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Abstract: Mesenchymal stem cells (MSCs) represent a heterogeneous cellular population
responsible for the support, maintenance, and regulation of normal hematopoietic stem cells
(HSCs). In many hematological malignancies, however, MSCs are deregulated and may create
an inhibitory microenvironment able to induce the disease initiation and/or progression.
MSCs secrete soluble factors including extracellular vesicles (EVs), which may influence the
bone marrow (BM) microenvironment via paracrine mechanisms. MSC-derived EVs (MSC-EVs)
may even mimic the effects of MSCs from which they originate. Therefore, MSC-EVs
contribute to the BM homeostasis but may also display multiple roles in the induction and
maintenance of abnormal hematopoiesis. Compared to MSCs, MSC-EVs have been
considered a more promising tool for therapeutic purposes including the prevention and
treatment of Graft Versus Host Disease (GVHD) following allogenic HSC transplantation
(HSCT). There are, however, still unanswered questions such as the molecular and cellular
mechanisms associated with the supportive effect of MSC-EVs, the impact of the isolation,
purification, large-scale production, storage conditions, MSC source, and donor
characteristics on MSC-EV biological effects as well as the optimal dose and safety for clinical
usage. This review summarizes the role of MSC-EVs in normal and malignant hematopoiesis
and their potential contribution in treating GVHD.

Keywords: mesenchymal stem cells (MSCs); extracellular vesicles (EVs); MSC-EVs; exosomes;
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1. Introduction

The bone marrow (BM) is a dynamic organ composed of hematopoietic stem cells (HSCs),
their progeny, endothelial cells, and cells originating from mesenchymal stem cells (MSCs)
such as osteoblasts and adipocytes. These cells, in association with the extracellular matrix,
organize a specialized microenvironment regulating the formation of mature hematopoietic
cells and their proper function.
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MSCs reside throughout the body and are characterized by the capacity to self-renew and
differentiate into several mesoderm lineages such as chondrocytes, osteocytes, and adipocytes
in vivo [1,2]. Many reports have demonstrated that MSCs can differentiate into non-
mesodermal and endodermal lineages in vitro [2,3]. They can be isolated from the BM, adipose
tissue, dental pulp, Wharton’s jelly, cervical tissue, placentae, muscle tissue, lung, synovial
membranes, and umbilical cord (UC) blood [4,5]. MSCs are Cluster of Differentiation-73
(CD73), CD90, and CD105 positive and CD45, CD34, CD14, CD19, and human leukocyte
antigen-DR isotype (HLA-DR) negative [6].

The main role of MSCs is the support, maintenance, and regulation of HSCs’ properties [7].
The interaction between these two cell types results in the prevention of HSC differentiation and
protection from apoptosis, which promotes self-renewal and maintenance of stemness [2,8].
Moreover, in cases where immune responses are excessive, MSCs can suppress T cells, B cells,
macrophages, dendritic cells, and natural killer (NK) cells [9,10]. This immunomodulatory
effect of MSCs is mainly mediated by producing different bioactive molecules such as adhesion
molecules (intercellular adhesion molecule-1, ICAM-1, activated leukocyte cell adhesion
molecule, ALCAM), growth factors (epidermal growth factor, EGF, transforming growth factor
beta, TGF-p, granulocyte-macrophage colony-stimulating factor, GM-CSF), cytokines
(inteleukin-IL-1ca, IL1P, IL6, and IL8) angiogenic factors (Vascular Endothelial Growth Factor,
VEGF; Platelet-Derived Growth Factor, PDGF) and immunomodulatory molecules
(prostaglandin E2 (PGE2); human leukocyte antigen G (HLA-G) [11-13]. All these molecules are
responsible for the paracrine effects of MSCs on neighboring cells [14,15]. The ability of MSCs
to inhibit immune cell proliferation, to induce regulatory T/B cells (T/Bregs) lymphocyte
proliferation, to mediate dendritic maturation, and to migrate to injured tissues for
regenerative purposes are the main reasons that MSCs have been widely used in many clinical
trials for treating immune-mediated disorders such as Graft-Versus-Host Disease (GVHD),
multiple sclerosis, arthritis, sepsis, asthma, and dermatitis [16-19]. On the other hand, MSCs
may be involved in the tumorigenesis process of hematological malignancies similar to their
previously described effects in other cancers i.e., breast cancer, neuroblastoma, osteosarcoma, and
adenocarcinomas [7].

The study of MSCs in normal and disease states frequently displays low reproducibility
that might be due to differences in the isolation methods and culture conditions [20,21].
Therefore, there is currently an increasing interest in the investigation of the isolation
procedures, the biophysical characteristics, and biological and clinical effects of MSC-derived
extracellular vesicles (MSC-EVs) that mimic MSC properties [22,23]. Similar to MSCs, MSC-
EVs are involved in cell proliferation and differentiation, antigen presentation, angiogenesis,
and demonstrate anti-inflammatory and regenerative properties [24,25].

2. Extracellular Vesicles

EVs are a heterogeneous group of bilayer membrane structures that, according to their
size, shape, biogenesis, and composition, are classified into two major categories known as
exosomes and micro-vesicles (MVs) [26]. Exosomes are particles of endosomal origin with sizes
ranging from 40 to 100 nm in diameter. They are generated from the internal budding of
multivesicular bodies and released via exocytosis [27]. MVs are exosome-like vesicles with a
size ranging from 50 to 1000 nm in diameter that are released by the budding of the cell
membrane [28].

EVs are secreted by a variety of cell types such as MSCs, T cells, B cells, and dendritic cells,
and can be isolated from all biological body fluids including serum, blood, breast milk, urine,
and semen [29]. They are positive for CD29, CD44, CD73, and CD105 similar to MSCs, but they
are also positive for CD81, CD82, CD63, CD53, CD9, and CD37 due to their endosomal origin [30].
EVs can be transported through blood and biological body fluids due to their size and interact
with many target cells via surface receptors. Based on their cellular origin and biogenesis, EVs
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contain different proteins, soluble factors, and microRNAs. The biological effect of EVs is
exerted in target cells via both an endocrine effect on distant cells and a paracrine effect on
adjacent cells [31]. They are internalized via endocytosis, phagocytosis, pinocytosis, and
membrane fusion [32]. Besides their content, EVs’ biological effect depends on the functional
and metabolic condition of the recipient cells [33].

The secretion of EVs from MSCs is influenced by inflammatory stimuli, stress, high levels of
intracellular calcium, and acidic pH both in physiological and pathological conditions [34,35]. In
this aspect, several studies have shown that MSC-EVs might be used as a cell-free therapy for
cardiovascular, liver and kidney diseases, immunological disorders, wound healing, and
tumor inhibition [27,36]. Moreover, EVs are safer as compared to their parental cells because
they display low immunogenicity and no tumorigenicity. Additionally, they lack the risk for
aneuploidy due to non-self-renewal ability [30]. The isolation, storage, and administration of
EVs is much more cost-effective than MSCs.

EVs’ ability to transport molecules and to target specific cell populations raises
possibilities for their development as pharmaceutical vehicles and sources of diagnostic and
prognostic markers. As mentioned above, it is well recognized that cells release two EV- subtypes
with different mechanisms of biogenesis and organelle origin [26,27]. If functional differences
between EV-subtypes do exist, highly purified vesicle populations are an absolute necessity for
the development of EV-based therapies. Sample collection, isolation, and purification of EVs
are linked concepts. Therefore, position papers and statements from the International Society
for Extracellular Vesicles (ISEV) should be consulted for the most updated guidance on
isolation and characterization [37,38]. Similar to the case for cellular therapeutics, EV
production on an industrial scale must eventually occur in serum-free conditions to exclude
xenogeneic components, and the cellular source must be considered carefully. Since removing
serum may change the phenotypic and functional characteristics of cells and the EVs they
produce, a culture change would necessitate confirmation that EVs’ properties remain the same
across media [39,40].

Current practices are to use either chemically-defined media or human platelet lysate
(HPL) as a serum replacement. Chemically-defined media may allow a better control of
production conditions, which are crucial for industrial-scale manufacturin. Although HPL is
already used for the production of functionally efficient cellular therapeutics [41,42], it may
contain unidentified pathogenic components that, theoretically, might be spread and hamper
global up-scaling strategies [43].

Since EVs may reflect molecular expression patterns and functions of their parental cells,
the optimal EV isolation method depends on the intended therapeutic use, route of
administration, starting material (milk, plasma, urine, or cell culture), and desired end product
(MVs, exosomes or total EVs) [44,45]. In view of the use of EVs as therapeutics agents, it is
necessary to develop scalable, reproducible, and good manufacturing practice (GMP)-
compliant manufacturing protocols in the context of appropriate regulatory frameworks. For
example, the US Food and Drug Administration (FDA) (https://www.fda.gov/drugs)
recommends that the route of administration, the acute and repeated dose, the local toxicity
studies with histological evaluation, and the route-specific considerations should be taken into
consideration when designing EV-based clinical trials [46].

3. MSC-EVs in Normal and Abnormal Hematopoiesis

The hematopoietic niche and its components construct a biological environment that
maintains the homeostasis and responds to stress, damage, or disease conditions. These
processes are mediated by chemokines, cytokines, growth factors, metabolites, multiple
signaling pathways, and MSC-EVs [47]. EVs that target different cell types and regulate their
fate are involved both in normal hematopoiesis and in hematological malignancies (Figure 1).
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Figure 1. Role of extracellular vesicles in normal and abnormal hematopoiesis. Extracellular
vesicles from BM-MSCs inhibit apoptosis and differentiation of HSPCs and induce
engraftment of precursor cells in the BM niche. BM-MSC-derived exosomes from patients with
multiple myeloma increase cell proliferation, viability, and chemo-resistance and facilitate
tumor growth and cell migration. BM-MSC-derived exosomes from patients with Acute
Myeloid Leukemia modulate chemo-resistance in cell lines. BM-MSC-derived micro-vesicles
from patients with low-risk myelodysplastic syndromes increase cell viability and clonogenic
capacity of CD34" cells from healthy donors. Abbreviations: AML: acute myeloid leukemia,
BM-MSCs: bone marrow mesenchymal stromal cells, EVs: extracellular vesicles, HSPC:
hematopoietic stem and progenitor cells, MDS: myelodysplastic syndromes, MM: multiple
myeloma, MVs: microvesicles, HPSCs: human hematopoietic stem and progenitor cells.

3.1. Roles of MSC-EVs in Normal Hematopoiesis

MSC-EVs may contribute to the activation of quiescent HSCs following different stimuli
such as hemorrhage, changes in oxygen concentration, chemotherapy, and irradiation [48]. In
vitro studies have demonstrated that MSC-MVs may enhance the proliferation of UC blood
CD34+ HSCs to a lesser degree compared to their cellular counterparts by inducing the Wnt/[3-
catenin signaling pathway that increases the proliferation and inhibits HSC differentiation [7].
Moreover, miRNAs of MSC-EVs induce cell survival and proliferation and inhibit apoptosis or
differentiation of all hematopoietic lineages [30]. In a co-culture system, the MSC-EVs miRNAs
have been reported to increase the migration of CD34* HSCs from peripheral blood (PB) to BM
niche, via an increase in Cysteine-X-cysteine (CXC) motif chemokine receptor type 4 (CXCR4)
expression. However, another study showed that MSC-EVs increase the differentiation of HSCs
to myeloid progenitors by interacting with Toll-like receptor 4 (TLR4) [49]. MSC-EVs were able to
decrease radiation injury of murine HSCs by stimulating their proliferation in vitro [50].

MSC-EVs have both pro-angiogenic and anti-angiogenic properties. UC-derived MSCs
secrete EVs that promote angiogenesis and MSC proliferation and migration by activating the
Wnt/(-catenin signaling pathway [51]. Under hypoxic conditions, EVs highly express VEGF,
VEGEF Receptor 2 (VEGFR2), angiogenin, and IL6. However, MSC-EVs act on endothelial cells
by transfering proangiogenic miR424, miR30c, and miR30b molecules [52].

MSC-EVs also have immunomodulatory effects akin to their parental cells. They affect the
proliferation, polarization, maturation, and migration of macrophages via the production of
chemokines, growth factors, and other signaling molecules [53]. MSC-EVs are also involved in
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the disturbance of macrophages 1/ macrophages 2 (M1/M2) balance observed in macrophage
populations in many pathological conditions by decreasing the expression of proinflammatory
signals such as tumor necrosis factor (TNF)-a and IL6 from M1 macrophages and enhancing
the expression of Arginase (Argl) from M2 macrophages [54]. Moreover, the
immunoregulatory activity of MSC-EVs is also exerted by impairing dendritic cell maturation,
activating neutrophils, inhibiting NK cell proliferation, suppressing B and T cell proliferation,
and elevating the number of T regulatory cells [55].

Specific effects of BM-derived MSC-EVs (BM-MSC-EVs) in the homeostasis and
maintenance of the BM microenvironment are mediated through abundant miRNA secretion
including miR143, miR10b, miR22, miR486, and miR21 [56,57]. More specifically, miR143 has
immunomodulatory functions, mirl0b and miR22 regulate the differentiation of MSCs, and
miR486 and miR21 are involved in MSC proliferation and angiogenic activity [56] (Table 1).
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Table 1. hBM-MSCs derived extracellular vesicles’ (EVs) effects on healthy hematopoiesis and hematological malignancies.
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Normal or Source of MSC-EVs EV Type Biological Effect Mechanism Reference
Disease State
BM-MSCs-EVs reduced apoptosis, lefere‘nhal gene regulation comprising small RNA-target
. . . genes in CD34* cells exposed to BM-MSC-EVs compared
inhibited differentiation of target cells . . .
Normal . . with naive CD34- cells. Reduced caspase 3/7 activity,
. BM-MSCs from healthy donors all EVs in vitro and increase engraftment of . . [49]
Hematopoiesis CD34* umbilical cord blood cells in in down-regulation of MPL and ZFP36 and up-regulation of
ivo murine BM chemotactic factors (IL1b, CSF2, CCL3, GATA2, and
vive CXCR4) were the main molecular mechanisms
Exosomes engaged TLR-4 followed by NF-kB upregulation
Normal BM-MSCs and adipose-derived MSC-EVS prompta 1.0 s of HSPC_ that led to downstream activation of Hif-1 and CCL2
- . all EVs quiescence and expansion of myeloid . . . [58]
Hematopoiesis MSCs from C57BL/6 mice . . target genes and increased secretion of pro-inflammatory
biased lineage .
cytokines
HD-BM-MSCs-exosomes reduced MM
cell proliferation while MM-BM-MSCs’
. . exosomes increased MM cell
BM-MSC from patients with proliferation in vitro and increased cell
MM MM, Smoldering MM, MGUS, Exosomes adhesion capacity Differential miRNA and protein transfer [59]
healthy donors, and a human
. MM-BM-MSCs-exosomes promoted
stromal cell line HS-5 . L .
tumor growth and dissemination while
HD-MSCs-exosomes inhibited tumor
growth in an in vivo setting
Both MM and normal-BM-MSCs-exosomes activated
chemotaxis (CXCR4, SDF-1-mediated, and MCP-1-
mediated pathways), increased anti-apoptotic proteins
BM-MSC from MM patients and Both MM-BM M,SCS and normal (Bcl-2), and inhibited the activation of caspase-9 and
MM Exosomes MSCs-exosomes induced drug .. [60]
healthy donors . o caspase-3. Additionally, exosomes of both sources altered
resistance to Bortezumib in MM cells .
phosphorylation of p38, p53, and JNK as well as prevented
the inhibition of AKT pathway. Exosomes managed to
inhibit reduction of Bcl-2 caused by Bortezomib
MM-MSCs-MV increased viability,
. . proliferation, migration capacity, and MM-MSCs-MVs increased phosphorylation of MAPKs
MM BM Mschg;)lrt?l M;\Afitlents and MVs translational activity of MM cells (pERK1/2 and pJNK) and activation of TI factors (pelF4E [61]
y donors compared with HD-MSCs-MVs treated ~ and pelF4GI) in MM cells compared with HD-MSCs- MVs
MM cells
Naive BM-MSCs’-exosomes from younger
exosomes donors inhibited angiogenic response
MM BM-MSCs from healthy donors Exosomes of MM-HR cells compared with BM- miR340 enriched exosomes suppressed cMET translation [62]
transfected MSCs’-exosomes from older donors

with miR340

and control miR340-enriched exosomes
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and miR365 inhibited angiogenesis and
mimics proliferation of MM-HR cells
STGMI cells and EVs enhance the osteoclast activity and ~ The blockage of secreted exosomes with sphingomyelinase
MM Ce S an Small EVs block the osteoblast differentiation in inhibitor GW4869 increase the cortical bone volume and [63]
C57BL6/KalwRij mouse model . L . .
vitro and in vivo sensitize the myeloma cells to bortezomid

MM-BM-MSCs-exosomes promote the

. MM-BM-MSCs-exosomes increase the expression of APE1
secretion of IL-6 and suppress the

BM-MSCs from MM patients

MM and healthy donors Exosomes osteoblastic differentiation and and NF-kB and decreaseatr}:;: gxcplilesswn of Runx2, Osterix, [64]
mineralization of BM-MCs
BM-MSCs-exosomes increased chemo-
BM-MSCs from AML patients resistance to Cytarabm.e (fo.r 1?oth
AML and healthy donors Exosomes exosome sources) and Quizartinib (only [65]
y dono for AML-BMSCs-exosomes) of AML
cells
AML cell lines and C57BL/Ka . AML-exosomes induce the expression of DKK1, a
AML-exosomes promote the leukemic suppressor of normal hematopoiesis and osteogenesis.
(B6), C57BL/Ka-Thy1.1-CD45.1, . . . o
AML L Exosomes cell survival and proliferation and AML-exosomes reduce the ability of BM cells to support [66]
B6-Rag2/-yc-, and NOD-SCID- Lo - .
L suppress normal hematopoiesis normal hematopoiesis by downregulating CXCL12, KITL,
yc /- mouse models o .
and IGF1 (hematopoietic stem cell supporting factor)
. MDS-BM-MSCs-MVs increased . . .. N
MDS BM-MSC from MDS patients and MVs viability and clonogenic capacity of Downregulation of MDM2 protein expression in CD34 (67]

healthy donors cells after exposure to MDS-MVs

CD34* compared with untreated cells
Abbreviations: AKT: Protein kinase B. AML: Acute Myeloid Leukemia. Bcl-2: B-cell lymphoma 2 gene. APE1: Apurinic/Apyrimidinic Endonuclease 1. hBM: human
bone marrow. B6: C57BL/6 strain. B6-Rag2”~: B6 recombination-activating gene—deficient. MSCs: mesenchymal stem cells. EVs: extracellular vesicles. BM-MSCs:
bone marrow mesenchymal stromal cells. BM-MSC: bone marrow stroma cells. cMET: tyrosine-protein kinase Met. CCL2: C-C motif ligand 2 chemokine. CCL3: C-
C motif ligand 3. CSF2: colony Stimulating Factor 2. CXCL12: C-X-C motif chemokine 12. CXCR4: Cys-X-Cys motif chemokine receptor type 4. C57BL/6: B6 mouse
strain. CD34: marker of human HSPC. DKKI1: Dickkopf-related protein 1. EVs: Extracellular vesicles. GATA2: GATA2 transcription factor. GW4869: neutral
sphingomyelinase-2 specific inhibitor HD: healthy donor. Hif-1: Hypoxia-inducible factor 1. HR: hypoxia resistant. HSPC: hematopoietic stem and progenitor cells.
IL1b: interleukin 1 beta. IGF1: Insulin-like Growth Factor 1. JNK: c-Jun N-terminal kinases. KITL: KIT ligand. MAPK: mitogen-activated protein kinase. MCP-1:
Monocyte chemoattractant protein-1. MDM2: Mouse double minute 2 homolog. MDS: myelodysplastic syndromes. MGUS: monoclonal gammopathy of unknown
significance. miR: microRNA. MM: Multiple Myeloma. MPL: myeloproliferative leukemia virus oncogene. MVs: Micro-vesicles. NF-«B: nuclear factor kappa-light-
chain-enhancer of activated B cells. NOD-SCID: Nonobese Diabetic-Severe Combined Immunodeficiency. pErk1/2: phosphorylated extracellular-regulated kinase 1/2.
pelF4E: phosphorylated eukaryotic translation initiation factor 4E. pelF4GI: phosphorylated eukaryotic translation initiation factor 4GI. pJNK: phosphorylated c-
Jun N-terminal kinases. OCN: Osteocalcin. SDF-1: stromal cell-derived factor 1. TI factor: transcription initiation factor. TLR-4: Toll-like receptor 4. ZFP36: zinc

finger protein 36. MVs: microvesicles.
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3.2. Roles of MSC-EVs in Hematological Malignancies

The BM microenvironment has been reported to affect the proliferative, self-renewal, and
migratory properties of HSCs in a variety of hematological malignancies including
myelodysplastic syndromes (MDS), multiple myeloma (MM), and acute myeloid leukemia
(AML), among others, which leads to disease onset and/or progression [68]. MSCs in these
diseases display altered properties such as growth defects, accelerated senescence,
dysregulated osteogenic differentiation, genomic instability, and compromised capacity to
support normal hematopoiesis [69-72]. Apart from the abnormal intrinsic properties, MSCs
may influence the BM microenvironment via paracrine mechanisms by secreting soluble
factors including EVs [73].

The role of MSC-EVs has been extensively studied in MM. It has been shown that MSC-
EVs from healthy donors inhibit the growth of MM cells while their counterparts from MM
patients promote the tumor growth [56]. MSC-EVs from MM patients express high levels of
IL6, CCL2, and fibronectin and low levels of the tumor suppressor mirl5a, which is capable of
inhibiting MM cell growth but also to induce apoptosis, which maintains the disease in a stable
state [59]. Another study has shown that MSC-derived exosomes activate the AKT pathway
and inhibit the p38, p53, and c-Jun N-terminal kinase (JNK) pathway. Therefore, this promotes
the survival and proliferation of MM cells [60]. Furthermore, the viability, proliferation, and
migration of MM cells has been reported to decrease following treatment with BM-MSC-MVs
from healthy donors via the activation of a mitogen-activated protein kinases (MAPK) pathway
in contrast to MVs from MM patients [61]. It has also been reported that MSC-derived exosomes
from old healthy donors display weaker immunomodulatory effects on MM cell lines in
contrast to exosomes from younger donors due to the loss of young BM-MSC exosome-specific
miRNAs. It is known that these miRNAs are related to cancer as the development of the
majority of cancers is considered to be related to age [62]. Other studies suggest that MM EVs
block the differentiation and mineralization of BM-MSCs [64,65].

With regard to AML, it has been reported that exosomes from AML cells contain miR-155,
miR-375, and miR-150. These miRNAs regulate the secretion of cytokines and growth factors
by BM micro-environment cells as well as the proliferation and migration of HSCs by
decreasing CXCR4 expression and affecting the CXCR4/SDF-1 axis, which is fundamental for
the retention and differentiation of HSCs in the BM [74]. Additionally, MSC exosomes from
AML patients have been reported to protect leukemic cells carrying the fms like tyrosine kinase
3 (FLT3) internal tandem duplication from treatment with the AC220 specific FLT3 inhibitor [65].
Another study demonstrated that AML exosomes promote the leukemic cell survival and
proliferation and suppress normal hematopoiesis [66].

Many studies have shown that BM-MSCs are involved in the generation of dysplastic
hematopoietic cells, which contribute to disease initiation and evolution [67,75]. Pavlaki et al.
have shown a decreased gene expression of the cyclin-dependent kinase inhibitors CDKN1A,
CDKN2A, and CDKN2B in BM-MSCs in patients with MDS and an impaired capacity to
promote the differentiation of CD34* cells to myeloid and erythroid lineage. Moreover, BM-
MSCs from MDS patients appeared to have a defective osteogenic and adipogenic capacity due
to a downregulated canonical WNT (Wnt/p-catenin) expression and upregulated canonical
WNT inhibitors [76]. BM-MSCs from MDS-patients are genetically unstable, but this did not
affect their proliferative or survival capacity [77]. Another study has shown that there are no
differences in the number, the differentiation potential, and the gene expression of
proinflammatory or growth-promoting cytokines between the BM-MSCs from MDS patients
and healthy donors [78]. However, little is known about the role of MSC-EVs in this disease.
To the best of our knowledge, there is one study showing that MSC-MVs from MDS patients
modify CD34* cell properties, promote cell viability and clonogenic capacity, and alter their
miRNA and gene expression [67].
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4. MSC-EVs and Graft Versus Host Disease

Although targeted therapies have improved the prognosis of patients with hematological
diseases, allogeneic hematopoietic stem cell transplantation (HSCT) remains the only curative
therapy for patients with negative prognostic factors and/or refractory disease. GVHD occurs
when immune cells transplanted from a genetically non-identical donor recognize recipient
allo-antigens, which leads to their activation and, subsequently, organ damage [79].

Various immunosuppressants have been clinically applied for the prevention and
treatment of GVHD [80]. However, a substantial proportion of HSCT recipients will likely
develop this potentially life-threatening complication. The efficacy of standard primary
therapy with corticosteroids is about 50%, and the complete response rate to secondary therapy
with a variety of immunosuppressants is about 30% with a median overall survival of less than
one year in steroid-refractory patients [81].

A series of clinical studies have examined the efficacy of systemic infusion of culture-
expanded BM-MSCs for acute GVHD in allogeneic HSCT-treated patients and the results have
shown overall responses ranging from 30% to 80% [82]. Attempts to improve the outcome of
BM-MSC therapy have been based on the concept that this form of therapy is dependent on the
number of infused cells that can successfully traffic to sites of damaged or diseased tissues.
However, systemic administration of an increased number of cells has not augmented the
therapeutic effects of BM-MSCs in GVHD [83,84]. In addition, in a study in which BM-MSCs
were directly delivered into the gut via the mesenteric artery, the outcome was not more
effective than a systemic injection [85]. These clinical results underscore the current hypothesis
that the therapeutic effects of BM-MSCs, at least in acute GVHD, are attributed mainly to
secreted immune-modulatory factors.

Kordelas, L. et al. showed, for the first time, that infusion of MSC-derived exosomes may
significantly improve the symptoms of the steroid-resistant acute GVHD shortly after
administration and without significant side effects [86]. Although an in vivo and ex vivo
decrease of pro-inflammatory cytokines such as TNF-a, IL1§3, and interferon (IFN)-y was
observed following exosomes’ infusion, the biologic mechanisms by which BM-MSC-EVs exert
their functions and effects remain unknown. Moreover, it has been reported that the
therapeutic effect of BM-MSC-derived EVs to GVHD is associated with the inhibition of T cell
induction and preservation of circulating naive T cells [87].

It has also been shown that systemic infusion of human BM-MSC-EVs prolonged the
survival of mice with acute GVHD and reduced the pathologic damage in multiple GVHD-
targeted organs [88]. In EV-treated GVHD mice, CD4* and CD8* T cells were suppressed.
Moreover, BM-MSC-EVs seemed to preserve CD4*CD25*Foxp3* regulatory T cell populations.
On the contrary, normal human dermal fibroblasts-derived EVs did not ameliorate the clinical
or pathological characteristics of acute GVHD in mice, which suggests an immunoregulatory
function unique to BM-MSC-EVs.

According to an array analysis, multiple soluble factors associated with the amelioration
of GVHD are highly expressed in BM-MSC-EVs, such as CXCL12 [89]. A recent study showed
that BM derived MSC-exosomes can effectively ameliorate chronic GVHD in mice by inhibiting
the activation and infiltration of CD4+ T cells. Furthermore, MSC-exosomes exhibit
immunomodulatory potential by inducing regulatory T cells and inhibiting Th17 cells. These
immunosuppressive effects of MSCs-exosomes are mediated, at least in part, through IL-17a
and IL-21 [90].

Until now, only one study has indicated that human UC-derived MSC-EVs (UC-MSC-EVs)
represent an ideal alternative in the prophylaxis of acute GVHD in a mouse model of allogeneic
HSCT by modulating immune responses. Recipients treated with UC-MSC-EVs had a
significantly lower number of CD3*CD8* T cells, reduced serum levels of IL2, TNF-«, and IFN-v, a
higher ratio of CD3*CD4+/CD3+CD8* T cells, and higher serum levels of IL10. An in vitro
experiment demonstrated that UC-MSC-EVs inhibited the mitogen-induced proliferation of
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splenocytes in a dose-dependent manner and the cytokine changes were similar to those
observed in vivo [91].

5. Conclusions

A number of biologic functions and effects of MSCs has been shown to be mediated by
their EV derivatives. MSC-EVs may influence the HSC and their micro-environment in normal
and disease states by transferring their content and mediating anti-malignant or pro-malignant
effects through largely unknown and still controversial mechanisms. Beyond the potential roles
in the physiology and pathophysiology of hematopoiesis, several studies have also
investigated the use of MSC-EVs as potential alternatives to MSCs for improving HSCs
expansion and engraftment and for preventing GVHD following HSCT. It is anticipated that
the MSC-EV usage may have potential advantages over their cellular counterparts in some
aspects. For example, in contrast to MSCs, MSC-EV infusion will not be complicated by the
possibility of being trapped in lung capillaries, which might reduce their approach in the
damaged tissues/organs and the effectiveness of the treatment nor by the danger of malignant
transformation associated with MSC infusion. However, there are still unanswered questions
in the pre-clinical level such as the molecular and cellular mechanisms associated with the
supportive action of MSC-EVs, the impact of the isolation protocols, the effect of MSCs’ source
and donor characteristics (i.e., gender and age) on EV biological characteristics and bioactive
cargoes, and more [92,93]. Furthermore, the field is open for clinical studies investigating the
potential changes of HS5Cs following MSC-EV infusion, the optimal dosage and safety of MSC-
EVs, and the effect of the collection, purification, large-scale production, and storage on
patients” outcomes.

Author Contributions: A.K.B. and A.G. searched the literature and wrote the paper. A.M. prepared the
table and the figure for the paper. IM. and C.G.P. critically reviewed the paper. H.A.P. supervised,
reviewed, and edited the manuscript. All authors have read and agreed to the published version of the
manuscript.

Funding: The K. A. 2018EP40200001 grant from the Region of Crete to H.A.P. supported this work.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Friedenstein, A.J.; Gorskaja, J.F.; Kulagina, N.N. Fibroblast precursors in normal and irradiated
mouse hematopoietic organs. Exp. Hematol. 1976, 4, 267-274.

2. Pittenger, M.F.; Mackay, A.M.; Beck, S.C.; Jaiswal, R.K,; Douglas, R.; Mosca, ].D.; Moorman, M.A;
Simonetti, D.W.; Craig, S.; Marshak, D.R. Multilineage potential of adult human mesenchymal stem
cells. Science 1999, 284, 143-147.

3. Phinney, D.G.; Prockop, D.J. Concise review: Mesenchymal stem/multipotent stromal cells: The state
of transdifferentiation and modes of tissue repair—Current views. Stem Cells 2007, 25, 2896-2902.

4. Bianco, P.; Robey, P.G.; Simmons, P.J. Mesenchymal stem cells: Revisiting history, concepts, and
assays. Cell Stem Cell 2008, 2, 313-319.

5. Squillaro, T.; Peluso, G.; Galderisi, U. Clinical trials with mesenchymal stem cells: An update. Cell
Transplant. 2016, 25, 829-848.

6. Dominici, M.; Le Blanc, K,; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.; Krause, D.; Deans, R;;
Keating, A.; Prockop, D.; Horwitz, E. Minimal criteria for defining multipotent mesenchymal
stromal cells. The international society for cellular therapy position statement. Cytotherapy 2006, 8,
315-317.

7. Cominal, ].G.; da Costa Cacemiro, M.; Pinto-Simoes, B.; Kolb, H.J.; Malmegrim, K.C.R.; de Castro, F.A.
Emerging role of mesenchymal stromal cell-derived extracellular vesicles in pathogenesis of
haematological malignancies. Stem Cells Int. 2019, 2019, doi:10.1155/2019/6854080.



J. Clin. Med. 2020, 9, 856 11 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Horwitz, E.M.; Le Blanc, K.; Dominici, M.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.C.; Deans, R.].;
Krause, D.S.; Keating, A.; International Society for Cellular, T. Clarification of the nomenclature for
MSC: The international society for cellular therapy position statement. Cytotherapy 2005, 7, 393-395.
Asari, S.; Itakura, S.; Ferreri, K.; Liu, C.P.; Kuroda, Y.; Kandeel, F.; Mullen, Y. Mesenchymal stem
cells suppress b-cell terminal differentiation. Exp. Hematol. 2009, 37, 604-615.

Prigione, I.; Benvenuto, F.; Bocca, P.; Battistini, L.; Uccelli, A.; Pistoia, V. Reciprocal interactions
between human mesenchymal stem cells and gammadelta t cells or invariant natural killer t cells.
Stem Cells 2009, 27, 693-702.

Boiret, N.; Rapatel, C.; Veyrat-Masson, R.; Guillouard, L.; Guerin, ].J.; Pigeon, P.; Descamps, S.;
Boisgard, S.; Berger, M.G. Characterization of nonexpanded mesenchymal progenitor cells from
normal adult human bone marrow. Exp. Hematol. 2005, 33, 219-225.

Dazzi, F.; Ramasamy, R.; Glennie, S.; Jones, S.P.; Roberts, I. The role of mesenchymal stem cells in
haemopoiesis. Blood Rev. 2006, 20, 161-171.

Gronthos, S.; Franklin, D.M.; Leddy, H.A.; Robey, P.G.; Storms, R.W.; Gimble, ].M. Surface protein
characterization of human adipose tissue-derived stromal cells. J. Cell Physiol. 2001, 189, 54-63.
Gnecchi, M.; Zhang, Z.; Ni, A.; Dzau, V.J. Paracrine mechanisms in adult stem cell signaling and
therapy. Circ. Res. 2008, 103, 1204-1219.

Wan, C.D.; Cheng, R.; Wang, H.B.; Liu, T. Inmunomodulatory effects of mesenchymal stem cells
derived from adipose tissues in a rat orthotopic liver transplantation model. Hepatobiliary Pancreat
Dis. Int. 2008, 7, 29-33.

Augello, A,; Tasso, R.; Negrini, 5.M.; Cancedda, R.; Pennesi, G. Cell therapy using allogeneic bone
marrow mesenchymal stem cells prevents tissue damage in collagen-induced arthritis. Arthritis
Rheum. 2007, 56, 1175-1186.

Kapoor, S.; Patel, S.A.; Kartan, S.; Axelrod, D.; Capitle, E.; Rameshwar, P. Tolerance-like mediated
suppression by mesenchymal stem cells in patients with dust mite allergy-induced asthma. J. Allergy
Clin. Immunol. 2012, 129, 1094-1101.

Kavanagh, H.; Mahon, B.P. Allogeneic mesenchymal stem cells prevent allergic airway
inflammation by inducing murine regulatory t cells. Allergy 2011, 66, 523-531.

Su, W.R,; Zhang, Q.Z,; Shi, SH.; Nguyen, A.L.; Le, AD. Human gingiva-derived mesenchymal
stromal cells attenuate contact hypersensitivity via prostaglandin e2-dependent mechanisms. Stem
Cells 2011, 29, 1849-1860.

Trohatou, O.; Roubelakis, M.G. Mesenchymal stem/stromal cells in regenerative medicine: Past,
present, and future. Cell. Reprogramming 2017, 19, 217-224.

Yang, Y.K. Aging of mesenchymal stem cells: Implication in regenerative medicine. Regen. Ther.
2018, 9, 120-122.

Chen, J.; Li, C,; Chen, L. The Role of Microvesicles Derived from Mesenchymal Stem Cells in Lung
Diseases. Biomed Res. Int. 2015, 2015, d0i:10.1155/2015/985814.

Pashoutan Sarvar, D.; Shamsasenjan, K.; Akbarzadehlaleh, P. Mesenchymal stem cell-derived
exosomes: New opportunity in cell-free therapy. Adv. Pharm. Bull. 2016, 6, 293-299.

Thery, C.; Ostrowski, M.; Segura, E. Membrane vesicles as conveyors of immune responses. Nat.
Rev. Immunol. 2009, 9, 581-593.

Zoller, M. Tetraspanins: Push and pull in suppressing and promoting metastasis. Nat. Rev. Cancer
2009, 9, 40-55, d0i:10.1038/nrc2543.

Cocucci, E.; Meldolesi, J. Ectosomes and exosomes: Shedding the confusion between extracellular
vesicles. Trends Cell Biol. 2015, 25, 364-372, d0i:10.1016/j.tcb.2015.01.004.

Rani, S.; Ryan, A.E.; Griffin, M.D; Ritter, T. Mesenchymal Stem Cell-derived Extracellular Vesicles:
Toward Cell-free Therapeutic Applications. Mol. Ther. 2015, 23, 812-823, d0i:10.1038/mt.2015.44.
Medyouf, H. The microenvironment in human myeloid malignancies: Emerging concepts and
therapeutic implications. Blood 2017, 129, 1617-1626.

Colombo, M.; Raposo, G.; Thery, C. Biogenesis, secretion, and intercellular interactions of exosomes
and other extracellular vesicles. Annu. Rev. Cell Dev. Biol. 2014, 30, 255-289, doi:10.1146/annurev-
cellbio-101512-122326.



J. Clin. Med. 2020, 9, 856 12 of 15

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Timari, H.; Shamsasenjan, K.; Movassaghpour, A.; Akbarzadehlaleh, P.; Pashoutan Sarvar, D.;
Aqmasheh, S. The effect of mesenchymal stem cell-derived extracellular vesicles on hematopoietic
stem cells fate. Adv. Pharm. Bull. 2017, 7, 531-546.

Lou, G.H.; Chen, Z.; Zheng, M.; Liu, Y.N. Mesenchymal stem cell-derived exosomes as a new
therapeutic strategy for liver diseases. Exp. Mol. Med. 2017, 49.

Mulcahy, L.A.; Pink, R.C.; Carter, D.R. Routes and mechanisms of extracellular vesicle uptake. J.
Extracell. Vesicles 2014, 3, doi:10.3402/jev.v3.24641.

Quesenberry, P.J.; Goldberg, L.R.; Aliotta, ].M.; Dooner, M.S.; Pereira, M.G.; Wen, S.; Camussi, G.
Cellular phenotype and extracellular vesicles: Basic and clinical considerations. Stem Cells Dev. 2014,
23, 1429-1436.

Lee, C.; Mitsialis, S.A.; Aslam, M.; Vitali, S.H.; Vergadi, E.; Konstantinou, G.; Sdrimas, K.; Fernandez-
Gonzalez, A.; Kourembanas, S. Exosomes mediate the cytoprotective action of mesenchymal stromal
cells on hypoxia-induced pulmonary hypertension. Circulation 2012, 126, 2601-2611.

Lespagnol, A.; Duflaut, D.; Beekman, C.; Blanc, L.; Fiucci, G.; Marine, J.C.; Vidal, M.; Amson, R,;
Telerman, A. Exosome secretion, including the DNA damage-induced p53-dependent secretory
pathway, is severely compromised in tsap6/steap3-null mice. Cell Death Differ. 2008, 15, 1723-1733.
Yu, B.; Zhang, X.; Li, X. Exosomes derived from mesenchymal stem cells. Int. ]. Mol. Sci. 2014, 15,
4142-4157.

Gardiner, C.; Di Vizio, D.; Sahoo, S.; Thery, C.; Witwer, KW.; Wauben, M.; Hill, A.F. Techniques
used for the isolation and characterization of extracellular vesicles: Results of a worldwide survey.
J. Extracell. Vesicles 2016, 5, d0i:10.3402/jev.v5.32945.

Lotvall, J.; Hill, A.F.; Hochberg, F.; Buzas, E.L; Di Vizio, D.; Gardiner, C.; Gho, Y.S.; Kurochkin, I.V;
Mathivanan, S.; Quesenberry, P.; et al. Minimal experimental requirements for definition of
extracellular vesicles and their functions: A position statement from the International Society for
Extracellular Vesicles. J. Extracell. Vesicles 2014, 3, d0i:10.3402/jev.v3.26913.

Eitan, E.; Zhang, S.; Witwer, KW.; Mattson, M.P. Extracellular vesicle-depleted fetal bovine and
human sera have reduced capacity to support cell growth. J. Extracell. Vesicles 2015, 4,
doi:10.3402/jev.v4.26373

Shelke, G.V.; Lasser, C.; Gho, Y.S.; Lotvall, J. Importance of exosome depletion protocols to eliminate
functional and rna-containing extracellular vesicles from fetal bovine serum. J. Extracell. Vesicles
2014, 3.

Hemeda, H.; Giebel, B.; Wagner, W. Evaluation of human platelet lysate versus fetal bovine serum
for culture of mesenchymal stromal cells. Cytotherapy 2014, 16, 170-180.

Schallmoser, K.; Bartmann, C.; Rohde, E.; Reinisch, A.; Kashofer, K.; Stadelmeyer, E.; Drexler, C.;
Lanzer, G.; Linkesch, W.; Strunk, D. Human platelet lysate can replace fetal bovine serum for
clinical-scale expansion of functional mesenchymal stromal cells. Transfusion 2007, 47, 1436-1446.
Burnouf, T.; Strunk, D.; Koh, M.B.; Schallmoser, K. Human platelet lysate: Replacing fetal bovine
serum as a gold standard for human cell propagation? Biomaterials 2016, 76, 371-387.

Kooijmans, S.A.A.; Stremersch, S.; Braeckmans, K.; de Smedt, S.C.; Hendrix, A.,; Wood, M.J.A,;
Schiffelers, R.M.; Raemdonck, K.; Vader, P. Electroporation-induced siRNA precipitation obscures
the efficiency of siRNA loading into extracellular vesicles. J. Control. Release 2013, 172, 229-238,
doi:10.1016/j.jconrel.2013.08.014.

Vader, P.; Kooijmans, S.A.; Stremersch, S.; Raemdonck, K. New considerations in the preparation of
nucleic acid-loaded extracellular vesicles. Ther. Deliv. 2014, 5, 105-107.

Fuster-Matanzo, A.; Gessler, F.; Leonardi, T.; Iraci, N.; Pluchino, S. Acellular approaches for
regenerative medicine: On the verge of clinical trials with extracellular membrane vesicles? Stem Cell
Res. Ther. 2015, 6, 227, doi:10.1186/s13287-015-0232-9.

Melzer, C.; Yang, Y.; Hass, R. Interaction of MSC with tumor cells. Cell Commun. Signal 2016, 14, 20,
doi:10.1186/s12964-016-0143-0.

Butler, ].T.; Abdelhamed, S.; Kurre, P. Extracellular vesicles in the hematopoietic microenvironment.
Haematologica 2018, 103, 382-394.

De Luca, L.; Trino, S.; Laurenzana, I.; Simeon, V.; Calice, G.; Raimondo, S.; Podesta, M.; Santodirocco, M.;
Di Mauro, L.; La Rocca, F.; et al. Mirnas and pirnas from bone marrow mesenchymal stem cell



J. Clin. Med. 2020, 9, 856 13 of 15

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

extracellular vesicles induce cell survival and inhibit cell differentiation of cord blood hematopoietic
stem cells: A new insight in transplantation. Oncotarget 2016, 7, 6676—-6692.

Zhang, Y.; Chopp, M.; Meng, Y.; Katakowski, M.; Xin, H.; Mahmood, A.; Xiong, Y. Effect of exosomes
derived from multipluripotent mesenchymal stromal cells on functional recovery and
neurovascular plasticity in rats after traumatic brain injury. J. Neurosurg. 2015, 122, 856-867.

Park, K.S.; Bandeira, E.; Shelke, G.V.; Lasser, C.; Lotvall, J. Enhancement of therapeutic potential of
mesenchymal stem cell-derived extracellular vesicles. Stem Cell Res. Ther. 2019, 10, 288,
doi:10.1186/s13287-019-1398-3.

Gong, M; Yu, B,; Wang, ].C; Wang, Y.G,; Liu, M.; Paul, C.; Millard, RW.; Xiao, D.S.; Ashraf, M.; Xu, M.F.
Mesenchymal stem cells release exosomes that transfer mirnas to endothelial cells and promote
angiogenesis. Oncotarget 2017, 8, 45200-45212.

Zhou, Y.; Yamamoto, Y.; Xiao, Z.; Ochiya, T. The Immunomodulatory Functions of Mesenchymal
Stromal/Stem Cells Mediated via Paracrine Activity. J. Clin. Med. 2019, 8, doi:10.3390/jcm8071025.
Willis, G.R.; Fernandez-Gonzalez, A.; Anastas, J.; Vitali, S.H.; Liu, X.L.; Ericsson, M.; Kwong, A,;
Mitsialis, S.A.; Kourembanas, S. Mesenchymal Stromal Cell Exosomes Ameliorate Experimental
Bronchopulmonary  Dysplasia and Restore Lung Function through Macrophage
Immunomodulation. Am. J. Resp. Crit. Care 2018, 197, 104-116, doi:10.1164/rccm.201705-09250C.
Seo, Y.; Kim, H.S.; Hong, 1S. Stem cell-derived extracellular vesicles as immunomodulatory
therapeutics. Stem Cells Int. 2019, 2019, 5126156, doi: 10.1155/2019/5126156.

Baglio, S.R.; Rooijers, K.; Koppers-Lalic, D.; Verweij, F.J.; Perez Lanzon, M.; Zini, N.; Naaijkens, B.;
Perut, F.; Niessen, H.W.; Baldini, N.; et al. Human bone marrow- and adipose-mesenchymal stem
cells secrete exosomes enriched in distinctive miRNA and tRNA species. Stem Cell Res. Ther. 2015, 6,
127, d0i:10.1186/s13287-015-0116-z.

Kim, H.S,; Choi, D.Y.; Yun, S.J.; Choi, S.M.; Kang, ] W_; Jung, ] W.; Hwang, D.; Kim, K.P.; Kim, D.W.
Proteomic analysis of microvesicles derived from human mesenchymal stem cells. ]. Proteome Res.
2012, 11, 839-849.

Goloviznina, N.A.; Verghese, S.C.; Yoon, Y.M.; Taratula, O.; Marks, D.L.; Kurre, P. Mesenchymal
stromal cell-derived extracellular vesicles promote myeloid-biased multipotent hematopoietic
progenitor expansion via toll-like receptor engagement. J. Biol. Chem. 2016, 291, 24607-24617.
Roccaro, A.M.; Sacco, A.; Maiso, P.; Azab, AK,; Tai, Y.T.; Reagan, M.; Azab, F.; Flores, L.M.;
Campigotto, F.; Weller, E.; et al. Bm mesenchymal stromal cell-derived exosomes facilitate multiple
myeloma progression. J. Clin. Investig. 2013, 123, 1542-1555.

Wang, ].H.; Hendrix, A.; Hernot, S.; Lemaire, M.; De Bruyne, E.; Van Valckenborgh, E.; Lahoutte, T.;
De Wever, O.; Vanderkerken, K.; Menu, E. Bone marrow stromal cell-derived exosomes as
communicators in drug resistance in multiple myeloma cells. Blood 2014, 124, 555-566.

Dabbah, M.; Attar-Schneider, O.; Matalon, S.T.; Shefler, I.; Dolberg, O.].; Lishner, M.; Drucker, L.
Microvesicles derived from normal and multiple myeloma bone marrow mesenchymal stem cells
differentially modulate myeloma cells' phenotype and translation initiation. Carcinogenesis 2017, 38,
708-716.

Umezu, T.; Imanishi, S.; Azuma, K.; Kobayashi, C.; Yoshizawa, S.; Ohyashiki, K.; Ohyashiki, J.H.
Replenishing exosomes from older bone marrow stromal cells with mir-340 inhibits myeloma-
related angiogenesis. Blood Adv. 2017, 1, 812-823.

Faict, S.; Muller, J.; De Veirman, K; De Bruyne, E.; Maes, K.; Vrancken, L.; Heusschen, R.; De Raeve, H.;
Schots, R.; Vanderkerken, K.; et al. Exosomes play a role in multiple myeloma bone disease and
tumor development by targeting osteoclasts and osteoblasts. Blood Cancer ]. 2018, 8, 105,
doi:10.1038/s41408-018-0139-7.

Liu, Z,; Liu, H,; Li, Y.; Shao, Q.; Chen, J.; Song, J.; Fu, R. Multiple myeloma-derived exosomes inhibit
osteoblastic differentiation and improve IL-6 secretion of BMSCs from multiple myeloma. J. Investig.
Med. 2020, 68, 45-51, doi:10.1136/jim-2019-001010.

Viola, S.; Traer, E.; Huan, J.; Hornick, N.I; Tyner, ] W.; Agarwal, A.; Loriaux, M.; Johnstone, B.;
Kurre, P. Alterations in acute myeloid leukaemia bone marrow stromal cell exosome content
coincide with gains in tyrosine kinase inhibitor resistance. Brit. |. Haematol. 2016, 172, 983-986.



J. Clin. Med. 2020, 9, 856 14 of 15

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Kumar, B.; Garcia, M.; Weng, L.; Jung, X.; Murakami, J.L.; Hu, X.; McDonald, T.; Lin, A.; Kumar, A.R;
DiGiusto, D.L.; et al. Acute myeloid leukemia transforms the bone marrow niche into a leukemia-
permissive microenvironment through exosome secretion. Leukemia 2018, 32, 575-587.

Muntion, S.; Ramos, T.L.; Diez-Campelo, M.; Roson, B.; Sanchez-Abarca, L.I.; Misiewicz-Krzeminska, I.;
Preciado, S.; Sarasquete, MLE.; de Las Rivas, J.; Gonzalez, M.; et al. Microvesicles from mesenchymal
stromal cells are involved in hpc-microenvironment crosstalk in myelodysplastic patients. Plos One
2016, 11, e0146722.

Scadden, D.T. The stem cell niche in health and leukemic disease. Best. Pract. Res. Clin. Haematol.
2007, 20, 19-27, doi:10.1016/j.beha.2006.11.001.

Hanoun, M.; Zhang, D.; Mizoguchi, T.; Pinho, S; Pierce, H.; Kunisaki, Y.; Lacombe, J.; Armstrong, S.A;
Duhrsen, U.; Frenette, P.S. Acute myelogenous leukemia-induced sympathetic neuropathy
promotes malignancy in an altered hematopoietic stem cell niche. Cell Stem Cell 2014, 15, 365-375.
Kim, J.A,; Shim, ].S,; Lee, G.Y.; Yim, HW.; Kim, T.M.; Kim, M.; Leem, S.H.; Lee, JW.; Min, CK,; Oh, LH.
Microenvironmental remodeling as a parameter and prognostic factor of heterogeneous
leukemogenesis in acute myelogenous leukemia. Cancer Res. 2015, 75, 2222-2231.

Lim, M.; Pang, Y.; Ma, S.; Hao, S.; Shi, H.; Zheng, Y.; Hua, C.; Gu, X,; Yang, F.; Yuan, W; et al. Altered
mesenchymal niche cells impede generation of normal hematopoietic progenitor cells in leukemic
bone marrow. Leukemia 2016, 30, 154-162.

Schmidt, T.; Kharabi Masouleh, B.; Loges, S.; Cauwenberghs, S.; Fraisl, P.; Maes, C.; Jonckx, B.; De
Keersmaecker, K.; Kleppe, M.; Tjwa, M; et al. Loss or inhibition of stromal-derived plgf prolongs
survival of mice with imatinib-resistant ber-abl1(+) leukemia. Cancer Cell 2011, 19, 740-753.
Caivano, A.; La Rocca, F.; Laurenzana, I.; Trino, S.; De Luca, L.; Lamorte, D.; Del Vecchio, L.; Musto, P.
Extracellular Vesicles in Hematological Malignancies: From Biology to Therapy. Int. J. Mol. Sci. 2017,
18, d0i:10.3390/ijms18061183.

Huan, J.; Hornick, N.I; Shurtleff, M.].; Skinner, A.M.; Goloviznina, N.A.; Jr, CT.R.; Kurre, P. RNA
trafficking by acute myelogenous leukemia exosomes. Cancer Res. 2013, 73, 918-929.

Poon, Z.; Dighe, N.; Venkatesan, S.S.; Cheung, AM.S; Fan, X.; Bari, S.; Hota, M.; Ghosh, S; Hwang,
W.Y.K. Bone marrow MSCs in MDS: Contribution towards dysfunctional hematopoiesis and
potential targets for disease response to hypomethylating therapy. Leukemia 2019, 33, 1487-1500,
doi:10.1038/s41375-018-0310-y.

Pavlaki, K.; Pontikoglou, C.G.; Demetriadou, A.; Batsali, A.K.; Damianaki, A.; Simantirakis, E.;
Kontakis, M.; Galanopoulos, A.; Kotsianidis, I.; Kastrinaki, M.C.; et al. Impaired proliferative
potential of bone marrow mesenchymal stromal cells in patients with myelodysplastic syndromes
is associated with abnormal wnt signaling pathway. Stem Cells Dev. 2014, 23, 1568-1581.

Kouvidi, E.; Stratigi, A.; Batsali, A.; Mavroudi, I.; Mastrodemou, S.; Ximeri, M.; Papadaki, H.A;
Pontikoglou, C.G. Cytogenetic evaluation of mesenchymal stem/stromal cells from patients with
myelodysplastic syndromes at different time-points during ex vivo expansion. Leuk. Res. 2016, 43,
24-32.

Klaus, M.; Stavroulaki, E.; Kastrinaki, M.C.; Fragioudaki, P.; Giannikou, K. Psyllaki, M,
Pontikoglou, C.; Tsoukatou, D.; Mamalaki, C.; Papadaki, H.A. Reserves, functional,
immunoregulatory, and cytogenetic properties of bone marrow mesenchymal stem cells in patients
with myelodysplastic syndromes. Stem Cells Dev. 2010, 19, 1043-1054.

Blazar, B.R.; Murphy, W.J.; Abedi, M. Advances in graft-versus-host disease biology and therapy.
Nat. Rev. Immunol. 2012, 12, 443-458.

Deeg, H.J. How I treat refractory acute GVHD. Blood 2007, 109, 4119-4126, doi:10.1182/blood-2006-
12-041889.

Martin, P.J.; Rizzo, ].D.; Wingard, J.R.; Ballen, K.; Curtin, P.T.; Cutler, C.; Litzow, M.R; Nieto, Y;
Savani, B.N.; Schriber, J.R; et al. First- and second-line systemic treatment of acute graft-versus-host
disease: Recommendations of the American Society of Blood and Marrow Transplantation. Biol.
Blood Marrow Transplant. 2012, 18, 1150-1163, d0i:10.1016/j.bbmt.2012.04.005.

Hashmi, S.; Ahmed, M.; Murad, M.H.; Litzow, M.R.; Adams, R.H.; Ball, L.M.; Prasad, V.K.; Kebriaei, P.;
Ringden, O. Survival after mesenchymal stromal cell therapy in steroid-refractory acute graft-
versus-host disease: Systematic review and meta-analysis. Lancet Haematol. 2016, 3, 45-52.



J. Clin. Med. 2020, 9, 856 15 of 15

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Kebriaei, P.; Isola, L.; Bahceci, E.; Holland, K.; Rowley, S.; McGuirk, J.; Devetten, M.; Jansen, J.;
Herzig, R.; Schuster, M.; et al. Adult human mesenchymal stem cells added to corticosteroid therapy
for the treatment of acute graft-versus-host disease. Biol Blood Marrow Tr. 2009, 15, 804-811.

Sugino, N.; Ichinohe, T.; Takaori-Kondo, A.; Maekawa, T.; Miura, Y. Pharmacological targeting of
bone marrow mesenchymal stromal/stem cells for the treatment of hematological disorders.
Inflamm. Regen. 2017, 37, 7, doi:10.1186/s41232-017-0038-5.

Arima, N.; Nakamura, F.; Fukunaga, A.; Hirata, H.; Machida, H.; Kouno, S.; Ohgushi, H. Single intra-
arterial injection of mesenchymal stromal cells for treatment of steroid-refractory acute graft-versus-
host disease: A pilot study. Cytotherapy 2010, 12, 265-268.

Kordelas, L.; Rebmann, V.; Ludwig, A.K,; Radtke, S.; Ruesing, J.; Doeppner, T.R.; Epple, M.; Horn, P.A ;
Beelen, D.W.; Giebel, B. Msc-derived exosomes: A novel tool to treat therapy-refractory graft-versus-
host disease. Leukemia 2014, 28, 970-973.

Najar, M.; Bouhtit, F.; Melki, R.; Afif, H; Hamal, A.; Fahmi, H.; Merimi, M.; Lagneaux, L.
Mesenchymal Stromal Cell-Based Therapy: New Perspectives and Challenges. J. Clin. Med. 2019, 8,
doi:10.3390/jcm8050626.

De Luca, L.; Trino, S.; Laurenzana, I.; Lamorte, D.; Caivano, A.; Del Vecchio, L.; Musto, P.
Mesenchymal Stem Cell Derived Extracellular Vesicles: A Role in Hematopoietic Transplantation?
Int. ]. Mol. Sci. 2017, 18, doi:10.3390/ijms18051022.

Gauthier, 5.D.; Leboeuf, D.; Manuguerra-Gagne, R.; Gaboury, L.; Guimond, M. Stromal-derived
factor-1 alpha and interleukin-7 treatment improves homeostatic proliferation of naive cd4(+) t cells
after allogeneic stem cell transplantation. Biol. Blood Marrow Tr. 2015, 21, 1721-1731.

Lai, P.; Chen, X.; Guo, L.; Wang, Y.; Liu, X,; Liu, Y.; Zhou, T.; Huang, T.; Geng, S.; Luo, C.; et al.
A potent immunomodulatory role of exosomes derived from mesenchymal stromal cells in
preventing cGVHD. |. Hematol. Oncol. 2018, 11, 135, doi:10.1186/s13045-018-0680-7.

Wang, L.; Gu, Z,; Zhao, X,; Yang, N.; Wang, F.; Deng, A.; Zhao, S.; Luo, L.; Wei, H.; Guan, L.; et al.
Extracellular vesicles released from human umbilical cord-derived mesenchymal stromal cells
prevent life-threatening acute graft-versus-host disease in a mouse model of allogeneic
hematopoietic stem cell transplantation. Stem Cells Dev. 2016, 25, 1874-1883.

Castro-Manrreza, M.E.; Montesinos, J.J. Immunoregulation by mesenchymal stem cells: Biological
aspects and clinical applications. J. Immunol. Res. 2015, 2015, 394917, d0i:10.1155/2015/394917.
Siegel, G.; Kluba, T.; Hermanutz-Klein, U.; Bieback, K.; Northoff, H.; Schafer, R. Phenotype, donor
age and gender affect function of human bone marrow-derived mesenchymal stromal cells. Bmc.
Med. 2013, 11, 146, doi:10.1186/1741-7015-11-146.

©2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open

@ @ access article distributed under the terms and conditions of the Creative
Commons Attribution (cc BY) license

(http://creativecommons.org/licenses/by/4.0/).



