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1 Exosomes as biomarkers of diseases and therapeutic 
or vaccine candidates for infections

Exosomes are small intracellular membrane-based vesicles that are naturally 
 released by eukaryotic cells into the circulation. These so-called  extracellular 
vesicles (EV) have important functions in cell-to-cell communication, and 
bodily fluids display different proteins and other cellular contents such as 
mRNA and microRNA in healthy subjects and patients with various diseases, 
which can be measured as potential diagnostic markers (see [1–3]). Tumor-
derived exosomes are abundant in miRNAs that may serve as tumor markers 
(see [4–6]). For example, the RNA contents in serum EVs of patients with glio-
blastoma multiforme markedly differed from those in healthy subjects (see [7, 
8]), which showed its diagnostic potential as a biomarker.

The levels of EGFRvIII mRNA are increased in circulating exosomes from 
patients with glioblastoma multiforme, and thus it can be used as a diagnos-
tic biomarker for this disease (see [9]). This method may serve the role of a 
“liquid-biopsy,” thus avoiding the need to remove tissue samples from the brain 
for detection of EGFRvIII protein. EGFR localized to exosome membranes 
also was detected as a possible diagnostic biomarker for lung cancer (see [10]). 
Proteoglycan glypican-1 (GP1)-positive exosomes have been detected in the 
serum of patients with pancreatic cancer with absolute specificity and sensitiv-
ity, distinguishing them from healthy subjects and patients with benign pancre-
atic disease (see [11]). Levels of GP1-positive exosomes correlated with tumor 
effect and survival of pre- and post-surgical patients, suggesting a valuable 
prognostic biomarker for pancreatic cancer. In mice, GP1-positive exosomes 
were reliable for detecting pancreatic intraperitoneal lesions despite negative 
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magnetic resonance imaging findings. Plasma exosomes derived from prostate 
acinar cells were investigated as new biomarkers for diagnosis of prostate can-
cer (see [12]). Proteomics profiling of exosomes showed potential biomarkers 
of the disease (see [13]). Patients who experienced recurrence of hepatocellular 
carcinoma after liver transplantation showed increased levels of a miRNA bio-
marker in serum exosomes (see [14]).

Exosomes have also been evaluated as biomarkers for various non-cancer 
diseases of multiple organs including the central nervous system (CNS) (see 
[15]), liver (see [16]), kidney (see [17]), lung (see [18]), and arteries (see [19]). 
In the CNS, tau-mediated neuropathology is the result of extracellular accu-
mulation of abnormally processed tau protein (see [20]). In the M1C cell neu-
roblastoma tauopathy model, tau protein appeared to be spread via exosomes, 
and AT270 phosphorylated-tau was increased in the cerebrospinal fluid (CSF), 
a biomarker for early stages of Alzheimer’s disease (AD). The elevated lev-
els of AT270-phosphorylated tau in the CSF seen in mild to moderate cases of 
sporadic AD resulted from selective abundance of phosphorylated tau in the 
exosome portion of the CSF relative to total CSF tau. The increase in CSF phos-
phorylated tau level with attack of AD was associated with an increase in the 
exosome-associated portion in the CSF. In another study, levels of autolyso-
somal proteins (cathepsin D, lysosomal-associated membrane protein 1, and 
ubiquitinylated proteins) in neuron-derived serum exosomes distinguished pa-
tients with pre-clinical AD from matched controls and patients with frontotem-
poral dementia (see [21]). Altered microRNA profiles in CSF/blood exosomes 
associated with neurodegenerative disorders are possible new biomarkers in the 
early diagnosis of AD and PD (see [22]), and the fact that exosomes can deliver 
siRNA offers a therapeutic potential in AD (see [23, 24]). Proteomics profiling 
of serum exosomes identified proteins that were abundant in patients with PD 
compared with healthy subjects (see [25]).

With regard to lung disease, exosomes isolated from bronchoalveolar lavage 
fluids of patients with asthma compared with healthy subjects showed different 
miRNA profiles (see [18]). Exosomes are released from the key cells implicated 
in asthma such as mast cells, eosinophils, dendritic cells (DCs), T-cells, and 
bronchial epithelial cells. These in turn can provoke the activation or repres-
sion of other asthma-related cells and stimulate allergic responses (see [26, 27]).  
The DC-derived exosomes (Dex, dexosome) have costimulatory molecules on 
their surfaces that can stimulate allergen-specific Th2 cells (see [28, 29]). The 
 eosinophil-derived exosomes also have important roles in the modulation of 
asthma, and their numbers are increased in asthmatic patients (see [30, 31]). The 
exosomal miRNA content in patients with severe asthma was significantly differ-
ent compared with healthy subjects (see [32]). The dysregulated miRNAs were 
associated with pathways related to airway integrity as well as being correlated 
with certain clinical features such as eosinophil count or FEV1 (see [33]). In a 
different study, the exosomal miRNA profile in patients with severe asthma was 
related to the TGF-ß and ErbB signaling pathway and focal adhesion (see [34]).
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Exosomes may also serve as vaccines for allergic diseases (see [35]). 
Exosomes isolated from the bronchoalveolar lavage fluid of mice after respi-
ratory exposure to the olive pollen allergen induced tolerance and protection 
against allergic sensitization in mice (see [31]).

Increased miR-192 levels in serum exosomes predicted the development of 
heart failure after acute myocardial infarction (see [36]). Finally, urinary exo-
somes have been used as starting material for diagnostic biomarkers for renal, 
urogenital, and systemic diseases (see [17, 37]).

Despite the number of studies showing the relevance of EV biomarkers 
with diverse diseases, the results of individual studies have shown inconsistent 
trends. Methodological differences in EV purification may explain this contra-
diction (see [38]). For a given application, it is mandatory to inspect the method 
in terms of its sensitivity and specificity including quality control measures un-
der well-defined settings.

Exosomes are preferential candidates for use in vaccines for infectious dis-
eases such as toxoplasmosis, diphtheria, tuberculosis, and atypical severe acute 
respiratory syndrome (SARS). It has been reported that immunization using 
DCs with Toxoplasma gondii antigens (T-Ag) in healthy mice induced protec-
tion against a virulent strain of T. gondii after oral application, but it was diffi-
cult to obtain a sufficient amount of DCs pertinent to vaccination (see [39–41]). 
Murine bone marrow-derived DCs pulsed in  vitro with intact diphtheria toxin 
(DT)-released exosomes after injection into mice showed induction of IgG2b and 
IgG2a responses specific for DT (see [42]). Infection with Mycobacterium tuber-
culosis excites macrophages to stimulate the release of exosomes, and it should 
be noted that exosomes containing M. tuberculosis peptide-MHC-II complexes 
can induce antimicrobial T-cell responses (see [43, 44]). Exosomes as vaccination 
materials have also been studied in SARS-related coronavirus (CoV), an infection 
that causes a fatal atypical pulmonary disease. Kuate et al. [35] found that exo-
somes with the SARS-CoV spike S protein produced neutralizing antibody titers, 
which was further reinforced by priming with the SARS-S exosome vaccine and 
then boosting with the presently applied adenoviral vector vaccine (see [35]).

Stimulating a potent and general cytotoxic T lymphocyte (CTL) immune 
reaction has therapeutic potential for various diseases, including viral infec-
tions. For example, inducing anti-Ebola virus (EboV)-specific CTL immunity 
could have benefits in both therapeutic and preventive settings (see [45]). In 
fact, stimulation of virus-specific CTLs has been recognized in survivors of 
acute EboV infections (see [46]), and virus-specific CTL immunity plays a cru-
cial role in protection in several nonhuman primates, including macaques (see 
[47]). Furthermore, transfusion of CD8+ T lymphocytes from mice infected 
with mouse-adapted EboV to naïve recipient mice defended them against EboV 
infection (see [48]). Consistently, a powerful CTL-related immunity response 
could also have pertinent therapeutic effects with influenza viruses A (Flu) 
(see [49]) and hepatitis C (HCV) virus infections (see [50]). Anticoli et al. [45] 
 suggested an exosome-based vaccine platform to design exosomes in vivo with 
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the E7 protein of human papilloma virus (HPV). This method involves intra-
muscular injection of a DNA vector encoding HPV-E7 fused at the C-terminus 
of an exosome-anchoring Nef mutant protein (Nefmut). Human immunodefi-
ciency virus type-1 (HIV-1) Nefmut is a 27-kDa protein (see [51]) connecting 
with raft microdomains at cellular membranes (see [52]). Nefmut lacks several 
anti-cellular effects generally caused by wild-type Nef, including CD4 down-
regulation, increase of HIV-1 infectivity, PAK-2 stimulation, and MHC Class I 
down-regulation, and is found in exosomes at very high levels (see [53, 54]).  
In this alignment, the ≈11-kDa E7 protein produced both potent and effective 
 antigen-specific CTL immunity. To establish the general application of this 
technology, immunogenicity studies were performed with an array of viral 
products of various origins and sizes including EboV, West Nile Virus NS3 and 
HCV NS3. All antigens were stable upon fusion with Nefmut, and were trans-
ferred into exosomes at levels compared to Nefmut. When injected into mice, 
DNA vectors expressing the various fusion products produced a clearly detect-
able antigen-specific CD8+ T cell response with sufficient cytotoxicity to kill 
peptide-loaded and/or antigen-expressing syngeneic cells (see [45]).

DCs are the most competent cells at presenting antigens, and are the only 
antigen-presenting cell able to stimulate naïve T cells, creating the adaptive im-
mune reaction (see [55]). Indeed, we can define cancer immunosurveillance 
as a stage of stepwise results leading to the effective killing of cancer cells by  
T cells: specifically, DC capturing and processing of tumor neoantigens is the 
first phase, a process that depends on molecular signals such as pro- inflammatory 
cytokines, co-stimulatory ligands, dying tumor cells-derived molecules, and 
gut microbiome products (see [56]). Accordingly, potent DC-based cancer 
vaccinations have been researched for some time; some positive results using 
these technologies have emerged, such as Sipuleucel-T immunotherapy for 
 castration-resistant prostate cancer (see [57]). However, the diverse application 
of DC-based cancer vaccines shows some main limitations (see [58, 59]). Fig. 1 
describes DC-based immunotherapeutic strategies. Dexosome (Dex)-based can-
cer vaccines have recently emerged as an alternative that may overcome some of 
these obstacles. First, the Dex molecular component is simple to analyze, thus 
enabling the rigid definition of validation parameters (see [60]). Second, Dex 
components are more plentiful in peptide-MHC class II complexes, allowing for 
higher yields (see [58, 60]). Third, Dex compared with DC can tolerate longer-
term frozen storage, for up to 6 months (see [58]). In addition to these merits, 
the immunosuppressive tumor microenvironment often inhibits antigen presen-
tation and T cell stimulation by DCs, but this should not affect Dex (see [61, 
62]). Finally, Dex are not associated with most of the risks related to the admin-
istration of viable cells, such as generation of immune dysfunction or microvas-
cular occlusions (see [63]). Tumor peptide-pulsed Dex produced in vivo CTL 
priming, tumor growth repression, and tumor remission. Indeed, single intrader-
mal injections stimulated significant tumor growth repression  after a week, and 
40–60% of the animals were tumor-free after 60 days (see [62]). Furthermore, 
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FIG. 1 DCs-based immunotherapeutic strategies: (1) to harvest peripheral blood mononuclear cells, (2) to generate immature DCs with cytokine stimulation, 
(3) to mature DCs by sensing the presence of a potential pathogen (“stress signal”) via detection of PAMPs (exogenous signal) or infection-induced alteration in 
self-markers (endogenous signal), (4) cancer cells brought into contact with dendritic cells are consumed, thereby imprinting the dendritic cells with the cancer 
marker (5) to transfer activated antigen-presenting DCs back to the patients, (6) to stimulate robust anti-tumor immune effector cells such as T cells and NK cells.
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these cell-free immunotherapeutic vaccines were more potent than directly ad-
ministered viable DC vaccines, with which only 20% of the mice were tumor-
free after 60 days. These differences may illustrate the exosomes’ resistance 
to the immunomodulatory effects of the tumor microenvironment, which can 
block the ability of DCs to present antigens (see [62]). In the past decade, sev-
eral successful clinical trials were performed assessing the feasibility, safety 
and efficacy of Dex-based cancer vaccines in patients with non-small cell lung 
cancer (NSCLC) (see [64]) and metastatic melanoma (see [65]), and in general 
the results were promising. In both trials, the patients received four doses of 
vaccine that consisted of autologous Dex loaded with several different MHC 
class II peptides. Vaccine production was shown to be practical, and the therapy 
was well tolerated with only minor grade 1–2 adverse events (see [64, 65]). A 
more recent phase II clinical trial evaluated the use of IFN-γ-Dex, Dex derived 
from IFN-γ-stimulated mature DC, as maintenance immunotherapy after the 
use of first-line chemotherapy in patients with advanced NSCLC (see [66]). 
This study showed the feasibility of production and safety of IFN-γ-Dex, with 
only one of 26 patients developing a grade 3 hepatotoxicity. This trial did not 
show any objective tumor response among clinical outcomes, according to the 
Response Evaluation Criteria in Solid Tumors. However, it did show that the 
patients with the longest progression-free survival had a notable improvement 
in NK cell function after Dex treatment, showing that Dex can stimulate the NK 
cell arm of antitumor immunity in patients with advanced NSCLC (see [66]).

Tumor-derived exosomes also function as an antigen delivery system, ca-
pable of blocking tumor development in a CD4+ and CD8+ T cell-dependent 
pattern (see [67]). Because of this, cell-free vaccines based on the use of tumor-
derived exosomes are another possibility for clinical application. However, the 
isolation of tumor-derived exosomes is inconvenient and has a low preparation 
efficiency, with a low yield from in vitro culture of the patients’ tumor cells 
(see [68]). However, malignant effusions from patients with melanoma are rich 
in exosomes, which can transmit tumor antigens to DCs, which in turn stim-
ulate tumor-specific CTL capable of an effective in vitro antitumor response 
(see [69]). A phase I clinical trial examined the effects of exosomes harvested 
from the ascites of patients with advanced CRC as immunotherapy, and showed 
that a combination of tumor exosomes with GM-CSF permitted a more effec-
tive induction of systemic anti-tumor immunity and CTL responses compared 
with tumor exosomes alone. The patients treated with only tumor exosomes 
showed no therapeutic response, while one patient with stable disease and one 
patient with a minor clinical response were observed in the group treated with 
ascites-derived exosomes combined with GM-CSF (see [68]). Despite the at-
tempts engaged thus far, Dex-based immunotherapy as a novel cancer control 
remains a highly encouraging possibility. Dex are proficient mediators of im-
mune responses and the technical simplicity of managing their immunostimula-
tory characteristics (via the donor DC) along with their advantages over whole 
cell-based applications, confirms their therapeutic promise (see [60]).
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Of particular interest to this section, exosomes can serve as both promot-
ers of tumor growth and invasion by establishment of an immunosuppressive 
microenvironment and as agents for cancer immunosurveillance by inducing 
antigen presentation and stimulating destruction of tumor cells by CD4+ (see 
[70]) and CD8+ (see [69]) T cells and by components of the innate immune 
system, such as NK cells (see [71]) (Fig. 1).

2 Extracellular vesicles (EVs) as a drug delivery system

The most important characteristic for a successful nanocarrier is satisfactory 
in vivo behavior. The development of EVs as delivery systems requires compre-
hension of their in vivo kinetics after administration. However, understanding 
of extracellular behavior, pathways of cell uptake, and subcellular paths of EVs 
remains obscure. EVs released by various types of cells can be found and are 
relatively stable in the blood circulation and biological fluids. This suggests that 
EVs are more slowly cleared and remain longer than synthetic nanocarriers in 
biological systems. However, different in  vivo pharmacokinetic studies have 
shown that when EVs are injected into the circulation, they are rapidly cleared. 
EVs derived from B16 melanoma cells and splenocytes underwent rapid clear-
ance and showed a very short half-life, approximately 2 min, after intravenous 
administration in mice (see [72, 73]). Increased levels of fetuin-A in urinary 
exosomes correlated with acute urinary injury (see [74]).

Exosomes and microvesicles participate in a large variety of body processes. 
They are carriers of concentrated genetic and proteomic information, and thus 
are believed to play important roles in cell-to-cell communication. Secreted 
vesicles can carry their messages in different ways. Firstly, they may stimulate 
recipient target cells via ligands expressed on their surface. For example, it has 
been verified that antigen-presenting exosomes derived from DC induce the  
T cell-mediated immune response in vivo (see [75]). In addition, ligand-receptor 
signaling via exosomes can also play a role in other regulatory processes, such 
as angiogenesis (see [76]), hemostasis (see [77]), cancer progression (see [78]), 
and metastasis (see [79]). Secondly, secreted EVs may transfer surface recep-
tors from one cell to another by fusion with the plasma membrane of target cells 
(see [80, 81]). With this mechanism, HIV increase susceptibility to infection by 
transferring CD4 receptors from infected cells to intact cells (see [82]). EVs ap-
pear to have multiple obvious advantages, such as high delivery capacity, innate 
targeting properties, and low immunogenic potentiality, which position them as 
efficient biological delivery systems for therapeutics ranging from small mol-
ecules to macromolecular nucleic acids and proteins (see [83]) (Table 1).

Despite the development of various methodologies for EV-based delivery, a 
major hurdle is the lack of standardized, efficient, and reasonable approaches 
for isolation of EVs. Isolation methods need to be validated when considering 
the reproducibility, yield, purity, and functional properties of EVs for its gen-
eral application. Also, there is no validated standard procedure for storage time, 
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which needs to be carefully evaluated for EV-based products (see [88]). Fig. 2 
shows the overall scheme of different modalities for using exosome-based for-
mulations (see [89]).

Also, the loading efficiency of therapeutics into EVs remains inadequate. 
The relatively tight and ordered lipid bilayer impedes efficient loading of drugs 
into EVs without reducing membrane integrity. Such damage might alter the 
immune-oriented characteristics of EVs and make them visible to the mono-
nuclear phagocyte system (see [89]). Therefore, ideal loading methods should 
not only possess high loading efficiency but also preserve the structural integrity 
of EVs and the functional integrity of therapeutics (see [83]).

A growing area of interest is the application of diverse nanotechnology-
based DDS such as liposomes, polymeric nanoparticles, dendrimers, and mag-
netic nanoparticles (see [90]). These delivery systems are being used to deliver 
various types of cargo including chemotherapeutics, anti-inflammatory drugs 
and miRNAs (see [91, 92]). The nano-sized diameters of these DDS facilitate 
delivery through the blood and lymphatic systems with effective drug-loading 
capacity (see [93]). Moreover, our understanding has progressed regarding the 

TABLE 1 Pros and cons of extracellular vesicles for therapeutic delivery  
(see [1, 24, 68, 83–87])

Pros (advantages) Cons (disadvantages)

- Nanoscale vesicles for biocompatibility 
and stability in body fluids.

- Naturally derived low immunogenicity.

- Stealth capacity against immune 
system.

- Inherent target properties with reduced 
off-target effects.

- Ability of guiding therapeutic cargo 
across biological barriers, especially 
BBB.

- Capacity to be loaded with specific 
small molecules such as miRNA and 
drugs.

- Unique composition allows direct 
membrane fusion with target cell, for 
efficient cell uptake.

- Safe in clinical trials.

- Low inherent toxicity.

- Secretion and uptake mechanism, 
composition, and biological functions 
are not yet understood.

- Impact on the target cell is unknown.

- Isolation techniques with high 
efficiency and robust yield are lacking.

- Scalable production difficult-there are 
no optimal purification methods: large-
scale production is expensive and 
challenging.

- Efficient loading methods without 
damaging EV integrity are lacking.

- In vivo data have been less studied, 
and in vivo tracking requires further 
studies.

- Clinical studies on therapeutic delivery 
are lacking.

- Vesicles with heterogeneous 
constituents can be immunogenic.
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FIG. 2 Schematic representation of various strategies of exosome-based diagnostic and therapeutic approaches in translational and clinical medicine. EV, 
extracellular vesicle.
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in vivo pharmacokinetic behaviors of EVs such as circulatory half-life, tissue 
distribution in  vivo, cellular uptake, and intracellular fates. This understand-
ing is crucial to the clarification of the biological functions of exosomes and 
practical application of exosome-based therapeutics. To define the pharma-
cokinetics of exosomes clearly, the first step includes the evaluation of tissue 
distribution in vivo, in other words the so-called biodistribution of exosomes. 
Several labeling methods with small lipophilic fluorescence dyes have been 
introduced and used for that purpose for in vivo tracking. Although the reli-
ability of in vivo analysis would be decreased by the release of free dye from 
exosomes, this strategy is a useful approach to assess the localization of exo-
somes to tissues (see [94, 95]). PKH67, a lipophilic fluorescent dye, was used 
to label highly metastatic B16F10 murine melanoma cell-derived exosomes 
that accumulated in the lung, bone marrow, spleen, and liver, enhanced endo-
thelial permeability in the lung, and facilitated tumor metastasis to the lung 
(see [96]). In addition to fluorescent dyes, lipophilic near-infrared dyes such as 
1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiD) and 
1,1′-dioctadecyltetramethylindotricarbocyanine iodide (DiR) have been widely 
used for the imaging of exogenously administered exosomes. DiD-labeled MSC 
exosomes were well distributed to the spleen and liver after intravenous admin-
istration in normal mice (see [94]). On the other hand, in a mouse model of acute 
kidney injury, these exosomes accumulated in the kidney, as well as the spleen 
and liver, after intravenous injection. This finding may explain how the intra-
venous administration of MSC-derived exosomes stimulates the recovery from 
cisplatin-induced acute kidney injury in SCID mice (see [97]). In the study of 
in vivo behavior of DiR-labeled exosomes of various cell types such as B16F10 
murine melanoma cells, C2C12 murine myoblast cells, bone marrow-derived 
DCs, and HEK293T human embryonic kidney cells, exosomes were mainly 
distributed in the liver, spleen, lung, and gastrointestinal tract after intravenous 
administration. Among these exosomes, B16F10 murine melanoma cell-derived 
exosomes mainly accumulated in the lung compared with the exosomes derived 
from the other two types of murine cells. The highest accumulation in the spleen 
and liver was observed with DC exosomes and C2C12 exosomes, respectively. 
HEK293T exosomes mainly accumulated in the liver after intravenous injec-
tion and the liver, pancreas, or gastrointestinal tract after intraperitoneal or sub-
cutaneous injection, respectively (see [98]). Because of its higher sensitivity 
and stability, the labeling of exosomes with radiotracer is a more appropriate 
method for quantitative assessment of the pharmacokinetics and tissue distribu-
tion of exosomes compared with labeling with fluorescence dyes or chemilumi-
nescent proteins. For example, 111In-labeled PC3 exosomes rapidly disappeared 
from blood circulation and were primarily distributed in the liver (12% injec-
tion dose [ID]/g at 24 h) after intravenous injection (see [99]). Various types 
of cells recognize and take up exosomes. Therefore, identifying these cells is 
important for further exploration of the biology of exosomes and for the de-
velopment of exosome-based therapeutics. The mouse DC-derived exosomes 
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were picked up by macrophages in the spleen and liver (see [90]), and exosomes 
derived from MDA-MB-231 breast cancer cells were taken up by macrophages 
in the lung and brain after intravenous administration, respectively. Exosomes de-
rived from C2C12 cells, NIH3T3 cells, MAEC cells, and RAW264.7 cells were 
mainly picked up by macrophages in the liver after intravenous administration (see 
[100]). These results suggest that macrophages are the main cells that actively take 
up exogenous exosomes (see [101]). It has been predicted that exosomes are taken 
up by cells through the recognition of surface molecules on the membranes of 
the exosomes. Several studies investigated the molecules that may contribute to 
the in vivo pharmacokinetics of exosomes. An in vitro study proved that carbohy-
drate moieties on the membranes of exosomes contributed to the cellular uptake 
of exosomes (see [102]). Exosomes derived from tumor cells that metastasized to 
the lung (MDA-MB-231 and 4175) or to the liver (BxPC-3 and HPAF-II) mainly 
gathered in the lung and liver, respectively. A proteomic analysis of exosomes 
showed high expression of integrins α6β4 and αVβ5, respectively. Exosomes col-
lected from integrin β4-knocked down 4175 cells showed reduced accumulation in 
the lung. These results demonstrate that integrins play a key role in the pharmaco-
kinetics and tissue distribution of exosomes in vivo (see [101]). Exosomes derived 
from genetically modified immature DCs expressing the iRGD peptide showed a 
selective distribution to αv integrin-positive tumor tissues (see [103]).

In addition to delivery of small RNA molecules, which depend on intracel-
lular delivery to perform intrinsic functions, EVs have also been applied to de-
liver chemotherapeutic agents with the aim to increase their efficacy and reduce 
adverse effects. One study involved the use of exosomes to deliver curcumin 
to treat an inflammatory disease (see [104]). Exosomes are applied to form a 
complex with curcumin to enhance curcumin anticancer activity (see [105]). 
The intravenous injection of integrin-targeted, dendritic cell-derived EVs with 
the chemotherapeutic doxorubicin led to significant repression of tumor growth 
compared to free doxorubicin in a mouse model of breast tumor. Moreover, 
doxorubicin when loaded into EVs was shown to cause less cardiac damage, 
which is otherwise its most important dose-limiting adverse effect (see [103]). 
The advantage of exosomal doxorubicin versus liposomal doxorubicin involves 
the natural orientation of exosomal membrane proteins and their ability to in-
teract with the receptors in the target cell plasma membrane (see [106, 107]). 
Furthermore, exosome-encapsulated paclitaxel compared with free taxol was 
shown to be more effective in controlling the growth of Lewis lung carcinoma 
metastases, and it holds significant potential for the delivery of various chemo-
therapeutics to treat drug-resistant cancers (see [108]). Repeated intraperito-
neal injections of cisplatin-loaded EVs improved long-term survival of ovarian 
cancer-bearing mice as compared to free cisplatin, and intravenous injection of 
doxorubicin-loaded EVs delayed growth of established subcutaneous hepatic 
cancer (see [109]). Importantly, these exosome-encapsulated drugs did not ad-
versely affect liver or kidney function, which is frequently observed after ad-
ministration of free drugs.
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Regrettably, the movement of large proteins through the blood-brain barrier 
(BBB) is severely limited. In fact, 98% of all potent drugs that may be better 
options for various CNS diseases are not applied in the clinic because they can-
not cross the BBB (see [110]). Various nano-sized drug formulations have been 
developed to overcome this hurdle (see [111, 112]). Parkinson’s disease (PD) is 
known to be associated with brain inflammation, microglia activation and secre-
tory neurotoxic activities, including reactive oxygen species (ROS) (see [113, 
114]). Samples of brain tissue from patients with PD have shown reduced levels 
of redox enzymes, catalase, and superoxide dismutase, and other antioxidants 
(see [115–117]), which indicates an impaired defense against oxidative stress 
and neurodegeneration in these patients. Among these molecules, catalase is 
one of the most effective natural antioxidants: it scavenges one million free radi-
cals through a catalytic reaction. Therefore, successful delivery of catalase into 
the brain may be an important and possible approach to PD therapy (see [84]). 
EVs have been proposed as therapeutic delivery vehicles for the treatment of 
PD. Exosomes are readily taken up by neuronal cells in vitro, and a considerable 
number of exosomes was detected in PD mouse brain after intranasal adminis-
tration. Catalase-loaded exosomes (ExoCAT) were shown to suppress microg-
lial activation and protect neurons against ROS more efficiently compared to 
free catalase in in vitro and in vivo models of PD (see [84]). Therefore, ExoCAT 
is a more adaptable strategy for treating inflammatory and degenerative disor-
ders such as PD (see [84, 118]). Although these reports are preliminary, the re-
sults have shown that exosomes are promising candidate drug delivery systems 
for the treatment of a variety of diseases.

Exosomes derived from human adipose tissue-derived mesenchymal stem 
cells (MSCs) are considered to have therapeutic value for treating AD (see 
[119]). Exosomes can be used in vivo as a vehicle to carry active neprilysin 
(NEP), the most important enzyme for β-amyloid (Aβ) peptide degradation in 
the brain. MSC-derived exosomes also decrease intracellular and extracellular 
Aβ levels in the neuroblastoma cell line N2A in vitro. Therefore, human adipose 
tissue-derived MSC-originated exosomes are proposed as a potential therapy 
against AD from the point of view of their Aβ-degrading capacity. Recent stud-
ies have demonstrated that multipotent mesenchymal stromal cells (MSCs) hold 
great promise for neurovascular remodeling and neurological function recovery 
following a stroke. It has been demonstrated that MSC-derived exosomes have a 
neuroprotective effect against stroke due in part to changing the miRNA profile 
of exosomes during and after stroke (see [120]).

When we consider the problems associated with many current nanoparticu-
late delivery systems, exosomes as a mimic of “natural delivery systems” are a 
potential alternative for delivery of the biological molecules described above. 
Because of their small size and host-derived cellular product, these vesicles 
can avoid phagocytosis or degradation by macrophages and also circulate for 
long periods of time in the body. One of the interesting advantages of these 
delivery vehicles includes their ability to cross the BBB and arrive in the CNS 
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(see [121]). Insufficient knowledge of the nature of exosomes and their role in 
the pathophysiology of overall health and disease makes it complicated and 
difficult to predict long-term safety and therapeutic effects. In  vivo traffick-
ing of exosomes, their biological fate and their impact on targeted organs need 
to be understood with regard to therapeutic cargo loading and assembly for 
drug delivery (see [122]). Currently, there is no distinct optimal purification 
technique for isolation of exosomes with high purity (see [123]). The current 
isolation methods yield low quantities of exosomes, and their large-scale pro-
duction for clinical studies and post drug approval is expensive and compli-
cated (see [38]). It is highly likely that future clinical use will demand hybrid 
designs of exosomes (see [124]), and when combined with therapeutic cargo 
they may show undesirable effects. Even though extensive exosome biology is 
already known, exosomes comprise heterogeneous constituents and may show 
immunogenicity (stimulatory or suppressive) effects based on the nature of the 
donor cells. Exosomes provide immense promise and are a new therapeutic area 
for delivery of various synthetic and biological molecules in cellular therapy. 
Exosomes as drug delivery systems provide a major advantage as there is no 
undesired aggregation or homing of exosomes in the liver and/or first-pass ef-
fect before arriving in target sites. Well-characterized exosomes with long-term 
safety that deliver nucleic acids and therapeutic molecules between cells and 
through difficult-to-cross membranes such as BBB would have major practical 
significance. However, before these drug delivery systems become a therapeu-
tic reality, components and processes including immune reactions need to be 
clarified (see [122]). The emerging evidence that tumor cell-derived exosomes 
have unique properties may be used to develop an exosome-based drug delivery 
system that is better than synthetic drug carriers. However, some limitations 
and hurdles must be overcome before exosome-based drug delivery systems can 
be used in the clinic. Important issues still need to be autologous or can non-
immunogenic exosome factories. Therefore, a strategy needs to be developed 
for manufacturing vesicles for therapeutic application, with establishment of 
the producer cell type, physical methods to produce vesicular nanoparticles, 
enhancement of EV yield and scale-up, measurement of potency of EV-based 
products, and EV-inspired bioengineered artificial vesicles. Recently, a group of 
researchers developed a method to produce exosome-mimetic vesicles, which 
can overcome natural exosome limitations as like low drug-loading efficiency 
and low exosome production yields (see [125]). These chemotherapeutic-loaded 
nanovesicles, which are 100–200 nm in diameter, were generated by breaking 
down cells by serial extrusion through filters with diminishing pore size (see 
[126]). It was further suggested that these nano-vesicles with exosome-mimetic 
properties can be used as a platform for RNAi transfer to the cell cytoplasm (see 
[127]). However, the high level of cholesterol, ganglioside, and sphingomy-
elin in exosomal membranes leads to a more rigid bilayer structure than that of 
their parent cells (see [128]), which suggests that their fusion with lipid-based 
particles requires rough conditions (see [129]), such as aggressive freeze-thaw 
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processes (see [130]). To avoid the need for such conditions, Yang et al. [131] 
designed a virus-mimetic fusogenic exosome platform to deliver membrane 
proteins to target cell membranes, involving integrated vascular stomatitis virus 
G protein, a viral fusogen (see [131]). Interestingly, these methods allow easy 
exosome modification by fusing exosomes derived from modified cells with 
liposomes inserted with peptides, antibodies or polyethylene glycol.

Although there are currently many challenges in the treatment of cancer 
and other refractory diseases, exosomes, including exosome-mimetic nanovesi-
cles, are considered valid diagnostic biomarkers and potential therapeutic tools. 
Moreover, along with chemical, physical, cellular and genetic engineering tech-
niques, many existing exosome modification strategies are promising for appli-
cation in various clinical situations (Fig. 2).

References

 [1] Clayton  A, Harris  CL, Court  J, et  al. Antigen-presenting cell exosomes are protected 
from complement-mediated lysis by expression of CD55 and CD59. Eur J Immunol 
2003;33(2):522–31.

 [2] Pant S, Hilton H, Burczynski ME. The multifaceted exosome: Biogenesis, role in normal and 
aberrant cellular function, and frontiers for pharmacological and biomarker opportunities. 
Biochem Pharmacol 2012;83(11):1484–94.

 [3] Revenfeld ALS, Bæk R, Nielsen MH, et al. Diagnostic and prognostic potential of extracel-
lular vesicles in peripheral blood. Clin Ther 2014;36(6):830–46.

 [4] Kumar D, Gupta D, Shankar S, et al. Biomolecular characterization of exosomes released 
from cancer stem cells: possible implications for biomarker and treatment of cancer. Onco-
target 2015;6(5):3280.

 [5] Mishra PJ. Non-coding RNAs as clinical biomarkers for cancer diagnosis and prognosis. 
Expert Rev Mol Diagn 2014;14(8):917–9.

 [6] Schwarzenbach H. The clinical relevance of circulating, exosomal miRNAs as biomarkers 
for cancer. Expert Rev Mol Diagn 2015;15(9):1159–69.

 [7] Noerholm M, Balaj L, Limperg T, et al. RNA expression patterns in serum microvesicles 
from patients with glioblastoma multiforme and controls. BMC Cancer 2012;12(1):22.

 [8] Taylor DD, Gercel-Taylor C. MicroRNA signatures of tumor-derived exosomes as diagnostic 
biomarkers of ovarian cancer. Gynecol Oncol 2008;110(1):13–21.

 [9] Skog  J, Würdinger  T, Van Rijn  S, et  al. Glioblastoma microvesicles transport RNA and 
proteins that promote tumour growth and provide diagnostic biomarkers. Nat Cell Biol 
2008;10(12):1470.

 [10] Yamashita  T, Kamada  H, Kanasaki  S, et  al. Epidermal growth factor receptor localized 
to exosome membranes as a possible biomarker for lung cancer diagnosis. Pharmazie 
2013;68(12):969–73.

 [11] Melo SA, Luecke LB, Kahlert C, et al. Glypican-1 identifies cancer exosomes and detects 
early pancreatic cancer. Nature 2015;523(7559):177.

 [12] Tavoosidana  G, Ronquist  G, Darmanis  S, et  al. Multiple recognition assay reveals pros-
tasomes as promising plasma biomarkers for prostate cancer. Proc Natl Acad Sci U S A 
2011;108(21):8809–14.

 [13] Duijvesz D, Burnum-Johnson KE, Gritsenko MA, et al. Proteomic profiling of exosomes leads 
to the identification of novel biomarkers for prostate cancer. PLoS One 2013;8(12):e82589.

http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0010
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0010
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0010
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0015
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0015
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0015
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0020
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0020
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0025
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0025
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0025
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0030
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0030
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0035
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0035
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0040
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0040
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0045
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0045
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0050
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0050
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0050
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0055
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0055
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0055
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0060
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0060
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0065
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0065
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0065
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0070
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0070


The potential of exosomes as theragnostics Chapter | 20 481

 [14] Sugimachi K, Matsumura T, Hirata H, et al. Identification of a bona fide microRNA biomarker  
in serum exosomes that predicts hepatocellular carcinoma recurrence after liver transplanta-
tion. Br J Cancer 2015;112(3):532.

 [15] Kawikova I, Askenase PW. Diagnostic and therapeutic potentials of exosomes in CNS dis-
eases. Brain Res 2015;1617:63–71.

 [16] Masyuk AI, Masyuk TV, LaRusso NF. Exosomes in the pathogenesis, diagnostics and thera-
peutics of liver diseases. J Hepatol 2013;59(3):621–5.

 [17] Spanu S, van Roeyen CR, Denecke B, et al. Urinary exosomes: a novel means to non- invasively 
assess changes in renal gene and protein expression. PLoS ONE 2014;9(10):e109631.

 [18] Levänen B, Bhakta NR, Paredes PT, et al. Altered microRNA profiles in bronchoalveolar 
lavage fluid exosomes in asthmatic patients. J Allergy Clin Immunol 2013;131(3):894–903. 
e898.

 [19] Hoefer IE, Steffens S, Ala-Korpela M, et al. Novel methodologies for biomarker discovery in 
atherosclerosis. Eur Heart J 2015;36(39):2635–42.

 [20] Saman S, Kim W, Raya M, et al. Exosome-associated tau is secreted in tauopathy models and 
is selectively phosphorylated in cerebrospinal fluid in early Alzheimer disease. J Biol Chem 
2012;287(6):3842–9.

 [21] Goetzl EJ, Boxer A, Schwartz JB, et al. Altered lysosomal proteins in neural-derived plasma 
exosomes in preclinical Alzheimer disease. Neurology 2015;85(1):40–7.

 [22] Gui Y, Liu H, Zhang L, et al. Altered microRNA profiles in cerebrospinal fluid exosome in 
Parkinson disease and Alzheimer disease. Oncotarget 2015;6(35):37043–53.

 [23] Cheng L, Doecke JD, Sharples RA, et al. Prognostic serum miRNA biomarkers associated 
with Alzheimer’s disease shows concordance with neuropsychological and neuroimaging 
assessment. Mol Psychiatry 2014;20:1188.

 [24] van den Boorn JG, Schlee M, Coch C, et al. SiRNA delivery with exosome nanoparticles. Nat 
Biotechnol 2011;29(4):325.

 [25] Tomlinson PR, Zheng Y, Fischer R, et al. Identification of distinct circulating exosomes in 
Parkinson’s disease. Ann Clin Transl Neurol 2015;2(4):353–61.

 [26] Fujita Y, Yoshioka Y, Ito S, et al. Intercellular communication by extracellular vesicles and 
their microRNAs in asthma. Clin Ther 2014;36(6):873–81.

 [27] van den Berge M, Tasena H. Role of microRNAs and exosomes in asthma. Curr Opin Pulm 
Med 2019;25(1):87–93.

 [28] Admyre C, Grunewald J, Thyberg J, et al. Exosomes with major histocompatibility com-
plex class II and co-stimulatory molecules are present in human BAL fluid. Eur Respir J 
2003;22(4):578–83.

 [29] Admyre C, Telemo E, Almqvist N, et al. Exosomes–nanovesicles with possible roles in al-
lergic inflammation. Allergy 2008;63(4):404–8.

 [30] Mazzeo C, Cañas JA, Zafra MP, et al. Exosome secretion by eosinophils: a possible role in 
asthma pathogenesis. J Allergy Clin Immunol 2015;135(6):1603–13.

 [31] Prado N, Marazuela EG, Segura E, et al. Exosomes from bronchoalveolar fluid of tolerized 
mice prevent allergic reaction. J Immunol 2008;181(2):1519–25.

 [32] Mortaz E, Alipoor SD, Varahram M, et al. Exosomes in severe asthma: update in their roles 
and potential in therapy. Biomed Res Int 2018;2018:2862187. 1–10.

 [33] Francisco-Garcia A, Martinez-Nunez RT, Rupani H, et al. LSC abstract-altered small RNA 
cargo in severe asthma exosomes. Eur Respir J 2016;48:101.

 [34] Suzuki M, Konno S, Makita H, et al. Altered circulating exosomal RNA profiles detected by 
next-generation sequencing in patients with severe asthma. Eur Respir Soc 2016;48(S60):
PA3410.

http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0075
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0075
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0075
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0080
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0080
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0085
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0085
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0090
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0090
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0095
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0095
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0095
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0100
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0100
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0105
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0105
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0105
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0110
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0110
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0115
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0115
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0120
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0120
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0120
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0125
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0125
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0130
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0130
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0135
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0135
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0140
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0140
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0145
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0145
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0145
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0150
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0150
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0155
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0155
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0160
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0160
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0165
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0165
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0170
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0170
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0175
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0175
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0175


482 Exosomes

 [35] Kuate S, Cinatl J, Doerr HW, et al. Exosomal vaccines containing the S protein of the SARS 
coronavirus induce high levels of neutralizing antibodies. Virology 2007;362(1):26–37.

 [36] Matsumoto  S, Sakata  Y, Nakatani  D, et  al. Circulating p53-responsive microRNAs 
are predictive indicators of heart failure after acute myocardial infarction. Circ Res 
2013;113(3):322–6.

 [37] Huebner AR, Somparn P, Benjachat T, et al. Exosomes in urine biomarker discovery urine 
proteomics in kidney disease biomarker discovery. Springer; 2015;43–58.

 [38] Taylor DD, Shah S. Methods of isolating extracellular vesicles impact down-stream analyses 
of their cargoes. Methods 2015;87:3–10.

 [39] Aline  F, Bout  D, Amigorena  S, et  al. Toxoplasma gondii antigen-pulsed-dendritic cell- 
derived exosomes induce a protective immune response against T. gondii infection. Infect 
Immun 2004;72(7):4127–37.

 [40] Beauvillain C, Juste MO, Dion S, et al. Exosomes are an effective vaccine against congenital 
toxoplasmosis in mice. Vaccine 2009;27(11):1750–7.

 [41] Beauvillain C, Ruiz S, Guiton R, et al. A vaccine based on exosomes secreted by a dendritic 
cell line confers protection against T. gondii infection in syngeneic and allogeneic mice. 
Microbes Infect 2007;9(14–15):1614–22.

 [42] Colino J, Snapper CM. Exosomes from bone marrow dendritic cells pulsed with diphtheria 
toxoid preferentially induce type 1 antigen-specific IgG responses in naive recipients in the 
absence of free antigen. J Immunol 2006;177(6):3757–62.

 [43] Ramachandra L, Qu Y, Wang Y, et al. Mycobacterium tuberculosis synergizes with ATP to 
induce release of microvesicles and exosomes containing major histocompatibility complex 
class II molecules capable of antigen presentation. Infect Immun 2010;78(12):5116–25.

 [44] Singh PP, LeMaire C, Tan JC, et al. Exosomes released from M. tuberculosis infected cells 
can suppress IFN-γ mediated activation of naïve macrophages. PLoS ONE 2011;6(4):e18564.

 [45] Anticoli S, Manfredi F, Chiozzini C, et al. An exosome-based vaccine platform imparts cyto-
toxic T lymphocyte immunity against viral antigens. Biotechnol J 2018;13(4):1700443.

 [46] McElroy AK, Akondy RS, Davis CW, et al. Human Ebola virus infection results in substan-
tial immune activation. Proc Natl Acad Sci U S A 2015;112(15):4719–24.

 [47] Sullivan NJ, Hensley L, Asiedu C, et al. CD8+ cellular immunity mediates rAd5 vaccine 
protection against Ebola virus infection of nonhuman primates. Nat Med 2011;17(9):1128.

 [48] Bradfute SB, Warfield KL, Bavari S. Functional CD8+ T cell responses in lethal Ebola virus 
infection. J Immunol 2008;180(6):4058–66.

 [49] Fontana  JM, Christos  PJ, Michelini  Z, et  al. Mucosal immunization with integrase- 
defective lentiviral vectors protects against influenza virus challenge in mice. PLoS ONE 
2014;9(5):e97270.

 [50] Liang  TJ. Current progress in development of hepatitis C virus vaccines. Nat Med 
2013;19(7):869.

 [51] Pereira  EA, daSilva  LL. HIV-1 Nef: taking control of protein trafficking. Traffic 
2016;17(9):976–96.

 [52] Lenassi M, Cagney G, Liao M, et al. HIV Nef is secreted in exosomes and triggers apoptosis 
in bystander CD4+ T cells. Traffic 2010;11(1):110–22.

 [53] D’Aloja  P, Santarcangelo  AC, Arold  S, et  al. Genetic and functional analysis of the hu-
man immunodeficiency virus (HIV) type 1-inhibiting F12-HIVnef allele. J Gen Virol 
2001;82(11):2735–45.

 [54] Lattanzi L, Federico M. A strategy of antigen incorporation into exosomes: comparing cross-
presentation levels of antigens delivered by engineered exosomes and by lentiviral virus-like 
particles. Vaccine 2012;30(50):7229–37.

http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0180
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0180
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0185
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0185
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0185
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0190
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0190
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0195
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0195
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0200
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0200
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0200
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0205
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0205
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0210
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0210
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0210
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0215
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0215
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0215
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0220
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0220
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0220
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0225
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0225
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0230
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0230
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0235
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0235
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0240
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0240
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0245
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0245
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0250
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0250
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0250
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0255
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0255
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0260
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0260
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0265
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0265
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0270
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0270
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0270
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0275
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0275
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0275


The potential of exosomes as theragnostics Chapter | 20 483

 [55] Théry C, Amigorena S. The cell biology of antigen presentation in dendritic cells. Curr Opin 
Immunol 2001;13(1):45–51.

 [56] Chen DS, Mellman I. Oncology meets immunology: the cancer-immunity cycle. Immunity 
2013;39(1):1–10.

 [57] Kantoff  PW, Higano  CS, Shore  ND, et  al. Sipuleucel-T immunotherapy for castration- 
resistant prostate cancer. N Engl J Med 2010;363(5):411–22.

 [58] Andre F, Escudier B, Angevin E, et  al. Exosomes for cancer immunotherapy. Ann Oncol 
2004;15(Suppl. 4):iv141–4.

 [59] Pitt JM, Charrier M, Viaud S, et al. Dendritic cell–derived exosomes as immunotherapies in 
the fight against cancer. J Immunol 2014;193(3):1006–11.

 [60] Pitt JM, André F, Amigorena S, et al. Dendritic cell–derived exosomes for cancer therapy. 
 J Clin Invest 2016;126(4):1224–32.

 [61] Gabrilovich DI, Ciernik IF, Carbone DP. Dendritic cells in antitumor immune responses: I. 
Defective antigen presentation in tumor-bearing hosts. Cell Immunol 1996;170(1):101–10.

 [62] Zitvogel L, Regnault A, Lozier A, et al. Eradication of established murine tumors using a 
novel cell-free vaccine: dendritic cell derived exosomes. Nat Med 1998;4(5):594.

 [63] Zhang B, Yin Y, Lai RC, et al. Immunotherapeutic potential of extracellular vesicles. Front 
Immunol 2014;5:518.

 [64] Morse MA, Garst J, Osada T, et al. A phase I study of dexosome immunotherapy in patients 
with advanced non-small cell lung cancer. J Transl Med 2005;3(1):9.

 [65] Escudier B, Dorval T, Chaput N, et al. Vaccination of metastatic melanoma patients with 
autologous dendritic cell (DC) derived-exosomes: results of thefirst phase I clinical trial.  
J Transl Med 2005;3(1):10.

 [66] Besse  B, Charrier  M, Lapierre  V, et  al. Dendritic cell-derived exosomes as mainte-
nance immunotherapy after first line chemotherapy in NSCLC. Oncoimmunology 
2016;5(4):e1071008.

 [67] Wolfers J, Lozier A, Raposo G, et al. Tumor-derived exosomes are a source of shared tumor 
rejection antigens for CTL cross-priming. Nat Med 2001;7(3):297.

 [68] Dai S, Wei D, Wu Z, et al. Phase I clinical trial of autologous ascites-derived exosomes com-
bined with GM-CSF for colorectal cancer. Mol Ther 2008;16(4):782–90.

 [69] Andre F, Schartz NE, Movassagh M, et al. Malignant effusions and immunogenic tumour-
derived exosomes. Lancet 2002;360(9329):295–305.

 [70] Raposo G, Nijman HW, Stoorvogel W, et al. B lymphocytes secrete antigen-presenting vesi-
cles. J Exp Med 1996;183(3):1161–72.

 [71] Viaud S, Terme M, Flament C, et al. Dendritic cell-derived exosomes promote natural kill-
er cell activation and proliferation: a role for NKG2D ligands and IL-15Rα. PLoS ONE 
2009;4(3):e4942.

 [72] Saunderson SC, Dunn AC, Crocker PR, et al. CD169 mediates the capture of exosomes in 
spleen and lymph node. Blood 2014;123(2):208–16.

 [73] Takahashi Y, Nishikawa M, Shinotsuka H, et al. Visualization and in vivo tracking of the exo-
somes of murine melanoma B16-BL6 cells in mice after intravenous injection. J Biotechnol 
2013;165(2):77–84.

 [74] Zhou H, Pisitkun T, Aponte A, et al. Exosomal Fetuin-A identified by proteomics: a novel 
urinary biomarker for detecting acute kidney injury. Kidney Int 2006;70(10):1847–57.

 [75] Théry C, Duban L, Segura E, et al. Indirect activation of naïve CD4+ T cells by dendritic 
cell-derived exosomes. Nat Immunol 2002;3(12):1156.

 [76] Martinez  MC, Andriantsitohaina  R. Microparticles in angiogenesis: therapeutic potential. 
Circ Res 2011;109(1):110–9.

http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0280
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0280
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0285
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0285
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0290
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0290
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0295
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0295
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0300
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0300
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0305
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0305
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0310
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0310
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0315
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0315
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0320
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0320
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0325
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0325
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0330
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0330
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0330
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0335
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0335
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0335
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0340
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0340
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0345
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0345
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0350
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0350
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0355
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0355
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0360
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0360
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0360
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0365
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0365
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0370
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0370
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0370
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0375
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0375
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0380
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0380
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0385
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0385


484 Exosomes

 [77] Aharon A, Brenner B. Microparticles, thrombosis and cancer. Best Pract Res Clin Haematol 
2009;22(1):61–9.

 [78] Cho JA, Park H, Lim EH, et al. Exosomes from ovarian cancer cells induce adipose tissue-
derived mesenchymal stem cells to acquire the physical and functional characteristics of 
tumor-supporting myofibroblasts. Gynecol Oncol 2011;123(2):379–86.

 [79] Xu J, Lamouille S, Derynck R. TGF-β-induced epithelial to mesenchymal transition. Cell 
Res 2009;19(2):156.

 [80] Al-Nedawi K, Meehan B, Kerbel RS, et al. Endothelial expression of autocrine VEGF upon 
the uptake of tumor-derived microvesicles containing oncogenic EGFR. Proc Natl Acad Sci 
U S A 2009;106(10):3794–9.

 [81] Baj-Krzyworzeka M, Majka M, Pratico D, et  al. Platelet-derived microparticles stimulate 
proliferation, survival, adhesion, and chemotaxis of hematopoietic cells. Exp Hematol 
2002;30(5):450–9.

 [82] Ratajczak J, Wysoczynski M, Hayek F, et al. Membrane-derived microvesicles: important 
and underappreciated mediators of cell-to-cell communication. Leukemia 2006;20(9):1487.

 [83] Lu M, Xing H, Yang Z, et al. Recent advances on extracellular vesicles in therapeutic deliv-
ery: challenges, solutions, and opportunities. Eur J Pharm Biopharm 2017;119:381–95.

 [84] Haney MJ, Klyachko NL, Zhao Y, et al. Exosomes as drug delivery vehicles for Parkinson’s 
disease therapy. J Control Release 2015;207:18–30.

 [85] Klumperman J, Raposo G. The complex ultrastructure of the endolysosomal system. Cold 
Spring Harb Perspect Biol 2014;6(10):a016857.

 [86] Rufino-Ramos D, Albuquerque PR, Carmona V, et al. Extracellular vesicles: novel promising 
delivery systems for therapy of brain diseases. J Control Release 2017;262:247–58.

 [87] Viaud S, Ploix S, Lapierre V, et al. Updated technology to produce highly immunogenic den-
dritic cell-derived exosomes of clinical grade: a critical role of interferon-γ. J Immunother 
2011;34(1):65–75.

 [88] Lener T, Gimona M, Aigner L, et al. Applying extracellular vesicles based therapeutics in 
clinical trials–an ISEV position paper. J Extracell Vesicles 2015;4(1):30087.

 [89] Batrakova EV, Kim MS. Development and regulation of exosome-based therapy products. 
Wiley Interdiscip Rev Nanomed Nanobiotechnol 2016;8(5):744–57.

 [90] Kim OY, Lee JW, Gho YS. Extracellular vesicle mimetics: novel alternatives to extracellular 
vesicle-based theranostics, drug delivery, and vaccines. Semin Cell Dev Biol 2017;67:74–82.

 [91] De Jong  WH, Borm  PJ. Drug delivery and nanoparticles: applications and hazards. Int J 
Nanomedicine 2008;3(2):133.

 [92] Wilczewska AZ, Niemirowicz K, Markiewicz KH, et al. Nanoparticles as drug delivery sys-
tems. Pharmacol Rep 2012;64(5):1020–37.

 [93] Sercombe L, Veerati T, Moheimani F, et al. Advances and challenges of liposome assisted 
drug delivery. Front Pharmacol 2015;6:286.

 [94] Grange  C, Tapparo  M, Bruno  S, et  al. Biodistribution of mesenchymal stem cell-derived 
extracellular vesicles in a model of acute kidney injury monitored by optical imaging. Int J 
Mol Med 2014;33(5):1055–63.

 [95] Kotmakçı M, Çetintaş VB. Extracellular vesicles as natural nanosized delivery systems for 
small-molecule drugs and genetic material: steps towards the future nanomedicines. J Pharm 
Pharm Sci 2015;18(3):396–413.

 [96] Peinado H, Ale?kovi M, Lavotshkin S, et al. Melanoma exosomes educate bone marrow pro-
genitor cells toward a pro-metastatic phenotype through MET. Nat Med 2012;18(6):883–91.

 [97] Bruno S, Grange C, Collino F, et al. Microvesicles derived from mesenchymal stem cells 
enhance survival in a lethal model of acute kidney injury. PLoS One 2012;7(3):e33115.

http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0390
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0390
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0395
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0395
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0395
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0400
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0400
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0405
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0405
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0405
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0410
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0410
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0410
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0415
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0415
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0420
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0420
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0425
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0425
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0430
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0430
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0435
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0435
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0440
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0440
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0440
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0445
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0445
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0450
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0450
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0455
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0455
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0460
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0460
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0465
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0465
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0470
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0470
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0475
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0475
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0475
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0480
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0480
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0480
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0485
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0485
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0490
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0490


The potential of exosomes as theragnostics Chapter | 20 485

 [98] Wiklander  OP, Nordin  JZ, O’Loughlin  A, et  al. Extracellular vesicle in  vivo biodistribu-
tion is determined by cell source, route of administration and targeting. J Extracell Vesicles 
2015;4(1):26316.

 [99] Smyth TJ. Exploration of the drug delivery potential of tumor-derived exosomes. (Doctor of 
Philosophy). University of Colorado at Denver, Anschutz Medical Campus; 2014. Pharma-
ceutical Sciences Program.

 [100] Charoenviriyakul C, Takahashi Y, Morishita M, et al. Cell type-specific and common charac-
teristics of exosomes derived from mouse cell lines: yield, physicochemical properties, and 
pharmacokinetics. Eur J Pharm Sci 2017;96:316–22.

 [101] Morishita  M, Takahashi  Y, Nishikawa  M, et  al. Pharmacokinetics of exosomes—an im-
portant factor for elucidating the biological roles of exosomes and for the development of 
 exosome-based therapeutics. J Pharm Sci 2017;106(9):2265–9.

 [102] Hao S, Bai O, Li F, et al. Mature dendritic cells pulsed with exosomes stimulate efficient cy-
totoxic T-lymphocyte responses and antitumour immunity. Immunology 2007;120(1):90–102.

 [103] Tian Y, Li S, Song J, et al. A doxorubicin delivery platform using engineered natural mem-
brane vesicle exosomes for targeted tumor therapy. Biomaterials 2014;35(7):2383–90.

 [104] Sun  D, Zhuang  X, Xiang  X, et  al. A novel nanoparticle drug delivery system: the anti- 
inflammatory activity of curcumin is enhanced when encapsulated in exosomes. Mol Ther 
2010;18(9):1606–14.

 [105] Dhillon N, Aggarwal BB, Newman RA, et  al. Phase II trial of curcumin in patients with 
advanced pancreatic cancer. Clin Cancer Res 2008;14(14):4491–9.

 [106] Adlakha YK, Saini N. Brain microRNAs and insights into biological functions and therapeu-
tic potential of brain enriched miRNA-128. Mol Cancer 2014;13(1):33.

 [107] Xitong D, Xiaorong Z. Targeted therapeutic delivery using engineered exosomes and its ap-
plications in cardiovascular diseases. Gene 2016;575(2):377–84.

 [108] Kim  MS, Haney  MJ, Zhao  Y, et  al. Development of exosome-encapsulated paclitaxel to 
overcome MDR in cancer cells. Nanomedicine 2016;12(3):655–64.

 [109] Tang K, Zhang Y, Zhang H, et al. Delivery of chemotherapeutic drugs in tumour cell-derived 
microparticles. Nat Commun 2012;3:1282.

 [110] Pardridge WM. Drug transport across the blood-brain barrier. J Cereb Blood Flow Metab 
2012;32(11):1959–72.

 [111] Kabanov  AV, Batrakova  EV. Polymer nanomaterials. In: Neuroimmune Pharmacology. 
Springer; 2008. p. 691–707.

 [112] Silva GA. Nanotechnology applications and approaches for neuroregeneration and drug de-
livery to the central nervous system. Ann N Y Acad Sci 2010;1199(1):221–30.

 [113] Ebadi M, Srinivasan SK, Baxi MD. Oxidative stress and antioxidant therapy in Parkinson’s 
disease. Prog Neurobiol 1996;48(1):1–19.

 [114] McGeer P, Itagaki S, Boyes B, et  al. Reactive microglia are positive for HLA-DR in the 
substantia nigra of Parkinson’s and Alzheimer’s disease brains. Neurology 1988;38(8):1285.

 [115] Abraham S, Soundararajan C, Vivekanandhan S, et al. Erythrocyte antioxidant enzymes in 
Parkinson’s disease. Indian J Med Res 2005;121(2):111–5.

 [116] Ambani LM, Van Woert MH, Murphy S. Brain peroxidase and catalase in Parkinson disease. 
Arch Neurol 1975;32(2):114–8.

 [117] Riederer P, Sofic E, Rausch WD, et al. Transition metals, ferritin, glutathione, and ascorbic 
acid in parkinsonian brains. J Neurochem 1989;52(2):515–20.

 [118] Kim  SH, Bianco  N, Menon  R, et  al. Exosomes derived from genetically modi-
fied DC  expressing FasL are anti-inflammatory and immunosuppressive. Mol Ther 
2006;13(2):289–300.

http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0495
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0495
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0495
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0500
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0500
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0500
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0505
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0505
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0505
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0510
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0510
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0510
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0515
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0515
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0520
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0520
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0525
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0525
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0525
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0530
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0530
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0535
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0535
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0540
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0540
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0545
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0545
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0550
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0550
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0555
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0555
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0560
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0560
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0565
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0565
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0570
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0570
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0575
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0575
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0580
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0580
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0585
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0585
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0590
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0590
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0595
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0595
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0595


486 Exosomes

 [119] Katsuda T, Oki K, Ochiya T. Potential application of extracellular vesicles of human adipose 
tissue-derived mesenchymal stem cells in Alzheimer’s disease therapeutics. In: Stem cell 
renewal and cell-cell communication. Springer; 2014. p. 171–81.

 [120] Li Y, Cheng Q, Hu G, et al. Extracellular vesicles in mesenchymal stromal cells: a novel 
therapeutic strategy for stroke. Exp Ther Med 2018;15(5):4067–79.

 [121] Tran  T-H, Mattheolabakis  G, Aldawsari  H, et  al. Exosomes as nanocarriers for immuno-
therapy of cancer and inflammatory diseases. Clin Immunol 2015;160(1):46–58.

 [122] Ha  D, Yang  N, Nadithe  V. Exosomes as therapeutic drug carriers and delivery vehicles 
across biological membranes: current perspectives and future challenges. Acta Pharm Sin B 
2016;6(4):287–96.

 [123] Petersen KE, Manangon E, Hood JL, et al. A review of exosome separation techniques and 
characterization of B16-F10 mouse melanoma exosomes with AF4-UV-MALS-DLS-TEM. 
Anal Bioanal Chem 2014;406(30):7855–66.

 [124] Rana S, Bajaj A, Mout R, et al. Monolayer coated gold nanoparticles for delivery applica-
tions. Adv Drug Deliv Rev 2012;64(2):200–16.

 [125] He  C, Zheng  S, Luo  Y, et  al. Exosome theranostics: biology and translational medicine. 
Theranostics 2018;8(1):237–55.

 [126] Jang SC, Kim OY, Yoon CM, et al. Bioinspired exosome-mimetic nanovesicles for targeted 
delivery of chemotherapeutics to malignant tumors. ACS Nano 2013;7(9):7698–710.

 [127] Lunavat TR, Jang SC, Nilsson L, et al. RNAi delivery by exosome-mimetic nanovesicles—
implications for targeting c-Myc in cancer. Biomaterials 2016;102:231–8.

 [128] Parolini I, Federici C, Raggi C, et al. Microenvironmental pH is a key factor for exosome 
traffic in tumor cells. J Biol Chem 2009;284(49):34211–22.

 [129] Armstrong JP, Holme MN, Stevens MM. Re-engineering extracellular vesicles as smart na-
noscale therapeutics. ACS Nano 2017;11(1):69–83.

 [130] Sato YT, Umezaki K, Sawada S, et al. Engineering hybrid exosomes by membrane fusion 
with liposomes. Sci Rep 2016;6:21933.

 [131] Yang Y, Hong Y, Nam GH, et al. Virus-mimetic fusogenic exosomes for direct delivery of 
integral membrane proteins to target cell membranes. Adv Mater 2017;29(13):1605604.  

http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0600
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0600
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0600
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0605
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0605
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0610
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0610
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0615
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0615
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0615
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0620
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0620
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0620
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0625
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0625
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0630
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0630
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0635
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0635
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0640
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0640
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0645
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0645
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0650
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0650
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0655
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0655
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0660
http://refhub.elsevier.com/B978-0-12-816053-4.00020-1/rf0660

