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Abstract

Exosomes are cell-derived vesicles containing heterogeneous active biomolecules such as proteins, 

lipids, mRNAs, receptors, immune regulatory molecules, and nucleic acids. They are typically 

range in size 30–150 nm in diameter. An exosome’s surfaces can be bioengineered with 

antibodies, fluorescent dye, peptides, and tailored for small molecule and large active biologics. 

Exosomes have enormous potential as a drug delivery vehicle due to enhanced biocompatibility, 

excellent payload capability, and reduced immunogenicity compared to alternative polymeric-

based carriers. Due to active targeting and specificity, exosomes are capable of delivering their 

cargo to exosome-recipient cells. Additionally, exosomes can potentially act as early-stage disease 

diagnostic tools as the exosome carries various protein biomarkers associated with a specific 

disease. In this review, we summarized recent progress on exosome composition, biological 

characterization, and isolation techniques. Finally, we have outlined the exosome’s clinical 

applications and preclinical advancement to provide an outlook on the importance of exosomes for 

use in targeted drug delivery, biomarker study, and vaccine development.
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The exosome is a bio-inspired and biomimetic material consisting of proteins, lipids, and other 

various cellular derivatives and has potential as a therapeutic and diagnostic tool. Due to its vast 

biocompatibility and origin from biological cells, the exosome has many advantages over synthetic 

and semi-synthetic polymeric biomaterials used in biomedical applications.
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1. Introduction:

With recent development and progress, biomarkers are an emerging tool for drug discovery 

and development. Given that the exosome embodies various proteins and lipids that are cell 

derived, these specific proteins, receptors, signaling molecules, and lipids can be identified 

and potentially used for diagnostic measures of abnormalities on the cellular level when 

compared with a healthy control1. Therefore, exosome-mediated detection technologies have 

emerging potential in the early-stage disease diagnosis field. Early detection via biomarker 

identification is considered a robust tool for efficient treatment of various chronic diseases 

such as cancer, auto-immune, infectious, and inflammatory diseases2–4. Besides, biomarkers 

are being widely used as diagnostic tools, personalized medicine platforms, and substitute 

endpoints for clinical research5.
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Over the last decade, there have been many exciting developments in drug delivery. 

Synthetic biopolymers stand out among these innovations due to their ability to act as a 

drug delivery platform with improved abilities in drug targeting and controlled release6. 

Also, a range of exosome mediated drug formulations is being developed and currently 

undergoing preclinical and clinical trials. Unfortunately, drug-loaded synthetic polymers 

will opsonize with other biomolecules (protein) in the bloodstream which can results in 

three distinct issues: toxicity, immunogenicity, and mononuclear phagocyte system (MPS) 

rapid clearance7,8. In hopes of addressing these issues, the exosome has been singled out 

as a potential candidate as a bioinspired, bioengineered, and biomimetic drug delivery 

solution9,10.

Exosomes usually range from 30 to 150 nm. The intraluminal vesicle (ILV) is a circular 

lipid bilayer vesicle released from cells that differs from other extracellular vesicles 

such as microvesicles and apoptotic bodies, in composition and biogenesis11,12. First 

described as small vesicles by which maturating sheep reticulocytes discard obsolete 

cellular components13,14, further studies have shown that exosomes and other secreted 

extracellular vesicles are the prominent and universal form of cell to cell communication15. 

When exosomes are released, they are immediately internalized by surrounding cells 

or enter systemic circulation for intercellular communication16. Exosome secretion is 

a constitutive mechanism involved in both pathological and physiological conditions, 

regulating exosome surface markers and contents1,17. Exosomes can transport biologically 

active molecules, including proteins, fragmented DNA, antigens, and nucleic acids that 

regulate gene expression and cellular function in target cells18–22. As such, exosomes 

mediates autocrine, paracrine, and endocrine effects, classifying them as potential 

therapeutics18. For example, mesenchymal stem cells (MSCs) and other progenitor cells 

used in cell therapy mediated cytoprotective, angiogenic, and regenerative effects that 

can be recapitulated by the exosomes they release23. Indeed, exosomes have been found 

and investigated in numerous bodily fluids, including bile acid, blood, breast milk, 

urine, cerebrospinal fluid, and saliva, suggesting that exosomes play a prominent role in 

physiological regulation response and disease progression1,11,24–26. Recently, exosomes’ 

pathophysiological role in diseases, especially cancers, neurodegenerative, inflammatory, 

and infectious diseases, has emerged26–29. Exosomes function as diagnostic biomarkers, 

imaging tools, therapeutic targets, tissue repairing agent, drug delivery platforms and can be 

used in vaccine development. This would eventually lead to preclinical and clinically trials 

as avenues of new investigation as a result of their unique biological and pathophysiological 

characteristics30–35. However, thus far, there is no review currently available about the 

progress of exosome research and potential applications in a clinical setting. In this review, 

we have laid out a comprehensive study on the status of exosome clinical trials and their 

preclinical application to various diseases. More information on exosome classification, 

biological composition, relevant markers can be found at http://www.isev.org (International 

Society for Extracellular Vesicles), http://microvesicles.org (Vesiclepedia, a compendium 

for EVs with continuous community annotation) 36, http://www.exocarta.org (ExoCarta, a 

web-based compendium of exosomal cargo) 37, and http://exrna.org (Extracellular RNA 

communication program). Also, we state how exosome surface engineering can act as 

a translational medicine agents due to advancement in bio-engineering techniques like 
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cationic pullulan, cationic linkers (DBCO-amine/dye), aptamer-based DNA tether, and click 

chemistry38–41.

2. Exosome Composition, Biogenesis, and Mechanism of Action

About 98% of all potential therapeutic medicines related to central nervous system 

(CNS) diseases have failed to reach the market due to an inability to cross the BBB42. 

While drug formulations have managed to overcome the barrier43,44, they have their 

own drawbacks, including significant toxicity and rapid clearance by the mononuclear 

phagocyte system (MPS) 7. Similar immediate clearance phenomena are observed in 

animal models for targeted drug delivery, cell therapy, and tumor therapy45,46. On the 

contrary, exosomes (30–150 nm) and cell origin vesicles offer intrinsic characteristics 

of an ideal drug delivery method for intracellular platform47,48. Exosomes as delivery 

vesicles provide: i) good tolerance in the body because of their wide distribution in 

bodily fluids (like milk, urine, blood, saliva, etc )4,50–53, ii) proper internalization in 

distant cells54, iii) reliable delivery of cargo like proteins55, mRNA56, lipids57, drugs6, 

nucleic acids, and iv) an extended circulation half-life via i.v. injections 58. Thus, naturally 

occurring exosomal intrinsic properties enable targeted delivery and diminish the rapid 

clearance of drugs59–61. In Figure 1, we illustrate what a typical exosome contains. From 

our understanding, the composition varies in its protein, lipid, and nucleic acid content 

depending on cell origin, cell homeostasis, and its current pathological condition. On their 

surface, exosomes carry immune regulatory molecules, membrane trafficking molecules, and 

tetraspanin. These molecules either help the exosome to bind or pass-through the recipient 

membrane for delivering its cargo. Exosomes carry multiple forms of these molecules 

inside them, including nucleic acids, signaling molecules, chaperons, and enzymes to bring 

the message to the neighboring cells. These chemical messengers can both modulate cell 

physiology and carry information about any foreign invaders. Exosomes originating from 

immune cells can activate or inactivate T-cells, depending on immune cell physiological 

condition. This is why we found multiple studies on exosome proteomics and lipidomics 

that explore exosome composition for either biomarker study or targeted drug delivery. 

Exosomes also play a crucial role in cell-cell communication using protein chaperones, 

cDNA, nucleic acid, and mRNA content to connect with neighboring and distant cells62. 

Exosomes deliver their protein, lipid, and cytoplasmic content to recipient cells through 

membrane fusion and modify physiological and pathological functions of targeted cells63. 

The exosome’s cargo is determined by its cell origin, cell physiological condition, and 

intercellular release site1. Exosome biogenesis begins with early endosomal maturation to 

microvesicles (MVB) and late endosomes to exosomes, during which endosomal membrane 

transforms into intraluminal vesicles (ILVs) in the lumen of the organelles through 

multiple pathways64. The most studied endosomal pathways are associated with endosomal 

complexes ESCRT-0, ESCRT-I, ESCRT-II, ESCRT-III, and AAA ATPase Vps4 associated 

complex for transport65–68. In ESCRT RNAi screening, a total of 23 ESCRT and ESCRT-

associated proteins have been identified in HeLa cells69. In another study after shRNA 

transfection, secreted exosome trapped with anti-CD63 beads and screen result identified 

7 ESCRT protein with a role in exosome secretion70. One research study shows that the 
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depletion of both ESCRT-0 protein Hrs and ESCRT-1 protein STAM1 resulted in reduced 

exosome secretion69.

On the contrary, knockdown of ESCRT-III and associated proteins-like VSP4B, VTA1, 

and ALIX increased exosome secretion69. In the same study, after further investigation, 

the authors found that Hrs, TSG101, and STAM1 depletion decreased exosome secretion, 

whereas VPS4B knockdown increased production. Those proteins were purified by 

ultracentrifugation and analyzed via western blot (WB) and qRT-PCR69–71. The endosomal 

membrane transiently recruited ESCRT proteins from the cytoplasm, where their function 

is to sort the transmembrane protein and from MVB. ESCRT-0 binds with a ubiquitin-

protein programmed for degradation, executing a sorting of MVB in the first set of 

steps62. Knockdown of ESCRT-0 protein Hrs from dendritic cells results in fewer exosomes 

secreted, which can be measured by the exosomal level of ubiquitinated proteins: TSG101, 

and VPS4B72. ESCRT -I and II promote the budding process and start the enzymatic 

de-ubiquitous cargo protein before forming (ILVs) microvesicles in the intracellular 

compartment73. The ESCRT-3 complex drives the final stage of membrane invagination 

and separation74.

An integral membrane protein of the lysosome has been suggested to play a role in 

exosome formation. A higher amount of exosome secretion was observed after transfection 

of COS cells with SIMPLE lipopolysaccharide-induced TNF factor (LITAF) and mutation 

of SIMPLE interfered with proper MVB formation75. Also, syndecans, the membrane 

proteins carrying heparan sulfate chains, are mediated by their binding to syntenin. Syntenin 

is a multivalent soluble protein that binds ALIX to build a link between syndecans 

and ESCRT machinery76. Another study determines that the syndecan–syntenin–ALIX 

mechanism in MCF-7 cells was responsible for l-50% of the secreted exosomes77. In 

addition to proteins, lipids also play an essential role in vesicular transport78,79, and both 

act intrinsically for vesicle transportation like membrane deformation, fission, and fusion80. 

The exosome membrane is enriched in sphingomyelin, tetraspanin, integrin, cholesterol, 

immune regulatory molecules, and ceramide, whereas inside, it contains chaperons, mRNA, 

cDNA, and proteins49,81,82. Exosomes released from a cell are taken up through catherin-

independent endocytosis or micropinocytosis by neighboring cells19,83–85. Once internalized 

by recipient cells, exosomes release their cargo, resulting in the altered regulation of 

the recipient cell’s various biological functions86,87. The biogenesis of exosomes is often 

described as either an ESCRT-dependent or ESCRT-independent mechanism88, but these 

pathways might ineterplay89. Current research also suggests that these pathways may work 

synergistically in the different subpopulations of exosomes depending on the origin of the 

various biogenesis machinery90. Phospholipids and sphingolipids are also involved in the 

formation of exosomes91–93.

For example, following epidermal growth factor (EGF) stimulation, EGF receptor (EGFR) 

was not sorted into the ILVs of ESCRT-depleted cells, suggesting diversity in exosome 

formation pathways90. The late endosomal lipid marker, bismonoacylglycerophosphate 

(BMP), also known as lyso-bisphosphatidic acid (LBPA), was found to co-localize with EGF 

containing exosomes. However, other studies have suggested that LBPA-carrying MVBs are 

distinct from EGF, providing MVBs are developed after EGFR stimulation (EGF stimulates 
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annexin 1-dependent inward vesiculation in a multivesicular endosome subpopulation)94,95. 

Multiple studies have been done on both ESCRT dependent and independent pathways of 

exosome biogenesis69,96–98. Finally, the comparatively smaller size and unified shape allow 

exosomes to successfully escape clearance by the MPS, prolonging their circulation time 

and implying their cell-cell communication superiority. Remember, the biogenesis pathways 

work synergistically, meaning that the subpopulation of exosomes depends on a different 

mechanism. The cell homeostasis and physiological conditions are also essential factors 

to consider, which control exosome release and secretion pathways99,100. For example, 

silencing of ALIX protein modulates exosome cargo selection rather than affecting their 

secretion. Decreasing ALIX expression in a shRNA-expressing cells increases the content of 

MCH class II content on the exosome surface69. Another study by Hoshino et al. showed 

the exosome populations were reduced by Hrs knockdown in head and neck squamous cell 

carcinoma cells, using NTA analysis101. Epithelial cells can secrete exosomes apically and 

basolaterally to eliminate unfavorable lipid and proteins from entering into the lumen102. 

Another study suggests that inflammation induced by IL-1β can be counteracted by primary 

bone marrow macrophages-derived exosomes carrying MHC II membrane protein103. The 

study also confirms that MHC II expression is lower in healthy tissue than in inflamed 

regions. Exosomes will play a vital role in the future of precision and personalized-based 

medicine against cancer, infectious, rare, and immune diseases.

3. Exosome Isolation and Characterization

Recently, exosomes gained much attention for their intrinsic properties such as cell-

cell communication, immune response, and antigen presentation across various disease 

models104. Like cells, exosomes are composed of a lipid bilayer that can facilitate loading 

both hydrophobic and hydrophilic drugs57. Exosomes are widely distributed in human 

blood, serum, urine, and bodily fluid. They typically have low immunogenicity and a longer 

half-life than many other available drug delivery vehicles105. Furthermore, the exosomes 

have advantages over similar polymeric vehicles due to their inherited surface markers 

and receptors with its target cells, thus increasing targeted drug delivery to specific tissue/

cells106. Important points to remember, due to the variation in the size of different cell-

secreted vesicles, the exosome’s (30–150 nm) related purification and isolation processes are 

critical. The size of the particle plays a crucial role in targeted drug delivery. It is essential 

to use around 100–200 nm particles for the exosome delivery method104–106. Robust 

methods of purifying exosomes from cell culture media rely on minimizing co-purifying 

protein aggregates and other membranous particles. Thankfully, different laboratory-based 

isolation protocols are available, like differential ultracentrifugation107, size exclusion 

chromatography108,109, immunoaffinity-based capture110,111, exosome precipitation112, 

polymer precipitation113, microfluidic-based isolation114, and commercially available kits 

that scientists use to yield exosomes.

When a heterogeneous mixture (suspension) is centrifuged, more abundant and denser 

particulate constituents in the suspension will precipitate first (Figure 2). Centrifugation 

is employed to isolate and purify exosomes and enzyme hydrodynamic properties of 

polymeric particles like proteins and nucleic acids115–117. Depending on the centrifuge 

force, exosomes can be separated according to their size and viscosity. Ultracentrifugation 
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(UC) is a centrifugation process optimized for high centrifugal forces up to 1,000,000 × 

g. There are two branches of ultracentrifugation: analytical and preparative118. Analytical 

ultracentrifugation is an isolation process depending on particulate material physicochemical 

properties and molecular interactions of polymeric materials. Preparative ultracentrifugation 

plays a crucial part since it is used to separate small particles such as viruses, 

bacteria, subcellular organelles, and exosomes49,111,118. Ultracentrifugation-based isolation 

is considered the benchmark and most studied isolation method in published research 119. 

In brief, the culture supernatants were cleared of cell debris, large proteins, dead cells, and 

large vesicles by sequential centrifugation at 300 g for 10 min (to remove cells), then 1000 

g for 20 min (to remove apoptotic bodies), and finally, 10,000 g for 30 min (to remove 

microvesicles), followed by filtration using either 220 or 450 nm syringe filters. Then, 

the cleared sample are spun at 100,000 g for 1–2 h to pellet the exosomes120. To avoid 

contamination by the FBS-derived exosomes, FBS was spun at 100,000g for two hours 

to remove exosomes before the cell culture experiment48,121. Differential filtration is also 

applied to separate exosomes from cell culture medium or serum. Firstly, dead-end (normal) 

filtration uses a 100 nm membrane filter, depleting floating cells and large cell debris. 

Secondly, the filtrate undergoes tangential flow filtration via 500 kDa molecular weight 

cut-off (MWCO) hollow fibers122. Then concentrated samples are further filtered using 

biofiltration. Size exclusion chromatography (SEC) separation technique is also applied to 

exosome isolation. In SEC, stationary phase gels like sucrose or Sepharose are utilized to 

sort differential molecular size.

samples with small radii will get trapped in the pore opening, letting larger particles 

go down fast. When this technique is performed using organic solvents, it is called gel 

permeation chromatography (GPC)125. The main application of GPC is found in polymer 

analysis125. When size-exclusion chromatography is performed utilizing an aqueous 

solvents column, the method is called gel filtration123. The disadvantages of these methods 

are (i) the susceptibility of the chromatography column to contamination, (ii) the need to 

collect and analyze a larger fraction of exosome to obtain a larger exosome sub-population, 

and (iii) the length of time for post exosome isolation115. Immunomagnetic isolation uses 

antibody-labeled magnetic beads and captures exosome with stained antibody using the 

magnetic field111. To isolate and purify polymers from other unwanted materials, polymeric 

precipitation is a technique used to form a mesh-like net structure that embeds exosomes 

between 60 and 180 nm. Polymeric precipitation isolation methods have advantages in 

detecting biomarkers of identified exosomes113. Several immune-isolation assays based on 

either magnetic beads or microfluidic devices have been able to use antibody-based affinity 

capture for rapid exosome isolation126,127. These methods depend on the availability of 

specific exosomal surface proteins or antibodies for discrimination between the exosomes 

of interest and other vesicles’ sizes in the fluids126,128,129. In Figure 3, we try to rationalize 

from a recent study, where authors have compared the ultracentrifugation method with the 

commercially available isolation kit ExoQuick. The study confirms how the commercial kit 

more precisely isolates exosomes. Immunoblot of purified exosomes isolated by ExoQuick 

shows a wider band than that of the exosomes isolated by UC. Finally, we will mention the 

commercial kits available for exosome isolation. Some of the prevalent kits typically used 

like ExoQuick™, Ultra exosome precipitation solution (EXQ)130 by System Biosciences, 
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total Exosome Isolation for serum or plasma (TEI)131, exoRNeasy Serum/Plasma Midi Kit 

(EXR)132, and RIBO™ Exosome Isolation Reagent (REI)133 yield relatively pure isolation.

Exosome characterization is very challenging due to the heterogeneity of the exosome 

population, different isolation techniques, the mixed-size-distribution, and the difficulty 

in cargo profiling. For exosome characterization, general instrumental methods used for 

particle size, hydrodynamic diameter, and surface zeta potentials are nanoparticle tracking 

analysis (NTA)134 and dynamic light scattering (DLS)135. For morphology characterization, 

available techniques are scanning electron microscopy (SEM)134 and transmission electron 

microscopy (TEM)135,136. Western blot analysis136,137 and mass spectrometry136,138 have 

been widely used for biological characterization and proteomics. Electron microscopy 

technique is the gold standard for characterization of exosome morphology. However, 

morphology observed by TEM contradicts that of the morphology observed by SEM. TEM 

images show that exosomes are cup-shaped whereas SEM images show that they are roughly 

round shaped. One drawback of the TEM/SEM technique is that the system requires a thin 

sample; therefore, sample preparation is tedious, affecting exosome properties. Nanoparticle 

tracking analysis (NTA) technique is another way of determining sizes of exosomes. 

NTA utilizes Brownian movement of the exosomes to determine the size and particle 

concentration139. DLS is also based on a similar principle where the hydrodynamic radii 

of exosome solution determine the fluctuations in reflected laser transmission caused by the 

Brownian motion of the particles. Different molecular profiling approaches were applied 

for proteomic analysis of exosomes. In particular, two-dimensional gel electrophoresis 

(2DGE) and liquid chromatography coupled tandem mass spectroscopy (LC-MS) are 

predominantly used140–143. But compared to proteomic analysis, lipid and metabolite 

analysis of exosomes is underutilized. The main limitation of proteomics and lipidomics 

is the risk of contamination of other extracellular vesicles, mainly caused by the isolation 

techniques. Exosome isolation purification can be determined by western blotting (WB) or 

RT-qPCR. Both techniques develop bands from protein or RNA purified from exosomes. 

Fluorescent imaging is another characterization assay that uses lipophilic dye like PKH67, 

Dil, DiD, or DiR embedded in the lipid bilayer of the exosomes. For drug delivery 

application, characterization assays like NTA, WB, TEM, and RT-qPCR are enough to 

demonstrate various physical and composition properties. For biomarker analysis, WB or 

PCR are used to identify specific protein/metabolite expression in pathogenic exosomes.

This section provided an overview of exosome isolation techniques, and characterization 

methods that are opening a new window towards developing safer and more advanced 

strategies and devices for more cost-effective, time-saving, and efficient isolations of 

exosomes from biological fluids.

4. Exosome Drug Loading Techniques

One of the most promising forms of targeted drug delivery revolves around implementing 

insoluble drug loading in lipid-based systems for enhanced accumulation in the diseased 

tissues. Exosomes gained much interest in the scientific community of drug delivery 

because they can carry various molecules, including carbohydrates, proteins, lipids, and 

nucleic acids24. Besides, the exosomes themselves can vary in size from 30 to 150 nm 
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in diameter, depending on the type. This variability in the potential transport vehicles 

creates opportunities for the loading and targeting of a diverse array of biomolecules to 

provide therapy to targeted organs in the body144 (Figure 4). A reliable means to load small 

hydrophobic molecules has been found using sonication, which works by causing shear 

forces in the exosome that allow drug molecules to accumulate in the lipid layer of its 

membrane145. Effective methodologies have utilized a direct probe and a set, consisting of 

30 seconds of sonication and 30 seconds of rest, repeated six times 145. This method was 

used to load macrophages with paclitaxel (PTX), a potent chemotherapeutic agent and an 

eminently hydrophobic compound. The study showed the most significant relative particle 

size (287.7±0.7nm) that displayed the highest encapsulation efficiency (EE) (28.29±1.38%). 

This method’s efficiency was significantly higher than other loading methods of the same 

drug, including electroporation or incubation, with neither reaching above 6% EE 145. 

Similarly, the catalase for Parkinson’s study used an almost identical method, producing 

only moderate sizes (179.0 ± 10.6 nm unloaded, 183.7 ± 13.8 nm exoCAT loaded), but also 

received the highest relative loading capacity (<200 μg catalase/mg exosome). The nature 

of this loading method allows for drug fusion to the membrane, which may inhibit total 

controlled release due to an initial burst phase. Incubation has been attempted in the previous 

study, which involved shaking for one hour at 37°C. This resulted in a significantly smaller 

particle (132.2±2.3 nm) with a spare loading capacity (1.44±0.38%)48. In the same article, 

the authors had showed that the catalase in the Parkinson’s study was added to 250 μL of 

exosomes for a final concentration of 0.1 mg/ml complete protein. Before the addition of 

catalase, the macrophages were diluted in PBS (0.15 mg/ml total protein). The sample was 

then incubated at room temperature for 18 hours. Sizing was 108±14.3 nm, and loading was 

measured by enzymatic activity, which was rated very low (>20 μg catalase/mg exosome). A 

side note is that post-loading sizes of incubated exosomes were relatively similar; however, 

this may be due to this method’s deficient efficacy level. SEM images show this method 

creates abnormal non-spherical shapes, which may have unintended effects in a therapeutic 

context. The freeze-thaw loading cycle was attempted in the catalase for Parkinson’s study, 

which involved adding the exosomes and catalase identically to the incubation loading, 

allowed them to incubate for 30 min, and then to freeze at −80°C rapidly, and then to thaw at 

room temperature (RT). This cycle was repeated three times and was somewhat successful, 

with an average size of 147.0±10.0 nm unloaded, 158.0 ± 11.0 nm loaded, and ~100 μg 

catalase/mgexosome. Continuous freeze-thaw cycles have been shown to cause fluctuations 

in fluorescence due to lipid-dilution ratio changes. Extrusion is performed by placing the 

catalase mixture in an Avanti lipids extruder with 200 nm pore diameter and then purifying it 

using gel-filtration chromatography with Sepharose 6 BCL. Sizing was consistent and small 

(134.0±7.5 nm unloaded, 154.8±11.0 nm loaded), and loading (190–200 μg catalase/mg 

exosome) was the 2nd most effective drug loading method after sonication48. Morphology 

data shows spherical and consistent shape. Electroporation was attempted in the PTX study 

with abysmal results. The exosomes and PTX were added to a chilled 4 mm electroporation 

cuvette and subsequently electroporated using an Eppendorf evaporator at 1000kV for 5ms, 

and then incubated at 37°C for 30 minutes to allow for the recovery of the exosomal 

membrane 147. This method resulted in an average size of 145.3±1.0 nm, but encapsulation 

was low (5.3±0.48%). In brief, exosomes could be loaded with drugs either in vitro in 

purified exosomes or in vivo during biogenesis (Figure 4).
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Transfection is a technique for loading proteins, peptides, and nucleic acids into exosomes. 

Using specific transfecting agents like plasmids or tethers, the cell can be transduced 

to ectopically express desired proteins, lipids, or nucleic acids which will later undergo 

exocytosis from the cell via exosomes. For example, Bellavia et al. transduced human 

embryonic kidney 293 (HEK293) cells using BCR-ABL siRNA and later collected 

exosomes from cell medium148. Yang et al. has also showed that different transfecting 

cells with mRNA can produce a 50-fold higher exosome amount compared to the naïve 

cell culture technique. These exosomes carrying PTEN mRNA restore tumor-suppression 

function in the brain, increase animal survival, and enhance tumor-growth inhibition149. 

Except for nucleic acids, we can introduce specific proteins or lipids via transfection 

techniques. For example, HEK293 cells were transfected with CD9-human antigen R (HuR) 

to facilitate the loading of miR-155 into exosomes150. Another study showed that HEK293 

cells transfected with vascular stomatitis virus glycoprotein(VSVG) enabled exosomes to 

penetrate the plasma membrane of recipient cells151. Further, exosome cargo can also 

modulate by expressing cargo-sorting proteins onto exosome surfaces via cell transfection. 

This cargo loading technique is promising, yet its cargo loading efficiency is low due to 

cargo selectivity and chemical impurity due to transfection.

Electroporation is another technique for loading DNA, mRNA, siRNA, and RNAi into 

exosomes. In this technique, the electric field is applied to increase permeability for small 

molecule drugs and large molecule biologics through the membrane of exosomes. For 

drug loading, exosome and payload (drug/protein) need resuspension in electroporation 

buffer. The electroporation buffer can be trehalose pulse medium (TPM; 50 mM trehalose 

(Sigma-Aldrich, Cat. No. T0167) in PBS) or (1.15 mM potassium phosphate, pH = 7.2, 

25 mM potassium chloride, 21% Optiprep) or cytomix electroporation buffer (120 mM 

KCl, 0.15 mM CaCl2, 10 mM KPO4, 25 mM HEPES, 2 mM EGTA and 5 mM MgCl2, 

adjusted to pH 7.6 with KOH)152,153. Then electroporation is carried out using a GenePulser 

Xcell electroporator (E.g., from Bio-Rad). All samples are filtered using omega membrane 

Nanosep centrifugal devices (100–3000 MWCO, depending on the size of payload) to 

remove the excess payload of drug, DNA, or mRNA. Measuring the volume of samples 

being loaded into the electroporation buffer is also important. Depending on the loading 

protein, the voltages and capacitances of the electroporator will differ154. Some studies 

report that electroporation leads to exosome aggregation, resulting in a lower loading 

efficiency. That is why it is recommended to filter the electroporated sample with a 450/220 

μL filter.

Surfactant treatment is another technique for exosome drug loading. Surfactants like saponin 

or triton are used to increase the membrane permeability of the exosome through simple 

incubation methods155,57. Incubation with surfactant can be used to facilitate the loading of 

antioxidant, catalase into exosomes, and provide neuroprotective efficiency post intranasal 

administration in Parkinson’s disease (PD) animal model48. Although, the surfactant 

enhances higher loading efficiency within the exosome, there exist some limitations in 

the technique. Surfactants may inactivate/degrade the potential function of therapeutic or 

loading cargo and excessive surfactant may cause in vivo hemolysis. Additional purification 

methods may need to be implemented after incubating with surfactant155.
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Hypotonic dialysis is another drug loading method widely used for exosome drug loading. 

The basic principle is that an exosome and drug mixture is placed in a dialysis tube 

and continuously stirred to allow for drug loading. This method can load 11 folds higher 

drug content than room temperature incubation loading method 156. This loading system is 

also suitable for reducing intra-exosomal pH by rehydrating and dehydrating the exosome 

in acidic citrate and ethanol buffer. This pH gradient of exosome helps to load miRNA 

and siRNA157. Some studies report that the dialysis loading method may induce protein 

degradation due to the pH change of the exosomes158. Therefore, this method is considered 

as a highly effective drug loading method, yet proper validation is needed to identify the 

experimental conditions and exosomal cargo selection.

Today, numerous drug loading techniques have been developed in light of the exosome’s 

intrinsic properties for drug loading and delivery (see Figure 4 and discussion earlier in 

this section for details). In incubation methods, drug loading efficiency depends on the 

proportion of drug and exosome protein concentration. The loading efficiency of incubation 

methods is poor, and certain factors influence efficiency. First, in gradient-based cargo 

diffusion, the concentration of cargo is curved due to the saturated concentration of the 

drug, indicating the enhanced drug loading profile. Second, the membrane integrity of 

the exosome restricts most of the hydrophilic drug to the influx. To increase the loading 

efficiency, we need physical triggering methods like sonication, extrusion, electroporation, 

surfactant treatment, dialysis, etc. Multiple studies conducted in parallel demonstrate 

that drug loading efficiency increased with these physical treatment methods compared 

to the general incubation methods48,159. Despite of higher drug loading efficiency, the 

physical methods have many disadvantages for drug delivery application of exosomes. 

First, surfactant treatment may introduce impurities in the exosome, which may cause 

toxicity during therapy. Second, electroporation may destabilize the exosome membrane 

integrity or cause severe aggregation. Third, dialysis treatment may cause the inactivation 

or degradation of the protein loaded. Fourth, the ultracentrifugation method provides us a 

mixture of extracellular vesicles e.g., range from 30–150, which is satisfactory for biomarker 

analysis, but not for drug delivery where we need a precise range of particles. Fifth, the 

freeze-thaw method, due to multiple freezing and thawing cycles, can cause degradation 

of the exosome membrane and a leaky structure. Transfection is another way to increase 

the loading efficiency of protein, lipids, and nucleic acid via transducing cells or exosomes 

with nucleic acids or proteins expressed by a plasmid. However, this technique is costly 

and time-consuming, making it unstable for small-scale research purposes. Overall, exosome 

loading techniques can improve desirable cargo but introduce impurities that affect exosomal 

properties. Therefore, we need to use particular loading techniques depending on the 

exosome application and consider the implications of the introduced impurities for drug 

loading. The purification of exosomes is laborious due to their intrinsic biological properties, 

making them more difficult to use for drug loading. Engineered exosomes provide an 

alternative means to overcome drug loading issues. If we can develop or utilize current 

techniques like plasmid, tether, bio-ortholog click chemistry, we can generate the desired 

exosomes from cell culture. In this way, we can avoid drug loading steps and have stabilized 

exosome treatment that can be used to combat cancer, immune, and rare diseases. We can 

also consider how to remove natural exosomal cargo during exocytosis, allowing us to 
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load more therapeutic payload during the drug loading step. However, the optimization of 

exosome loading strategies is limited by our insufficient understanding of exosome biology, 

structure, biogenesis, and lagging exosome-related research and development tools60. We 

need a standardized drug loading protocol for getting uniform and stable results in drug 

delivery applications both in preclinical and clinical studies.

5. Pre-Clinical Research Developments

5.1 Role of Exosomes in the Immune System

Exosomes play an important role in immune regulation, eliciting both positive and negative 

“unwanted” immune responses, including tolerance and evasion160–162. Individually, 

exosomes can act as immunoregulating agents by modulating immune activation, antigen 

presentation, suppression, and surveillance163–166. The exact mechanisms for many of 

these actions are not entirely understood. Several studies have begun to understand how 

these vesicles play necessary and frequently pivotal roles in initiating various immune 

responses167–169. The inflammatory response is often signaled by exosomes, meaning that 

these vesicles play a crucial role in several pathological states, including cancer, diabetes, 

obesity, and neurodegenerative disease28,170–174. For example, microRNAs regulate cells 

gene expression after transcribing and exosomes deliver microRNAs to recipient cells. 

A study by Alexander et al. shows dendritic cell-derived exosomes delivering miR-155 

and miR-146α to recipient dendritic cells to promote endotoxin-induced inflammation 

in mice171. In neurodegenerative Alzheimer’s disease, exosomes carry pathological 

misfolded proteins to neighboring neurons, thus promoting a cascade of exosomes carrying 

pathological misfolded proteins to other neighboring neurons, initiating disease onset and 

propagation175. The study of exosome cargo release may lead to the identification of 

biomarkers for many of these diseases. Since exosome cargo is a continuously excreted 

substance via fluids, saliva or urine collection may be valuable pathological screening tools 

for biomarker identification176. We will discuss exosome biomarker applications in more 

detail in section 6.4 of this review. Exosomes also play an essential part in cardiovascular 

disease recovery by promoting tissue repair and regeneration177,178. Exosomes originating 

from immune cells play a significant role in prompt immune response and inflammation, 

unlike stem cells and cardiomyocytes179. Although these mechanisms are not well studied 

and only a small number of exosomes directly related to immune response regulation 

have been discovered, what is known is that exosomes demonstrate cardioprotective effects 

against post-infarction and atherosclerosis. One example of exosome-based manipulations 

may found in a study published in Allergy180, where B cell-derived exosomes with 

pMHC-II found on FDCs could stimulate CD4+ T cells, which aided their development. 

Scientists believe that pMHC-II found on the FDCs likely allowed the exosomes to engage 

the T lymphocytes, modulating immune memory to expand their collection of antigens. 

Activation of the immune system may also be triggered by exosome activity181. Dendritic 

cell (DC) exosomes classified as “mature” are significantly more effective than their 

younger counterparts when inducing specific antigen T-cell activation181. This phenomenon 

is most likely due to distinct differences in protein composition that accumulate as the 

cell matures181. These changes can help in tumor suppression; however, these same 

effects have occasionally been hijacked by tumor cells, allowing for uncontrolled growth 
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without a proper response. Recently, a study found that tumor cells can bypass the typical 

immune response by upregulating the surface expression of programmed death-ligand 1 

(PD-L1), allowing the tumor to mask itself by eliciting the immune checkpoint response 

120. Effective quantification of PD-L1 could be used as a possible tool for helping in 

tumor treatment decisions based on the amount observed at specific sites182. This line 

of investigation closely follows the migration and composition of these vesicles. Peptide 

transfer acting as a form of cell-to-cell communication via exosome migration can have 

profound biological effects183. For example, prion proteins from the exosome walls may 

be transferred to uninfected cells by fusing with their uninfected counterparts184. In 

pregnant women, placenta-derived exosomes circulate T cell activating markers including 

Fas ligands and HLA-DR. These exosomes also show greater suppression of JAK3 

and CD3-zeta (T-cell co-receptor) than pre-pregnant circulating placenta exosomes185. 

Dendritic and lymphoid cell-derived exosomes regulate immune activation. Tumor-derived 

exosomes (TEX) have also been considered as a vaccine platform due to their effects 

on T lymphocytes, suppression CD3-zeta and JAK3 expression. Thus TEX expressing 

tumor antigens can suppress T cell signaling and induce apoptosis for potential use 

as a tumor vaccine186. In another study, the authors compare the molecular profile of 

TEX with healthy controls circulating exosomes. They found TEX downregulates both 

CD3-zeta and JAK3 expression of activated T cells and Fas/FasL-dependent apoptosis. 

TEX were incubated with activated T-cells, CD56(+) CD16(+) NK (natural killer) cells or 

conventional CD4(+) CD25(neg) T-cells res. Also, the authors showed how TEX promote 

CD4(+) CD25(neg) T-cell proliferation but suppress it when they transform into CD4(+) 

CD25(hi)FOXP3+ (FOXP3 is forkhead box P3) Treg cells (regulatory T-cells). Therefore 

TEX have immunosuppressive properties that depend on the T cell activation state187. 

Tumor cells escape immune checkpoint by upregulating PD-L1, which interacts with 

program death-1 (PD-1) T cell receptor188,189. Anti-PD-1 or Anti-PD-L1 antibodies have 

shown promising results in treating tumors190. Along the same lines, metastatic melanomas 

releasing exosomes containing PD-L1, can suppress CD8 T cells, preventing proliferating 

tumor growth via IFN-ϒ stimulation183. This study unveiled a mechanism for how tumor 

cells suppress the immune system initially and how exosome PD-L1 is a potential target 

for anti-PD-1 therapy. In autoimmune diseases study, T cell regulation is a key mediator of 

diseases treatment and some of the mechanisms are suppressed by Treg cells, apoptosis of 

overactivated T cells by cytokines destitution, immune checkpoints like PD-1, and CTLA-4 

expression191,192. Multiple previously published reviews and research articles conclud that 

exosomes released from immune cells play both preventive and developmental roles in 

autoimmune diseases193,194. Mesenchymal stromal cell (MSC) exosomal immune properties 

are well studied. Zhang et al. study showed that MSC derived exosomes induced production 

of CD4+CD25+Foxp3+ Treg or CD4+CD25+ T cells via allogeneic APC-enriched CD11C+ 

cells through T cells activation195. This activation is both exosome and APC dependent.

Exosomes’ intrinsic properties of cell-to-cell communication allow for the transfer of 

potentially toxic proteins without the need for direct contact. However, this type of 

communication may also be used in a manner beneficial to the immune system by allowing 

for a more robust and adaptable transfer of antigenic markers between cells, which would 

bypass the need for a more abrasive communication route. Overall, understanding of the role 
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that exosomes play in immune system response is still in its infancy. A great deal of research 

must be done to gain insight into the complex interactions that elicit the varied responses 

discovered. This field’s foundation will need to focus on mechanistic and response-oriented 

inquiry to understand how these vesicles can be fully utilized.

5.2 Role of Exosomes in Blood-Brain Barrier (BBB) Penetration

The BBB is a protective mechanism that helps maintain a stable chemical environment 

in the brain196,197. No other body organ or tissue is as protective and dependent on 

maintaining the internal environment as the brain196. For blood and proteins to reach the 

brain through brain capillaries, these products must cross three barriers, (i) the endothelium 

of the capillary wall, (ii) external capillaries of the wall covered by relatively thick basal 

lamina, and (iii) the bulbous “feet” of the astrocytes clinging to the capillaries (Figure 

5). Nutrients such as glucose, electrolytes, and essential amino acids can penetrate the 

BBB via passive diffusion through the endothelium cell membrane198–200. On the contrary, 

small nonessential amino acids and potassium ions are prevented from entering the brain. 

They are actively pumped out from the brain through endothelium capillary action198. 

Transport across the BBB is catalyzed by transport processes such as carrier-mediated/

receptor-mediated transport, and active efflux transport205–207. Efflux transport protects the 

brain from endogenous substances such as neurotransmitters and hormones and is also vital 

for drug transportation to a diseased brain region208. At places of high glutamate presence 

in the diseased brain, the brain’s glutamate levels are regulated by the BBB through the 

use of excitatory amino acid transporters (EAATs 1–4)205. Due to the limited ability of 

most drug delivery methods, an alternate approach is required. Thus exosomes may work 

as a cloak, which can have elevated drug loading amounts and better-targeted delivery48. 

Recent advances in exosome research regarding their intercellular communication and 

their organotrophic behavior, opened a new door in targeted drug delivery research209,210. 

For cell-cell communication, the surface of the exosome is enriched with cell-adhesion 

targeting molecules (tetraspanin and integrin), antigen-presenting molecules (MHC I and II), 

membrane trafficking molecules, and receptor proteins211 For example, tetraspanin proteins 

CD9, CD63, and CD81 isolated from brain endothelial HCMEC/D3 cells, play a crucial role 

in communication between primary astrocytes and cortical neurons201. Exosomes derived 

from neuronal glioblastoma (GBM) and neuroectodermal cells cannot cross the BBB, 

whereas exosomes derived from endothelium cells that have a tetraspanin marker as CD63 

can212. Also, endothelium cell exosomes can pass through the BBB using cell-specific 

proteins via receptor-mediated endocytosis212. Hypoxic GBM U87 cells releases exosomes 

through VEGF-A induced BBB permeability for tumor invasion, endangering brain health 

integrity. Authors found GBM exosomes alter/reduce the expression of claudin-5 and 

promote BMVECs204. In zebrafish, exosome loaded doxorubicin, and paclitaxel, show 

promising ability to cross the BBB, whereas neither of the drugs showed brain uptake 

by themselves201. In figure 6213, the authors show that the CSF can carry exosomes and 

constituents, observed by TEM imaging. Interestingly, NTA analysis confirms exosome 

population increase in CSF due to systemic LPS injection compared to control CSF. This 

experiment validates our conclusion that exosome number increases due to disease state. 

miRNA analysis also confirms that exosomes can carry payloads like miRNA and mRNA 
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proteins. These data validates the exosome’s capability of drug delivery of active biologics 

to the brain in a disease condition.

In HIV patients, the role of amyloid-beta (Aβ) deposition is one of the characteristics, and 

the BBB plays a critical role in Aβ homeostasis within the brain. It was reported that HIV-1 

infection increases exosome release from brain endothelial cells and higher Aβ cargo in 

the brain compared to a healthy control214. This study concludes that exosomes carried 

cargo across the BBB and successfully delivered it to the brain. Aβ plaques accumulation 

is also a pathological characterization of Alzheimer’s disease215. The review by Badwar 

et al. summarized how blood exosomes could be a potential source of the biomarkers for 

Alzheimer’s disease. The authors compiled about 26 previously published studies on blood 

exosome biomarkers and other sources such as neuron, astrocyte, and brain vasculature 

exosomes biomarker screening. This study provides a correlation of blood exosomes with 

exosomes derived from other brain fluid sources216. Parkinson’s disease (PD) is another 

deadly brain disease and a common movement disorder. Dopamine administration is one 

of the main treatment used for PD. Qu et al. have reported that dopamine loaded in blood 

exosomes showed and improved therapeutic result in the PD mouse model and reduce 

systemic toxicity compared to free dopamine administration. Blood exosome (40–200 nm) 

shows a promising targeted drug delivery approach for PD treatment217. In Figure 7, the 

study shows that the authors investigated the correlation of miRNA expression due to 

peripheral inflammation in the brain region. The authors also found systemic TNF injection 

increases the total amount of exosomes released and found a significant increase in the 

expression of miR146a and miR155 due to LPS injection in vivo213.

From the above discussion, we found that exosomes can cross the BBB and carry payloads 

back and forth from the inner and outer lumens. Thus exosomes provide another avenue for 

therapeutic drug delivery to fight against brain diseases and brain-related cancers that are 

untreatable with current therapeutic agents212,217.

5.3 Role of Exosomes as a Drug Delivery Vehicle:

Currently, the most preferred drug delivery systems are based on biodegradable liposomes 

or biological exosomes. Due to novel developments through exosomal research, several 

exosome-based drug formulations are currently in clinical trials, and recently some have 

been approved for clinical use218. Exosome bilayer-based drug delivery benefits the payload 

alternation of its biodistribution and higher encapsulation capacity218. Biological exosomes 

are also commonly used as drug delivery vehicles because of their overall bioavailability, 

improved drug encapsulation coupled with a controlled release, longer circulation time, 

and lessened toxicity219–221. Biodegradable nanoparticles like exosomes have successfully 

encapsulated bioactive molecules such as curcumin222, paclitaxel223, neurotoxin-I224, and 

dexamethasone225, all of which improve biodistribution and controlled release. Additionally, 

biodegradable nanoparticles are also utilized as drug delivery vesicles for multiple disease 

models of cancers226,227, diabetes228, and brain diseases such as Alzheimer’s229, Prions230, 

and Parkinson48. Most of these medications have translated into clinical trials, and some 

have already been introduced to the American market231.
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On the other hand, liposomes, PLGA, PLA, or poly(lactic-co-glycolic acid) are the most 

common and well-studied nanoparticles (NPs) for targeted drug delivery applications232–235. 

Many liposomal and PLGA NPs mediated formulations have been successfully translated 

to the clinic and have obatined FDA approval: Doxil (Liposomal Doxorubicin)236, 

DaunoXome (Liposomal daunorubicin)237, Onivyde (liposomal nanoformulations of 

irinotecan)238, Cimzia (a PEGylated blocker of tumor necrosis factor-alpha (TNF-α))239, 

Neulasta (PEGylated form of filgrastim)240, Vivitrol (PLGA L/G 75:25 with active 

ingredient naltrexone)241,242, and Signifor LAR (PLGA with active ingredient pasireotide 

pamoate, treatment for acromegaly)243,244. One of the main challenges in translating 

polymer-based formulation is the behavioral difference between in vivo models compared 

to in vitro. To overcome the existing challenges in biocompatibility, diffusion, cell 

internalization, and tissue transportation, further studies are needed to thoroughly investigate 

utilizing different animal models245. These biodegradable polymeric vehicles accumulate 

in the reticuloendothelial system (RES), including the liver, spleen, kidney, lymph nodes, 

and bone marrow. Polymeric NPs are cleared by resident APCs, like macrophages, 

via direct interaction and increase immunosuppression and risk of infection232,246,247. 

Plasma proteins also play a pivotal role in clearing polymer-based drug formulations from 

the RES via opsonization248,249. Liposome and PLGA NPs also interact with immune 

cells in the blood and resulting in antibody production against NPs different functional 

components due to repeated injection45,250–252. This phenomenon is called the “accelerate 

blood clearance (ABC)” phenomenon. Dams et al. first observed the ABC phenomenon 

when animal models were administered with empty PEGylated liposomes, it influenced 

biodistribution and pharmacokinetic behavior of the 2nd dose of PEGylated liposomes 

after seven days253. Some polymeric NPs also induce innate immune response due to 

subsequent activation of the complementary system known as complement activation–

related pseudoallergy (CARPA)254. CARPA has been observed from clinically approved 

liposome formulations (e.g., DaunoXome® and Doxil®)255. Another challenge, specifically 

for tumor-targeting polymeric NPs, arises from the complexity and heterogeneity of 

the tumor’s microenvironment, resulting in the accumulation of NPs in neighboring 

healthy cells256,257. Lastly, polymeric and biodegradable nanoparticle delivery systems’ 

development and marketability, even with their ability to evade the host immune system with 

extended circulation, stability, and low toxicity, have remained elusive258.

To overcome the limitations of most biodegradable/polymeric nanoparticles259, exosome-

mediated drug delivery210 provides superior features including long circulation half-life260, 

enhanced cell-specific targeted delivery145, increased biocompatibility104,261, reduced/low 

toxicity262,263, ability to stimulate an immune response against pathogens161, anti-tumor 

modulation161, and antigen presentation264, etc. Exosomes have been utilized as a drug 

delivery vesicle in multiple studies using low-molecular-weight drugs, active biologics 

(lipids, nucleic acids, siRNA, proteins), and larger antibodies41,201,265–269. For example, the 

exosome-mediated delivery systems using curcumin have already shown great potential over 

conventional drug delivery systems270. Curcumin, an antioxidant that has chemotherapeutic 

properties, is a natural polyphenol found in the rhizomes of turmeric271–273. Alvarez-Erviti 

et al. reported expressing a neuron targeting a protein on the exosome surface with post-

loading using siRNA, followed by injection into the mouse bloodstream. The authors have 
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achieved specific gene knockdown in the brain and proof of the exosomal capability of 

crossing the BBB without inducing any immune response268. Another ongoing challenge 

part in delivery science is targeting the subcellular compartment of specific cells. For 

instance, targeting nuclease and delivering the CRISPR-Cas9 system is very attractive 

to the scientific world and has higher precision for gene editing. Scientists can deliver 

large plasmids, including the CRISPR–Cas9 expression vectors loaded in exosome, to 

mesenchymal stem cells269. This study validates that exosomes can deliver cargo to 

recipient cells and gives insight into in vivo gene editing potentials against multiple 

diseases269. Delivery of antibodies and active biologics are also a promising platform in 

the drug delivery field. Wan et al. has reported on modification of aptamer-based DNA on 

exosomal surfaces by DNA hybridization chain reaction, enhancing exosome functionality 

and showing potential for broader biomedical applications like targeted drug delivery, cell-

free therapy, and gene knockdown41. Acquired drug resistance is a challenging mechanism 

against cancer chemotherapeutics and it has been reported that exosomes play a critical 

role in this drug-resistance transfer among cancer cells. Ming-lv et al. has showed that 

drug-sensitive MCF-7 cells (MCF-7/s) become drug-resistant after treatment with exosome 

isolates from the docetaxel-resistant variant MCF-7 cell line (MCF-7/DOC)274. The authors 

also found that P-glycoprotein (P-GP) expression is higher in exosomes from MCF-7/s cells 

after treatment with MCF-7/doc exosomes, indicating P-GP has a role in drug-resistance 

transfer among the cells. In 1996, Raposo et al. first observed the role exosomes play in 

adaptive immune system stimulation via antigen presentation275. Exosomes also carried 

and presented MHC-I/-II to modulate the antigen-specific CD8+ and CD4+ via direct and 

cross-presentation276. Bianco et al. showed that immature dendritic cell-derived exosomes 

inhibit inflammation in a murine footpad model via inflammatory cytokines IL-10 and 

IL-4277. Another study by Chen et al. showed mesenchymal stem cell-derived (MSC) 

exosomes increased the concentration of anti-inflammatory factor TGF-β and suppressed 

the secretion of pro-inflammatory factor IL-1β and TNF-α278. Besides, MSC exosomes also 

induced the transition of Th1 to Th2 cells and reduced the potential to differentiate into 

interleukin 17-producing effector T cells (Th17). Thus, MSC exosomes have the intrinsic 

properties of modulating the tumor microenvironment’s immune response and providing 

immune protection via exosomes. T and B-cell-derived exosomes also play a vital role in 

immune modulation. For example, mouse B lymphoma cell-derived exosomes carry heat 

shock protein 70, modulating the anti-tumor immune response in T-cells279. In another 

study, dendritic cell-derived exosomes primed with acid-eluted tumor peptides eradicated 

tumors in mice280. Exosomes from T-cells also improves immune response with the help of 

communication with endothelium cells by destroying tumor stroma and preventing tumor 

metastasis281. Immune modulation is achieved by bioactive lipids and proteins of the 

exosome and exosome mRNA. Archer et al. reported that human macrophage exosomes 

functionally inhibits cancer cells proliferation by delivering miRNAs to hepato-carcinoma 

cells (HCCs)282. Another study based on MSC-derived exosomes showed that the paclitaxel-

loaded exosome inhibit in vitro tumor growth283. The study by Pascucci L et al. showed the 

effect of murine MSC SR4987 line exosomes loaded with paclitaxel (PTX) and delivered to 

the human pancreatic cell line CFPAC-1, which possessed intense anti-proliferation activity 

against CFPAC-1283. PTX loaded MSC exosomes showed higher cell target specificity as 

well. Rani et al. also reported that MSC-derived exosomes play a crucial role in its paracrine 
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function266. Another study by Kalimuthu et al. showed paclitaxel (PTX) loaded with 

MSC-derived exosomes could accelerate anticancer treatment against breast cancer (MDA-

MB-231) cells observed both in vitro and in vivo265. Exosomes have been extensively 

studied for brain drug delivery to improve brain disease and inflammation treatment. A 

study by Yang et al. has shown that exosomes derived from mouse brain endothelial cell 

line (bEND3) loaded with doxorubicin significantly reduced growth and proliferation of 

U-87 MG cancer cell compared to embryos treated with buffer control or drug only. 

Chemotherapy is the standard and most effective method for cancer treatment, and the 

above discussion validates that exosome-chemotherapeutic drug delivery reduces side effects 

through a targeted drug delivery strategy which reduces the overall drug dose needed for 

the treatment 284. Zhuang X et al. demonstrated that exosomes encapsulated with curcumin 

(Exo-cur) and STAT3 inhibitor JSI124 (Exo- JSI124) via LPS induced brain inflammation 

via microglia cells in a mouse model. The authors have reported the delivery method of 

Exo-cur and Exo- JSI124 induced apoptosis of microglial cells285. Additionally, exosome-

mediated drug delivery systems have been utilized for curcumin delivery, which forms a 

complex with curcumin that enhances both loading efficiency and the safe transportation 

for patients in clinical trials286. Other great applications of exosomes involve their immune-

protective and regenerative effects. MSCs are derived from multiple sources like bone 

marrow, adipose tissue, cord blood, and other sources and are getting much attention as 

potential candidates for regenerative medicine287–289. Cardiosphere-derived cells (CDCs) 

derived exosomes produce a range of cardio-protective measures like anti-oxidant, anti-

fibrotic, anti-apoptotic, and anti-inflammatory effects 290,291. Another highlight of exosomes 

research is delivery of siRNA292,293. For example, Shtam et al. demonstrated that HeLa 

cell-derived exosomes delivering siRNA for RAD51 and RAD52 activate apoptosis of 

recipient cancer cells294. Wahlgren et al. also showed that peripheral blood exosomes 

mediated siRNA delivery efficiently silences the target MAPK gene in lymphocytes 

and monocytes295. Another interesting finding is that analysis of protein and mRNA 

confirm exosomal mediated siRNA delivery, targeting successful knockdown of BACE1, 

a therapeutic target of Alzheimer’s disease296. Also, a recent study by Hanet et al. reported 

that catalase loaded into exosomes can cross the BBB, improving the disease outcomes 

in a Parkinson’s mouse model48. Recent studies have also found that the targeted delivery 

of streptavidin-FasL (SA-FasL) via exosomes could substantially enhance the therapeutic 

effects of the SA-FasL protein while minimizing its potential off-target effects often caused 

by its solubility when doses are delivered by injection297. Regarding exosome-mediated 

vaccine development and delivery, Li et al. reported that the exosomes can transfer TNF-ϒ 
and induce antiviral activity298. Exosomes derivate from DCs also show promising potential 

for targeted immune responses against tumor cells and increased therapeutic effect compared 

with cell and non-cell based therapeutic strategies299. Specifically, mature and activated DC-

derived exosomes carry MHC-I and MHC-II molecules and co-stimulatory molecules like 

CD40, CD80, CD86 and deliver cargo to active cytotoxic T- and natural killer (NK) cells 

in vitro and in vivo via potent antigen-specific T- and B-cell responses300,301. Genetically 

engineered autologous or allogeneic T cells expressing chimeric antigen receptors (CARs) 

or T-cell receptors (TCRs) as cellular immunotherapy may also be considered as a 

promising for cancer treatment method302. Z. Lu et al. recently reported that exosomes from 

hepatocellular carcinoma (HCC) antigen-modified DCs could be used as cell-free vaccines 
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for HCC and opens the window for HCC immunotherapy303. Another study by Geis-

Asteggiante et al. demonstrated myeloid-derived suppressor cells (MDSC) derived exosomes 

using protein mRNA and miRNA, can induce immune suppression function304. Anticoli 

et al. used an engineered exosome with the E7 protein of human papilloma virus (HPV). 

The E7 protein elicited a strong and effective antigen-specific cytotoxic T lymphocyte 

(CTL) immunity305. A DNA vector expressing HPV-E7 and fused at the C-terminus of an 

exosome-anchoring protein name Nefmut was injected to mice306. In this study, the authors 

provide evidence that injection of Nefmut/E7 DNA induces similar antigen-specific cytotoxic 

T lymphocytes like mice implanted with TC-1 tumor cells. Integrin αvβ6 can convert the 

latent transforming growth factor (TGF)-β to promote the development of Treg cells307. 

The authors demonstrated that the delivery of cardiovascular exosomes carrying integrin 

αvβ6 promote the generation of the donor antigen-specific immune tolerance. On the same 

line, another study showed DC-mediated exosomes promote heart allograft survival308. The 

authors have finally demonstrated that donor-derived peripheral exosomes carrying MMP1a 

promoted the allograft heart survival via inducing donor antigen-specific Treg to attenuate 

the T helper (Th)2 pattern inflammation309.

Exosomes offer enormous promise as a contemporary yet promising area for small and 

large biological molecules’ therapeutic drug delivery. As a drug delivery vehicle, exosomes 

provides an added advantage over polymeric vehicles due to lack of accumulation of 

exosomes in the RES, especially the liver, which helps them avoid first-pass metabolic 

effects before reaching target sites297. It is also essential to note that exosome-mediated 

drug delivery offers a comparatively longer circulation half-life, induces a robust 

immune response against pathogens, and facilitates subcellular-specific targeted delivery 

of therapeutics (e.g. to mitochondria and nucleus)15. However, there is a need for additional 

investigations into how exosomes react to the body’s immune responses before these 

therapies are accepted as permanent therapeutic methods27. This section demonstrates 

the exosome’s robust immune response, drug delivery capacity to any specific target, 

carrying of extensive biologics and antibodies, and discusses how scientists can utilize 

the exosome platform for designing an adjuvant vaccine and therapeutic delivery. Surface 

modification and engineered exosomes added a plethora of applications for drug delivery, 

disease diagnosis, and facilitate immunotherapy. Nevertheless, significant effort is required 

to develop exosome as a personalized therapeutic modality based on patient disease history.

5.4 Exosome as Disease Biomarker:

The National Institutes of Health Biomarkers Definitions Working Group in 1998 defined 

a biomarker as a quantifiable measure of a normal biological process, pathological process, 

of pharmacological response to a therapeutic administration310. Currently, both invasive 

and noninvasive methods are employed for biomarker identification. For example, serum 

analysis of blood samples from cancer patients is well established for monitoring the 

location and stage of cancer. Exosomes reignite the field of biomarker study. Naturally, 

the question arises, why do exosomes have advantages in biomarker screening applications? 

First, MHC-expressing exosomes have the ability of antigen presentation via both direct 

and indirect pathways127,311. Second, exosomes contain cell-specific surface markers, that 

carry protein and RNA cargo, and are highly stable in storage condition312,313. The exosome 
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was initially considered an unnecessary protein excreted from cells. However, recent studies 

confirm the importance of exosomes in cell-cell communication by transporting microRNA, 

mRNA, and proteins. The membrane bilayer and luminal content of exosomes are protected 

from extracellular proteases. Multiple exosome sources contribute to the biomarker study; 

they are urine, saliva, cerebrospinal fluid, blood, body fluid, amniotic fluid, ascites, and 

cells used to identify and validate biomarker screening. Exosomes contain a variety of 

lipids, nucleic acids, mRNA, proteins of cytosolic, cell signaling, and membrane trafficking, 

reflecting its cell type and condition. In the a PubMed search conducted on January 

20th, 2021, 4767 papers are generated related to exosomes and biomarker studies. As 

a biomarker, exosomes are getting more attention from various groups of scientists as 

more evidence is emerging that exosomes contain protein and nucleic acids associated with 

cancer, liver, kidney, neurodegenerative, infectious, and metabolic diseases. Exosomes are 

easy to analyze and can be stored at −80°C for one week to 1–2 years ( depending on the 

exosome source) for future use314. More information on exosome biomarkers can be found 

on http://www.exocarta.org (ExoCarta, a web-based compendium of exosomal cargo), and 

http://exrna.org (Extracellular RNA communication program). Biomarker screening studies 

utilize multiple tools to analyze specific markers relevant to the disease model. Protein, 

mRNA, and microRNA content of exosomes are used as a diagnostic tool for biomarker 

analysis. Most general approaches are flow cytometry (FACS), immunohistochemistry, 

biochemical analysis (microarray studies, RT-qPCR, western blotting), surface resonance 

Raman spectroscopy (SERS), and principal component analysis (PCA). These assays are 

based on the type of exosome source and disease-specific biomarker.

Proteins found in exosomes from both healthy and disease states are diverse and resemble 

various disease conditions related to cancer, liver, renal, kidney, and brain diseases. Several 

proteins have been identified as a diagnostic marker for exosomes. Scaffolding membrane 

proteins Tetraspanin are enriched on the exosome surface. The study shows plasma CD63+ 

expression elevated in patients with melanoma compared with a healthy control315. Recent 

research also stated that a higher level of CD63+ in different cancer types consolidate as 

a potential biomarker for cancer316. CD81, another biomarker, was found to be higher 

in chronic hepatitis C patients and associated with fibrosis and inflammation317–319. In 

a lung cancer diagnostic biomarker study, authors found higher expression of CD151, 

CD171, and tetraspanin 8 in serum exosome blood collected from 581 cancer patients 

(431 with lung cancer and 150 controls)320. This study is suggests exosomal protein is 

a promising biomarker for non-small-cell lung carcinoma (NSCLC). Glypican-1 (GPC1)-

positive exosomes serve as potential biomarkers in early-stage pancreatic cancer. Exosomes 

isolated from systemic circulation of 250 pancreatic patients showed a higher correlation of 

GPC1 in cancer patients than the healthy control321. In another biomarker proteomic study, 

urine exosomes collected from a mouse liver damage model were utilized. The authors 

demonstrated that CD26, CD81, S1C3A1, and CD10 could be used as a potential biomarker 

for hepatic damage322. On the same line, a urine exosome biomarker study revealed that 

some specific markers are most frequently associated with ALIX ( ALG2-interacting protein 

X), CD24, CD9, flotillin-1, HSP70, TSG101 (tumor susceptibility gene 101), LAMP1 

(lysosome-associated membrane protein 1), gp330 precursor, uromodulin, pro-epidermal 

growth factor precursor, MME Neprilysin, and Beta-galactosidase precursor323–329. In a 
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gastric cancer biomarker study, the authors found that metastatic AZ-P7a cells release 

let-7 miRNA, which activates CD-97 associated pathways to promote oncogenesis330–332. 

Many studies prove that glioblastoma (GBM) is malignant and exosome mRNA content 

provides us more insight on GBM and how biomarker identification will lead to an 

effective treatment333. Studies show MiR-21 plays a key role in GBM pathways. Also, 

exosomal marker non-coding RNA (RNU6–1) and microRNA (miR-320, miR-574–3p) are 

significantly associated with GBM diagnosis. More evidence is showing an exosome role in 

carcinogenesis pathways like ERK, PI3K/AKT, STAT3, and PTEN333–336. Breast cancer is 

a highly prevalent disease, and early diagnosis gives a better outcome of treatment. Serum 

exosome microRNA or non-coding RNA analysis shows promising results in breast cancer 

biomarker identification337. In another study, the authors found exosomal miRNA-21 with 

105 expressions higher tissue of metastasis patients than non-metastasis and healthy donors, 

which implies that liquid biopsy based on circulating exosomes can be a complementary 

diagnostic biomarker tool for a breast cancer study338. Another plasma exosome analysis 

study revealed that exosomal microRNA MiR-21, MiR-1246, are more significantly elevated 

in human breast cancer patients and can serve as a plasma biomarker for breast cancer.

Exosomes harbor different proteins, lipids, nucleic acids that are present in most body fluids. 

It has been proven that exosomes play a role as a critical signal transduction promoter 

to recipient cells via transporting proteins, lipids, mRNA, microRNA, etc. Research on 

exosomal biology and functions makes it ideal as a biomarker-screening tool. Compared 

with traditional biomarker specimens like serum or urine, exosome offer higher sensitivity 

and specificity to their excellent stability. The use of biomarker screening utilizing exosomes 

will expand since they are found in mammalian cells and a diverse range of pathological 

microorganisms 339–341. In conclusion, exosomes for use as biomarkers are in a very early 

stage of discovery, and their potential clinical value waits to be fully explored.

5.5 Exosome Applications in Medical Imaging and Tracking:

Exosomes were thought to be waste materials from cells until they were revealed to transfer 

various biomolecules to various cavities342. To engage in intercellular communication 

by overcoming the natural biological barrier (e.g., blood-brain-barrier), exosomes have 

become an emerging effective diagnostic and therapeutic nanocarrier13,343. However, there 

is a limited understanding of how and where exogenously administered exosomes are 

distributed in vivo344. The current method to assess exosome-mediated delivery success 

is to evaluate therapeutic symptoms or repeated post-mortem histopathological examination. 

Therefore, real-time, non-invasive exosome imaging is a prerequisite to making exosomal 

therapy clinically relevant. In recent years, scientists have developed an efficient labeling 

and tracking method of exosomes using various imaging modalities (Figure 8). The 

imaging tools can provide information on exosomes such as bio-distribution, migration 

capability, physiological functions, in-vivo behavior, and enhance the opportunities to find 

an optimal administration route for exosome-mediated drug delivery345. Optical imaging 

is a widely used imaging and diagnostic technique that is cost-effective, highly sensitive, 

and includes images at the molecular level. There are mainly two types of optical imaging: 

fluorescent imaging and bioluminescence imaging. Fluorescence imaging is based on a 

fluorescence probe that is excited upon the laser irradiation, by which it produces fluorescent 
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signals observed by the optical imaging system. Fluorescence imaging is non-invasive 

and is used in real-time with the use of non-ionizing light sources346. There are two 

ways to label exosomes with fluorescent materials (e.g., proteins, dyes, or nanoparticles). 

(1) Indirect labeling is to have parent cells express a fluorescence protein, including 

green fluorescent protein or red fluorescent protein, to excrete the exosomes with their 

biological mechanism of visualization capability passed down to their daughter cells. (2) 

Direct labeling is another type of labeling in which fluorescence dyes (or nanoparticles) 

are used to label to the secreted exosomes after isolation via surface modification or 

physical interaction to observe their bio-distribution and tissue uptake347,348. Anchordoquy 

et al. demonstrated that lipophilic carbocyanine DiOC18(7) (DiR) dyes can be used to 

successfully labeled exosomes derived from breast cancer cells and the resulting the 

bio-distribution in tumor-bearing xenografts could be observed. In comparison with DiR 

dye-labeled liposomes, they found most exosomes accumulated in the liver and spleen 

after 1 hour of intravenous injection. They also observed higher fluorescence sensitivity of 

exosomes than liposomes within tumor regions349. Bioluminescence imaging utilizes the 

natural light emission process from some living organisms that bioluminesce (e.g., firefly, 

bacteria). Bioluminescence images are generated by detecting photons emitted internally 

from enzyme-catalyzed reactions with an optical imaging system350. Takakura groups from 

Kyoto University constructed exosomes with intense luciferase activity via indirect labeling. 

In their study, B16-f10 murine melanoma cells were transfected with the plasmid expressing 

a fusion protein of gLuc-lactadherin. The secreted exosomes from the cells were collected 

by the ultracentrifugation isolation method. After a 4-hour systemic injection, they found 

the exosomes accumulated first to the liver and then to the lungs with fast clearance from 

systemic circulations 351. Due to the penetration depth limitation of light in optical imaging, 

other whole-body imaging modalities are needed. Computed tomography (CT) is a crucial 

imaging technique for disease diagnostics with a high temporal and spatial resolution based 

on measuring X-ray absorptions throughout the body. X-ray CT imaging has been widely 

used in the clinic to visualize bone structures and has now been adapted to quantify cell 

tracking with gold nanoparticle labeling352. A recent publication showed that stem cell 

derived-exosomes labeled with gold nanoparticles could track the migration and homing 

patterns in brain disorders353. Betzer et al. studied the efficient labeling of glucose-coated 

gold nanoparticles to exosomes and demonstrated the enhanced exosomal accumulation at 

the lesion site using CT imaging on a mouse model of focal brain ischemia after 24 h of 

intranasal administration354. Gold nanostructure can be potentially used for photoacoustic 

imaging (PAI) of tracking of exosomes, using the strong light absorption to generate sound 

waves. Based on a ‘light in/sound out’ approach, PAI can efficiently combine optical 

imaging’s spectral contrast, and the anatomical penetration depth of ultrasound imaging 

(up to multiple centimeters)355.

Another whole-body imaging technique is magnetic resonance imaging (MRI), which offers 

advantages with radiation-free, high spatial resolution. To be detected by MRI, exosomes 

are required to be labeled with superparamagnetic iron oxide nanoparticles (SPIONs). In 

one study, Hu et al. utilized the electroporation technique to allow melanoma exosomes to 

be loaded with SPIONs and detected by MRI. They revealed the SPION-exosome exhibited 

a much more efficient homing and retention in sentinel lymph nodes than the free SPION 
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48 h after initial footpad injection356. Furthermore, in a newer magnetic imaging modality, 

magnetic particle imaging (MPI), SPIONs can create a linearly quantifiable signal that is 

difficult to achieve in MRI without any tissue background signal. In a recent study, Jung 

et al. labeled SPIONs in MDA-MB-231 cancer cells’ culture in hypoxic conditions and 

showed hypoxic cancer cells take up these exosomes more avidly. They showed these 

exosomes are quantitatively visualized with MPI signals from SPIONs to monitor the whole-

body distribution and in vivo targeting of exosome-mediated drug (Olaparib) delivery to 

tumors357. Exosomes plays a pivotal role in analyzing cancer biology and brain diseases. It 

is crucial to diminish false-positive exosomal signals from exosome labeling as an imaging 

tool.

Besides, exosome-based multimodal imaging can be considered more effective and specific 

for noninvasive disease diagnostics. Cao et al reported that nucleus targeted exosome 

engineered vanadium quantum dots nanocomposites showed effective multimodal (PAI 

and MRI) image - uided efficient cancer therapeutic potency. Besides, nanocomposites 

showed good biocompatibility and long circulation time. As a result, it can target a 

high number of cancer cells and have demonstrated efficacy in escaping the endosome, 

and advancement into the nucleus. Due to their NIR absorbance and good photostability, 

nanocomposites-treated mice exhibited a 2.11-fold higher PAI signal in the tumor site 

than the control group. In contrast, due to the 3d1 electronic configuration of quadrivalent 

vanadium (V) and the quantum mechanical confinement, nanocomposites displayed 3.73-

fold higher in vivo T1 MRI contrast than the control groups. Their overall results indicated 

that nanocomposites could be attractive agents for multimodal imaging (Figure 9)341. New 

exosomal imaging techniques will be developed for preclinical and clinical settings with t 

continuous development in the field of exosome research.

5.6 Role of Exosomes in Vaccine Development and Delivery:

Almost all living organisms, including viruses and bacteria, shed exosomes in the 

extracellular matrix. As mentioned before, exosomes carry larger proteins, lipids, and 

nucleic acids in their cargo. Lipids, proteins, membrane trafficking, nucleic acid-like 

signal transducers, anti-apoptosis molecules, and T-cell stimulations found on the exosome 

surface also have some immune-modulatory effects. Exosomes also contains a high level of 

triacylglycerol (TAG), cardiolipin, and cholesterol (CE), and where TAG and CE are found 

in the lipid droplet core and cardiolipin in mitochondria65. Both cell-specific and ubiquitous 

proteins are selectively expressed in exosomes from their native cells. They also include 

cytosolic proteins like tubulin, flotillin, and membrane transport proteins like annexin, actin, 

and RAB proteins 1. Exosomes also carry heat shock proteins like HSP20, HSP27, HSP70, 

and HSP90, involved in loading and binding antigen peptide onto MHC molecules, antigen 

presentation, maturation dendritic cells, and translocation of NF-κβ into the nucleus through 

CD91359,360. Another abundant protein family present on the exosome surface is tetraspanin 

like CD9, CD63, CD81, and CD82, interacting with multiple proteins like integrin and 

MHC class I & II361. Exosomes that are released from viral cells also carry viral miRNA, 

proteins, and even entire virion. For example, the major oncoprotein of EVB (a gamma 

herpesvirus), latent membrane protein 1 (LMP1), was identified in exosomes isolated from 

EVB infected cells362. Immune modulating cells like macrophages and monocytes abundant 
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with exosomes can modulate antigen presentation and affect myeloid cell differentiation 

and proliferation. During antigen presentation, B-cell-derived exosomes first interact with 

antigens and modulate T-cell activation and cytokine secretion363,364. The study also shows 

that immune-derived exosomes take cytokines like TGF-β, IL-1α, TNF, and IL-1 β. On the 

contrary, infected cell-derived exosomes can carry viral molecules and microbials365.

Exosomes also play a critical role in the chronic inflammatory process. For example, DC-

derived exosomes behave as antigen-presenting molecules and can perpetuate Th2 cells 

response to DC to regulate of immunity and inflammation366. Mast and B-cell-derived 

exosomes also drive Th2 responses and promoted the Th2 environment367.

Exosomes also play a role in processes like angiogenesis, stromal cell activation, and 

tumor growth metastasis. The release of exosomes is increased when a cell is under 

stress, particularly at stress conditions due to disease-related changes368. In the current 

therapeutic paradigms, cancer cells become non-responsive to chemotherapeutics and 

radiation after repeated exposures and are exosomes are one of the major players in cancer 

progression. For example, pancreatic cell-derived exosomes carrying tetraspanin-8 promote 

vessel branching. Tetraspanin-8 also modulates uptake and binding of cancer exosomes by 

endothelial cells369. In the tumor microenvironment, cancer-associated fibroblasts (CAF) 

differentiate into myofibroblasts to facilitate tumor progression. The study shows CAF 

exosomes promote or activate multiple signaling pathways. For example, Luga et al. have 

shown that CD81 positive exosomes from stromal cells activate several signaling pathways 

in breast cancer tumor. This activated signaling promotes cancer cell motility, metastasis, 

and tumor growth370. Mature and activated DC-derived exosomes carry MHC-I and MHC-II 

molecules and co-stimulatory molecules like CD40, CD80, CD86, among others which 

activate natural killer (NK) cells and cytotoxic T-cells in vitro and in vivo via potent antigen-

specific T- and B-cell responses301,371. Therefore, exosomes play both an immune activation 

and a cancer progress role depending on cell type origin. However, exosomes also suppress 

immune cell activation. Studies show that cancer exosomes also elevate the differentiation of 

mature dendritic cells without its antigen presentation to the myeloid cell, which produces 

TGF-beta for T cells suppression372. Thus, exosomes use signaling between tumor cells 

and surrounding cells to promote the tumor microenvironment. In an infectious disease, 

the pathogen faces a hostile situation and invades cell signaling. Along the same line, the 

study shows pathogen use of exosomes for differentiation, growth control, transmission, 

and virulence coordination to infection. For example, exosomes from malaria are actively 

taken up by endothelium and monocytes, altering vascular properties, promoting virulence 

via malaria exosomes and stimulating DNA-sensing pathways via microRNA373. Parasite 

or virus-infected cells or parasites themselves release exosomes to activate immune cells 

via antigens to present to APC. In contrast, exosomes from microbial molecules carrying 

leishmania GP63, or HIV Nef can activate apoptosis of immune effector cells like helper T 

cells and effector B cells or inhibit T-cells374.

Vaccines delivers the natural or inactive form of proper antigens adjuvant; partial viral 

particles typically elicit a potent immune response. In cancer immunotherapy, a tumor-

associated antigen (TAA) can be a potential delivery particle as a vaccine. For vaccine 

applications, some TAA targeting proteins such as HER2, p53, CEA, RAS, MUC1, etc., 
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are immunosuppressive and poorly antigenic375. For example, Hartman et al. has proposed 

to generate recombinant adenoviral vectors expressing the extracellular domain (ECD) of 

carcinoembryonic antigen (CEA) or HER2 linked to the C1C2 domain of lactadherin in 

addition to native unlinked ECD versions of CEA and HER2. The authors found adenoviral 

expression of a C1C2 modified CEA/ECD, and HER2/ECD resulted in higher expression 

of the protein in the exosome fraction in transgenic murine model than the control. This 

study signifies low immunogenicity of soluble TAAs in cancer patients and opens the 

cancer vaccine platform via improving anti-tumor immune response376. Recently, exosomes 

are getting much more attention due to their intrinsic properties as drug carriers and 

immunomodulators. Anticoli et al. has used engineered exosomes with the E7 protein 

of the Human Papilloma Virus (HPV). The study demonstrates that E7 protein elicited 

solid and effective antigen-specific cytotoxic T lymphocyte (CTL) immunity. Genetically 

engineered autologous or allogeneic T cells expressing chimeric antigen receptors (CARs) 

or T-cell receptors (TCRs) as cellular immunotherapy agents are promising as a new 

treatment method for multiple ranges of cancers302. Despite T-cell efficiency, T-cell 

therapies show unique toxicities like cytokine release syndrome (CRS) and CAR-T-related 

encephalopathy syndrome (CRES). Previous studies also showed human T-cell-derived 

exosomes in cytotoxic T lymphocyte (CTL)-target cell interactions377,378. CTL-derived 

exosomes containing CTL surface membrane molecules (CD3, CD8, and the TCRs) result in 

tumor cell death as a consequence of interactions between the TCR and proper antigen/MHC 

combination. The authors’ data validate that CAR-containing exosomes derived from CAR-

T cells can be used as cancer-targeting agents and can improve the therapeutic efficacy 

of a potential cancer vaccine platform262. Another study by Yawen Li et al. demonstrates 

that an exosome derived from Toxoplasma Gondii that modulates the immune response. 

The exosomes were isolated from T. Gondi and incubated with macrophage RAW264.7 

cells. After T. Gondi exosomal treatment, production of IL-12, TNF-α, and IFN-γ in 

macrophage cells increased and the level of IL-10 decreased, as determined using an 

enzyme-linked immunosorbent assay (ELISA). The authors have concluded that T. Gondi 

exosome modulated macrophage activation in vitro triggers humoral and cellular immune 

responses and results in partial protection against acute parasite infection in mice. The 

results suggest that exosomes may serve as a potential candidate against toxoplasmosis379.

S. Roier et al. showed how outer membrane vesicles form in gram-negative bacteria 

emerging in the research field and significantly impact future applications such as outer 

membrane vesicle (OMV)-based vaccines. OMVs derived from heterologous H. influenza 
strains were thoroughly characterized for size distribution and quantity of vesicle production 

among strains Rd KW20, Hib strain Eagan, and NTHi 2019-R strain. The presence 

of vaccine candidate 13 ATP-binding cassettes (ABC) transporter proteins and eight 

lipoproteins in H. influenzae OMVs supports their potential to act as a vaccine against 

H. influenzae infections. In contrast, the presence of essential virulence factors like serine 

protease HtrA and vaccine candidates OMP 26 and protein D indicates that OMVs 

in H. influenza pathogenesis have potential vaccine application via exosome380. This 

above discussion demonstrates that the exosomes can play an important role in immune 

modulation, serve as potential vaccine development platforms, and be used as a delivery 
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vehicle. Exosomes can increase the efficiency of vaccines to generate antibodies against 

multiple diseases and are a versatile platform for developing more vaccines.

In the pre-clinical study discussion, we found exosomes play a critical role in both 

physiological and pathological conditions, as they can carry pathogenic messages that 

indicate disease condition. Therefore, exosomes can be utilized as a biomarker and a disease 

marker to target for therapeutic efficiency. Pre-clinical studies of exosomes for use as 

a biomarker, in early detection and drug delivery methods, and in vaccine development 

platform makes them suitable candidates in clinical settings. We believe exosomes can 

link bridges between our knowledge gaps in different disease conditions. The pre-clinical 

data are evident that exosomes have the potential for application in cancer immunotherapy, 

infectious disease, and brain disease treatment.

6 Exosomes in Clinical Trials

The wide range of biological content found and released from exosomes in physiological 

conditions has various applications in biomedical and drug delivery contexts, such as finding 

new biomarkers, creating new imaging tools, and developing therapeutic carriers for cancers 

and brain disease. Up until January 2021, we have found 205 clinical trials related to 

exosomal research. Out of 205 trials, around 87 trials involve cancer-related studies, 18 

include brain pathologies, and 100 include diabetic, cardiovascular, lung, or kidney diseases, 

including a novel coronavirus study.

6.1 Exosomes for Use in Clinical Trials for Cancer Patients:

In cancer-related trials, there are about 87 clinical trials in the pipeline. The trials include 

using exosomes for various processes, such as studies on angiogenesis, tumor growth 

metastasis, and stromal cell activation, and facilitating cancer progression368. When a tumor 

starts growing, it quickly becomes hypoxic, which triggers the regulation factors of both 

pro-angiogenic and anti-angiogenic cytokines like vascular endothelial, fibroblast, pericytes, 

and endothelial growth factors (EGF)381,382. Exosomes are one of the key players in cancer 

progression, drug resistance383, and prognosis384,385. For example, pancreatic cell-derived 

exosomes carrying tetraspanin-8 promote vessel branching. Tetraspanin-8 also modulates the 

binding and uptake of cancer exosomes by endothelial cells30. Al Nedawi et al. found lung 

cancer exosomes delivered mutated EGF receptor to pulmonary endothelial cells, activating 

EGF receptor, and signaling through AKT and MAP kinase pathways. This activation 

is misleading to VEGF secretion and endothelial cell response to tumor progression386. 

Therefore, cancer cell-derived exosomes can provide effective treatment of anti-angiogenic 

therapy387. Lucero et al. demonstrated glioblastoma (GBM) cell-derived exosomes deliver 

angiogenic mRNA and translate it to protein into recipient cells388. Authors identified 

possible GBM exosomal mRNA as a liquid biopsy biomarker, which shows a trace 

of post-transcriptional gene silencing. Another study found colorectal exosomes deliver 

angiogenic mRNA to endothelial cells and enhance proliferation of tubular formation389. 

With angiogenic mRNA transfer via interaction with α4 and β1 integrins, angiogenesis is 

stimulated via eNOS and the PI3K/AKT signaling pathway. Table 1 shows clinical trials 

based on the use of exosomes as a diagnostic tool, biomarkers, and therapeutic intervention 
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for cancer research. Early detection is a powerful tool to fight against cancer progression. 

In early detection statistics, there was more than a 70% mortality decrease due to early 

detection and identification of novel markers of cancer. Exosomes have been used as a 

biomarker for cancer for decades. That is why we found more than 50 clinical studies of 

multiple phases looking for biomarkers like protein expression, mRNA, tumor-circulating 

exosomes, and tumor-derived exosomes—the first study was based on exosomes role as a 

therapeutic tool for those with advanced unresectable or metastatic melanoma. Exosomes 

from senescent melanoma cells will be utilized to study the process of drug resistance 

and relapse, as a therapeutic tool for melanoma for personalized medicine for patients. 

Another study in Table 1 (No. 4), in early lung cancer research, uses a blood sample 

exosome of lung cancer patients for identifying biomarkers (NCT03542253)390. No. 8 in 

the table will use urine exosomes, utilizing clear cell renal cell carcinoma to identify 

diagnostic biopsy tools for early detection (NCT04053855). Another study on Proteinosis 

Gallbladder Carcinoma uses the blood exosome as a biomarker for a correlation study 

(NCT03581435)391. In breast neoplasm, tumor-derived exosomes are used as diagnostic 

and prognostic markers against receiving neoadjuvant chemotherapy (NCT01344109)392. 

In gastric cancer, gastric cancer-derived exosomes are used as diagnostic tools for 

early detection (NCT01779583)393. In bone metastasis, scientists also utilize circulating 

tumor exosomes to identify deregulated miRNAs as a biomarker for use in subsequent 

bioinformatic tool development (NCT03895216)394. Another study on carcinoma ovarian 

cancer was based on the analysis of miRNA and lncRNA expression in exosomes395. These 

biomarkers will be employed as biomarkers for early detection as well (NCT0373831).

Other examples include a lung cancer study (NCT03830619), prostate cancer biomarker 

correlation study (NCT03911999), renal fibrosis study based on urine exosome 

biomarkers (NCT03870542), non-small lung cancer biomarker study for early detection 

(NCT02921854), and a colorectal cancer biomarker study using blood exosome samples 

(NCT04394572). These clinical studies have been in multiple phases, and success in 

these studies will accelerate current cancer treatment many folds. Another cancer research 

topic uses exosomes in a clinical study to deliver and measure certain drugs effectiveness 

in cancer treatment. For example, a review of MK-3475 (Pembrolizumab) on the triple-

negative breast tumor microenvironment analyzing both primary tumor, normal breast 

stroma, circulating lymphocytes, and serum exosomes are in phase 1 (NCT02535247). 

Another study on NK and T-cell Non-Hodgkin lymphoma, using MK-3475 alone or in 

combination with copanlisib, analyzes PD-1 expression of peripheral blood lymphoma 

and T-cell exosomes in phases 1 & 2 (NCT02535247). Another study on thyroid cancer 

(NCT03109847) targets the side effects of radioactive iodine treatment of differentiated 

thyroid cancer, aiming to mitigate them using Metformin hydrochloride validated by 

serum and saliva exosomes in phase 2. Another exciting research study is based on 

patients with stage II-IV squamous cell cancer of the head and neck using Nivolumab 

and BMS986205, designed to analyze the abundance of exosomes and composition in 

the peripheral blood for identifying exosomal biomarkers. This study is in phase 2 with 

clinical identification number NCT03854032. The last review we will discuss here is 

colorectal cancer patients with oligometastasis. The study used Ripalimab plus stereotactic 

body radiotherapy for clinical therapeutic intervention. It is also a phase 2 study and 
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identification number NCT03927898396. Other drug analysis studies based on exosome 

applications include a study on MDM2 inhibitor AMG-232 treating soft tissue sarcoma 

(NCT03217266) and another on evaluating the efficacy of Olmutinib using DNA extracted 

from exosomes of bronchoalveolar lavage fluid on T790M-positive non-small cell lung 

cancer (NCT03228277). These drug efficiency studies using exosomes give the researcher 

a suitable and versatile option for treatment. Most of these drug-testing studies are either 

in phase 1 or 2 and show promising data. Additional exciting applications of exosomes are 

in vaccines and cancer imaging. In the previous section, we discussed exosomes’ immune 

modulation capabilities and anti-tumor properties. We found some studies of exosomes for 

use in vaccine applications. One study used tumor antigen-loaded dendritic cell-derived 

exosomes as vaccination candidates for non-small cell lung cancer immunotherapy. This is a 

phase 2 study with successful phase 1 data on lung cancer patients and identification number 

NCT01159288. In the case of imaging and early detection, exosomes also play a promising 

role. For example, a study combined CT and exosome diagnosis in early lung cancer and 

found exosomal micro-A was highly expressed in early stage lung cancer tissues and was 

significantly higher than paracancerous tissues (NCT03542253). The subsequent study dealt 

with metastatic, castrate-resistant prostate cancer using the detection of ARv7 in the plasma 

through blood sample analysis (NCT03236688). Another study used ultra-high-resolution 

optical coherence tomography in detecting micrometer-sized early-stage pancreatic cancer 

using urine and serum exosomes (NCT03911999). We found 87 clinical trials on cancer 

biomarker studies, immunotherapies, or combination therapies. Unfortunately, we do not 

have access to finished clinical trial data that are not published publicly. The number and 

outcome of publicly available clinical trials clinical trials are promising. Exosome-based 

cancer immunotherapies show very promising outcomes that can translate as clinically 

applicable products in the near future.

6.2 Clinical Trials Addressing Brain and Inflammation Diseases:

In a brain disease and inflammation study, we found a total of 19 clinical study 

designs (Table 2). Penetrating the BBB and delivering drugs or active biologics is an 

interesting are for more more investigation because of the unique challenges. From our 

prior discussion, exosomes are suitable candidates for detection and drug delivery for 

brain diseases. For example, MSC-derived exosomes enriched with miR-124 are used 

in treating cerebrovascular disorders (NCT03384433). A previous study on MSC-derived 

exosomes shows promising data on wound healing, cell-free therapy against lung fibrosis, 

and skeleton muscle regeneration397,398. The next promising study is a biomarker study 

on Parkinson’s disease. The study identifies LRRK2 and other novel exosomal protein 

expressions utilizing exosome biomarker screening (NCT01860118). Another study on 

Parkinson’s disease estimates the prevalence of ARMD in a sample of Parkinson’s patients 

and identifies the correlation between L-DOPA treatment and ARMD (NCT01860118). 

In an Alzheimer’s disease study, curcumin’s benefits due to the inhibition of several 

potential disease pathways in Alzheimer’s disease and exosomes are employed in analyzing 

potential therapeutic applications (NCT01811381). In this trial, the investigator looks for 

specific blood biomarker changes due to curcumin and yoga’s combined effect. Another 

Alzheimer’s disease therapeutic application is allogenic adipose MSC-exosome safety and 

efficacy in Alzheimer’s patients with mild to moderate dementia for improving cognitive 
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function (NCT04388982). Investigators also look for abnormal kidney and liver function 

due to exosomal treatment. The next study in Table 2 focuses on using exosomes to 

enhance the delivery of anti-inflammatory agents and growth factors to targets by using 

focused transcranial ultrasound for neuralga before intravenous infusion of exosomes 

(NCT04202783). In this trial, the investigator utilizes a brief pain inventory (BPI) scale to 

measure the pain due to transcranial ultrasound treatment399,400. For cancer immunotherapy 

of malignant glioma neoplasms, a comparative phase 1 study with conventional treatment 

and a boost with immunotherapy used brain cancer-derived exosomes (NCT01550523). 

Scientists isolate the patient’s tumor cells and treat them with an anti-sense molecule 

(IGF-1R/AS ODN) to remove a targeted tumor receptor on the tumor cells’ surface. After 

re-implanting the treated cells in the same patients, tumor cells activated apoptosis and 

released exosome-carrying tumor antigens. Due to antigen release, T cells activated to 

eliminate the tumor. By training our immune system to recognize tumors in the future, the 

patient will be protected from another tumor invasion via immune surveillance401,402. Pre-

clinical data reveal that exosomes can cross the BBB and deliver payload within the brain. 

Thus, exosomes have the immense possibility of overcoming the therapeutic drawbacks of 

brain-related diseases.

6.3 Clinical Trials of Immune, Heart, Lung, Diabetes, Kidney, and Blood Diseases:

In table 3, we compiled multiple disease applications of exosomes either as biomarkers, 

diagnostics, therapeutics, or vaccine applications. We found a total of 100 clinical studies on 

type-2 diabetes, cardiovascular research, kidney, lung, heart diseases, ulcers, hypertension, 

etc. Here we will describe some essential studies to give a concise description of the clinical 

research. For example, for ulcer patients, investigators utilize plasma-derived exosomes 

on cutaneous wound healing (NCT02565264). In this trial’s pre-clinical study, scientists 

found serum-derived exosomes accelerate cutaneous wound healing in the BALB/c mice 

model. Scientists conclude from that study that exosome supplements to cutaneous ulcer 

diseases like peripheral arterial disease, decubitus, or burns have a significant therapeutic 

effect, and serum exosomes that will be collected from the patient’s own body will have 

more acceptance as a therapeutic403,404. The following study is on umbilical cord-blood 

MSC derived-exosomes on β-cells masses in type I diabetes mellitus (NCT02138331), 

now in phase 2 &3. Authors conclude that cell-free umbilical cord-blood derived MSC 

exosomes may improve inflammatory state and enhance β-cell mass of the pancreases 

along with glycemic control405. In the pre-clinical study of the trial, the authors observed 

that transplantation of MSC correlates an increase in T regulatory cells and both local 

and systemic reduction of autoaggressive T cell populations, i.e., the shift of cytokine 

profile from pro-inflammatory to anti-inflammatory type. Furthermore, MSC transplantation 

increases local pancreatic cell number and increases circulating epidermal growth factor 

(EGF). EGF lowers blood glucose and increases insulin secretion406. In both a type1 

and type 2 diabetes mellitus study, circulating exosomes from β-cells were analyzed for 

biomarkers and therapeutic targets407–410. There is a study on preeclampsia, where the 

exosomes of peripheral blood will be compared to umbilical cord mesenchymal stem cells to 

identify miRNAs 136, 494, and 495 gene expression (NCT03562715, Table 3, No. 14). This 

specific trial is an example of biomarker screening utilizing the exosome profile. Recent 

data suggests that exosomes released from the placenta carry specific cargo responsible 
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for causing preeclampsia. Isolating exosomes from the placenta and maternal blood and 

analyzing their biochemical and molecular mechanisms can provide important insight into 

the novel therapeutic intervention of preeclampsia associated with cardiovascular disease in 

normal and complicated pregnancies411–414. In another study based on exosomes, chronic 

kidney failure treatment is conducted using hemodiafiltration (OL-HDF) and by analyzing 

mRNA expression of serum exosomes (NCT03202212). MicroRNA content analysis of 

exosomes using RT-qPCR will give insight for any inflammatory markers due to treatment 

against chronic kidney disease. Obesity is another significant health care burden. Exosomes 

have also been studied for the development of a potential obesity treatment415. In the 

current study, to determine how meal timing affects these endpoints differentially during the 

daytime and nighttime, urine exosomes will be analyzed in 12-hour bins (NCT03459703, 

Table 3, No. 30). In this study, investigators will evaluate how mealtime influence obesity 

by conducting multiple behavioral studies like mood state, retention, depression, loneliness, 

appetite, adherence, urine content analysis (oxalate, sodium, potassium, creatinine, nitric 

oxide, albumin, nephrin, KIM-1) and urine exosomeal mRNA and microRNA content416,417. 

In a COPD study, exosome expression alteration was analyzed on epigenetic, mRNA, 

miRNA content using RT-qPCR and exosome profiling (NCT03049202 & NCT04183530, 

Table 3, Nos. 34 and 63). In both trials, the authors utilize exosomes from saliva, serum, 

urine, blood, and stool sources for biomarker analysis.

In pre-clinical studies of COPD, the authors identified either circulating exosomes content or 

microRNA expression (e.g., MiR-21) in analysing specific pathways related to COPD418,419. 

These identified markers can be used as diagnostic or therapeutic targets for novel 

therapeutics against COPD. In HIV and tuberculosis also, clinical trials currently underway 

are using the exosomal platforms. The study design analyzed changes in serum and 

tissue exosomal miRNA expression in HIV and tuberculosis patients for early detection 

for biomarkers (NCT03941210). In the current situation, COVID-19 has been spread 

worldwide, and still, outbreaks continue due to a lack of knowledge of its pathogen and 

vaccine absence. Scientists are working relentlessly to find a cure against SARS-CoV-2. We 

found 4 COVID-19 related clinical trials already based on the exosome platform, which 

confirms the exosome’s versatile application and capability.

The first one seeks to evaluate the safety and potential efficacy of Organicell flow 

Zofin via exosome analysis (NCT04384445). Zofin is a cellular product derived from 

human amniotic fluid. It contains over 300 growth factors, chemokines, cytokines, and 

exosomes derived from epithelial and amniotic cells. Surface marker analysis reveals the 

presence of exosome associated proteins CD9, CD133, CD63, and CD81, and completed 

sequencing revealed 102 commonly expressed miRNA. Major pro-inflammatory cytokines 

targeted by miRNA found in Zofin include TNF, IL-6, IL-8. Other targeted cytokines are 

VEGFA, IGF-1, FGF2, IL36a, CCL8, CXCL12, and IL37. Many published articles suggest 

that suppressing the abovementioned pro-inflammatory cytokines cascade will reduce the 

severity of elevated immune response420–424. The next trial is in severe patients with novel 

coronavirus pneumonia (NCP) to evaluate the safety and efficiency of aerosol inhalation 

of the exosomes derived from allogeneic adipose mesenchymal stem cells (MSCs-Exo) 

(NCT04276987). Human adipose MSCs derived exosomes (hASCs-Exo) can stimulate T 

cells in vitro and inhibit IFN-γ release and T cell proliferation. Thus hASCs-Exo can be 
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considered as therapeutic against inflammation-related diseases425,426,427. The last trial is 

to test the safety and efficacy of T-cell-derived exosomes following targeted delivery by 

metered-dose inhaler on coronavirus patients. Investigators collect donor origin COVID-19 

specific T-cells and expand them via viral peptide fragments with cytokines present. This 

will activate the T-cells, and stimulation will cause the release of IFN-ϒ in exosomes428–431. 

All these coronavirus studies are based on vaccine development clinical trials, and hopefully, 

we will see commercialized vaccines based on the exosome platform. We already have 

the coronavirus vaccines from Moderna, and Pfizer-BioNTech, and these vaccines were 

made available to the general public in January 2021. Third vaccine from Janssen also got 

emergency use authorization on February 27th, 2021. But there have been reporting of a 

very rare and serious blood clot in people who receive the Janssen vaccine. The Oxford 

COVID-19 vaccine shows a robust immune response in adults of 60–70 years old. In phase 

3 studies of shows the vaccine to be 76% effective at preventing someone from COVID-19 

infection. Table 3 also focuses on obesity, type 1 & 2 diabetes, obesity, cardiac disease, 

organ failure, hypertension, atrophy, muscle dystrophy, and an exosome study on insulin 

resistance application. Hopefully, this section can give a proper rationale for exosome 

application in disease diagnosis, biomarker screening, and therapeutic application phases.

We can see that exosomes have intrinsic advantages over traditional delivery methods, 

biomarker analysis, diagnosis, and medical imaging application from the three tables above. 

Even while some polymeric nanoparticles have been commercialized, exosomes still hold a 

better future in drug delivery and vaccine development. Recent studies also expect exosome-

based personalized medicine for patients with cancer, neurodegenerative, and inflammatory 

diseases. Exosomes will answer many unknowns of the multiple conditions for which proper 

treatment or diagnosis is not available yet.

7. Limitation of Exosome Research in the Clinical Setting:

With substantial development of this field in the last two decades, exosomes bring us 

more possibilities in multiple deadly disease treatments and diagnosis. Although therapies 

are under development, we still don’t know its exact mechanism of biogenesis. Isolation 

techniques for exosomes are tedious and hard to translate to the clinical setting. We found 

multiple commercial exosome isolation kits available; still, we need considerable progress 

in this technology. Once we identify a universal isolation method, we can correlate clinical 

outcomes all over the world. The validation of promising findings by scientists is impossible 

until we have a unified isolation and characterization method in place. In our clinical 

review section, we found that, as of now, 205 clinical trials have been conducted based on 

exosome application. However, because of complexities and variations in methodologies, the 

reproducibility of the exosome is widely varied, which presents difficulties for interpretation 

of results. Therefore, we need standard operating procedures (SOPs) for exosomes isolation, 

storage, characterization, and analysis. With more in-depth knowledge of biogenesis and 

function, exosomes will open up significant opportunities in therapeutic application, and 

already recent studies have investigated exosomes as a biomarker and natural gene/drug 

delivery system. In conclusion, we need urgently an efficient and reliable isolation method to 

advance this research field.
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8. Summary and Future Direction

Exosomes are widely disseminating and heterogeneous entities. However, exosome 

complexity is not thoroughly understood, especially the mechanisms responsible for sorting 

cargo into exosomes and releasing cargo into cells after exosome internalization. While 

many recent studies have focused on protein sorting in exosomes, executive functions might 

be associated with RNA delivery. Therefore, determining the mechanism that underlies 

RNA sorting in the exosomes holds excellent potential for developing various therapeutic 

applications. Due to their several advantages over traditional nanoparticles, exosomes are 

more than viable candidates for targeted drug delivery innovation. In clinical trials so 

far, most applications of exosomes are in their use as biomarkers. Exosomes have slowly 

garnered more attention in the drug delivery field due to their natural origins and the protein/

lipids/receptors present on their surface. Besides, some research groups have taken this 

even further by working on exosome surface modification through genetic alterations, DNA 

tethers, etc. However, the clinical application of current exosome research is the scope of 

this review. These inquiries into the exosomes provide a field ripe for further innovation 

and exploration. In the future, more investigations will need to be conducted into both the 

physiological and pathological conditions and the mechanisms that interface with the release 

of exosomes and impairment of exosome-mediated cell-cell communication, which may 

prove to be the basis of a new class of personalized therapeutics.
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Abbreviation:

Aβ Amyloid Beta

ABC accelerate blood clearance

BBB Blood-brain barrier

BMVEC brain microvascular endothelial cells

CD8 cluster of differentiation 8

CDC Cardiosphere-derived cells

CRISPR clustered regularly interspaced short palindromic repeats

CSF cerebrospinal fluid

CT Computed tomography

CTLA-4 cytotoxic T-lymphocyte-associated protein 4

EAAT excitatory amino acid transporters
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EGF epidermal growth factor

ESCRT endosomal pathways are associated with endosomal complex

GPC gel permeation chromatography

IL-10 Interleukin 10

ILV Intraluminal vesicle

MDSC Myeloid-derived suppressor cells

MHC-1 major histocompatibility complex class 1

MPS mononuclear phagocyte system

MVBs microvesicles

mRNA messenger ribonucleic acid

miRNA micro ribonucleic acid

MWCO molecular weight cut-off

MSC Mesenchymal stromal cell

Nk cell natural killer cell

PD-L1 programmed death-ligand 1

RES reticuloendothelial system

TEX Tumor-derived exosomes
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Figure 1. 
Exosome biogenesis begins with the formation of intraluminal vesicles (ILs) in late 

endosomes following cargo sorting. Both ESCRT dependent and ESCRT independent lipid-

driven pathways are involved in creating multivesicular bodies. Exocytic MVCs fuse with 

the plasma membrane in Rab GTPases regulated miRNAs; exosome content depends on cell 

type and cells’ physiological and pathological conditions. Here we illustrate the components 

of exosomes identified in multiple proteomic studies and different cell content. Adapted 

from Gurunath et al. (2019) 49, Copyright @ 2019 MDPI and modified to accompany our 

review on exosome biogenesis and composition.
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Figure 2. 
Schematic summary of standard laboratory methods for exosome purification. Four different 

isolation techniques are demonstrated here: Polymeric precipitation116, (top left), column for 

size exclusion chromatography123, (top right), density gradient chromatography110, (bottom 

right) and differential ultracentrifugation110, (bottom left). Temperature maintained at 4°C 

for most of the protocol110.
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Figure 3: 
Validation of exosome enrichment from human cell-free sera. (A) TEM micrographs 

of exosomes in ultracentrifugation (UC) and ExoQuick (EQ) preparations. Data for 6 

independent patient samples are shown (P1–6). Exosomes confirmed by size (30–100nm) 

and appearance. Scale bar in each image represents 100 nm. (B) Immunoblot of CD63 in 

unprocessed cell-free serum alone (−), UC, and EQ exosome preparations. Adapted from 

Prendergast et al. (2018)124, Copyright @ 2018, PLOS.
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Figure 4: 
Exosome drug loading techniques, (A) Exosome-secreting cells or exosomes incubated 

with desired cargos. Cargos diffuse across the cell and exosomal membrane and are 

subsequently packaged within the exosomes. (B) Desired nucleic acids can be loaded 

into exosomes via a transfection-based strategy. Transfected with vectors, the donor cell 

generates RNAs/proteins and packages these products into exosomes using endogenous 

expression and sorting machinery of donor cell, respectively. Exosomes can be directly 

transfected with small RNAs for cargo loading purposes. (C) Cargos can be loaded into 
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exosomes directly through physical treatments. Electroporation, sonication, and surfactant 

treatment generate pores on the exosomal membranes that facilitate cargo loading. Freeze-

thaw treatment, extrusion, and dialysis enhance cargo loading into exosomes during 

membrane recombination processes. Adapted from Shengyang Fu et al.(2020)146, Copyright 

@ ELSEVIER.
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Figure 5. 
Recent studies confirm that exosomes can pass through the blood-brain barrier (BBB)201–204 

in both directions. This means that specific exosomes detected in the cerebrospinal fluid 

(CSF), or in the blood from the brain can release into the bloodstream and vice versa. Each 

cell type releases a specific type of exosome(s) that are released and communicates with 

neighboring cells, acting as the messenger. This characteristic makes exosomes attractive as 

new sources of biomarkers and therapeutic targets suitable for use in clinical practice, such 

as liquid biopsy that could replace current invasive diagnostic methods. Exosomes also have 

a potential role in drug delivery for brain disease models, and their membrane markers can 

be used to identify their cellular origin.
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Figure 6: 
LPS injection induces changes in extracellular vehicles (exosomes) and miRNAs in the 

cerebrospinal fluid (CSF) A. Representative transmission electron microscope (TEM) image 

showing the presence of EVs in the CSF in two independent experiments. B. NanoSight 

quantification of the number of particles in the CSF at 0, 1, 2, 4, and 6 h after i.p. LPS 

injection (n = 3–5). C. Size distribution of the EVs in vivo in the CSF before (black; 

n = 5) and 6 h after (gray; n = 3) LPS treatment determined by NanoSight analysis. D–

G. Quantitative real-time polymerase chain reaction analysis of miR-1a (D), miR-9 (E), 

miR-146a (F), and miR-155 (G) (n = 4). RNA was isolated from pooled CSF (50 μl) from 

different mice (n = 3). Data information: Data in (B, D-G) are displayed as mean ± SEM 

and analyzed by Student’s t-test. Significance levels are indicated on the graphs: *0.01 ≤ P < 

0.05; **0.001 ≤ P < 0.01. Adapted from Balusu et al. (2016) 213, Copyright @ EMBO Press.

Huda et al. Page 65

ACS Biomater Sci Eng. Author manuscript; available in PMC 2023 September 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7: 
Systemic inflammation activates the exosomal machinery in the choroid plexus. A. 

Representative confocal images of CD63, RAB5, and ANXA2 (red) in the choroid plexus 

(CP) at 0, 4, and 8 h after LPS treatment. Hoechst (blue) was used to stain the nucleus. 

The dotted line indicates the ependymal cells that line the ventricle, and the square boxes 

indicate the zoomed insert images displayed at the right corner of each image. Scale bars, 

100 μm. B, C. Representative TEM images showed the presence of MVBs in the CPE cells 

before (B) and 6 h after (C) LPS administration in vivo. Black arrowheads point to exosomes 

present in MVBs. Scale bars, 9 μm. D–F. Quantification of number of MVBs per cell section 

(D), number of exosomes per MVB (E), and number of exosomes per cell section (F), based 

on TEM analysis of several adjacent cells (0 h, n = 20; 3 h, n = 21; 4 h, n = 13; 6 h, n 

= 23). G–J. Quantitative real-time polymerase chain reaction (qPCR) analysis of miR-1a 

(G), miR-9 (H), miR-146a (I), and miR-155 (J). Data is presented as relative expression 

normalized with housekeeping miRs by TaqMan qPCR assay (0 h, n = 4; 1 h, n = 5; 6 h, n 

= 5; 24 h, n = 3). K. NanoSight analysis of CSF isolated from LPS-injected mice followed 
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by icv injection of vehicle or GW4869, a neutral sphingomyelinase inhibitor that inhibits 

exosome secretion (n = 8). L. qPCR analysis of the expression of miR-1a, miR-9, miR-146a, 

and miR-155 in the choroid plexus of mice injected with LPS and then icv injected with 

vehicle (black) or GW4869 (gray) (n = 4). M. NanoSight analysis of the supernatant of 

choroid plexus explants from PBS- or LPS-injected mice (n = 6). Data information: Data in 

(D–M) are displayed as mean ± SEM and analyzed by Student’s t-test. Significance levels 

are indicated on the graphs: *0.01 ≤ P < 0.05; **0.001 ≤ P < 0.01; ***0.0001 ≤ P < 0.001; 

****P < 0.0001. Adapted from Balusu et al. (2016)213, Copyright @ EMBO Press.
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Figure 8. 
Exosome visualization using various imaging modalities. Fluorescence dye-labeled or 

luciferase-expressing exosomes visualize the biodistribution or tissue uptake under optical 

imaging systems (fluorescence imaging or bioluminescence imaging). Gold nanoparticles 

(GNPs) labeling exosomes observe the whole-body tracking in deep tissues under 

computer tomography (CT) or photoacoustic imaging (PAI). Superparamagnetic iron oxide 

nanoparticles (SPIONs) labeled exosomes show the active cell migration or homing to target 

regions in vivo under magnetic resonance imaging (MRI) or magnetic particle imaging 

(MPI).
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Figure 9: 
In vitro and in vivo Photoacoustic imaging and Magnetic Resonance Imaging of exosome 

loaded nanocomposites (V2C-TAT@Ex-RGD) (A) In vitro PAI images and the quantitative 

curve of PA intensity of the V2C-TAT at different concentrations. (B) In vivo PA images 

of mice 12 h after intravenous injection of PBS, V2C-TAT (10 mg/kg), and V2C-TAT@Ex-

RGD (V2C-TAT, 10 mg/kg). (C) Quantification of the PA signals from the tumor sites from 

different groups treated with (1) PBS, (2) V2C-TAT (10 mg/kg), and (3) nanocomposites 

(V2C-TAT, 10 mg/kg). (D, E) In vivo PA images and the responding signal intensities of 

mice at different times after intravenous injection of nanocomposites (V2C-TAT, 10 mg/kg). 

(F) T1-weighted MR images of mice 24 h after intravenous injection of PBS, V2C-TAT 

(V2C-TAT, 10 mg/kg), and nanocomposites (V2C-TAT, 10 mg/kg). (G) Quantification of the 

MR signals from the tumor sites from different groups. Adapted from Cai et al (2019) 358, 

Copyright @2019, American Chemical Society.
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Table 1:

Exosome clinical application in cancer research

No Disease or Conditions Interventions and 
Exosome source

Therapeutic and disease model Clinical Trial 
Identification

Status & 
Clinical Phase

1 Metastasis (stage IV), 
melanoma (stage iiic)

Biological test blood Exosome for developing theranostic 
tools

NCT02310451 Unknown & 
Not applicable

2 Pancreatic cancer Endoscopic 
ultrasound-guided 
portal venous blood 
sampling exosome

Feasibility and safety of sampling 
portal venous blood, detecting CTCs, 
and analyzing mRNA markers

NCT03821909 Recruiting & 
Not applicable

3 Colon cancer Curcumin, Curcumin 
conjugated with plant 
exosome.

Exosome loaded curcumin on 
the immune modulation, cellular 
metabolism, and phospholipid profile 
of normal vs. Malignant

NCT01294072 Active, not 
recruiting, 
Phase 1

4 Early lung cancer CT chest scans 
and blood, exosome 
detection

We are using peripheral blood 
exosomes in identifying early 
biomarkers for lung cancer.

NCT03542253 Not yet 
recruiting & Not 
applicable

5 Sarcoma Blood samples Evaluate cancer pathogenesis, 
progression, and treatment efficiency 
of the serum-derived exosomes.

NCT03800121 Recruiting & 
not applicable

6 Prostate cancer Urine exosomes Validate a non-DRE exosome gene 
expression test of prostate cancer in 
a prostate needle biopsy

NCT02702856 Completed & 
not applicable

7 Pancreatic cancer, Benign 
pancreatic disease

Blood sample from 
patients and healthy 
controls

Exosome purification for such as 
proteomics and RNA sequencing.

NCT02393703 Active, not 
recruiting & not 
applicable

8 Clear cell renal cell 
carcinoma

Urine samples Detecting tumor exosomes in urine, a 
new biopsy tool for early diagnosis

NCT04053855 Not yet 
recruiting &

9 Lung metastases 
osteosarcom a

Blood sample Identifying the levels and mutations 
of circulating exosomal RNA with or 
without lung metastasis.

NCT03108677 Recruiting & 
Not applicable

10 Proteinosis gallbladder 
carcinoma

Exosomes from blood 
specimens

Correlations between exosome 
biomarkers and gallbladder 
carcinoma.

NCT03581435 Recruiting & 
Not applicable

11 Metastatic & ductal 
(stage IV) Pancreatic 
adenocarcin oma, 
Pancreatic cancer AJCC 
v8

Mesenchymal stromal 
cells-derived exosomes 
with KRAS G12D 
siRNA

Mesenchymal stromal cells-derived 
exosomes with krasg12d siRNA 
(exosomes) in treating participants 
with pancreatic cancer with krasg12d 
mutation

NCT03608631 Not yet 
recruiting & 
Phase 1

12 Breast neoplasms Tumor-derived 
exosomes

Evaluating the use of tumor-derived 
exosomes as a marker for response 
to therapy in women receiving 
neoadjuvant chemotherapy

NCT01344109 Withdrawn & 
Not applicable

13 Cholangiocar cinoma 
benign biliary stricture

Cholangiocarcino ma 
derived exosomes

Characterize the ncRNAs 
of cholangiocarcinoma obtained 
exosomes as a diagnostic tool and 
evaluate the prognostic and predictive 
value of cholangiocarcinoma exosome 
levels in plasma, before and after 
surgical resection.

NCT03102268 Recruiting & 
Not applicable

14 Pancreatic ductal 
adenocarcin oma (PDAC)

The portal vein blood 
sample

Test 3 CTC isolation methods and 
analyses by flow cytometry for onco-
exosomes in pancreatic cell lines’ 
culture media.

NCT03032913 Completed & 
Not applicable

15 Sleep apnea syndromes, 
obstructive cancer

Blood samples To evaluates exosomal PD-1/PD-L1 
expression in patients

NCT03811600 Not yet 
recruiting & Not 
applicable
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No Disease or Conditions Interventions and 
Exosome source

Therapeutic and disease model Clinical Trial 
Identification

Status & 
Clinical Phase

16 Gastric cancer Gastric cancer-derived 
exosomes

Characterize gastric cancer-derived 
exosomes’ molecular profile as 
diagnostic tools and evaluate gastric 
cancer exosomes levels in plasma 
prognostic and predictive value.

NCT01779583 Unknown & 
Not applicable

17 Bone metastases Circulating tumor 
exosome

Identify deregulated miRNAs, 
subsequent bioinformatics analysis to 
identify their potential role in tumor 
progression

NCT03895216 Recruiting & 
Not applicable

18 Oropharyngeal cancer Exosomes from blood 
and saliva

Detect specific HPV proteins in the 
blood or saliva exosomes to help 
improve the detection of OPSCC.

NCT02147418 Recruiting & 
Not applicable

19 Larynx, lip, oral cavity, 
pharynx

Metformin 
Hydrochloride, 
Placebo, Cancer 
exosomes.

Identify the role of metformin 
hydrochloride and exosomes in 
cancer cells’ metabolic activity and 
surrounding supportive tissues.

NCT03109873 Active, not 
recruiting & 
Early Phase 1

20 Carcinoma ovarian cancer, 
benign gynecologic 
diseases

Ovarian cancer 
exosomes,

Analyze the expression of micro-
RNA and long non-coding RNA 
of exosomes by next-generation 
sequencing

NCT03738319 Recruiting & 
Not applicable

21 Oral mucositis, head, and 
neck cancer,

Grape extract 
exosomes, Drug: 
Lortab, Fentanyl patch, 
mouthwash

The ability of plant (grape) exosomes 
to prevent oral mucositis of head and 
neck cancer.

NCT01668849 Active, Not 
recruiting & 
Phase 1

22 Non-small cell lung cancer 
(NSCLC)

Plasma exosome, 
liquid biopsy

Plasma exosome, new radiotherapy 
combining with immunotherapy.

NCT02890849 Unknown & 
Not applicable

23 Non-small cell lung cancer 
(NSCLC)

Plasma exosomes 
radiotherapy

plasma exosome level before and after 
radiotherapy, PD-L1 mRNA levels 
in Pexo, and radiotherapy practice 
combined with immunotherapy.

NCT02869685 Unknown & 
Not applicable

24 Non-small cell lung cancer Dendritic cell-derived 
exosome

Phase I trials showed no induction of 
T cells could be monitored in patients.

NCT01159288 Completed & 
Phase 2

25 Rectal cancer Blood sample 
from participants, 
Neoadjuvant 
chemoradiation 
therapy

Characterize exosomal biomarker 
levels in patients and compare 
exosomal expression rates before, 
during, and after chemoradiation 
therapy.

NCT03874559 Recruiting & 
Not applicable

26 Breast cancer leptomening 
eal metastasis

CSF and blood Use of proteomic profile issued 
from cerebrospinal fluid microvesicles 
for diagnosis of leptomeningeal 
metastases.

NCT03974204 Not yet 
recruiting & Not 
applicable

27 Metastatic castrate 
resistant prostate cancer,

Blood samples, 
Abiraterone and 
Enzalutamide

Detection of arv7 splice variant 
transcripts from exosomes in the 
circulation of MCRPC patients pre-
and post-treatment with selective 
Androgen pathway inhibitors.

NCT03236688 Active, not 
recruiting & Not 
applicable

28 Bladder cancer Urine samples Urine samples analysis compared to 
the results of cystoscopy.

NCT04155359 Not yet 
recruiting

29 Lung cancer (diagnosis) Exosomes from 
plasma, human 
bronchial epithelium & 
cancer cells

Serum exosomes noncoding RNA as a 
biomarker’s sensitivity and specificity 
for the determination of lung cancer

NCT03830619 Recruiting & 
Not applicable

30 Carcinoma, non-small-cell 
lung

Blood samples Feasibility identifying EML4-ALK 
fusion transcripts and T790M EGFR 
mutation from exosomes in NSCLS 
patients’ circulation.

NCT03236675 Active, not 
recruiting & Not 
applicable

31 Cancer Blood and urine HSP70-exosome can be used for the 
early diagnosis of patients with a solid 
malignant tumor.

NCT02662621 Recruiting & 
Not applicable
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No Disease or Conditions Interventions and 
Exosome source

Therapeutic and disease model Clinical Trial 
Identification

Status & 
Clinical Phase

32 Thyroid cancer Urine sample, 
Urine exosomal 
thyroglobulin and 
galectin-3

Identifying urinary exosomal proteins, 
including thyroglobulin and galectin 3

NCT03488134 Active, not 
recruiting & Not 
applicable

33 New tumor diagnostics 
from human plasma 
samples

Plasma samples Protein profiling on the isolated 
exosomes and isolate nucleic acids 
from exosomes for analysis.

NCT04081194 Recruiting & 
Not applicable

34 Prostate cancer Genetic analysis for 
the detection of 
prostasomes

Purification of prostasomes from 
prostate cancer patients and their 
ability to determine the grade of the 
prostate tumors.

NCT03694483 Recruiting & 
Not applicable

35 Prostate cancer Exodx Prostate 
Intelliscore, Urine 
samples

Investigating a new and validated 
urine test that predicts the likelihood 
of high-grade prostate cancer on an 
initial prostate biopsy

NCT03031418 Recruiting & 
Not applicable

36 Colon cancer, Liver 
tumors

Blood draws, 
colectomy or 
hepatectomy, fibroscan 
test

Novel ways of diagnosing colon 
cancer and predicting its propensity 
to spread to other organs such as the 
liver.

NCT03432806 Recruiting & 
Not applicable

37 Prostate cancer Exodx prostate 
(intelliscore), urine 
samples

Validated urine test to predicts the 
likelihood of high-grade prostate 
cancer on an initial prostate biopsy.

NCT03235687 Active, not 
recruiting & Not 
applicable

38 Pancreatic carcinoma 
&intraductal papillary 
mucinous neoplasm

Optical Coherence 
tomography, blood 
samples

How well ultra-high-resolution optical 
coherence tomography works to 
detect micrometer-sized early-stage 
pancreatic cancer in participants with 
pancreatic cancer.

NCT03711890 Not yet 
recruiting & Not 
applicable

39 Prostatic neoplasms Drug: 18F- dcfpyl 
PET/CT,

Identify the sensitivity and specificity 
of 18F-dcfpyl PET/CT, basis, and 
characterize ctdna and exosome.

NCT03824275 Recruiting & 
Phase 2, Phase 3

40 Prostate Cancer Urine and serum 
exosomes

Investigate the relationship between 
urinary exosome and the 
aggressiveness of prostate cancer.

NCT03911999 Recruiting & 
Not recruiting

41 Triple-negative breast 
cancer

Merck 3475 
Pembrolizumab, 
intraoperative radiation 
therapy (IORT), serum 
exosomes

Assess response to pembrolizumab in 
both primary tumor, normal breast 
stroma, circulating lymphocytes, and 
serum exosomes

NCT02977468 Recruiting & 
Phase 1

42 Renal fibrosis, Kidney 
transplant failure

Kidney transplantation 
urine exosomes

Urinary exosomes and the degree of 
graft fibrosis to determine biomarkers

NCT03870542 Recruiting & 
Not applicable

43 No small lung cancer Blood and serum 
sample, high-dose 
radiotherapy, cisplatin-
doublet therapy, and 
radiotherapy

Markers (molecular and 
immunological) of ICD or anti-tumor 
immunity (exosomal or molecular) 
can be detected in the serum

NCT02921854 Completed & 
not applicable

44 Thyroid cancer Urine exosome protein 
biomarker

Evaluate new therapeutic mechanism 
and medications for poorly 
differentiated or anaplastic thyroid 
cancer.

NCT02862470 Active, not 
recruiting & Not 
applicable

45 Oncology Interstitial tissue fluid 
of pancreatic cancer 
site

A short OMICS analysis of PDAC (all 
stages confounded) uses a "modified 
EXPEL" procedure.

NCT03791073 Recruiting & 
Not applicable

46 Lymphoma, T-Cell MK-3475, Copanlisib, 
Blood samples, 
peripheral blood 
lymphocytes PD-1 
expression, peripheral 
blood T-cell and NK-
cell

PD-1 and PD-L1 expression on tumor 
tissue; tumor-infiltrating lymphocytes 
and gene expression as prognostic and 
predictive biomarkers.

NCT02535247 Recruiting & 
Phase 1, Phase 2
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No Disease or Conditions Interventions and 
Exosome source

Therapeutic and disease model Clinical Trial 
Identification

Status & 
Clinical Phase

47 Ovarian cancer ovarian 
neoplasms

Blood samples To see if monocytes taken from the 
blood of people with ovarian cancer 
can kill tumor cells.

NCT02063464 Completed & 
Not applicable

48 Lung cancer Blood samples Diagnosis stages I-IV lung cancer 
drug efficacy, surgical effect 
evaluation, recurrence monitoring, 
prognosis judgment, medication 
guidance, and molecular classification 
differentiation via analyzing blood 
ctDNA.

NCT03317080 Recruiting & 
Not applicable

49 Carcinoma, 
Hepatocellular, kidney 
and Colorectal 
neoplasms,melanoma,

Blood samples 
collected before, 
after, and during 
radiotherapy, Blood 
sample exosome

This study will follow-up immune 
cell populations secreted factors and 
released nanovesicles in the blood 
back, during, and after high dose 
radiation therapy.

NCT02439008 Terminated & 
Not applicable

50 Thyroid cancer Metformin, 
hydrochloride, 
radioactive Iodine, 
placebo, saliva, and 
serum samples

Metformin hydrochloride works 
against radioactive iodine treatment of 
differentiated thyroid cancer.

NCT03109847 Recruiting & 
Phase 2

51 Prostate cancer Whole-body MRI, 
blood exosomes

Compare diagnostic concordance 
of whole body multi‐parametric 
Magnetic Resonance Imaging (MRI) 
with current conventional multi-
modality reference standard imaging

NCT02935816 Unknown & 
Not applicable

52 Pancreatic neoplasms Diagnostic Test: MRI/
MRCP, serum, and 
blood

MRI/MRCP to screen for early stage 
pancreatic cancer or precursor lesions 
by analyzing blood samples from 
pancreatic cancer

NCT03250078 Recruiting & 
Not applicable

53 Prostate cancer Urine sample Validate the performance 
characteristics of the mir Scientific 
Sentinel™ CS test and mir Scientific 
Sentinel™ PCA test.

NCT04100811 Not yet 
recruiting & Not 
applicable

54 Pancreatic cancer, 
Pancreatic diseases, 
Pancreatitis

Blood draw, cyst fluid, 
tumor tissue collection, 
functional DNA repair 
assays

Blood samples were analyzed for 
various biomarkers. First biomarkers 
like proteins and proteases, exosomes, 
stromal elements, circular RNAs, and 
circulating tumor DNA

NCT03334708 Recruiting & 
Not applicable

55 Lip, oral cavity squamous 
pharynx, larynx, squamous 
arcinoma

Nivolumab, IDO1 
Inhibitor BMS986205, 
therapeutic 
conventional surgery

Change in exosome composition and 
abundance in the peripheral blood

NCT03854032 Recruiting & 
Phase 2

56 Metastatic colorectal 
cancer

Toripalimab, 
stereotactic body 
radiotherapy

Use of stereotactic body radiation 
therapy in combination with ICI 
in colorectal cancer patients with 
oligometastatic

NCT03927898 Recruiting & 
Phase 2

57 Soft tissue sarcoma MDM2, AMG-232, 
radiation therapy

Side effects of MDM2 inhibitor 
AMG-232 and radiation therapy in 
treating patients with soft tissue 
sarcoma.

NCT03217266 Recruiting & 
Phase 1

58 Non-small cell lung cancer Olmutinib Evaluate the efficacy of Olmutinib 
(Olita®) in patients with T790M-
positive non-small cell lung cancer 
confirmed using DNA extracted from 
the exosomes in bronchoalveolar 
lavage fluid.

NCT03228277 Completed & 
Phase 2

59 Recurrent inflammatory 
breast carcinoma, 
HER2/neu negative, stage 
IV breast cancer, stage IV

Ipilimumab, laboratory 
biomarker analysis, 
Nivolumab

ctDNA and immune signature 
assessed by exosome analysis in blood 
samples.

NCT02892734 Terminated Has 
result & Phase 2
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No Disease or Conditions Interventions and 
Exosome source

Therapeutic and disease model Clinical Trial 
Identification

Status & 
Clinical Phase

60 Renal cell cancer Urine and serum 
samples

Metastatic renal cell cancer (RCC) 
treatment uses five kinase inhibitors 
sunitinib, everolimus, temsirolimus, 
sorafenib, and pazopanib, which are 
now approved for clinical application.

NCT02071719 Terminated & 
Not applicable

61 Advanced solid tumor, 
Advanced/m etastatic 
colorectal cancer

Drug: AL3810 Study of personalized medicine 
evaluation system establishment for 
liver cancer, gastric cancer, and 
nasopharynx cancer.

NCT03260179 Phase 1

62 Prostate cancer Drug: steroids switch, 
Blood samples 
exosomes

The change of prednisone to 
dexamethasone in CRPC patients that 
progress biochemically to AA + 
prednisone can improve.

NCT02928432 Completed & 
Phase 2

63 Recurrent lung non-small 
cell carcinoma, stage II, 
IIA, IIB, IIIA & IIIB 
Cancer AJCC v7

Image-guided radiation 
therapy, intensity-
modulated radiation 
therapy, laboratory 
biomarker analysis

Radiation dose is delivered on the 
body, pass into the tumor, and through 
the body.

NCT01629498 Recruiting & 
Phase 1, Phase 2

64 Prostate cancer Samples with DNA, 
human tissue, body 
fluids, and fresh blood 
tissue

This study is to collect healthy and 
cancerous tissues.

NCT00578240 Active, not 
recruiting & Not 
applicable

65 Metastatic triple-negative 
breast carcinoma, stage IV 
breast cancer AJCC v6 
and v7

Enobosarm, laboratory 
biomarker analysis, 
Pembrolizumab

Giving pembrolizumab and 
enobosarm may work better than 
pembrolizumab alone in treating 
androgen receptor-positive triple-
negative breast cancer.

NCT02971761 Active, not 
recruiting & 
Phase 2

66 Tumors refractory solid 
tumors, cancer, neoplasms, 
recurrent solid tumors

IT-141 Deliver more drugs via exosomes to 
the tumor with reduced toxicity on 
healthy tissues.

NCT03096340 Recruiting & 
Phase 1

67 Pancreatic cancer, 
pancreatic resectable 
& pancreatic ductal 
adenocarcin oma.

Ascorbic acid, 
paclitaxel protein-
bound, cisplatin, 
gemcitabine

Combination of paclitaxel protein-
bound (also known as nab-paclitaxel), 
gemcitabine, and cisplatin, effective in 
individuals with untreated metastatic 
pancreatic cancer.

NCT03410030 Recruiting & 
Phase 1, Phase 2

68 Prostate cancer, obesity Robotic radical 
prostatectomy

How fat cells communicate with 
prostate cancer cells to look at how 
exosomes communication.

NCT04167722 Recruiting & 
Not applicable

69 Recessive dystrophic 
epidermolysi s bullosa

Drug: Rigosertib 
Sodium Other: 
Quality-of-life 
assessment

How rigosertib sodium works in 
treating patients with recessive 
dystrophic epidermolysis bullosa 
(RDEB) with locally advanced 
squamous cell carcinoma.

NCT04177498 Not yet 
recruiting & 
Early Phase 1

700 Rectal neoplasm, 
malignant Carcinoma, 
adenocarcin oma

Radiation, 
capecitabine-Irinotecan 
combination, plasma 
exosome

Research on Biomarkers for 
Predicting the efficacy and toxicities 
of Neoadjuvant Chemoradiotherapy 
for Locally Advanced Rectal Cancer 
Based on Tissue and Plasma 
Exosomal RNA

NCT04227886 Recruiting & 
Not applicable

71 HER2-positive breast 
cancer

Acquisition of blood 
samples and tumor 
tissue samples 
(biopsies)

Blood tests for anti-HER2 treatments, 
instead of invasive tissue biopsies

NCT04288141 Recruiting & 
Not applicable

72 Lung cancer Blood exosome Molecular and cellular biomarkers 
(exosomes antigens, circulating tumor 
cells -, the panel of mutations in 
circulating free DNA), and radiomic 
signature are complementary to assist 
early detection of lung cancer LDCT.

NCT04315753 Recruiting & 
Not applicable

73 Prostate cancer obesity Exosome from 
biological samples

The investigators will be collecting 
prostate and fat tissue from 

NCT04167722 Recruiting & 
Not applicable
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No Disease or Conditions Interventions and 
Exosome source

Therapeutic and disease model Clinical Trial 
Identification

Status & 
Clinical Phase

participants undergoing radical 
prostatectomy to culture and study in 
the laboratory.

74 Metastasis breast cancer 
genomic analysis

Tissue and Blood 
samples

Metastatic breast cancer with genetic 
tests including WES, RNAseq, 
ctDNA, and exosomes

NCT04258735 Recruiting & 
not applicable

75 Prostate cancer Liquid biopsies sample Correlation of the exodx Prostate test 
results with the outcome of prostate 
biopsies.

NCT04357717 Recruiting & 
Not applicable

76 Lung cancer Exosome antigen 
analysis

Molecular and cellular biomarkers 
(exosomes, protein signatures, 
circulating tumor cells - CTCs, 
microRNA)

NCT04323579 Recruiting & 
Not applicable

77 Cancer Distress exosome from 
patients

Benefits of these psychological 
interventions on changes in exosomes

NCT04298398 Not yet 
recruiting & Not 
applicable

78 Prostate cancer Urine and semen 
biomarkers

Perform urinary and seminal 
genome, exosomes, methylome, and 
transcriptome analysis to identify 
novel molecular signatures associated 
with prostate cancer imaging 
endotypes

NCT04340245 Not yet 
recruiting & Not 
applicable

79 Colorectal cancer Blood sample 
exosomes

Exosome protein marker for the 
diagnostic tool

NCT04394572 Not yet 
recruited & Not 
applicable

80 Lung cancer Blood and serum 
sample

The exosome is a liquid biopsies 
diagnosis tool for lung cancer

NCT04529915 Active, not 
recruiting

81 Untreated advanced 
NSCLC patients

Plasma exosomes Performance of exosomes loaded 
with EML4-ALK fusion in NSCLC 
diagnosis.

NCT04499794 Recruiting,

82 Squamous cell carcinoma 
of the head and neck

Serum, cell fluid 
exosomes

Use of the hemopurifier to clear 
immunosuppressive exosomes in 
combination with pembrolizumab 
(Keytruda)

NCT04453046 Recruiting, not 
applicable

83 NSCLC patients Plasma exosomes, 
pabolizumab, 
nafulizumab.

Plasma exosomes PD-L1 and mRNA 
as a biomarker after therapeutic 
efficacy against NSCLC.

NCT04427475 Recruiting, not 
applicable

84 Lung cancer Blood exosomes Blood exosomes analysis to determine 
hypoxia as a potential biomarkers for 
early detection.

NCT04629079 Recruiting, not 
applicable

85 Breast, digestive, 
gynecologic cancer 
circulating, tumor DNA, 
exosomes

Blood samples Blood exosome as an early 
biomarkers for digestive and 
gynecological/ breast cancer.

NCT04530890 Not yet 
recruiting and 
not applicable

86 Prostate cancer Blood sample Blood exosome biomarker for early 
detection.

NCT04556916 Not yet 
recruiting and 
not applicable

87 Pancreas adenocarcin oma Venous sampling Tumor cells secret exosome and long 
RNA, small RNA, miRNA, tRNA, 
piRNA analysis as a biomarker.

NCT03711890 Recruiting and 
not applicable
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Table 2:

Clinical application of exosomes in Brain related diseases research

No Disease and 
Conditions

Interventions and 
Exosome source

Therapeutic used in the study Trial 
Identification 
Number

Status & 
Clinical Phase

1 Cerebrovascular 
disorders

Mesenchymal stem cell 
exosomes

MSC derived exosomes enriched by 
miR-124

NCT03384433 Not yet 
recruiting & 
Phase1, Phase 2

2 Lymphoma, B-cell, 
aggressive non-
hodgkin (B-NHL)

Blood samples Exosome carries therapeutic targets 
(CD20, PDL-1) and could act as 
“decoy-receptors” for immunotherapy 
and identify aggressive B-NHL.

NCT03985696 Recruiting & Not 
applicable

3 Parkinson’s disease 
(PD), LRRK2 kinase 
inhibitor sunitinib

PD patients and 
controls proteomes

Exosome proteomes derived from PD 
patients versus controls, if LRRK2 
expression and phosphorylation are 
significantly lowered in exosomes of 
treated with the potent LRRK2 kinase 
inhibitor sunitinib.

NCT01860118 Completed & 
Not applicable

4 Macular degeneration, 
senile

Optical coherence 
tomography, Color 
retinography, Fundus 
autofluorescence 
imaging

The L-Dopa regulates the cell’s exosomal 
and endosomal pathways, decreases the 
RPE’s exosome release significantly.

NCT02863640 Terminated & 
Not applicable

5 Parkinson disease, 
age-related macular 
degeneration

Optical coherence 
tomography, Fundus 
autofluorescence 
imaging

Estimate the prevalence of ARMD 
in Parkinson’s Patients and explore a 
possible causal link between L-DOPA 
treatment and ARMD.

NCT03415984 Completed & 
Not applicable

6 Malignant glioma of 
brain

IGF-1R/AS ODN, bio-
diffusion chamber

Compared to traditional treatment 
alternatives for tumor recurrence, 
including a boost of further radiation and 
more chemotherapy.

NCT01550523 Completed & 
Phase 1

7 Malignant glioma 
neoplasms

Drug: IGF-1R/AS 
ODN

Within 24 hours of craniotomy, implanted 
for 48 hours, surgery with tissue 
harvest and implantation of 20 diffusion 
chambers in the rectus sheath with 
IGF-1R/AS ODN,

NCT02507583 Active, not 
recruiting & 
Phase 1

8 Healthy subjects, 
systemic autoimmune 
diseases

Exosomes from plasma 
and urine sample

To constitute a Healthy Volunteers cohort 
to compare with systemic autoimmune 
diseases cohort into molecular clusters 
instead of clinical entities by determining 
molecular profiles using several “Omics” 
techniques.

NCT02890147 Completed & 
Not applicable

9 NCT02890134 Unknown & Not 
applicable

10 NCT02890121 Completed & 
Not applicable

11 Mild cognitive 
impairment, 
neurocognitive 
disorder, vascular 
dementia, alzheimer, 
dementia, age-related 
cognitive decline

Neurocognitive battery, 
EEG with event-
related potential (ERP), 
Amyloid PET CT, 
blood, MRI, blood 
samples

study of older HK Chinese adults with 
cognitive impairment, with subjective 
cognitive decline and mild cognitive 
impairment.

NCT03275363 Recruiting & Not 
applicable

12 Mild cognitive 
impairment

Curcumin, behavioral: 
aerobic yoga, non-
aerobic yoga, Placebo

Study the clinical benefits of curcumin, 
inhibit several potential disease pathways 
in Alzheimer’s diseases, and determine 
how physical exercise programs impact 
individuals with early memory problems.

NCT01811381 Recruiting & Not 
applicable

13 Relapsing multiple 
sclerosis

Blood sample Auto-reactive T lymphocytes an early 
hallmark of MS, a link inflammation and 
neurodegeneration in a complex and inter-
regulated circuit and the presence of a 
link between metabolism and immune 
responses.

NCT04121065 Not yet 
recruiting & Not 
applicable
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No Disease and 
Conditions

Interventions and 
Exosome source

Therapeutic used in the study Trial 
Identification 
Number

Status & 
Clinical Phase

14 Neuralgia Exosome analysis, 
focused transcranial 
ultrasound

Exosomes loaded anti-inflammatory and 
growth factor targeted delivery

NCT04202783 Recruiting & Not 
applicable

15 Refractory 
depression, 
anxiety disorders, 
neurodegenerati ve 
diseases

Exosomes Safety and efficacy of exosome 
deployment with concurrent transcranial 
ultrasound.

NCT04202770 Recruiting & Not 
applicable

16 Multiple organ 
dysfunction syndrome

MSC derived exosomes Safety and efficacy of exosomal of MSC NCT04356300 Not yet recruited 
& Phase 1, Phase 
2

17 Long-term memory 
decline, mild 
cognitive impairment

Neural exosomes Identify changes in neuronally derived 
exosome levels induced by training

NCT04253587 Not yet 
Recruiting & Not 
applicable

18 Alzheimer’s disease Allogenic adipose 
mesenchymal stem 
cells exosome

Low/mild & high MSCs-Exos 
administrated for nasal drip Dosage

NCT04388982 Not yet recruited 
& Phase 1& 2

ACS Biomater Sci Eng. Author manuscript; available in PMC 2023 September 06.

https://clinicaltrials.gov/ct2/show/NCT04202783
https://clinicaltrials.gov/ct2/show/NCT04202770
https://clinicaltrials.gov/ct2/show/NCT04356300
https://clinicaltrials.gov/ct2/show/NCT04253587
https://clinicaltrials.gov/ct2/show/NCT04388982


A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Huda et al. Page 78

Table 3:

Exosome clinical study application on different diseases model other than brain and cancer

No Disease and Conditions Interventions and 
Exosome source

Therapeutic used in the study Trial 
Identification 
Number

Status & Clinical 
Phase

1 Ulcer Plasma-derived 
exosomes

The objective is to evaluate the effect 
of autologous exosome rich plasma 
on cutaneous wound healing

NCT02565264 Enrolling by 
invitation & Early 
Phase 1

2 Myocardial infarction Exosomes in peripheral 
blood of patients

Expression of miRNA with healthy 
volunteers, explore its relationship 
with the development of myocardial 
infarction

NCT04127591 Not yet recruiting, 
& Not applicable

3 Sepsis Drug: Antibiotics, 
Blood exosomes

To compare peripheral blood 
dendritic cell-derived exosome 
changes in patients with sepsis with 
healthy controls.

NCT02957279 Unknown & Not 
applicable

4 Polycystic ovary 
syndrome

Ginger exosomes, Aloe 
exosomes placebo

Ginger or aloe plants exosomes will 
treat and improve the condition of 
polycystic ovary syndrome

NCT03493984 Recruiting & Not 
applicable

5 Preeclampsia, 
cardiovascular disease

Exosomes from 
maternal blood and 
placental tissue in 
patients diagnosed with 
preeclampsia

The functional role of exosomal 
cargo in normal and pathological 
pregnancies and point towards novel 
therapeutic intervention strategies.

NCT04154332 Not yet recruiting 
& Not applicable

6 Diabetes mellitus type 1 Mesenchymal stem 
cells exosomes

Intravenous infusion of cell-free 
umbilical cord-blood derived 
MSC exosomes may reduce the 
inflammatory state and improve the 
β-cell mass.

NCT02138331

Unknown & 
Phase 2, Phase 3

7 Atrial fibrillation Epicardial fat biopsy Investigates the role of epicardial 
fat-derived exosomes in patients who 
suffer from atrial fibrillation.

NCT03478410
Recruiting & Not 
applicable

8 Kidney transplantation Urinary exosomes Prevalence of NCC activation 
three months after transplantation 
inpatient treated by CNI.

NCT03503461
Completed & Not 
applicable

9 Healthy High salt diet followed 
by a low salt diet and 
vice versa

Changes in the epithelial sodium 
channel (ENaC) of the kidney are 
reflected in the urinary exosomes,

NCT02823613
Active, not 
recruiting & Not 
applicable

10 Hemodynamic instability 
autophagy

Blood and urine 
specimens

Exosomes purified in blood and 
urine and proteomics studies to 
analyze autophagy and apoptosis-
related biomarkers of exosomes by 
bioinformatics.

NCT03267160

Active, not 
recruiting & Not 
applicable

11 Macular holes Exosomes derived from 
mesenchymal stem 
cells from the human 
umbilical cord

Exosome isolation sequential 
ultracentrifugation confirmed via 
spectral-domain optical coherence 
tomography (OCT) and the 
minimum linear diameter (MLD).

NCT03437759

Recruiting & 
Early Phase 1

12 Blood coagulation, 
platelet function

Exosomes from red 
blood cells

Analyze the effect red blood cell 
exosomes units have on blood 
coagulation and platelet function.

NCT02594345
Completed & Not 
applicable

13 Healthy Erythropoietin, placebo The diagnostic value of differentially 
regulated exosome proteins could be 
further validated against the existing 
IEF EPO WADA accredited tests.

NCT03700515

Recruiting & Not 
applicable

14 Preeclampsia Umbilical cord 
mesenchymal stem cell 
exosomes

To identify miRNAs 136, 494, 
and 495 genes expression in the 
exosomes between peripheral blood, 
andumbilical cord mesenchymal 
stem cells.

NCT03562715

Completed & Not 
applicable
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No Disease and Conditions Interventions and 
Exosome source

Therapeutic used in the study Trial 
Identification 
Number

Status & Clinical 
Phase

15 Sepsis with multiple organ 
dysfunction (MOD)

Exosomes from 
macrophage co-culture 
with human cells, 
blood, and urine.

Proteomics studies in exosomes 
from cell culture and clinical 
specimens. analyze ubiquitination, 
autophagic, and apoptosis-related 
biomarkers of exosomes by 
bioinformatics.

NCT03222986 Recruiting & Not 
applicable

16 Prehypertension Urine exosomes To characterize changes in urine 
electrolytes and exosome protein.

NCT04142138 Not recruiting yet 
& Not applicable

17 Exercise physiology Age, Genes, Training, 
Tickborne Disease, and 
Endurance

Investigate potential relationships 
between age, training intensity, 
training volume, genes, exosomes, 
and history of tick-borne disease 
and physiological variables and 
endurance performance.

NCT03569566 Enrolling by 
invitation & Not 
applicable

18 Overweight children with 
type 2 diabetes risk

Exosomes from blood 
samples.

microRNA profiling in circulating 
exosomes and in blood peripheral 
mononuclear cells in pre-adolescents 
with high risk to develop T2D.

NCT03027726

Completed & Not 
applicable

19 Diabetic retinopathy (DR) Hematological 
examination, 
ophthalmic 
examination. Serum 
exosomes

Significant associations between DR 
progression and different exosomal 
miRNA using various statistical 
methods.

NCT03264976 Not recruiting yet 
& Not applicable

20 Spinal disease Urine & blood 
exosomes

Exosomes have the potential of 
being simple biomarkers that can 
diagnose postoperative delirium and 
predict cognitive decline.

NCT04120272 Not yet recruiting 
& Not applicable

21 CKDu, arterial stiffness Arterial stiffness 
assessment, serum, and 
urine biomarker

To characterize their disease profile 
using analysis serum and renal urine 
biomarkers, exosomes, proteomics, 
and DNA adducts.

NCT02226055 Completed & Not 
applicable

22 Normal cellular 
metabolism

Somatostatin glucagon, 
exosome derived from 
the arterial-venous 
supply of tissues.

Study the exosomes derived from 
the arterial-venous supply of tissues 
related to the TCA cycle activity.

NCT02748369 Active, not 
recruiting & 
Phase 1

23 Hypertension Urine samples The study is to determine the 
concentrations and variabilities of 
urinary exosomal sodium channels 
and plasma angiotensins.

NCT03034265 Completed & Not 
applicable

24 Chronic kidney 
failure, dialysis related 
complication

Mixed online 
hemodiafiltration, High 
flux bicarbonate 
dialysis, plasma 
exosomes

Quantitative micro-RNA changes 
in plasmatic exosome/microvesicles 
assessed by quantitative real-time 
PCR, Quantitative changes in 
C-Reactive Protein, Neutrophil 
Gelatinase associated Lipocalin, 
Interleukin-6, Ferritin.

NCT03202212 Completed & 
Phase 1, Phase 2

25 Uveitis, vasculitis, ocular 
inflammatory disease

Optic fluid, exosomes 
present in vitreous and 
AC fluid in the eye

Kinds of cytokines, lymphokines, 
biomarkers, proteome, and exosomes 
present in vitreous and AC fluid in 
the eye with uveitis or other retinal 
diseases.

NCT00331331 Completed & Not 
applicable

26 Port-wine stain Biopsy sample from 
Port Wine Stain 
Birthmark, Blood 
exosomes

Blood samples to characterize 
exosomes and metabolites from Port 
Wine Stain.

NCT02051101 Active, Not 
recruiting & Not 
applicable

27 Diabetes mellitus, type 1 
diabetes diabetes.

Insulin deprivation in 
type 1 diabetic patients, 
exosomes blood

Transient insulin deprivation in 
adolescents and T1DM adults 
alter the circulating blood and 
metabolome exosome contents

NCT03392441 Active, not 
recruiting & Not 
applicable
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No Disease and Conditions Interventions and 
Exosome source

Therapeutic used in the study Trial 
Identification 
Number

Status & Clinical 
Phase

28 Type1 diabetes mellitus, 
type2 diabetes,

Human blood samples, 
beta-cell exosomes

In this study, beta-cell derived 
exosomes will be detected and 
characterized in human blood 
samples.

NCT03106246 Unknown

29 Sepsis Blood & serum 
exosome

miRNA expression levels in 
exosomes, serum, and blood cells.

NCT03280576 Complete & Not 
applicable

30 Obesity Early time-restricted 
feeding, structured 
weight loss program, 
urine exosome

Urine exosomes will be analyzed 
in 12-hour bins to determine how 
meal timing affects these endpoints 
differentially during the daytime and 
nighttime.

NCT03459703 Recruiting & Not 
applicable

31 Barretťs esophagus, 
gastroesophageal 
reflux, esophageal 
adenocarcinoma

Blood exosomes Measure for a biomarker 
called microRNA (miRNA) using 
exosomes.

NCT02464930 Unknown & Not 
applicable

32 Childhood chronic kidney 
disease

Urine exosomes Molecular value (ADMA & urine 
exosome miRNA),

NCT03227055 Recruiting & Not 
applicable

33 Chronic Ulcer Conditioned media, 
opical Antibiotic 
Combinations, 
Exosome from cell 
medium

Study to see the therapeutic 
potentials of Conditioned Medium 
Stem Cell as an additional growth 
factor in chronic skin ulcer healing 
and to compare the success of 
chronic ulcer healing

NCT04134676 Not yet recruiting 
& Phase 1

34 COPD, emphysema 
chronic bronchitis airway 
obstruction smoking, 
tobacco, gender

Exosomes from lung 
cells.

Alterations at the epigenetic, mRNA, 
microRNA, proteome, metabolome, 
and microbiome level will perform 
from multiple lung compartments

NCT03049202 Recruiting & Not 
applicable

35 Hypertension sodium phosphate 
sevelamer, sodium 
bicarbonate, sodium 
chloride Plasma and 
urine sample

Changes in NaPi-IIa assessed from 
urinary exosomes.

NCT02822131 Completed & Not 
applicable

36 Thyroid disease, heart 
failure

Urine sample Investigators will enroll clinical 
and subclinical thyroid disease with 
quarterly follow-up then detect urine 
exosomal proteins NT-proBNP.

NCT03984006 Recruiting & Not 
applicable

37 Drug-resistant epilepsy Blood sample Expression profile of miRNAs in the 
plasma as well as in the exosomes.

NCT03419000 Recruiting & Not 
applicable

38 Panic disorder Serum sample Changes in exosomal microRNAs 
(miRNAs) from serum samples 
taken before an Disorder d after 
CBT (PD) patients from Panic

NCT04029740 Recruiting & Not 
applicable

39 Diabetes Dual energy X-ray, 
adipose tissue biopsy, 
blood sample

New biomarkers of adult-onset 
autoimmune diabetes.

NCT03971955 Recruiting & Not 
applicable

40 Aging, cognitive, ketones, 
blood sugar

Jardiance 25 mg, 
Plasma exosomes

The study is an increased expression 
of receptors and mediators of ketone 
metabolism in plasma exosomes.

NCT03852901 Recruiting & 
Phase 1

41 Diabetes mellitus, type 
2 diabetes, cardiovascular 
diseases

Dapagliflozin 10 mg, 
Saxagliptin 5 mg, Urine 
exosomes

In addition to Dapagliflozin 
(additive effect), Saxagliptin may 
improve EPC number and function 
even more than Dapa alone, 
compared to placebo.

NCT03660683 Recruiting & 
Phase 4

42 Insulin resistance Rosiglitazone versus 
placebo, response to 
amiloride infusion & 
furosemide infusion, 
Urine exosomes

The difference in the ENac 
abundance in exosomes in the urine 
measured after eight weeks of 
treatment with either rosiglitazone or 
placebo.

NCT00285805 Completed & Not 
applicable
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No Disease and Conditions Interventions and 
Exosome source

Therapeutic used in the study Trial 
Identification 
Number

Status & Clinical 
Phase

43 Childhood obesity, 
adolescent obesity

Behavioral: Exercise, 
Serum exosomes

Looking for circulating exosome-
derived miRNA in plasma.

NCT03762629 Recruiting & Not 
applicable

44 Fibrosis, kidney transplant 
failure, kidney allograft, 
and rejection

Observational (a 
urinary biomarker 
for kidney allograft 
fibrosis), urine 
exosomes

Urinary exosomes are isolated and 
analyzed transglutaminase type 2

NCT03487861 Recruiting & Not 
applicable

45 Obstructive sleep apnea, 
morbid obesity, epigenetic 
disorder

CPAP, bariatric surgery, 
blood sample, exosome 
mRNA

Differences in miRNA profile 
among patients with morbid obesity 
with or without OSA.

NCT03995836 Completed & Not 
applicable

46 HIV infection, 
tuberculosis Infection

Detection of molecular 
biomarkers, plasma 
exosomes

Description of miRNA expression 
profile in a cohort of patients with 
an HIV infection and Tuberculosis 
and correlate it with their clinical 
evolution.

NCT03941210 Recruiting & Not 
applicable

47 Obstructive sleep apnea 
of adult, hypoxia, 
sleep disorder, stroke, 
endothelial dysfunction, 
oxidative stress

Drug lowering cerebral 
blood flow (CBF) and 
normoxia sleep, urine 
exosomes, placebo, and 
intermittent hypoxia 
sleep. blood sample,

Vascular biomarkers exosome 
analysis or urinary prostaglandins 
before and after sleep under 
normoxia and intermittent hypoxia 
exposure with cerebral blood flow 
changes.

NCT03255408 Not yet recruiting 
& Phase 1 & 2

48 Muscular dystrophy, 
neuromuscular diseases, 
X-Linked genetic 
diseases, inborn

Cardiosphere-derived 
cell exosomes.

Evaluating the safety and efficacy of 
a cell therapy called CAP-1002.

NCT03406780 Active not 
recruiting & 
Phase 2

49 Heart Failure with 
Preserved Ejection 
Fraction

Drug: 0.9% Sodium 
Chloride, Furosemide 
40 mg

Sodium transporters in Urinary 
exosomes will be characterized and 
compared between HFpEF patients 
and controls.

NCT03837470 Recruiting & 
Early Phase 1

50 Obesity, insulin resistance Mediterranean diet, 
ketogenic diet, Blood 
and Adipose tissue 
exosomes

Signaling between organs and cells 
will be examined by isolating 
exosomes from blood and adipose 
tissue

NCT04131166 Recruiting & Not 
applicable

51 Thoracic surgery, video-
assisted

two-lumen catheter, 
chest tube, plasma 
sample exosomes

Diagnostic value and molecular 
characteristics of plasma exosome-
derived miRNAs for these patients.

NCT03230019 Recruiting & Not 
applicable

52 Healthy older adults ages 
65–89

Blood, CSF, and serum 
exosomes

Different biomarkers may relate 
to immune health and the aging 
process, the risk for cognitive 
decline, and Alzheimer’s disease.

NCT03944603 Recruiting & Not 
applicable

53 Obesity, insulin resistance Blood and adipose 
tissue exosomes

Signaling between organs and cells 
will be examined by isolating 
exosomes from blood and adipose 
tissue.

NCT02706262 Recruiting & Not 
applicable

54 Body weight changes Moderately high 
protein diet, low-fat 
diet, serum exosome 
mRNA

MicroRNAs levels in exosomes will 
be measured by NGS Illumina 
Myseq at baseline and the end of the 
bodyweight-loss period

NCT02737267 Unknown & Not 
applicable

55 Rhinitis, allergic, 
perennial

Exosomes from blood, 
saliva, serum, and 
plasma

Exosome Isolation Reagent (for 
plasma or serum) will compare the 
change in exosomes before and after 
treatment.

NCT02653339 Unknown & Not 
applicable

56 Exosome Endometrial fluid 
collection, serum, blood 
exosomes

To describe the morphology, size 
distributions, and specific markers 
of the different vesicle’s populations 
present endometrial fluid (i.e., DNA, 
RNA, proteins, lipids)

NCT02797834 Unknown & Not 
applicable

57 Non-alcoholic fatty liver 
disease

Tofogliflozin, 
glimepiride

Changes from baseline in 
microRNAs and exosome contents.

NCT02649465 Recruiting & 
Phase 4
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Exosome source

Therapeutic used in the study Trial 
Identification 
Number

Status & Clinical 
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58 Chordoma Drug: Afatinib Blood 
samples

Pharmacokinetic study and 
translational studies on EGFR 
pathway activation and signaling on 
blood and tumor samples.

NCT03083678 Recruiting & 
Phase 2

59 Minimal Residual 
disease, recurrent 
acute&myelodysplasia 
recurrent childhood acute 
myeloid leukemia

Daratumumab, Donor 
Lymphocyte Infusion, 
Laboratory Biomarker 
Analysis

The donor lymphocytes and 
monoclonal antibodies, such as 
daratumumab, may kill the 
remaining cancer cells.

NCT03537599 Recruiting & 
Phase 1&2

60 Dystrophic epidermolysis 
bullosa

AGLE-103 is an 
allogeneic derived 
exosomes product 
derived from healthy 
donor mesenchymal 
stem cells (MSCs), 
placebo

To assess the safety and 
effectiveness of AGLE-103 vs. 
placebo on lesions in subjects with 
EB.

NCT04173650 Not yet recruiting 
& Phase 1, Phase 
2

61 Type-1 diabetes Circulating β-cell 
exosomes

To diagnose the disease and its 
progression in type 1 diabetes.

NCT04164966 Not yet recruiting 
& Not applicable

62 Fasting Time-restricted feeding 
(TRF) with dietary 
counseling, blood 
exosomes

Safety and compliance, as well 
as the efficacy of one specific IF 
intervention called time-restricted 
feeding.

NCT04184076 Not yet recruiting 
& Phase 2

63 COPD Blood, stool, urine, 
saliva, serum exosomes

Exosome characterization of COPD 
patients and healthy controls.

NCT04183530 Recruiting & Not 
applicable

64 Dry eye Mesenchymal stem 
cells derived

Umbilical Mesenchymal Stem Cells 
(UMSC) derived exosomes for 
chronic Graft Versus Host Diseases 
(cGVHD) treatment

NCT04213248 Not yet recruiting 
& Phase 1, Phase 
2

65 Sleep apnea, 
inflammation, 
atherosclerosis

Myeloid PTP1B 
expression analysis, 
blood exosomes

To investigate myeloid PTP1B 
involvement in the vascular pro-
inflammatory process described in 
OSA.

NCT04235023 Not yet recruiting, 
not applicable

66 Coronavirus MSCs-derived 
exosomes

Efficacy and safety of aerosol 
inhalation of the exosomes 
derived from allogeneic adipose 
mesenchymal stem cells (MSCs-
Exo)

NCT04276987 Not yet recruited 
& Phase 1

67 Corona infection, virus 
pneumonia

T-cell-derived 
exosomes

Safety and efficacy of this new 
targeted delivery by metered-dose 
inhaler

NCT04389385 Active but not 
recruiting & 
Phase 1

68 Pulmonary Nodule Blood and alveolar 
lavage of lung nodules 
patients

Study the sensitivity, specificity, 
and diagnostic accuracy of ctDNA 
and exosome combined detection 
in the identification of benign and 
malignant pulmonary nodules

NCT04182893 Recruiting & Not 
applicable

69 Periodontitis Adipose-derived stem 
cells exosomes

The adipose stem cell exosomes 
are isolated autogenously from the 
patient to be injected locally into the 
periodontal pockets to evaluate their 
regenerative effect.

NCT04270006 Recruiting & 
Early Phase 1

70 Healthy control Low level of MSCs-
Exo, High level of 
MSCs-Exo

Safety and tolerance of aerosol 
inhalation of the exosomes 
derived from allogeneic adipose 
mesenchymal stem cells (MSCs-
Exo)

NCT04313647 Recruiting & 
Phase 1

71 Healthy elderly IkT-148009 & placebo, 
CNS-deriver exosomes

Investigates the safety tolerability 
movement of drug IkT-148009 in 
healthy elderly volunteers.

NCT04350177 Not yet recruiting 
& Phase 1
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72 Heart failure Exercise training, 
plasma exosome

Plasma exosomes will be isolated 
using microbead-based sorting 
techniques and characterized

NCT04334603 Recruiting & Not 
applicable

73 Empagliflozin, 
hypoglycemic agents, 
sodium-glucose 
transporter 2 Inhibitors

Jardiance 25 mg, 
plasma exosomes

Determine expression of receptor 
and mediators of ketone metabolism 
in plasma exosomes.

NCT03852901 Recruiting & 
Phase 1

74 Multiple system atrophy Blood, and plasma 
exosomes.

The study is to complete the target 
validation of insulin resistance for 
future treatment trials.

NCT04250493 Not yet recruiting 
& Not applicable

75 Multiple organ failure MSC exosomes To evaluate the safety and efficacy of 
exosomes from MSCs to determine 
clinical dosage for patients with 
severe MODS

NCT04356300 Not yet recruiting 
& Not applicable

76 Oocyte maturation Follicular fluid 
exosomes

Investigate the miRNA in (follicular 
fluid) FF exosomes in young and 
aged women and their relationship to 
egg maturation

NCT04382872 Not yet recruiting 
& Not applicable

77 Corona virus Infection, 
COVID-19, SARS

Organicell Flow, 
placebo

Safety and efficacy of intravenous 
infusion of Organicell Flow

NCT04384445 Not yet recruited 
& Phase 1, 2

78 Coronavirus MSCs-derived 
exosomes

The efficiency of aerosol inhalation 
of the exosomes derived from 
allogeneic adipose mesenchymal 
stem cells (MSCs-Exo)

NCT04276987 Complete, Phase 
1

79 Drug resistance exosomes MPCs-derived Evaluate the efficacy and safety 
of haMPC-exosome treatment with 
pulmonary infection caused by 
gram-negative bacilli resistant to 
carbapenems.

NCT04544215 Recruiting, Phase 
1 & 2

80 Endothelial dysfunction, 
obese, OSA patients

Circulating exosome, 
mRNA analysis.

Evaluation of miRNA contained in 
exosomes

NCT04459182 Not yet recruiting, 
not applicable

81 Kidney transplantation Urine exosome analysis Urine exosome analysis after kidney 
transplantation

NCT03503461 Complete, not 
applicable

82 Covid19, SARS-CoV-2 
pneumonia, COVID-19

Mesenchymal stem 
cells exosomes

Inhalation of exosomes may reduce 
inflammation and damage to the 
lung tissue and stimulate the 
regenerative processes.

NCT04602442 Enrolled by 
invitation, Phase 2

83 Covid19, SARS-CoV-2 
Pneumonia, COVID-19

Mesenchymal stem 
cells exosomes

Inhalation of exosomes may reduce 
inflammation and damage to the 
lung tissue and stimulate the 
regenerative processes.

NCT04491240 Complete, Phase 
1& 2

84 Acute respiratory distress 
syndrome

Human mesenchymal 
stem cell exosome

To evaluate allogeneic human 
mesenchymal stem cell exosomes 
(hMSC-Exos) in the treatment of 
acute respiratory distress syndrome

NCT04602104 Not yet recruiting, 
Phase 1 &2

85 Healthy control Mesenchymal stem 
cells (MSCs) exosomes

Evaluate aerosol inhalation’s safety 
and tolerance of the exosomes 
derived from allogeneic adipose 
mesenchymal stem cells (MSCs-
Exo) in healthy volunteers.

NCT04313647 Recruiting, Phase 
1

86 Macular holes Mesenchymal stem 
cells (MSCs) exosomes

Efficacy and safety of MSC-
derived exosomes (MSC-Exos) for 
promoting healing of large and 
refractory macular holes (MHs)

NCT03437759 Recruiting, early 
phase 1

87 Blood coagulation, 
platelet function

Red derived exosomes 
blood-

To analyze the effect exosomes 
derived from red blood, cell units 
have blood coagulation and platelet 
function.

NCT02594345 Complete, Not 
applicable
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88 Metabolism, acute 
resistance exercise

Muscle exosomes Exercise-induced skeletal muscle 
exosomes promote adipocyte 
lipolysis

NCT04500769 Recruiting, not 
applicable

89 Allergic asthma, severe 
eosinophilic asthma

rEOS- and iEOS-
derived exosomes

Qualitative and quantitative selected 
ncRNA levels in lung resident EOS- 
and inflammatory EOS-derived 
exosomes

NCT04542902 Recruiting, Not 
applicable

90 Jaundice, Neonatal Breast milk exosomes. Analysis of breast milk exosomes 
miRNA for hyperbilirubinemia 
Neonatal

NCT04527536 Notrecruiting yet, 
not applicable

91 Diabetes mellitus type 
2, gestational diabetes, 
Overweight and obese, 
Pregnancy in diabetic, 
Insulin resistance, Insulin 
sensitivity, Pregnancy, 
High Risk

Serum plasma 
exosomes and

The level, content, and bioactivity 
of exosomes in serum and plasma 
Versus Insulin sensitivity

NCT04617405 Not yet recruiting, 
not applicable

92 Lupus nephritis Urine and serum 
exosomes

Analyze urine and serum exosome 
biomarkers

NCT04534647 Recruiting, Not 
applicable

93 Acute myeloid leukemia Bone marrow and 
peripheral blood 
exosomes

Analysis of exosomes and 
microvesicles derived from PB and 
bone marrow samples of AML 
patients

NCT04460963 Not yet recruiting, 
not applicable

94 Polycystic kidney disease, 
autosomal dominant

Urine exosomes Changes in polycystin-1 (PC-1) and 
polycystin-2 (PC-2) protein levels in 
urinary exosomes from baseline to 
Day 44

NCT04536688 Recruiting, Phase 
1

95 COVID-19 Cardiosphere-derived 
cells (CDCs) exosomes

CDC exosome ability to be 
immunomodulatory, anti-fibrotic, 
and regenerative.

NCT04623671 Recruiting, Phase 
2

96 Covid19 ARDS 
pneumonia, viral

Bone marrow-derived 
exosomes

Safety and efficacy of intravenous 
administration of bone marrow-
derived exosomes

NCT04493242 Not yet recruiting, 
Phase 2

97 Non-alcoholic fatty 
liver disease, Metabolic 
syndrome, metabolically 
abnormal & metabolically 
normal obesity, obesity

Liver exosomes To determine the specific cellular 
and organ system, metabolic 
and immunologic alterations via 
analyzing liver exosomes.

NCT01104220 Recruiting, not 
applicable

98 SARS (Severe Acute 
Respiratory Syndrome)

Blood exosomes Blood filtration using Hemopurifier 
and blood exosome analysis.

NCT04595903 Not yet recruiting, 
not applicable

99 Systemic autoimmune 
diseases

Plasma and urine 
exosomes

Exosomes for biomarker screening, 
gene expression analysis

NCT02890134 Unknown, not 
applicable

10
0

Systemic autoimmune 
diseases

Urine and plasma 
exosome

Exosomes for biomarker screening, 
gene expression analysis

NCT02890121 Complete, Not 
applicable
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