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Preface

Exosome research is a young and rapidly changing field. It is exciting to write about it, but it
is also hard to know when to stop, since new results appear at frequent intervals. This book
provides a forum for novel implications of exosomes in diagnosis and treatment of cancer
and infectious diseases. It is a timely reference to explore the early detection biomarkers of
cancer and infectious diseases and will help develop successful therapeutic intervention in
these diseases in the future.

For clarity, the eight chapters of this book have been clustered into three parts. Part I clus-
ters Chapters 1-3, outlining the exosomes in cancer. The topics deal with the mechanisms of
tumor formation under the exosomes’ action, showing how circulating exosomes have come
into the spotlight of research as a high potential biomarker of pancreatic cancer and multiple
myeloma, and outlining the application of exosomes as transfer vector in tumor therapeu-
tics. As a high potential source of “liquid biopsies," exosomes, which are secreted by fusing
the intracellular multivesicular body with cell membrane, have relative stability and compo-
sition covering the whole range of cancer-related biomarkers including the cells’ proteins,
lipids, DNA, and RNA. The emphasis in the first part of the book is on exosomal IncRNAs
and miRNAs, which can serve as diagnostic and prognostic factors, complementing clinical
and pathological parameters in the effort to predict the outcome of patients with pancreatic
cancer. Chapter 2 discusses that multiple myeloma and monoclonal gammopathy of unde-
termined significance (MGUS) exosomes are different in concentration, biological activity,
and biochemical markers. These differences seem to be related to the free light chains associ-
ated to exosomes and their pro-pathogenic properties. Knowledge in the field of tumor-de-
rived exosomes advanced so quickly, which lead to numerous findings correlating these
extracellular vesicles with tumor growth, metastatic process, and their close association with
the immune system. Chapter 3 presents animal models in exosome research, where Dr. Melo
presents that genetically engineered mouse models can be a promising approach to address
the current technical limitations allowing tracing tumor-derived exosomes while retaining
the animal immune system.

Part II comprises two chapters focusing on exosomes in viral infection. Chapter 4 provides
an overview of our current understanding of exosome biogenesis and how this normal
physiological process is hijacked by some pathogenic viruses. The potential roles of exo-
somes in viral pathogenesis are also discussed in Chapter 4. Details relating to exosomes
from Epstein-Barr virus (EBV)-associated cancers are included in Chapter 5. Current eviden-
ces support the pathogenic roles of exosomes in EBV-related cancers as biomarkers in cancer
diagnostics and therapy response. Part II highlights the potential challenges in the develop-
ment of exosome-based biomarkers for clinical application in infectious diseases.
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Preface

The last three chapters in Part III explain the formation and release of extracellular vesicles
(EVs), microvesicles (MVs), and exosomes. Exosomes are a class of EVs of small size (40-120
nm) originating in multivesicular endosomes and can be released from a wide range of cells,
which differ in size from MVs (50-1000 nm) and apoptotic bodies (800-5000 nm) and are
secreted directly from the cell membrane in budding form. Details of how to isolate exo-
somes from liquid biopsy and blood are given in Part III, where recent progress and remain-
ing challenges in the isolation of EVs for diagnosis and treatment of cancer and infectious
diseases are discussed.

This book is intended to provide deep coverage of topics that we feel are reasonably well
understood. Rapid progress in the field of exosomes made it possible to reduce the coverage
of less significant areas. The book is designed for different readers although it is hard to
simultaneously cover all the areas of exosomes in this book. I believe that one should solve
the basic exosome problem before starting to worry about implications of exosomes in diag-
nosis and treatment of cancer and infectious diseases.

Jin Wang PhD

Professor

Scientific Research Center

Shanghai Public Health Clinical Center
Fudan University
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Chapter 1

Novel Implications of Exosomes and IncRNAs in the
Diagnosis and Treatment of Pancreatic Cancer

Jin Wang, Xuan Zhang, Chunxia Ji, Lei Zhang,
Yang Di, Wenhui Lou, Xiaoyan Zhang and
Jianging Xu

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.69510

Abstract

Pancreatic cancer remains a leading cause of cancer-related deaths. Most patients are
present with advanced stages of the disease at the time of diagnosis; thus, surgery, which
is the best curative option for this malignancy, is no longer an effective treatment modal-
ity for affected individuals. As a likely source of “liquid biopsies,” exosomes, which are
secreted by fusing intracellular multivesicular bodies with cell membranes, have relative
stability and composition, allowing them to cover the entire range of cancer-related bio-
markers, including cellular proteins, lipids, DNA, RNA, miRNA, and long non-coding
RNAs (IncRNAs). To explore the early detection biomarkers of pancreatic cancer and to
develop successful therapeutic intervention for this disease, assessing the implications of
exosomes in pancreatic cancer patients is essential. In this chapter, we wish to focus on
the possibility of using exosomes and IncRNAs in the clinical management of patients
with pancreatic cancer. We will discuss the mechanisms of tumor formation under the
exosomal action, demonstrate how circulating exosomes and IncRNAs have come into
the research spotlight as likely biomarkers of pancreatic cancer, and discuss the applica-
tions of exosomes as transfer vectors in tumor therapeutics.

Keywords: exosomes, IncRNA, pancreatic cancer, biomarkers, diagnosis, therapeutic

intervention
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1. Introduction

1.1. Exosomes, ncRNAs, and IncRNAs

Exosomes are a class of small (40-120 nm) extracellular vesicles (EVs) that originate in mul-
tivesicular endosomes [1-3] and can be released from a wide range of cells, including can-
cer cells [4]. Exosomes differ in size from microvesicles (50-1000 nm) and apoptotic bodies
(800-5000 nm) and are secreted directly from the cell membrane in a budding form [5-7]. Late
endosomes released from multivesicular bodies (MVBs) are integrated with the cell mem-
brane in the extracellular matrix during the release of exosomes. Exosomes released into the
extracellular environment can be utilized by tumor cells to alter the tumor microenvironment
or to provide a favorable microenvironment for distant metastases by affecting distant organs
[8-10]. Therefore, exosomes serve as efficient vehicles for long- and short-distance intercel-
lular communication by signaling molecules in the form of lipids, proteins, DNA, RNAs, and
non-coding RNAs (ncRNAs) [11]. Exosomes play an important role in signal transduction
between cells.

In the complicated human genome, approximately 2% of the genomic sequence encodes
proteins involved in biological progression [12], of which approximately 90% are ncRNAs.
ncRNAs are described as the “noise” of the genome in their primary form, and they can be
divided into two subgroups: small ncRNAs (sncRNAs) and long ncRNAs (IncRNAs) [13-16].
If RNA is <200 nt in length, the ncRNAs are defined as sncRNAs, which includes microRNAs
(also called miRNAs or miRs). Conversely, long non-coding RNAs (IncRNAs) are >200 nt in
length. Previous studies have reported that IncRNAs are involved in numerous physiological
and pathological processes.

In recent years, an increasing number of IncRNAs have been investigated, and play a vital role
in various major biological processes associated with promoting proliferation, invasion, and
migration metabolism [17-19]. Increasing evidence points to important functional or regula-
tory roles of IncRNAs in cellular processes, including the cell cycle, proliferation, apoptosis
[20-22], RNA processing [23], chromatin modification [24, 25], genomic reprogramming [26,
27], and gene imprinting [28]. They also play a role in cancers resulting from aberrant IncRNA
expression. Recent findings indicate that IncRNAs are dysregulated in many kinds of cancer,
including pancreatic cancer (PaCa), and they are closely related with tumorigenesis, metasta-
sis, prognosis, and diagnosis.

2. The physiological function of exosomes

Exosomes carry a variety of substances from secreted cells, including proteins, lipids,
DNA, RNA, and ncRNA [29, 30]. The intercellular communication regulated by exosomes
is not only involved in regulating the physiological processes of normal cells but also par-
ticipates in many pathological processes associated with disease development, including
tumors [31-33]. Exosomes regulate biological activity through the rapid reaction of signal
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molecules on their surface or by the release of extracellular biologically active substances.
Exosomal biological activity is mainly determined by its components (i.e., the exosome
cell source) [8-10]. Exosomes, which use autocrine, paracrine, and endocrine signaling to
exchange biological information, are involved in the transmission of substances and signals
between cells.

In addition, exosomes have immunomodulatory function [34]. Antigen-presenting cell
(APC)-derived exosomes can promote the proliferation of T lymphocytes and induce anti-
tumor immune responses in vivo. Exosomes have the features of their original cells because
they bring DNA, RNA, and proteins from the original cell and carry a variety of proteins on
their surface. Since exosomes are released from endosomes, they carry certain endosomal-
specific proteins, including GTPases, flotillin, Alix, Tsg101, CD81 and CD82, heat shock pro-
teins Hsp70 and Hsp90, and epithelial cell adhesion molecules [35-38] that are involved in
exosome formation.

If exosomes are secreted by tumor cells, they can kill the tumor cells by providing information
to cytotoxic T lymphocytes by cross-reacting with antigen-presenting cells [39]. However,
exosomes from tumor cells have a dual role in that they have antitumor activity and also
promote tumor growth. For example, exosomes from colorectal cancer cells contain cell cycle-
related mRNAs that promote the proliferation of endothelial cells, which can induce tumor
angiogenesis [40]. Exosomes obtained from gastric cancer cells promote tumor progression
by activating the NF-kB pathway in macrophages [41]. In ovarian cancer, epithelial ovarian
cancer (EOC) cell-derived exosomes promote ovarian cancer metastasis and deterioration by
transferring CD44 to peritoneal cells [42].

3. Exosomes as novel biomarkers of cancer

The identification of cancer-specific exosomes in bodily fluids, such as serum, plasma, and
urine, will be useful for the detection of cancer and will allow for the identification of specific
DNA, RNA, and protein content in the absence of contamination from non-cancerous exosomes
[43]. The proteoglycan glypican-1 (GPC1) is highly expressed in tumor cell-derived exosomes.
GPC1 has been shown to be a specific, sensitive marker in serum from pancreatic patients
that are in both the early and late stages but not in benign pancreatic diseases [43]. CD24 and
EpCAM are tumor-derived exosome markers isolated by immune-affinity techniques involv-
ing anti-CD24 and anti-EpCAM magnetic beads [44]. In serum, CD24 and EpCAM serve as
early diagnosis biomarkers [44], while fibronectin can serve as an early diagnosis biomarker
in plasma. The ELISA method has been used to detect fibronectin [45]. The levels of exosomal
EDIL3 from breast cancer patients can be dramatically reduced with surgery, indicating that
EDIL3 can also serve as a diagnostic and prognostic biomarker [46]. Survivin expression
has been shown to be significantly increased in patients with prostate cancer, but lower sur-
vivin expression has been found in benign prostatic hyperplasia (BPH) and healthy subjects.
Additionally, the levels of survivin in BPH and healthy subjects are not significantly different.
Thus, survivin can be used as a new diagnostic indicator of prostate cancer [47].
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Separated and purified exosomes not only contain mRNA and miRNA but also tRNA and
some IncRNA [11, 48-50]. Six miRNAs (miR-19b-3p, miR-21-5p, miR-221-3p, miR-409-3p,
miR-425-5p, and miR-584-5p) were found to be upregulated in lung adenocarcinoma [51].
Eight miRNAs (miR-21, miR-141, miR-200a, miR-200c, miR-200b, miR-203, miR-205, and miR-
214) have served as diagnostic biomarkers for ovarian cancer, and these miRNAs have also
been identified in exosomes from ovarian cancer patients [52]. miRNAs can also be diagnostic
biomarkers for esophageal squamous cell cancer (ESCC), as the serum levels of exosomal
miR-21 from patients with ESCC are significantly higher than those of patients with benign
diseases without systemic inflammation and are positively correlated with tumor progression
and aggressiveness [53].

4. Exosomes for therapeutic intervention in cancer

The recent contribution by Zhang et al. reviewed the recent advances in cancer immunother-
apy, exosome functions, exosome immunoregulation, and immune cell-derived exosomes
[34]. As mentioned in Zhang's manuscript, exosomes cannot only transfer messages between
cells by carrying RNA and proteins but also can modulate the immune response. After
reviewing recent findings regarding exosomes and immunity in cancer, we have highlighted
the novel insights into the development of efficient exosome-based cancer vaccines for cancer
therapeutic intervention. Specifically, exosomes derived from immune cells, such as APCs,
dendritic cells (DCs), and NK cells, play a crucial role in the immunomodulation of cancer,
and they may be the best cancer vaccine candidates because they can inhibit the malignant
activity of cancer cells and leave healthy cells unaffected [54-56]. Recently, researchers have
noted that exosomes may lead to key advances in cancer therapy. Exosomes isolated from
DCs have been evaluated in clinical trials as treatment for various kinds of cancers [57-59]. In
a phase I clinical trial, exosomes derived from autologous DCs loaded with MAGE 3 peptides
were applied as cancer therapy for stage III/IV melanoma patients [58]. Several phase I or
phase Il clinical trials involving exosome-based regimens have occurred in breast cancer, gas-
tric cancer, malignant glioma, and non-small cell lung cancer patients, which demonstrates
that exosomes are effective tools for the transportation of anticancer drugs [59]. Exosomes
were employed to form a complex with curcumin and delivered to recipient pancreatic cancer
cells, which was found to promote cytotoxicity [60]. Moreover, exosomes have been shown
to deliver small, molecular anticancer drugs across the blood-brain barrier and significantly
inhibit tumor growth in a brain cancer model [61, 62].

5. Long non-coding RNAs as novel biomarkers in cancer

IncRNAs modulate gene expression, while IncRNA dysregulation is associated with human
cancer. IncRNAs could play a significant role in cancer progression by interacting with pro-
teins. Since they are highly specific and easily detectable in tissue, serum, plasma, and urine,
interest in exploring IncRNAs in cancer patients continues to increase. Metastasis-associated
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lung adenocarcinoma transcript 1 (MALAT-1, also known as NEAT2), a novel IncRNA4, is
found on chromosome 11q13 and is well conserved among mammalian species. MALAT-1
is a critical regulator of the metastatic phenotype of lung cancer cells [63] and can enhance
proliferation, cell motility, invasion, and metastasis in CNE-1 [64], lung adenocarcinoma [65],
thyroid cancer [17], cervical cancer [19], and ovarian cancer cells [18]. MALAT-1 has an impor-
tant role in regulating the metastasis of bladder cancer and can be a potential application
in bladder cancer therapy [66]. The MALAT-1-mediated promotion of renal cell carcinoma
(RCC) proliferation and metastasis may be due to the upregulation of Livin expression [67].
MALAT-1 promotes the proliferation of chondrosarcoma cells via activating the Notch-1
signaling pathway [68], indicates poor prognosis in non-small cell lung cancer, and induces
migration and tumor growth [69]. Upregulation of MALAT-1 has been associated with sur-
vival rate, cell cycle, and migration in patients with esophageal squamous cell carcinoma
(ESCC) [70]. However, the loss of MALATT is compatible with cell viability and normal devel-
opment [71]. On the other hand, MALAT-1 is downregulated in preeclampsia and regulates
the proliferation, apoptosis, migration, and invasion of JEG-3 trophoblast cells [72]. MALAT-1
is also expected to be a potential therapeutic target in prostate cancer [73]. As another criti-
cal oncogenic IncRNA in human cancers [74, 75], the IncRNA HOTTIP promotes tumor
growth, inhibits cell apoptosis [76], contributes to the progression of prostate cancer [77] and
non-small cell lung cancer [78] by regulating HOXA13, and increases the chemoresistance
of osteosarcoma cells by activating the Wnt/B-catenin pathway [79]. HOTTIP is upregulated
and associated with poor prognosis in patients with osteosarcoma [80]. Overexpression of
HOTTIP can promote tumor invasion and predict poor prognosis in gastric cancer [81]. This
accumulating evidence indicates that long non-coding RN As have immense potential as pow-
erful, non-invasive tumor markers. However, overexpression of HOTTIP inhibits glioma cell
growth by brain and reproductive expression [82].

Circulating IncRNAs have shown potential as biomarkers in the diagnosis and prognosis of
many cancers, including cervical cancer, colon cancer, hepatocellular carcinoma (HCC), gas-
tric cancer (GC), PaCa, renal cell carcinoma (RCC), ovarian cancer (OC), non-small cell lung
cancer (NSCLC), thyroid cancer, and prostate cancer (Table 1). Here, we have identified some
interesting circulating IncRNAs (also known as exosomal IncRNAs), including MALAT-1,
PVT1, HOTAIR, H19, UCA1, and TUGI, as novel biomarkers in various cancers. MALAT-1
in urine may serve as a potential biomarker for predicting prostate cancer risk. The applica-
tion of the MALAT-1 model can prevent 30.2-46.5% of unnecessary biopsies in high-grade
cancers [83]. PVT1 expression has been shown to be significantly elevated in non-small cell
lung cancer (NSCLC), and high PVT1 expression has been associated with poor overall sur-
vival and disease-free survival in NSCLC patients; therefore, PVT1 could serve as a promising
biomarker for the diagnosis and prognosis of NSCLC. PVT1 knockdown could remarkably
inhibit NSCLC cell proliferation [84]. HOTAIR has been shown to be significantly higher in
breast cancer patients, and circulating HOTAIR DNA levels were 2.15-fold higher in patients
compared with those of healthy controls in one study, which demonstrates a moderate cor-
relation between its expressions in tumor tissues. Plasma HOTAIR levels have been found to
be significantly reduced after surgery [85, 86], indicating that plasma HOTAIR might serve
as a potential biomarker for diagnosing breast cancer. A multivariate survival analysis also
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IncRNA Functions Detection in cancer References
MALAT-1 1. Promotes cell Thyroid cancer, OC, [17-19, 66, 67, 71-75, 77,
proliferation, invasion, and  cervical cancer, NSCLC, 106]
migration human nasopharyngeal
carcinoma cell lines,
bladder cancer, lung
adenocarcinoma, JEG-3
trophoblast cells, PaCa,
chondrosarcoma cell, RCC,
ESCC
2. Regulator of the Lung cancer cells, human [65, 66, 111]
metastasis nasopharyngeal carcinoma
cell lines, PaCa
3. Diagnostic and Prostate cancer (urine/ [78, 88, 123]
prognostic biomarker plasma), osteosarcoma
(serum)
4. Potential therapeutic Prostate cancer [78]
target
HOTTIP 1. Inhibits glioma cell Glioma [87]
growth
2. Cell growth, apoptosis, HCC, PaCa, GC and [80, 81, 83, 85, 113, 123]
migration, and invasion colorectal cancer, NSCLC,
lung cancer
3. Increases Osteosarcoma cell, PaCa [119]
chemoresistance
4. Progression and Prostate cancer, colorectal ~ [80, 82, 119, 124-126]
prognosis cancer, osteosarcoma,
tongue squamous cell
carcinoma, PaCa, HCC
5. Biomarkers PaCa (blood) [121]
PVT1 1. Promotes cell NSCLC, esophageal cancer, [127-133]
proliferation and invasion  bladder cancer, acute
promyelocytic leukemia,
GC, BC
2. Progression and Cervical cancer, GC, HCC, [115, 134-137]
prognosis PaCa
3. Promotes resistance OC, GC [138, 139]
4. Modulates thyroid Thyroid cancer [140]
cancer cell proliferation
5. Apoptosis Colorectal cancers [141]
6. Novel biomarker for Cervical cancer, HCC, RCC [89, 114, 142-145]
diagnosis and prognosis (Serum); PaCa, NSCLC
(tissue)
uc.345 1. Promotes tumorigenesis  PaCa [122]
LINC-PINT 1. Diagnostic and PaCa (plasma and tumor [127]

prognostic biomarkers

tissues)



Novel Implications of Exosomes and IncRNAs in the Diagnosis and Treatment of Pancreatic Cancer

http://dx.doi.org/10.5772/intechopen.69510

IncRNA Functions Detection in cancer References
HOTAIR 1. Enhances cell PaCa, HCC, cervical cancer, [113, 146-155]
proliferation, survival and ~ GC, OC, NSCLC, colorectal
migration cancer, prostate cancer
2. Enhances its prognostic =~ BC, HCC, cervical cancer, [156-169]
potential and correlates bladder cancer
with disease progression
3. Relative to resistance BC, cervical cancer, OC, [157, 160-162]
bladder transitional cell
carcinoma
4. Associated with EMT, Epithelial OC, colorectal [163, 164]
cancer stem cells cancer
5. Activates autophagy HCC [165]
6. Modulates HLA-G Cervical cancer, GC [166, 167]
expression
7. Potential biomarker for PaCa, BC, colorectal [90, 91, 114, 149, 168-170]
diagnosis carcinoma (serum/plasma),
PaCa (tissue), GC (tissue,
blood, and gastric juice)
H19 1. Promotes cell PDAC, lung cancer, BC, [117, 172-174]
proliferation, migration glioblastoma
and invasion
2. Prognosis and Gastrointestinal, colorectal  [175-179]
progression and Metastasis  cancer, NSCLC, gallbladder
carcinoma
3. Regulates angiogenesis ~ Glioma, glioblastoma [173, 180]
4. Contributing to ocC [181]
resistance
5. Modulates Malignant carcinoma [182]
tumorigenicity and
stemness
6. Regulatory role Human embryonic [183]
in pluripotency and carcinoma
tumorigenesis
7. Promotes EMT Colorectal cancer, [173, 184, 185]
esophageal cancer,
glioblastoma
8. Potential biomarkers for ~ GC (serum/plasma/tissue), [91-93, 186-188]
diagnosis BC (tissue), bladder cancer
IRAIN 1. Promotes proliferation PaCa, NSCLC [123, 189]
and suppresses apoptosis
2. As a novel imprinted BC (tumors and peripheral  [190]

gene that is aberrantly
regulated in breast cancer

blood leucocytes)
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IncRNA Functions Detection in cancer References
UCA1 1. Promotes the PaCa, endometrial cancer, [118, 191-194]
tumorigenesis, enhances colorectal cancer, RCC,

cell proliferation, migration NSCLC, prostate cancer

2. Contributes to the OSCC, ESCC [195, 196]
progression and prognosis

3. Promotes EMT BC [197]

4. Suppress metastasis Epithelial OC [198]

5. Modulates cell growth BC [199, 200]

and apoptosis, and
epigenetic regulation

6. Enhances drug resistance BC, bladder cancer, GC, [192, 201-205]
colorectal cancer, prostate

cancer
7. Promotes glutamine Bladder cancer [206]
metabolism
8. As diagnostic and HCC, colon cancer (serum), [171, 207-217]
prognostic markers early gastric cancer, lung

cancer (plasma), bladder

cancer (urine and blood),

TUG1 1. Promotes cell Bladder cancer, BC, [218-222]

proliferation, migration osteosarcoma, ESCC, HCC
2. Poor prognosis and Bladder cancer, GC, [219, 223-226]
promotes metastasis colorectal cancer, OC
3. Associated with ESCC [227]

chemotherapy resistance
and poor prognosis

4. Acts as a tumor Human glioma [228]
suppressor in human

glioma

5. Affects apoptosis and PaCa [124]
insulin secretion

6. As biomarker for poor Osteosarcoma (plasma), [229, 230]
prognosis B-cell neoplasms (plasma)

Table 1. Long non-coding RNAs (IncRNAs) as potential biomarkers for cancer.

indicated that H19 might serve as a potential biomarker for early detection and prediction of
prognosis of breast cancer and gastric cancer. The expression of H19 was remarkably increased
in breast cancer and gastric cancer tissues. H19 expression has been shown to be significantly
correlated with invasion depth, advanced TNM stage and regional lymph node metastasis in
gastric cancer. Additionally, elevated expression levels of H19 have been shown to contribute
to the poor overall survival and disease-free survival of gastric cancer patients [87]. This makes
H19 closely associated with progressive gastric cancer, and it could be a potential non-invasive
diagnostic gastric cancer biomarker for management. Better performance could be achieved
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using both carcinoembryonic antigen (CEA) and H19 simultaneously [88]. Plasma H19 levels
have been shown to be significantly decreased in postoperative breast cancer samples com-
pared to those in preoperative samples [89]. Urothelial cancer-associated 1 (UCA1), originally
identified as a IncRNA in bladder cancer, has been proven to play a pivotal role in bladder
cancer progression and embryonic development. Upregulation of the IncRNA UCAL1 and the
IncRNA WRAP53 has been observed in hepatocellular carcinoma (HCC), and CA1 might serve
as a novel serum biomarker for HCC. Moreover, the expression levels of UCA1 and WRAP53
in tissue have been shown to be strongly correlated with their levels in sera. Further, the com-
bination of UCA1 and WRAP53 with serum alpha fetoprotein could improve sensitivity to
100% [90]. Further, meta-analysis also found that higher levels of UCA1 were correlated with
shorter progression-free survival (PFS) and overall survival (OS) times in cancer [91], indicat-
ing that circulating IncRNAs, such as MALAT-1, PVT1, HOTAIR, H19, UCA1, and WRAP53,
could serve as novel biomarkers for the early detection and the prediction of prognosis of
cancer.

6. Exosomes and IncRNAs in the diagnosis and treatment of pancreatic
cancer

Pancreatic cancer is one of the most lethal tumors, and its main tumor type is that of adeno-
carcinoma [92-94]. Pancreatic ductal adenocarcinoma (PDAC), the fourth leading cause of
cancer-related deaths in both males and females in the USA, is usually asymptomatic [186],
and PDAC is one of the most lethal malignant neoplasms worldwide [89, 95, 96]. Statistical
analysis indicated that death rates rose from 2001 to 2010 [97]. In America, approximately
53,000 people were diagnosed with pancreatic cancer in 2016, and pancreatic cancer was
responsible for 41,750 deaths in the USA [98] in that same year. Additionally, the incidence of
pancreatic cancer has shown an increasing trend year-by-year in China, and pancreatic cancer
has become one of the top 10 causes of cancer-related deaths [99].

It is well known that pancreatic cancer has a poor prognosis because it is usually diagnosed
after the cancer has already spread, leading to poor patient outcomes. Pancreatic ductal ade-
nocarcinoma patients have a 5-year survival rate of ~5% [100]. Survival can be improved
if tumors are detected at an early stage, and the 5-year survival rate is 50% if tumors are
<2 cm in size [101]. However, there have been no reliable biomarkers to accurately diag-
nose, image, or predict the tumor classification and biological behavior of pancreatic cancer
until now. Thus, it is urgent to screen potential biomarkers and treatment-related biomark-
ers, such as exosome-derived proteins, DNA (exoDNA), miRNAs (exosomal miRNAs), and
IncRNAs (exosomal IncRNAs), for the early detection of pancreatic cancer. Allenson found
that KRAS mutations in the exoDNA of control, localized, locally advanced, and metastatic
PDAC patients were 7.4, 66.7, 80, and 85%, respectively, which demonstrates that KRAS in
exosomes could be applied to diagnose PDAC [102]. Takikawa also confirmed that pancreatic
stellate cell (PSC)-derived exosomes stimulate the proliferation and migration of pancreatic
cancer cells and upregulate the mRNA expression of the chemokine (C-X-C motif) ligands 1
and 2 in pancreatic cancer cells [103]. Over the last few years, non-coding RNAs, especially
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exosomal IncRNAs and exosomal miRNAs, have become a new diagnostic, prognostic, and
predictive tool for pancreatic cancer. Exosomal miR-155, miR-196a, miR-17-5p, miR-10b, and
miR-21 have good sensitivity and specificity in the serum of PaCa patients and can be useful
serum biomarkers for pancreatic cancer [104, 105]. Not only can single exosomes be a diagno-
sis biomarker, but combined exosomal miRNAs, such as miR-1246, miR-4644, miR-3976, and
miR-4306, can also increase sensitivity and specificity for the diagnosis of pancreatic cancer.

Specifically, exosomal IncRNAs have been identified as potential biomarkers of various can-
cers in recent years, including gastric cancer, breast cancer, and lung cancer. However, few
studies have explored the potential use of exosomal IncRNAs in pancreatic cancer detection
and prognosis. MALAT-1, HOTTIP, PVT1, and HOTAIR, which are secreted from PDAC cells
to bodily fluids, such as blood, pancreatic juice, cystic fluid, and urine, are some of most widely
studied IncRNAs in pancreatic cancer (Figure 1). As a potential oncogenic IncRNA, MALAT-1
involves in proliferation, migration, and invasion and promotes the undifferentiated phe-
notype of pancreatic tumor cells [106]. MALAT-1 can also promote the tumorigenicity of
pancreatic cancer cells, increase the proportion of pancreatic cancer stem cells, maintain a self-
renewing capacity, and decrease chemosensitivity to anticancer drugs. Moreover, MALAT-1
has potential effects on the stem cell-like phenotypes of pancreatic cancer cells, which suggests
that MALAT-1 has a novel role in tumor stemness [107]. The IncRNA HOTTIP enhances pan-
creatic cancer cell proliferation, survival, and migration and has been implicated in pancreatic
cancer diagnosis and prognosis [108]. The overexpression of HOTAIR has been described as a
poor prognostic factor in PDAC and can also be a novel non-invasive salivary biomarker for
the early diagnosis of PaCa with PVT1 expression [109]. Increased expression of the IncRNA
PVT1 is associated with poor prognosis in pancreatic cancer patients [110]. PVT1 expression is

Non-coding 8

Figure 1. Exosomal IncRNAs secreted from PDAC cells as potential biomarkers of pancreatic cancer.
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significantly increased in PDAC and is correlated with tumor progression. Moreover, patients
with high PVT1 expression levels have been shown to have shorter overall survival times com-
pared to those with low PVT1 expression levels, which implies that PVT1 could be a potential
molecular biomarker for predicting the prognosis of patients with PDAC [110]. H19 has been
shown to be overexpressed in PDAC tissues and to be correlated with the histological grade of
PDAC. Knockdown of H19 can suppress cell viability, proliferation, and tumor growth, while
H19 overexpression can enhance cell viability, proliferation, and tumor growth [111]. UCA1
expression has been shown to be significantly upregulated in PaCa tumor tissues and to be
significantly correlated with malignant potential factors, such as tumor size, depth of invasion,
CA19-9 levels, and tumor stage. Highly expressed UCA1 has been shown to be an indepen-
dent prognostic biomarker of PaCa, leading to an obviously shorter 5-year overall survival
(OS). Downregulation of UCA1 could effectively inhibit cell proliferative activities, which
implies that UCA1 could be a potential prognostic biomarker and therapy target of PaCa [112].

In addition, high expression levels of the IncRNA HOXA13 have been shown to be correlated
with lymph node metastasis, poor histological differentiation, and decreased overall survival
in PDAC patients. The knockdown of HOXA13 resulted in proliferation arrest and impaired
cell invasion in pancreatic cancer [113]. Using microarray analysis, HOTTIP was confirmed
to be one of the most significantly upregulated IncRNAs in PDAC [113]. HOTTIP has been
shown to be overexpressed in pancreatic cancer, and knockdown of HOTTIP in pancreatic can-
cer cells decreased proliferation, induced apoptosis, and decreased migration [108]. Using an
Arraystar Human IncRNA Microarray, HOTTIP-005, XLOC_006390, and RP11-567G11.1 were
found to be the most increased IncRNAs in PaCa. Elevated HOTTIP-005 and RP11-567G11.1
expression could serve as poor prognostic markers for patients with PaCa. Plasma HDRF and
RDRF (HOTTIP-005- and RP11-567G11.1-derived RNA fragments in plasma/serum) have also
shown to be significantly increased in patients with PaCa, which demonstrates that HDRF
and RDREF levels could be promising indicators for distinguishing patients with PC [114]. As
an oncogenic IncRNA, uc.345 has been shown to promote tumor progression and to serve as
a poor predictor for OS in pancreatic cancer patients. uc.345 was found to be upregulated in
tumor tissues, and higher uc.345 expression levels have been associated with cancer invasion
and metastasis, which could be an independent risk factor for the OS of pancreatic cancer
patients [115]. The IncRNA IRAIN plays an important role in many malignancies, and upreg-
ulation of IRAIN has been shown to be significantly correlated with tumor size, the TNM
classification of malignant tumors (TNM) stage, and lymph node metastasis in PaCa patients.
The knockdown of IRAIN significantly induced cell apoptosis and inhibited cell proliferation
in PaCa cells [116]. The IncRNA TUG1 has been shown to be highly expressed in pancreatic
tissue compared with its expression in other organ tissues, and downregulation of TUG1 has
been shown to affect apoptosis and insulin secretion in pancreatic 3 cells [117]. CCDC26 might
be identified as a novel oncogene in PaCa by regulating proliferating cell nuclear antigen
(PCNA) and Bcl2 expression. CCDC26 is significantly upregulated in PaCa, and it is corre-
lated with tumor size, tumor number, and reduced OS [118]. Univariate and multivariate
analysis showed that CCDC26 expression can be an independent prognostic factor of OS in
patients with PaCa; therefore, CCDC2 could serve as a novel biomarker and therapeutic target
of PC for cancer in the future [118]. LINC-ROR has been shown to be upregulated in PaCa
tissues, and overexpression of LINC-ROR promoted cell proliferation, migration, invasion,
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and metastasis both in vitro and in mouse models. LINC-ROR acts as an important regula-
tor of ZEB1 and might represent a novel therapeutic target [119]. The IncRNA LINC-PINT
(p53-induced transcript) could also regulate tumor cell viability and proliferation. However,
the expression levels of LINC-PINT have been shown to be lower in plasma and tumor tissue
samples in PaCa patients. LINC-PINT has been shown to be more sensitive than CA19-9 in
detecting PaCa, which suggests that LINC-PINT could be used for distinguishing the cause
of malignant obstructive jaundice [120]. The IncRNA HMIincRNA717 has also been shown
to be downregulated in pancreatic cancer and associated with overall survival, suggesting
that HMIincRNA717 could be a potential prognostic biomarker for pancreatic cancer progres-
sion [121]. As a potential tumor suppressor, the long intergenic non-coding RNA (lincRNA)
LINCO00673 has been associated with pancreatic cancer risk. A G>A mutation at rs11655237
of LINC00673 created a target site for miR-1231 binding, which diminished the effect of
LINCO00673 in an allele-specific manner and conferred susceptibility to PaCa [122].

All the abovementioned exosomal IncRNAs could serve as diagnostic and prognostic factors to
complement clinical and pathological parameters in predicting the outcome of patients with pan-
creatic cancer. Although there are an increasing number of clinical assays for studying exosomes,
determining clinical applications for IncRNAs and exosomes is a long ways off. No matter how
exosomes have become the most effective cancer vaccines, future research to investigate exo-
somal IncRNAs as biomarkers for the early detection of pancreatic cancer and to assess the valid-
ity and quality of the exosomes as effective vaccines for pancreatic cancer will be valuable. To
achieve this long-term goal, further understanding of exosome biology, especially of the molecu-
lar mechanisms of tumor- and immune cell-derived exosomes as cancer vaccines, is required.
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Abstract

Multiple myeloma (MM) is a plasma cell dyscrasia characterized by a clonal plasma cell
proliferation. Usually, all MM are preceded by an asymptomatic premalignant stage
termed monoclonal gammopathy of undetermined significance (MGUS). Differential
diagnosis requires the evidence of end-organ damage, but recently new biomarkers are
emerging to help clinicians to distinguish MM from the premalignant phase. Circulating
exosomes in serum seem to be a powerful tool to be analyzed for liquid biopsy, and in this
chapter, we show that MM and MGUS exosomes are different in concentration, biological
activity, and biochemical markers. These differences seem to be related to the free light
chains (FLCs) associated with exosomes and their propathogenic properties. The cellular
processing FLC-decorated exosomes and their ability to activate proinflammatory mecha-
nisms are different in MM and MGUS patients. These elements can be evaluated to create
an innovative multiparameter panel to monitor MGUS to MM switching.

Keywords: multiple myeloma, exosomes, biomarkers, MGUS

1. Introduction

This chapter aims to show the possibility of differential typization of multiple myeloma (MM)
and monoclonal gammopathy of undetermined significance (MGUS) serum-derived exo-
somes exploiting an innovative biochemical and bio-physical approach, in order to evaluate
new biomarkers for the differential diagnosis among these two conditions.

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgNN



36 Novel Implications of Exosomes in Diagnosis and Treatment of Cancer and Infectious Diseases

MM is a plasma cell dyscrasia characterized by a clonal plasma cell proliferation. The world-
wide MM incidence is 3.29/100,000 and increases with age. In the 80-84 years old population,
the rate is 37.1, while the median age of diagnosis is 73 years [1]. Usually, almost all MM are
preceded by an asymptomatic premalignant stage termed MGUS [2]. MGUS is present in
roughly 3-4% of the population over the age of 50 years and it is associated with a risk of
progression to MM of approximately 1% [3]. MGUS is clinically silent and is usually diag-
nosed incidentally when a monoclonal (M) protein is detected during laboratory work-up of
patients who have a wide spectrum of clinical conditions. The diagnosis of MGUS requires
the absence of hypercalcemia, renal failure, anemia, and bone lesions (CRAB features) that
can be attributed to the underlying plasma cell disorder.

Thus, over the years, the diagnosis of MM instead required evidence of end-organ damage
attributable to the neoplastic clone of plasma cells in order to prevent MGUS patients from
unnecessary and toxic chemotherapy. Furthermore, the MM diagnosis requires bone marrow
examination like osteo-medullary biopsy to prove the presence of clonal bone marrow plasma
cells [3]. Identification of new biomarkers of malignancy is fundamental to prevent end-organ
damage in selected patients who are at imminent risk of symptomatic progression.

In this scenario, liquid biopsy could provide an alternative to invasive procedure and improve
screening and early detection of cancer [4]. Liquid biopsy is defined as the search of bio-
markers [5] in peripheral blood, and in recent years, exosomes have arisen as a powerful
tool to understand cancer biology. Exosomes are vesicles with a size of 50-150 nm, which are
secreted by cells into the extracellular space and play an important role in cell communication
as cargoes of several specific proteins and RNAs. Exosomes are to date considered playing
a pivotal role in information transfer in hematological malignancies [6] and recent studies
show that specific exosomal microRNAs are involved in pathogenesis and have a prognostic
role in MM [7]. In this chapter, we will analyze the biochemical and biological characteristics
of MM and MGUS FLC and their cellular processing through exosomes. We show that free
light chain (FLC)-decorated exosomes from patients carry peculiar bio-physical and biologi-
cal qualities that allow the distinction of the malignant and premalignant condition.

2. MM and MGUS FLC cellular processing

In this section, we describe the potential pathogenic properties of serum FLC from MM and
MGUS patients, correlating them with exosomal mediated cell-to-cell communication. About
80% of MM originates from intact immunoglobulin, non-IgM, MGUS and 20% from light-
chain immunoglobulin MGUS [2]. Since 2009, the FLC quantitative assay (developed from
both the Binding Site and Siemens) has been recommended by the International Myeloma
Working Group to predict risk of progression in MGUS, the evaluation and management of
MM [8]. This immunonephelometric assay allows the quantification of the kappa and lambda
light chains untied to the heavy chains in serum [2, 9]. Calculation of the related kappa/lambda
FLC ratio is an important parameter because about a third of patients with MGUS and more
than 90% of patients with MM have altered FLC ratios that indicate excess production of a
clonal FLC by the proliferating plasma cell population [2].
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Thus, MGUS and MM patients can show similar serum FLC concentration with comparable
FLC kappa/lambda ratio and the presence of FLC in urine is often confirmed by urine immu-
nofixation [10]. Kappa and lambda FLCs have been long-considered a by-product of plasma
cells, but evidences show that they possess intrinsic pathogenic characteristics [10] as in the
case of AL amyloidosis, light-chain deposition disease, MM, and altered FLC ratio is associ-
ated with higher risk of progression in MGUS.

FLCs are able to disrupt the normal physiology of different organs, such as heart, kidney, and
lungs. They are occasionally responsible for severe organ damage [11], and these multiple
effects are probably related to their primary sequence or posttranslational modification [12]
that can alter their biochemical properties, giving them particular affinity for some tissues
with respect to others or activating different turnovers inside the cells [10]. This is confirmed
for FLC present in serum of patients with MM and MGUS conditions: experiment in vitro
showed different FLC internalization rate in endothelial, myocardial, and epithelia cell lines
for the MM and MGUS FLC. Considering that FLCs circulate in the blood stream and that
they interact with the vascular bed to reach the target tissue, Human Vein Endothelial Cells
(HVEC), Rat heart myoblast (H9C2), and Human epithelioid cervix carcinoma (HeLa) cell
lines are good models for organs usually involved in FLC tissue damage, respectively, for the
endothelial, cardiac, and epithelial compartment. In Di Noto et al. [10], cells were incubated
with serum of MM and MGUS patients at constant FLC concentration and results showed
a faster internalization rate of MM FLC (after 1 h up to 16 h) compared with MGUS FLC in
HeLa, HVEC, and HI9C2, respectively (Figure 1). This suggests that cells are able to uptake
FLC from the extracellular environment and FLCs from MM and MGUS patients have dif-
ferent affinity to these cell types even though all of them can be internalized after 16 h of
exposure. In contrast, serum from healthy patients, without altered FLC values and kappa/
lambda ratio did not show any similar properties probably because it did not contain FLC
with propathological characteristics.

Considering these data, we could hypothesize that the interaction of FLC with peripheral dis-
tricts depends on high-specific receptors expressed on certain cellular lines and/or that each
patient has an individual clinical pattern due to the paraprotein molecular structure: thus, the
differences between MM and MGUS can be related to peculiar FLC properties that can also
alter their processing inside the cells [13].

It has been shown that FLC from AL amyloidosis patients induces oxidative stress and FLC
internalization in cardiac fibroblasts enhances sulfatation of secreted glycosaminoglycans
(GAGs) suggesting that the intracellular trafficking pathway of FLC could be correlated with
the amyloidogenic potential of paraproteins [14]. Differences in FLC from MM and MGUS
patients are not limited at the interaction with different cell type, but also their processing
inside the cell is diverse: after intracellular internalization, they are rerouted in the extracel-
lular melieu in different form, soluble or via pelletable extracellular vesicles (EVs).

HVEC and H9C2 cells were incubated for 4 h with serum from MM or MGUS patients containing
a final FLC concentration of 20 ug/mL. After this initial step, cells were treated with trypsin, an
enzyme able to cleave peptide chains, in order to eliminate FLC remained attached at the cell sur-
face. Cells were, then, left in fresh medium (without FLC). After 16 h, the medium was collected
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Figure 1. FLCs intracellular uptake. HeLa, HVEC, and HIC2 cell lines were incubated with serum of MM, MGUS at a
final FLC concentration of 20 pg/mL and healthy donor (c). After incubation for 0, 1, 2, 6, and 16h cells were processed
and analyzed by Western blot with anti-FLC antibody. Adapted from Di Noto et al. [10].

and submitted to a “three step centrifugation” protocol (800 x g 30 min, 16,000 x g 45 min, and
100,000 x g 2 h). This protocol allows the separation of different elements in biological fluids based
on their size and density [15], exploiting the gravity force: the first centrifuge allowed to pellet
cell debris and large vesicles like apoptotic bodies (P1), the second (P2) microvesicles budded
from the plasma membrane (also called ectosomes, with diameters from 150 to 500 nm), while
the ultracentrifugation step (P3) pellets smaller extracellular vesicles, like exosomes (50-150 nm)
released through multivesicular bodies (MVBs) in the endosomal pathway [15]. FLCs from MM
are internalized in cells after 4 h and subsequently released in the medium after 16 h (present in the
P3), while MGUS FLCs are only present in cellular homogenate and in the third centrifuge super-
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Figure 2. Extracellular rerouting of internalized FLC. HVEC cells were treated as described in the text. H: Homogenate,
SN3: supernatant after 100,000 x g centrifugation, P3: pellet after 100,000 x g centrifugation. WB with antibodies anti-
FLC. Adapted from Di Noto et al. [10].

natant (SN3). Cell incubated with healthy serum (c) did not give any signal as expected (Figure 2).
Thus, the MM FLCs, after being internalized, are processed by the cells in a different way than
MGUS and released outside the cell in vesicles that are pelleted at 100,000 x g, probably exosomes.

2.1. EVs from cell biochemical characterization

One of the criteria to characterize a population of vesicles and determine their nature is the
immunoblot analysis or Western blot (WB) [16, 17]. According to the guidelines, it is impor-
tant to show that at least three of the common exosomal markers are present in the sample.
These protein lists are continuously updating and they include protein involved in exo-
somes formation (Alix, Hsp70, Annexin V, and Annexin XI), protein enriched in exosomes
(tetraspanin CD63, CD81, CD9, and ADAM10) and from the endosomal compartment
(TSG101, Syntenin-1, and VPS4B). WB analysis should also include negative controls: sig-
nal of protein is not enriched in exosomes (i.e., GM130 for the Cis-Golgi network, Calnexin
for the endoplasmic reticulum) to verify the preparation purity from non-endosomal origin
membrane. Especially for EVs deriving from cells, it is important to compare on the same gel
identical amounts of protein from exosomes and from total lysates prepared from the produc-
ing cells to show an enrichment of the markers [16, 18]. In this scenario, Di Noto et al. [10]
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showed the presence of the exosomal markers Annexin V, Hsp70, Caveolin 1, Lamp 1, and
Tubulin in P3 derived from HVEC and H9C2 culture medium, after MM FLC internalization
(Figure 3). We observed a Caveolin 1 positive signal in P3 of MGUS treated cells loading four
times the amount of MM treated cells. Thus, the P3 preparation from cells contains exosomes

and according to the semiquantitative analysis, with different amount from cells exposed to
MM or MGUS serum.

It is important to highlight that in this study, Di Noto et al. analyzed the presence of the
c-src protein in the cell-derived exosomes. C-src is a tyrosin kinase linked with inflamma-
tory environment and osteolytic bone disease in MM [19] and Di Noto et al. [10] could show
that the kinase was present only in exosomes generated during malignant FLC processing,
while non-malignant FLCs are unable to induce c-src exosomal recruitment. This is the first
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Figure 3. Biochemical characterization of cell-derived exosomes. HVEC and HIC2 cells were incubated with serum from
MM, MGUS and healthy donor (c) patients for 4 h at 37°C. The serum was diluted to a final FLC concentration of 20 pg/
mL for all samples. Cells were then washed with PBS 1x and treated with trypsin as described in Di Noto et al. and left
in fresh medium for 16 h. Medium was harvested, centrifuged at 800 x g for 30 min, 16,000 x g for 45 min and finally,
ultracentrifuged at 100,000 x g for 2 h (P3). WB analysis of cell extracts (homogenate, H) and pellets (P3) with different
exosome markers (C-src, Annexin V, Hsp 70, Caveolin 1, and Lamp 1). Adapted from Di Noto et al. [10].
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evidence of biochemical diversity between exosomes from cells incubated with MM and
MGUS serum.

3. EVs detection in MM and MGUS patients” serum

3.1. FLC content of serum-derived EVs

One of the main disadvantages of experiments using immortalized cell lines is that it can be
challenging to extrapolate from the results of in vitro work back to the biology of the intact
organism [20].

For this reason, it was important to confirm the results obtained after studying the FLC
processing in human cell lines and verify the presence of the EVs also in vivo, analyzing
directly patients’ serum. After the three step centrifugation protocol on serum, EVs were
found in samples from MM and MGUS patients, and MM vesicles show a higher amount
of FLC in the P3 fraction than MGUS and healthy patients, estimated around 2% of all the
FLC present in serum [10]. These data are consistent with a previous study on urinary exo-
somes from AL amyloidosis, MM, and MGUS patients [21]. The presence of small amount
of FLC in P3 of MGUS serum can be explained with the high variability of EVs production
in vivo respect of the more restricted type of EVs deriving from a cell culture. Nevertheless,
MGUS EVs present different characteristics with respect to MM EVs as explained further in
the chapter.

3.2. Serum EVs biochemical characterization

Similar to exosomes from cells, EV preparations from serum must be validated by WB analy-
sis for exosomal markers: P3 from the serum of MM and MGUS patients were blotted for
Hsp70, Annexin V, and Tubulin giving positive signals. It is also to note that in the serum, the
MGUS exosomes do not contain c-src, confirming that this protein is a marker of malignancy
in exosomes from MM patients (Figure 4A) [10, 22].

3.2.1. Discontinuous sucrose gradient

Exosomes can be distinct from other type of vesicles for their density, ranging from 1.077 to
1.19 g/mL [6, 16]. Exosomes from MM serum loaded on a discontinuous sucrose gradient from
15 to 60% can be detected in four fractions (from 6 to 9) with density from 1.084 to 1.18 g/mL,
according to the markers Hsp70, Annexin V, CD63, TSG101, and CD81 (Figure 4B) [6, 10, 22,
23]. FLC and c-src are detected in the same fractions, confirming their association with MM
exosomes [10].

In our lab experience and according to guidelines [16], it is best to perform this separation
with samples containing high amount of exosomes, for example serum with respect to cellu-
lar medium. Usually, exosomes spread in 4-5 gradient fractions and this dilution can decrease
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Figure 4. Serum exosome biochemical characterization. (A) P3 obtained from healthy donors (c), MGUS and MM
patients were analyzed by WB with different exosome markers. (B) P3 from MM patient was loaded on top of a 15-60%
discontinuous sucrose gradient. Twelve fractions of equal volume were collected and analyzed by WB using different
exosomal markers and anti-FLC antibodies. Exosomal markers and FLC signals are visible in the same fractions. (C and
D) P3 from healthy donors (c), MGUS and MM serum were loaded in a discontinuous sucrose gradient. Fractions from
6 to 9 were collected and incubated with magnetic beads coupled with anti c-src (C) or Annexin V (D) antibodies. Only
exosomes deriving from MM serum are both c-src and Annexin V positive. Adapted from Di Noto et al. [10, 22].

the exosomes protein concentration under the limit of detection with available substrate, usu-
ally femtomolar, used for the chemiluminescent reaction in WB.

3.2.2. C-src and annexin V MM immunocapture

The immunocapture assay performed with magnetic beads coupled with antibodies anti-c-src
(Figure 4C) confirmed the ability to precipitate only exosomes (Annexin V positive) from MM
serum-containing FLC. On the other hand, anti-Annexin V beads captured MGUS and MM
exosomes, but only MM exosomes were positive for c-src signal.

3.2.3. Exosome lipid composition

The lipid composition of the two exosomal populations was analyzed by a thin-layer chroma-
tography showing that both MM and MGUS exosomes are composed by phosphatidylcholine
and sphingomyelin, two well-known types of lipids that compose exosome membranes [15].
It is to note that to reveal the P3 MGUS lipids content, we loaded twice the protein concentra-
tion than MM P3 (see also Section 3.4).
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3.2.4. Flow cytometry characterization

MM and MGUS exosomes were incubated with FACS magnetic beads coupled to CD63 anti-
body and stained with a commercial membrane labeler (PKH26). Fluorescent signal was ana-
lyzed by flow cytometry revealing the presence of exosomes with the same profile of CD63
expression level [22].

3.3. Serum exosomes morphological analysis

According to the guidelines, in addition to the biochemical characterization described above,
to claim the presence of EVs, in particular exosomes, in a preparation, a “single vesicles char-
acterization” is recommended to provide indication of the heterogeneity of the sample [16, 18].

MM and MGUS exosomes preparation both from P3 and gradient fractions were analyzed
by atomic force microscopy (AFM), scanning electron microscopy (SEM), and scanning
helium ion microscopy (HIM). AFM allows the analysis of vesicles that tend to remain in
their original 3D shape. SEM and HIM have a better resolution, but the samples are manipu-
lated. They need to be fixed and dehydrated and these steps can create aggregates and
artifacts. In our case, however, all of these techniques allowed to visualize vesicles ranging
from 50 to 300 nm according to the heterogeneity of the sample: P3 contains exosomes and
bigger vesicles, while gradient fractions are more monodispersed with a size range between
50 and 150 nm (Figure 5).

3.4. MM and MGUS exosome quantification

Exosome quantification in a sample is one of the most discussed issues among experts in the
field. How is it possible to quantify accurately something with the heterogeneous composition
(lipids, protein, and nucleic acids) among a mixture of similar elements (protein aggregated
from serum, circulating RNA, and vesicles with similar size, but different origin)?

Bradford assay was used to determine the amount of the total exosomes protein in the sam-
ples, and with this method, P3 from MM serum had almost double protein concentration than
P3 from MGUS and healthy patients.

Further on, it has been discovered that exosome preparation protein content can be influ-
enced by many elements, i.e. fetal bovine serum in culture medium, single, and aggregated
proteins. One of the best solutions is to purify the sample as much as possible from contami-
nants before every type of measurements, i.e. with a sucrose gradient. Even though what is
Bradford assay measuring: protein outside or inside exosomes, or both?

Thus, we decide to measure the activity of an enzyme known to be enriched within exo-
somes, acetylcholinesterase [24], in a P3 preparation from healthy, MGUS, and MM serum.
This assay confirmed that MM P3 preparation contains more exosomes than MGUS and con-
trols, but how much is it specific?

Our lab contributed to solve this set of problems with a nanotechnological approach. We
developed a cost-effective and fast colorimetric assay for probing protein contaminants and
determining the concentration of EV preparations [25].
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Figure 5. Serum exosome morphological analysis. P3 from MM serum were analyzed by AFM, HIM, and SEM in
order to visualize vesicle populations. MM and MGUS sucrose gradient fractions from 6 to 9 were examined by AFM
(topography and phase mode) and HIM (only MM sample). MM scale bars are 300 nm for AFM pictures, 500 nm for
HIM pictures, and 100 nm for SEM picture. MGUS scale bars are 700 nm for AFM pictures. Adapted from Paolini et al.
[6] and Di Noto et al. [10].

The assay exploits colloidal gold nanoplasmonics and the fact that nanoparticle (NP) aggrega-
tion at lipid membranes is modulated by the presence of a protein corona around the NPs.
When a pure exosome preparation is incubated with a gold NP solution, the NPs cluster at the
exosome membrane. Clustering is associated with NP LSPR red-shift, which is proportional
to the exosome molar concentration and using a calibration line made of phosphatidylcho-
line liposome, can therefore be exploited for titrating the solution. If the preparation is not
pure from single or aggregated proteins, NPs tend to interact with these elements and do not
aggregate on exosome surface. Thus, to obtain a precise exosome quantification, as described,
sample must be as pure as possible.

This assay, moreover, can determine the sample purity from protein contaminants with a
limit of detection of 0.005 pig/uL.

Using this assay, we probed MM and MGUS exosomes collected from the sucrose gradient
fractions from 6 to 9, and we could state that exosome preparations were pure from protein
contaminants. In this way, our assay could titrate the exosome concentration in each sample
and results showed a four-fold increase of exosomes in MM preparation in comparison with
MGUS and healthy control (Figure 6) [23]. These data confirmed the previous analyses of
exosomes from serum and it corresponds to the production of exosomes in the cells after MM
and MGUS serum exposure.
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Figure 6. MM and MGUS exosome serum quantification. Exosomes were titrated using the colorimetric nanoplasmonic
assay as described in Maiolo et al. [25]. Each column represents the mean value of exosomes isolated from serum of
different patients (10 healthy donors (c), 5 MGUS and 10 MM) +/- Standard deviation. Student’s t-test p value (p): *** p
<0,0001, *** p <0.01. Adapted from Di Noto et al. [23].

4. MM and MGUS exosome biological effects

Exosome role in MM is started to be unveiled in the past few years. MM-derived EVs have
been demonstrated to have a biological effect on other cell types, such as to induce pheno-
typical changes in osteoclasts, influence bone marrow microenvironment, and promote the
production of proangiogenic factors, like IL-6 and VEFG, in endothelial cells [26].

Interestingly, MM and MGUS serum-derived exosomes showed different biological effects on
endothelial and myocardial cell lines: MM exosomes have a higher internalization rate than
MGUS and treatment with MM exosomes was able to induce a significantly higher prolifera-
tion rate compared with MGUS in both cell lines.

This effect is dependent on active exosomes endocytosis in cells, mediated by the presence of
specific pathogenic FLC on the surface of MM exosome as demonstrated with immunofluores-
cence and cytofluorometry analyses (Figure 7A and B). In fact, MM exosomes incubated with
antibodies anti-FLC, which mask the interaction with cells, decrease their internalization rate and
the induced cell proliferation in both cell lines (Figure 7C). Furthermore, MM exosomes docking
and processing by cells is influenced by the presence of heparan sulfate proteoglycans (HSPGs)
on the cell surface. Incubating MM exosome with heparin, a structural analog of HSPGs, sac-
charide chains, decreased MM exosome uptake in HVEC cells. MM exosome/heparin interaction
is being confirmed in dose-response experiments at surface plasmon resonance (SPR) spectros-
copy. These data revealed a probably cooperative binding mechanism of FLC and HSPGs even if
exosomes, which are characterized by different FLC decorations, have distinct binding affinities
for cell-associated HSPGs and this is reflected in different cellular uptake [22, 23].
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Figure 7. MM exosome biological effect is FLC and HSPG mediated. (A) Fluorescent microscopy and flow cytometry
analyses of HVEC cells incubated with MGUS or MM PKH67-labeled exosomes. To demonstrate the FLC and HSPGs
involvement in MM exosome uptake, MM vesicles were incubated with anti-FLC antibody (MM+ anti FLC) or heparin
before cells incubation. Scale bars 5 um. (B) PKH67 fluorescence intensity measurement of internalized exosomes from
MGUS and MM serum. MM exosomes uptake in HVEC cells decrease after anti-FLC antibody (MM+ anti FLC) or
heparin treatments. (C) Proliferation induction by MM exosomes is decreased after incubation with anti-FLC antibody
both in HVEC and H9C2 cell lines. Adapted from Di Noto et al. [22].

It has been demonstrated that MM EVs are related to proinflammatory environment in cells.
Immunofluorescence and biochemical separation techniques demonstrated that cells treated
with exosomes from MM serum show a c-src intracellular redistribution at the plasma mem-
brane with respect to MGUS exosome treatment. These data are consistent with cellular ex novo
secretion of c-src positive exosomes after MM serum exposure and this phenomenon is reduced
after cellular uptake inhibition, incubating MM exosomes with anti-FLC antibodies and heparin.

Similarly, the activation and nuclear translocation of the transcription factor Nf-kB, involved
in the cellular responses after stress, infection, and inflammatory stimuli, is not visible in the
cell treated with MGUS exosomes. MM exosome’s induced effect is decreased after treatment
with anti-FLC antibody and heparin (Figure 8).

It is to note that the Nf-kB translocation is dependent on the preparation purity: the biological
activity of exosome preparations from MM patient serum is influenced by residual contami-
nants, which may escape the purification procedure. These contaminants probably can interfere
with the exosomes-cell membrane interaction or inhibit the Nf-kB translocation. They can be
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Figure 8. Nf-kB nuclear translocation is MM exosomes induced. (A) HVEC immunofluorescence imaging of Nf-kB nuclear
translocation after incubation with MGUS, MM exosomes, or MM exosomes incubated with anti-FLC antibody (MM + anti
FLC) or heparin (MM + heparin). Cell were fixed and incubated with DAPI for nuclear staining and anti-Nf-kB antibody
as described in Di Noto et al. [22]. Scale bars 5 um. (B) Quantification of nuclear Nf-kB fluorescence intensity in HVEC
cells after MGUS, MM exosomes, MM exosomes incubated with anti-FLC antibody (MM + anti FLC) or with heparin (MM
+ heparin) treatment. (C) WB analysis of cell extracts (H) and nuclear compartment (N) was performed with anti Nf-kB
antibody and nuclear markers (Lamin A/C, Histone H3) after different incubations. Adapted from Di Noto et al. [22].

separated from exosomes after a discontinuous gradient, but they cannot be detected with con-
ventional techniques (i.e. WB) and need a combination of proper bioanalytical methods and
nanoscale characterization [6].

5. Conclusion

In this chapter, we have shown that MM and MGUS patients can be distinguished at the
nanoscale level. Although their FLC serum content may be similar, FLC biochemical charac-
teristics are very different: they are internalized and processed in cells in distinct ways and
only pathogenic FLCs are rerouted in the extracellular compartment in c-src positive exo-
somes. It is important to note that exosome presenting MM FLC activates a proinflammatory
process: the presence of circulating c-src positive exosomes has been demonstrated only in
serum of MM patients, electing this kinase as a new marker of malignancy for the differential
diagnosis between MGUS and MM. Similarly only MM exosomes have the ability to induce
Nf-kB translocation in cells. These parameters could be implemented with the exosome con-
centration in serum, binding affinity with heparin and ability to induce proliferation in HVEC
and HIC2 cell lines to create an innovative multiparameter panels to monitor MGUS to MM
switching. We are aware that these data need to be confirmed in a larger cohort of patients and
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we still do not know how precocious these phenomena are with respect to the MGUS to MM
switch using of the actual diagnostic criteria. Recently, new biomarkers are emerging to help
clinicians to distinguish MM from the premalignant phase. According to recent guidelines,
extreme bone marrow clonal plasmacytosis (>60%), marked elevation of serum FLC ratio of
100 or higher (provided involved free light-chain level 2100 mg/L) and/or presence of more
than one focal lesion on whole-body magnetic resonance imaging (MRI) can defined as MM
even in the absence of CRAB features [2, 3].

In the future, monitoring MGUS and MM exosome parameters could support, as a liquid
biopsy, the classical classification methods and help in early diagnosis to prevent the develop-
ment of end-organ damage for patients who are at the highest risk [2, 3].
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Abstract

Exosomes have been implicated in a wide range of pathological and nonpathological
processes. Research on tumor-derived exosomes uncovered their role on major processes
associated with disease progression. Uncontrolled cellular proliferation resulting in
tumor growth, metastatic dissemination and modulation of the immune response, are
only a few of the central pathological processes in which tumor-derived exosomes have
been implicated. These in vivo studies rely on the administration of purified labeled exo-
somes from cell culture supernatants into circulation of animals or injections of geneti-
cally engineered cells that produce labeled exosomes. However, it is not clear that current
available techniques actually translate the in vivo implications of exosomes in several
biological processes. The variations seen when using different exosomes cell sources, the
total amount of exosomes injected in mice and their route of administration as well as the
fact that most studies are performed in immunodeficient animals, shows the difficulty
to achieve conclusions which are biologically significant. Genetically engineered mouse
models (GEMM) could be a promising approach to address the current technical limita-
tions allowing tracing tumor-derived exosomes in a living organism. These models could
enhance greatly our knowledge about exosomes in different fields of research, namely
cancer.

Keywords: exosomes, biodistribution, labeling, in vivo imaging, tumor progression

1. Introduction

During the last decades, extensive research on exosomes has contributed to the increasing
knowledge on their composition, biogenesis and biological function [1]. Exosomes intrin-
sic ability of horizontal cargo transfer, and their high stability in circulation, allows them to
interact with neighbor and distant cells and phenotypically reprogram them, being important
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mediators of cell-to-cell communication [2]. Numerous in vitro studies clearly demonstrate
exosomes ability to modulate recipient cells through the transfer of their cargo, which includes
proteins, DNA and RNA [3-7]. Much effort has been made to evaluate exosomes biologi-
cal significance in vivo through the study of how they flow inside a multicellular organism,
their fate upon exocytosis and in which cells they enter and what changes they elicit. Various
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Figure 1. Exosomes biodistribution studies are based on two main approaches: administration of labeled exosomes into
circulation of animals, previously extracted from cell culture supernatants, or injections of genetically engineered cells
that produce labeled exosomes. Most of the studies performed thus far make use of exogenously produced exosomes
isolated from cell culture medium, following injection by different routes of administration, including intraperitoneal
(i.p.), intravenous (i.v.), subcutaneous (s.c.), retro-orbital, intranasal and via footpad to further track exosomes fate in
vivo. The other approach consists of injecting subcutaneously or orthotopically cells that had been genetically engineered
in order to produce labeled exosomes. This last method allows the track of both cells and corresponding exosomes
within the tumor microenvironment or at distant sites.
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studies have tried several imaging techniques to track exosomes fate in vivo in order to dissect
communication routes and their biological implications. Studies conducted so far have described
a central role for exosomes in the establishment of the pre-metastatic niche, as well as their close
interaction with the immune system [8-12]. Despite latest findings, understanding their spatio-
temporal distribution and physiological functions in vivo remains a major challenge in the field.
Actually, the biological functions of exosomes in vivo, including tissue distribution, blood levels
and clearance dynamics remain largely unexplored.

Exosomes biodistribution research is based on two main approaches: administration of puri-
fied labeled exosomes from cell culture supernatants into circulation of animals or injections
of genetically engineered cells that produce labeled exosomes (Figure 1). According to the
literature, most studies performed so far used exogenously produced exosomes isolated from
cell culture medium, following treatment using different routes of administration, including
intraperitoneal (i.p.), intravenous (i.v.), subcutaneous (s.c.), retro-orbital, intranasal and via
footpad to further track exosomes fate in vivo [10, 13-15]. To successfully follow exosomes
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Figure 2. Different methods available to label exosomes. Fluorescent labeling of exosomes is the most widely used method
to trace their fate in vivo. Membrane-intercalating fluorescent dyes such as PKH or PKH26 are very common. Fluorescent
probes labeling DNA, mRNA and proteins contained in exosomes are also an option. Additionally, membrane permeable
fluorescent dyes as carboxyfluorescein succinimidyl ester (CFSE), 5(6)-carboxyfluorescein diacetate (CFDA) and calcein
fluoresce as a consequence of esterification. Furthermore, exosomes labeling resulting of the genetic engineering of
the cells of origin are also a common approach. Fluorescent reporters can be fused to exosomes markers like CD63.
Fluorescent labeling can be detected using standard optical imaging techniques. Other labeling systems have been
developed such as the bioluminescence reporters like gaussia luciferase fused to transmembrane domains of known
proteins like lactadherin or platelet-derived growth factor receptor. Other options include radiolabeling of exosomes
using '*lodine to label exosomal proteins located on the outer membrane or by using “™Tc-hexamethylpropyleneamineo
(HMPAO) that can be visualized using single-photon emission computed tomography. Exosomes labeling with
magnetic resonance contrast agents such as iron oxide nanoparticles is an innovative approach and further tracking can
be achieved through magnetic resonance imaging.
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fate in vivo, labeling methods should satisfy the following requirements: (1) specifically label
exosomes rather than extracellular vesicles (EVs) in general; (2) be stable and accumulate
sufficient signal to detect exosomes from background noise; (3) not interfere with exosomes
natural half-life; and (4) not alter exosomes properties. Taking these into consideration, sev-
eral methods have been developed to labels EVs, namely exosomes (Figure 2).

2. Bioluminescence reporter system

Genetically engineered bioluminescent proteins such as Gaussia luciferase, combined with
transmembrane domains like lactadherin- or platelet-derived growth factor receptor
(PDGFR), could reveal the spatiotemporal distribution of EVs in a quantitative manner in
small animals [14, 16]. This approach overcomes the limitation of background auto-fluores-
cence when working with fluorescent proteins. Nevertheless, this system presents the disad-
vantage of attenuated signal when located in a deep organ. In 2013, Takahashi et al. designed
a new reporter system based on bioluminescence that enables tissue biodistribution and
pharmacokinetic studies [16]. This system is based on a fusion protein comprising Gaussia
luciferase (gLuc) and a N-terminal secretion signal of lactadherin and C1C2 domains of lacta-
dherin. The gLuc is a reporter protein that emits a very strong chemiluminescent signal when
its substrate, coelenterazine (CTZ), is present, while lactadherin is a membrane-associated
protein mainly found in exosomes [17, 18]. N-terminal secretion signal of lactadherin was
found to be necessary for the protein to be transported to exosomal compartments and C1C2
domains necessary for its retention on exosomes membrane [18]. Exosomes derived from
B16-BL6 murine melanoma cells transfected with GLuc lactadherine (GL exosomes) were col-
lected and then used to intravenously inject mice. GL exosomes were administered on Balb/c
mice via tail vein, and their distribution was evaluated by in vivo imaging. While in the first
hour, chemioluminescence was mainly detected in the liver and the lungs, 4 h post-injection,
a strong signal was only detected in the lungs. Interestingly, the authors injected PKH26
labeled exosomes derived from nontransfected B16-BL6 cells into mice and concluded that
the biodistribution pattern was similar when they used GL exosomes, which suggests that
this reporter hardly changes the biodistribution pattern of B16-BL6 exosomes. GL exosomes
pharmacokinetic, upon tail vein injection into C57/BL6 mice, showed a half-life of approxi-
mately 2 min, and less than 5% remained in the serum after 5 min upon the i.v. injection. At
4 h upon injection, strong gLuc activity was detected in the lungs and spleen [16]. Further
studies developed by the same group investigated the clearance mechanism of i.v. injected
B16BL6 GL exosomes [19]. PKH26-labeled B16BL6 exosomes were taken up by macrophages
present in the liver and spleen and by endothelial cells in the lung. To assess the role of mac-
rophages in exosomes clearance, BI6BL6 GL exosomes were i.v. injected into macrophage-
depleted mice. In those animals, exosomes clearance was significantly delayed, and levels
were reduced to around 1.6% comparing to the untreated mice. Collectively, these findings
demonstrate that macrophages play a preponderant role in the clearance of injected exo-
somes from the blood circulation.

Lai et al. also developed an additional multimodal reporter for EVs imaging based on biolu-
minescence [14]. A recombinant protein composed of a transmembrane domain of PDGFR
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fused to a biotin acceptor domain that is fused to the humanized Gaussia luciferase was
expressed in the membranes of EVs. In the presence of coelenterazine (CTZ), the purified
vesicles exhibited a strong bioluminescent signal. When conjugated to streptavidin-Alexa 680,
the EVs can be imaged in vivo noninvasively using several techniques: magnetic resonance
imaging (MRI), single-photon emission computed tomography/positron emission tomogra-
phy (SPEC/PET) and fluorescence-mediated tomography (FMT). Stable clones of HEK293T
cells expressing both the recombinant protein and the humanized biotin ligase were used
to collect the modified EV, and to systemically inject in nude mice, upon which their biodis-
tribution and clearance were evaluated. EV-gLucB or Phosphate-buffered saline (PBS) was
injected into athymic nude mice via the retro-orbital vein. Immediately before imaging, CTZ
was administered revealing a great amount of gLuc signal in the spleen and liver in EV-gLucB
treated mice when compared to the controls group. To further investigate the multimodals
imaging capability, EV-gLucB or PBS was labeled with streptavidin-Alexa 680 conjugate and
then injected via tail vein into athymic nude mice and imaged 30 min later with FMT. Similarly
to the biodistribution seen by gLuc bioluminescence, EVs were found to accumulate mainly
in the spleen and liver. To assess biodistribution of i.v. administered EV-gLucB, organs were
collected at different time points post-treatment and glLuc activity was analyzed. The highest
signal was detected in the spleen, followed by the liver, lungs and kidney, which is in agree-
ment with the in vivo results. On the other hand, the brain, heart and muscle showed lower
amounts of signal across all time points. Interestingly, EVs signal decreased by more than
half from 30 to 60 min in the liver and the kidneys, while during the same period, spleen
and lung levels remained constant. In another experiment, EV-treated animals were trans-
cardially perfused with PBS before harvesting the organs at different time points. Notably,
perfused kidneys showed the highest EV signal followed by liver, lung, heart, brain, muscle,
and finally, the spleen showing the lowest signal amounts across all time points. These find-
ings suggest that cells that compose the spleen, even though high amounts of EVs are pres-
ent in the blood that supplies this organ, do not efficiently take up EVs. The prevalent EVs
localization in the nonperfused spleen is most likely attributed to an excess of EVs dosage
resulting in the saturation of liver macrophages, leading to higher levels of EVs in circulation
and consequently into spleen vasculature. Other possibility renders from the fact that EVs can
be taken up in the blood by macrophages or lymphocytes that travel to the spleen. Perfused
liver and lungs displayed similar reduction patterns from 30 to 60 min when compared to the
nonperfused scenario indicating that these organs actively take up EVs. A similar trend was
found to the brain, heart and muscle demonstrating that these organs take up EVs although
in small amounts. Even though the kidneys displayed the highest amounts of vesicles accu-
mulation, authors called our attention to a possible artifact of the perfusion procedure. In
this case, EVs present in the blood would be forced into the kidneys. To study EVs kinetics
in biofluids, blood and urine were collected at different time points post EV injection, and
luciferase activity was evaluated. The maximum signal was detected at 30 min (earliest time
point), followed by a quick reduction at 60 min and then a slow decline from 90 to 360 min.
In the urine, the highest signal was measured at 60 min followed by a fast decrease from 60
to 120 min and then a progressive decline from 120 to 360 min. Altogether these findings sug-
gest that only a minor part of EV-gLucB is cleared by the renal route upon the distribution
phase. At the last time point, baseline signal was detected in the blood, whereas the urine in
addition to some organs still showed part of the signal. Finally, in order to study the potential
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delivery of EV-gLucB to tumors, athymic nude mice with a subcutaneous human xenograft
tumor were injected via tail vein with EV-gLucB. One hour post-treatment bioluminescence
imaging revealed EV-gLucB accumulation in the tumor. When comparing liver, spleen and
tumors gLuc activity, tumors were found to exhibit the highest gLuc levels. Overall, this was
the first time a multimodal approach to label EVs was used giving insight into vesicles biodis-
tribution and kinetics.

3. Radiolabeling of exosomes

In 2014, Morishita et al. developed a method to quantitatively assess the biodistribution of
B16BL6-derived exosomes using iodine-125 (**I) labeling on a streptavidin (SAV)-biotin system
[20]. B16BL6 cells were transfected with a plasmid vector encoding the fusion protein SAV-
lacadherin, and the resulting exosomes were purified and incubated with (3-"*I-iodobenzoyl)
norbiotinamide (**I-IBB) to obtain *I labeled exosomes. Balb/c mice were i.v. injected with I
labeled B16BL6 exosomes or control conditions. I labeled B16BL6 exosomes first underwent
a distribution step with a half-life of 1.5 min and then entered a clearance phase with a half-
life of 346 min, indicating that exogenously administered exosomes have short half-lives in
circulation. Furthermore, I labeled B16BL6 exosomes were found to distribute to the liver,
spleen and lung after systemic administration. High levels of radioactivity signal were found
in the liver at 1 min, reaching a peak at 30 min and following a decrease at 4 h. Spleen distribu-
tion pattern was the same as the liver though at lower levels. Liver and spleen make part of
the mononuclear phagocyte system, which is rich in macrophages and potentially responsible
for the clearance of exosomes. Notably, at 1 min, a considerable amount of radioactivity was
detected in the lungs, which had its peak at 1 h and decreased at 4 h. This can be due to exo-
somes aggregation possibly through interaction with blood components. Authors concluded
that radiolabeling of exosomes with iodine-125 using the SAV-biotin system is a better choice
when quantitatively determining exosomes tissue biodistribution than approaches based on
fluorescence or chemioluminescence.

Additional methods have been developed to radiolabel exosomes. Hwang et al. produced
exosomes-mimetic nanovesicles (ENVs) from extrusion of macrophage cells and radiolabeled
them with **Tc-hexamethylpropyleneamineo (HMPAO) under physiologic conditions [21].
The conversion of *™Tc-HMPAO in the hydrophilic form that is confined inside cells is accom-
plished by intracellular glutathione [22]. Further monitoring of ENVs in vivo biodistribution
was achieved by using SPECT/CT. Biodistribution results of this particular study are not rel-
evant to the matter reviewed in this chapter since ENVs emerged as an alternative to obtain a
greater yield of exosomes in a therapeutic point of view [23]. Later, Varga et al. described a new
method for radioisotope labeling of EVs using the previous mentioned *Tc-HMPAO complex.
Moreover, authors demonstrated this methods applicability for the noninvasive evaluation of
the tissue distribution of erythrocyte-derived EVs using SPECT/CT [24]. The *"Tc-HMPAO
complex is known to bind to some amino acids including histidine, methionine and cysteine
[25]. Therefore, it was expected that this complex would bind to the surface of EVs since it
presents numerous membrane proteins. Interestingly, i.v. injection of *™Tc-tricarbonyl labeled
erythrocyte EVs accumulated mostly in the liver and spleen.
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4. Labeling exosomes with magnetic resonance contrast agents

Studies performed by Hood group in 2014 described a new electroporation method to load
mouse B16-F10 melanoma-derived exosomes with super-magnetic iron oxide nanoparticles
(SPIOND) [26]. This study was in agreement with their previous findings demonstrating that
melanoma exosomes appear to home to the subcapsular sinus in lymph nodes (LN) [10]. Since
a right and left pair of popliteal (PO) and inguinal (IN) lymph nodes drains mouse feet, they
serve as sentinel LN for footpad tumors. Authors found that animals treated with SPION5
loaded exosomes exhibited a growth in the cross-sectional area of ipsilateral peripheral LN
when compared to pre-treatment with free SPION5, probably due to the activation of inflam-
matory signaling pathways. Moreover, at the 48-h time point, the accumulation of SPION5
in the ipsilateral node was higher for SPION5 loaded exosomes compared to free SPIONS.
Furthermore, nodes treated with SPION5 loaded exosomes did not display significant dif-
ferences in the MRI signal when comparing pre-injection and 1-h post-injection conditions.
Altogether, these findings demonstrate that a greater amount of SPIONS5 accumulates in the
ipsilateral LN when distributed by exosomes, and that exosomes need more time to deliver
SPIONS to the LN than the trafficking time of free SPIONS5. These observations suggest that
exosomes home and stay trapped in sentinel LN. Contrarily, free SPION5 and liposomes fol-
low an unspecific diffusion throughout the LN system. The predominant subcapsular dis-
tribution of exosomes carrying SPION5 was further validated by histological analysis with
fluorescence microscopy and transmission electron microscopy (TEM).

In 2016, Busato et al. established a new protocol to label exosomes with ultrasmall super-
magnetic iron oxide nanoparticles (USPIO) [27]. USPIO range in size from 5 to 7 nm and are
stable and biocompatible [28]. The authors described a new methodology in which adipose
stem cells (ASCs) were directly labeled with USPIO rather than exosomes. ASCs are known to
incorporate USPIO as part of the endocytic pathway [29]. Furthermore, other studies reported
nanoparticles accumulation inside multivesicular bodies, being consequently incorporated
into exosomes [30]. This protocol allows the preservation of the integrity of exosomes mem-
brane, since no electroporation is required. The resulting exosomes were isolated, purified
and injected in mice intramuscularly. Histological examination of gastrocnemius confirmed
the presence of iron and in vivo imaging with MRI revealed to be a successful tool to image
exosomes i vivo in a noninvasive manner.

5. Fluorescent labeling of exosomes

When administering exogenous preparations of exosomes to assess their biodistribution in
vivo, they need to be first labeled, which can be achieved by using fluorescence techniques.

5.1. Nucleic acids labeling

The use of fluorescent dyes or fluorescent reporters has been one of the gold standard
approaches to label exosomes. In addition to proteins, exosomes have been shown to carry
RNA and DNA [31]. Therefore, exosomes can be fluorescently labeled using selective dyes for
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those nucleic acids. The SYTO 13 dye is cell permeable and has a high fluorescent yield when
bound to DNA or RNA [32]. Other DNA binding dyes include H33342 and Thiazole Orange
[33]. Alvarez-Erviti et al. research is one good example of this approach since they detect
fluorescent signals in the central nervous system after i.v. injection of exosomes derived from
dendritic cells (DC) genetically engineered to express RGV peptide on the membrane and
loaded with siRNA fluorescently labeled with Cy-3 dye [34].

5.2. Membrane-intercalating fluorescent dyes

Exosomes labeling can also be achieved by using fluorescent lipid membrane dyes, including
the commonly used PKH (PKH67, PKH26), which label cell membranes through the insertion
of their aliphatic chains into the lipid bilayer [8, 11, 12]. Rhodamine B also known as R18, Dil,
DiO and DiD, in addition to PKH, are other examples of lipophilic fluorescent membrane
dyes [35-37]. The carbocyanine dyes, Dil (yellow/red fluorescent) and DiO (green fluores-
cent), are weakly fluorescent in aqueous solutions but become highly fluorescent and reason-
ably photo-stable when incorporated into cell membranes particularly, DiR (carbocyanine
DiOC18(7)) [33]. A limitation for in vivo tracking studies is the fact that fluorescent markers
should have an emission peak different from the fluorescence emission of biological tissues,
in order to overcome the auto-fluorescence background. Notably, near-infrared (NIR) dyes
are optimal for in vivo applications since they present a high signal/noise ratio, a negligible
auto-fluorescence in the range of 700-900 nm (biological tissues emission), and strong tissue
penetration of the NIR light [38]. However, lipophilic dyes labeling presents several limita-
tions. Extensive washing steps are necessary to reduce unspecific signal, which can cause
significant exosomes loss. Moreover, it promotes aggregates or micelles and may give rise to
in vivo artifacts since fluorescent dyes persist in tissues after exosomes degradation. This is
because lipid labeling is not exosomes specific and fluorescence might remain in degraded
exosomes or other cellular structures, since they have an estimated half-life of several days
[39]. Therefore, in long-term studies, the extended half-life of the lipophilic dye may result in
the conservation of the fluorescent signal for longer than the exosomes persist itself, inducing
false positive results as it was evaluated by Grange et al. in 2014 [40]. Ultimately, they con-
firmed that to reduce unspecific labeling, cells should be directly labeled with the dye, rather
than exosomes. Exosomes could be then collected and further purified for administration [40].

5.3. Membrane permeable fluorescent dyes

Exosomes labeling can be achieved using membrane permeable chemical compounds. These
dyes become confined to the cytosolic lumen and fluoresce as a consequence of esterification
and include carboxyfluorescein succinimidyl ester (CFSE), 5(6)-carboxyfluorescein diacetate
(CFDA) [41]. Another example is the use of calcein AM (an acetoxymethyl derivate of the
fluorescent molecule calcein) that is a very good cytoplasmic fluorescent dye, since it attains
high fluorescence intensities and exhibits an acceptable persistent labeling, given that it does
not covalently link to intracellular molecules [33]. Calcein-labeling strategy is based on a
membrane-permeant molecule that is nonfluorescent until it is activated by intra-vesicular
enzymes [42]. Upon hydrolysis of the acetoxymethyl ester moieties by esterases, calcein
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becomes highly membrane impermeable [42]. The detection of calcein-labeled exosomes
through flow cytometry has been already described and its use in some experiments has also
been reported [43, 44].

Most of the studies performed to date include the use of membrane-labeled exosomes as
described in the following examples. Sun et al., in 2010 administered i.p. fluorescent-labeled
exosomes carrying curcumin (an anti-inflammatory agent), collected from EL-4 mouse lym-
phoma cells [15]. The exosomes accumulated in greater amounts in the liver, lungs, kidneys
and spleen 1 h post-treatment. Interestingly, when exosomes were administered through the
intranasal route, the distribution pattern was re-directed to the brain and intestines.

In 2011, Hood et al. demonstrated for the first time that exosomes isolated from melanoma cells
supernatants induced LN conditioning in vivo [10]. DiR-labeled B16-F10 melanoma-derived
exosomes were injected in the footpads of albino C57/BL6 mice and liposomes were used as
control. Sentinel LN was harvested 48 h post-treatment, and fluorescent signals were evaluated
using IVIS. They observed that melanoma exosomes home to the IN node ipsilateral to the injec-
tion site, whereas liposomes distributed equally in IN nodes both ipsilateral and contralateral
to the site of injection. To assess how melanoma exosomes could influence free melanoma cells
distribution within a lymphatic microenvironment during metastasis, three serial injections on
the left footpad of mice were made in which the last one was accompanied with one million
DiO labeled melanoma cells. Lymphatic distribution pattern of melanoma cells was assessed
in the sentinel LN. An increased number of melanoma cells infiltrating located in the periphery
of the node when mice were pre-treated with exosomes rather than liposomes. Furthermore,
melanoma exosomes lead to an increased gene expression involved in cell recruitment, extra-
cellular matrix remodeling and vascular proliferation factors contributing to a microenviron-
ment within the sentinel nodes that favor melanoma cell homing, trapping and growth.

In 2012, Peinado et al. proposed a new role for melanoma-derived exosomes in which they
educate bone marrow (BM) progenitor cells to acquire a pro-metastatic phenotype through
MET signaling [8]. First, fluorescently labeled B16-F10 exosomes (using PKH67 dye) to analyze
exosomes biodistribution were i.v. administered into naive mice. Exosomes were detected in
the blood vessels and organs within 5 min after injection. Twenty-four hours post-treatment,
exosomes were no longer found in blood circulation. Instead, exosomes were found in the
major organotropic sites for B16-F10 metastasis including interstitium lungs, BM, liver and
spleen. Next, B16-F10-derived exosomes were injected 3 times a week for 3 weeks, 7 days
after orthotopically injection of B16-F10mCherry cells to assess melanoma-derived exosomes
role in primary tumor growth and metastasis. Mice showed lung micro-metastasis at day 19
after tumor cell injection in contrast with the control (synthetic unilamellar liposomes). To
evaluate the role of the metastatic potential of the cells of origin, equal amounts of exosomes
from highly (B16-F10) or poorly (B16-F1) metastatic melanomas were i.v. injected into mice 3
times a week over 28 days, and then subcutaneously implanted B16-F10 cells expressing lucif-
erase. Injection with B16-F10 exosomes resulted in a higher metastatic burden in the lungs
and greater tissue distribution, including bone and brain when compared to mice injected
with control particles or with B16-F1 exosomes. Notably, these observations indicate that exo-
somes content can mediate metastatic potential and organotropism. To further investigate
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this hypothesis and taking into consideration the central role of bone marrow-derived cells
(BMDCs) in metastatic progression, they postulated whether tumor-derived exosomes could
educate BMDCs and affect metastatic development. In a process, they termed bone marrow
education, GFP-expressing mice were treated with B16-F10 exosomes 3 times a week for 28
days. Next, lethally irradiated mice were transplanted with the educated bone marrow and
the mice were also subcutaneously injected with B16-F10 cells expressing mCherry. By pre-
educating BMDCs with exosomes from a highly metastatic cancer cell line, an increase in the
metastatic tumor burden and distribution in target tissues was observed, even for tumors with
a low metastatic capacity. Overall, this work shows that by educating BMDCs tumor exo-
somes can regulate tumor metastasis. Further proteomics studies revealed MET as a potential
candidate implicated in BM education given its previous described role in migration, inva-
sion, angiogenesis and BM cells mobilization. Indeed, additional studies demonstrated that
B16-F10-derived exosomes could transfer MET to BM progenitor cells, this way mediating
pro-vasculogenic and metastatic effects (enhanced cell mobilization).

In 2015, Costa-Silva et al. proposed a mechanism in which pancreatic ductal adenocarcinoma
(PDAC)-derived exosomes induce liver pre-metastatic niche formation in naive mice [11].
Authors demonstrated that Kupffer cells, macrophages present in the liver, uptake PDAC-
derived exosomes, which activates the secretion of transforming growth factor {3 that in turn
stimulates hepatic stellate cells to produce fibronectin. The resulting fibrotic microenviron-
ment was showed to enhance the recruitment of BM-derived macrophages. Furthermore, mac-
rophage migration inhibitory factor (MIF) was highly expressed in PDAC-derived exosomes,
and its inhibition resulted in abrogation of liver pre-metastatic niche formation and metas-
tasis. Collectively, these data suggest that PDAC-derived exosomal MIF primes the liver for
metastasis.

In addition, Hoshino et al. took a step further in investigating pre-metastatic niche for-
mation and unraveling exosomes organotropism [12]. The authors seek to demonstrate
tumor-derived exosomes contribution to the establishment of a permissive microenviron-
ment at future metastatic sites, describing their nonrandom biodistribution patterns. In all
experiments performed, the authors use prepared pools of exosomes labeled with PKH
dyes. They show that exosomes from mouse and human lung-, liver- and brain-tropic
tumor cells fuse preferentially with resident cells at their predicted destination sites to
prepare the pre-metastatic niche. Surprisingly, treatment with exosomes from lung-tropic
tumor cells was sufficient to redirect the metastasis of bone-tropic tumor cells. Further
exosomes proteomic studies revealed distinct integrin expression patterns that differed
from tumor cells. They found that exosomes expressing integrin av35 specifically bind to
Kupffer cells, mediating liver tropism, whereas exosomal integrins a6p4 and a6f31 medi-
ated lung metastasis through binding with fibroblasts and epithelial cells. Moreover, when
these integrins were blocked a decrease of exosomes uptake as well as metastasis for-
mation was observed. Additionally, exosomes uptake by resident cells at metastatic sites
mediated by the previously mentioned integrins was found to induce Src phosphorylation
and activate the expression of pro-inflammatory 5100 response. Altogether, these find-
ings suggest that exosomal integrins are responsible for the adhesion of exosomes to tar-
get cells. Furthermore, this interaction activates, in the recipient cells, signaling pathways



Animal Models in Exosomes Research: What the Future Holds
http://dx.doi.org/10.5772/intechopen.69449

involved in inflammatory responses contributing to the formation of a microenvironment
that supports the growth of metastatic cells.

Wen et al. associated exosomes derived from highly metastatic breast cancer cell lines with an
increase in the metastatic potential partly due to an immune suppression of the tumor micro-
environment [9]. Exosomes isolated from murine breast cancer cell lines (metastatic EO771
and 4T1, nonmetastatic 67NR) were labeled with DiD, a lipid-associating fluorescent dye and
i.v. injected into mice. Exosomes biodistribution was evaluated in several organs 24 h post-
injection using in vivo and ex vivo imaging and as control liposomes were used. Exogenously
administered exosomes distributed mainly to the lungs irrespectively of the metastatic potential
followed by spleen. Interestingly, lung and liver displayed higher signaling of exosomes
derived from a nonmetastatic cell line compared to a highly metastatic one 4T1. In addition,
regardless of the fact 4T1 breast cancer cells frequently exhibit liver tropism, its exosomes did
not follow the same pattern. Additionally, exosomes derived from a nonmetastatic cell line
distributed preferentially to the liver and lungs. Cumulatively, these results seem to point to
the fact that exosomes not always follow the cells tropism patterns, which contrasts with the
previously described findings made by Hoshino et al. Taken together, these data suggest that
the biodistribution pattern of exosomes may be influenced by numerous factors including cell
source, injection route and the amount administered. Therefore, the lack of well-established
protocols to perform exosomes biodistribution studies may affect overall results. Nonetheless,
Wen et al. further investigated which cell lineages were taking up exosomes in the lung and
spleen. They found that around 14% and 3% of CD45* cells from the lung and spleen, respec-
tively, were taking up EO771-derived exosomes. The majority were macrophages, CD11b*
myeloid cells and dendritic cells. Nevertheless, this uptake pattern was similar in 4T1 and
67NR-derived exosomes. In addition, mice were injected via tail vein with a preparation of
tumor-derived exosomes every three days for 30 days in order to evaluate the role of breast
cancer-derived exosomes in pre-metastatic niche formation in an experiment similar to the
one carried out by Peinado in 2012 [8]. They found that exosomes derived from highly meta-
static breast cancer cells contributed to the establishment of a permissive microenvironment
that in turn promoted cell metastasis trapping and growth in the lung and liver, which was
not observed when using exosomes derived from nonmetastatic cells or liposomes. Moreover,
EQ771 exosomes accumulation in the lung was shown to promote an immunosuppressive
microenvironment. This was observed through the recruitment of CD11b*/Ly6C™ granulo-
cytic myeloid-derived suppressor cells, simultaneous to a decrease in T cell and natural killer
cells frequency. Furthermore, EO771 exosomes treatment resulted in increased differentiation
of naive T cells (CD44"°*CD62L") to effector T cells (CD44"CD62'%). This phenomenon was
previously described in other tumor microenvironments where T cells further differentiate into
‘exhausted’ T cells known to be nonfunctional and express high levels of immune inhibitory
receptors contributing to cancer cells escape of the immune surveillance [45]. Wen et al. [9]
demonstrated the immune suppressive potential of breast cancer-derived exosomes in promot-
ing the pre-metastatic niche formation.

In 2014, Smyth et al. evaluated the tissue distribution of exosomes derived from breast and
prostate cancer cell lines when i.v. administered into healthy or tumor-bearing mice [46].
Exosomes were isolated from cell culture supernatants of 4T1, PC3 and MCF-7 cells. Mice
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were inoculated with 4T1 cells in the mammary fat pad (MFP) and 15 days after inoculation
they were i.v. injected via tail vein with 4T1 exosomes fluorescently labeled with DiR. In vivo
imaging was performed using IVIS at 1, 8 and 24 h post-injection. At the 24-h time point, mice
were sacrificed and organs excised for ex vivo imaging. One hour after treatment exosomes
distributed primarily to the liver and spleen. To further investigate exosomes biodistribution,
PC3 and MCF-7 exosomes were radiolabeled with indium-111 and injected i.v. into nude mice-
bearing PC3 tumors or nontumor-bearing nude mice. Blood clearance analysis revealed that
3-h post-injection less than 5% of the injected vesicles remained in circulation. Furthermore,
the presence of the tumor did not affect exosomes blood clearance. Overall, biodistribution
patterns were analyzed 24 h after treatment and found to be very similar to the 4T1 experi-
ment, with greater accumulation in the liver and spleen, followed by the kidneys when com-
pared to other organs including PC3 tumors. In addition, the biodistribution pattern of PC3
exosomes was basically the same in PC3 tumor-bearing nude mice or nontumor-bearing mice.
Next, the authors wanted to assess the influence of the innate immune system on exosomes
biodistribution and clearance in tumor-bearing mice. Therefore, they inoculated 4T1 cells in
the MFP of Balb/c, nude and NOD.CB17-Prkdcscid/] mice and i.v.-injected 4T1 exosomes. It
is important to take into consideration that nude mice suffer from a lack of adaptive immune
response, while NOD.CB17-Prkdcscid/] mice suffer from impaired innate immunity includ-
ing impaired complement activity. 4T1 exosomes in nude and Balb/c mice distributed pref-
erentially to the liver and spleen after 20 min post-injection, with levels remaining unaltered
over the course of 2 h, suggesting that the adaptive immune system is not responsible for
the clearance of exosomes. Interestingly, NOD.CB17-Prkdcscid/] mice displayed an increase
in the accumulation of 4T1 exosomes in the liver and spleen between 20 min and 2 h post-
injection. The slower uptake of exosomes by the reticuloendothelial system (RES) in NOD.
CB17-Prkdcscid/] mice suggests that the innate immune system, alongside with complement
opsonization, contributes to exosomes blood clearance.

Recently, Wiklander et al. established a set of experiments demonstrating that EVs biodis-
tribution is dependent on many factors, including cell source, exosomes concentration and
route of administration [13]. They injected 1 x 10' particles/gram body weight (p/g) via tail
vein of DiR-labeled EVs isolated from HEK293T cell culture supernatant. To assess their
biodistribution, organs were harvested for ex vivo imaging 24 h post-injection. Importantly,
they performed perfused and nonperfused conditions prior to organs harvesting to confirm
whether signaling was coming from organs or was due to the presence of labeled EVs in cir-
culation. In addition, EV-free medium was subject to the same protocol as for EV-DiR labeled
to exclude the possibility of monitoring free dye. Interestingly, perfusion did not seem to
affect EVs biodistribution and EV-free medium injection resulted in insignificant signal in
all organs. EVs derived from HEK293T expressing CD63-EGFP plasmid were also used at
a concentration of 2.9 x 10" (p/g). Twenty-four hours post-injection organs were harvested
and analyzed. Signal was found on the parenchyma of the liver and spleen. However, little
or no signal was detected in lungs and kidney. Next, they evaluated whether EV biodistri-
bution was EV dose dependent. Therefore, they injected different amounts of DiR-labeled
HEK293T EVs (0.25 x 10, 1 x 10 and 1.5 x 10"). Indeed, a positive correlation between EV
dosage and total tissue fluorescence was observed. In addition to this phenomenon, a shift
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of the relative distribution of EVs among organs also occurred. Relative liver accumulation
decreased sequentially with the initial amount of EVs injected. The authors hypothesized
that this decrease could result from the saturation of the mononuclear phagocyte system/RES
allowing a more effective evasion of the liver at higher amounts. Since the use of lipophilic
dyes is associated with prolonged half-life when compared to the EV, the authors evaluated
DiR-labeled HEK293T EVs biodistribution at different time points. EVs distribution pattern
kept unchanged during 24-h post-injection. However, major differences registered at the time
point of 48 h. Fluorescence signal decreased in heart, gastro-intestinal (GI)-tract and kidneys,
while the signal in the pancreas suffered a significant increase. These alterations can be due
to a re-distribution of EVs or artifacts, since fluorescence dyes are known to have half-lives of
several days. In addition, Wiklander et al. evaluated the distribution outcome when the EVs
were administered through different routes. In all cases, 1 x 10" p/g DiR-labeled EV were
injected via i.v., i.p. or s.c. Interestingly, the different injection routes were associated with
different distribution patterns. I.p. and s.c. injections lead to lower EVs accumulation in the
liver and spleen, while increased accumulation was detected in the pancreas and GI tract,
contrarily to what it was observed for the i.v. injections. Moreover, i.p. injections resulted in
higher total tissue fluorescence, while s.c. injections resulted in the lowest one. Their careful
analyses also included the influence of the cell of origin in biodistribution outcomes. Three
mouse cell sources were used: a muscle cell line C2C12, a melanoma cell line B16F10 and a
primary immature BM-derived dendritic cells (DC). Additionally, xenotransplantation of EVs
from rat cells—oligodendrocytes OLN-93 —and from cells of human origin—HEK293T and
primary human mesenchymal stromal cells (MSC)—were used for cross-species studies. All
experiments were performed using 1 x 10" p/g DiR-labeled-EV administered via i.v.. Overall,
the distribution pattern from the different mouse cell sources did not vary much with spleen,
liver, GI tract and lungs being the greatest accumulation sites. Nevertheless, some significant
differences were encountered. For instance, C2C12-derived EVs were highly present at the
liver, while in the lung displayed the lowest amount of signal accumulated. B16F10-derived
EVs were in turn most frequently accumulated in the GI tract, and DC-derived EVs were
highly accumulated in the spleen when compared to the other mouse cell sources. Notably,
in vivo biodistribution patterns did not differ when xenotransplanted EVs were used. MSC-
derived EVs displayed higher accumulation in the liver, while the GI tract was the lowest
compared to EVs derived from HEK293T and OLN-93 cells. Interestingly, HEK293T, OLN-93
and C2C12 derived EVs presented similar tissue distribution outcomes suggesting that spe-
cies of origins does not seem to affect the patterns observed. Finally, HEK293T-derived EVs
were found to accumulate greatly in the liver and spleen in B16F10 tumor-bearing mice, 24 h
post-injection with 1 x 10'° p/g DiR-labeled EV administered via i.v., with only 3% of the total
fluorescence being detected in the tumor. Wicklander elegantly showed for the first time the
different confounders added to EVs in vivo biodistribution studies, highlighting the urgency
to develop new reliable models.

Another method consists on the genetic engineering of cells to direct the expression of fluores-
cent markers to the exosomal membrane resulting in labeled exosomes production. Exosomes
can be isolated from these cells culture supernatants or cells can be directly injected into
mice. One commonly used example is the GFP-CD63 construct. The CD63 is a tetraspanin, a
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membrane-associated protein and is known as a general marker of exosomes [47]. Suetsugu
and collaborators were one of the first ones to orthotopically inject stable expressing GFP-
tagged CD63 cells [48]. They demonstrated that tumor-derived exosomes serve as a central
mediators for communication not only between cancer cells but also with their microenviron-
ment components. They produced mouse breast cancer cells (MMT) and human breast cancer
cells (MDA-MD-231) RFP labeled stably expressing GFP-tagged CD63 (MMT-RFP/GFP-Exo
and MDA-MD-231-RFP/GFP-Exo, respectively). Hence, cells were red and producing green
exosomes. To generate orthotopic mouse models of breast cancer metastasis to the lung, they
orthotopically injected MMT-RFP/GFP-Exo or MDA-MD-231-RFP/GFP-Exo cells into the
MFP of nude mice. Overall, using confocal laser scan microscopy (CLSM), they observed that
both in primary tumors and in lung metastasis breast cancer cells secreted exosomes into the
tumor microenvironment. To confirm GFP exosomes integration in mice host cells, RFP nude
mice were orthotopically injected with the cells previously mentioned into the MFP. GFP-
labeled exosomes were taken up by stromal cells namely fibroblasts. Finally, blood samples
analysis by CLSM confirmed the presence of GFP exosomes in circulation of mice-bearing
lung metastasis.

Nonetheless, when designing these fusion plasmids, one should consider the influence they
may have in the protein normal functions. Interestingly, it has been shown that GFP fusion
to the N- or C-terminus of CD63 influences protein distribution in rat basophilic leukemia
(RBL) cells [49]. When GFP was linked to the C-terminus of CD63 (CD63-GFP), the fused pro-
teins were expressed on both the granule membranes and plasma membranes of RBL cells as
native CD63 proteins. Contrarily, when the GFP was conjugated to the N-terminus of CD63
(GFP-CD63), it was homogeneously distributed in the cytoplasm, not being present on gran-
ules or the plasma membrane [49]. These results suggested the possibility that the N-terminus
of CD63 might play an important role in the establishment of protein localization.

Other approaches developed by Lai et al. in 2014 included a multiplex reporter system con-
sisting of enhanced (EGFP) and tandem dimer tomato (tdTomato) fluorescent proteins fused
at NH2-termini with specific palmitoylation signals, enabling EV membrane labeling [39]. By
treating cells with EVs carrying fluorescently labeled siRNA, they observed EVs uptake in
donor cells. Notably, by combining fluorescent and bioluminescent EVs membrane reporters,
they elegantly demonstrated EVs uptake and translation of nascent EV-derived cargo mRNAs
in cancer cells in vitro as early as 1 h after exposing cells to EVs.

Recently, a new approach was put forward that allows the study of the function of transfer
of EVs in vitro and in vivo settings without the requirement to artificially expose cells to iso-
lated and concentrated pools of EVs [50]. To study the exchange of EVs, the Cre-loxP system
was used to fluorescently label Cre-reporter cells that take up the EVs released from cells that
express Cre recombinase. Donor cells expressing Cre recombinase were CFP positive (blue),
whereas unrecombined Cre-reporter cells were DsRed positive (red) and those that have inter-
nalized the EV and have recombined switch from red to green. They demonstrated that the
switch in color was due to Cre mRNA containing EVs and not by other mechanisms including
free Cre mRNA or protein. Using this technology, they were able to assess whether different
types of nontumor cells take up tumor-released EVs [51]. Cre-expressing B16 melanoma cells
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were injected into mice ubiquitously expressing the Cre-LoxP reporter tdTomato (tdTomato
B6 mice). Notably, nontumor cells expressing tdTomato were found in all analyzed tissues
(tumors, lymph nodes, lungs and spleens). This pool of cells presented either CD45 or CD45*
cells (a general immune cell marker), suggesting that both non-immune cells and immune cells
took up tumor-released EVs. By immunohistochemistry, they found that some of those cells
were neutrophils and macrophages using different markers. Therefore, authors concluded that
tumor cell-derived EVs are taken up by both tumor cells and different sorts of nontumor cells.
They next assessed if tumor cells could uptake EVs released from nontumor cells. B16 mela-
noma cells that express the Cre-LoxP reporter were injected into B6 mice that ubiquitously
expressed Cre. Interestingly, tumor cells with changed phenotype due to the uptake of Cre
derived from EVs released from nontumor cells were found sporadically. Therefore, B16 mela-
noma cells render the ability to take up EVs from healthy cells; however, this transfer does
not seem to happen in the same extent as the opposite does. Further studies demonstrated
that less malignant tumor cells located either in the same or within distant tumors took up
EVs released by tumor cells. In addition, gene expression arrays lead to the discovery of a dif-
ferential mRNA profile with a significant enrichment of mRNA molecules involved in migra-
tion and metastasis in EVs compared to the cells, both of which promote tumor progression.
Overall, data suggest that malignant tumor cells, through transfer of EVs, increase migration
and metastatic capacity of less malignant cells in vivo. Importantly, it was the first time that
the transfer of functional cargo through EVs was shown in vivo, demonstrating their biological
role. This approach is versatile once it can be used in nearly all cell types and more importantly
the in vivo application allows to study the exchange of EVs in a more natural context, one
where cells interact and respond to multiple stimulus of different cell types [50]. Nevertheless,
this new strategy is not exosomes specific. Therefore, an in vivo model that presents itself as
closer to the normal biological system, enabling the study of exosomes natural fate and biologi-
cal function is still missing.

6. Concluding remarks

Collectively, exosomes spatiotemporal distribution is still elusive, mostly because in vivo exo-
somes research relies on their purification from cells in culture and in vitro treatment of other cul-
tured cells or in vivo administration in tumor-bearing mice. Despite latest findings, results from
in vitro experiments cannot be directly extrapolated to the in vivo context and need to be care-
fully analyzed, as clearly pointed by Zomer et al. [50]. Thus far this artificial approach has not
given us insight of the actual communication routes of exosomes in the organism, highlighting
the great demand for improved animal models that allow exosomes studies in vivo. Genetically
engineered mouse models (GEMM) could be a promising approach to address the current tech-
nical limitations faced. Ideally, these models should allow tracing tumor-derived exosomes
while retaining the animal immune system. This important modulator of tumor development is
most of the times inexistent since the majority of the experiments are performed using immune
deficient mice. Exosomes derived both from tumor and normal cells are known to modulate the
immune response as well as the cellular physiology in the tumor surroundings, contributing to a
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favorable and permissive microenvironment for the establishment of the tumor and potentially
spread to other parts of the organism [52, 53]. It would be very useful to track tumor-derived
exosomes in a well-established cancer GEMM model by using an exosomes marker that is fused
to a fluorescent protein. Since GFP, RFP and CFP transgenic nude mice appear to have a life span
similar to that of non-transgenic nude mice, fluorescent proteins are considered nontoxic and
are a promising method for in vivo imaging [54]. The scientific community would greatly benefit
from these animal models that mimic the best way possible the natural physiology of such a
complex disease. Despite intensive efforts, many questions remain unanswered in the field of
extracellular vesicles, which the answer could revolutionize today’s view both of the normal
organism physiology as well as in a cancer context.
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Abstract

Exosomes are excretory nano-vesicles that are formed by the cell’s endocytic system and
shed from the surface of almost all types of cells. These tiny extracellular vesicles, once
thought to be “garbage bags for cells,” carry a wide variety of molecules of cellular origin,
including proteins, lipids, and RNAs, that are selectively incorporated during the forma-
tion of exosomes. Exosomes are now known to play a central role in several important
biological processes such as cellular communication, intercellular transfer of bioactive
molecules, and immune modulation. Recent advances in the field have shown that anum-
ber of animal viruses can exploit the exosomal pathway by incorporating specific cellular
or viral factors within exosomes, in order to modulate the cellular microenvironment
and influence downstream processes such as host immunity and virus spread. In this
chapter, we provide an overview of our current understanding of exosome biogenesis
and how this normal physiological process is hijacked by some pathogenic viruses. Viral
components that appear to be selectively incorporated into exosomes and the potential
role of these exosomes in viral pathogenesis are discussed. Identifying viral signatures in
exosomes and their mode of action is fundamental for any future diagnostic and thera-
peutic strategies for viral infections.

Keywords: exosomes, viruses, immune modulation, pathogenesis, biomarkers

1. Introduction

Exosomes are nano-secretory vesicles ranging in size from 30 to 100 nm and having a density
between 1.13 and 1.19 g/ml [1]. Exosomes are derived from the cell’s endosomal pathway, and
their membranes are rich in lipids such as sphingolipids, ceramide, and cholesterol [2]. These
tiny vesicles are released by virtually all cell types, but at varying degree, upon fusion of mul-
tivesicular bodies (MVBs) with the plasma membrane [3-5]. It is now well established that
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exosomes are not the cell’s trash bags, as initially thought, but rather they serve as important
nano-vehicles for the transport of specific cargo in and out of the cells [6]. Depending on their
cargo, exosomes can mediate certain intercellular communication processes [7, 8]. Although
the mechanism of how this cargo is selected for packaging into these vesicles destined for
excretion remains poorly understood, it is believed that the endosomal membranes play a
central role in this process [9, 10].

A number of molecular mechanisms are involved in the formation of intraluminal vesicles
(ILVs) and multivesicular bodies (MVBs) in a cell. One of the best studied and well-charac-
terized group of proteins involved in this process belong to the ESCRT (endosomal sorting
complex required for transport) family of proteins [11-13]. These proteins are believed to
play a role in the inward budding and scission of ILVs. One of the mechanism by which
viruses hijack the exosome pathway is by directly interfering with the machinery involved in
exosome biogenesis, such as the ESCRT proteins [14]. Others such as the oligomerization of
the tetraspanin complexes [15], the sphingomyelinase pathways [16], phospholipase D2, and
ADP ribosylation factor-6-mediated pathways have also been reported to be involved in the
ILV budding process [17]. Another family of proteins that are essential for vesicular forma-
tion, trafficking, and fusion in eukaryotic cells belongs to a large family of highly conserved
proteins known as Rab GTPases [18]. A number of Rab proteins such as Rab5 and Rab7 have
been shown to be important in endosome maturation and sorting of material in the ILVs [19, 20].
Rab27 a/b are involved in the fusion of the ILVs with the plasma membrane and release of
exosomes [50]. A number of other Rab GTPases are also found to play an instrumental role in
exosome release. Depending on the cell type, Rab5, Rab7, Rab11, Rab27, and Rab35 have all
been implicated in the release of vesicles. Altering the levels of any of these Rabs may lead to
interference with progression of exosomal cargo at specific endocytic locations [20]. The fact
that the exosomal pathway has some similarities with certain phases of viral life cycle has led
to the observations that a number of viruses can indeed hijack the exosome pathway during
their replication and pathogenesis [21, 22].

2. Viruses and the exosomal pathway

The endocytic pathway and the budding of viruses, especially enveloped viruses, share
many common features. Both processes require generation of membrane curving, packag-
ing of specific cargo, and membrane budding for release from the cell [22]. What is most
surprising is that different viruses with very different evolutionary paths appear to converge
in their use of the host endocytic pathway in the entry and exit from their host cells [23]. The
receptor or clathrin-mediated endocytosis to enter the cell is found to be utilized by a number
of viruses of the Flaviviridae family, which includes medically important pathogens such
as hepatitis C (HCV), West Nile (WNV), Dengue, and Zika viruses [24-27]. These viruses
can enter the late endosomes and then fuse with the ILVs within the endosome compart-
ments [28]. Recently, it was shown that HCV can incorporate its full-length RNA genome
into the ILVs and be excreted out via exosomes, and retain infectivity [29, 30]. Since HCV
is fairly small, it is possible that HCV infectious particles could be released directly within
exosomes and account for infection. However, the observation that exosomes isolated from



Exosomes and Their Role in Viral Infections
http://dx.doi.org/10.5772/intechopen.69397

HCV sub-genomic replicon cell lines lacking HCV structural proteins remained infectious
argues against the notion that mature viral particles are released in exosomes [30]. Currently,
HCV and hepatitis A virus (HAV) are the only viruses that have been shown to incorpo-
rate their full-length genomic RNA within exosomes [31]. Another virus that can utilize the
endosomal/exosomal system to deliver viral cargo to uninfected cells is the human immuno-
deficiency virus (HIV-1). Based on the similarities between HIV-1 assembly and egress, and
exosome biogenesis, Gould et al. proposed the “Trojan exosome hypothesis,” in which they
suggested that HIV has evolved to exploit the exosome system to infect cells in the absence
of the receptor-mediated interaction [32, 33]. This hypothesis is supported by the observation
that HIV virions are released together with exosomes, but the infectivity is reduced in the
absence of exosomes, implying that the process of exosome release from HIV-infected cells
probably also contributes to the release of HIV virions. This mechanism was demonstrated
using HIV-infected dendritic cells, which were able to transfer the virus to closely associated
uninfected T cells via exosomes [34, 35]. Unlike HCV, direct packaging of HIV genomic RNA
into exosomes has not been observed, probably reflecting the findings that HIV predomi-
nately buds from the plasma membrane and not from the endosomal pathway [36-38].

2.1. Viruses hijack the ESCRT and Rab GTPases involved in exosome biogenesis

Viruses are obligate intracellular parasites that hijack cellular pathways to complete their
life cycle. In recent years, an accumulating body of data has emerged suggesting that some
viruses can also manipulate with the vesicular trafficking machinery for their assembly,
egress, and transmission [39, 40]. For example, HIV has been shown to exploit the ESCRT,
lipid raft domains, and Rab GTPases components, all of which are involved in exosome
biogenesis [23, 41, 42]. Specifically, HIV Gag has been shown to interact with exosomal tet-
raspanins, especially CD63 and CD8]1, to aid in virion egress [42]. Using electron micros-
copy, human herpesvirus 6 (HHV-6) virions have been shown to be present in MVBs and
egress together with exosomes through the same pathway [43]. HHV-6 infection dramatically
increases MVB formation, suggesting that the endosomal pathway is likely to be important
for HHV-6 infection and assembly [43]. Furthermore, HHV-6 glycoprotein gB was found to
co-localize with CD63 [43], but the importance of this association for virus egress remains to
be demonstrated. Besides interfering with the ESCRT pathway, some viruses can also utilize
the Rab GTPase complexes to assist in their replication and egress processes. Several nega-
tive strand RNA viruses, such as influenza A virus (IAV), hantavirus, and respiratory syncy-
tial virus (RSV), have all been reported to utilize the Rab pathway for their transport to the
plasma membrane for exit [44—47]. It is known that interfering with Rab11 levels can inhibit or
promote the release of exosome-containing contents such as transferrin, HSP-70, flotillin, and
anthrax toxin [44, 48, 49]. In the case of hantavirus-infected cells, depletion of Rab11 results in
a tenfold reduction in virion production [46]. Similarly, AV and RSV also appear to hijack the
Rab11 pathway to their benefit [45, 47]. Rab27a, another member of the Rab GTPase family,
has also been shown to be essential for exosome biogenesis, particularly in the steps involv-
ing the fusion of MVBs with plasma membrane for the final release of exosomes [50, 51].
For example, in cytomegalovirus (CMV)-infected cells, the levels of Rab27a are increased
and co-localized with the viral envelope components at assembly sites in the cytoplasm [52],
but the molecular mechanisms and ultimate changes to exosome production remain to be
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elucidated. HIV proteins are also found to interact with Rab27a resulting in increased levels
of exosome formation [41, 53]. Herpes simplex virus 1 (HSV-1) is another virus that appears
to use Rab27a for its intracellular transport and exocytosis [54, 55]. Depletion or down-regu-
lation of Rab27a leads to decrease in HSV-1 viral production [54, 55].

The regulatory functions of the Rab GTPase mentioned above are still not fully understood.
However, it is widely accepted that cells react to stimuli to adjust the distribution and levels of
intracellular proteins as well as their degradation, secretion, and recycling [56]. Manipulation
of specific steps in the endocytic pathway by viruses highlights the need for further research
to unravel the complex interplay between regulators of the endocytic process and exosome
release. Such studies may shed light to potential targets for anti-virals.

2.2. Viral signatures in exosomes

The discovery that certain features in the life cycle of viruses and the cellular endosomal/exo-
somal pathway are common, and that some viruses can exploit the exosomal pathway to their
benefit, triggered a search to identify viral signatures in exosomes. This line of research has
obvious downstream benefits, not only in terms of viral diagnosis, but also for understanding
the mechanisms of viral-mediated pathogenesis. We now have a growing list of viral-specific
components that have been identified in exosomes (Table 1). Moreover, functional analysis of
excreted exosomes carrying viral components is beginning to shed light on how some viruses
can modulate cellular processes as diverse as immune evasion, apoptosis, proliferation, and even
viral infectivity (Table 1). In this context, one family of viruses that has been widely studied is the
human herpesviruses. This family of viruses contains two members, namely Epstein-Barr virus
(EBV) and Kaposi's sarcoma virus (KSV), that are oncogenic and implicated in the pathogenesis
of a number of human malignancies [57]. Both of these viruses have now been shown to exploit
the exosome pathway to secrete various components ranging from proteins to various species
of RNAs, including messenger RNAs (mRNA), microRNAs (miRNA), and small non-protein
coding RNAs [58-61]. In fact, viral miRNAs (vmiRNA) were first identified in EBV-infected cells
[62] and subsequently shown to be excreted out of cells via exosomes [63]. It is now known
that exosomes shed from EBV-infected cells contain a large number of viral miRNAs, most of
which appear to be smaller products of larger BamH1 EBV transcripts [64, 65]. It is believed
that these viral miRNAs, together with cellular miRNAs, play a role in modulating the expres-
sion of target genes in recipient cells (Figure 1) [59, 65-67]. Recently, it was shown that the two
non-protein coding EBV small RNAs, EBER-1 and EBER-2, are also consistently excreted from
infected cells within exosomes [68]. EBERs are highly abundant EBV RNA polymerase II/III
transcripts expressed in all EBV latently infected cells. The significance of their high abundance
within infected cells, or the reasons for their release in exosomes, remains intriguing. One study
showed that EBERs released from infected cells could induce innate immune responses via acti-
vation of Toll-like receptor 3-mediated signaling [69]. In addition to RNAs, a number of studies
have shown that EBV-infected cells can also excrete viral-specific proteins, including the latent
membrane protein 1 and 2A (LMP-1, LMP-2A) and the viral envelop glycoprotein 350 (gp350)
[70-73]. Export of these proteins via exosomes indicates another dimension to how EBV can
modulate cellular processes, not only within the cells it infects, but also in the surrounding cells.
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Virus Main cellular target  Viral cargo reported Potential effect of References
in exosomes viral exosomes
EBV Lymphocytes LMP1, 2A, gp350, Proliferation, apoptosis, [63, 68, 70, 72, 73, 92]
vmiRNA, EBERs, immune evasion, viral
vRNA reactivation
HSV-1 Epithelial cells VP16, HSV gB, ICP 127, Increase infectivity, [116, 128]
vmiRNA viral spread, and latency
CMV WBC, epithelial cells CMV gB Infection of myeloid [129]

dendritic cells, increased
viral infectivity

HHV-8 WBC, endothelial vmiRNA, vRNA Immune modulation, [60, 61]
cells cell metabolism

HIV-1 Lymphocytes vmiRTAR, vmiRNA, Inhibition of [81, 82, 130, 131]
Nef apoptosis, stimulate

proinflammatory

cytokines, down-

regulation of CD4

and MHC I, increased

susceptibility of naive T

cells, antiviral activity

HTLV-1 Lymphocytes Tax vimRNA, TAX, Proinflammatory [86, 132, 133]
vmiRNA cytokines, damage to
neurons
HPV Epithelial cells vmiRNA Proliferation, apoptosis [134]
HAV Hepatocytes HAV gRNA, HAV Immune evasion, [31, 117, 135]
particles increased viral infectivity
HBV Hepatocytes vDNA, vRNA, HBsAg Immune evasion [118, 136]
HCV Hepatocytes HCV gRNA, vmiRNA, Immune evasion [29, 124, 137]
vRNA
RVEV WBC v-protein, vimRNA Apoptosis, immune [138]
evasion

Viral-infected cells have been shown to shed exosomes containing cellular and viral-specific components. Table lists
viral components that have been detected in exosomes. These include viral mRNAs, microRNAs (vmiRNA), non-
protein coding RNAs (VRNA), full-length genomic RNA (gRNA), as well as virus-specific proteins. Depending on the
exosomal cargo and type of recipient cells, different biological changes may be induced. Abbreviations: EBV, Epstein-
Barr virus; HSV, herpes simplex virus; CMV, cytomegalovirus; HIV, human immunodeficiency virus; HTLV, human
T-lymphotropic virus; HPV, human papillomavirus; HAV, hepatitis A virus; HBV, hepatitis B virus; HCV, hepatitis C
virus; RVFV, Rift Valley fever virus.

Table 1. Exosomes, their viral cargo, and their potential role in virus-mediated pathogenesis.

Another virus which has attracted considerable attention is HIV. There are over 38 million
people living with HIV, and there is still no cure [74]. Analysis of exosomes released from
HIV-1-infected and non-infected cells shows that they differ in their densities [75]. This implies
that the contents of the exosomes from infected and non-infected cells are clearly different
[60, 61]. Although retroviruses are much smaller than herpesviruses, they are nevertheless
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Figure 1. Viruses hijacking the exosomal pathway. Many different viruses have been shown to exploit the exosomal
pathway to aid in their infection, spread, and pathogenesis. Three examples are illustrated here. EBV, a dsDNA virus
of the herpes family, has been shown to export numerous viral microRNA (vmiRNA), viral mRNA, non-protein coding
RNAs (EBERSs), latent membrane proteins (LMP-1 and 2A), and the envelop glycoprotein (gp350). Similarly, other
viruses such as HIV, hepatitis A, B and C can also package their proteins and RNAs in exosomes. For HAV and HCV,
full-length genomic RNA has been shown to be present in exosomes, which in the case of HCV has been demonstrated
to be infectious and capable of producing virus particles.

still slightly larger than exosomes and as such it is unlikely that mature infectious HIV-1
particles could be packaged and excreted within exosomes. However, there is mounting
evidence that HIV-1 egress is partly mediated by the endosomal pathway, and both exo-
somes and HIV-1 are released together in the same fraction [76]. HIV-1 Gag protein has
been shown to interact with the exosomal membrane tetraspanins, CD63 and CD8]1, aiding
in the assembly and exit of HIV-1 from infected cells [77-80]. Moreover, several function-
ally active HIV-1 components have also been shown to be excreted out of infected cells
using the exosomal “bus” (Figure 1). Once released, exosomes can bind to neighboring cells,
travel passively through the blood stream to distant sites, and induce biological changes
depending on the nature of the cargo they carry (Figure 1) [42]. Nef is one HIV-1 protein
that has been shown to be released within exosomes [81]. Studies indicate that Nef plays an
important role in activating resting bystander CD4" T cells making them susceptible to HIV
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infection and viral replication [81-83]. Reports have indicated that HIV-1 may also facilitate
its spread to other cells by secreting viral co-receptors, CCR5 and CXCR4, in exosomes
[84, 85]. In addition to functional proteins, exosomes from HIV-1-infected cells have been
shown to carry several viral miRNAs, including vmiRTAR transcripts, vmiR88 and vmiR99
[23]. Similarly, another human retrovirus, the human T-lymphotropic virus 1 (HTLV-1),
also appears to export viral components via the exosomal transport systems. Exosomes
released from HTLV-1-infected cells contain not only viral mRNA transcripts, such as those
for Tax, HBZ, and Env, but also the biologically active trans-activator protein, Tax [86, 87].
Moreover, HTLV-1 Tax protein has been demonstrated in exosomes isolated from cerebro-
spinal fluid of patients with HTLV-1-associated myelopathy/tropical spastic paraparesis,
suggesting that HTLV-1 may modulate its microenvironment by selective secretion of specific
viral cargo [88].

The list of components of cellular and microbial origin detected in exosomes is constantly
expanding. This has led to the establishment of several online databases to catalogue the con-
tents of exosomes. There is now substantial evidence indicating that many different types of
pathogens, including bacteria, viruses, parasites, and even prions, can exploit the exosomal
pathway [89, 90]. Of the viruses, members belonging to families as diverse as Bunyaviridae
(enveloped RNA viruses) and Papillomaviridae (non-enveloped DNA viruses) have been
shown to export their products in exosomes (Table 1). Moreover, studies are beginning to
address the functional impact of exosomes carrying viral cargo in the pathogenesis of viral
infections. One major challenge is to understand the mechanisms that regulate the selection
of cargo to be packaged into exosomes and how we can use exosomes as biomarkers for viral
infections and disease progression [89, 91].

3. Role of exosomes in viral pathogenesis

Exosomes released by viral-infected cells contain not only viral components, but also those of cel-
lular origin [23, 67, 89]. It appears that viruses are able not only to export their own products in
exosomes, but also to somehow influence which cellular products are packaged within the excre-
tory vesicles. This is evident by the findings that exosomal cargo of cellular origin is clearly differ-
ent from non-infected cells of the same type [60, 61, 92]. Thus, any pathophysiological impact of
viral exosomes on recipient cells is by no means due to viral components only. An accumulating
body of data indicates that exosomes from viral-infected cells can induce processes as diverse
as immune evasion, apoptosis, proliferation, transcellular spread, and cytokine modulation
(Table 1). The molecular details of how these processes are triggered are poorly understood and
most probably dependent on multiple factors, including the type of cells releasing/receiving exo-
somes, nature of the exosomal cargo, mode of delivery, and stage of infection [1, 90]. This proba-
bly explains why apparently contradicting results have been reported in different studies [93, 94].
For EBV, it has been shown that uninfected epithelial cells exposed to exosomes derived from
infected B cells are internalized via caveolar-dependent endocytosis and induce physiologi-
cal changes in these cells [95]. Studies reported that exosomes derived from nasopharyngeal
carcinoma (NPC) and from EBV-immortalized lymphoblastoid cell lines (LCLs) either inhibit
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proliferation of EBV-reactive CD4" cells or induce apoptosis [70, 93, 96]. Similar results were
observed with exosomes isolated from EBV-associated NPC patients and mice xenografted with
NPC[97]. These pathophysiological changes were suggested to be due to viral and cellular compo-
nents such as LMP-1, LMP-2A, viral miRNAs, and cellular galectin 9, excreted in exosomes from
EBV-infected cells [72, 93, 97, 98]. The finding of EBV LMP-1 in exosomes is noteworthy [70, 93].
This is a well-known oncoprotein that plays a key role in the immortalization of EBV-infected
cells [99]. Not surprisingly, LMP-1 has been extensively studied and shown to function as a con-
stitutively activated receptor, signaling through the TRAF pathway leading to the activation of
the master transcription factor, NFxB [100, 101]. LMP-2A is also an EBV latent protein expressed
on the plasma membrane of latently infected cells [102]. Like LMP-1, LMP-2A also appears to be
a constitutively activated receptor; while LMP-1 mimics CD40 receptor, LMP-2A mimics acti-
vated B-cell receptor (BCR), allowing infected cells to develop and survive, even in the absence
of BCR signaling [103, 104]. Although it is not known how these membrane proteins are selected
for export in exosomes, or what their functional impact is on recipient cells, it is tempting to pos-
tulate that the cell survival signals provided by LMP-2A and cell proliferation signals provided
by LMP-1, if transferable to recipient cells, would be important in EBV pathogenesis.

Recently, we reported that exosomes from both EBV-infected and non-infected B cells are
taken up by recipient cells, but only the exosomes from EBV-infected cells induced apoptosis
in recipient cells in a dose-dependent manner [92]. We further showed that apoptosis was
induced via the activation of the extrinsic pathway involving Fas-ligand (Fas-L) present in
EBV exosomes. Moreover, the process could be blocked by using anti-Fas-L antibodies [92].
Another study reported that LCL-derived exosomes contain Fas-L and MHCII molecules and
induce apoptosis in autologous CD4* T cells [96]. Taken together, these studies indicate that
one mechanism by which EBV could evade the body’s immune system may be by shedding
exosomes containing signals that inhibit proliferation and/or promote apoptosis of anti-
EBV-infiltrating lymphocytes. The fact that similar effects on bystander cells, albeit through
different mechanisms, have also been reported for exosomes released from rotavirus and
HIV-1-infected cells [105, 106] supports this hypothesis.

Another well-known mechanism by which some viruses can evade the immune responses is by
down-regulating the expression of viral lytic genes and persisting in the infected cells in a latent
state [107]. It's a simple strategy; no viral antigens expressed in infected cells means no immune
system can be triggered [108]. In this context, herpesviruses are among the most extensively
studied [109, 110]. For example, herpes simplex type 1 (HSV-1) replicates in mucosal epithelial
cells during primary infection and then enters sensory neurons where it establishes life-long
latency [111]. During the latent state, although no viral proteins are expressed, numerous
vmiRNAs have been detected, and some of these vmiRNAs appear to be central in suppressing
viral gene expression and maintaining latency [112-114]. The complexity of this process has
been further exposed by recent findings indicating that HSV-1 can excrete vmiRNAs in exo-
somes, which on transfer to recipient cells, can suppress viral gene expression and viral spread
to uninfected cells [115]. Furthermore, HSV-1 can also transfer antiviral factors, such as STING
(stimulator of IFN genes), to suppress its cell-to-cell spread in circumstances that may be unfa-
vorable [116]. Thus, inhibiting viral replication and spread in the face of a competent immune
threat could be an important strategy for viruses to escape immune elimination and persist.
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In some viral infections, such as with hepatitis B (HBV), non-infectious subviral particles are
released into the serum, often at levels 1000s of fold higher compared to mature infectious par-
ticles [117, 118]. In evolutionary terms, it does not make sense why a virus would opt to shed
enormous amounts of non-infectious subviral particles if it was not beneficial for the virus.
One plausible hypothesis is that such subviral particles act as a decoy to divert the immune
responses away from the bonafide infectious virions [118, 119]. HSV-1-infected cells can also
release subviral particles, referred to as the L-particles. These particles have neither viral capsid
nor viral DNA, and they are not infectious, but they do contain several HSV proteins [120, 121].
Recent studies suggest that the transfer of L particles to bystander cells can modulate the
microenvironment to facilitate immune evasion and viral infection [122]. Similarly, there is
evidence that some viruses can manipulate their microenvironment by secreting exosomes
containing cargo that interferes with the host inflammatory and antiviral factors [119, 123].

In addition to immune modulation, exosomes released from some viral-infected cells can pro-
mote infection and enhance viral spread. A good example of this is HIV-1. Exosome-mediated
transfer of HIV-1 co-receptors CCR5 and CXCR4 to recipient cells that do not normally express
these receptors can facilitate HIV-1 infection in these cells [84, 85]. In the case of hepatitis
C virus, it has been reported that infected cells release exosomes containing full-length viral
genomic RNA as well as viral-specific proteins [29, 30, 124]. Importantly, HCV RNA carrying
exosomes could transmit the infection to non-infected cells and establish a productive infec-
tion [29, 30, 124]. This receptor-independent mechanism of HCV transmission would prevent
the virus from being exposed to antibodies that would normally be effective in neutralizing
cell-free virus [125, 126]. Some viruses can also manipulate with the endocytic pathway, not
for export of their cargo, but for virion assembly and egress from the infected cells during
replication. For example, HSV-1 can interact with Rab27a via its tegument protein and its gly-
coproteins gH and gD [55]. Depletion of Rab27a results in significant reduction in both viral
production and viral egress, highlighting the importance of the Rab27a in the egress of HSV-1
[55]. A similar phenomenon has been reported for several other members of the herpesviridae
family, including cytomegalovirus (CMV) and human herpesvirus 6 (HHV-6) [23].

Although we have focused on how viruses exploit the exosome system to aid their infection
and pathogenesis, it should be borne in mind that the shedding of exosomes is a normal phys-
iological process and it also plays a role in defending against infections [90, 127]. For example,
a recent study reported that exosomes isolated from semen, but not from blood of healthy
individuals, were able to inhibit the replication of HIV-1 in in vitro culture [42]. Remarkably,
this anti-viral activity of semen exosomes appeared to be restricted to retroviruses and had
no effect on HSV-1 or HSV-2 replication [5]. Ironically, some viruses are able to not only over-
come these defense mechanisms but also exploit them to their benefit.

4. Conclusions

Our current understanding of microvesicle biology and function, especially in regard to virus
infections, is still in its early stages. The study of viral exosomes has shown that the transfer of
viral and cellular factors in exosomes enables the manipulation of the neighboring unaffected
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cells. Microvesicle-mediated communication allows the virus to respond and control the cellular
microenvironment. A number of reports suggest that viruses utilize the cellular vesiculation
pathway for virus budding/assembly, immune evasion, and intercellular communication.
Understanding the role of exosomes in the host-viral interactions can open new avenues of
understanding the disease mechanisms and future diagnostic and therapeutic interventions.
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Abstract

Exosomes are microvesicles with sizes ranging from 50 to 150 nm. These small vesicles
are known to morphologically and functionally resemble virus particles from human
immunodeficiency virus type I (HIV-I) and human T-lymphotropic virus type I (HTLV-I).
The function of exosomes is to mainly mediate cell-to-cell communication by exchanging
various macromolecules including proteins, lipids and nucleic acids in diverse cellular
processes. Due to its size and structural simplicity, the transfer of pathogenic or virulent
cellular factors across the cells mediated by exosomes is more efficient, hence facilitating
the dissemination of viral infections and cancer diseases. The pathogenic role of exo-
somes in various cancers such as lung and breast, and their potentials as biomarkers
have been previously studied, yet limited information is known for Epstein-Barr virus
(EBV)-associated cancers. In this chapter, we discuss current evidences that support the
pathogenic roles of exosomes in EBV-related cancers and their potentials as biomarkers
in cancer diagnostics and therapy response. Here, we also highlight the potential chal-
lenges in the development of exosome-based biomarkers for clinical application.

Keywords: EBV, exosomes, cancer, biomarker, nasopharyngeal carcinoma, diagnostics,
therapy

1. Introduction

Exosomes are microvesicles that play major roles in cell-to-cell communication. These small
vesicles have nano-scaled size, resembling the size of HIV-1 particles. Indeed, several reports
have highlighted the similarity between exosomes and HIV-1 particles in terms of structure
and functions [1, 2]. Biological roles of exosomes in HIV-1 pathogenesis have been extensively
reviewed and the implication of the pathogenic exosomes depends highly on the contents
that they carry [3, 4]. The functions of exosomes in other viral infections, such as hepatitis
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C virus (HCV), herpes simplex virus (HSV) and so on, have also been demonstrated [5, 6]. In
addition to viral diseases, exosomes have also been reported to play critical roles in cancer
pathogenesis, including those in glioma, lymphoma, colorectal carcinoma, melanoma, ovar-
ian and breast cancers [7, 8]. However, little is known for the function of exosomes derived
from tumour viruses or oncoviruses such as HTLV-1, EBV and human papilloma viruses
(HPV) in virus spreading as well as oncovirus-driven tumour development and dissemina-
tion. Among all, EBV is the most common infection and it infects more than 90% of human
adult population globally [9]. Cumulative findings demonstrated that EBV infection is asso-
ciated with various lymphoid and epithelial malignancies, including nasopharyngeal carci-
noma (NPC), Burkitt's lymphoma (BL), gastric carcinoma (GC), Hodgkin’s lymphoma (HL)
and Non-Hodgkin’s lymphoma [9, 10]. Similarly, EBV has also been reported to contribute to
breast and cervical cancers [11, 12]. Figure 1 summarizes the cancers that are associated with
EBYV infection, and percent association with EBV is depicted in a form of pyramid.

Exosomes are ubiquitously present in almost all biological fluids, including urine, plasma,
saliva, ascites, breast milk, semen, bronchoalveolar lavage liquid, amniotic fluid and cere-
brospinal fluid [4-7]. They are secreted from various cell types such as dendritic cells (DCs),
macrophages, T cells, B cells and cancerous cells [4-7]. The omnipresence of exosomes makes
them the ideal targets for cancer diagnostics and anti-cancer therapy. However, it remains
to be seen whether exosomes from different sources present similar pathogenic profiles and
can be interchangeably targeted for diagnostics and therapeutic purposes. Exosomes gener-
ally have a density of 1.13-1.21 g/mL [13]. They are surrounded by a lipid bilayer and they
are enriched with macromolecules such as lipids (e.g. cholesterol and glycosphingolipids),
carbohydrates (e.g. high mannose and complex N-linked glycans), proteins (e.g. tetraspanins
CD9, CD63 and CD81, MHC molecules, Rabs, actin, alix, HSP70 and TSG101) and nucleic
acids (e.g. DNAs, mRNAs and miRNAs) [14, 15]. While EBV infection is highly associated
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Figure 1. Association of EBV infection with virus-associated cancers. The association of EBV and cancers is represented
by the above pyramid in a rising order from top to bottom. Almost 100% of undifferentiated NPC cases are associated
with EBV infection while cervical cancer has been reported to be linked with EBV infection, but to the least extent with
about less than 5% of total cases.



Exosomes as the Promising Biomarker for Epstein-Barr Virus (EBV)-Associated Cancers
http://dx.doi.org/10.5772/intechopen.69532

with a plethora of cancer diseases, it is strikingly surprising that only a few studies have
been carried out to investigate the role of EBV-derived exosomes in cancer development and
progression. This chapter aims to summarize current findings that demonstrate the biological
functions of EBV-derived exosomes in the cancer pathogenesis. We also attempt to discuss
the potentials of using EBV-derived exosomes as diagnostic biomarkers and to target these
exosomes in anti-cancer therapy, while reviewing the challenges entailed in the above efforts.

2. Pathogenic roles of exosomes in EBV-associated cancers

Exosomes are originated from cellular endosomes, whereby the inward budding takes place
on endosomal multivesicular bodies (MVBs) to form intraluminal vesicles (ILVs) [5, 6]. The
subsequent molecular event then determines whether ILVs enter lysosomal degradation path-
way or are being secreted out from the producer cells in the form of exosomes upon the fusion
of MVB membrane with the plasma membrane [5, 6]. Figure 2 illustrates these processes that
involve the budding of endosomes, formation of EBV pathogenic factors-loaded exosomes
and the delivery of the pathogenic exosomes to the target cells. The biogenesis of exosomes
has been previously reviewed in great depth [14, 15], and these findings are important to
enhance our understandings towards the function of exosomes in multiple cellular processes
especially in cancer pathogenesis. The role of EBV-derived exosomes in EBV-associated can-
cers has been partly discussed in previous reviews [5, 8], but the proteins or genes involved
and the underlying mechanisms have not been clearly illustrated. In this section, we will dis-
cuss the pathogenic roles of the contents in EBV-derived exosomes such as latent membrane
proteins (LMPs), mRNAs and miRNAs in contributing to the EBV-associated cancers.

2.1. Exosomal latent membrane proteins (LMPs)

Latent membrane proteins (LMPs) are oncogenic proteins that are highly associated with can-
cer pathogenesis particularly in HL and NPC. There are two types of LMPs: LMP1, and LMP2
that consists of LMP2A and LMP2B. Each of these oncogenic proteins has distinct function in
EBV-related human cancers [16, 17]. For instances, LMP1, which is a viral mimic of tumour
necrosis factor receptor (TNFR) family member CD40, has been reported to activate a cascade
of oncogenic signalling pathways such as nuclear factor kappa B (NF-«B), phosphatidylinosi-
tol-4,5-bisphosphate 3-kinase (PI3K) and c-Jun N-terminal kinases (JNKs) in EBV-associated
cancers [10, 16, 17]. On the other hand, LMP2 plays central roles in maintaining viral latency
in EBV-infected B cells as well as inducing transformation and migration of EBV-infected
cells [10, 16, 17]. Whether or not the functions of cell-associated LMPs are fully retained in
the exosomal LMPs, it remains to be proven. The development of the EBV-related cancers is
associated with three EBV latency types based on the expression of EBV proteins (i.e. LMP1,
LMP2 and Epstein-Barr virus nuclear antigen-1, EBNA1). Latency type I, which is usually
observed in BL and GC, consistently displays strong expression of EBNALI [17, 18]. Latency
type II, on the other hand, results in the expression of LMP1, LMP2 and EBNA1 as seen in HL
and NPC, whereas in latency type I, all latent proteins/antigens are expressed in the course
of acquired immune deficiency syndrome (AIDS)-related lymphomas and lymphoblastoid
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Figure 2. Generation of exosomes in EBV-infected cells and delivery of EBV pathogenic factors-enriched exosomes to
recipient cells. (a) EBV infects B cells through viral glycoproteins/CD21 interaction, whereas EBV could infect epithelial
cells either through cell-free manner or cell-to-cell contact mediated by infected B cells. (b) Exosomes are generated
from the inward budding of endosomes, which then forms MVBs followed by ILVs. (c) ILVs are then either degraded
by lysosomes or released from the producer cells extracellularly as exosomes. (d) Owing to the overexpression of EBV
proteins/genes in the infected cell, exosomes are loaded with these pathogenic factors. (e) These exosomes are then
delivered to the neighbouring cells via phagocytosis, receptor- or caveolin-mediated endocytosis. (f) The pathogenic
factors are released from the EBV-derived exosomes, which then contribute to the cancer pathogenesis.

cell lines (LCLs) [17, 18]. Of note, the LMPs-carrying exosomes have been previously shown
to be secreted by EBV-infected cells particularly the NPC cells [19-21].

So far, only a few studies have shown the involvement of exosomal LMP1 in activating various
oncogenic pathways in EBV-associated cancers unlike those in the case of cell-derived LMP1
[16, 17]. Current findings suggest that exosome-derived LMP-1 plays central roles in attenu-
ating the immune response in both EBV infection and the development and progression of
EBV cancers [20, 22, 23]. For instances, the LMP1- and galectin 9-containing exosomes derived
from EBV-infected LCLs and NPC cells have been found to inhibit infiltrating T-lymphocyte
activation and proliferation through an action mediated by the conserved trans-membrane
domain of LMP1 [20]. This consequently resulted in the immune escape of tumour cells, and
hence promoting the cancer growth and progression [24]. Exosomes containing LMP1 and
HIFa have also been demonstrated to induce tumour invasion in NPC [19]. Moreover, LMP1
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was shown to promote the expression of fibroblasts growth factor 2 (FGF2) and along with the
LMP1, FGF2 was excreted from the tumour cells via Na(+)/K(+)-ATPase-dependent exosomal
pathway [25]. Notably, FGF2 is an important angiogenic factor in tumour invasion and it has
been recently shown that FGF2 can be targeted by miR-16 to inhibit in cell proliferation and
invasion in NPC [26]. However, whether or not the LMP1-induced exosome-derived FGF2
secretion is implicated in the EBV-associated cancers, particularly in the aspect of tumour
metastasis warrants further investigations.

On top of the immunosuppressive and potentially invasive roles of exosomal LMP1, expres-
sion of intercellular adhesion molecule 1 (ICAM1) or CD54 was also up-regulated by exosomal
LMP1 [21]. Notably, overexpression of ICAM1 is generally seen in various types of EBV-related
cancers such as NPC, GC and NHL [27-29]. Similarly, exosomal LMP1 also induced epidermal
growth factor receptor (EGFR) expression [30] which is another important receptor that modu-
lates a cascade of oncogenic signalling pathways such as mitogen-activated protein kinase
(MAPK), c-Jun N terminal kinase (JNK), phosphatidylinositol 3 kinase (PI3K) and nuclear
factor kappa-beta (NF-kB) in EBV cancers [31, 32]. In line with of the role of exosomal LMP1
in EGFR-related pathways, Meckes and co-workers also demonstrated that exosomal LMP1
activated Extracellular signal-regulated kinase (ERK) and v-Akt murine thymoma viral onco-
gene homolog (AKT) signalling pathways in the target cells [30]. This finding suggests that the
transfer of oncogenic LMP1 via exosomal pathway may modulate the growth of neighbouring
cells, hence contributing to the cellular transformation of cancer cells.

Interestingly, exosomal LMP1 is also found to interact with tetraspanin CD63, a common
marker of exosomes. This interaction facilitates the former to escape lysosomal degradation
[33] which may result in enhanced oncogenicity of exosomal LMP1. In addition, the level of
LMP1 is highly correlated with CD63 expression [19]. This suggests that LMP1 may upregu-
late the exosomal secretion, hence promoting the EBV-associated cancers [19]. As summa-
rized in Table 1, cumulative findings suggest that exosomal LMP1 promotes the growth and
progression of EBV-associated cancers. While the cell-associated or intracellular LMP1 plays
multiple roles in EBV latent infection and cancer pathogenesis particularly by modulating
NF-kB, PI3K/AKT, MAPK and JAK/STAT pathways [31, 32], future investigations are war-
ranted to demonstrate whether the exosomal LMP1 similarly carries these tumorigenic func-
tions and pathogenic effects in EBV-associated cancers.

As compared with LMP1, the role and function of exosomal LMP2A/2B in EBV-associated
cancers are less understood. Incorporation of LMP2 into exosomes has been previously
observed and these exosomes were released and taken by recipient cells [34, 35-37]. Several
studies have provided insights on the mechanism of exosomal LMP2 secretion. Ikeda and
Longnecker demonstrated that cholesterol depletion via methyl-beta-cyclodextrin (MCD)
depletion can increase exosomal secretion of LMP2A, indicating the inverse dependency
between the release of LMP2A-carrying exosomes and cholesterol level [35]. In another study,
the interaction between LMP2A and endocytic adapter proteins, Amphiphysin 1 and 2 was
found to be essential in order for LMP2A to accumulate into exosomes [38]. However, no
further study has been done to investigate the pathogenic role of Amphiphysin proteins on
EBV-associated cancers. Future investigations are required to uncover the pathogenic role of
exosomal LMP2 in these cancers.
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Exosomal content Pathogenic effect Reference

LMP1 & HIF1a Promotion of tumour invasion [19]

LMP1 & Galectin 9 Immunosuppression of T lymphocytes [20]

LMP1 & ICAM1 Induction of ICAM1 expression by LMP1 [21]
Modulation of multiple oncogenic pathways

LMP1 & FGF2 Induction of FGF2 expression by LMP1 [25]
Potential driver of tumour invasion

LMP1 & EGFR Induction of EGFR expression by LMP1 [30]
Modulation of multiple oncogenic pathways

LMP1 & CD63 Increased secretion of exosomal LMP1 [33]

LMP2A & Amphiphysin  Increased secretion of exosomal LMP2A [38]

BHRF1-3 miRNA Detected in the EBV-infected cells and transferable via exosomes [43]

miR-BART15-3p Detected in EBV-infected cells and transferable via exosomes to [44]
corresponding cells

hsa-miR-24-3p Inhibition of T-cell proliferation and differentiation [45]

hsa-miR-891p Induction of Treg cells

hsa-miR-106a-5p Increased pro-inflammatory cytokine expression

hsa-miR-20a-5p Regulation of MARK1 signaling pathway

hsa-miR-1908

EBV latent phase mRNAs  Potential expression of LMP1, LMP2, EBNA1, and EBNA2 in recipient  [46]
cells upon taking up these exosomes

EBER1 and EBER2 Detected in the EBV-infected cells and transferable via exosomes [47]

CCL20 Enhanced Treg recruitment and expansion [22]

dUTPase Induction of NK-«B activation and pro-inflammatory cytokine [48]
secretion

IFI16, caspase-1, IL-1f, Enrichment of caspase-1 resulted in the secretion of active immune- [49]

IL-18, IL-33

modulatory cytokines

Table 1. Potential pathogenic roles of exosomes in EBV-associated cancers.

2.2. Exosomal RNAs

Cancer-derived exosomes carry RNAs particularly miRNAs that are implicated in cancer
pathogenesis such as in breast and colorectal cancers [39, 40]. In EBV-related cancers, the
pathogenic role of RNAs such as miRNAs, mRNAs and Epstein-Barr virus-encoded small
RNAs (EBERs) has drawn considerable attention in the past few years [17, 41]. miRNAs are
non-coding RNAs that modulate multiple cellular processes, including the promotion of
tumourigenesis via a cascade of signalling pathways [41]. They are small molecules with an
approximate size of 22 nucleotides [41]. The mature miRNA functions by interacting with the
target mRNA and block their activities by repressing the translation. The effects of miRNAs
have been implicated in various EBV-associated cancers such as NPC, GC and BL [17, 41, 42].
However, the tumorigenic role of exosomal miRNAs is underexplored in EBV-related cancers
as opposed to the cellular miRNAs.
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There are substantial findings supporting the notion that oncogenic miRNA-carrying exo-
somes may play pathogenic roles in EBV-associated cancers [21, 30, 43]. For instances, BHRF1-3
miRNA has been shown to be secreted from the EBV-infected cells and they retained their
cellular function upon delivery to the recipient cells [43]. Choi and colleagues demonstrated
that the miR-BART15-3p could be detected in EBV-associated exosomes and its expression
level was 2 to 16-fold higher in the exosomes compared with the cellular level in GC cells [44],
hence suggesting its potential tumorigenic role. On the other hand, Ye and group showed
that the exosomal miRNAs promoted the tumour progression by modulating multiple cel-
lular processes in NPC [45] (Table 1). Further studies are required to investigate and validate
their roles in promoting EBV-derived cancers. The occurrence of exosomes carrying mRNAs
encoding for oncogenic EBV proteins such as LMP1, LMP2, EBNA1 and EBNAZ2 [46, 47] as
well as EBERs has also been documented (Figure 1). While the functions of these RNAs in the
EBV-infected cancer cells are well-described, whether or not the exosomal RN As are transfer-
able to the recipient cells and exert their tumorigenic effects remains a question.

2.3. Other exosomal pathogenic factors

In addition to EBV-associated proteins/genes such as LMPs, EBERs, EBV-related miRNAs
and mRNAs, exosomes related to EBV-associated cancers may also contain other endogenous
proteins that potentially promote cancer progression such as transcription factor Galectin-9
[20], EGER [30], HIF1a [19], ICAML1 [21], FGF2 [25], chemokine (C-C muotif) ligand 20 (CCL20)
[22], dUTPase [48] and interleukins (ILs)/caspase 1/interferon-inducible protein 16 (IFI16) [49]
(Table 1).

Mrizak and co-workers demonstrated that CCL20-containing exosomes recruited the
CD25+FOXP3+ Treg cells and enhanced their expansion in NPC [22]. The involvement of
these exosomes in the Treg interaction may therefore support immune evasion in NPC. In the
case of dUTPase enzyme, up-regulated expression of this enzyme has been observed in the
exosomes derived from the EBV-positive Burkitt’s lymphoma cell line, Raji. These enzymes
are found to induce the cytokine release from DCs and PBMCs, which may activate the NF-xB
pathway [48].

Interestingly, exosomes derived from the Raji cells and other EBV-infected cell lines are also
enriched with various immune modulators such as IFI16, cleaved caspase-1, IL-1f3, IL-18 and
IL-33 [49]. The presence of these proteins in these exosomes may suggest that EBV utilizes the
host exosome pathway in immune escape of tumour hence contributing to the EBV-associated
cancer progression.

3. Exosomes as biomarkers

We have discussed the tumorigenic role of exosomes in EBV-associated cancers in previ-
ous section. Since these exosomes carry a great variety of pathogenic molecules (Figure 2),
they can be potentially used for diagnostic and/or prognostic markers in the EBV-related
cancers. Indeed, several reports have highlighted the potentials of employing exosomes as
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the biomarkers in various cancers [50, 51], and the exosome-containing miRNAs are the
most popular cancer diagnostic markers out of all [52, 53]. There have been several lines
of evidences suggesting that EBV oncoproteins can be targeted for cancer diagnostics. For
instances, Houali and colleagues showed that both EBV oncoproteins, LMP1 and BARF1,
could be detected in serum and saliva of NPC patients, and the secreted LMP1 was highly
associated with exosome-like vesicles [54]. Both EBV oncoproteins were presented with high
mitogenic activity that supported their implication in oncogenic development of NPC. The
fact that exosomes are abundantly expressed in patient serum and saliva further support the
potential of using the oncoprotein-enriched exosomes for cancer diagnostics [3-5]. Similarly,
Mao and co-workers also highlighted the potential of LMP1 and LMP2A as the prognostic
markers for extranodal NK/T-cell lymphoma (ENKTL) patients [55]. LMP1 and LMP2A were
overexpressed in ENKTL tumours and they significantly correlated with the patients” overall
survival. However, whether or not the exosomal LMP1 and LMP2A have the similar values
for prognosis remain to be seen.

In addition, other pathogenic factors that are enriched in EBV exosomes such as EBV DNAs,
EBV mRNAs and EBV miRNAs have also been shown to be potential biomarkers for EBV can-
cer diagnosis [56-59] (Table 2). Using quantitative PCR (qQPCR), Yip and colleagues showed
that high-EBV DNAs could be detected in plasma/serum of NPC patients at late stages of
disease and the viral loads were associated with poor survival or frequent relapse in NPC
patients [56, 59]. On the other hand, Stevens and colleagues demonstrated that the EBV DNA
load measurement might have limited value as the diagnostic marker for NPC as the viral
load did not reflect the intact tumour cells [56, 59]. Hence, they recommended to combine
circulating EBV DNA measurement and EBV serology to increase the diagnostic sensitiv-
ity. The same group also showed that the combination of EBV DNA and BARF1 mRNAs
detection from patients’ nasopharyngeal brushings could be a good non-invasive method for

Exosomal target Source/sample Cancer type Reference

LMP1 Serum, saliva, tumour Lymphoma, NPC [54, 55]

LMP2A Tumour Lymphoma [55]

BARF1 Serum, saliva NPC [54]

EBV DNAs Cell lines, tumour, NP NPC [56, 57, 59]
brushing, serum/plasma

EBV mRNAs Cell lines, tumour, NP NPC [57, 59]
brushing, serum

EBV miRNAs Cell lines, plasma NPC [58]

Galectin Tumour NPC [65]

EGFR Tumour Prostate cancer* [61]

HIF1a Tumour Breast cancer [60]

“Not EBV-associated cancer.

Table 2. Potential exosomal target for prognostic/diagnostic biomarker development in EBV cancers.
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NPC diagnosis [57]. On the other hand, Zhang and co-workers showed that EBV miRNAs
(miR-BART?7 and miR-BART13) can serve as important biomarkers for NPC diagnosis and
prediction of treatment efficacy [58]. The potential prognostic value of EGFR and HIF1a has
been previously demonstrated in breast and prostate cancers [60, 61]. It would be interesting
if these proteins can also be used as prognostic markers for EBV-related cancers. However,
this requires further investigations. While circulating EBV DNAs, mRNAs, miRNAs and
other components in serum/plasma is useful for EBV-related cancer diagnostics, more efforts
should be focused in discriminating the diagnostics values of cell- and exosome-derived
nucleic acids.

More interestingly, exosomes have shown to protect their cargoes from degradation. For instance,
it has been shown that the mRNAs and miRNAs encapsulated in exosomes are protected from
RNAses [62]. They are more stable and can be stably employed as diagnostic biomarkers. Recent
advances in methods have also made the exosome isolation from various biofluids simpler,
more straightforward, and with better quality and yield [63, 64]. The EBV proteins/genes that
can potentially be developed into diagnostic markers are summarized in Table 2.

4. Exosomes as predictive markers for therapy response

Pathogenic exosomes have been previously linked to the treatment failure of cancers [65, 66].
As exosomes exhibit pathogenic effects on tumour formation and progression, the oncogenic
activity of exosomes can be intervened by blocking the production/release of the exosomes
or the specific exosomal proteins/genes. Figure 2 summarizes the pathogenic and tumori-
genic factors derived from the EBV exosomes and the potential targets for anti-cancer ther-
apy development. In fact, there have been studies showing that EBV-associated proteins and
nucleic acids (e.g. DNA, mRNA and miRNA) can be targeted for anti-cancer therapy develop-
ment particularly in NPC [67-70]. For instance, various strategies, such as cell-based immuno-
therapy, antibody-based and drug-based therapies, have been developed against EBV LMPs
in NPC [68]. Similarly, Cao and colleagues also showed that DNAzyme resulted in significant
tumour regression by targeting and cleaving off the LMP1 mRNA from NPC patients [67].
Other non-EBV tumour-promoting but LMP-associated proteins that could be targeted in
NPC are EGFR [71, 72] and vascular endothelial growth factor (VEGF) [73, 74]. In addition,
targeting the whole exosome has also been shown to be a potent therapeutic strategy for can-
cer therapy [66, 75]. However, the potential of developing these pathogenic proteins derived
from tumour-associated exosomes into the therapy is unclear and further investigations are
required.

As abovementioned, exosomes also contribute to the immune evasion of cancer cells [20, 22,
23]. For example, the galectin-9-containing exosomes have been shown to inhibit the prolif-
eration and induce apoptosis of EBV-specific T cell, hence preventing the T cell-mediated
recognition and killing of these cancer cells [20, 23]. Therefore, blocking these exosomes may
restore the functions of immune cells to act and kill the cancer cells together with a plethora of
other active tumour-killing activities. It can be envisioned that the development of a therapeu-
tic strategy blocking the galectin-9 or other proteins from oncogenic exosomes may restore the
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immune surveillance. Over the past few years, considerable work has also been done on tar-
geting the whole exosomes rather than targeting the specific proteins [76, 77]. The exosomal
removal using a modified kidney dialysis system has also been proposed to bring this thera-
peutic approach to the clinics [76]. These findings suggest that diminishing or eliminating the
tumorigenic exosomes may be a good therapeutic approach to reverse the exosome-mediated
cancer progression, particularly in the aspect of immune dysregulation.

5. Challenges and limitations

The facts that exosomes are ubiquitous and can be detected in most of the biofluids give
advantages to the development of diagnostics biomarkers. Several studies have also dem-
onstrated that biologically functional and intact exosomes could be isolated from human
plasma/serum [63, 64]. Moreover, the isolation/purification method of high-quality and quan-
tity exosomes from body fluids has greatly improved in the past few years [63, 64]. Hence, the
development of exosome-targeting diagnostic biomarker has high potential and can be devel-
oped into an important liquid biopsy-based diagnostic test for cancers in future. However,
several considerations need to be taken into account to ensure the success of biomarker and
therapy development.

Sensitivity and specificity are important criteria for cancer biomarker development. While
exosomes containing EBV-associated contents (e.g. mRNAs, miRNAs, LMPs, galectin 9 etc.)
have tumour-promoting and pathogenic properties and are expressed during the disease
development (Table 1), they are not specific to particular type of cancer of which they could
contribute to such as NPC, GC, BL and so on (Figure 1). Before a specific exosomal target is
discovered for each EBV-related cancer, other non-invasive tests such as cancer antigen screen-
ing and magnetic resonance imaging (MRI) can be carried out simultaneously to enhance the
diagnostic outcome in terms of cancer specificity. Furthermore, the expression of some target
protein/gene in the patients may highly depend on the disease state. The expression may be
too low to be detected or undetected at all during the early stage of cancer, hence the sensi-
tivity may be the issue. On top of that, the quality and quantity of the pathogenic exosomes
can be a challenge for diagnostic biomarker development even though it has been shown that
high quality of exosomes could be detected from cancer patients [63, 64]. This will highly rely
on the method used for the exosome isolation/purification for the diagnostic purpose, and it is
extremely important to ensure the high consistency and reproducibility of the test.

As an important therapeutic target, EBV proteins/nucleic acids can be targeted for tumour regres-
sion as described in the previous section. Exosomes play important roles in cell-cell communica-
tion mainly by regulating cellular processes, hence complete removal of exosomes is not a feasible
therapeutic strategy as it will affect the well-being of other normal cells or cellular processes
under a normal condition [7, 14]. Hence, it is important to specifically target only the exosomes
enriched with the pathogenic factors without affecting the biological activities of existing exo-
somes. In addition, the exosomal contents may largely vary and are heterogeneous depending
on the sources or origins [7, 14]. This may be another challenge especially the targeted exosomes
are from the patient’s body fluids that may be derived from a diverse range of cells. Furthermore,
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Purpose Potential issue Note
Diagnostic biomarker development  Specificity Not specific to particular cancer type
Sensitivity No/low expression in early-stage cancer
Quality Inactive and not functional exosomal content
Quantity Low yield of the pathogenic exosome or protein/gene
Anti-cancer therapy development Toxicity Off-target effect against all functional exosomes
Heterogeneity Contain multiple types of functional protein/gene

Dose and course ~ Wide in range due to the personalized differences
Delivery Therapeutics may not reach the ubiquitous exosomes

Bioavailability Therapeutics may be degraded before reaching to the
targets

Table 3. Potential challenges for the development of exosome-targeted cancer diagnostics and anti-cancer therapy.

some potential targets may be scarcely expressed or not at all in the targeted exosomes which
will hinder the efficiency to target exosomes for any anti-cancer therapy. Other considerations
include the dosage of exosome-targeting drugs that may vary from one to another, the delivery
system for targeting exosomes, the bioavailability/stability of the delivered therapeutic molecules
and the treatment course. Further works are required to evaluate the clinical safety of exosome-
targeting treatment strategy. Table 3 summarizes the potential challenges during the develop-
ment of diagnostic marker and therapy by targeting the exosomes in EBV cancers.

6. Conclusion

EBV-derived exosomes play seminal roles in the pathogenesis of EBV-associated cancers
especially in NPC. Cumulative findings suggest that EBV-exosomes may be ideal targets for
the development of diagnostic/prognostic markers and anti-cancer therapy. However, several
issues need to be taken into account during the development as abovementioned. As limited
studies have been carried out, more investigations are required to further validate the feasibil-
ity of targeting the pathogenic EBV exosomes for clinical diagnosis of EBV cancers. Current
findings also suggest that the targeted exosomes could be developed into vaccines for EBV
infections to reduce the EBV-induced cancers.
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Abstract

Extracellular vesicles (EVs) are nanosized vesicles secreted by virtually all cell types into
the extracellular milieu. EVs transport bioactive molecules between cells and play mul-
tifaceted roles in cell-to-cell communications and in the pathogenesis of various human
diseases including cancer. EVs are currently a focus of intensive interest, mainly because
they hold a wealth of biological information in the form of differentially expressed nucleic
acids and proteins, including DNA and cancer-related mutated genes, microRNAs, and
a variety of transcriptional factors. Both the mutational content and any differentially
expressed RNA are highly stable in patient blood or urine because they are encapsulated
in EVs. This protects them against nuclease activity, pH change, temperature fluctuations,
and multiple free-thaw cycles. Therefore, EVs isolated from patient fluids may serve as
an ideal source of liquid biopsy for mining cancer signatures through mutation screen-
ing and genetic profiling. However, the methods for obtaining pure and intact EVs from
patient samples, as well as the optimized characterization of tumor-derived EVs are still
not rigorously defined for routine clinical use. High-throughput genomic or proteomic
platforms may aid in the identification of novel diagnostic and prognostic biomarkers
that collectively could lead to cancer monitoring and improved patient outcome.

Keywords: extracellular vesicles, exosomes, genetic profiling, biomarkers, noninvasive
diagnosis, liquid biopsy, cancer

1. Introduction

Extracellular vesicles (EVs) are membrane-bounded nanosized vesicles secreted by almost
every cell type studied to date. EVs carry a plethora of bioactive molecules comprising nucleic
acids such as noncoding RNAs (ncRNAs), mRNA, and even DNA including both genomic
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and mitochondrial DNA, lipids, carbohydrates, proteins, and variety of transcriptional fac-
tors [1-3]. Based on their size, morphology, and mode of release, EVs are broadly catego-
rized into exosomes, microvesicles, and apoptotic bodies [4]. The best characterized EVs are
exosomes and microvesicles. Exosomes are produced through the endocytic pathway fol-
lowed by the fusion of the multivesicular bodies (MVBs) with the plasma membrane and are
released into the extracellular environment. This involves several different components of
sorting machinery taking place at endosomal compartments and the MVBs (reviewed else-
where [4]). Conversely, microvesicles are shed directly from selective microdomains of the
plasma membrane and involve several components of cytoskeleton machinery.

EVs were previously considered to be platelet-derived particles and were described as cel-
lular dust or debris until they were first recognized as specific structures termed exosomes
by Johnstone et al. in 1987 [5]. Initial studies by Raposo et al. [6], Zitvogel et al. [7], and
Thery et al. [8] raised the new debate that EVs are not cellular dust and highlighted the func-
tional importance of exosomes in immunological responses. In these studies, exosomes were
reported to contain major histocompatibility complex class I and class II (MHC I, MHC II)
that were efficiently able to induce T-cell responses. Ratajczak and colleagues further high-
lighted the biological significance of secreted vesicles [9], and they were the first to report that
microvesicles contain mRNA that could be transferred horizontally to target cells and subse-
quently translated into corresponding proteins [10, 11]. A subsequent study by Deregibus
et al. reported the horizontal transfer of mMRNA that was biologically associated with the acti-
vation of angiogenic program in endothelial cells [12].

The first report that exosomes contain substantial amounts of microRNA (miRNA), mRNA,
and small amounts of ribosomal RNAs was documented in 2007. Valadi et al. showed that the
RNAs shuttled between cells as a novel mechanism of genetic exchange between cells [13].
Following this discovery, several other studies confirmed the presence of miRNA in vesicles
and showed that their transfer to neighboring cells was functional [12, 14-16]. Valadi et al.
also showed that heterologous transfer of mouse EV-mRNA to recipient human mast cells is
translated into corresponding mouse proteins in vitro, indicating that EV-mediated transfer
of mRNA can be functional in recipient cells [13]. Skog et al. provided a confirmatory study
showing that EV-mediated transfer of mRNA could be translated into recipient cells, which
further highlights the functional role of RNA transfer [15]. Later on, Pegtel et al. showed that
miRNAs secreted by EBV-infected cells were transferred to uninfected recipient cells via EVs
and could potentially repress the EBV target genes [16]. Additionally, EVs from dendritic cells
(DCs) could fuse with autologous target DCs and efficiently release miRNA into recipient cell
cytoplasm where they repress target mRNAs of acceptor DCs [17].

1.1. Biological functions of extracellular vesicles

At the present time, the biological functions of EVs are not fully understood in comparison
to well-established, paracrine-secreted factors such as cytokines and hormones. Now EVs
are gaining increased attention due to their novel role in the transport of various bioactive
molecules that facilitate signal transduction between cells. The secreted EVs can be taken
up directly by neighboring recipient cells or they may travel through biological fluids and
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transport their cargo to distant organs in a paracrine manner. Considerable documented
evidence emphasizes that EVs serve as mediators of cell-to-cell communication allowing the
exchange of biological information between cells [18, 19]. EVs carrying diverse cargoes can
move through biological fluids and thus may elicit long distance interorgan communication
by dissemination of their cargo from one place to the other [20, 21]. It is possible that EVs may
in fact mediate bidirectional communication and transport of regulatory molecules [22].

Due to their natural capacity in transportation and dissemination of abnormal proteins, lip-
ids, mutated genes, and deregulated nucleic acids—EVs have been implicated in number of
diseases such as neurodegenerative disease [23, 24], inflammatory and cardiovascular dis-
eases [25, 26], and the development of cancers [15, 27-29]. The secretion and transportation of
EVs from biologically active cells are likely to be context dependent, so that the signals that a
particular cell receives may elicit tissue remodeling and regeneration as a response to diseases
[30]. Moreover, the microbial EVs may mediate host-parasite interactions and progression of
infectious diseases by disseminating virulence factors [31].

EVs derived from antigen presenting cells or cancer cells may also have a profound effect on
immunomodulation, including both immune suppression and immune activation [30, 32, 33].
There is emerging role of EVs implicated in cellular differentiation, stem cell maintenance,
and defining cell fates by facilitating the transmission of biological information from donor
cells to recipient cells (reviewed elsewhere [22]). Such evolving roles of EVs is in part due to
their abilities to mimic stem cell properties in promoting tissue’s intrinsic regenerative pro-
grams and repair process within recipient cells in a paracrine manner [22]. Interestingly, the
cargo of EVs is characteristic for their cell of origin, which presumably represents the disease-
associated signature of their parent cells. The study of the cargo of EVs from different diseases
could therefore be a rich resource for future biomarkers studies.

1.2. Extracellular vesicles as mediators of cancer initiation and metastasis

There is increased interest in how EVs may facilitate tumor progression. EVs secreted from
cancer cells may carry oncogenic ncRNAs or mutated genes, which may induce aberrant gene
regulation in recipient cells that induce tumor initiation [3, 14]. It is thought that EVs may
educate certain recipient cells to take on a tumor-initiating phenotype. Such cells may then
migrate to anatomically distinct locations leading to premetastatic colonization [28]. There are
several mechanisms of tumor progression conferred by EVs including stromal remodeling,
immune evasion, neovascularization, and metastasis [21, 30, 34-39]. The metastatic potential
of EVs is in large part due to their ability to transmit abnormally expressed bioactive mol-
ecules such as oncoproteins, genomic and mitochondrial tumor DNA, transposon elements,
and mutated genes to suitable recipient cells [14, 15, 27, 40-44].

There seems to be a strong association between EV-mediated transport of regulatory ncRNAs
and the mediation of tumor initiation. EV-mediated delivery of miRNAs is thought to poten-
tiate more diverse regulatory functions in comparison to EVs carrying other cargoes. This is
mainly because EVs bearing miRNAs are capable of modulating genetic profiles of recipi-
ent cells and they may also be able to foster genomic instability [3]. It was recently shown
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that astrocyte-derived EVs could mediate an intercellular transfer of PTEN-targeting miR-
NAs to recipient primary metastatic tumor cells in order to suppress PTEN expression, and
thus allowing primary tumor cells to develop metastatic potential [45]. This supports the idea
that EVs are able to shuttle miRNAs between tumor cells and their metastatic progenitors.
Such a reciprocal cross-talk would confer a selective advantage by facilitating coevolution of
primary tumors and also favor microenvironments for adaptive metastatic outgrowth. This
process could also be helped by metabolic reprogramming of tumor microenvironment. For
example, recently the miRNA signatures secreted from breast cancer cells were shown to
facilitate metastasis by increasing nutrient availability and reprogramming the energy metab-
olism of nontumor cells in a given premetastatic niche [46]. Currently, long non-coding RNAs
(IncRNAs) are increasingly being reported to contribute tumor initiation and metastasis [3]
and are considered as extended messages in regulating responses to chemotherapy.

2. Methods

2.1. Diversity of extracellular vesicle sources

Biological fluids and cultured cell supernatant from in vitro systems offer a potential source
for isolation of EVs; however, EVs isolated directly from body fluids are likely to be clinically
more relevant. Blood plasma is the most commonly used source for EVs collection. According
to a recent survey conducted by the International Society of Extracellular Vesicles (ISEV), the
plasma (47%), serum (22%), urine (14%), cerebral spinal fluid (8%), milk (5%), and miscella-
neous (4%) are the relative frequencies of body fluids analyzed [47]. The choice of selecting a
certain physiological fluid depends on intended downstream analysis [4].

The diverse nature of biological fluids and the individual contaminants of each fluid may
represent different molecular combinations outside EVs, and may thus require different isola-
tion methods [48]. An important bottleneck is the lack of standardized methods for collection
and processing of biofluids for isolation, purification, and separation of subpopulation of
EVs with removed contaminants and retained integrity of EV-cargo prerequisite for intended
downstream applications. The diverse nature of biological fluids suggests that EV cargo of
each fluid may represent different composition and, therefore, a spectrum of methods will
need to be considered to define contaminants of each fluid in order to obtain pure EVs.

2.1.1. Available techniques for EV isolation

There are a variety of methods available and more are being developed, some of them are
poorly standardized. These include ultrafiltration, density gradient centrifugation, size exclu-
sion chromatography and affinity isolation, polymeric precipitation, and the microfluidic
devices [48]. Each method has variable isolation efficiencies when applied to different sam-
ples, such as blood plasma, milk, urine, and cell culture media.

A comparison of several conventional as well as high-throughput technologies for the isolation
and characterization of different samples has been recently undertaken with a focus on their
advantages and disadvantages [4]. Recently, the ISEV has made a critical analysis of various
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techniques implemented for isolation of EVs and they have made potential recommenda-
tions [48, 49]. Differential ultracentrifugation remains the most widely used primary isolation
method, comparable to several other techniques, and is suitable for large-volume isolations.
However, for the isolation of EVs from low volume samples, it was found that size exclusion
chromatography is now a more widely used technique, which allows separation of EV from
the bulk of soluble proteins. In this method, the separation is purely based on particle size,
therefore contaminating particles in the EV size range such as lipoprotein complexes may
be coisolated [48, 50]. When the intent is to capture a selective class of EVs, immunoaffinity
capture offers an alternative method with a much higher selective specificity. The method can
yield pure EV subpopulations, but is highly influenced by both the choice of affinity reagent
and the ligand density on different EV types [48].

Other methods include microfluidic devices, filtration, and various commercially available
kits. The commercial kits often make the use of volume-excluding polymers, such as polyeth-
ylene glycol (PEG), which enables rapid EV isolation from culture media or from body fluids.
However, such polymers may also coprecipitate protein complexes that can contaminate EV
isolates. Therefore, the ISEV has recommended using two different EV isolation techniques
that are based on distinct principles of separation and each will thus enrich for different sub-
populations of vesicles. Since each method potentially coisolates the contaminants, such as
protein complexes and lipoproteins to different degrees, the ISEV proposes that a combina-
tion of techniques be applied, such as density gradient centrifugation followed by size exclu-
sion or immunoaffinity capture [48].

The method of choice should take into account several factors: sample type, volume, yield,
integrity, purity of EVs required for specific downstream analysis, as well as the available
instrumentation and processing time [4]. The chosen method will be influenced by whether
the sample is derived from cell-culture media or from body-fluids and whether the intended
analysis is proteomic or genomic. Therefore, the choice of different isolation methods for EVs
will impact the amount, type, and purity of EVs recovered and will guide the type of down-
stream analysis of EVs that is the most practical.

2.2. Characterization of EVs and available analytical technologies

After the isolation procedures, one needs to characterize EVs for their size determination,
detection of common EVs marker, morphology, and concentration (quantification), for which
there is a variety of techniques available [4, 51, 52]. Characterization of EVs currently presents
various challenges, mainly due to their small size, the complexity of the EV cargo, and the
physical parameters of available instruments for measuring nanosized EVs. Given the fact
that EVs are isolated from a variety of different sources with highly variable composition (as
stated above), it is difficult to provide general recommendations for EV isolation and char-
acterization. The sample type, sample volume, and the choice of downstream application all
will be an influence on the characterization instruments employed.

The mean size and overall size distribution of individual subpopulations of EVs, as well as
their relative abundance, can be determined by nanotracking analysis (NTA), Zetaview [53-60],
and tunable resistive pulse sensing (QNANO) [61]. Electron microscopy is used to assess
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the submicron phenotype of EVs [51, 59, 62-64], whereas flow cytometry is used for enumer-
ating, phenotyping, and sorting of EVs based on their size distribution [65, 66]. Western blot-
ting is implemented when the aim is to detect EV-markers such as CD63, CD81, and CD9. A
recent survey conducted by ISEV has mentioned that the three most widely used techniques
for EVs characterization are Western blotting (74%), single-particle tracking (SPT, 72%), and
electron microscopy (60%) [47].

Hitherto, the flow cytometry remains a popular tool for measuring EVs [65, 66]; however, fun-
damental principles and limitations of the instrument need to be considered [67]. EVs isolated
by ultracentrifugation may cause aggregation of EVs thus rendering subsequent difficulties
for flow cytometric analysis or single particle tracking analysis [47], whereas, those isolated
using size exclusion kits may lead to subsequent difficulties for downstream EV analysis by
Western blotting. Recently, tunable resistive pulse sensing has been used to precisely deter-
mine the concentration of EVs. Further validations are required to show that this promising
new method is reproducible and widely applicable for characterizing EVs [61].

The characterization of heterogeneous subpopulations of EVs into their component parts
remains an unresolved issue. This problem of EV subclassification arises because almost all
subtypes, including exosomes and microvesicles, share same/common EV detection markers
such as CD63, CD81, and CD9 [48, 52]. Recent papers claim successful subclassification EVs
based on general surface protein profiling (proteomics) [57, 68] or on RNA content profiling
(RNAomics) of individual EV populations [69-73]. New advances in both EV isolation tech-
niques and detailed optimization and standardization of existing techniques or protocols will
facilitate progress toward more precise and reliable EV characterization. These crucial steps
will greatly influence the identification of specific biomarkers in EV subpopulations.

2.2.1. Characterization and profiling of nucleic acid content from EVs: potential issues

Prior to profiling of RNA content from EVs, it is important to assess the quality of RNA.
There are predominantly two populations of secreted extracellular RNA (exRNA) either in
association with RNA-binding proteins, or as a part of lipoprotein complexes, or alternatively
vesicle bound RNAs. It is thought that such protein complexes might be coprecipitated and
coisolated along with EVs during ultra-centrifugation. Therefore, the methods that remove
contaminating proteins from EV aggregates are highly required.

The occurrence of extracellular RNA (exRNA) either inside secreted EVs or outside EVs (i.e.,
non-EV exRNA) is a controversial subject at the present time, as there are discrepancies in the
results shown by different laboratories [74-78]. In order to discriminate RNA encapsulated
within/or on the surface of EVs from those non-EV bound exRNA, it is critical to digest iso-
lated RNA fractions with RNase and proteinase to disrupt the ribonucleoproteins and any
RNA exterior to vesicles [48]. This procedure will deplete non-EV exRNA leaving behind
EV-encapsulated RNA.

A potential issue in studies using in vitro methods is the fetal bovine serum (FBS) that is used
for cell cultures. FBS already contains various bovine RNA species that are retained even after
extended period of ultracentrifugation during the preparations of the vesicle-depleted FBS
[79]. This raises the possibility that the RNA being analyzed might not be exclusively from
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human vesicles and subsequent qPCR or sequencing analysis may contain artifactual bovine
nucleic acids derived from nonvesicular bound RNA, which may bias results [80].

An additional issue related to expression analysis, and sequencing library preparations from
EV-RNA; is the low input sample material. Particularly this refers to small sample source e.g.,
less EV-RNA from low volume of patient blood or the usage of low recovery protocol). Low
input material may suffer biases not only when the library is prepared but also during the
EV-RNA ligation step. Measuring the quantity and integrity of EV-associated RNA is chal-
lenging due to limited amount of RNA available and the lack of reference standards, such as
those established for cellular mRNA. Recently, the ISEV has addressed these issues and have
made recommendations for the assessment and analysis of the nature of EV-associated RNAs
[48]. Detection of the levels of certain transcripts by highly sensitive RT-qPCR may be used as
a proxy for total RNA quantification in samples containing a low abundance of RNA.

Sensitive techniques, such as Agilent Bioanalyzer pico chip and the Quant-iT RiboGreen RNA
Assay, have been proven to be more suitable methods for the quantification EV-RNA than that
of Nanodrop method. Most of the techniques (with the exception of the Qubit RNA HS Assay)
are thought to be sensitive to DNA contamination. Therefore, ISEV recommends pretreatment
of samples with DNase for accurate RNA quantitation [48]. Due to the enrichment of small
RNA species in EVs, the main focus of recent studies is the assessment of miRNAs and other
small ncRNAs. Such studies take into consideration subsequent expression analyses and
deep sequencing experiments. ISEV has provided recommendations on the different steps of
EV-RNA analysis, such as RT-qPCR analysis, selection of reference genes, deep sequencing,
library preparation, biases issues, data normalization, and bioinformatics analysis.

3. Genetic profiling of EVs from cancer-derived biofluids: a stable source
of noninvasive diagnosis

In the absence of early symptoms, most cancers are diagnosed at an advanced stage, by which
time patients have poor outcomes and tumors have often metastasized. Pathological evalu-
ations and resulting treatment approaches are often determined based on biopsy material.
The detection of biomarkers from body fluids may offer significant advantage over the use
of tissue markers, because biopsies are invasive procedures and are associated with bleeding
and risk of infections. Moreover, biopsies are often difficult to perform for organs that lie deep
within the body and may suffer from sample bias [81].

There is an intensive interest in mining biological fluids as a noninvasive source of biomarkers
detection. For example, elevated prostate-specific antigen (PSA) levels in plasma are routinely
used for the early detection and monitoring of prostate cancer. However, since the blood
levels of this assay vary widely, PSA testing often fails to detect a new cancer or to accurately
predict disease stage. Novel more precise blood and urine biomarkers are needed at both
diagnosis and during the disease progression of prostate cancer [82]. The expression levels of
miRNAs in prostate cancer show considerable promise as potential biomarkers with clinical
applications. Since the miRNA content of EVs reflects the miRNA expression profile of the
cells they originated from, there has been considerable interest in mining miRNAs from EVs
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in prostate cancer. One good example is miR-16, which has increased expression in plasma
from metastatic prostate cancer patients, but has reduced levels of expression in both primary
and metastatic prostate cancer tissue RNA samples [83]. In contrast, miR-21 was found to be
elevated in the early disease, but not in advanced prostate cancer [84]. One of the most power-
ful applications could be early detecting of prostate cancer in patients’ urine. An agglutination
methods were used recently to isolate miRNAs from prostate cancer urine, which showed that
upregulation of miR-574-3p, miR-141-5p, and miR-21-5p was associated with disease [85].

Since deregulated miRNA expression is an early event in tumorigenesis, measuring circulat-
ing miRNA levels could be potentially useful for early cancer detection, and may contribute
to greatly measure the success of treatment or evaluate the therapeutic response.

4. Mining extracellular vesicles for cancer diagnosis

Proteins and nucleic acids encapsulated within EVs circulating in body fluids are thought to be
more stable against proteases and nucleases that are naturally present in body fluids. The pro-
tection of nucleic acids in EVs provides a great advantage of storage conditions as well as han-
dling at adverse physical conditions such as fluctuations in temperature and changes in pH,
multiple freeze, and thaw cycles, and thus could be an appealing source for biomarker devel-
opment [4]. Moreover, circulating EVs from cancer patients have been found to express signa-
tures that are significantly distinct from profiles of benign disease or normal controls [86-88].

Interestingly, tumor cells release EVs containing tumor-specific content that could be easily
isolated from various body fluids such as blood plasma, serum, and urine. In this regard,
EV-assisted liquid biopsies offer an inherent advantage, mainly because samples could be col-
lected longitudinally with great ease and in large quantities (i.e., sample reproducibility). EVs
release is an active process and tumor cells can shed plenty of EVs per milliliter of plasma [89].
EVs released into body fluids containing differentially or aberrantly expressed miRNAs often
retain the characteristics of the tumors from which they originated [15, 87, 90]. Interestingly,
it has been proposed that the cellular origin of EVs from certain cancer types or cell types
could be used to determine the likely identity of an unknown disease [91]. This may assist the
assessment of EVs in a body fluid from new cancer patients when there is uncertainty about
the type of tumor. Consequently, EVs from biological fluids could be subjected to large-scale
screening of tumor-specific markers [33, 40, 89, 92-95].

The comprehensive detection of diverse EV components, in particular the profiling of
EV-linked ncRNAs including short ncRNAs such as miRNAs, as well as IncRNAs from
peripheral blood or urine of cancer patients, may be a source of predictive cancer signatures
for early diagnosis of specific cancer types. There is already evidence for using exRNA
including vesicle bound and nonvesicle bound exRNA comprising circulatory miRNAs and
IncRNAs from human body fluids for determining diagnostic and prognostic value of RNA
signatures related to cancer [3]. In this context, the presence of ncRNA in EVs may serve an
additional platform for biomarker discovery. The global profiling of EV-encapsulated RNAs
with mutation characterization and/or without mutation characterization [33] could serve as
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a potential source for cancer detection. This could allow clinicians to perform patient stratifi-
cation (companion diagnostics), screening, monitoring treatment response, and detection of
minimal residual disease after surgery/recurrence [89].

miRNA profiling from EpCAM-positive EVs from serum of ovarian cancer patients demon-
strated that EV-derived miRNA signatures from advanced stage patients are significantly distinct
from those at benign stage, providing a possible biomarker signature to distinguish early stage
cancer from advanced disease [87]. Expression of candidate cell-free urine miRNAs in ovarian
cancer and endometrial cancer patients has demonstrated their prospective use as biomarkers
[96]. However, in order to confirm the diagnostic potential of urine miRNAs in gynecological
cancers, it requires large number of clinical samples and large-scale expression profiling studies.
Additionally, mining EVs from urine samples of cancer patients may help early diagnosis. In
this context, the most often studied cancer for mining urinary EVs is the prostate cancer [97-107].

In addition to their utility in diagnostic platforms, the EV-associated cargo from serum/plasma
may also serve as bona fide signatures of disease prognosis, tumor recurrence, and overall
survival. This refers to prognostic implications against chemotherapies as well as radiothera-
pies related to several cancer types. Therefore, the ncRNA signatures from EV sources may
have clinical implications. However, it is critical to compare and standardize results of global
investigations regarding EV-associated circulating ncRNAs as well as the recommendations
for preanalytic considerations in biomarker discovery.

Although, the biological consequences of the discriminatory distribution of miRNAs in EVs are not
fully known, it is possible that measuring the concentration of miRNAs from biological fluids (i.e.,
blood, urine serous, and ascites) and making corresponding comparisons could allow biomarker
identification. Interestingly, the miR-21, one the global tumor marker, is found in EVs from serum
and plasma of various cancer types and may serve as an independent marker of tumor diagnosis
and prognosis [33, 108-110]. Presumably, the global profiling or selective screening of EV-RNAs
against mutations may predict tumor-specific signature, whereas the enrichment on ncRNAs
within tumor cell-derived EVs could offer a promising platform for developing disease biomarkers.

Another area of interest for EVs in cancer is their potential to restore gene activity that has been
lost. PTEN is frequently deleted in prostate cancer and associated with aggressive disease [111].
Using an in vitro system it was shown that through EVs the PTEN can be transferred back into
cells that have lost PTEN expression [82]. Interestingly, the transferred PTEN was competent to
confer tumor suppression, suggesting that exosomal PTEN may in the future be able compensate
for PTEN loss in PTEN-deficient prostate cancers. Initially, it was shown that cancer cells release
PTEN via EVs and could be transferred to other cells through EVs [112]. In cells that exhibit a
reduction of PTEN expression or complete loss of PTEN expression, the tumor-suppression
activity was restored via EV-mediated transfer of PTEN to acceptor cells. Interestingly, PTEN
could be detected from EVs that circulate in the blood of prostate cancer patients. Conversely,
the normal subjects have no PTEN expression in their blood EVs. Moreover, the prostate-spe-
cific antigen (PSA) was also detected in EVs derived from prostate cancer patients. These data
suggest that EV-associated PTEN can not only compensate for PTEN loss in PTEN deficient
cells, but also may have diagnostic value for prostate cancer [112]. The workflow to mining EVs
for nucleic acid analysis and proteomic profiling is given in Figure 1.
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Figure 1. A flow sheet of extracellular vesicle (EV) isolation and analysis: for utilizing EVs as biomarkers, the physiological
fluids from cancer patients and healthy subjects are collected, and EVs are isolated from various fluids. EVs from each
source need to be characterized and EV-RNA is isolated for downstream analysis in order to identify genetic aberrations
or profiling of genomic content.

5. Conclusion

There is still a long way to go to fully understand EV content in the context of cancer as a
systemic disease. It will be necessary to establish a link between tumor occurrence, pro-
gression, treatment response, and corresponding changes in EV content. Since biopsies
are associated with potential risk factors such as surgical resection and associated toxic-
ity, alternative methods will be required for early diagnosis. The longitudinal collection
of EVs from patient body fluids may offer untapped source for liquid biopsy. As such, the
EVs cargo itself may represent an attractive source of multiple candidate biomarkers that
could provide clinically useful information for cancer management. The ease with which
EVs can be collected and purified from body fluids suggests that biomarkers present in their
cargo could eventually be part of personalized cancer care, possibly replacing more invasive
biopsies.

The detection of candidate molecules anchored to circulating EVs, may thus allow cancers to
be identified from several drops of a patient blood, and may serve as highly sensitive screen-
ing tools [113]. Therefore, EVs are ideal source of screening intact molecular signatures of
tumor origin. EV-associated ncRNAs including miRNAs as well as IncRNAs are currently
the most frequently exploited biomarkers for cancer diagnosis [3]. Identification of aberrantly
expressed RNA molecules, mutated genes, or proteins in EVs from body fluids of cancer
patients can be subjected to next-generation genomics and proteomics approaches that may
aid in the identification of diagnostic and prognostic biomarkers.
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To be able to use EVs as liquid biopsies, a comprehensive inventory of their constituents such as
proteins, DNA, RNA, and metabolites, followed by the validation of distinct candidates in the frame
of a multicenter clinical study is required (see workflow for biomarker development [4]). However,
the noninvasive detection technologies should be accurate, fast, and potentially inexpensive.

It has been argued that the development of high-throughput approaches and robust capture
platforms will warrant the implications of EVs in routine biomarker development, and ther-
apeutic implications with a proposed workflow sheet to be applied for US Food and Drug
Administration (FDA) approval [4]. What needs to be considered as a priority is the standard-
ization of scientific reporting. At present, differences in reporting approaches could make it dif-
ficult to compare and standardize the potential therapeutic effects of EVs. Such inconsistencies
may limit the likelihood of translating EVs into human clinical trials. Efforts are being made to
ensure transparent reporting of EV findings in order to facilitate interpretation and replication
of experiments [114]. This will help to put experimental guidelines into practice. Since there
is intensive interest in the field both in basic research as well as therapeutic point of view, it is
anticipated that in the next decade, EVs arena will see significant advances in clinical pipelines
[32].
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Abstract

Microvesicles (MVs) are small spherical fragments of plasma membrane between 50
and 1000 nm in diameter. MVs arise through direct outward budding and fission of the
plasma membrane. As almost all cells, human red blood cells (RBCs) are able to release
MVs into extracellular environment under stimulating or storage conditions. Recently,
it has been known that MVs not only play a role in homeostasis but also have diverse
functions in cell-cell interactions and in the pathogenesis of diseases. In this chapter,
the formation and release of MVs from human RBCs have been described. In addition,
MVs have demonstrated to be potential vehicle for transport of nucleic acid and other
molecules to the target cells. Although RBC-derived MVs are potential material for the
development of delivery systems, it is still a great challenge to the clinical application.
Future research should pay more attention to MVs as biological targets for diagnosis and
practical therapeutics of cancer and other diseases.

Keywords: microvesicles, red blood cell, exosomes, nucleic acid delivery, THP-1 cells,
endothelial cells, transfection

1. Introduction

Extracellular vesicles (EVs) are spherical fragments released from biological membranes of
various cell types under both physiological and pathological conditions. So far, many terms
have been used to describe EVs, such as exosomes, microvesicles (MVs), membrane micropar-
ticles, ectosomes, and apoptotic bodies. Recently, based on their size and origin, EVs are classi-
fied as exosomes, MVs, and apoptotic bodies. Under stimulating or storage conditions, human
red blood cells (RBCs) release EVs. This chapter focuses on the formation and release of MVs
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from human RBCs and considers the isolation and characterization of MVs in order to apply
MVs as potential vehicles for nucleic acid delivery. Similar to EVs released from nucleated
cells, MVs from human RBCs carry biomarkers originated from plasma membrane and also
microRNAs but not DNA. These properties suggest that MVs can be used as potential vehicles
to transport proteins, nucleic acids, or signal molecules. While the understanding of the bio-
genesis of MVs in human RBCs and their physiological role remains limited, accumulating
data suggest that MVs may be applied in cancer therapy. This chapter reviews our current
knowledge pertaining to MVs released from human RBCs. It describes the formation and bio-
logical properties of MVs and mentions the potential application of MVs as a molecular vehi-
cle for drug and nucleic acid delivery. Furthermore, it gives an introduction in the application
of MVs for cancer treatment. In addition, MVs and exosomes released from other cell types
are also taken into consideration to provide findings of the nature of the membrane-derived
vesicles, their mechanism of action, and their possible role in biological processes both under
in vitro and in vivo conditions.

2. Microvesicles and their biological considerations

Under physiological and pathological conditions, various cell types release small spherical
fragments called membrane vesicles or extracellular vehicles (EVs). So far, many different
terms such as ectosomes, MVs, shedding vesicles, apoptosomes, membrane microparticles,
or apoptotic bodies have been used in a vast number of reports on EVs [1-8]. Fifty years ago,
in 1967, Wolf first identified small procoagulant structures deriving from activated platelets
in human blood and created the initial term “platelet dust” [9]. Twenty years later, in 1987,
Johnstone described the vesicle formation during maturation of sheep reticulocytes in vitro
[10]. These findings were seen as a milestone in EV research allowing further studies on their
function at various physiological conditions and in certain diseases. Since then, EVs have been
detected in different body fluids such as peripheral blood, urine, saliva, semen, cerebrospi-
nal fluid, synovial fluid, bronchoalveolar lavage, and bile. The mechanism of EV formation
and the biochemical composition of EVs depend on cell types, physiological conditions, and
the function of the cells from which they originate [11-16]. Recently, based on their size and
biogenesis, EVs have been classified into exosomes, MVs, and apoptotic bodies. Exosomes
are generally accepted to have size from 40 to 100 nm in diameter. They are secreted from
endosomal compartments or multivesicular bodies of cells. In contrast, MVs including mic-
roparticles or membrane particles are larger in size varying from 50 to 1000 nm in diameter.
The biogenesis of M Vs arises through direct outward budding and fission of the plasma mem-
brane following different kinds of cell activation or during early state of apoptosis [11, 17, 18].
Distinct from exosomes and MVs, apoptotic bodies are much larger with 1-5 um in diameter.
They are formed by cell-membrane blebbing when the cells undergo apoptosis [7, 11, 19-21].
Three subtypes of EVs, namely exosomes, MVs, and apoptotic bodies, are shown in Figure 1.
In fact, it is still a challenge to separate one EV type from another because of their overlapping
biophysical characteristics. Nevertheless, some discriminating markers have been reported
[22]. In this chapter, the term MVs will be used for MVs, microparticles, or membrane mic-
roparticles (MPs) and EVs for both exosomes and MVs.
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Figure 1. Potential vesicular structures of circulating DNA. Depending upon the mechanism of release, three subtypes
of EVs, namely, exosomes, MVs, and apoptotic bodies, are described [28]. The figure is taken from Rykova et al. [29].

It has been reported that MVs are released from various types of activated or apoptotic cells
including platelets, monocytes, endothelial cells (ECs), red blood cells, THP-1 monocytic cells,
and granulocytes. MPs were also collected from the culture media, cell supernatants, and
plasma by centrifugation at 20,000 g for 30 min. The average diameter of all types of MVs
was varying much comparing different reports [19, 23-25]. The plasma MPs had the smallest
size similar to MPs released from platelets and THP-1 cells, while MPs from monocytes were
larger, and MPs from granulocytes and ECs were the largest ones. The data obtained from
various reports indicate that the size of membrane MPs depends on the type of the cells from
which they originate [23]. Although MVs have been discovered for years, the understanding of
the mechanism of the formation as well as the biological roles of MVs is still a matter of debate.
Recent reported findings led to advances of our understanding of the mechanism of formation
and the role of MVs in many different diseases such as vascular diseases, cancer, infectious dis-
eases, diabetes mellitus, diabetes, inflammation, and pathogen infection [24]. Inhibition of the
production of MPs may serve as a novel therapeutic strategy for some diseases, especially for
cancer treatment [11, 23, 26, 27]. In the next part of this chapter, the biogenesis, properties, and
biological function of MVs released from human red blood cells (RBCs) are mainly addressed.
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In the past decade, extracellular vesicles (EVs) have been recognized as potent vehicles of inter-
cellular communication due to their capacity to transfer proteins, lipids, and nucleic acids,
thereby influencing various physiological and pathological functions of both recipient and
donor cells [30]. In addition, EVs also represent an important mode of intercellular communica-
tion by serving as vehicles for transfer between cells of membrane and cytosolic proteins, lipids,
and RNA. Shortage of our knowledge of the molecular mechanisms for EV formation and lack
of methods to interfere with the packaging of cargo or with vesicle release leads to a difficulty in
identification of their physiological relevance in vivo [6]. EVs have been implicated in important
biological processes such as surface-membrane trafficking and horizontal transfer of proteins
and RNAs among neighboring cells, and distant tissues. Therefore, they play an important role
in cell-to-cell communication under both physiological and disease conditions [11].

It is evident that direct investigation of the biological function of MVs in vivo is extremely
complicated. Most of the studies regarding physiological roles of exosomes or MVs have to
carry out in vitro, especially in the context of the immune system and cell-cell communica-
tion [31]. In 1996, a pioneering study by Raposo and colleagues demonstrated that exosomes
derived from both human and mouse B-lymphocytes spread antigens bound to the class II
major histocompatibility complex (MHC). These vesicle-associated complexes were capable
of activating MHC class II leading to a restriction of T-cell responses. This finding suggests a
role for exosomes in antigen presentation in vivo [32]. Furthermore, B cell-derived exosomes
specifically interacted with the membrane of follicular dendritic cells derived from human
tonsils. This finding is also an example for further supporting the idea of the active secretion
of exosomes in vivo [33]. In addition, Montecalvo and colleagues demonstrated that different
subsets of miRNAs are exchanged between follicular dendritic cells through exosomes at
different maturation stages [34].

In a study, Wu showed that cancer cells release MVs and exosomes under both in vivo and in
vitro conditions. MVs and exosomes carry different types of molecules on their surfaces, which
are seen as biomarkers [24]. That is the reason why MVs or exosomes are used in cancer diag-
nosis. For example, circulating levels of MVs are elevated in gastric cancer patients. In these
patients, MPs released from CD41a-positive platelets are significantly increased in stage IV
compared with stage I or II/IIL [35]. It has been recently demonstrated that MVs released by cells
represent another important mediator of cell-cell communication and are also an integral part
of the intercellular microenvironment [3, 36, 37]. This opens a new scenario to understand sig-
nal and molecule transfers between cells even at long distances. For human RBCs, released MVs
in both resting state (storage at 4°C) and stimulating conditions showed the ability to adhere
together. It might be suggested that MVs are involved in the blot clot formation and also play
a substantial role in the aggregation of stimulated RBCs [38, 39]. Further investigations have
to be carried out to understand the role of MVs in both physiological and disease conditions.

It has been described that blood cells are able to generate a great variety of EVs. First iden-
tified in 1967, MVs are cell plasma membrane-derived small vesicles which are 0.1-1 mm
in diameter. Later, the formation and release of EVs have been demonstrated in platelets,
monocytes, endothelial cells, RBCs, and granulocytes [9]. EVs have been thought to serve as
a disseminated storage pool of bio-effectors that circulate and play important roles in physi-
ological homeostasis of the body under both physiological and disease conditions. Recent
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functional assays and analysis of MVs by multicolor flow cytometry have shown that MPs
possess a broad spectrum of biological activities and may play an important role in multiple
cellular processes including intercellular communication, immunity, apoptosis, and homeo-
stasis [24, 40]. In case of human RBCs, MVs have a phospholipid bilayer structure expos-
ing coagulant-active phosphatidylserine and expressing various membrane receptors [40]. It
should be mentioned that mature human RBCs do not contain DNA but RNAs including
mRNA and other non-coding RNAs. Therefore, it suggests that MVs from human RBCs may
not only be involved in thrombosis, amplifying systemic inflammation or cell adhesion, but
also in cell-cell interactions in term of nucleic acid transfer [38, 39, 41, 42].

Recently, it has been reported that negatively charged membranes of erythrocyte-derived
microparticles display procoagulant activity [38, 39]. However, relatively little is known about
the possible fibrinolytic activity of such MVs. This issue becomes particularly important dur-
ing RBC storage, which significantly increases the number of MVs [43]. Regarding the ability
of carrying nucleic acid, recently, a novel system composed of MVs from RBCs was created for
efficient delivery of ultra-small superparamagnetic iron oxide particles into human bone mar-
row mesenchymal stem cells for cellular magnetic resonance imaging in vitro and in vivo. It
showed that MVs are highly bio-safe to their autologous (exosomes) as manifested by cell via-
bility, differentiation, and gene microarray assays. The data suggest that MVs could be used
as potential intracellular delivery vehicles for biomedical applications [44]. More recently, a
study of the function of MVs from human RBCs infected with Plasmodium falciparum para-
sites showed that infected RBC-derived MVs contain miRNAs that can modulate target
genes in recipient cells. In addition, multiple miRNA species in EVs have been identified.
They are bound to Ago2 and form functional complexes. The infected RBC-derived MVs were
transfected successfully into endothelial cells repressing miRNA target genes and changed
endothelial barrier properties [45]. In addition, role of RBCs-derived MVs in malaria response
showed that the development of MVs by Plasmodium sp. has a major impact in disease out-
comes and serves as an integral part in controlling stage switching in its life cycle. Clinical
studies have highlighted elevated levels of EVs in patients with severe malaria disease, and
EVs have been linked to increased sequestration of infected RBCs to the endothelium [46].

3. Formation and release of MVs from human red blood cells

It has been known that during their 120-day of lifespan, RBCs lose approximately 20% of
their volume through vesicle release, whereas their hemoglobin concentration increases by
14% [47]. Although a number of mechanisms explaining the formation of MVs have been
proposed, the creation and the role of RBC microparticles are far from being completely
understood. It has been pronounced that the formation of MVs involves the activity of certain
components of the plasma membrane as well as cytoskeletal proteins [19]. Under physiologi-
cal conditions, the phospholipids of the cell membrane are distributed asymmetrically. In
particular, phosphatidylcholine (PC) and sphingomyelin (SM) are predominantly present in
the outer membrane leaflet, while phosphatidylserine (PS) and phosphatidylethanolamine
(PE) are located predominantly in the inner membrane leaflet. This asymmetric distribution
is controlled by a group of enzymes, flippase, floppase, and scramblase [48-51]. The flippase
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is responsible for the transfer of PE and PS from the outer to the inner leaflet of the cell mem-
brane, while the floppase has been shown to have the opposite effect. Their activity is regu-
lated by ABCC1 protein, also known as a multidrug-resistant protein 1 [19]. In contrast, the
distribution of the phospholipid PS is determined by the activity of the scramblase. In human
RBCs, the mechanism of the formation of MVs has been investigated and described by many
research groups [50-54].

The integrity of RBC membrane is supported from many components of cytoskeleton structure,
e.g., hexagonal actin-spectrin lattice anchoring with other proteins such as glycophorin A and
band 3 protein [55]. It has been described that the vesiculation would be a mean for RBCs to get
rid of specific harmful agents such as denatured hemoglobin, C5b-9 complement attack complex,
band 3 neoantigen, and IgG that tend to accumulate in RBCS or on their membrane during their
lifespan [22]. An influx of Ca* through nonspecific cation channels leads to the activation of sev-
eral enzymes such as calpain or scramblase leading to the externalization of phosphatidylserine
of the RBC membrane and degradation of cytoskeleton proteins and aggregation of band 3 lead-
ing to vesiculation [41, 56]. In our recent study, the kinetics of membrane blebbing and formation
of MVs were characterized by using annexin V-FITC and fluorescence microscopy. The kinetics
of budding and shedding of MVs were captured in every 30 s. Treatment of RBCs with a calcium
inonophore (as positive control), lysophosphatidic acid (LPA), or phorbol-12-myristate-13-ace-
tate (PMA) led to the externalization of PS at the outer membrane leaflet of RBCs as well released
MVs. Moreover, it was interesting to see that a stimulation of RBCs by PMA in the absence of Ca**
also led to the release of MVs [17, 41]. This suggests that the formation of MVs is also under the
control of a calcium-independent pathway related to the activity of the PKC (Figure 2).

Based on the current understanding, a scheme with the interaction of protein components in
the cells has been proposed. The proposed mechanism for the budding and shedding of MVs
in human RBCs is shown in Figure 3.

Although many factors influence the formation and release of MVs, Ca?" and PKC play essen-
tial roles in the process of MV formation [17, 19, 41]. An increase of intracellular calcium
inactivates the flippase and activates the scramblase as well as the floppase leading to a reor-
ganization of phospholipids in the cell membrane [21, 22, 41, 53, 54, 57]. The activation of cal-
pain and degradation of actin filaments leads to breaking of bonds between the cytoskeleton
filaments and the phospholipids. The weakening of the protein fibrils of the cytoskeleton
initiates the budding and shedding of MVs [52, 58-60]. It has been demonstrated that reorga-
nization or disruption of the cytoskeleton plays an important role in the release of MVs [36].
Another study showed that the activation of the scramblase requires a larger increase of the
calcium concentration and therefore it is considered as being less important for the forma-
tion of MVs [19, 50]. By using a special compound R5421, a scramblase-specific inhibitor, it
has been shown that vesicle shedding was attenuated in human RBCs [52, 61]. By adding
ascorbic acid to RBCs during storage, a significant decrease in MVs formation was observed
[62]. In our study, the MVs formation was observed within 1 hour when RBCs were treated
with the PKC activator, phorbol-12-myristate-13-acetate (PMA), even in the absence of Ca*.
In addition, the kinetics of the formation of MVs in human RBCs has recently investigated by
real-time measurement using fluorescence microscopy [17].
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Figure 2. Bright field imaging of the formation of MVs in human RBCs depending on time (up to 120 min) stimulated
by 6 uM PMA in the presence of 2 mM Ca? (upper row) and in the absence of Ca* and with 2 mM EGTA (lower row).
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Figure 3. Proposed mechanisms of the formation of MVs in human RBCs. Lysophosphatidic acid (LPA) or prostaglandin
E2 (PGE2), which are two typical substances released from activated platelets, activate a nonselective voltage-dependent
cation (NSVDC) channel. The opening of this channel leads to an increase of the intracellular Ca* content. An increase of
the intracellular Ca* level activates the phospholipid scramblase (PLSCR) and the protein kinase C (PKC). The activated
PKC moves from the cytoplasma to the membrane. The amino-phospholipid translocase (APLT) is inhibited by high
concentrations of intracellular Ca?, PKC, and ATP depletion. The PKC also activates and opens CI~ channels leading to
an efflux of CI". The efflux of Cl” leads to an intracellular acidification. Under stress conditions, ceramide is formed and
caspases are activated. Calpains are a family of calcium-dependent non-lysosomal cysteine proteases activated by Ca*.
When caspase and calpain are activated, they are able to break down the cytoskeleton by a proteolysis activity leading
to membrane blebbing and vesicle formation [41].
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4. Content and biomarkers of microvesicles

4.1. Content of microvesicles

In recent years, numerous works have focused on providing a comprehensive characteriza-
tion of the content of exosomes and MVs. Recently, information about molecules including
proteins, mRNAs, microRNAs, or lipids observed within these vesicles has been deposited
in EVpedia and Vesiclepedia [48, 63, 64]. By the end of 2015, Vesiclepedia stores records for
92,897 proteins, 27,642 mRNAs, 4934 miRNAs, and 584 lipids from 538 studies in 33 differ-
ent species [48]. These numbers suggest that exosomes and MVs contain an extremely broad
and heterogeneous range of molecules. Although these databases are extremely valuable,
it still needs more evidences to elucidate the biological role of MVs and exosomes because
the processes of biogenesis and packing molecules into these vesicles are complicated. It
should be also mentioned here that the interpretation of the content of exosomes and MVs
may be influenced or interfered by artifacts in sample preparation, isolation procedures, and
analysis methods [65]. In comparison to MVs, exosomes are vesicles secreted upon fusion of
multivesicular endosomes with the cell surface. Thus, exosomes transfer not only membrane
components but also nucleic acid among different cells. Therefore, in order to understand
the function of exosomes, it is necessary to have more evidences at subcellular compartments
and mechanisms involved in the biogenesis and secretion of these vesicles [66]. Moreover, for
many years, it is commonly thought that human mature RBCs do not contain nucleic acids
because they are terminally differentiated cells without nuclei and organelles. However,
transcriptomic analysis of a purified population of human mature RBCs from individuals
with normal hemoglobin (HbAA) and homozygous sickle cell disease (HbSS) showed that
there was a significant difference in microRNA expression in HbAA in comparison with
HbSS [67]. This finding is very important to understand that MVs released from human
mature RBCs carry nucleic acid and are likely involved in the biological processes of cell-cell
communication and nucleic acid delivery.

4.2. Biomarkers on microvesicles

It is known that the antigens occurring on MVs are typical for cells from which the MVs are
released. Depending on the origin of formation, MVs contain numerous markers that deter-
mine their origin, e.g., CD41 for platelets, CD235a and Ter-119 for RBCs [55, 68], and CD11c
for dendritic cells [69]. Additionally, MVs released from B cells, dendritic cells, and melanoma
cell lines are richer in sphingomyelin, rather than in cholesterol which are also characteris-
tics of their parental cells [70]. Some glycoproteins on the surface of RBCs expressed at low
and variable levels protect RBCs from damage and elimination. These include complement
inhibitors, such as DAF and CD59, and signaling molecules such as CD47 [71, 72] and SHPS-
1, a multifunctional transmembrane glycoprotein [72]. These makers inhibit phagocytosis of
RBCs by macrophages because CD47 prevents this elimination by binding to the inhibitory
receptor signal regulatory protein alpha (SIRPa) [73]. Therefore, these markers also exist on
the surfaces of MVs released from RBCs [11, 74, 75]. In human RBCs, if the released MVs carry
CDA47 on their surface, they may be avoided from the clearance by macrophages [76, 77].
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Studies on proteomics of MVs released from human RBCs were first carried out by Bosman
presenting pioneering investigations [78-80]. In these series of studies, membranes of intact
RBCs and MVs were compared, allowing the identification of several proteins differentially
expressed between the two types of samples. Together with further studies on the oxidation
and the depletion of spectrins and cytoskeletal proteins such as proteins 4.1 and 4.2, band 3
followed by the time course of storage, it has been concluded that RBCs have the ability to get
rid of harmful materials by vesiculation such as denatured hemoglobin, C5b-9 complement
attack complex, and band 3 neoantigen [81, 82]. In human RBCs, the formation of MVs has
been described as part of the RBC senescence process [47, 78] and also proposed as part of an
apoptosis-like form of these cells [20, 21].

It should be also mentioned that due to the variation of the lateral composition of the cell
membrane, MVs originated from the same cell may contain different proteins or lipid compo-
nents. Proteomic analyses have revealed that the spectrum of proteins found in MVs released
from cultured cells is influenced partly by the stimulating conditions, which were used to
trigger the vesiculation [36]. A study on the components of proteins in human RBC-derived
MVs by two-dimensional gel electrophoresis discovered that the protein components in MVs
under various stimulating conditions (cold storage and increased intracellular calcium level)
are different. This was especially the case for sorcin, grancalcin, PDCD6, and particularly
annexins IV and V [83]. Therefore, the molecular pathways to form MVs are different under
both in vivo and in vitro conditions. In addition, this finding suggests that MVs may be also
classified based on the presence of proteins. Recently, a method has been reported using car-
boxyfluorescein diacetate succinimidyl ester, which allows to detect the phospholipid com-
ponent PS in the outer membrane leaflet of MVs that fail to react with annexin V [84]. This
study is very important for screening blood products during storage in blood bank because
the formation of MVs with PS in the outer membrane leaflet may lead to thrombus formation
or aggregation of RBCs or phagocytosis.

It seems relatively simple to isolate EVs from human plasma with available protocols
described elsewhere. However, to isolate MVs from RBCs, it requires a step to separate only
RBCs without contamination of platelets or white cells. Upon the purpose of study, MVs can
be collected by differential centrifugation. Menck and colleagues isolated and distinguished
MVs and exosome from human blood cells using Western blot analysis. The data revealed that
MVs pelleted from EDTA-anticoagulated plasma samples by differential centrifugation were
100-600 nm in diameter. MVs can be distinguished from exosomes by detecting the presence
of proteins tubulin, actinin-4, or mitofilin, while antibodies for CD9 and CD81 were used as
markers for exosomes [85].

5. Stability of microvesicles

Jayachandran and colleagues isolated MVs from platelet-free plasma (PFP) and platelet poor
plasmas (PPP) and stored the MVs at either 40 or -80°C for more than a year. No effect on
MV counts irrespective of initial counts was observed after three freeze thaw cycles of PFP
[86]. Another investigation on the stability of MVs after different times of storage at 4 and
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-80°C by using flow cytometry analysis showed that there was no significant difference by
counts and size distribution of MVs stored at 4°C for 3—4 days or 1 week and MVs frozen at
-80°C for 1 or 4 weeks [87]. In another study, Gallart showed that plasma containing exo-
somes and MVs frozen at -150°C can keep vesicles intact for long time [88]. Investigation
was carried on the effect of short-term storage and temperature on the stability of exosome
by incubating at temperatures ranging from —70 to 90°C for 30 min. Immunoblot results
showed that all exosome-associated proteins incubated at 90°C were mostly degraded for a
short period of time. The effect of long-term storage was carried out by incubating isolated
exosomes for 10 days at wide range of temperature from -70°C to room temperature (RT).
It revealed that protein and RNA amounts were significantly reduced at RT compared with
data obtained at -70 and 4°C. Incubation at 4°C and RT resulted in major loss of CD63, and
decreasing level of HSP70 was shown only at RT. In addition, flow cytometry result showed
that exosome population became more dispersed after RT incubation for 10 days compared
with -70°C incubated or freshly isolated exosomes [88]. Study on exosomes isolated from
urine defined that freezing at —20°C caused a major loss of the integrity of these exosomes.
In contrast, storage at —80°C increased the recovery almost complete (86%). Vortexing after
thawing resulted in a significantly increased recovery of exosomes in urine frozen at -20
or -80°C, even if it was frozen for 7 months [89]. A similar study has been done to evalu-
ate the stability of MVs released in whole blood samples under the influence of different
anticoagulants. Analysis of MVs stored at 4°C and RT using nanoparticle tracking analysis
(NTA) showed that total MV counts increased after 24 hours in sodium citrated or heparin-
ized blood. The presence of EDTA showed stable platelet-derived MVs and RBC-derived MV
counts at RT over a period of 48 h [90].

6. Isolation and characterization of microvesicles

Currently, there is no standard protocol for isolation of EVs for either therapeutic applica-
tion or basic research [91]. However, a conventional method to obtain EVs is ultrafiltration
followed by differential centrifugation. Ultrafiltration and size-exclusion liquid chromatog-
raphy is suitable for EV isolation at large scale [92]. In fact, many research groups use dif-
ferential centrifugation combined with filtration to isolate and define the MVs or exosomes.
For example, a centrifugation force from 10,000 to 20,000 g is commonly applied to pellet MVs
and from 70,000 to 100,000 g or even higher for exosomes. Although the centrifuge force is
indicated in a number of publications, it is still varying among research groups. Nevertheless,
there is always an overlap in the size of collected MVs or exosomes when analyzed by using
dynamic light scattering (DLS) method. Therefore, the procedure for sample preparation and
also isolation of MVs should be simplified as much as possible with minimal steps. In general,
four critical steps should be taken into consideration: (i) removal of intact cells and large cell
debris by low-speed centrifugation of the extracellular fluid (200-1000 g for 3-15 min); (ii) pel-
leting of large, secreted vesicles from the cell-free supernatant by medium-speed centrifuga-
tion (10,000 g for 30 min, a minimum of 2 times); (iii) collection of small, secreted vesicles by
ultracentrifugation at 70,000-100,000 g, and (iv) noting all other parameters and type of rotors
used in experiments [7].
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At present, there is still a lack of studies assessing EV products after periods of storage.
However, our unpublished investigations showed that the polydispersity (PI) of MV
increased proportionally with the storage time at -20°C in deionized water. Vortexing was
useful to recover MVs after storage. Further studies have to be done investigating the stabil-
ity and the polydispersity of MVs in different solvents or buffers. The results of such analyses
will facilitate defining provisional shelf-life times of EV-based products. The materials used
for sample preparation, isolation, and storage should also be taken into consideration, espe-
cially for human therapeutics because solvents and buffers have a strong influence on the
stability of EVs, especially after storage [93]. There is a wide range of solvents from water,
sodium chloride solution, to phosphate-buffered saline (PBS), Tris-HCl, HEPES, and glyc-
erol. However, glycerol and dimethyl sulfoxide (DMSO) showed a significant influence to
the stability of EVs [94]. For investigation of the function and physical properties of EVs,
isotonic buffers are recommended to prevent pH shifts during storage as well as during
freezing and thawing procedures. Although PBS or other phosphate-containing buffers are
widely used, it has to be considered to avoid calcium even at a very low concentration due
to the formation of calcium phosphate aggregated in the buffer as nanoparticles, which can
interfere with EV quantification assays [93]. Storage vials can also affect the quality of EVs
due to unexpected or irreversible binding to certain materials. Thus, vials should be carefully
selected to eliminate the factors that influence the concentration or integrity of stored EVs
[93, 95].

So far, a variety of techniques have been commonly used to study MVs released from
human RBCs. Traditionally, nanoparticle analysis is available to analyze the particles
at nanosize including flow cytometry, DLS, and electron microscopy. Most widespread
is flow cytometry; however, commercial flow cytometry typically has a lower practical
size limit (for polystyrene beads) of around 300 nm at which point the signal is hard to
distinguish clearly from the baseline noise level or so-called “dust” [96]. Fluorescence
labeling can be efficient to detect particles at lower sizes. DLS has also been used, but
being an ensemble measurement, the results comprise either a simple z-average (intensity
weighted) particle size and polydispersity (PI), or a very limited-resolution particle size
distribution profile. Electron microscopy is a useful research tool for studying micro- and
nanovesicles but at high running costs and extensive sample preparation [22]. Atomic
force microscope (AFM) is also an applicable method to measure the size and also the
morphology of MVs [17]. An alternative approach for measuring EVs is using the NTA
method. In NTA, the size is derived from the measurement of Brownian motion of EVs in
a liquid suspension [22].

In recent study, under stimulating conditions, MVs from RBCs were collected by differential
centrifugation and characterized by using SEM, AFM, and DLS. Data from the measurement
using a Zetasizer (Nano ZS) for both size and zeta potential showed that the sizes of two sub-
populations of MVs were 125.6 + 31.4 nm and 205.8 + 51.4 nm. There was an overlapping in the
size of the two populations in the region from 150 to 200 nm. Zeta potential of released MVs
was measured in different solvents showing negative values from 40 to 10 mV depending
on the solvent used [17]. The morphology and size of MVs released from human RBCs were
also analyzed using AFM and SEM (Figure 4).
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Figure 4. Topographical imaging of stimulated RBCs and released MVs. Glutaraldehyde-fixed samples of PMA-
stimulated RBCs using AFM (A) and SEM (D); MVs scanning using AFM (B, C) and SEM (E) [17].

7. Potential applications of microvesicles

The structural feature that makes EVs especially attractive for drug delivery purpose is due to
their analogy to liposomes. This means that EVs originated from an organism can be used as
conventional liposome with an advantage when they are administered to the same organism
in vivo. EVs are able to deliver molecules through hard-to-cross barriers like the blood-brain
barrier. Therefore, EVs can be used for loading with drugs or other bioactive molecules and
then work as efficient delivery systems. Several strategies are described for loading small
molecule and genetic materials into liposomes; however, most of these strategies are not fea-
sible for exosomes [97-99]. Two major strategies have been applied to load small molecules
or drugs to EVs. The first possibility is the loading after EV isolation, and the second is the
loading during EV biogenesis. In addition to loading, labeling of MVs is required to detect or
investigate the efficiency of delivery to target cells and the expression of protein or function of
miRNAs in recipient cells. So far, several techniques and methods have been applied to label
MVs. Most common methods are incubation with fluorescence lipophilic dye, biotinylated
radioisotope, substrate of luciferase (for in vivo trial), streptavidin-conjugated fluorescence
dyes, or other modified proteins [100].

7.1. Microvesicles and nucleic acid transport

When nucleic acid (DNA, RNA) is directly introduced to the body, it will be rapidly removed
out of the circulation via degradation by nucleases or by kidneys before reaching the target
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tissues or cells of interest. Recent evidence has shown that different kinds of RNAs are trans-
ported by EVs during cell-cell communications. It has been shown that miRNAs are enriched in
EVs in form of miRNA-RISC complexes and transferred from exosomes and MVs to many dif-
ferent cells. As such, EVs can be applied as a new attractive alternative approach for therapeutic
miRNA delivery [14]. Recently, a study showed that embryonic stem cell MVs likely are use-
ful therapeutic tools for transferring mRNA, microRNAs, protein, and siRNA to cells and also
important mediators of signaling within stem cell niches [101]. It has been known that the lipids,
proteins, mRNA, and microRNA (miRNA) delivered by these vesicles change the phenotype
of the receiving cells [11, 102]. The ability to encapsulate and deliver different types of nucleic
acid of both exosomes and MVs has been investigated. The results showed that MVs delivered
functional plasmid DNA, but not RNA, whereas exosomes from the same source did not deliver
functional nucleic acids. These results have significant implications for understanding the role
of EVs in cellular communication and also the role of MVs for development of tools for nucleic
acid delivery [11]. MVs from human RBCs infected with P. falciparum parasites contain miRNAs
that can modulate target genes in recipient endothelial cells and serve as an integral part in con-
trolling stage switching in the life cycle of the parasites [45, 46]. A typical example of application
of EVs as vehicle for drug transport is the loading of curcumin, chemotherapeutic compounds
paclitaxel and doxorubicin to EVs using electroporation. After transfecting loaded EVs to
implanted breast tumor tissues, the results showed that the loaded EVs suppressed the growth
of tumors without causing any toxicity [103]. As such, curcumin-loaded EVs have already made
their way into the clinic to specifically suppress the activation of myeloid cells [93, 104].

7.2. Transfection of nucleic acid mediated by microvesicles

The strategy for cancer treatments is specifically killing malignant cells by vehicles, which
carry appropriate substances or compounds to the target cells. Unfortunately, so far, it was
not successful to cure the disease. The current concept in tumor treatment is to control the
microenvironment of the tumor because the tumor is not only composed of malignant cells
but also consists of other groups of cells that work together [105, 106]. Future research direc-
tions should draw more attention to EVs as biological targets for diagnosis, prognosis, and
therapy of cancer. In addition, EVs participate and play a significant role in cell communica-
tion, and therefore they may become a valuable drug delivery system [107]. So far, a vast
number of investigation on exosomes in carrying and transport of nucleic acid to target cells
have been carried out; however, more information about using MVs to carry nucleic acid for
transfection to cultured cells is required. Recently, an investigation of the capacity of MVs to
deliver functional nucleic acids was carried out by using recipient HEK293FT cells cultured
with exosomes and MVs derived from transfected donor cells with the fusion protein Luc-
RFP as reporter. The data revealed that only loaded MVs led to Luc-RFP expression in the
recipient HEK293FT cells, even though both MVs and exosomes encapsulated the reporter
proteins. After the MV-mediated transfer, the bioluminescence signal increased over 3 days
that was not observed in case of exosomes. The finding suggested that nucleic acids were
delivered and led to a de novo expression of reporter proteins in recipient HEK293FT cells. By
comparison with HEK293FT cells transfected by lipofectin with Luc-encoding pDNA, there
was a different time course of Luc expression of the two methods. This observation suggested
that the mechanism of MV-mediated delivery of nucleic acids and protein expression may be
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different from that of cationic liposome-based delivery of pDNA, which is typically used for
transfection to culture cells [11]. Although this finding was very important to confirm the abil-
ity of MVs in carrying nucleic acid and transfection to recipient KEK293FT cells, experiments
with different cell types are required. Another example is the study using MVs shed from the
monocytic cell line THP-1 enriched with miR-150 to transfect to endothelial cells promoting
angiogenesis of these cells [108]. MicroRNA-223 delivered by platelet-derived MVs promotes
lung cancer cell invasion via targeting tumor suppressor EPB41L3 [109]. Another example
of using MVs in nucleic acid delivery was the work of Zhang to prove the inhibitory effect
of TGF-1 siRNA delivered by mouse fibroblast L929 cell-derived MVs (L929 MVs) on the
growth and metastasis of murine sarcomas 180 cells both in vitro and in vivo. By comparing
to the same concentration of free TGF-f31 siRNA, TGF-f1 siRNA delivered by L929 MVs effi-
ciently decreased the level of TGF-{31 in the recipient tumor cells [110]. Other works dealing
with miR-150 proved that MVs can be an excellent carrier for nucleic acid delivery [108, 110].
Taken all together, MVs carrying microRNAs can influence the recipient cell phenotypes.

7.3. Efficiency of nucleic acid transfection by microvesicles

Protein expression induced by MV-mediated pDNA delivery is a slower process than after
transfection using cationic lipid complexes. It may be due to that fact that loaded MV need
to fuse with the endosomal membrane before releasing nucleic acid contents into the cytosol.
Studies on EVs from transiently transfected cells may be confounded by a predominance of
PDNA transfer. Compare the efficiency of transfection of MVs loaded with pDNA or RNA,
it revealed that MVs functionally deliver DNA much better than RNA. Further studies of the
nature of this transfer are necessary to understand the specificity of pPDNA loading pathways
and delivery mechanisms [11]. So far, small RNAs have been successfully loaded into MVs
for a variety of delivery applications; however, the potential use of MVs for DNA delivery has
been abandoned. By using electroporation, Lamichhane investigated the ability of loading MVs
with linear DNA. Loading efficiency and capacity of DNA in MVs were dependent on DNA
size as well as on the conformation of DNA. By using this approach, linear DNA molecules
with less than 1000 bp in length were more efficiently associated with MVs compared to larger
linear DNAs and pDNA. In addition, MV size was also influencing the potential of DNA load-
ing, as larger MVs encapsulated more linear and plasmid DNA than smaller vesicles and exo-
somes. These results demonstrated critical parameters that define the potential use of MVs for
gene therapy [111]. Another example is the application of EVs isolated from media of cultured
cardiomyocytes derived from adult mouse heart. These EVs, which were transfected to target
fibroblasts, led to a change in the gene expression patterns in comparison with controls [112].
Recently, a study on delivery of a therapeutic mRNA or protein via MVs for treatment of can-
cer was carried out. Genetically engineered MVs by expressing high levels of the suicide gene
mRNA and protein—cytosine deaminase (CD) fused to uracil phosphoribosyl transferase (UPRT)
in MV from HEK-293T cells. Isolated MVs from these cells were used to treat pre-established
nerve sheath tumors (schwannomas) in a mouse model. MV-mediated delivery of CD-UPRT
mRNA or protein by direct injection into schwannomas led to regression of these tumors. This
finding suggests that MVs can serve as novel cell-derived vehicle to effectively deliver thera-
peutic mRNA/proteins for treatment of diseases [113]. Taken all together, the results from these
studies suggest that MVs can be used as new vehicles for nucleic acid transfer.
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7.4. Development of microvesicle-based delivery systems

Although EVs were applied to humans already in the early 2000s for the treatment of cancer
patients, no recommended standard techniques have been established for the production of
EVs at clinical grade. Several manufacturing and safety considerations need to be addressed
and appropriate quality controls have to be implemented and validated. It remains a chal-
lenge to set up platforms for the production of EVs at clinical grade that fulfill all necessary
criteria for the successful approval of subsequent EV-based clinical trials [93]. The most rel-
evant issue to be addressed at the various levels of the developmental processes is to bring
MV-based therapeutics into the clinical application in treatment of diseases including cancers.
It is obvious that M Vs are part of parental plasma cells; therefore, their antigenicity is mainly
determined by protein and lipid components, profile of miRNAs and mRNAs, and also other
factors originated from the parent’s cells. Similar to exosomes, MVs are able to overcome
limitations of cell-based therapeutics including safety, manufacturing, and availability. With
a capability of crossing the blood-brain barrier, which classically acts as a major hurdle in the
administration of therapeutic agents for targeting cells and tissue, especially of the central
nervous system, MVs can be applied for the transport of molecules to target cells or tissues
[114, 115] The presence of biomarkers on the surface may drive the loaded MVs to the specific
target and help them to protect their cargoes from degradation [65, 116]. The standard pro-
cedure for isolation, purification, and storage of EVs at large scale should be established for
certain cell types for trials at both in vitro and in vivo levels.

Another important issue in application of MVs is how to load bioactive compounds into
these vesicles. For example, in order to load MVs with therapeutic small RNA molecules,
two encapsulation approaches commonly used are post-loading or pre-loading. Post-loading
method is using a specific method to introduce RNA into EVs (e.g., electroporation) while
pre-loading is carried out during the EV formation (it is also called endogenous method that
exploits the cellular machinery for small RNA loading into EVs). This endogenous method
has been successfully used for the packaging of both siRNA and miRNA in EVs [99, 117, 118].
Functional delivery into recipient cells has been shown in several reports [119-121]. Several
recent reports have shown functional siRNA delivery into recipient cells using EVs loaded by
electroporation. However, the efficacy of this exogenous method has not been fully demon-
strated, and other research groups stated that the loading of EVs with miRNA by using this
method was not successful [120, 122]. Therefore, further studies are needed to confirm the
feasibility and efficiency of this method for EVs loading. Nevertheless, the feasibility of the
method likely varies depending on the siRNA or miRNA species. Furthermore, the efficiency
of the overexpression or the direct transfection of particular small RNA-loaded EVs to recipi-
ent cells is still the matter of concern.

8. Conclusion

MVs are able to carry macromolecules, especially nucleic acid, and play a key role in cellular
communication. In near future, MVs may efficiently support for the conventional treatment
of tumor or cancer, which are using chemotherapeutic drugs, radiation therapy, or surgery.

151



152

Novel Implications of Exosomes in Diagnosis and Treatment of Cancer and Infectious Diseases

Recent findings suggest that released MVs from human RBCs can be applied as novel treat-
ment for various diseases including cancer. Structurally, MVs contain various membrane
receptors and also carry nucleic acids, proteins, or other molecules. With many advantages in
overcoming many of the limitations of cell-based therapeutics including safety, manufactur-
ing, and availability, MVs may serve as cell-to-cell shuttles for carrying bioactive molecules
to target cells. Therefore, MVs involve biological processes, especially the interaction with
tumors or cancers. Human RBCs, with a large number of cells in the human body, can be
easily collected without requiring cell culturing or sophisticated instrumentation. In addition,
MVs released from RBCs can move to almost all tissues in the body without being hindered
by any biological barrier. Therefore, MVs from human RBCs are potential candidates for the
transport of nucleic acid and other bioactive compounds to the target cells. However, to make
MVs to become applicable and efficacious in therapeutic treatments, underlying functions of
MVs still need to be better understood. Future research directions should pay more attention
to MVs as biological targets for cancer diagnosis, prognosis, and therapy that enable MVs as
new source and of new material and promising approach for practical therapeutics.
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Abstract

Extracellular vesicles (EV) gained considerable interest in recent years as both diagnos-
tic tools and templates for therapeutic applications. EVs carry a number of cell-specific
markers which gave researchers the opportunity of employing them as liquid biopsies
causing no discomfort to patients. On the other hand, they are very exciting candidates
for drug delivery due to their eobiotic origin, physicochemical and size characteristics.
Isolation of EVs is performed by several strategies, having advantages and disatvantages
over each other. As such, the method of EV isolation and in particular exosome isola-
tion determines the quality and purity of obtained vesicles. In this chapter, extracellular
vesicle isolation methods are evaluated with regard to their further use. Methods such as
ultracentrifugation with different modifications, size exclusion chromatography, ultra-
filtration, affinity and precipitation are compared with respect to the yield efficacy and
purity of isolates. Furthermore, the advantages and disadvantages of different methods
according to the purpose of use are revealed. Recent progress and remaining challenges
in the isolation of EVs with regard to diagnosis and treatment is reviewed and discussed.
In order to select the most suitable method researchers should clearly define purity, yield,
quantity and quality requirements for exosomes, and consider disadvantages of distinct
isolation methods.

Keywords: exosomes, extracellular vesicles, ultracentrifugation, size exclusion
chromatography, precipitation, ultrafiltration, affinity isolation

1. Introduction

Extracellular vesicles (EVs) are nano-sized membrane vesicles, released by almost every cell
types. EVs are shown to play crucial roles in many physiological events, as well as many path-
ological processes. In the past decade, extensive research has been done using exosomes as
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vehicles for diagnostic and therapeutic application. Previous studies showed that exosomes
are promising systems for drug and nucleic acid delivery. Also, they might be promising
tools for diagnosis. Different types of EVs, including exosomes, microvesicles and apoptotic
bodies are released by cells. The vesicles are diverse and their quantity and quality depend
on the type and origin of the cells. Among these, exosomes are the smallest vesicle type, with
sizes ranging from 30 to 120 nm. They originate from multivesicular bodies (MVBs), the form
of endosomes at a later stage of maturation. Exosomes are formed by inward budding of the
endosomal membrane and accumulate in these MVBs. Later, these small vesicles in MVBs
are released from the cells upon fusion of MVBs with the plasma membrane [1, 2]. In con-
trast, microvesicles (MVs) are larger (50 nm-1 um) and more heterogeneous in size. MVs are
formed through direct outward budding of the plasma membrane. A heterogeneous popu-
lation of vesicles (50 nm-5 pm) which are named apoptotic bodies are released during late
stages of the programmed cell death. Each EV subtype contains different amounts of cargo
molecules the identity of which is more or less similar among EV subtypes [3].

In different applications, it is important to make a clear distinction between MVs and exosomes
because of the fact that they are different both in protein and genetic material content, and in
size characteristics. This is important when post-purification processes such as protein char-
acterization/isolation, RNA sequencing, targeted or conventional application in therapeutics
delivery are to be investigated. This issue is still scarcely addressed and more research is needed
in order to develop specific isolation methods for different EV subtypes. Also, there is still not
enough knowledge about how the isolation methods affect physicochemical properties of exo-
somes. As can be seen from their size distribution and similarities between their cargo mol-
ecules, there is no strict border separating different EV subtypes. As the result, it is difficult to
obtain highly purified exosome isolates that are completely devoid of other EV types. Given the
fact that more and more research focuses on the potential of EVs for diagnostic and therapeutic
application, the need of a reproducible method for their purification becomes more prominent.

Due to the complex nature of both intracellular matrix and extracellular environment from
which EVs are isolated, not only the desired structures are attained. From biological fluids,
contaminants such as proteins, lipoproteins and nucleic acids are also isolated together with
the EVs [4-6]. Isolates from cell culture media are contaminated by supplements such as
antibiotics and extraneous proteins and EVs coming from fetal bovine serum (FBS) [5, 7].
Prokaryotic contamination is also reported for body fluid EV preparations [8]. All of these
contaminants affect the downstream applications of EVs.

In diagnostic applications, these contaminants could lead to false-positive results and subse-
quently erroneous interpretations. For example, free proteins can lead to over-estimation of
the protein cargo of EVs, and, if the protein concentration is considered for normalization of
samples, this could lead to significant inconsistencies between results of different research
groups.

In order to circumvent any potential interference with the therapeutic efficacy of the active
compound, and to minimize the risk of unpredicted side effects, the composition simplic-
ity of drug delivery systems is of utmost importance. Even though there are small number
of ingredients in conventional nanoparticle-based drug delivery systems (liposomes, solid
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lipid nanoparticles, polymeric nanoparticles, etc.), there are still many debated aspects related
to their safety. Considering their nature, EVs are obviously much more complicated than
conventional nanoparticulate therapeutics. Therefore, in the therapeutic application field,
impurities in EV isolates can be much more confusing. When EVs are isolated from cells
designed to express a particular RNA molecule, other changes could also occur in the cellular
machinery, and as a consequence, these could contribute to loading of unknown impurities
into the EV lumen, leading to false-positive results or even toxicity [9]. This problem can be
accomplished, at least in part, by optimizing the isolation protocols, applying extra purifica-
tion steps and by investigation of sensitive detection techniques for biomolecules [10-14].
However, currently, there is still not single method which ensures EV isolation fully devoid of
impurities. In this respect, different isolation methods will be discussed for their applicability
in isolation of exosomes intended either for diagnostic or therapeutic purposes.

2. Isolation methods and their convenience in different applications

EVs can be isolated from different types of bodily fluids such as blood, urine and saliva.
Depending on the source cell, EVs took part in different roles in the body ecosystem and they
are able to overcome natural barriers as cellular membrane, blood-brain barrier and escape the
immune system, etc. [1]. Moreover, their immunologic and cytotoxic activities are very low.
Despite EVs’ promise for diagnostic and therapeutic applications, effective and pure isolation is
still a problem which should be overcome. Existing isolation methods cause difficulty in terms
of purity and reproducibility [15]. Besides, in some applications, it is important to make a clear
distinction between MVs and exosomes because of the fact that they are different both in protein
and genetic material content, and in size characteristics. This is important when post-purification
processes such as protein characterization/isolation, RNA sequencing, targeted or conventional
application in therapeutics delivery are to be investigated, as each EV subtype contains differ-
ent amounts of cargo molecules [3]. This issue is still scarcely addressed and more research is
needed in order to develop specific isolation methods for different EV subtypes.

Based on the main principle employed in the isolation process, there are basically five EV
isolation methods. These are (1) Centrifugation-based methods, (2) Chromatography-based
isolation, (3) Precipitation-based isolation, (4) Filtration-based isolation and (5) Affinity-based
isolation. Each of these methods can be applied either individually or in combination with oth-
ers in order to achieve higher yield or purity. Table 1 summarizes the methods for EV isolation.

2.1. Centrifugation-based EV isolation

Owing to their colloidal size, EVs tend to sediment only under high centrifugal forces. The
classical method for EV isolation is differential ultracentrifugation, as used in early exosome
studies [16]. While this isolation method is still the most widely used approach, often with
modifications of the duration, conditions and the speed of centrifugation steps, several sub-
techniques have since been developed. Two commonly used techniques based on centrifuga-
tion are differential ultracentrifugation and density gradient ultracentrifugation.
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Isolation method Principle Required instrumentation and
consumables
¢ Differential centrifugation * Sedimentation under high centrifu- General purpose centrifuge,
gal forces based on density and par- ultracentrifuge, conical centrifuge
ticle size tubes, ultracentrifuge tubes

¢ Density gradient ultracentrifugation e Separation of EVs and other non-ve-
sicular components based on their
buoyant density in a density gradi-
ent under high centrifugal forces

* Chromatography-based isolation * Size exclusion chromatography or Prefilled or custom made
gel filtration chromatography. Sepa- chromatography columns, matrix
ration is achieved due to penetration material
of smaller particles into the pores
of a matrix material during elution
through a column

o Ultrafiltration * Separation of EV subtypes and pro- Ultrafiltration device equipped
teins using membrane filters. Sepa- with peristaltic pump,
ration is based on the size of differ- ultrafiltration cartridges,
ent particles centrifugal filtration cartridges

* Polymer-based precipitation * Reduction of EVs’ aqueous solubility General purpose centrifuge,
in the presence of PEG conical centrifuge tubes

e Salt precipitation ¢ Charge neutralization by adding salt
solution followed by reduction of
EV solubility in low pH

¢ Charge-based precipitation ¢ Enhanced precipitation of EVs by
addition of protamine sulphate
based on their negative surface
charge

e Affinity purification (specific anti- e Capturing different EVs owing to Antibody coated chromatography
bodies, lectins and heparin) specific molecules present on their matrices, microfluidic devices
membranes

Table 1. Commonly used EV isolation methods.

3. Differential ultracentrifugation

This method generally employs at least one step of low-speed (2000 g) centrifugation. In this step,
whole cells and cell debris such as apoptotic bodies are removed. A second step of centrifugation
at higher g-force (5000-10,000 g) ensures removal of large EV aggregates and protein aggregates.
The supernatant is then subjected to 1-3 h ultracentrifugation (=100,000 g) at 4°C. EVs and high-
density proteins are enriched at the bottom of the ultracentrifuge tube in form of a tiny, barely
visible sediment. The supernatant containing small proteins, cell culture supplements, buffer
ions etc. is carefully discarded and the pellet is washed by adding cold phosphate buffered saline
(PBS) and dispersing by vigorous vortexing or pipetting. A second step of ultracentrifugation is



Exosome Isolation: Is There an Optimal Method with Regard to Diagnosis or Treatment? 167
http://dx.doi.org/10.5772/intechopen.69407

performed. The supernatant is discarded, and finally, washed EVs are collected in little amount
of cold PBS. The general steps of differential ultracentrifugation method for EV isolation are
presented in Figure 1.

Materials required for this isolation method are sterile conical centrifuge tubes, clean and ster-
ile ultracentrifuge tubes, pipettes for handling the liquid material, PBS or other suitable buffer
according to the downstream applications. Equipment for the procedure includes conventional
benchtop centrifuge with cooling mode; ultracentrifuge capable of performing centrifugation
at g-forces higher than 100,000 g; a laminar flow biosafety hood in order to provide aseptic
working conditions, especially when EVs are going to be used as therapeutic delivery systems.

EV source (biological fluids Low-speed centrifugation
or cell culture medium) (~2000g, 10-20 min)

2

Higher-speed centrifugation Collect supernatant and
(~10000g, 30-60 min) discard precipitate

\ 4

Collect supernatant and ’ Ultracentrifugation
discard precipitate (=100000g, at least 1h)

4

Ultracentrifugation ‘ Discard supernatant, wash
(=100000g, at least 1h) the pellet with PBS

\ g

) Collect EVs with little
Discard supernatant i
Stard superms amount of PBS

Figure 1. General steps followed during EV isolation by differential ultracentrifugation. In this method, the source of
EVs is first cleared from cells and cell debris by performing two steps of centrifugation in a conventional benchtop
centrifuge. Afterwards, the cleared supernatant is ultracentrifuged at >100,000x g for at least 1 h, washed with PBS,
ultracentrifuged again, and finally, the EVs are collected from the ultracentifuge tubes.
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The limitations of this method are its time-consuming protocol and possibility of aggrega-
tions under high centrifugal forces [15]. Lamparski et al. performed a comprehensive study on
the development of clinical grade, good manufacturing practice (GMP)-compliant method for
exosome purification [17]. They compared differential ultracentrifugation, ultrafiltration-cush-
ion ultracentrifugation methods. The method of differential centrifugation produced highly
variable results for exosome yield. Ultrafiltration followed by cushion ultracentrifugation has
given more stable exosome yield with higher recovery, and regulatory compliance [17].

Tauro et al. investigated ultracentrifugation, density gradient separation and immunoaffinity
capture methods [18]. Exosomes were isolated from 500 ul cell culture supernatant and the
yield of applied methods were analysed. In this set of experiments, ultracentrifugation has
given the best yield (375 ug), followed by density gradient separation (150 ug) and immunoaf-
finity capture (195 ug). The size uniformity of exosomes has been shown to alter according to
the isolation method. In this study, the immunoprecipitation method has been considered the
best for exosome capture, as it yielded exosomes that have greater homogeneity and higher
exosome-associated protein content [18].

4. Density gradient ultracentrifugation

In density gradient ultracentrifugation, almost the same steps are followed as in differential
ultracentrifugation. Materials required for this isolation method are sterile conical centrifuge
tubes, clean and sterile ultracentrifuge tubes, pipettes for handling the liquid material, sucrose
or iodixanol for preparation of discontinuous gradient, PBS or other suitable buffer according
to the downstream applications [19]. Equipments required for performing this procedure are
the same as those described in differential ultracentrifugation method.

The EVs are first isolated by applying the differential centrifugation steps and the first ultra-
centrifugation step, as described under the differential ultracentrifugation, or alternatively,
the isolation medium is concentrated using centrifugal filters. Next, a discontinuous sucrose
or iodixanol gradient is prepared in ultracentrifugation tubes. For this purpose, sucrose solu-
tions of gradually decreasing concentration are overlaid atop of each other. Crude EV pellet or
concentrated isolation medium is then resuspended in little amount of PBS or buffer of choice,
loaded on the gradient liquid and ultracentrifuged for extended period of time in order to sepa-
rate EVs based on their buoyant density in the discontinuous viscous fluid [14, 18, 20]. The
general steps of density gradient ultracentrifugation method for EV isolation are presented in
Figure 2.

The ultracentrifugation method remains the most widely used approach for EV isolation.
Lack of technical information about the type and the diameter of the rotor used, the volume
and viscosity of the sample all represent challenges for establishing a standardized ultracen-
trifugation-based method [21].

The limitation of density gradient ultracentrifugation is its even long-lasting ultracentrifuga-
tion step as compared to differential ultracentrifugation. Moreover, this method requires an
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Figure 2. General steps followed during EV isolation by density gradient ultracentrifugation. This method is similar
to differential ultracentrifugation to the first ultracentrifuge step. The collected EVs are then transferred on top of a
gradient-forming agent and ultracentrifuged for extended period of time. EVs are separated as individual layers owing
to the differences in their buoyant density and particle size. Finally, EVs are collected and analysed.

additional wash step in order to remove the density gradient-forming agent. On the other
hand, its primary advantage is that several layers can be drawn after density gradient ultra-
centrifugation and each of these layers can be characterized in order to distinguish between
different EV subtypes separated owing to their buoyant density.

4.1. Chromatography-based EV isolation

Size exclusion chromatography (SEC), also known as gel filtration chromatography, employs
size difference of exosomes, microvesicles, apoptotic bodies, proteins and other components
present in biological materials. The source material for EV isolation is loaded on a column
prefilled with a stationary phase such as Sepharose® and Sephacryl®. A mobile phase, usually
phosphate buffered saline, is then allowed to pass through the column. While the mobile phase
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passes through the column, it draws EVs into the stationary phase. During this process, smaller
molecules such as proteins and small vesicles—the exosomes interact with the pores of the sta-
tionary phase, leading to relative deceleration of their movement speed as compared with that
of larger structures. As the result, EV subtypes are separated from each other as individual pop-
ulations. Generally, these particle populations are collected in small fractions and each fraction
is then analysed in terms of particle size and specific markers. Suitable fractions are then pooled
and used for further downstream applications. General steps followed during SEC purification
of EVs are schematized in Figure 3. Equipments required for isolation of exosomes by SEC are
a prefilled column and a mobile phase to perform the elution (usually PBS). Fractions are col-
lected in microcentrifuge tubes for later analysis and downstream applications. Alternatively,
the SEC columns can be custom-designed for investigational purposes —a syringe with removed
plunger, or a small-volume burette could perform well as an empty column to be filled with a
suitable chromatography resin of researchers’ choice.

An efficient single step EV isolation based on chromatography is described by Boing et al.
[12]. They used Sepharose CL-2B to create a separate column for size exclusion chromatogra-
phy. As compared to the ultracentrifugation method from the literature, having highly vary-
ing EV yields (2-80 %), this method was superior with 43% stable recovery of EVs, and almost
complete removal of contaminating proteins. Furthermore, the method takes as little time as
less than 20 minutes to complete [12]. Disadvantages of this method are (1) the accessibility of
the chromatography column to contamination, therefore aseptic working conditions should
be ensured especially if the isolated EVs are intended for therapeutic use; (2) a large number
of fractions should be collected and analysed in order to make sure complete separation of
EV subtypes and contaminating proteins and (3) contrarily to the simplicity and time effec-
tiveness of the separation protocol, post-isolation analysis of each fraction may be quite time

consuming.
Prepare column with
suitable matrix. Ensure
that the column is free of
biological contaminants
— —
8 Iy r For therapeutic ) -~
EV source (biological applications and long term Pool exosome fractions
fluids or cell culture storage, ensure aseptic (or other desired EV
medium) working conditions and fractions)
\_ P \ pyrogen-free _J 9
" ] s [ Load biological material | g B
Concentrate the material L‘l‘:_': m;z;ﬁ;m ‘L':SLT; Add mobile phase and Analyze and determine
by diafiltration or other sample penetrate to the collect the flowthrough in ’ which portions contain
suitable methods stationary phase small portions eX0S0Mes
L - - - \_ A

Figure 3. General steps followed during EV isolation by size exclusion chromatography. EV source is either directly
loaded to the column, or first concentrated by a suitable method in order to increase the yield and then loaded to the
column. Subsequently, the mobile phase is added and gravity-driven elution is performed.



Exosome Isolation: Is There an Optimal Method with Regard to Diagnosis or Treatment?
http://dx.doi.org/10.5772/intechopen.69407

4.2, Filtration-based EV isolation

Filtration-based isolation of EVs relies on separation of different EV subtypes from each other
and from contaminating proteins due to their size. A series of filtrations is performed and cell
debris, microvesicles, exosomes and free proteins are efficiently separated by this method.
General steps of the filtration procedure can be seen in Figure 4. Required equipments for this
method are: a peristaltic pump to circulate the EV suspension during the process, filtration
cartridges in order to perform the separation, a sample chamber and a filtrate collection cham-
ber. A proof-of-concept study describing the use of tangential flow filtration method for exo-
some isolation is performed by Heinemann et al. [22]. Authors made clear distinction between
exosome and other EVs vesicles and aimed to efficiently separate them. Vesicles with much
greater poly-dispersity are obtained as compared with differential filtration method. It was
concluded that this method produces exosomal preparations with very high purity [22]. This
method may be considered superior to ultracentrifugation method especially in cases where
specific features of only exosomal fraction of extracellular vesicles are to be investigated, or if
only exosomal fraction is desired for use in therapeutic delivery studies.

4.3. Precipitation-based EV isolation

A common and easy to handle way of isolating EVs is precipitation. In precipitation protocols,
polymers such as polyethylene glycol (PEG) [7, 23, 24] or salt solutions such as sodium acetate
[25] are used for isolation. In this method, the sample is first incubated with the precipitating
agent. During incubation, the polymers reduce EVs’ solubility and lead to their precipitation.
After precipitation is completed, the pellet is simply collected by low-speed centrifugation.
Later, it was observed that EV yield increases when the precipitation with polymer is per-
formed in acidic pH [26]. Another approach may be precipitation of the solubilized proteins,
leaving a supernatant enriched with extracellular vesicles. This method is called ‘Protein
Organic Solvent Precipitation (abbreviated as PROSPR)’. Acetone chloroform and trichloro-
acetic acid are used to precipitate proteins. After proteins are removed, EVs are concentrated
by filtration or vacuum-dried for proteomic analysis [27]. More recently, charge-based precipi-
tation of EVs has been reported. Researchers hypothesized that negatively charged EVs could
interact with positively charged protamine sulphate. It was shown that charge-based precipita-
tion in conjunction with polymer gives higher yield as compared with PEG-precipitation and

("~ Perform second fltration ) (" Perform third filtration ]
step with a membrane of step with a membrane that
- smaller cut-off. Collect . retaing exosomes and
the filtrate containing transits proteins. Filtrate
exosomes and profeins contains free proteins

. 9

Retentate contains larger Retentate contains
microvesicles EXOSOIIES

Perform first filtration 10
remove cells, cell debris
and apoptotic bodies.
Collect the filtrate for the
next filimation_steps

EV source (biological
flnids or cell culture

medium)

—

. > - >

Figure 4. General steps followed during EV isolation by filtration. In this method, the source of EVs is sequentially
passed through filtration cartridges with narrowing pore size. In the first step, cells and cell debris are removed. In the
second filtration cartridge, the membrane passes exosomes and proteins into the filtrate while retaining microvesicles.
Finally, the filtrate is passed through a cartridge with smallest pore size which passes free proteins and retains exosomes.
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ultracentrifugation [23]. General steps followed during EV isolation by precipitation methods
are represented in Figure 5. A salting-out procedure for exosome precipitation is proposed by
Brownlee et al. [25]. This method employed addition of acetate ions to EV source followed by
immediate precipitation of EVs due to charge neutralization. They compared the exosomes
obtained with this method to these obtained by ultracentrifugation and showed that exosomes
isolated by these methods are indistinguishable in respect to their size and shape character-
istics. In precipitation methods, the necessary equipments are: suitable tubes for performing
the precipitation, a precipitating agent of choice (polymers, electrolytes or organic solvents),
buffers for performing the washes and a benchtop centrifuge to collect the formed precipitate.

4.4. Affinity-based EV isolation

Perhaps the most promising method for specific exosome isolation is the affinity precipitation in
which specific antibodies are used. The most commonly employed antibodies in this method are
monoclonal antibodies against specific exosomal membrane proteins (CD63, CD81, CD82, CD9,
EpCam and Rab5). These antibodies are used alone or in combination [2]. Practically, the antibod-
ies could be fixed on different types of materials such as magnetic beads [19, 28] or microfluidic
devices [29-31]. The isolation is based on the binding efficiency of specific antibody to the specific
antigen protein present on the exosome membrane (e.g. CD63). Magnet-based kits are commer-
cially available for specific isolation of CD81, CD63, CD9 or EpCam-containing exosomes.

Using saccharide residues on the exosomal surface is also another approach in affinity methods
[32]. This approach is easy to apply, however, due to the huge number of cells that contain

Add PEG and incubate
overnight to precipitate

EVs
' B &
~ ~ ~
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EV s 1 1 5 acel: . = i . : =
f _:lmmzc (]I;m (;hglca . . "\fl(;j. blu_dlu{'!.d‘.'lﬂ?le’ ¢ . centrifugal force, discard desired or directly use
ids or cle culture immediate Er:}upl aton o the supernatant and EVs for downstream
medium) § collect the precipitate analysis
- — I - _—)
~— - = ~ X
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precipitate proteins and (and PEG) incubate
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supernatant EVs
— - -
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For storage oncentrate by
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Figure 5. General steps followed during EV isolation by precipitation. One of the following methods of precipitation
can be chosen by the researcher: protein organic solvent precipitation, polymer-driven precipitation, salting out with
electrolyte solution or ionic precipitation by using cationic protamine. After an incubation period, the precipitate is
collected by low-speed centrifugation.
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mannose on their surface, the specificity of this affinity method is weak. Another affinity-based
method relies on heparin affinity of EV. Based on previous observations that heparin blocks
entry of EVs to recipient cells, a group of researchers hypothesized that heparin can bind
directly to heparin sulphate proteoglycans on EVs’ surface and can be used for their isolation
[33]. Like in the case with saccharide affinity, the fact that many cell types contain heparin
sulphate proteoglycans the specificity of this capturing method is weak too. Different steps
needed in affinity-based approaches for EV isolation can be seen in Figure 6.

4.5. Commercial isolation kits

The increased research on exosomes for diagnostic and therapeutic applications has led to
the development of commercially available isolation kits. Commercial kits for EV isolation
involve precipitation of the proteins on the outer membrane of EVs along with contaminating
proteins of non-EV origin. So, it is very important to determine the contaminating proteins
before using their quantity for normalization of further experiments. Commercial kits for
AV isolation include column-based isolation kits, immunocapture-based isolation kits and
precipitation-based kits. Table 2 summarizes the commercially available exosome isolation
kits. Each of these kits is designed for isolating extracellular vesicles for various post-isolation
applications, and can be found on the manufacturers’ product lists.

- ™
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antibody-coated magnetic . release the EVs from
- —_ beads beads
Concentrated EV source ‘ ~ ot ~ -~
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Use microfluidic
cartridges for fast
capturing

Figure 6. Main steps followed during different affinity-based EV isolation methods. Antibody affinity, lectin affinity or
heparin affinity can be employed depending on specific properties of expected EVs. For antibody affinity, a concentrated
source medium or EV isolate previously obtained by another method is combined and incubated with antibody coated
beads or plates. Afterwards, the exosomes are washed and eluted. For lectin affinity isolation, a low-speed centrifugation
is performed in order to eliminate intact cells and cell debris, and the medium is incubated in the presence of lectins.
Then EVs, selectively bound to the lectins, are collected by centrifugation. For heparin affinity isolation, the EV source
is combined with heparin-coated agarose beads and incubated. Later, EVs are released by adding concentrated salt
solution and eluted by centrifugation. Very promising alternative is the use of microfluidic devices pre-coated with
antibodies. This method ensures very fast capturing of specific EV subtypes.
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Name of the commercial kit Manufacturer Principle

ExoCap™ exosome isolation kit JRS Life Sciences GmbH Co. Immunocapture and magnetic
separation

Exosome-Human CD81/CD63/CD9/  Life Technologies Inc. 1mmun0capt’ure and magnetic

EpCAM isolation kits separation

Exo-spin™ exosome purification kit Cell Guidance Systems Ltd. Sedimentation and column filtration

qEV Size Exclusion Column iZON Ltd. Size exclusion chromatography

Invitrogen total exosome isolation kit  Life Technologies Inc. Sedimentation

ExoQuick™ and ExoQuick-TC™ System Biosciences Sedimentation

exosome isolation kits

™

ME™ exosome isolation kit New England Peptide Sedimentation

™

miRCURY" exosome isolation kit Exiquon Inc. Sedimentation

Table 2. Commercially available kits for extracellular vesicle isolation.

When, the commercial ExoQuick exosome isolation kit was compared with classical ultracen-
trifugation, ExoQuick revealed ca. 19 times higher protein quantity in the isolated exosomal
dispersion and is proven simpler and faster [34]. Yet no further experiments are performed
to clarify if all the protein yields are truly of exosomal origin. Optiprep density gradient was
successfully used for separation of exosomes, microvesicles, free proteins, non-exosome small
vesicles and proteasome from the same cells [19].

5. Comparison of exosome isolation methods in diagnosis and treatment
of cancer

Table 3 gives examples of studies on EV isolation methods and summarizes the major findings.

As previously mentioned, in order to be applicable for therapeutic purpose, EV product
should have a clearly defined origin and well-characterized particles with homogeneous size
distribution. Because different EV subtypes are generated by different biogenesis pathways
and originate from distinct cellular parts, their molecular cargo differs significantly. Therefore,
when EVs will be used for delivery of specific small RNA molecules generated in the donor
cells, it is crucial to distinguish whether obtained EVs are microvesicles or exosomes. While
for particular applications such as RNA delivery or drug delivery exosomes may be pref-
erable, for other applications such as vaccination and surface antigen display microvesicles
might be more relevant [40]. For diagnostic application, especially in proteomics analyses, free
protein contaminants may lead to false-positive results. In so far as diagnosis is performed on
body fluid samples, attention should be paid to numerous contamination factors like viruses,
serum/plasma components, bacteria etc. Suitable method or combination of methods should
be selected in order to eliminate all these factors that would affect final results.

Researchers should first consider the downstream application and then decide which method
to use according to their advantages and disadvantages. These features of the methods men-
tioned in this chapter are summarized below.
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Source of EVs Origin Isolation method(s) used Findings and outcomes

Cell culture media ~ CD14+ e Ultrafiltra- Ultrafiltration followed by cushion
monocyte- tion - cushion ultracentrifugation has given a stable exosome
derived ultracentrifugation yield with higher recovery, and regulatory
dendritic cells o compliance. The method of differential
from healthy ¢ Fl.ltratlo.n > cen- . centrifugation produced highly variable results
donors trifugation = cushion (i, jegs effective exosome yield [17]

ultracentrifugation

¢ Differential
Centrifugation

Whole blood Healthy donors e Differential Two methods are compared with regard to how
centrifugation they affect the miRNA profile of the isolated
. exosomes. Comparable results were reported.

¢ EXOQ.ul‘Ck . ExoQuick is not recommended for obtaining

(Precipitation) exosomes intended for further biochemical and
immunological studies [35]

Cell culture media/ NS Differential Step-by-step description of the

biological fluids centrifugation ultracentrifugation method is provided [36]

Cell culture media ~ LIM1863 colon ¢ Ultracentrifugation = The least yield was achieved by
cancer cell line ) ) ultracentrifugation, followed by OptiPrep,

° Densﬁ}{ gradlen.t and the best was achieved by immunoaffinity
separation (OptiPrep) capture. Ultracentrifugation was the faster
« Immunoaffinity met}}od with 0n.1y. 2 hours required to complete.
capture The immunoaffinity has considered the best
method [18]

Cell culture media ~ U87 and 293T * Heparin affinity Using the affinity of EVs for heparin, researchers
cancer cells and separation succeeded to demonstrate a simple and effective
normal HUVE . . method to isolate highly pure populations of
cells * Ultracentrifugation gy 133]

e  ExoQuick
Cell culture media ~ K1735P e Ultracentrifugation ~ Simple and cost-effective ion neutralization in

Cell culture media

Cell culture media

Body fluids

Cell culture media

melanoma cell
line

Huh-7 liver
cancer cell line

MDAZ231 breast
cancer cell line

Platelet
concentrate

D3 murine
embryonic stem
cell line

Salting-out procedure

Ultracentrifugation

ExoQuick
(Precipitation)

Sequential filtration

Differential

ultracentrifugation

Size exclusion
chromatography

Differential

ultracentrifugation;

Centrifugal extrusion

of whole cells to

produce exosome-mi-

metic vesicles

acetate buffer media is described. Increased
protein yield is observed in comparison to
ultracentrifugation [25]

ExoQuick revealed higher protein quantity

in the isolated exosomal dispersion, and has
been proven simpler and faster [34]. Yet, it still
remains to be clarified if the proteins are not of
extraneous origin

Vesicles with much greater poly-dispersity are
obtained with the sequential filtration method.
Exosomal preparations with very high purity are
obtained [22]

Efficient, single step, rapid and cost-effective EV
isolation method is described [12]

Based on the protein and RNA amount in
obtained EVs whole cell-extrusion method has
given nearly 250 times higher vesicle yield than
simple exosome isolation [37]. Also, similar
results were obtained with in vitro delivery
studies
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Source of EVs Origin Isolation method(s) used Findings and outcomes
Cell culture media D3 murine ¢ Differential Researchers compared the two methods for
embryonic stem centrifugation; production of cell-derived vesicles but no

Cell culture media

Cell culture media

cell line

BT-474 breast
cancer cell line

Monocyte-
derived
dendritic cells,
HEK293T,
RPE-1, HeLa-
CIITA, MDA-
MB-231, SHIN,
IGROV-1,
OV2008

Microfluidics-mediat-
ed extrusion of whole
cells to produce
exosome-mimetic
vesicles

Differential
ultracentrifugation

ExoSpin Exosome Pu-
rification Kit
Invitrogen Total Exo-

some Purification Kit

PureExo Exosome
Isolation Kit

Differential
ultracentrifugation

Optiprep/Io-
dixanol gradient
ultracentrifugation

Sucrose gradient
ultracentrifugation

Immunoaffinity
capture

comparison of the protein and vesicle yield
vas made [38]. Similar results were observed
with EVs isolated with both methods in in vitro
delivery studies

All four methods are considered non-specific
for exosome isolation because of the presence of
large particles [39].

Subtypes of EVs were isolated by combining
different methods such as ultracentrifugation
and iodixanol gradient. Subgroups of small non
exosomal vesicles, not carrying the exosomal
markers were described [19]

Table 3. Studies dealing with EV isolation and major findings thereof.

5.1. Centrifugation-based methods

Advantages

¢ these methods are recognized as gold standard for isolation of extracellular vesicles

* as the most commonly used method, ultracentrifugation is acceptable for isolating EVs for
many application purposes

¢ well-established protocols and troubleshooting are available

¢ ultracentrifugation can be used in combination with other techniques in order to provide
better resolution of microvesicles and exosomes

e differential ultracentrifugation is able to discriminate between exosomes, small non-exo-
some vesicles and microvesicles owing to their different buoyant density

Disadvantages

¢ the yield of EVs is highly varying in different setups

* requirement for expensive instrumentation and consumables
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¢ disposable consumables like ultracentrifuge tubes meaning

¢ information about the rotor type and geometry, applied g-force, solution viscosity and
salinity should all be considered in order to achieve reproducible results

* the procedure of ultracentrifugation is very time laborious and requires substantial amount
of hands-on work. The density gradient ultracentrifugation takes even more time with ex-
tra purification steps from start to finish

¢ in differential ultracentrifugation, not only exosomes are being collected at the end of the
isolation. Therefore, for both diagnostic and therapeutic applications, isolates should be
purified from contaminating proteins and other EV subtypes in order to avoid

5.2. Size exclusion chromatography

Advantages

¢ exosomes are isolated in a single step

¢ short operation time

¢ efficient elimination of contaminating proteins

* efficient separation of EV subtypes (provided that the sample loading volume is not too
large)

¢ high purity of EV isolates

* no extra compounds are added in order to perform the isolation

Disadvantages

¢ samples are collected as a large number of fractions

* need to characterize each fraction in order to ensure presence of EVs and proteins

* requirement for aseptic working conditions in order to prevent microbial contamination
* exosomes and small non-exosome vesicles cannot be separated

¢ large sample loading volume may lead to inefficient separation

5.3. Filtration-based isolation

Advantages

¢ effective separation of exosomes and microvesicles

* simple and short operation

e efficient elimination of contaminating proteins

¢ efficient separation of EV subtypes (exosomes and microvesicles)

* high purity of EV isolates
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¢ the method is able to handle large-volume sample

* no extra compounds are added in order to perform the isolation

* suitable for development of microfluidic isolation setups
Disadvantages

¢ the method cannot be applied on small-volume samples

¢ exosomes and small non-exosome vesicles cannot be discriminated
* possibility of occlusion of membranes during operation

* membranes should be carefully regenerated or discarded after use

5.4. Precipitation-based isolation

Advantages

* ability to precipitate virtually all EVs in the biological sample

* very high yield

¢ versatility to perform isolation in different precipitation protocols
¢ fast and easy application

* protein solvent precipitation method may enhance diagnostic strength of exosomes and
ensure contaminant-free isolates for therapeutic applications

Disadvantages
* need to remove the precipitating polymer or salt for downstream applications
* production of highly heterogeneous and protein-contaminated EV mixture

* need for extra purification steps

5.5. Affinity-based methods

Advantages

* provides specific isolation of individual EV subpopulations

¢ high-purity EV production

* suitable for development of microfluidic isolation setups
Disadvantages

* requirement of specific antibodies and targeting ligands

¢ need of solid knowledge about EVs’ structure

* possibility of functionality loss after detachment from antibodies

¢ not suitable for high-volume samples
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6. Conclusion

Exosomes are gaining continuously increasing interest in biological, medical and pharmaceu-
tical research fields. Treatment and diagnosis of cancer are two particularly promising appli-
cations of exosomes. Isolation methods for exosomes are being advanced with the time and
new modifications to available methods are being introduced. According to the available liter-
ature, there is still no method that is free of shortages. For both applications, scientists should
consider carefully the advantages and disadvantages of available methods. It is obvious from
published methods that immunoaffinity isolation promises specific capture of exosomes from
biological fluids, taking advantage of their membrane structures. Therefore, in cases where
exosomes will be subject of investigation for diagnosis of cancer, immunoaffinity may pro-
vide isolation of exosomes in the most sensitive and specific manner among all methods. By
hyphenation of affinity methods to microfluidics field, even faster isolation, detection and
analysis of exosomes can be achieved. The question of “which method is the best?’ currently
remains unanswered for therapeutic applications of exosomes. Regulatory requirements for a
standardized clinical grade exosome isolation method are yet to be established. Nevertheless,
size exclusion chromatography and ultrafiltration methods which do not require incorpora-
tion of extra compounds to facilitate the isolation provide exosome isolates with high purity.
For cancer therapy, these two methods may be considered optimal.
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