that can be adapted to clinical applications, are urgently needed [62]. Although
exosome analyses have advanced significantly in recent decades, advancements in exosome detection, separation,
purification and profiling procedures are required in order to understand the cargo components, characteristics and
functions, which would in turn provide insight on biogenesis. Furthermore, with increased knowledge of exosome
biogenesis and function, we will be able to modify exosome composition, characteristics and cell interactions to
improve their therapeutic potential. The engineered exosomes will contribute to the creation of novel therapeutic
strategies for human therapy as research on exosomes combined with immunotherapy progresses and optimization.
Overall, the potential of exosomes derived from numerous sources in terms of disease treatment is highly promising.

Executive summary

• Exosomes in body fluids have made tremendous progress in the clinic for diagnosing diseases and assessing
patient prognosis.

• Reliable exosomal biomarkers for early-stage disease detection and prognosis monitoring in large-scale samples,
that can be adapted to clinical applications, are urgently needed [62].

• Exosome analyses have advanced significantly in recent decades, advancements in exosome detection, separation,
purification and profiling procedures are required in order to understand the cargo components, characteristics,
and functions, which would in turn provide insight on biogenesis.

• With increased knowledge of exosome biogenesis and function, we will be able to modify exosome composition,
characteristics, and cell interactions to improve their therapeutic potential.

• Engineered exosomes will contribute to the creation of novel therapeutic strategies for human therapy as
research on exosomes combined with immunotherapy progresses and optimization.

• The potential of exosomes derived from numerous sources in terms of disease treatment is highly promising.
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143. Dinh TKT, Fendler W, Cha-lubińska-Fendler J et al. Circulating miR-29a and miR-150 correlate with delivered dose during thoracic
radiation therapy for non-small cell lung cancer. Radiat. Oncol. 11(1), 1–11 (2016).

144. Zhou X, Wen W, Shan X et al. A six-microRNA panel in plasma was identified as a potential biomarker for lung adenocarcinoma
diagnosis. Oncotarget 8(4), 6513 (2017).
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