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Extracellular vesicles (EVs) are various sets of cell-derived membranous
structures containing lipids, nucleic acids, and proteins secreted by both
eukaryotic and prokaryotic cells. It is now well recognized that EVs are key
intercellular communication mediators, allowing the functional transfer of
biocactive chemicals from one cell to another in both healthy and pathological
pathways. It is evident that the condition of the producer cells heavily influences
the composition of EVs. Hence, phenotypic changes in the parent cells are
mirrored in the design of the secreted EVs. As a result, EVs have been investigated
for a wide range of medicinal and diagnostic uses in different hematological
diseases. EVs have only recently been studied in the context of Chronic Myeloid
Leukemia (CML), a blood malignancy defined by the chromosomal
rearrangement t(9;22) and the fusion gene BCR-ABLL. The findings range from
the impact on pathogenesis to the possible use of EVs as medicinal chemical
carriers. This review aims to provide for the first time an update on our
understanding of EVs as carriers of CML biomarkers for minimal residual
disease monitoring, therapy response, and its management, as well as the
limited reports on the use of EVs as therapeutic shuttles for innovative
treatment approaches.
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1 Pathogenesis of Chronic
Myeloid Leukemia

Chronic Myeloid Leukemia (CML) is a blood cancer
characterized by the uncontrolled growth of myeloid cells at
different stages of maturation that may be detected both in the
bone marrow (BM) and in the peripheral blood (PB) (1). Classically
subdivided into three clinical forms, the chronic (CP), accelerated
(AP), and blastic phases (BP), the CML represented the pathfinder
for many discoveries in the medical domain (2). The translocation t
(9;22), also known as Philadelphia (Ph)-chromosome, was
identified as the hallmark of CML (3), and the subsequent
identified BCR-ABL1 fusion gene is the central player in the
pathogenesis of CML. BCR-ABLI encodes a 210 KD chimeric
protein with constitutively active tyrosine kinase activity that
promotes several downstream signaling pathways in neoplastic
cells (4). In particular, the expression of this oncoprotein leads to
altered adhesion to stromal cells and the extracellular matrix,
promoting survival and inhibiting apoptosis (3). In addition,
cellular transformation and the acquisition of self-renewal
capacity are facilitated. Tyrosine kinase inhibitors (TKIs) are the
mainstay of current CML treatment. Thanks to their
administration, high remission rates have been recorded, and
improvements in patient survival rates have been observed.
Current guidelines endorse using imatinib, dasatinib, nilotinib,
and bosutinib as frontline treatment options in CML patients (5).
On the other hand, third-generation TKI ponatinib and newer
asciminib are intended for patients previously treated with two or
more TKIs or those harboring the T315I mutation (6). Nevertheless,
CML continues to be a significant challenge in clinical practice due
to the difficulty in predicting its progression and prognosis and the
inter-patients variability in CP’s duration and treatment response.
Indeed, the presence of the BCR-ABLI oncoprotein is known to
provide for the acquisition of additional genetic abnormalities,
likely by increased genomic instability (7). The consequence of
this clonal evolution is associated with an increased incidence of
relapse, poor prognosis, resistance to TKIs treatment, and,
unfortunately, the advancement into blastic crisis (8). The more
frequent additional genetic abnormalities detected are duplication
of the Ph chromosome, trisomy 8, isochromosome 17, loss of
chromosome Y or monosomy 7. In addition, like other
hematological malignancies, loss of Tp53 is associated with
increased resistance to apoptosis (9, 10). Other important
elements in the CML scenario are the leukemic stem cells (LSC)
resident in the bone marrow niche. LSC are characterized by the
presence of BCR-ABLI rearrangement and a quiescence that leads
to the absence of BCR:ABLI transcript. The non-transcription of
the fusion gene makes LSC undetectable by conventional
approaches, such as the quantification of BCR:ABLI transcript by
real-time PCR that is the basis of the minimal residual disease
(MRD) monitoring (11, 12). Recently, extracellular vesicles (EVs)
and exosomes have generated considerable interest in cancer
research (13-15). Increasing evidence suggests that these vesicles
are important in regulating immune stimulation or suppression that
can drive inflammatory, autoimmune, and infectious disease
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pathology (16). Given their involvement in disease progression
and treatment resistance, EVs have been proven to play an active
role in the tumor microenvironment (TME) in the past few years
(17, 18). Several findings indicate that they also play a key role in the
hematological field and appear to be actively released by LSC. Less is
known about their function in CML, especially regarding their
potential clinical significance. The purpose of this review is to
provide for the first time an overview of the data presented about
EVs in CML with a special focus on their role as a shuttle of disease
markers and, wherever possible, as new therapeutic approaches.

2 The extracellular vesicles

Extracellular vesicles (EVs) are a heterogeneous group of cell-
derived membranous structures secreted by both eukaryotic and
prokaryotic cells containing lipids, nucleic acids, and proteins.
Chargaff and West firstly observed EVs as procoagulant platelet-
derived particles in normal plasma in the mid-40s (19). Their
presence in various body fluids was then discovered through
several studies during the 1970s-80s (20-22). Concomitantly,
other researchers observed their origin from tumor masses. The
term exosome was born in the same period, referring to vesicles
released by multi-vesicular bodies that fuse with the cell membrane.
Finally, in the early 2000s, thanks to the evidence that EVs contain
nucleic acids, including RNAs such as microRNA (miRNA), EVs
acquired substantially renewed interest as players in the cell-to-cell
communication (23, 24). Advancing on these pioneering studies,
EVs have been resulted as released by most cell types and isolated
from different biological fluids (25, 26).

In 2012 The International Society for Extracellular Vesicles
(ISEV) was founded. ISEV, including scientists involved in the
study of extracellularly secreted vesicles, is considered the reference
for the EVs classification and EVs analysis promotion. Based on the
current knowledge, EVs can be roughly classified into two main
subtypes regarding their physical characteristics and biogenesis
pathway: small-EVs (sEVs) and large-EV. The formers have a
diameter that ranges between 30-150 nm and include the so-
called exosomes. These vesicles derive from intraluminal vesicles
formed by the inward budding of the endosomal membrane during
the maturation of multivesicular endosomes (MVEs). These are
intermediates within the endosomal system and released through
the fusion of MVEs with the cell surface. On the other hand, large-
EVs represent a heterogeneous population of microvesicles with a
diameter that can reach up to 1000 nm. Large vesicles are generated
by the outward budding and fission of the cellular lipid membrane
and the subsequent secretion of vesicles into the extracellular space
(27). As previously stated, EVs are currently established as pivotal
mediators of intercellular communication, capable of functionally
transferring bioactive molecules from the cell of origin to another in
both physiological and pathological pathways. Indeed, released EV's
may interact with the releasing cells, therefore acting as autocrine
mediators, and with other cell types located both close and far from
the cell of origin. Indeed, they act as paracrine or endocrine
mediators. EVs exchange information between cells by shuttling
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several types of molecules, such as proteins, lipids, and the above
reported nucleic acids, many of which are selectively sorted inside
vesicles (28). Among these regulatory molecules, the miRNAs are
expressed by all cell types. Identifying miRNA related to
hematological diseases opened up new avenues in biomarkers
research. MiRNAs are a family of short, noncoding RNAs that
participate in the post-transcriptional regulation of gene expression.
They modulate the translation of messenger RNAs (mRNAs)
through mechanisms based on the binding of complementary
sequences to 3'UTR of mRNA. Their expression is a dynamic
process that reflects the evolution of the physiological and
pathological condition at the cellular level, which could be an
innovative tool in the hematological fields. Indeed, it is well
known that they play key roles in almost every cellular process (29).

It is clear that EV's composition largely depends on the status of
the producer cells and therefore, one can say that phenotypic
alterations in the cell of origin are mirrored by the composition
of the secreted EVs, both in terms of EVs type and in terms of
cargoes. As a consequence, a multitude of therapeutic and
diagnostic applications have been explored for EVs (30, 31).
Diagnostic applications take advantage of the different
information shuttled by the specific EVs, like the presence of a
genetic mutation associated with a disease. On the other hand,
therapeutic approaches exploit the EVs capacity to carry and release
potentially bioactive molecules (32). In the CML context, the main
cells with which the leukemic cell communicates via sEVs are
hematopoietic and mesenchymal stem cells, myeloid-derived
suppressor cells and endothelial cells (ECs) (33). It is well known
that tumor-derived EVs have a remarkable impact on the different
recipient cells. Indeed, their effect on cellular proliferation and
resistance to apoptosis, induction of angiogenesis, evasion from
immune response, transfer of mutations, and modulation of the
TME sustains their role as central mediators in key cancer
processes. Recent studies confirmed the above-cited pro-
tumorigenic activity also in the case of CML-derived EVs. In fact,
recent data suggest that they could establish an autocrine loop with
their producing cells, through a ligand-receptor interaction
mediated by the exosome-associate TGF-f1 (34). Taverna et al.
underlined that EVs released from CML cells could affect ECs
directly by inducing their release of proangiogenic cytokines, such
as IL8, thus modulating neovascularization, which plays an
important role in the development and progression of CML (35).
The same group has also highlighted that exosomal transfer of miR-
126 to ECs directly modulates the adhesive and migratory abilities
of CML cells themselves. Other groups reported that the
communication between CML cells and surrounding BM stromal
cells by CML-derived EVs leads to the inhibition of osteogenesis
and thus promotes CML progression. Together, they showed that
CML-derived EVs reduce the tumor-suppressive miR-320 in donor
cells, resulting in enhanced cell growth in vivo models (36).
Additionally, CML-derived EVs released by in vitro models may
transfer the BCR:ABL1 mRNA to normal BM cells, inducing BCR-
ABL1 ectopic expression. This intercellular transfer of active
biomolecules changes cells’ behavior and promotes disease
progression. The disease progression is partially favored by
changes in the TME (37) and the immune system’s tolerance. It
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could be driven by leukemia-derived EVs, as supposed by an
Iranian Group who reported that EVs derived by an in vitro
model of CML drive a tumor-favorable functional performance in
T cells (38). This latter evidence has been confirmed by Swatler and
colleagues, who demonstrated that leukemic sEVs derived from
CML cells promoted leukemia engraftment, associated with an
abundance of immunosuppressive T regulatory lymphocytes
(Tregs). In the used animal model, the recipient cells changed
their transcriptional profile and activated a suppressive activity and
effector phenotype by regulating specific receptors’ expression (39,
40). For these reasons, the analysis of SEVs’ features, cargoes, and
their potential roles in pathogenesis investigations, patients’
management, and therapy delivery increased the interest of
scientists in these small “bullets”.

3 sEVs as shuttle of CML markers

As reported above, circulating sEVs cargo has been deeply
analyzed to detect potential shuttled leukemia markers (41).
Despite the recurring availability of leukemic cells in myeloid
leukemias in either BM and/or PB, many groups have conducted
studies aiming to improve the sensitivity of the analysis and to
reduce the number of invasive and painful BM biopsy (42).
Considering the role played by the sEVs and the successful results
obtained in the solid tumors by oncologists, these sEVs have also
been investigated for their ability to shuttle leukemic biomarkers.
DNA, miRNA, mRNA, protein, or lipid profiles associated with
different hematologic malignancies are expected to be identified in
patients’ sEVs (43). In the CML scenario, the recent insight of
circulating sEVs as leukemic biomarkers has highlighted their
potential for more sensitive liquid biopsy approaches for an
accurate MRD monitoring, a TFR optimization, and an optimal
evaluation of drug efficacy. In the following sections, we will
critically present and discuss the main results of these pivotal
aspects of adult CML patient management.

3.1 sEVs for CML MRD monitoring

Thanks to the high efficacy of TKIs targeting BCR-ABLI, the
efforts of physicians involved in CML moved from “save the
patient” to “monitor the patient” as best as possible. The present
strategy for MRD monitoring is based on the quantification of
BCR::ABLI transcript on PB cells, normalized for a reference gene
(ABL1 is mainly used). The MRD quantification is internationally
standardized and routinely performed by quantitative real-time
PCR (RT-qPCR). Two main molecular classes are identifiable.
Major Molecular Response (MMR) and Deep Molecular Response
(DMR). MMR (also defined as MR3.0) consists of the reduction of
the BCR:ABLI transcript level by at least 3 logs and results in BCR::
ABL1/ABLI ratio < 0,1%. DMR, defined as a BCR::ABL1/ABL1
ratio < 0.01%, can be further subdivided into MR4.0, MR4.5, or
MR5.0 when the logarithmic reduction is 4, 4.5, or 5 logs. These
reductions are identifiable by BCR:ABL1/ABLI ratio < 0.01%, <
0.0032%, and < 0.001%, respectively. The sample is considered good

frontiersin.org


https://doi.org/10.3389/fonc.2023.1239042
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Bernardi et al.

quality when ABL1 transcript copies are more than 10.000 at
MR4.0, 32.000 at MR4.5, and 100.000 at MR5 (44). These
minimums are essential for the definition of the DMR classes in
case of undetectable BCR::ABL1 transcript.

Due to the pivotal importance of MRD monitoring in CML
patients, sEVs seemed to be very interesting biological tools to
support a sensitive, reliable, and relevant detection of resident active
leukemic cells. Some years ago, CML researchers questioned the
potential role of CML-derived vesicles as disease biomarkers and
new sources for the detection of the BCR::ABLI transcript. The first
method relied on the isolation of EVs from the plasma of CML
patients via ExoQuickTM Exosome Precipitation Solution and the
identification of BCR::ABL1 transcripts based on nested PCR. Even
though only patients in the blast and accelerated phases pre-sent
BCR:ABL1 transcript within vesicular cargo, vesicular RNA
sequence analysis indicated 99% similarity with human cellular
BCR::ABLI (45). Further studies have been carried out as a result of
the development of more sophisticated and potent technologies for
sEVs isolation and transcript detection, such as dPCR (46, 47).
Specifically, it was reported the feasibility of detecting BCR::ABLI
vesicular transcripts in CP-treated CML patients with undetectable
MRD levels by standard monitoring (48). The hypothesis of using
sEVs content analysis to enhance the detection of active leukemia
cells still present in patients’ bodies has been highlighted by this
crucial result. Bernardi et al. used a commercial kit immuno-
capturing sEVs expressing a pan-cancer antigen to examine the
viability of a leukemia-derived sEVs enrichment. Leukemia sEVs
enrichment and a BCR:ABLI transcript detection technique based
on dPCR gave the proposed approach a head start (49). The
researchers showed for the first time that BCR:ABL1 transcripts
could be detected in exosomes circulating in CML patients’ PB, even
in cases of patients under TKIs treatment and presenting
undetectable MRD levels (50). Moreover, these BCR::ABL1-
positive exosomes have been reported as useful in determining
the molecular remission grade.

Deviating from the classical MRD monitoring strategy based on
the cellular BCR::ABLI1 transcript quantification, in the last decade
the role of miRNAs in various biological developmental processes
and the alteration of their expression was found to broadly influence
the phenotype of many cancer subtypes. Many studies have
identified hundreds of differentially expressed genes at each stage
of the disease using the microarray approach on CML cell lines (51,

10.3389/fonc.2023.1239042

52). Flamant and colleagues showed an increased expression of
miR-150 and miR-146a, and reduced expression of miR-142-3p and
miR-199b-5p in CML cells after 2 weeks of TKI treatment,
identifying miRNA as easily measurable biomarkers to monitor
the response to TKI (53). Indirectly, it may be considered a measure
of viable leukemic cells. Similar recently published results
demonstrated that a higher miR-150 and miR-146a expression
level predict early response rate in imatinib-treated CML patients
(54, 55). Other groups described vesicular miR-29b, miR-320a,
miR-30a, and miR-30e as overexpressed in a CML cell line. These
miRNA showed to play a role of tumor suppressor, reducing cell
proliferation and inducing apoptosis by interfering with BCR-ABLI1
activated pathways (56, 57). Moreover, the comparison of vesicular
miRNAs between CML patients and healthy subjects highlighted a
set of these non-coding RNA differentially expressed in CML
patients. This evidence suggests they could play a role in the
clinical diagnosis, prognostication, and evaluation of treatment
response. For example, the expression of miR-506 and mir451a
was shown to be noticeably lower in CML patients than in healthy
controls. Moreover, the expression is significantly reduced by the
leukemic progression in AP and BP (58, 59). On the other hand,
miR-21 increased in CML patients with higher expression in the
advanced stages of the disease (60). Some of the main relevant
differences in vesicular miRNA expression in CML are recapitulated
in Table 1.

A very interesting breakthrough in the field of sEVs was
directed by Valadi and colleagues in 2007. They first reported
that exosomes, along with their lipid and protein cargo, contain a
significant amount of nucleic acids, particularly mRNAs (24), which
lately resulted in translatable into proteins by recipient cells (64).
This means that EVs shuttle genetic information. Of note, the term
“exosomes” used in the presented studies refers to the EVs
classification valid at the time of publication. These new findings,
along with the multiple studies regarding the role of miRNAs as
disease markers, open the way for exploring vesicular ribonucleic
acids as novel reliable disease biomarkers in MRD monitoring.

3.2 sEVs in TFR optimization

Among CML patients, a number of them may sustain a TKIs
therapy discontinuation, after which they may achieve “treatment-

TABLE 1 Differences in vesicular miRNA expression in CML and their potential implication in clinical practice.

miRNA EVs Source Expression Biomarker Ref
miR-506 Serum Down-regulation Diagnostic, Prognostic (58)
miR-451a Plasma Down-regulation Prognostic (59)
miR-21 Blood Up-regulation Prognostic,treatment response (60)
miR-146a Plasma Up-regulation Treatment response (54)
miR-148b Blood Down-regulation Treatment response (61)
miR-215 Plasma Down-regulation Treatment response (62)
miR-199b Plasma Down-regulation Treatment response (63)

EVs, Extracellular Vesicles.
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free remission” (TFR) (65). Generally, TKIs discontinuation
strategy is adopted in patients that present deep and durable (2 or
3 years) molecular response (DMR), as routinely assessed through
RT-qPCR. Nevertheless, many clinical trials demonstrated that no
more than 50% can maintain TRF (66). In the last years, it has
become clear that the intrinsic limitations of RT-qPCR, among
which is the reduced precision in the quantification of the low levels
of the target (BCR::ABLI transcript), are to be considered the main
culprit in the erroneous selection of patients eligible for a TKIs
discontinuation program. As anticipated, the advent of dPCR
opened the way for novel MRD monitoring strategies. dPCR was
developed to overcome some of the major limitations of
conventional amplification technologies, increasing precision,
accuracy, and sensitivity. Bernardi and colleagues underlined that
dPCR offers an accurate quantification of BCR::ABL1 transcripts in
circulating sEVs, even in patients presenting undetectable MRD
levels by conventional monitor. Indeed, it has been proven the
capacity of this strategy to improve the detectability of cells
releasing BCR::ABLI-positive sEVs. Would this approach support
the selection of patients eligible for TKIs therapy discontinuation
aiming at TFR? (50). Further studies are needed to answer this
question, even if the preliminary results reported in other disease
settings are very encouraging (67-69). In order to find potential
alternative markers for stopping TKIs use, the role of vesicular
miRNA has also been studied. In particular, miR-215 expression
was downregulated in the research by Kazuma Ohyashiki et al., both
at the cellular and sEVs levels, in CML cases with successful
imatinib discontinuation (62). The same authors found that the
downregulation of miR-148b had similar effects in TFR patients
(61). This data indicates that these miRNA may help with immune
surveillance in CML patients with safe TKI discontinuation (61, 62).

Regardless, achieving TFR in a CML setting involves the
management of several side effects. Musculoskeletal pain is a
common symptom following TKIs discontinuation. However,
further insight is still needed to determine the potential
contributing variables to this clinical condition. The discovery of
a potential main character was made possible by analyzing the
exosomal miRNA that circulates in CML patients who have stopped
using TKIs. TagMan low-density array was used to profile exosomal
miRNAs, and the results showed that exosomal miR140-3p was
substantially elevated in CML patients who reported
musculoskeletal pain compared to patients who did not (p =
0.0336) and healthy controls (p = 0.0022). MiR140-3p is thought
to have a biological role in inflammation, and CML patients who
have experienced symptom relief have substantially lower exosomal
levels of the protein. These findings suggest that exosomal miRNA
analysis could be used to identify treatment side effects or
effectiveness when TKIs are being used (70).

3.3 sEVs for therapy efficacy

Despite the TKIs’ above-mentioned remarkable effectiveness in
treating CML, a tiny percentage of patients develop drug resistance
while receiving TKIs therapy. Physicians are still triggered by it. The
BCR-ABLLI protein’s acquired point mutations are primarily linked
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to TKIs resistance, but little is known about how resistance traits
can develop in cells lacking these variants. One of the most recent
processes, similar to what has been seen in acute myeloid leukemia
cells, is the vesicular-mediated transfer of molecules from resistant
to sensitive CML cells (71). In particular, high levels of exosomal
miR365 have been reported in cases of lower drug sensitivity and
lower apoptosis rate. The exposure of sensitive CML cells to
exosomes released by resistant and miR365-rich cells induced
drug resistance. This process is due to the inhibition of pro-
apoptotic proteins in sensitive CML cells (72). In support of these
results, the influence of circulating miRNA in CML-derived cells
has been demonstrated even when they are not carried by vesicles.
Hershkovitz-Rokah et al. demonstrated the capacity of miR-30e to
sensitize K562 cells and patient primary cells to imatinib treatment
through regulation of cell cycle progression between G1 and S
phases (73). MiR-199b targets HES1, a transcription factor involved
in the Notch pathway and highly conserved among multicellular
organisms. It regulates cell-fate determination during development
and maintains adult tissue homeostasis. Expression studies have
revealed downregulation of miR-199b in CML patients presenting
9q deletion. A lower level of miR-199b was found in imatinib-
resistant patients, suggesting that it could be considered one of the
factors for drug resistance (63).

Moreover, an additional study confirmed that exosomes
released by imatinib-resistant K562 (K562IR) cells and
internalized by imatinib—sensitive cells of the same line (K562IS)
could increase the survival of the latter. This phenomenon was
observed even in the presence of toxic doses of imatinib (2 uM).
K562IR-exosomes characterization led to three specific cell-surface
markers, namely, IFITM3, CD146, and CD36, that resulted in
upregulation when compared to K562IS-exosomes. The
upregulation of these proteins was later verified in the K562IR
cells confirming that SEVs mirror the parental cell’s features. Flow
cytometric analysis further demonstrated the potential of CD146 as
a cell surface marker expressed by K562 cells presenting imatinib
resistance. These results suggest that exosomes and the related
membrane proteins could be potential diagnostic markers of drug
resistance in CML patients treated with TKIs (74). Conversely,
miR328 has been reported as significantly associated with sensitivity
to first-generation TKI in another in vitro CML model. For
instance, in vitro delivery of alkalized exosomes, containing or
not miR328 as cargo, elevated endogenous miR328 levels,
inducing sensitivity to imatinib. Moreover, endogenous miR328
suppression produced imatinib resistance in the K562 CML cell line
(75). Similarly, miR-185 expression sensitizes Ph+ cells to TKIs-
induced apoptosis and affects their proliferation rate, partly through
a BCR-ABLI-kinase-dependent mechanism. Overall, restoration of
miR-185 expression had an evident effect on the survival of patient-
derived TKI-insensitive stem/progenitor cells isolated in patients
and cultured in vitro in the presence of TKIs (76). In addition, the
imatinib sensitivity of K562 cell line was tested in another trial
administering exosomes released by human umbilical cord MSCs
(hUC-MSCs) during the cell culture. Exosomes released by hUC-
MSCs alone seem to unaffected cell viability but promote imatinib-
induced cell death. Moreover, they activate caspase-9 and caspase-3
more than imatinib alone (77). Lately, Chen X. et al., elucidated the
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role of miR-146a-5p/USP6/GLSI in leukemia and chemoresistance
of leukemia cells and confirmed hUC-MSC exosomes capacity to
promote imatinib-induced cell apoptosis through miR-145a-5p/
USP6. USP6 levels were elevated and related to a poor prognosis
in BM aspiration samples from CML patients. Compared to clinical
samples that were imatinib-sensitive, USP6 was markedly increased
in imatinib-resistant samples. Leukemia cells’ apoptosis was
dramatically reduced by USP6 overexpression in response to
imatinib. Increased GLS1 ubiquitination caused by overexpression
of USP6 reduced GLS protein. A mechanistic investigation revealed
that miR-146a-5p and GLS1 were both required for USP6 control of
the imatinib resistance of CML cells. Through miR-145a-5p/USP6,
the administration of hUC-MSCs exosomes increased imatinib-
induced cell death. Therefore, through miR-146a-5p and its target
GLS1, hUC-MSC exosomes increased imatinib-induced death of
K562-R cells by decreasing GLS1 ubiquitination and increasing GLS
protein. The research sheds fresh information on the role of miR-
146a-5p/USP6/GLSI signaling in leukemia chemoresistance (78).
Little is known about the role of second-generation TKIs.
Although no data are reported on the role of vesicles in this
context, direct expression of miRNA still appears to have an
important place in the interaction of other TKIs besides imatinib.
This also supports what above reported and commented. Indeed,
the combined expression of different miRNAs was recently
investigated in CML cells exposed to nilotinib. Particularly, miR-
145 and miR-708 expressions were associated as a predictive
indicator of nilotinib response at the treatment-naive state. In
addition, higher expressions of miR-150 and decreased levels of
miR-185 were found in nilotinib non-responders, compared with
nilotinib responders (79). Liu et al. described one of the possible
mechanisms through which dasatinib could be able to overcome
imatinib resistance. Their reports highlighted that dasatinib
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promotes cellular apoptosis by downregulation of Akt/mTOR
pathway activities. Moreover, dasatinib prevents exosomal release
through the downregulation of beclin-1 and Vps34-dependent
autophagic activity. These results suggest distinct dasatinib-
induced activation of apoptotic response and exosome generation
in CML cells resistant to first-generation TKI (80). Hence, the
synergy of exosomes and TKIs may be considered an effective
approach to improve the response rate during CML treatment and
provide an interesting basis for new therapeutic strategies designed
for chemoresistant/target therapy-resistance leukemia.
All of the cited mechanisms are summarized in Figure 1.

4 EVs as shuttle of
therapeutic molecules

Despite the success of TKIs-based therapy, the exploration of
exosome-based therapy, which combines the vesicles with both
TKIs and unusual molecules, was surprisingly more prevalent in
CML. The target of CML blasts was reported in an outstanding
work using modified exosomes loaded with imatinib. HEK293T cell
line transfected with plasmids encoding the exosomal protein
Lamp2b fused to a portion of interleukin 3 (IL3) was used. The
researchers selected this protein because it is known that the IL3
receptor is overexpressed on the surface of CML blasts. It was found
that imatinib and BCR-ABLI-silencing RNA could be delivered to
CML cells by exosomes produced by the transfected cells. In
sensitive and resistant models, as well as in vitro and in vivo
models, this ability resulted in reduced leukemia cell proliferation.
For example, in a mouse model, imatinib-laden IL3-exosomes
significantly reduced the tumor burden when compared to

Drug resistance

Drug sensitivity

Small-EVs and some of their encapsulated miRNA show opposite effects on the efficacy of TKI administration to CML cells. In particular, vesicular
miR-365 drives resistance to TKI in the recipient cells. Conversely, miR-328, miR-146a-5p and miR-185 drive sensitivity to TKI. TKI, Tyrosine

Kinase Inhibitors.
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imatinib-free IL3-exosomes, regular exosomes loaded with
imatinib, and imatinib alone (p <0.0005) (81). Similarly, CML
exosomes exposed to a TGF-B1 receptor inhibitor or a specific
neutralizing TGF-B1 antibody significantly reverse the proliferation
of CML cells compared to those exposed to TGF-B1 enriched
LAMAS84 exosomes (34). These pivotal data strongly support the
application of exosomes as specific drug delivery tools even in CML,
as observed in TKIs-resistant cells. The authors achieved these
impressive results after many evidences obtained by using exosomes
for delivery of unconventional molecules in vitro models of CML. In
particular, the authors reported the impact of curcumin on CML
exosome composition (82) and the use of common lemon-juice-
derived small vesicles. The latter were able to suppress leukemia
proliferation in xenograft models using NOD/SCID mice
subcutaneously inoculated with CML cells. On the other hand,
alkalized exosomes have been shown to block miR328 lysosomal
degradation and thus sensitize CML cells to imatinib (75). In
addition, the exosomes specifically reached the leukemic site
within the mice model and activated apoptotic cell processes (83).
Recently, Cochran et al. showed that Natural Killer-derived
exosomes (NKexo) were able to maintain the anti-leukemia
capacity of their donor NK-cells, NKexo resulted in cytotoxic
against malignant hematopoietic cell lines (K562 and Jurkat), thus
acting as a potential acellular therapeutic modality (84). Results
showed that low doses of NK3.3 EVs inhibited the growth of K562
cells over 72 h, while high doses of NK3.3 EV's were cytotoxic. These
findings were verified by Samara’s group’s latest study (85), which
additionally provided a more comprehensive analysis of the time-
and dose-dependent antileukemic activity of NKexo, on a wider
variety of leukemia cell lines and ex-vivo models derived from
patients’ samples. Firstly, they showed that NKexo (20 pg) have the
ability to increase apoptosis rates by up to 64.37 (£ 11.7%) across all
biomodels, including K562. In contrast, healthy-donor PB
Mononuclear Cells presented no alteration, suggesting a selective
cytotoxic effect targeting leukemia cells. Moreover, NKexo cytolytic
activity via the release of cytotoxic effectors was confirmed, and a
reduction in cell count, ranging between 65% and 84%, was seen in
all leukemia cell lines tested, including K652. Finally, the clonogenic
potential of treatment-naive CML-derived cells was significantly
reduced by 20 ug of NKexo during a 14 days long cell culture. The
relative colony-formation efficiency of CML cells was reduced by an
average of 28 + 14% (p <0.005). Similarly, umbilical cord
mesenchymal cell-derived exosomes were proven able to promote
Imatinib-induced apoptosis in K562-R cells via miR-146a-5p and
its target USP6, which suppress GLS1 ubiquitination, causing an
increase in GLS protein (78). Zang et al. recently demonstrated that
another source of mesenchymal cell-derived exosomes, such as
human BM, could inhibit the proliferation of CML cells in vitro
via miR-15a and arrest the cell cycle in the GO/G1 phase. On the
other hand, the same authors found that these mesenchymal
exosomes promoted the proliferation and decreased the sensitivity
of CML cells to TKIs, resulting in drug resistance in the xenograft
tumor model (86). Finally, to assess innovative therapeutic
approaches, another very interesting strategy was evaluated to
increase treatment outcomes in CML patients. Indeed the authors
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developed a sophisticated liposome conjugated with Begelomab
(anti-CD26) loaded with venetoclax to target CD26+ CML LSCs/
progenitor cells selectively. They proved that the CD26+ LSCs/
progenitor cells could be eliminated after antigen binding and drug
release without any side eftects on CD26- cells (87).

5 Conclusions

In this review, we have brought together the main knowledge
about extracellular vesicles, comprehensively addressing various
crucial CML aspects. CML has been the first disease for which a
targeted therapy was identified, paving the way for novel
treatments in other hematological fields. Over the course of its
history, there has been a gradual improvement in monitoring and
new goals of treatment, such as TFR, have been attained. Despite
few data available, if compared to other cancers, EVs could have
multiple applications in CML. Undoubtedly, many efforts have
been made to evaluate the role of EVs in treatment response
monitoring and encouraging results have been observed in MRD
monitoring. It is fascinating to see the possible application of
these extracellular bodies into TKIs-resistant disease and their
role, such as shuttle for other specific drugs. On the other hand,
the lack of standardization, and the large variability in EVs, imply
that their use is still limited to often speculative valuations.
Further research is needed to understand their role. In
summary, this review could be an essential source of knowledge
for future studies about EVs as a crucial mediator for new
therapeutic strategies in CML.
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