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Abstract
Owing to its highly biocompatible property as naturally produced nanoscale particle and drug carrying ability, exosome has
attracted much interest in the biomedical area. Versatile functions of exosome in biological system play an important role in
elucidating mysterious and unknown biological processes and pathological disease progression. For usage of exosome as brain
disease therapeutics, even though the ability of exosomes crossing blood brain barrier (BBB) is not well clearly proven, the small
size and their own characteristics possessing cell-derived molecular contents may provide great and beneficial tools for brain
delivery and brain-associated disease therapy. A variety of trials related to bioapplications using stem cell-derived exosome in
regenerative therapy or autologous exosome shuttling inhibitor targeting brain disease-associated protein marker enhance pos-
sibility of exosome toward clinical application. The radionuclide PETor SPECT imaging of radiolabeled exosome will be clearly
able to provide accurate clues for analyzing their whole body distribution, targeting efficacy, and the degree of non-specific tissue
uptake. In this perspective, the practical information on thranostics of exosome for brain delivery and therapy is offered and
radionuclide-based exosome applicability will be dealt with.
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Introduction

The concept of exosomes that is known as one of the small
nano-sized extracellular vesicles (EV) released from nearly all
cells was first recognized in the early 1980s. Exosomes deliver
cell’s intrinsic molecular components as a form of RNA and
protein to distant or neighboring cells to alter their phenotype
and function. Since exosome is known to play an important
role in innate and adoptive immunity, diverse biological func-
tions such as stem cell maintenance, inflammation, and cell
angiogenesis have been identified. Also, exosome has been
linked with triggering pathological process in cancer,

neurodegenerative disease, which can be considered the ideal
therapeutic target.

Exosome that is naturally produced from our body has been
intensively noticed as potential diagnostic and therapeutic
agent owing to its high biocompatibility and infinite applica-
bility. Significant interest and bold R&D investment on
exosome has greatly increased in recent years even though
discovery and history of exosome is just 40 years. Indeed,
exosome has long been thought to have a role of merely tiny
waste disposal from cells. But, after exosome is recognized to
contribute to physiological or pathological function as a sig-
nificant messenger, many basic scientists and physicians start
to apply exosome to their own biological or medicinal area.

From this atmosphere, the National Institutes of Health
(NIH) started to realize the significance of extracellular vesicle
on a broad range of biomedical applicability. For the effort of
accelerating the advancement of the basic research and appli-
cation on exosome, this government institute started to be
seeking grant applications for research projects regarding
exosome-based disease detection, diagnosis, and therapy.

As well as government interest, industrial effort has been
made for the purpose of its mass production or medicinal
application. Many bio venture companies, especially develop-
ing cell-based therapeutics, are hoping to harness exosome
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that is purified from cell culture medium for the commercial
purpose. One of the exosome-specialized leading companies,
ExoCoBio established in 2017, has received about $46million
through series A and B funding round in total from domestic
venture capital within 2 years to establish GMP-
manufacturing facility for mass production of exosome thera-
peutics. This bio-company has pursued improvement of skin
tissue regeneration using stem cell exosome in cosmeceutical
purpose as well as stem cell exosome-based disease therapy.
Also, Codiak BioSciences founded in 2015 is applying the
natural properties of exosomes capable of loading chemical
or macromolecule drug for disease targeting and therapy.

Potential Role of Exosome in Drug Delivery
and In Vitro Diagnostic Purpose

Exosome has contributed to roughly five different research
areas (drug delivery system, in vitro diagnosis, stem cell alter-
natives, cancer vaccine, and cosmetics) for biomedical appli-
cation [1–10]. Ability of exosome that is capable of simply
encapsulating small molecule drug, peptide, and nucleic acid

as drug delivery conveyor provides substantial merit for
targeted disease therapy [11–14]. Raghu Kalluri’s group clear-
ly demonstrated the superiority of exosome as siRNA delivery
therapeutics compared to its counterpart, liposome. CD47-
possessing exosome is recognized by circulating monocyte
as a self, and circulation time increases, which has greater
chance to be accumulated in tumor area [15]. The shRNA
against oncogenic KRAS mutant mRNAwas transferred into
human fibroblast exosome using electroporation, and intraper-
itoneal administration of engineered exosome (iExosome) in
pancreas tumor-bearing mice was conducted at every other
day until 200 days. Compared to the same counterpart group
using liposome, drug-loaded iExosome significantly inhibits
tumor growth, and therapeutic effect of iExosome for pancreas
cancer was maintained until 200 days (Fig. 1). However, bolus
injection of exosome via intravenous route eventually causes a
very high rate of liver accumulation, which results in low
targeting efficacy to the tumor area. Liver evading method to
make exosome drug send to the disease site more efficiently
should be developed.

For the diagnostic purpose, abundance of exosome, approx-
imately 3 × 109/mL in blood serum, offers good original source

Fig. 1 Therapeutic effectiveness of drug-loaded exosome for pancreas
cancer. Human foreskin fibroblast (BJ)-derived exosome was loaded
with shRNA for KrasG12D using electroporation. Ten days after
orthotopic administration of human pancreas cancer cells,
approximately 108 iExosomes (0.15–0.20 μg/injection) were

intraperitoneally injected into the nude mice every other days until
200 days. Time course semi-quantitative data for growth of luciferase-
expressing pancreas tumor in mice revealed that iExosomes but not
iLiposomes completely suppress tumor volume in pancreas tumor-
bearing mice until 200 days. Reprinted with permission from [15]
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to detect disease biomarker. A variety of customized
microfluidic chip platform has been rapidly developed for sim-
ple, rapid detection of exosome biomarker in blood, urine
[16–18]. Urinary exosome isolated from urine sample of idio-
pathic Parkinson’s disease patient contains the elevated level of
Ser(P)-1292 LRRK2, which correlated with poor cognitive
performance [19]. Rapid detection of exosome biomarker via
simple sample collection will be able to contribute to predic-
tion, classification, and therapeutic effect evaluation of
Parkinson’s disease patient. However, we need to consider that
exosome is so heterogeneous. Certain exosome contents are
vacant inside, or the amount of target protein or RNA content
varies as the individual exosome. Thus, exosomal content anal-
ysis needs to be performed in single exosome level.

Therapeutic Function of Stem Cell-Derived
Exosome

For application of stem cell-derived exosome, MSC-derived
exosomes exerted reduction in infarct size by 45% in myocar-
dial ischemia/reperfusion injury [19, 20]. The glycolytic en-
zyme, anti-apoptotic protein, and anti-inflammatory factors
are contained in mesenchymal stem cells (MSC)-derived
exosomes, which leads to increase in ATP production and
myocardial viability, and decrease in oxidative stress and in-
flammation with functional improvement [21]. Also, stem
cell-derived exosome participates in stimulating skin rejuve-
nation by promoting the synthesis of collagen and elastin [22].

There are several clear evidences on therapeutic benefit
using stem cell-derived exosome in neurological diseases.
Human dental pulp stem cell-derived exosome showed reduc-
tion in the apoptosis of dopaminergic neuron treated with 6-
hydroxydopamine (OHDA) in specialized three-dimensional
cell culture condition [23]. Also, exosomes loaded with anti-
oxidant enzyme, catalase exerted sustained release and neuro-
protective effect by decreasing ROS levels in PC12 cells.
Intranasal administration of catalase-carrying exosome showed
high accumulation in the mouse brain and protective effect in
Parkinson’s disease mouse [24]. Also, interesting evidence
dealing with the beneficial effect of long noncoding RNA in
exosome was reported [25]. Indeed, it was surprised at exis-
tence of long noncoding RNA that is more than 200 nucleotide
in size with three-dimensional structure inside exosome. Bassit
et al. documented that metastasis-associated lung adenocarci-
noma transcript 1 (MALAT1) was found in the exosomes de-
rived from human adipose stem cells and increases survival of
neurons by mediating PKCδII alternative splicing [25].

General curiosity on availability of allo-or xeno-graft of
exosome for disease therapy can be occurred to facilitate rapid
application of exosome therapeutics to clinic. The mini-pig
adipose-derived mesenchymal stem cell (ADMSC) and
ADMSC-derived exosome therapy were conducted to

compare therapeutic effect on acute ischemic stroke (AIS)
[26]. The significant improvement in brain infarct volume
became apparent in treatment group of ADMSC, exosome,
and ADMSC-exosome together, but not in AIS. Intravenous
injection of 100 μg of exosome at 3 h after establishment of
AIS revealed reduction in brain infarct volume (Fig. 2) and
functional improvement accompanied with decreased inflam-
mation and oxidative stress in AIS model. Interestingly, xeno-
graft of pig-originated ADMSC-exosome was immune
privileged in rat AIS model. Indeed, ADMSC has immuno-
modulatory and anti-inflammatory function. And, compared
to cell therapy, exosome in much smaller size that contains
less surface antigen in exosomal membrane seems to have less
immunogenic property, which could be recognized as more
safe and effective therapeutics.

Blood Brain Barrier Penetration of Exosome
and the Engineered Exosome Therapeutics
for Treatment of Brain Disease

The most key challenge in exosome-based brain delivery and
therapy is the lack of evidence and uncertainty on exosome to
cross blood brain barrier (BBB). Theoretically, major job of
exosome is to deliver information to its target cells by trans-
ferring donor cell’s inherent molecular signature to change the
phenotype and function of target cells. From this aspect, the
neuron, astrocyte, and microglia in the brain parenchymal
continue to release its own exosome and exosome might take
long journey to other peripheral tissues (ex. intestine) along
with blood vessel. If so, crossing BBB would be necessary on
exosome to perform its own work. However, whether
exosome passes through BBB or how endothelial cell uptake
mechanism of exosome is involved in remains question mark.
In vitro brain microvascular endothelial cell (BMEC) mono-
layer culture system has been widely used to mimic in vivo
BBB environment in microfluidic chip or transwell system
[27–29]. One report investigated movement of exosome via
BBB using in vitro BBB model [30]. Gaussia luciferase gene
fused with lactadherin (hGluc-Lact), membrane protein was
used for reporter-based exosome tracing. The hGluc-Lact-
293T exosome was shown to cross BBB by interacting with
BMEC. Interestingly, exosomes were selectively passing
through BMEC monolayer activated by TNF-α to make pro-
inflammatory stroke-like condition, while exosomes did not
cross BMEC under non-treated normal condition.
Approximately 10% of exosome was crossing BMEC mono-
layer in transwell chamber at 18 h after TNF-α treatment [30].
Blocking study on multiple endocytosis pathways clearly ex-
hibited that internalization of exosome by BMECs is based on
clathrin- or caveolae-dependent pathway. However, in this
study, real-time fate of exosome in cytoplasmic area and exo-
cytosis route is not well investigated. If we think about the
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general cellular uptake process of exosome to recipient
BMEC, exosomal membrane taken up by BMEC is likely to
be fused with endosomal membrane and get molecular con-
tents of exosome released into cytoplasm of target cells. So,
maybe, the fate of exogenous exosome secreted from donor
cells would be finished after endocytosis, and newly produced
de novo exosome would be generated and exit from cells. But,
this phenomenon is not well understood, because technique
for real-time tracking of exosome from endocytosis to exocy-
tosis is not developed. And, also we could not exclude the
feasible phenomenon that the exosome would be directed tak-
en up by cells and the same exosome would be escaped from
cells via transcytosis. For the brain-targeted delivery of
exosome, despite difficulties in brain delivery of exosome
due to BBB,Matthew JAWood’s group successfully achieved
brain delivery of drug-loaded exosome for the purpose of
Alzheimer’s disease therapy [31]. DNA plasmid construct
containing rabies virus glycoprotein (RVG)-fused Lamp2b
was transfected into dendritic cells (DC), and autologous DC
exosome loaded with siRNA via electroporation was injected
back into mouse. RVG-exosome specifically targeted neuro-
nal cells via its corresponding acetylcholine receptor after
crossing BBB and showed dramatic knockdown of BACE1
expression in normal C57BL/6 mice. These findings provide
therapeutic potential of exosome for therapeutic siRNA deliv-
ery to the brain. However, we need to consider that intrinsic

size of exosome ranging from 40 to 100 nm would not be able
to avoid being accumulated in the liver tissue when exosomes
are systemically injected. High engulfment of the injected
exosome by resident Kupffer cells or hepatocytes that cause
the non-specific knockdown of gene in the liver could be a
major issue to reduce the targeting efficacy of drug-loaded
exosome. And, also the accurate amount of exosome uptaken
in each organ over time should be quantitatively calculated.
Even though many previous reports suggested the excellent
therapeutic response of exosome, researches providing in vivo
tracking information of exosome such as exact whole body
distribution are required [32–39].

In Vivo Radionuclide Imaging of Exosome
and Nuclear Thranostics for Brain

To trace organ distribution and excretion of the grafted
exosome, adopting the non-invasive imaging techniques is
necessary for simpleandreliable approach toachieve itsgoal.
Of the different imaging modalities, radionuclide and mag-
netic resonance imaging techniques can be used for clinical
application. MR contrast agent such as such as ultra-small
superparamagnetic ironoxidenanoparticles (USPIO) should
be labeled with exosome for MR-based tracing of exosome
with high spatial resolution [40, 41]. However, based onMR

Fig. 2 Reduction of brain infarction volume using ADMSC-derived
exosomes in ALS. The brain infarct area was measured on day 60 after
acute ischemic stroke (ALS). Xenograft of adipose-derived mesenchymal
stem cell exosome via intravenous route showed reduced infarction size,

measured by H&E staining (100×) F. Significant improvement in left
brain infarct size was found after dual treatment of ADMSC and
ADMSC exosome. Reprinted with permission from [26]
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imaging, it may not be easy to distinguish clear location of
exosome from non-specific MR signal with high sensitivity
incertainorgan.Eventhoughradionuclide-basedwholebody
imaging of exosome can offer highly sensitive signal in the
certain organ region of interest, the amount of previously re-
ported literatures regarding radioisotope-labeled exosome
usingPET/CTandSPECT/CTimaging are not enough tobet-
ter understanding in vivo fate of exosome quantitatively.
Currently, only several studies successfully achieved the
radioisotope-based in vivo biodistribution of EVs.
Morishita et al. adopted the iodine-125, which has long half-
lie(60days),andutilizedhighaffinityof125I-biotinderivative
and streptavidin-lactadherin, exosomal membrane protein
forradiolabelingofmelanomaexosome[42].Fromthisstudy,
125I-melanoma exosome injected via intravenous route in
mouserevealedthebiphasicradioactivitypatternintheblood,
showingveryrapidcirculationtime(1.5minhalf-lifeat firstα
phase)andmuchslowerreduction(346minhalf-lifeatsecond
β phase) through two compartmentmodel.Also, the injected
exosomes were rapidly accumulated in the liver with 17% of
injection dose (ID) at 1 min and reached a plateau at 30 min
with 39% ID. From this radionuclide-based exosome
biodistribution approach, pharmacokinetic information ca-
pable of quantitative measurement in the radiolabeled
exosomewas simply provided.

In our earlier work, we adopted the highly lipophilic
radiotracer, 99mTc-HMPAO known as uncharged and lipo-
philic brain perfusion imaging agent for exosome labeling
[43]. Substantial merit in using 99mTc-HMPAO for
exosome labeling is to be processed in very simple pro-
cedure with mild reaction condition. Glutathione reduc-
tase which is highly abundant inside exosome in certain
cell type converts 99mTc-HMPAO to hydrophilic form
which is trapped inside exosome. The inter-luminal
radiolabeling of exosome mimetic nanovesicle (ENV)
with 99mTc-HMPAO preserves its integrity on exosomal
surface membrane proteins and physiological properties.
This study demonstrated that 99mTc-HMPAO-ENVs
injected via intravenous route was highly accumulated in
the liver at initial time point and seemed to be excreted
through intestinal area, compared to mouse group injected
with 99mTc-HMPAO itself that showed different distribu-
tion pattern with high brain uptake.

Quantitative measurement in radionuclide imaging mo-
dality provides useful information to evaluate how much
amount of the injected exosomes are localized in the cer-
tain area of the brain, and we can also verify how long the
localized exosomes are retained and when it is excreted
from the brain tissue. However, if very small amount of
exosomes injected reach the brain tissue, PET/CT or
SPECT/CT could not detect the radionuclide activity of
radiolabeled exosome, because it is under detection
threshold. Thus, more advanced labeling method to

maximize loading efficiency of radioisotope in single
exosome to enhance sensitivity of exosome should be de-
veloped to be able to observe tissue distribution of indi-
vidual exosome in microscopic level. Or, more innovative
radionuclide imaging device that can detect a very small
amount of exosome could help to understand more accu-
rate efficacy of tissue uptaken.

Nuclear theranostics of exosome can be harnessed in
the destructive cancer therapy as well as stem cell-based
regenerative therapy. Tissue regeneration-induced chemi-
cal compound or peptide can be easily loaded inside stem
cell-derived exosome via sonication or electroporation
method, and the signal of radioisotope labeled in exosome
can guide the routes of exosomal movement to the target
tissue of interest such as the brain. For the brain cancer-
targeted therapy, exosome can be labeled with both
theranostic radioisotope such as 177Lu and brain cancer-
specific ligand. Also, exosome enables combination ther-
apy by designing theranostic radiolabeled exosome carry-
ing anti-neoplastic drug great for brain tumor-targeted di-
agnosis and therapy. After exosome therapeutics reach the
brain tumor area, margin of brain tumor can be precisely
examined via gamma ray-emitting signals, and therapeutic
radioisotope and chemodrug work together to enhance
killing effect of brain tumor. Likewise, even though there
are many challenges on complexity of exosome for clini-
cal application such as examination of exact identifica-
tion, classification, biogenesis of exosome in basic biolo-
gy field and the issues for immune response, in vivo de-
l ive ry, c l in ica l gu ide l ine prepara t ion , and the
radiotheranostic technique of exosome will be able to
make huge contribution, in terms of developing new types
of therapeutics and understanding in vivo situation of
exosome therapeutics in clinical level.
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