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Abstract: Exosomes are released membrane vesicles derived from late endosomes, which share structural and bio-
chemical characteristics with proteasomes. Exosomes are responsible for trafficking proteins, microRNAs (miRNAs),
and long non-coding RNAs (IncRNAs) among cells and regulating various cellular processes, such as differentiation,
proliferation, migration, invasion, and apoptosis. Although our knowledge of the roles of exosomes in the initiation
and progression of leukemia is limited, some studies have indicated that exosomes can encompass many functional
factors with an appropriate sorting signal, thereby supporting the metastasis, drug resistance, and immune escape
of leukemia cells. This review initially focuses on the biogenesis and composition of exosomes and then summa-
rizes the application of exosomes as a screening biomarker and a potential therapeutic target in leukemia. Many
recent reports on the functions of exosomes released from leukemia cells are also discussed, including drug resis-
tance, immune dysfunction, and microenvironment manipulation. Given the critical roles of exosomes in leukemia,
understanding the mechanisms regulating the compositions and levels of exosomes, as well as defining exosome
functions, will ultimately provide additional insights into the use of exosomes as therapeutic agents for leukemia

treatment.
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Introduction

Exosomes are membrane-bound vesicles that
are approximately 30-100 nm in diameter and
are extensively distributed in various biological
fluids [1]. In 1983, Pan et al. [2] first discovered
exosomes in reticulocytes as novel transfer
vesicles. Exosomes are released into the extra-
cellular space from many types of cells after
fusing with the plasma membrane [3-5]. The
main contents of exosomes are lipids, pr-
oteins, and various nucleic acids [6]. Although
the differences between the exosomes of nor-
mal cells and those of cancer cells have been
extensively studied [7-9], the biological and
functional roles of exosomes in leukemia are
not yet fully understood, and several regulatory
mechanisms remain unclear.

To advance the field of exosomal biology and
understand the roles of exosomes in leukemia,
we have conducted a review regarding the con-
cept of the exosome, as well as exosomal con-

tents, biogenesis and functions. The applica-
tion of exosomes as biomarkers for leukemia
screening and the potential roles of exosomes
in the development of leukemia therapeutic
agents are also discussed.

Formation, isolation, detection and uptake of
exosomes

Formation and secretion of exosomes

Although many types of extracellular vesicles
have been identified [10], no uniform definitions
of these extracellular vesicles have been estab-
lished. Microvesicles, exosomes, and micropar-
ticles are terms that have been frequently used
to refer to extracellular vesicles, but these
terms can be confusing in many cases [11-13].
Fortunately, a new standard has been estab-
lished to separate extracellular vesicles into
microvesicles and exosomes by categorizing
them according to how they are secreted from
parent cells. Microvesicles are directly shed
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from the parent cell membrane, whereas exo-
somes are released after multivesicular bodies
fuse with the plasma membrane [14]. Exosom-
es exhibit a cup-shaped morphology when vi-
ewed using negative staining and transmission
microscopy. In addition, tetraspanin proteins,
such as CD63, CD9, and CD81, can be used to
identify most exosomes [3-5].

Exosome secretion via exocytosis is mediated
by many factors. Ostrowski et al. [15] indicated
that the secretion of exosomes was directly
regulated by Rab27a and Rab27b, and that
knockdown of either Rab27 or related effector
molecules inhibited the secretion of exosomes
from Hela cells. Syndecan-syntenin was found
to directly interact with ALIX protein to support
exosome formation by promoting intraluminal
budding of endosomal membranes, which was
associated with heparan sulphate [16]. Additi-
onally, exosome secretion can be affected by
other factors, such as intracellular Ca%* levels
and extracellular/intracellular pH gradients [17,
18]. A recent study indicated that SphK2/S1P
signaling affected the contents of exosomes
derived from K562 cells, and knockdown of
Sphk2 significantly decreased the contents of
exosomes. Furthermore, adverse contents of
exosomes were enriched after inhibition of
SphK using N, N-dimethylsphingosine (DMS)
[19].

Isolation of exosomes

Isolating exosomes has always been challeng-
ing because exosomes are very small. Several
effective methods have been established to
isolate exosomes from various biological
fluids, all of which have certain advantages
and disadvantages, such as ultracentrifuga-
tion, ultrafiltration, chromatography, polymer-
based precipitation and antibody-coupled mag-
netic beads [20]. Although ultracentrifugation
has been extensively accepted due to its sim-
ple and easy operation, this method is time-
consuming, and protein complexes, lipopro-
teins, and other contaminants always reduce
product purity [241, 22]. Ultrafiltration and chro-
matography produce highly purified exosomes
using semipermeable polyethersulfone nano-
membranes; however, the remaining proteins
are very difficult to remove [23-25]. Poly-
meric precipitation was invented by System
Biosciences to yield high-purity exosome iso-
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lates through precipitation using polymers, but
this new technology can only capture and col-
lect exosomes with sizes ranging from 60 to
150 nm [26]. Immunoaffinity purification using
beads only captures exosomes with positive
surface markers, including CD63, CD9, and
CD81, and consequently, a large population of
negative exosomes is selectively abandoned
[27]. In addition, to avoid cross-contamination,
serum should be depleted of exosomes by the
standard ultracentrifugation method.

Transfer and uptake of exosomes

Cell-derived exosomes can facilitate gene tr-
ansfer between parent and recipient cells. To
date, three exosome transfer methods have
been identified: (A), exosomes activate the cell
surface receptors of receipt cells via trans-
membrane proteins [28]; (B), exosomes fuse
with the plasma membranes of recipient cells
and release cargo contents [24]; and (C), exo-
somes transform into recipient cells and merge
into endosomes, mature into lysosomes, or
undergo transcytosis, eventually leaving the re-
cipient cells and being released into adjacent
cells [29, 30]. Thus, exosomes have great po-
tential in research on drug delivery and therapy
development [8]. One study showed that exo-
somes systemically administered to mice de-
liver siRNA to the brain, confirming the substan-
tial therapeutic potential of exosomes [31].
However, a few studies have revealed that
AnxA2 and AnxA6 promote exosome uptake in
breast cancer cells, while protease K prevents
exosome uptake in ovarian cancer cells, but
the underlying mechanism of exosome internal-
ization remains unclear. In addition, how exo-
somes travel and how long exosomes remain
stable in the systemic circulation urgently need
to be determined.

Contents of exosomes
MicroRNAs

Exosomal microRNAs (miRNAs) can circulate to
and play functional roles in neighboring or dis-
tant recipient cells. While the impact of other
types of exosomal contents on recipient cells
cannot be completely excluded, miRNAs are
considered pivotal regulating factors. Exoso-
mal miRNAs serve both conventional and novel
functions. Conventional miRNA functions invo-
Ive negative regulation of the expression of ta-
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rget genes. In endothelial cells, exosomal miR-
105 of breast cancer cells reduced the expres-
sion of the Z0O-1 gene, thus promoting breast
cancer cell metastases to the lungs and brain
[32].

Exosomal miR-214, which is derived from hu-
man microvascular endothelial cell (HMEC)-1,
significantly reduced the expression of the ata-
xia telangiectasia-mutated gene and allowed
blood vessel formation, consequently stimulat-
ing migration and angiogenesis in neighboring
HMEC-1 cells [33]. Novel miRNA functions have
been identified in some cases where miRNAs
were studied as exosomes rather than intra-
cellular molecules. Exosomal miR-21 and miR-
29a, in addition to their classic role of targeting
MRNAs, were the first miRNAs discovered to
have the capacity to act as toll-like receptor
ligands and activate immune cells [34]. Fur-
thermore, patients and healthy individuals ex-
hibited different exosomal miRNA levels and
compositions, suggesting the potential of the-
se miRNAs to be used as cancer biomarkers
or even as prognostic indicators. For example,
let-7a, miR-1229, miR-1246, miR-150, miR-21,
miR-223, and miR-23a can be used as diagno-
stic biomarkers of colorectal cancer [35]. In
addition, miR-1290 and miR-375 can be used
as prognostic markers of castration-resistant
prostate cancer [36].

IncRNAs

Long non-coding RNAs (IncRNAs) are classically
defined as RNA transcripts longer than 200
nucleotides that have limited to no protein-cod-
ing potential. Generally, IncRNAs have fewer
exons than mRNAs, and only short open read-
ing frames can be identified; thus, few IncRNAs
are likely to encode small peptides. Recent
studies have found that tumorigenesis is as-
sociated with overall deregulation of IncRNAs.
This deregulation of IncRNAs derived from exo-
somes may be observed intracellularly, in tis-
sue, and extracellularly in body fluids. Takaha-
shi et al. [37]. demonstrated that the IncRNAs
present in exosomes released by HepG2 hepa-
tocellular carcinoma cells are a key factor in
HepG2 cell chemoresistance to sorafenib treat-
ment. Furthermore, chemoresistance may be
transferred to other HepG2 cells via exosomes.
After stimulation with TGF-B, the exosomal Inc-
RNA content was found to be altered, further
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supporting the roles of exosomes as cell re-
presentations and excellent resources for the
identification of potential cancer biomarkers. In
addition, exosomal IncRNAs have been impli-
cated in cancer development through modula-
tion of the cancer microenvironment. Conigliaro
et al. [38] identified exosomes from CD9O+
hepatocellular cancer cells containing different
types of IncRNAs, including HOTAIR, HULC, linc-
ROR and H19. Upon co-culturing these cancer
cells with endothelial cells in vitro, the latter
cells rapidly internalized exosomes and were
triggered to reorganize into tubular structures
and to increase vascular endothelial growth
factor (VEGF)/VEGF-R1 mRNA levels. Li et al.
[39] suggested that most IncRNAs in gastric
cancer patient plasma are derived from exo-
somes; the exosomal IncRNAs supported a
gastric cancer diagnosis with a sensitivity of
48.1% and a specificity of 85.2%. Recently,
exosomal IncRNAs have also been shown to
have prognostic potential in cancer. IncRNAs
isolated from serum exosomes of laryngeal
squamous cell carcinoma patients were found
to be elevated in the patients with lymph node
metastases and later disease stages [40].
However, the mechanism of IncRNA secretion
is not yet fully understood.

Proteins

To a certain extent, the exosomal protein con-
tent depends on the lineage, state of activa-
tion, and/or transformation of the parent cells.
Proteins enriched in exosomes are likely involv-
ed in vesicle genesis or trafficking (i.e., Tsg101,
ALIX, annexins, and Rab proteins) [41-43], sig-
nal transduction (i.e., kinases and G-proteins)
[44], cytoskeleton organization (i.e., actin and
tubulin) [44], Ag presentation or transport (i.e.,
MHC | and Il molecules and heat-shock pro-
teins) [45, 46], vesicle targeting to recipient
cells or extracellular matrix (i.e., integrins and
MFG-E8/lactadherin) [47, 48], protein organiza-
tion in membrane microdomains (i.e., tetraspa-
nins such as CD9, CD63, and CD8&1) [49], and
protection from complement-mediated lys-
is (i.e., CD55 and CD59) [50]. Exosomes also
contain enzymes required for RNA and protein
synthesis and degradation [20, 45]. Recently,
Théry et al. [51] established the first extensive
protein map of a particular exosome population
in dendritic cells. Twenty-one new exosomal pr-
oteins were identified, including cytoskeleton-
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Figure 1. The positive feedback loop favoring leukemia appears to operate in the leukemia microenvironment.
Exosomes produced in the bone marrow (BM) microenvironment by leukemia or stromal cells establish bidirec-
tional lines of communication between these cells and modify their functions: Exosomes released by leukemia cells
interact with endothelial cells to promote angiogenesis. These exosomes also influence the drug resistance of leu-
kemia cells and the development and differentiation of NK cells and T cells. Although leukemia cells in BM release
exosomes that alter the functions of mesenchymal stem cells and myeloid-derived suppressor cells, the role of the

exosome-mediated communication network is not well known.

related proteins, intracellular membrane trans-
port proteins and signaling factors, as well as a
novel category of apoptosis-related proteins.

Exosomes and leukemia

As expected, the roles of exosomes have been
extensively studied in both leukemia and solid
tumors. Studies examining leukemia exosom-
es have highlighted their possible roles in leuk-
emia development and progression (Figure 1).

Exosome-mediated cell-cell communication in
leukemia

The importance of the microenvironment in
leukemia progression has become widely reco-
gnized in recent years. Exosomes are small
extracellular vesicles that are enriched with
RNAs and proteins, released by various normal
cells and leukemia cells, and are present in
all body fluids. Thus, exosomes have been ac-
knowledged as important mediators of commu-
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nication among leukemia cells and in the stro-
mal microenvironment [52-54].

Exosomes in chronic myeloid leukemia: Exo-
somes derived from chronic myeloid leukemia
(CML) cells can be taken up by endothelial cells
and promote endothelial cell tube formation.
Exosomes from K562 cells induced dasatinib-
sensitive Src phosphorylation and activation of
downstream Src pathway proteins in endotheli-
al cells. Dasatinib activity may be greater than
imatinib (IM) activity due to the involvement of
Src in both leukemia cells and the angiogenic
microenvironment [55]. Furthermore, a study
from Tokyo Medical University found that pre-
miR-92a derived from K562 exosomes could
reduce the expression of the target gene integ-
rin a5 and then enhance endothelial cell mi-
gration and tube formation. miR-210 from CML
exosomes has been shown to combine with the
target gene Ephrin-A3 and play an important
role in the regulation of angiogenesis and VEGF
signaling [56, 57]. These findings demonstrate
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how leukemia cells may convey signals to the
microenvironment and indicate the therapeu-
tic potential of using exosome-derived miRNAs
in combination with currently available VEGF in-
hibitors. In addition, CML exosomes can estab-
lish an autocrine loop with their parent cells
through a ligand-receptor interaction mediated
by exosome-associated transforming growth
factor (TGF)-B1, followed by activation of the
extracellular signal-regulated kinase (ERK), pr-
otein kinase B (AKT) and nuclear factor (NF)-kB
signaling pathways, leading to increased CML
cell proliferation and survival [58]. These find-
ings provide a new understanding of the roles
of exosomes in cancer biology. The extensive
autocrine stimulation that occurs in tumors has
significant implications for innovative therapeu-
tic and biomarker strategies for leukemia. After
co-culture with bone marrow mesenchymal st-
em cells (BM-MSCs) and macrophages, K562-
derived exosomes affect the expression of va-
rious genes, including those encoding C-X-C
motif chemokine 12 (Cxcl12), Dickkopf-related
protein 1 (DKK1), wntba, interleukin 6 (IL-6),
and TNF-alpha, leading to increased producti-
on of NO and decreased production of reactive
oxygen species (ROS) in a time- and concentra-
tion-dependent manner [59]. hUCMSC-derived
exosomes enhanced the sensitivity of K562 ce-
lIs to IM via activation of the caspase signaling
pathway by increasing Bax expression and de-
creasing Bcl-2 expression. Therefore, combin-
ing IM with hUCMSC-derived exosomes may be
a promising approach to improve the efficacy
of CML treatment [60]. In addition, a BCR-ABL
transcript was detected in exosomes derived
from CML cell lines and the serum of CML
patients, reflecting the potential of exosomes
as detection targets for BCR-ABL [61].

Exosomes in acute myeloid leukemia: Com-
pared with parent cells, miRNAs were found to
be enriched in acute myeloid leukemia (AML)
cell-derived exosomes. Nine hematopoiesis/
leukemogenesis-related factors (i.e., GATA1,
FOXP3, SHIP1, ID1, E2F1, CEBP-a/-b, MEF2C
(20) and Myc) and 5 candidate biomarkers (i.e.,
NPM1, FLT3, CXCR4, MMP9, and IGF-1R) relat-
ed to the prognosis of AML were detected in
these exosomes. Kaplan-Meier analysis also
revealed that a high miR-125b level was related
to higher cumulative relapse and overall death
rates [62]. These findings suggest potentially
strong regulation of AML progression by exo-
somes. Moreover, significantly higher levels of
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miRNAs, including let-7a, miR-9, miR-99b, miR-
150, miR-155, miR-191, and miR-223, have
been found in AML cell-derived exosomes,
ranging from 2- to 40-fold enrichment com-
pared with the levels in parent cells [63].
Exosomes released by AML cells can be taken
up by bone marrow stromal cells (BMSCs).
BMSC expression of CXCR4, a target of miR-
150, was markedly decreased after co-culture
with AML cell-derived exosomes. As a result,
the migration of AML cells toward the chemo-
kine SDF-1a was significantly attenuated [63].
Cells of a specific AML subtype, i.e., acute pro-
myelocytic leukemia (APL) cells, also produced
considerable numbers of exosomes, which
were readily taken up by cultured endothelial
cells and triggered their increased survival. All-
trans-retinoic acid (ATRA) treatment changes
the emission profile of APL-related exosomes,
resulting in a preponderance of smaller vesi-
cles, which is an effect that occurs together
with the onset of cellular differentiation. ATRA
also increases IL-8 mRNA levels and protein
contents in APL cells and their exosomes while
decreasing VEGF and tissue factor (TF) levels.
Endothelial cell uptake of NB4-derived extra-
cellular vesicles results in these cells having
higher levels of TF and procoagulant activity,
and these effects are diminished by pre-treat-
ing the extracellular vesicle donor cells with
ATRA [64]. These observations highlight the
potential significance of changes in the angio-
genic signature and activity associated with
exosomes released from AML cells subjected
to targeted therapy.

AML cell-derived exosomes have also been
shown to participate in the suppression of
residual hematopoietic function preceding wi-
despread leukemic bone marrow invasion both
directly and indirectly via stromal components.
On the one hand, AML cell-derived exosomes
downregulate critical retention factors (i.e., SCF
and CXCL12) in stromal cells, leading to hema-
topoietic stem and progenitor cell (HSPC) mobi-
lization from the bone marrow. On the other
hand, they directly regulate HSPCs through
reduced clonogenicity and decreased expres-
sion of CXCR4, c-Kit, and other hematopoietic
transcription factors (i.e., c-M). Furthermore, ex-
osomes released from leukemia blasts have
been shown to suppress HPC functions indi-
rectly through stromal reprogramming of niche-
retention factors and to remodel the bone mar-
row niche into a leukemia growth-permissive
microenvironment [65].

Am J Cancer Res 2019;9(8):1815-1829



The roles of exosomes in leukemia

Exosomes in acute/chronic lymphocyte leuke-
mia: Only few studies have explored the rela-
tionship between exosomes and central ner-
vous system (CNS) leukemia after acute lym-
phoblastic leukemia (ALL). CNS leukemia cells
have strong chemoresistance and are associ-
ated with a high risk of relapse due to penetra-
tion of the blood brain barrier (BBB), but the
migration mechanism of leukemia cells remains
unclear. Kinjyo et al. [5] indicated that the IL-15
containing exosomes released by B acute lym-
phoblastic leukemia (BCP-ALL) cells contribute
to disruption of the BBB in engrafted mice.
Knockdown of either IL-15 or IL-15Ra reduced
the invasion of BCP-ALL cells into the CNS [66].

The pathogenesis of chronic lymphocytic leu-
kemia (CLL) is stringently associated with a
tumor-supportive microenvironment. After be-
ing taken up by stromal cells, circulating ex-
osomes can activate AKT/ERK and NF-kB si-
gnaling and then stimulate stromal cells to in-
duce inflammatory and protumorigenic environ-
mental conditions, including increased angio-
genesis, thus supporting the survival and out-
growth of CLL cells [67]. In addition, this is the
first report describing a possible role of leuke-
mia cell-derived exosomes in cancer-associat-
ed fibroblast (CAF) formation. Combined with
the observation of exosome-mediated angio-
genesis and the cross-talk among tumor cells,
endothelial cells, and CAFs, tumor-derived exo-
somes may direct the activities of surrounding
cells in hematologic neoplasms. More impor-
tantly, the exosomes control the evolution of
CLL. A study on the differential contents of
plasma-derived exosomes from CLL patients
and Richter syndrome patients was performed
using an miR direct hybridization plate array.
The authors suggested that miRNA-19b was
the most statistically significantly upregulat-
ed miRNA in CLL. Furthermore, miRNA-19b en-
hanced the proliferation and even the invasion
potential of CLL by downregulating TP53 and
upregulating MKIG7 indirectly, leading to the
evolution of therapy-resistant CLL toward RS
[68].

Exosomes in drug resistance

Drug resistance is the main cause of leukemia
treatment failure. Notably, stromal cell-derived
exosomes also mediate leukemia cell drug re-
sistance. Yeh et al. [69]. showed that CLL plas-
ma-derived exosomes possess an enriched
leukemia-associated miRNA signature, includ-
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ing the miR-29 family, miR-150, miR-155, and
miR-223; this signature was associated with a
poor CLL outcome. The exosome level in the
plasma of CLL patients was significantly sup-
pressed by ibrutinib treatment. Moreover, exo-
somes could counteract the effect of antibody-
based drugs by modulating their binding to
tumor cells. Lymphoma exosomes carry CD20,
which binds therapeutic anti-CD20 antibodies
and protects target cells from antibody attack
[70].

However, chemoresistance occurs frequently in
AML cells. Exosomes have also been found to
participate in the development of drug resis-
tance in myeloid neoplasms. yb, Cebp-B, and
Hoxa-9) [65]. A recent study indicated that AML
cells secrete VEGF/VEGFR-containing exosom-
es that induce glycolysis in HUVECs, leading to
vascular remodeling and acquisition of chemo-
resistance [8]. AML-derived plasma exosomes
mediate the intercellular transfer of regulatory
proteins, including B-cell CLL/lymphoma 2
(BCL-2), myeloid cell leukemia 1 (MCL-1), BCL-2-
like 1 isoform 1 (BCL-XL) and BCL-2-associated
X protein (BAX); thus, these exosomes were
identified as important determinants of therapy
resistance [71]. Liu et al. [72] found that phos-
phoinositide 3-kinase (PI3K)/AKT/mammalian
target of rapamycin (MTOR) signaling and
autophagic activity were increased significantly
in the IM-resistant CML cell line K562
(K562R™MT), In addition, mTOR-independent
beclin-1/Vps34 signaling was shown to be
involved in exosomal release from these cells.
Dasatinib can promote apoptosis throu-
gh downregulation of AKT/mTOR activities while
also preventing exosomal release and inhibi-
ting autophagy by downregulating the expr-
ession of beclin-1 and Vps34 in K562R™MT cells.
Min QH [73] indicated that the level of miR-
365 was significantly higher in exosomes de-
rived from drug-resistant CML cells than that
in exosomes derived from sensitive cells. IM-
sensitive CML cells transfected with pre-miR-
365 displayed lower chemosensitivity and a
decreased apoptosis rate compared with con-
trols. Exosomal transfer of miR-365 induced
drug resistance by inhibiting the expression of
pro-apoptosis proteins in sensitive CML cells.

Exosomes in immune dysfunction

Understanding the interaction between imm-
une cells and leukemia cells is critical for the
development of successful immunotherapeutic
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strategies. Clayton et al. [74] reported that the
proliferation of healthy donor peripheral blood
lymphocytes in response to IL-2 was inhibit-
ed by tumor exosomes. In addition, this effect
was observed in all unfractionated lymphocyte
subsets. Separating CD4+ T cells, CD8+ T cells,
and natural killer (NK) cells revealed that CD8+
T cell proliferation was not inhibited in the ab-
sence of CD4+ T cells and that NK cell prolifera-
tion was only slightly impaired. Other exosome
effects included selective impairment of IL-2-
mediated CD25 upregulation, which affected
all subsets except for the CD3+CD8+ T cell sub-
set, indicating an exosome-mediated mecha-
nism of skewing IL-2 responsiveness in favor of
regulatory T cells at the expense of cytotoxic
cells. Another study showed that Hsp72 on
leukemia cell-derived exosomes promotes the
immunosuppressive activity of myeloid-deriv-
ed suppressor cells (MDSCs) by activating the
IL-6/STAT3 pathway [75]. Exosomes derived fr-
om BMSCs can also enhance the suppressive
activity of MDSCs toward T cells via the STAT3/
STAT1 pathways and anti-apoptosis proteins
BCL-XL and Mcl-1 [76]. Recently, Szczepanskiet
et al. [77] showed that AML cell-derived exo-
somes carried high levels of TGF-B1 and sup-
pressed the immune functions of NK cells by
reducing their cytotoxic potential and downreg-
ulating the expression of natural-killer group-2
member D (NKG2D). The NKG2D ligand was
detected on Jurkat and Raji cell-derived exo-
somes; this ligand can downregulate NKG2D
and impair NK cell function [78]. Reiners et al.
[79] found that soluble CLL plasma factors sup-
pressed NK cell cytotoxicity and downregulated
the surface receptors CD16 and CD56 on NK
cells from healthy donors. The inhibition of NK
cell cytotoxicity was attributed to the soluble
ligand BAG6/BAT3, which engages the activat-
ing receptor NKp30 expressed on NK cells.
Moreover, these findings reveal potential thera-
peutic strategies using exosomes as immuno-
therapeutic agents to regulate NK cell function
in leukemia patients.

Exosome enrichment in patient plasma and its
potential role in leukemia therapeutics

In patients with melanoma and other solid tu-
mors, the total protein levels of exosome frac-
tions isolated from plasma have been report-
ed to reflect the disease stage, tumor burden,
response to therapy, and even survival, with pa-
tients characterized by high exosomal protein
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levels exhibiting more advanced diseases and
shorter survival times [80-82]. In addition, the
protein contents of exosomes isolated from the
plasma of newly diagnosed leukemia patients
have also been found to be enhanced com-
pared with those found in normal control plas-
ma. Exosomes as biomarkers have great poten-
tial for the diagnosis of cancer. However, the
low concentration of cancer-derived exosomes
present in biofluids complicates early diagno-
sis. A new technology was established using
GNP-DNA-FAM conjugates to amplify MB-CD63-
labeled leukemia-derived exosomes; thus, con-
centrations as low as 1 x 10?2 particles per yL of
exosomes could be detected [83]. De Miguel et
al. [84] found that exosomes derived from
human hematologic tumor cells carried special
molecular membrane markers, including TGF-
B4, MHC class | polypeptide-related sequence
A/B (MICA/MICB) and myeloid blast markers
CD34,CD33andCD117;furthermore,theseexoso-
mes were found to attenuate NK cell cytotoxic-
ity. These researchers generated artificial lipid
vesicles coated with bioactive Apo2 ligand/
TNF-related apoptosis-inducing ligand (Apo2L/
TRAIL) that resembled natural exosomes. This
lipid framework (i.e., large, unilamellar vesicles
(LUVs)-Apo2L/TRAIL) greatly improved Apo2L/
TRAIL activity. The liposome-bound Apo2L/TR-
AIL overcame the resistance to soluble recom-
binant Apo2L/TRAIL exhibited by Jurkat cell
mutants (Jurkat-shBak) and was also effective
against other hematologic tumor cells. Further-
more, Szczepanski et al. [77] reported that
blast-derived exosomes in sera from patients
with AML have elevated protein and TGF-B1
contents and inhibit NK cell cytotoxicity. A po-
tential role of exosomes in predicting respons-
es to chemotherapy was evaluated in AML pa-
tients undergoing treatment. At diagnosis, pro-
tein and TGF-B1 levels were higher in AML exo-
somes than those in control exosomes. These
values decreased after induction chemothera-
py, increased during consolidation chemothe-
rapy, and normalized during long-term, comple-
te remission. Changes in exosomal protein
and/or TGF-B1 contents may reflect responses
to CT. Exosomal profiles may suggest the pres-
ence of residual disease in patients considered
to have achieved complete remission [85]. CLL
patients also exhibited higher levels of exoso-
mes than healthy controls. CLL-unique micro-
RNAs, including the miR-29 family, miR-150,
miR-155 and miR-223, were also detected in
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plasma-derived exosomes. miR-125b in serum-
derived exosomes was recently confirmed to be
a potential biomaker for a poor prognosis in
intermediate-risk AML patients, including indi-
viduals with the FLT3 or MLL mutation [62]. In
addition, the number of exosomes was signifi-
cantly decreased after ibrutinib therapy. Fur-
ther studies revealed that B cell receptor (BCR)
signaling was the key pathway involved in en-
hanced exosome secretion [69]. Overall, these
studies reflect the positive correlation between
plasma-derived exosomes and the leukemia
cell burden, as well as the considerable poten-
tial of plasma-derived exosomes for use as pre-
dictors of AML remission after chemotherapy.

Detection of the contents of exosomes in pl-
asma has also been used in CML therapy, es-
pecially in clinical trials for tyrosine kinase in-
hibitor discontinuation [86, 87]. Approximately
40% of CML patients who discontinue IM thera-
py maintain undetectable minimal residual dis-
ease for more than one year after stopping IM
(STOP-IM). Ohyashiki et al. [88] found that exo-
somal miR-215 and plasma miR-215 levels
were downregulated in the STOP-IM group com-
pared with those in the control group, indicat-
ing that the biological relevance of the miR-215
level in plasma and in exosomes is equivalent.
Patients with low plasma miR-215 levels had
significantly higher total IM intake than patien-
ts with elevated miR-215 levels. A functional
annotation of miR-215 target genes estimated
by the bioinformatic Database for Annotation,
Visualization and Integrated Discovery (DAVID)
involved the cell cycle, mitosis, DNA repair and
cell cycle checkpoints. This study suggests a
possible role of miR-215 in successful IM dis-
continuation. Further prospective studies may
provide new insights into the relationship bet-
ween miR-215 and therapy-free remission in
CML patients.

Evidence from a preclinical myocardial infa-
rction model showed that mesenchymal stem
cell (MSC) immune-modulating factors are also
secreted ex vivo and reside in supernatant fr-
actions that are highly enriched with exosomes
that bud from the plasma membrane [89]. Kor-
delas et al. [90] used MSC-derived exosomes
to treat graft-versus-host disease (GVHD). The
number of MSC exosomes obtained from the
supernatant of 4 x 107 MSCs was calculated as
a corresponding dosage for the bodyweight of a
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specific patient and was defined as 1 unit. Unit
quantities were gradually increased and were
administered every 2-3 days until a 4 x dosage
(i.e., 4 units) was reached. Compared with the
values determined before MSC-exosome thera-
py, the levels of IL-1, TNF-alpha, and IFN-gamma
produced by PBMCs were reduced by more
than 50% after the last treatment administra-
tion. Clinical GVHD symptoms improved signifi-
cantly shortly after the start of MSC-exosome
therapy. Due to the clinical response to MSC-
exosome therapy, the steroid dosage could be
reduced from 125 mg/d to 30 mg/d. The pa-
tient was stable for several months. These find-
ings indicate that MSC-derived exosomes may
serve as a new and safe tool for treating thera-
py-refractory GVHD and potentially for other
inflammation- associated diseases. Leukemic
stem cells (LSCs) are responsible for AML che-
motherapy resistance and relapse. Lower ex-
pression of miR-34c-5p in LSCs was closely
correlated with an adverse prognosis and poor
responses to therapy in AML patients. Fur-
thermore, miR-34c¢-5p can increase its intracel-
lular level by inhibiting exosome-mediated
transfer via a positive feedback loop through
RAB27B, a molecule that promotes exosome
shedding [91]. Recently, tumor cell-derived exo-
somes have attracted attention as a source of
tumor antigens for use in vaccines [92]. Tumor
cell-derived exosomes harbor tumor-related an-
tigens and can induce potent antitumor immu-
ne responses [93]. Dendritic cell (DC) immuno-
therapy has been considered a potential main-
tenance therapy for leukemia due to its effec-
tive reduction of relapse rates and improve-
ment in survival. Exosomes isolated from ma-
lignant effusions can transfer tumor antigens
to dendritic cells and induce specific cytotoxic T
lymphocyte (CTL) responses and antitumor im-
munity [94, 95]. Yao et al. [96] investigated the
biological characteristics of exosomes derived
from K562 leukemia cells and their ability to
induce anti leukemic immunity. They revealed
that K562 cell-derived exosomes harbor the
BCR-ABL fusion protein, which is expressed in
the original K562 cell line. Furthermore, this
study showed that K562 cell-derived exosomes
can be taken up by DCs in vitro, and that leuke-
mia cell-derived exosome-pulsed DCs induce
a stronger antigen-specific anti leukemic CTL
immune response in vivo. Vaccines based on
leukemia cell-derived exosomes have been su-
ggested as a potential therapy for prolonging
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Table 1. Exosome mediate the cell communication in leukemia hematopoietic microenvironment

RESOURCE RECEIVE CELL ~ KEY MOLECULE TARGET GENE PATHWAY FUNCTION REFERENCE
AML HUVECs VEGF/VEGFR induce glycolysis, vascular remodeling [8]
and acquisition of chemoresistance
AML BMSCs CXCR4 Promote migration [63]
AML BMSCs CXCR4, c-Kit promote HSPC mobilization [65]
AML BCL-2 therapy resistance [71]
AML MDSCs IL-6/STAT3 immunosuppressive activity [75]
signaling
AML NK cells TGF-B1 NKG2D suppressed the immune functions [77]
NB4 ECs procoagulant activity [64]
drug-resistant CML sensitive CML miR-365 pro-apoptosis proteins drug resistance [73]
CML ECs miR-210 Ephrin-A3 VEGF signaling decresed angiogenesis [57]
K562 ECs pre-miR-92a integrin ab Promote cell migration, tube formation [56]
K562 BMSCs Cxcl12, DKK1, wntba, IL-6  VEGF signaling decreased production of reactive oxygen [59]
species (ROS)
BCP-ALL IL-15 disruption of the blood brain barrier (BBB) [66]
CLL MSCs - AKT/ERK and induce inflammatory and protumorigenic [67]
NF-kB signaling environmental conditions
CLL miR-150, miR- associated with a poor CLL outcome [69]
155, and miR-223
CLL NK cells CD16, CD56 suppressed cytotoxicity [79]
APL ECs increased survival [64]

Note: leukemia cell derived exosmes affected the other cells of hematopoietic microenvironment via transfor a variety of content. ‘-’ means there are no detailed informations.
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the disease-free survival of leukemia patients
after chemotherapy or hematopoietic stem cell
transplantation. By internalizing AML-derived
exosomes, the lethality of DCs was significant-
ly reduced, which was accompanied by decre-
ased production of INF-y, but the expression of
maturation marker CD86, which promotes T ce-
Il proliferation, did not change. Interestingly,
DCs showed stronger toxicity toward target ce-
lls with increased expression of CD86 after in-
cubation with the exosomes of K562 cells [97].

Perspectives

The current review provides a detailed descrip-
tion of exosomal biology and function in the
context of leukemia (Table 1). In future studies,
the following issues need to be addressed. (i)
The isolation of exosomes is difficult because
exosomes are very small. Validated isolation
methods have certain disadvantages. New
methods of isolating and identifying exosomes
need to be established, and these methods will
effectively promote the precise study of exo-
somes. (ii) Whether exosome compositions
have interactive relationships is unclear.
Establishing a nucleic acid-protein interactome
map of exosomes from different cells will help
to further understand the role of exosomes in
angiogenesis, drug resistance and immune
suppression. (iii) Studies have shown that exo-
somes can suppress the immune functions of
NK/T cells. Although these results are prelimi-
nary, they strongly suggest that exosomes play
important roles in leukemia cell immune
escape. In view of the great achievements in
recent years in the field of leukemia immuno-
therapy, the relationship between exosomes
and leukemia immunity merits further investi-
gation. (iv) The unique molecular membrane
markers of exosome fractions isolated from
plasma have been reported to reflect the dis-
ease stage, leukemia cell burden, response to
therapy, and even survival. Thus, one can rea-
sonably speculate that exosomes may be an
important indicator of leukemia progression.
However, the exact relationship between the
levels of exosome protein markers and the
state of leukemia has not yet been clarified.
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