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Abstract: Hematological malignancies originate from the hematopoietic system, including lymphoma, multiple myeloma, leukaemia,
etc. They are highly malignant with a high incidence, a poor prognosis and a high mortality. Although the novel therapeutic strategies
have partly improved the clinical efficacy of hematological malignancies, patients still face up with drug resistance, refractory disease
and disease relapse. Many studies have shown that exosomes play an important role in hematological malignancies. Exosomes are
nanoscale vesicles secreted by cells with a size ranging from 40 to 160 nm. They contain various intracellular components such as
membrane proteins, lipids, and nucleic acids. These nanoscale vesicles transmit information between cells with the cargos. Thus, they
participate in a variety of pathological processes such as angiogenesis, proliferation, metastasis, immunomodulation and drug
resistance, which results in important role in the pathogenesis and progression of hematological malignancies. Furthermore, exosomes
and the components carried in them can be used as potential biomarkers for the diagnosis, therapeutic sensitivity and prognosis in
hematological malignancies. In the therapy of hematologic malignancies, certain exosome are potential to be used as therapeutic
targets, meanwhile, exosomes are suitable drug carriers with lipid bilayer membrane and the nanostructure. Moreover, the tumor-
derived exosomes of patients with hematologic malignancies can be developed into anti-tumor vaccines. The research and application
of exosomes in hematological malignancies are summarized and discussed in this review.
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Introduction

Hematological malignancies are malignancies originating from the hematopoietic system, mainly including lymphoma,
multiple myeloma, and leukemia.' > Lymphoma is a clonal malignancy of lymphocyte cells with the top 1 incidence in
hematological malignancies. It can be classified based on the morphology and immunohistochemistry as Hodgkin’s
lymphoma and non-Hodgkin’s lymphoma.* Multiple myeloma (MM) is characterized by abnormal proliferation of clonal
plasma cells in the bone marrow with the top 2 incidence in hematological malignancies. MM remain incurable.’
Leukemia is a hematological malignancies originate from uncontrolled growth and differentiation of leukemic cells.
Leukemia is generally divided into 2 types - acute leukemia and chronic leukemia. Acute leukemia can be subdivided
into subtypes including acute lymphoblastic leukemia (ALL) and acute myeloid leukemia (AML). Chronic leukemia can
be subdivided into subtypes including chronic lymphocytic leukemia (CLL), chronic myelogenous leukemia (CML).%’
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AML is the most common type of acute leukemias while CLL is the most common type of chronic leukemias.®’
Although there have been significant improvement in the therapy of hematological malignancies, part of the patients after
conventional therapy still face up with relapse, refractory disease and poor prognosis.

The researches on the pathogenesis and progression of hematological malignancies are ongoing in order to search for
novel strategies for the control of these malignancies. Exosomes are nanoscale vesicles with the size ranging from 40 to
160 nm. They contain various components including proteins, lipids, nucleic acids, etc. These nanoscale vesicles transmit
information between cells with the cargos.'®'? Exosomes and the components carried by them involve in interaction
between hematological malignant cells and tumor microenvironment. In the recent ten years, scientists started to reveal
that exosomes play an important role in the occurrence, progression, and metastasis of various hematological
malignancies.'® For instance, exosomes regulate on angiogenesis with exosomal miR-let-7c/miR-135b/miR-340 in
MM'*'® and exosomal miR-155 in lymphoma.'” Exosomes carry TNF-Related Apoptosis-Inducing Ligand (TRAIL),
miR-15a, miR-1305, S100A4, etc to regulate on the proliferation, metastasis and transformation of hematologic
malignant cells.'"® ! Exosomes can also reflect the drug resistance in hematological malignancies such as exosomal
RPL13/RPL14 for imatinib resistance in CML,** exosomal Transforming Growth Factor Beta 1(TGFB1)/miR-155/miR-
375 for TKI resistance in AML,> exosomal HSP70 for bortezomib resistance in MM, etc.”*

Furthermore, exosomes can be used as potential biomarkers for the diagnosis, therapeutic sensitivity and prognosis of
hematological malignancies. Exosomes contain various specific proteins, nucleic acids, metabolites and lipids, which can
reflect the properties of the origin cells of exosomes.”>*® Thus, exosomes can be valuable biomarkers for early disease
detection and disease monitoring such as exosomal miR-99a-5P, miR125b-5P, miR-200C, miR141, etc in lymphomas.”‘28
Moreover, exosomes can be associated with prognosis such as exosomal miR-532 in AML,?’ exosomal miR-99a-5P/miR-
125b-5P in DLBCL, etc.?’ As exosomes involve in pathogenesis and development of hematological malignancies, some
exosomes are potential to be used as therapeutic targets for hematological malignancies including exosomal miR-107 for
DLBCL,*® exosomal Hsa_circ_0058493 for CML,*' exosomal miR-23b-5P for AML, etc.*” In the therapeutic strategies of
hematological malignancies, exosomes are suitable to be used as drug carriers with lipid bilayer membrane and the
nanostructure.*>>* For instance, exosomes are used to deliver BCL6 siRNA for the treatment of DLBCL in mice,>® deliver
Imatinib or BCR-ABL siRNA for the treatment of CML in mice,>**® deliver TRAIL for the treatment of MM in mice, etc'®
Tumor-derived exosomes and dendritic cell derived exosomes carry tumor antigens. Thus, these exosomes are potential to
be used as anti-tumor vaccines for the stimulation of anti-tumor immune efficacy.’’>® The research and application of
exosomes in hematological malignancies are summarized and discussed in the following parts.

Exosome

Overview of Exosomes
Exosomes were initially discovered by Trams et al during the 1980.*° In 1987, Johnstone et al made the discovery that
exosomes contain a significant quantity of bioactive components derived from reticulocytes. These exosomes participate
in the maturation of reticulocytes into red blood cells.*® In 1991, it was revealed that exosomes serve a dual purpose — not
only promoting the growth of reticulocytes, but also providing the primary route for eliminating membrane proteins
during the process of membrane remodeling.*' In recent years, exosomes have been a hot topic in the medical and
biological research fields. The key milestones in exosome research over the years have been depicted in Figure 1.4**°
During the initial phase of exosome studies, exosomes were commonly described as extracellular vesicles ranging in
size from 30 to 150 nm.>® Currently, exosomes are specifically referred to as discoid vesicles with diameters ranging
from 40 to 160 nm. Initially, exosomes were believed to be a byproduct of cellular secretion.”’ However, recent research
has shown that exosomes possess a lipid bilayer structure, allowing them to directly fuse with recipient cell membranes
through endocytosis. This mechanism enables exosomes to facilitate the transfer of substances from one cell to another.
Exosomes contain various bioactive components such as lipids, proteins, mRNA, IncRNA, miRNA, etc.’? In addition,
different cells can employ the release of exosomes containing unique components as a means of achieving intercellular
communication. The receiving cells capture and internalize these exosomes, allowing for interaction and communication
through the exchange or release of their contents.
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Figure | Timeline of exosome research milestones.

Biogenesis of Exosomes

Exosomes can originate from a variety of sources, including humans, animals, plants, and bacteria. Almost all cells can
secrete exosomes. Exosomes are widely distributed and can be found in peripheral blood, cerebrospinal fluid, saliva,
urine, as well as breast milk.>* > The biogenesis of exosomes is a complex process that encompasses three distinct stages
(Figure 2): (a) In the first stage, the endocytosis of the plasma membrane leads to the formation of endocytic vesicles.
These vesicles subsequently fuse to form early endosomes within the cell. Early endosomes further mature into late
endosomes. (b) In the second stage, there is inward budding of the late endosome membrane, leading to the formation of
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Figure 2 Biogenesis of exosomes: exosomes can originate from humans, animals, plants, and bacteria. In humans, exosomes are widely distributed and can be found in
peripheral blood, cerebrospinal fluid, saliva, urine, milk, etc. The endocytosis of the plasma membrane leads to the formation of endocytic vesicles, which fuse to form early
endosomes. Early endosomes further mature into late endosomes. The late endosome membrane buds inward, forming ILVs. Many ILVs compose the MVBs. The MVBs
further fuse with the cell surface membrane and release their ILVs, termed exosomes.
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intraluminal vesicles (ILVs). Many ILVs compose the multivesicular bodies (MVBs). (¢) In the final stage, the MVBs

further fuse with the cell surface membrane and release their ILVs, termed as exosome.’*8

Composition of Exosomes

Exosomes are nanoscale vesicles secreted by cells, containing various cellular components such as membrane proteins,
lipids, and nucleic acids from the cell (Figure 3).° The membrane proteins are primarily categorized into two different
groups. One group includes proteins found in nearly all exosomes. These proteins serve as distinguishing factors that can
effectively differentiate exosomes and other vesicles, such as tetraspanins (CD9, CD63, CD81, CD82), cell adhesion
molecules (integrins, CD11b, and CD54), and major histocompatibility complex (MHC) molecules (MHC-I and MHC-II)
. These membrane proteins play crucial roles in the identification and specific binding of exosomes.®® Another group
includes proteins found in exosomes derived from specific cell types rather than all cell types. Various proteins of this
group have been identified in exosomes. These proteins include fusion and trafficking proteins such as Rab2, Rab7,
flotillin and annexins; heat shock proteins such as Hsc70 and Hsc90; cytoskeletal proteins such as actin, myosin and
tubulin; as well as proteins that can facilitate the formation of MVBs, such as Alix.®'®® Exosomes possess numerous
proteins that serve diverse functions such as signal transmission, cellular binding and immune regulation. Lipids are
fundamental elements present in all cell types. The lipids found in exosomes originate from the cell membrane. The main
components of lipids consist of phospholipids, including phosphatidylcholine and phosphatidylinositol. In addition,
sphingomyelin, ganglioside GM3 and cholesterol are common lipids found in the cell membrane.** Nucleic acids within
exosomes encompass DNA and RNA. RNA is the main functional component in target cells. The RNA in exosomes
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Figure 3 Components of exosomes: Exosomes contain ingredients from the cell, including lipids, nucleic acids, and proteins. Lipids include phospholipids, Ganglioside GM3,
cholesterol, etc. Nucleic acids encompass DNA and RNA. Proteins include tetraspanin proteins (CD9, CDé63, CD8I, CD82), cell adhesion molecules (integrins, CDI Ib,
CD54), MHC molecules (MHC-I, MHC-Il), fusion and transport proteins (Rab2, Rab7, flotillin), heat shock proteins (Hsc70, Hsc90), and proteins that mediate the formation
of MVBs (ALIX).
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primarily includes messenger RNAs (mRNAs), microRNAs (miRNAs), and long non-coding RNAs (LncRNAs).
MiRNAs are functional RNA that can potentially regulate the levels of RNA and proteins within cells, thereby affecting
both the morphology and function of the cell. These nucleic acids can be transmitted between different cells via
exosomes. It has been reported that in specific diseases, the nucleic acids of exosomes may also play important biological
roles, including the regulation of tumor development.®>-%®

In general, exosomes are vesicles with a complex composition, which encompass a variety of biomacromolecules. The
interaction and collaboration of these elements exhibit the biological functions of exosomes. Moreover, with the continuous

advancement of research related to exosomes, the composition and function of exosomes are being further clarified.

Methods of Exosome Isolation

The small size of exosomes has posed a significant challenge in their isolation. To further introduce exosomes into
clinical applications, it is necessary to effectively extract exosomes from various cellular components. In the past,
ultracentrifugation was predominantly employed to isolate exosomes, segregating them based on different centrifugal
speeds. A progressively accelerated centrifugation process is commonly used, resulting in the precipitation of
exosomes.®” This method yields exosomes of relatively high purity. However, high-speed centrifugation may cause
mechanical or thermal damage to the exosomes, which could ultimately alter their structure or compromise their
biological activity.°® Therefore, novel separation methods have been developed based on membrane filtration and density
gradient centrifugation (Table 1). In recent years, there has been a significant advancement in research techniques for
exosome separation, including the utilization of immunomagnetic beads, microfluidic chips, aerodynamic sorting and
electrophoretic separation methods. These methods contain advantages, such as minimizing the required sample volume,
reagent consumption and separation time.®” As different exosome separation methods possess their respective advantages
and disadvantages, an appropriate method should be selected according to the specific experimental requirements and
sample properties. However, at the same time, to enhance the purity and efficiency of exosome separation, a combination
of multiple methods can be used.

Methods for Exosome Identification

Exosomes are cup-shaped vesicular structures with diameters ranging from 40 to 160nm, which are not visible to the naked
eye or an optical microscope. To solve this problem, transmission electron microscopy (TEM) has become a popular method
for examining the morphology of exosomes, as it allows for the observation of their distinctive cup-shaped structure.®® The
characterization methods of exosomes mainly fall into two distinct categories: external (physical) methods focus on their
morphology and particle size, while characterization (composition/biochemical) methods examine their membrane protein
and lipid content (Table 2).%* The selection of these methods depends on the purpose of the study and the available resources,
as there are both advantages and disadvantages associated with each approach. For instance, Nanoparticle Tracking Analysis
(NTA) or immunological methods can be used for preliminary screening of exosomes. However, for a more comprehensive
investigation of the biological characteristics and composition, more refined methods such as Mass Spectrometry (MS) can
be used. At present, there is no single method available that can directly determine whether a vesicle is an exosome. For
example, according to the requirements of the vesicle association, it is necessary to utilize at least two different methods for
accurately characterizing a single vesicle for mutual complementarity in identification (Scanning Electron Microscopy
(SEM)/ TEM + NAT, etc). Thus, the combination of these identification methods can more comprehensively determine the
presence of exosomes and their characteristics, including quantity, size and component composition. This serves as a crucial
groundwork for future investigation into the functions of exosomes.

The Roles of Exosomes in the Pathogenesis and Progression of Hematological
Malignancies

Angiogenesis

Although hematological malignancies do not rely on vascular networks in the same direct manner as solid tumors, they
still depend on vascular supply to some extent for acquiring nutrients as well as oxygen, and also require blood vessels
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Table | Techniques of Exosome Isolation

Separation | Isolation Principle Advantages Disadvantages Ref
Techniques | Methods
Traditional Ultracentrifugation | Separation of different components by Easy to operate; Lengthy processing time; [70]
technique Method utilizing different settling velocities due to | High yield per Costly equipment; Low
the size and density of solution particles. | extraction; Low recovery and purity.
cost.
Size Exclusion A technique for chromatographic Convenient Easily contaminated; Higher [71]
Chromatography separation using differences in particle size | operation; High cost.
(SEC) of analytes. purity.
Membrane Separation method based on the size of Sample Large particles can clog [72]
Filtration Method exosomes. pretreatment membrane pores and the
process is simple. | resulting shear forces can
cause exosome deformation
or lysis.
Density Gradient Separation of exosomes based on particle | Low chance of High workload; Complex [73]
Centrifugation size and density differences. contamination; steps.
Method Better activity
and morphology.
Static Water Filtration is accomplished using a dialysis Easy to manage Currently used only for [74]
Filtration Dialysis membrane and the inherent hydrostatic large volumes; isolation from urine.
pressure of the exosome solution. Fewer steps
required.
Polymer-Based Utilizes super-hydrophilic polymers such Suitable for large | Susceptible to contamination. | [75]
Precipitation as PEG to combine with water molecules | samples and high
Method in the solution, reducing the solubility of | output.
solutes and causing precipitation. Finally,
exosomes are obtained through low-
speed centrifugation.
Immunological Ligands and antibodies specifically bind to | Maintains intact Low extraction efficiency. [76]
Affinity Method achieve isolation and purification. morphology; Easy
to operate.
Phosphatidylserine | Phosphatidylserine is highly expressed on | High purity. Significantly influenced by [77]
(PS) the membrane of exosomes, and the Tim4 Interference.
protein can isolate it.
Method of lectin The binding of lectin to the surface High selectivity; The operation is difficult and | [78]
glycoprotein of exosomes can alter their | Applicable to requires special equipment.
solubility, leading to their precipitation. various cell types.
Method of heat The method utilizes the specific binding of | High rate of The use is greatly limited. [79]
shock protein heat shock proteins (HSPs) to the surface | separation and
binding of exosomes to separate and extract purity.
exosomes.
New Microfluidic The samples are controlled and separated | Consumes less High cost; High level of [80]
technique technology by utilizing the size limitation of the reagents and technology.
microchannels and the characteristics of requires less
surface tension. separation time.
Microfluidic chip Exosomes can be rapidly separated and High purity; Small | High cost. [68]
separation concentrated from blood samples through | sample volume.
dielectrophoretic forces.
Reagent kit The separation is performed by specific Easy operation; The membrane structure of [81,82]
extraction binding of the chemicals in the reagent kit | High purity and exosomes may be easily
to the exosome membrane. high recovery disrupted, leading to
rate of exosomes. | a decrease in their integrity.
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Table 2 Technology of Exosome Identification

Technology Method Advantages Disadvantages Ref
Physical Nanoparticle Tracking Sample processing is simple; Detection speed is The concentration has range [85]
Technology Analysis (NTA) faster. limitations.
Transmission Electron Simple and quick; High resolution. High cost. [86]
Microscopy (TEM)
Mass Spectrometry High sensitivity and throughput of detection. High equipment and technical [87]
(MS) requirements.
Biotechnology | Western Blotting High sensitivity; Wide applicability. Operation is complex; Time- [88]
consuming, and has poor repeatability.
Flow Cytometry Easy to operate; Highly efficient; Capable of high- Limited sensitivity and resolution. [89]
(FCM) throughput and multi-channel detection.
BCA Protein Assay High sensitivity; Easy to operate; Low cost. Not suitable for all proteins; Easily [90]

interfered by other substances.

for the metastasis of malignant cells. Exosomes released by hematologic malignant cells can alter the bone marrow
microenvironment and impact angiogenesis. The vascular system plays a crucial role in supplying oxygen, nutrients,
hormones, growth factors, and eliminating metabolic wastes during the repair and regeneration of damaged tissues.’' In
the field of lymphoma research, exosomes derived from human EBV-positive (EBV+) Burkitt lymphoma cells (Raji)
were found to promote angiogenesis in lymphoma retinal pigment epithelial cells (ARPE-19) by delivering overexpres-
sion of miR-155."7

Many studies have suggested that exosomes can effectively regulate the process of angiogenesis in the bone marrow
microenvironment, which is an integral part of the multiple myeloma (MM) microenvironment. For example, it was
reported in a study that exosome miR-let-7¢ secreted by mesenchymal stem cells could increase the polarization of M2
macrophages and promote the ability of angiogenesis in the bone marrow microenvironment.'* In another study reported
by Umezu et al, investigators successfully established a hypoxia-resistant MM [HR-MM] cell model in vitro. The study
found that HR-MM cells could significantly increase exosome secretion under both normoxic as well as acute hypoxic
conditions and the miR-135b expression level in these exosomes was also increased. This study further revealed that
miR-135b in MM exosomes can significantly promote angiogenesis by inhibiting hypoxia-inducible factor 1 (FIH-1)."?
In addition, another study found that exosomes from bone marrow mesenchymal stem cells can potentially influence the
process of angiogenesis. The expression of exosomal microRNAs (miRNAs) differed in bone marrow stromal cells
derived from younger and older populations. The researchers observed that miR-340 was preferentially expressed in
exosomes originating from young bone marrow mesenchymal stem cells (BMSCs) by direct transfection of miR-340. It
effectively inhibited angiogenesis through the hepatocyte growth factor/c-MET (HGF/c-MET) signaling pathway. These
findings may provide new directions for investigating and treating MM patients.'®

In CLL, tumor cell-derived exosomes play an important role in creating a favorable environment that supports
tumor cell growth. They enhance the formation of isolated neo-arterial microvessels, promote endothelial tube
formation, and induce the production of vascular endothelial growth factor (VEGF) thereby increasing
angiogenesis.”” In another elegant study, Taverna et al®® demonstrated that adding CML cell-derived exosomes to
Human Umbilical Vein Endothelial Cells (HUVECSs) could significantly increase Interleukin 8(IL8) and vascular cell
adhesion molecule-1 (VCAMI) concentrations, but exosomes encapsulating curcumin reversed these effects and
attenuated angiogenesis. Experimental studies have validated this antiangiogenic property under both in vitro and
in vivo settings.

In conclusion, Malignant cells in hematologic malignancies can promote or inhibit angiogenesis by releasing
exosomes and altering the bone marrow microenvironment to facilitate their growth and spread. This provides new
perspectives for understanding and treating hematological tumors and the possibility of developing new therapies for the

management of hematological malignancies.
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Proliferation and Metastasis

Exosomes play a key role in the proliferation and spread of hematologic malignant cells, as they transport key signaling
molecules, such as growth factors, kinases, and miRNAs, which are required for tumor cell growth and survival. These
molecules can stimulate cell division as well as proliferation and inhibit apoptosis, thereby promoting the growth of
hematologic malignant cells.”**> In addition, certain molecules in exosomes, such as Matrix metalloproteinases (MMPs)
and miRNAs, can effectively alter cell adhesion and migration. This can aid in dissemination of the tumor cells from
their primary site and facilitate their migration to the bone marrow or other tissues. A study by Rivoltini et al'® reported
that K562 cell-derived exosomes carrying TRAIL resulted in a decreased growth of lymphoma cells and an increase in
programmed cell death. Injection of TRAIL exosomes into tumors further reduced tumor growth in Stanford University-
Diffuse Histiocytic Lymphoma-4 (SUDHL4) mice, thereby leading to decreased lymphoma proliferation in SUDHL4
mice.

Wang et al’®

analyzed the potential effect of bone marrow stromal cells(tBMSCs)-derived exosomes on the viability,
proliferation, and spreading of MM cells using a mouse ST33MM model and human MM samples. Interestingly, it was
found that In myeloma patients, exosomes derived from BMSCs induced tumor growth in vivo and promoted tumor cell
spread in myeloma transformation models. A study using an in vivo myeloma transformation model found that BMSC-
derived exosomes obtained from myeloma patients could significantly promote tumor cell growth and metastasis in vivo.
The study delved into the down-regulation of the tumor suppressor gene regulator miRNA-miR-15a by BMSC-derived
exosomes. The results showed that miR-15a produced by BMSC-derived exosomes could inhibit both tumour cell growth
and metastasis.'” Furthermore, another study investigated the increased secretion of exosomes by MM cells under
hypoxic conditions. Interestingly, decrease of cytoplasmic miR-1305 and the increase in miR-1305 target gene expression
due to increased exosomal miR-1305 as well as the promoting effects of mouse double sensitive 2 homolog (MDM?2),
insulin-like growth factor 1 (IGF1), and fibroblast growth factor 2 (FGF2) on MM oncogenic activity were observed.
This ultimately resulted in exosomal miR-1305-induced transfer of MM cells to the macrophages.*°

A recent study found that Bone marrow mesenchymal stem cells-derived exosomes (BM-MSC-exos) could signifi-
cantly increase the number of leukemia stem cells (LSCs) and the metastatic potential of leukemia cells. Mechanistically,
this phenomenon can be explained by the up-regulation of S100A4 into the leukemia cells by BM-MSC-exos. S100A4 is
a member of the S100 family of calcium-binding proteins and can reported to modulate different biological processes,
such as cellular accretion, cell spreading, and apoptosis. The proliferation and spreading of leukemia cells were
significantly enhanced due to the increase of S100A4 after BM-MSC-exo treatment.”'

Thus, the release of exosomes by blood tumor cells is significant in altering both the cells themselves and their
neighboring environment. This process plays a critical role in the growth, spread, and treatment resistance, making it
a current hotspot in tumor research and therapy. Hence, targeting exosomes or key molecules within them may provide
a novel therapeutic strategy for hematological malignancies.

Immunomodulation

Exosomes play an important role in the immunomodulation of hematologic malignant cells. The hematological tumor
cells can release exosomes containing a variety of immunosuppressive factors, including PD-L1 and tumor growth factor
(TGF)-B, which can effectively inhibit the activity of effector T cells and NK cells while enhancing the function of
immunosuppressive cells such as regulatory T cells and myeloid-derived suppressor cells.””?® This mechanism has the
potential to partly mitigate the attack of the immune system on tumors. In recent studies, it has been revealed that the
primary cause for the generation of anti-tumor immunosuppression in the body is due to exosome mediation of tumor cell

origin. For instance, Ferguson Bennit et al®’

found that lymphoma cell-derived exosomes contain the inhibitor of
apoptosis (IAP) protein survivin, which can act on the immune function of NK cells. NK cells were extracted from
the peripheral blood of the healthy donors and processed using pure survivin proteins or exosomes from two distinct
lymphoma cell lines, namely Diffuse Large B-cell lymphoma 2(DLCL2) and Follicular Small Cleaved Cell Lymphoma

(FSCCL). Moreover, research has shown that although exosome treatment does not significantly alter NK cell function, it
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can have an effect on the immune function of NK cells by decreasing natural killer group 2D receptor (NKG2D) levels
and intracellular protein levels of perforin, granzyme B, TNF-alpha and IFN-y.

Khalife et al'” reported that MM cells release miR-16 in large quantities through EVs, which can correlate with
intracellular expression associated with chromosome 13 deletion (Dell3). Indeed, miR-16 can directly target the Inhibitor
of KB kinase o/f (IKKa/p) complex of the NF-xB-typical pathway, which can lead to activation of M2-type Tumor-
Associated Macrophages (M2TAMs). In addition, overexpressed miR-16 can significantly enhance anti-MM immunor-
eactivity through proteasome inhibitors in the presence of MM-resident bone marrow TAMs. A recently reported study
demonstrated that treatment of MM cells with eicosapentaenoic acid or docosahexaenoic acid reduced the immunosup-
pressive effects of MM cells, while still maintaining their immunostimulatory response.'®' The activation or inhibition of
the immune response is contingent on the cell of origin of exosomes.

Exosomes have garnered significant attention as a novel anti-tumor immunotherapeutic approach. For instance, in
a study involving AML patients, it was found that serum exosomes served as a valuable source of dendritic cell (DC)
antigens. These exosomes affected the cytotoxicity against tumors by evaluating the percentage of specific lysis of K562
leukemia cells in co-culture. The results of the study revealed that the co-culture of exosomes with DCs significantly

reduced the lysis rate of K562 cells. This implies that exosomes may influence the immunomodulatory effects of DCs.'*?

In another study, Hu et al'®?

encoded two B7 co-stimulatory molecules (CD80 and CD86) using lentiviral vectors and
transduced them into L1210 leukemia cells, and successfully obtained leukemia cell exosomes (LEXs) with high
expression of CD80 and CD86. LEXs modified with the B7 gene could effectively induce antigen-specific anti-
leukemia cytotoxic T lymphocyte (CTL) responses. Subsequent studies in animals revealed that immunomodulation
by B7-modified LEX, especially LEX-CD8086, significantly delayed leukemia tumor growth compared to controls. This
development could boost the immune response against leukemia and offer a promising approach for immunotherapy in
treating the disease.

In summary, exosomes play a key role in the immunomodulation of hematological tumors. They can affect the
interaction of the tumor cells with the immune system, inhibit anti-tumor immune responses and potentially modulate the
efficacy of immunotherapy. Therefore, a deeper understanding of the specific mechanisms of exosomes in immunomo-
dulation, particularly in terms of immunosuppression and antigen presentation, may contribute to developing new
immunotherapeutic strategies. For example, it may be possible to enhance the effect of immunotherapy if the action
of immunosuppressive factors (such as PD-L1 or TGF-B) in exosomes can be inhibited, or if the response of antigen-
presenting cells to exosomes can be enhanced.

Drug Resistance
Exosomes can also carry anti-apoptotic factors and signals that induce autophagy, thereby enhancing the resistance of the
tumor cells against apoptosis caused by drugs. In addition, exosomes can promote the development of drug resistance by
altering the tumor microenvironment.'® For example, exosomes can stimulate surrounding fibroblasts or immune cells,
triggering the production of signals that promote growth and resistance to drugs.'®> Exosomes released from cancer-
associated fibroblasts (CAF) in the lymphoma microenvironment have been implicated in lymphoma cell survival and
antipyrimidine drug resistance. Moreover, RNA sequencing studies of miRNAs in exosomes conducted by Kunou et al
revealed that miR-4717-5p, one of the most abundant miRNAs in exosomes, not only can inhibit ENT2 expression under
both in vivo and in vitro settings but also induce antipyrimidine resistance.'*®

Jones et al** further demonstrated that bortezomib-resistant MM cells could transfer resistance to sensitive cells via
exosomal HSP70 delivery. In another recent study, exosomes from MM cell lines treated with melphalan or bortezomib
showed an elevated expression of acid sphingomyelinase (ASM). The exosomes high in ASM were able to transfer drug-
resistant phenotypes to chemosensitive cells, thereby indicating the potential protective impact of ASM on tumors.'%’

In a groundbreaking study, Viola et al**> revealed that the release of exosomes enriched in Transforming Growth
Factor Beta 1(TGFB1), miR-155 and miR-375 from stromal cells in AML may mediate resistance to tyrosine kinase
inhibitors during chemotherapy. In addition, LI et al extracted exosomes from mixed plasma samples of 9 patients with

imatinib (IM)-resistant CML and 9 patients with IM-sensitive CML, followed by protein characterization, and found that
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RPL13 and RPL14 in the exosomes showed abnormal up-regulation in patients with imatinib-resistant CML, which
induced IM resistance.”

Hence, the crucial role of exosomes in the development of drug resistance in suggests that targeting or modifying
these mechanisms may be an effective strategy for overcoming drug resistance in hematological tumors. For example,
drugs can be designed to target exosomes to block their formation, release, or action, thereby facilitating the prevention
of drug resistance. The development of drug resistance can also be predicted and monitored by analyzing the contents of
exosomes.

The Role of Exosomes in the Diagnosis and Therapy of Hematological
Malignancies

Biomarkers

Exosomes due to their stability in body fluids such as blood, are being considered a promising source of biomarkers that
can reflect the properties of cells of origin. For example, exosomes produced by tumor cells may contain specific
proteins, nucleic acids, metabolites, and lipids, which can serve as potential biomarkers for the tumors (Table 3).108*“0 In
addition, some studies have indicated that the tumor cells may produce more exosomes compared to the normal cells, so
blood levels of exosomes could also be useful for tumor diagnosis.''' In various types of malignant hematological
neoplasms, including AML, ALL, CLL, CML and MM, researchers discovered that the number of extracellular vesicles
in the peripheral blood was significantly increased. These vesicles derived from the tumor cells, especially exosomes,
offers a valuable noninvasive approach for detecting and monitoring tumor development.”>''*"''> Exosomes play
important roles in hematological malignancies (Figure 4). There is an increasing body of evidence suggesting that
miRNAs have the potential to serve as valuable biomarkers for early disease detection and monitoring patients following
chemotherapy treatments.''®!'"” In a study targeting exosome-derived miRNAs as biomarkers for DLBCL, researchers
identified 37 significantly increased and 17 significantly decreased miRNAs. Among the four miRNAs identified to be
upregulated, the elevation of miR-99a-5p and miR-125b-5p was particularly significant. Increased exosomal miR-99a-5p

Table 3 Exosomes as Potential Biomarkers and Targets for Hematologic Malignancies

Hematologic Exosomal Exosomal Cargo Applications Ref
Malignancies Contents
Acute myeloid leukemia miRNA miR-532 Biomarkers of acute myeloid leukemia [29]
Acute lymphoblastic miR-326 Biomarkers of acute lymphoblastic leukemia [119]
leukemia
Diffuse large B-cell miR-99a-5p and miR- Biomarkers of diffuse large B-cell lymphoma [27]
lymphoma 125b-5p
Multiple myeloma miR-185-5p and miR-4741 | Biomarkers for multiple myeloma [120]
Multiple myeloma miR-483-5p Biomarkers for multiple myeloma [121]
Multiple myeloma miR-451 Biomarkers for multiple myeloma [122]
Lymphoma miR-155 and miR-1246 Biomarkers for T-cell-associated lymphomas [ris]
Lymphoma miR-200c and miR-141 Biomarkers for primary central nervous system [28]
lymphoma

Lymphoma miR-4717-5p Potential targets for lymphoma [106]
Diffuse large B-cell miR-107 Potential targets for Diffuse large B-cell lymphoma [30]
lymphoma
Multiple myeloma miR-21 Potential targets for multiple myeloma [123]
Acute myeloid leukemia miR-23b-5p Potential targets in acute myeloid leukemia [32]
Multiple myeloma circRNA circHNRNPU_603aa Biomarkers for multiple myeloma [124]
Chronic myelogenous Proteins Hsa-circ-0058493 Potential targets for chronic myelogenous leukemia [31]
leukemia
Diffuse large B-cell ENO2 Potential targets for Diffuse large B-cell lymphoma [125]
lymphoma
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Figure 4 The roles of exosomes in hematological malignancies. Exosomes effectively manipulate tumor microenvironment in hematological malignancies, influencing the
processes of angiogenesis, proliferation, immune regulation and drug resistance. Thus they can lead to the pathogenesis and development of hematological malignancies.
Exosomes have been studied and recognized as potential biomarkers for diagnosis and prognosis in hematological malignancies due to their abilities to reflect the
physiological and pathological state of their cells of origin. Meanwhile exosomes are potential to be used in therapeutic strategies for hematological malignancies as
therapeutic targets, drug carriers and vaccines.

and miR-125b-5p in the serum samples obtained from DLBCL patients were strongly associated with progression-free
survival time and effectively predicted response to chemotherapy. Therefore, exosomal miR-99a-5p and miR-125b-5p
possess the potential to be employed as biomarkers for DLBCL.?” Mycosis fungoides (MF) is a T-cell-associated
lymphoma, and Moyal et al’s study of microRNAs from exosomes derived from MF patients revealed that both miR-
155 and miR-1246 microRNAs were delivered to target cells. Further studies revealed that miR-155 had a migratory
effect on target cells and that plasma levels of miR-155 were up-regulated only in plaque/tumor MF. miR-1246 plasma
levels were highest in combined plaque/tumor MF. The findings suggest that MF-derived exosome pairs grow cell
motility. Based on miR-155 and miR-1246 plasma expression, they could serve as potential biomarkers for T-cell-
associated lymphomas.118 Hu et al*® conducted a cerebrospinal fluid (CSF) exosomal microRNA (miRNA) study for the
early diagnosis of primary central nervous system lymphoma (PCNSL) and monitoring of chemotherapy efficacy. They
further verified the expression of miR-200c and miR-141 in cerebrospinal fluid exosomes using relative quantitative real-
time polymerase chain reaction. Ultimately found that miR-200c and miR-141 were up-regulated in cerebrospinal fluid
exosomes of PCNSL patients after chemotherapy, which suggests that they have the potential to be used as biomarkers
for the diagnosis and monitoring of the efficacy of chemotherapy for PCNSL.

There is growing evidence that circRNAs in exosomes are associated with the invasion and metastasis of solid

tumors. Their potential application as novel biomarkers for hematological malignancies is also highlighted.'*®
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CircHNRNPU was identified as one of the most abundant and differentially expressed circRNAs in IgD MM. In addition,
the growth of circHNRNPU was found to be associated with poor prognostic outcomes. Interestingly, MM cells produce
and release circHNRNPU, which is responsible for encoding a specific protein called circHNRNPU 603aa. Moreover,
overexpression of circHNRNPU 603aa resulted in enhanced MM cell growth under both in vitro and in vivo settings.
However, targeted inhibition of circHNRNPU_603aa expression by siRNA technology was able to significantly eliminate
this promoting effect. Notably, MM cells release circHNRNPU through exosomes, which can affect multiple cells in the
BM microenvironment. Thus, circHNRNPU 603aa can be potentially considered a promising diagnostic and therapeutic
marker in MM cells as well as the BM microenvironment.'?* The growing interest in studying circulating microRNAs

120 -
1'?9 isolated serum

has led to extensive research on their potential use as biomarkers in malignant tumors. Zhang et a
exosomal microRNAs and serum circulating microRNAs from sera of patients with SMM or MM and healthy
individuals. They then quantified the expression levels of the selected microRNAs by real-time polymerase chain
reaction (PCR). The differences in the levels of miR-20a-5p, miR-103a-3p, and miR-4505 in serum exosomes of MM
patients, SMM patients, and healthy subjects were found to be statistically significant. Interestingly, significant differ-
ences in serum levels of let-7c-5p, miR-185-5p, and miR-4741 were observed in MM patients compared to SMM patients
or healthy controls. Consequently, serum exosomal microRNAs possess the capacity to act as independent and novel MM
biomarkers. In another elegant study, Gu et al'?' used microarray technology to screen the differently expressed miRNAs
from bone marrow stromal stem cells (BMSCs) from patients with multiple myeloma (MM-MSCs) or benign diseases
(BD-MSCs). Thereafter, by conducting in-depth experimental observation, it was found that miR-483-5p expression was
significantly increased in MM-MSCs. In addition, MM-MSCs could effectively transport miR-483-5p to MM cells
through exosomes, thereby increasing miR-483-5p expression in these cells. Compelling evidence suggests that the
release of exosomes by MM-MSCs and their regulation of the miR-483-5p/TIMP2 axis play a pivotal role in promoting
the malignant progression of MM. These important findings reveal the central role of BMSC-derived exosomal miRNAs
in MM and emphasize their potential as significant biomarkers for the diagnosis and treatment of MM. Zhang et al found
that serum exosomal miR-451 expression was significantly lower in MM patients compared to healthy controls. At the
same time, the ROC curve showed that the area under the curve of miR-451 was reduced, suggesting that miR-451 may
be a biomarker for the diagnosis of MM.'??

The discovery and identification of new miRNAs may hold promising opportunities for the creation of innovative
therapeutic strategies for leukemia patients'”'*® For instance, in a study of AML patients, Lin et al*’ found an
interesting phenomenon that an increase in plasma exosome-produced miR-532 was associated with better overall
survival (OS). Thus, the detection of exosome-derived miR-532 could potentially serve as a new biomarker with an
important reference value for treating AML. A recent study comparing exosomes isolated from plasma samples of
patients with ALL and B-ALL cell lines found significantly elevated levels of miR-326 in the exosomes of the patients.
This suggests that miR-326 in exosomes may have potential as a biomarker for ALL diagnosis.'"”

In conclusion, exosomal miRNAs play an important potential in tumour genesis, progression, clinical typing and early
diagnosis. They hold great clinical importance and show potential as a reliable tumor biomarker. Although the
application of exosomes in the diagnosis and treatment of hematological malignancies is still being studied, the potential
of exosomes makes this research area remarkably interesting and promising.

Potential Targets

Exosomes play a crucial role in facilitating intercellular communication, ultimately creating a conducive environment
within the bone marrow for tumor development. Therefore, an increasing number of research studies are directing their
attention towards investigating the secretion mechanism of exosomes in order to explore their potential as novel
therapeutic targets (Table 3).'2%'*° Many studies have suggested that various miRNAs can act as tumor suppressors
and oncogenes and can be potential therapeutic targets for hematologic malignancies.'*' In a study of cancer-associated
fibroblasts (CAF) and their derived exosomes in the lymphoma microenvironment, miR-4717-5p was found to be one of
the most abundant miRNAs in exosomes by RNA sequencing analysis of miRNAs in exosomes, and further studies
revealed that exosomes secreted by CAF including miR-4717-5p play a key role, suggesting that they are a promising
potential target for the treatment of lymphoma.'® By exploring the role of exosomal miR-107 in lymphomagenesis, Liu
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et al’® detected a significant reduction of exosomal miR-107 in the plasma of DLBCL patients and further found that
miR-107 significantly eliminated cell proliferation, induced apoptosis, and inhibited cell invasion in vitro, and inhibited
tumor growth in vivo. Thus highlighting the potential of miR-107 as a new therapeutic target for DLBCL treatment. Shao
et al found elevated levels of Enolase 2 (ENO2) in serum and DLBCL cell exosomes from DLBCL patients. In addition,
DLBCL-derived exosomes were assimilated by macrophages, which then regulated macrophage polarisation. DLBCL-
derived exosome ENO2 promoted DLBCL proliferation and migration by affecting glucose degradation through the
GSK3p/B-catenin/c-Myc signalling pathway, which ultimately transformed macrophages into an M2-like phenotype. The
results suggest that exosomal ENO2 may be a promising therapeutic target for DLBCL.'*

In the tumor microenvironment, the transformation of normal fibroblasts (NFs) into cancer-associated fibroblasts
(CAFs) promotes angiogenesis and influences the course of tumorigenesis. MicroRNA-21 (miR-21) is highly expressed
in MM. CAF-derived exosomes have been found to contain large amounts of miR-21, and thus miR-21 is expected to be
a potential therapeutic target for MM.'*®> The important role of circular RNAs (circRNAs) in tumor progression and
exosome-mediated intracellular communication are considered to be key factors in the pathogenesis of MM. However,
Zhang et al'*? initially explored the role of exosome-derived circulating RNAs (exo-circRNAs) in MM and MM-induced
peripheral neuropathy (PN) by investigating the role of exosomal circulating RNAs in MM-associated PN. Abnormal
expression of serum exo-circular RNAs was found to be associated with MM-associated PN, suggesting that exo-circular
RNAs may be a novel therapeutic target for MM-associated PN. Barrera et al'*>* performed miRNA sequencing against
exosomes isolated from bone marrow-derived MSC from AML patients and healthy controls. The study discovered that
the targets of miRNA in exosomes derived from AML-infected MSCs were distinct from those in control samples.
Interestingly, two molecules whose gene expression was predicted to be down-regulated in AML by miRNA analysis
(EZH3 and GSK2p) showed up-regulation in AML-derived cells. Therefore, by analyzing miRNAs in exosomes of
AML-derived MSCs, potential miRNAs related to AML can be detected, thus providing new insights into leukemogen-
esis and new possibilities for therapeutic targets. In addition, Zhong et al*' demonstrated the presence of a specific
molecule called Hsa-circ-0058493 in PBMC. Hsa circ 0058493 was found to be significantly increased in imatinib-
resistant cell-derived exosomes, suggesting its potential as a promising prognostic biomarker and providing a potential
therapeutic target for CML treatment. A recent study conducted by Cheng and other researchers®” discovered TRIM14’s
role in stimulating the proliferation of AML cells through the activation of the PI3K/AKT pathway. On the contrary,
exosomes from human bone marrow mesenchymal stem cells (HMSC) were able to reverse the state of AML cells by
delivering miR-23b-5p. These results imply that miR-23b-5p and TRIM14 have potential roles as therapeutic targets
for AML.

However, despite the enormous potential of exosomes, there are several challenges that need to be addressed before
exosomes can be used as therapeutic targets. For example, it is imperative to gain deeper insights into the distribution and
metabolism of exosomes in the body as well as to develop novel methodologies to precisely target exosomes to specific
cells or tissues.

Drug Carriers

Exosomes are ideal drug delivery vehicles due to their various natural properties such as good biocompatibility, low
toxicity, and low immunogenicity. They have great potential for effectively delivering small molecules of nucleic acids
and small molecules of chemical drugs to specific locations.'**'*® They can transport a variety of biomolecules,
including proteins, lipids, and nucleic acids, between the source and target cells. Exosomes possess the unique ability
to cross various biological barriers due to their nanoscale dimensions and ability to carry cell surface molecules.'?” 4
The surface of exosomes can be genetically engineered or chemically modified to carry specific markers for targeting the
tumor cells and to further improve the precision of drug delivery.'*' Secondly, exosomes play a vital role in protecting
the drug enclosed within them from enzymatic degradation in the body, resulting in enhanced drug bioavailability.
Nucleic acid drugs have shown potential as novel therapeutic agents in treating various diseases. However, the absence of
efficient cell-specific delivery mechanisms poses significant obstacles to the systemic administration of these drugs,
particularly for precise targeting of cancer cells, notably hematologic malignant cells. There are two major challenges
encountered in siRNA therapy’s clinical use, namely the immunogenicity of siRNA and the effectiveness of delivering
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siRNA to the target cells. However, recent studies have revealed that exosomes can effectively transport siRNA to tumor
tissues in mice, offering fresh perspectives on the subject. To reduce the immunogenicity of siRNAs, the investigators
opted to employ immature DCs to produce exosomes. The researchers then modified these DCs to express Lysosomal-
associated membrane protein 2b (Lamp2b). This protein was fused with an AV integrin-specific iRGD peptide to produce
a tumor-targeting exosome (iRGD-Exo). The resulting exosome, known as iRGD-Exo, was then loaded with BCL6
siRNA using electroporation to effectively target tumor cells. Subsequently, these iRGD-Exo were delivered in vivo by
intravenous injection and successfully delivered BCL6 siRNA to the tumor tissues, leading to significant inhibition of
tumor growth in DLBCL. Furthermore, the study discovered that exosomes containing BCL6 siRNA did not trigger
significant toxic responses in mice. This finding holds great significance for the future implementation of siRNA therapy
in a clinical setting. Thus, exosomes have the possibility and potential to be tools for siRNA delivery.>® This discovery
can not only provide novel ideas to solve the problems of siRNA therapy in clinical application but may also provide
innovative possibilities and avenues for treating diseases such as DLBCL.

The TRAIL has the ability to selectively induce apoptosis in tumor cells, but the clinical application of artificial
recombinant TRAIL is limited due to its short half-life in vivo. In another study, Rivoltini et al'® found that exosomes
expressing TRAIL induced apoptosis and inhibited tumor progression in vitro. Moreover, results of in vivo experiments
revealed that exosomes loaded with TRAIL could significantly reduce the size of the tumors in the MM mouse model and
exhibited good anti-tumor effects.

BCR-ABL fusion proteins play a driving role in the pathogenesis of CML. Imatinib (IM) is a selective inhibitor
approved against BCR-ABL with significant therapeutic effects. In an elegant study, Bellavia et al designed HEK293T
cells to express the exosome protein Lamp2b and further attached the protein to interleukin 3 (IL3) fragments. It was
observed that IL3L exosomes loaded with IM or BCR-ABL siRNA could precisely target CML cells. Thus, it was able to
effectively inhibit the growth of tumor cells and reduce drug resistance as well as adverse reactions during the
treatment.*® In addition, curcumin also plays an important role in the treatment of CML. It can inhibit BCR-ABL
expression in CML cells through exosome-borne miR-21 and thereby prevent tumor cell growth. This mechanism
suggests that the incorporation of miR-21 in exosomes may enhance curcumin’s efficacy against leukemia in CML
treatment, offering a novel approach for therapeutic intervention in medical practice.'*!

Although there is considerable potential in using exosomes as drug carriers, there are various challenges that need to
be effectively addressed. Examples include methods for producing exosomes in large quantities, enhancing their stability,
improving exosome drug loading efficiency, and ensuring their proper distribution and clearance in the body. The
treatment of hematological malignancies will be a step closer to utilizing exosomes as drug carriers once these issues are
resolved.

Vaccines

The application of exosomes as potential vaccines in hematological malignancies is an emerging area of research. Cancer
cells can generate tumor-specific antigens and present them to the immune system through exosomes due to their distinct
characteristics, such as the ability to move freely around the body and carry antigens associated with the exosome cell of
origin. This allows the immune system to recognize and attack tumor cells with the same antigen.'** In addition,
exosomes can directly engage with immune cells such as DCs and T cells, playing a role in triggering and regulating
immune reactions. Furthermore, DCs play a key role in the tumor microenvironment in the activation and modulation of
innate and adaptive immune mechanisms. Exosomes produced by the tumor cells can be effectively captured by DCs,
which in turn can elicit an immune response to the tumor.'** Chaperone-rich cell lysates (CRCLs) have gained significant
attention in antitumor vaccine development as tumor-derived CRCL can trigger an effective anti-tumor response by
activating DCs. In particular, after CRCL derived from GL261 glioma cells was loaded into DCs, the DEXs generated
from these DCs were found to exhibit important biological functions. This method was employed to treat DCs to produce
DEX in Casitas B-cell spectrum lymphoma. It was found that (Cbl)-b and c-Cbl signaling pathways were negatively
regulated. Furthermore, phosphatidylinositol 261-kinase (PI3K)/Akt and extracellular signal-regulated kinase (ERK)
signaling pathways in T cells were activated, which were reported to augment anti-tumor activity. These findings provide
innovative and promising insights for developing anti-lymphoma vaccines.'** Chen and other researchers'** offered
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valuable information on exosomes derived from DLBCL cell lines, which were demonstrated to contain malignancy
molecules such as c-Myec, Bcel-2, Mcl-1, CD19, and CD20. The researchers found that exosomes from DLBCL cell lines
are readily captured by DCs as well as lymphoma cells. These exosomes acted primarily as immunosuppressive
mediators by inducing apoptosis in T cells and up-regulating programmed cell death protein 1 (PD-1). In vivo, these
exosomes were able to enhance cell growth and migration as well as promote angiogenesis, thereby facilitating tumor
development. However, exosomes from DLBCL cell lines did not induce apoptosis in DCs. These exosomes can interact
with DCs to stimulate the clonal expansion of T cells and increase the secretion of interleukin-6 (IL-6) and tumor
necrosis factor alpha (TNFa). At the same time, they can cause significant inhibition of the immunosuppressive cytokines
interleukin 4 (IL-4) and interleukin 10 (IL-10). This discovery opens up new possibilities for immunovaccine therapy for
lymphoma.

A study by Xie et al'** showed that a vaccine developed using exosomes had a significant therapeutic effect against
MM. This study used exosomes derived from MM cells to initiate an immune response against the tumor and establish
prophylactic immunity. It was found that MM cell-derived exosomes with membrane-bound HSP70 were able to promote
dendritic cell (DC) maturation by up-regulating the co-stimulatory molecules CD40/CD80, and the inflammatory
cytokines IL-1/IL12/tumor necrosis factor (TNF)-alpha. These exosomes enhanced the anti-tumor immunity of CD8+
cytotoxic T lymphocytes (CTL). Therefore, these MM cell-derived exosomes with membrane-bound HSP70 as a vaccine
are effective in inducing anti-MM immune effects. Moreover, the newly developed vaccine from multi-epitope exosomes
based on MM-specific antigens could inhibit the progression of MM by inducing significant CTL responses. These
findings provide new strategies and hope for individualized treatment of MM patients.

Nanoscale vesicles released by the cells have been demonstrated to induce anti-leukemic immune responses. LEXs,
which are exosomes derived from leukemia cells, are potential components that can be used in anti-tumor vaccines for
tumor immunotherapy. Since the LEX vaccine showed general potency in vivo, it may be influenced by immunosup-
pressive PD-L1 proteins in exosomes. However, a recent study was designed to potentially optimize the efficacy of
a LEX-based vaccine by targeting the PD-L1 protein in exosomes. The investigators conducted a comparison between
the effects of PD-L1-silenced acute lymphoblastic leukemia-derived leukemia cells (LEXPD-L1si) and unmodified
exosomes in inducing antileukemic immunity. During the experiment, PD-L1 expression in parental leukemia cells and
LEX was down-regulated by lentivirus-mediated PD-L1 shRNA. It was observed that in comparison to unmodified
LEX, LEXPD-L1si induced better dendritic cell (DC) maturation and enhanced T cell activation. This approach
allowed LEXPD-L1si to trigger more intense T cell expansion and Thl cytokine secretion after immunization with
LEX. Further examination revealed that LEXPD-L1si was more effective in triggering antigen-specific cytotoxic
T-lymphocyte (CTL) responses. Furthermore, in preclinical experiments, the researchers vaccinated mice using an
exosomal vaccine in which PD-L1 was silenced to investigate its ability to induce both protective and therapeutic anti-
tumor CTL responses in vivo. The experimental results showed that vaccination with LEXPD-L1si substantially
inhibited tumor growth and significantly prolonged the survival of immunized mice. Thus, this study demonstrated that
the efficacy of LEX-based vaccines in generating more robust anti-leukemia immune reactions can be significantly
improved by reducing the presence of PD-L1 protein in exosomes.'*® In another study, Li et al'*® optimized the LEX-
based anti-leukemia vaccine. A novel strategy was adopted in this study to bind CD4+T cells to the genetically
modified leukemia cell-derived exosomes. Lentiviral vectors carrying genes encoding CD80 and CD86 were thereafter
successfully transfected with L1210 leukemia cells, which significantly elevated the expression of both CD80 and
CD86 in leukemia cells. Exosomes derived from these genetically transduced leukemia cells (LEX expressing high
levels of CD80 and CD86, or called LEX-CD8086) were found to efficiently promote the proliferation of CD4+T cells
and the secretion of Thl cytokines. This finding suggested that the efficacy of LEX-based vaccines can be remarkably
improved by optimizing the expression of co-stimulatory molecules. LEX-CD8086 significantly increased CD4+T
cells proliferation and Th1 cytokine release in comparison to the control LEX. Exosomes derived from leukemia cells,
which have been genetically modified with CD80 and CD86 co-stimulatory molecules, allow better targeting of CD4
+T cells and efficiently induce an anti-leukemic immune response. This optimized LEX-based vaccine may have

promising potential for treating leukemia through immunotherapy.
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Although exosomes have shown potential as anti-tumor vaccines in laboratory studies, many challenges need to be
addressed before exosomes can be effectively utilized as clinical anti-tumor vaccines. For example, there is a need to find
an efficient and scalable method for extracting exosomes from cancerous cells, alongside assessing the optimal means of
transporting these exosomes to immune cells. In addition, further studies on the safety, efficacy, and immune memory
functions of exosomal vaccines are needed. Although exosomes still face up with many challenges as tumor vaccines,
their potential is enormous and could revolutionize future cancer therapies.

Conclusion and Prospects

Exosomes have become an important research field in both biology and medicine. Exosomes have been shown to carry
and deliver a variety of biomolecules, including proteins, lipids, RNA, etc, which makes exosomes an important tool for
intercellular communication. Exosomes play a vital role in hematological malignancies. Tumor cells of hematological
malignancies effectively manipulate their microenvironment via exosomes, influencing the processes of angiogenesis,
immune regulation, and tumor resistance, which can lead to the proliferation and spread of malignant cells. In
hematologic malignancies, exosomes have been studied and recognized as potential biomarkers for diagnosis and therapy
due to their abilities to reflect the physiological and pathological state of their cells of origin. Some aberrantly expressed
components originating from exosomes of hematological malignancies, such as miRNAs, proteins, and sphingolipids,
may become potential therapeutic targets. Exosomes have nanostructures and various natural properties, such as good
biocompatibility, low toxicity, and low immunogenicity, which make them potentially excellent carriers for drug delivery
in the treatment of hematologic malignancies. In addition, exosomes can efficiently deliver tumor antigens, thus they
have a great potential to be developed into vaccines against hematologic malignancies.

Although the application of exosomes in the diagnosis and treatment of hematological malignancies is very promis-
ing, research on exosomes as a diagnostic and therapeutic tool is ongoing and still in the early stages. The development
of innovative techniques for the accurate and effective detection of exosomes, the regulation of production and release of
exosomes to influence processes of hematological malignancies, as well as the application of exosomes as drug carriers
should be further studied and focused in future research. Moreover, the further understanding of differences in exosomes
regarding individual differences, disease stages, and biological characteristics is important for the application of
exosomes for the diagnosis and treatment of hematologic malignancies in the clinic.
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protein 1; PI3K, phosphatidylinositol 261-kinase; PN, peripheral neuropathy; PS, Phosphatidylserine; qRT-PCR, real-
time polymerase chain reaction; SEC, Size Exclusion Chromatography; SEM, Scanning Electron Microscopy; SUDHLA4,
Stanford University-Diffuse Histiocytic Lymphoma-4; TEM, transmission electron microscopy; TGF, - tumor growth
factor; TGFB1, Transforming Growth Factor Beta 1; TNFa, tumor necrosis factor alpha; TRAIL, TNF-Related
Apoptosis-Inducing Ligand; TRAIL, tumor necrosis factor related apoptosis inducing ligand; VCAMI, vascular cell
adhesion molecule-1; VEGF, vascular endothelial growth factor.
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