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ABSTRACT

elf-renewal and differentiation are defining characteristics of

hematopoietic stem and progenitor cells, and their balanced regula-

tion is central to lifelong function of both blood and immune sys-
tems. In addition to cell-intrinsic programs, hematopoietic stem and pro-
genitor cell fate decisions are subject to extrinsic cues from within the
bone marrow microenvironment and systemically. Yet, many of the
paracrine and endocrine mediators that shape hematopoietic function
remain to be discovered. Extracellular vesicles serve as evolutionarily con-
served, constitutive regulators of cell and tissue homeostasis, with several
recent reports supporting a role for extracellular vesicles in the regulation
of hematopoiesis. We review the physiological and pathophysiological
effects that extracellular vesicles have on bone marrow compartmental
function while highlighting progress in understanding vesicle biogenesis,
cargo incorporation, differential uptake, and downstream effects of vesi-
cle internalization. This review also touches on the role of extracellular
vesicles in hematopoietic stem and progenitor cell fate regulation and
recent advances in therapeutic and diagnostic applications of extracellular
vesicles in hematologic disorders.

Introduction

To fulfill its critical systemic functions in oxygen delivery, coagulation and
immune defense, hematopoiesis is regulated via integration of cell-intrinsic pro-
grams with extrinsic cues from the surrounding bone marrow (BM) microenviron-
ment."” Recent studies from infectious diseases, cardiovascular, and cancer fields
demonstrate the existence of systemic crosstalk with BM cells which adds to the
complexity of compartmental signaling, especially during injury responses.®
Cytokines, chemokines and other growth factors act as important mediators in a
reasonably well-understood system by which the extrinsic ligands act on cells
expressing the cognate receptor (Figure 1A). These in turn transmit signals to a net-
work of cellular signaling pathways regulating hematopoiesis, including Wnt,
Notch, transforming growth factor beta (TGE-B), phosphatidylinositol-3 kinase,
and the mammalian target of rapamycin.*” Signaling by extrinsic mediators through
any one of these pathways triggers activation of quiescent long-lived hematopoietic
stem cells (HSCs). More recent studies of the leukemic microenvironment have
revealed that tumor-derived paracrine factors also act on mesenchymal stromal
cells, osteoprogenitors and endothelial cells within the BM, indirectly suppressing
hematopoietic stem and progenitor cells (HSPCs)."** Thus, dynamic compartmental
interactions shape physiological and pathophysiological regulation of BM function.

Extracellular vesicle (EV) biogenesis is a constitutive cellular process, broadly con-
served across evolution, with a role in development, homeostatic organismal func-
tion and tissue regeneration.”"" EVs of various shapes and sizes have been demon-
strated in every biofluid tested to date, with substantial variation in their structure,
content and function.” Protein, lipid and RNA components contribute to cell-cell
crosstalk at a short distance, in a paracrine or endocrine manner via the blood-
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stream (Figure 1B)."” However, given their complex cargo
and poorly understood selectivity for cellular uptake,
many phenotypic outcomes are not easily explained by
conventional models of cell-cell crosstalk. The conse-
quences of simultaneously transferring an unknown num-
ber of non-randomly assembled proteins and RNA to
another cell defy the clear predictions that apply to more
conventional receptor-ligand signaling. However, while an
understanding of the molecular basis for EV crosstalk is in
its infancy, the key principles of how EVs shape tissue
function are beginning to emerge.” Several groups have
recently demonstrated that EVs contribute to the compart-
mental regulation of hematopoiesis in the BM."*"* In this
review, we present current evidence for the role of EVs in
both homeostatic and pathogenic hematopoietic niches
with emphasis on regulatory mechanisms, experimental
outcomes and the critical open questions in the field.

. ®
Extracellular vesicles

EVs are membrane-enclosed structures of varying size
(30-10,000 nm) released from cells to mediate both local
and distant intercellular communication. Platelet-derived
vesicles were first identified by electron microscopy over
50 years ago,” yet the full spectrum of subtypes and activ-
ities of EVs have only become a major focus of interest in
recent years. In the early 1980s, it was reported that sheep
reticulocytes selectively release transferrin receptor within
EVs during programmed enucleation of the maturing red
cell and were generally considered to simply reflect the
export of cellular waste."” Recent studies of EVs in the BM
have shown that these vesicles serve to regulate
hematopoiesis, participate in immune cell activation, and
act as mediators of hemostatic functions.'"""®
Hematologic malignancies such as leukemia, multiple
myeloma or viral infections can coopt EV trafficking
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Figure 1. Schematic representation of biogenesis of extracellular vesicles and unique aspects of their trafficking. (A) The conventional model of cellular crosstalk
involves receptor-ligand interactions between secreted chemokines, cytokines and growth factors and cellular surface receptors. (B) EV-mediated crosstalk occurs
through the trafficking of vesicle-associated protein, lipid and RNA components to proximal cells or to distal organs via the bloodstream in a “paracrine” or
“endocrine” manner, respectively. (C) Exosomes are formed from the maturation of early endosomes into Rab7-containing late endosomes leading to the generation
of intraluminal vesicles via the action of tetraspanin and ESCRT proteins which sort the endosomal constituents into distinct multivesicular bodies. Through the action
of Rab27 and VPS33b, multivesicular bodies evade lysosome degradation and fuse with the plasma membrane to release 30-125 nm exosomes. Cells also release
50-1000 nm microvesicles that form through calcium-mediated budding of the plasma membrane, and during programed cell death, large (>1000 nm) apoptotic
bodies. ApB: apoptotic bodies ESCRT: endosomal-sorting complex required for transport; GF: growth factors; ILV: intraluminal vesicle; MV: microvesicle; MVB: multi-
vesiclular bodies; mTOR: mammalian target of rapamycin; PI3K; phosphatidylinositol-3 kinase; TGF-f: transforming growth factor beta; TGN: trans-Golgi network;

TSPAN: tetraspanin; VPS33B: vacuolar protein sorting-associated protein 33B.
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Table 1. Types of extracellular vesicles.

Type of extracellular  Size (nm) Biogenesis Constituents Detection Reference
vesicles
Pseudonym
Exosome 30-150 Early endosomes mature into late Lipid membrane uc NTA [12,22,23,
endosomes then, through the action of Nucleic acids DG Cryo-EM 24,25, 26]
ESCRT, multivesicular bodies are formed Proteins AC TEM
Nanovesicle containing intraluminal vesicles that fuse Tetraspanins SEC SEM
Nanoparticle with the plasma membrane for release ALIX
TSG101
Microvesicle 50-1000  Direct budding and cleavage of plasma Lipid membrane uc NTA [12,27,28]
membrane mediated by calcium influx, Nucleic acids AC Cryo-EM
and remodeling of the cortical cytoskeleton  Proteins SEE TEM
Microparticle ectosome Tetraspanins SEM
Large vesicle >1000 Cleavage of large cytoplasmic extensions Lipid membrane CF FM [29,30]
from cell body Nucleic acids FT FC
Proteins FACS
Large oncosome Organelles
Organized cytoskeleton
Apoptotic body >1000 Cytoplasmic fragmentation during Lipid membrane CF FM [31,32]
programmed cell death Nucleic acids FT
Proteins FACS
Organelles FC
Nuclear fragments
Apoptotic markers

AC: affinity chromatography; CF: centrifugation; Cryo-EM: cryo-electron microscopy; DG: density gradient; ESCRT: endosomal-sorting complex required for transport; FACS: fluo-
rescence activated cell sorting; FC: flow cytometry; FM: fluorescence microscopy; FT: filtration; NTA: nanoparticle tracking analysis; SEC: size-exclusion chromatography; SEM:scan-
ning electron microscopy; TEM: transmission electron microscopy; UC: ultracentrifugation

mechanisms, upend these homeostatic processes and use
EVs to reinforce tumor growth, chemotherapeutic resist-
ance, invasion, metastasis and relapse.””"

EVs can be broadly classified into four subtypes (Table
1) based upon vesicle size and method of cellular release:
exosomes (30-150 nm), microvesicles (50-1000 nm), large
vesicles (>1000 nm) and apoptotic bodies (>1000 nm).” It
is technically challenging to separate vesicle types, and
no standardized method exists to date. Techniques uti-
lized for EV purification often rely on size or density."”
However, there is overlap between exosomes and
microvesicles in composition and function, and neither
size-exclusion chromatography nor ultracentrifugation
in density gradients for separation will yield pure popu-
lations.” Moreover, due to overlap between these vesi-
cles in size and miRNA carrier function with plasma
abundant chylomicrons and very low density lipopro-
teins, EV dimension should be considered an arbitrary
surrogate metric, and a more biologically informed clas-
sification would likely enhance reproducibility in the
field, advance their detection and inform treatment
strategies.

Exosomes

The biogenesis of exosomes, the smallest type of EV,
begins with the inward cleavage of the plasma membrane
to form an endosome containing selectively enclosed
cytoplasmic components within the lumen. As illustrated
in Figure 1C, early endosomes, characterized by the pres-
ence of Rabd protein, undergo maturation into Rab7 con-
taining late endosomes which generate multiple intralumi-
nal vesicles through the action of tetraspanins and endo-
somal sorting complex required for transport (ESCRT)

proteins.” Together these proteins function to facilitate
further inward cleavage and sorting of endosomal con-
stituents into discrete intraluminal vesicles. These multi-
vesicular bodies, through RAB27- and VPS33b-dependent
mechanisms, evade lysosome degradation and fuse with
the plasma membrane to release intraluminal vesicles as
exosomes.”® Through this highly regulated endosomal
process of formation, the size of exosomes is relatively
constant as compared to the larger types of vesicle. In
addition to tetraspanins, proteins ALG-2 interacting-pro-
tein X and tumor susceptibility gene 101 (ALIX and
TSG101, respectively) are reported to be involved in the
endosomal process, and are frequently used as markers for
exosomes.””” Different cell types can release discrete sub-
populations of exosomes, each with different proteomic
properties and RNA cargo and divergent membrane pro-
tein composition.””

Microvesicles

Intermediate-sized EVs are most frequently referred to as
microvesicles, ectosomes, or if tumor-derived, oncosomes,
which arise via direct budding and cleavage of the plasma.
Microvesicles are spherical and span a broad range of sizes,
being between 50 nm to 1000 nm in diameter. They are
distinguished based on their formation and release, and do
not utilize the endosomal/multivesicular body pathway.”
Instead, microvesicles are formed through a process that
involves calcium influx and remodeling of the cortical
cytoskeleton to release the membrane-enclosed cytosolic
cargo.” Viewed broadly, microvesicles do not appear to be
formed in a consistent manner like exosomes. However,
when restricted to a specific cell type, microvesicles may
form in a uniform manner, as illustrated in one recent study



of neutrophils that consistently shed two distinct narrowly
defined vesicle populations of ~100 nm and ~500 nm, both
budding at the limiting membrane.”

Large vesicles

Large vesicles, also referred to as large oncosomes due
to their tumor-derived origin, are a class of EVs that can
reach up to 10 microns in size and contain intact
organelles and an ordered cytoskeletal structure.”” Large
vesicles are similar to apoptotic bodies in size and compo-
sition; however, unlike apoptotic bodies, large vesicles are
formed from cleavage of cytoplasmic extensions from
intact living cells. Large vesicles have been described in B-
cell acute lymphoblastic leukemia and prostate cancer, and
have been demonstrated within patients’ samples and in
vitro cultures of cancer cell lines.”*

Apoptotic bodies

Apoptotic bodies emerge during the course of pro-
grammed cell-death, as nuclear karyorrhexis occurs with
cytoplasm and surrounding plasma membrane beginning
to bleb into fragments.” Apoptotic bodies consist of an
intact plasma membrane enclosing cytosolic components
and can contain both organelles and nuclear fragments.
These bodies are subsequently eliminated through phago-
cytosis by surrounding cells and degraded in phagolyso-
somes.” It has been reported that apoptotic bodies can hor-
izontally transfer DNA to phagocytic recipient cells. As an
example of this, one study showed that Epstein-Barr virus-
infected B-lymphocytes generate apoptotic bodies that
carry viral DNA and aid in the transfer of the virus to unin-
fected cells.”

Vesicle fate

Once released from the parent cell, EVs can follow mul-
tiple routes. Some cancer cells generate EVs that rupture
soon after release from their parent cells, distributing
enzymes such as vascular endothelial growth factor and
matrix metalloproteases into the surrounding interstitial
space in order to promote angiogenesis and support cancer
invasion through metastatic dissemination.** EVs released
into the blood appear to have a short half-life in circulation.
In one representative study of B16-BL6 melanoma-derived
EVs packaged with luciferase and lactadherin, luciferase
activity was lost within minutes of intravenous injection
with an observed serum half-life of approximately 2 min-
utes followed by rapid redistribution into tissues.”

A broad range of mechanisms for cellular uptake have
been identified for EVs, including membrane fusion,
phagocytosis or receptor-mediated caveolin-, clathrin- or
lipid raft-mediated endocytosis, all culminating with trans-
port of the EV cargo directly into the intracellular compart-
ment.* The differences from study to study suggest that
EV uptake is a variable process and likely dependent on the
type of EV and the parent and recipient cells involved.
Experiments have shown that uptake is prevented at lower
temperatures, suggesting that internalization is energy
dependent and does not occur as a passive process.” The
uptake of EVs can be partially blocked by treating vesicles
with either heparan sulfate or proteinase K, indicating a
role for proteoglycans and surface proteins, respectively, in
gaining entry into the cell.”* Pre-treatment of cells with
the actin-depolymerizing drug cytochalasin D prior to EV
exposure prevents cytoskeletal remodeling and reduces EV
internalization,” The use of the dynamin 2 inhibitor dyna-

sore, which abrogates caveolin/clathrin-mediated endocy-
tosis, has also been shown to inhibit uptake of reticulo-
cyte-derived exosomes by macrophages.” These data
taken together are suggestive of an endocytic process
mediating vesicle internalization. Little is known about
specific mechanisms of uptake within the hematopoietic
niche, although one study reported that megakaryocyte-
derived EVs gain entry into hematopoietic progenitors cells
via lipid raft mediated endocytosis, macropinocytosis and
membrane fusion.” Further study is warranted in order to
understand the cellular events by which HSPC and sup-
portive cells of the bone marrow differentially regulate the
process of EV entry.

How EVs are specifically targeted to different cell types
within the hematopoietic niche in order to regulate
hematopoiesis remains largely unknown. Among the most
abundant membrane-associated proteins found on EVs are
tetraspanins, a large cell-surface protein superfamily that
interacts with transmembrane proteins and cytosolic sig-
naling molecules to facilitate the organization of these
structures into microdomains.” Tetraspanins have been
linked to many functions: intracellular signaling through G-
protein coupled receptors and protein kinase C; migration
and metastasis by interacting with integrins and vascular
cell adhesion molecule; cell morphogenesis by direct bind-
ing of alpha-actinin and the induction of actin polymeriza-
tion.”* EV-embedded tetraspanins are dependent on the
type of their parent cell; however, CD9, CD63, CD81,
CD82, and CD151 are enriched in EVs derived from a
range of sources.” CD9, a common tetraspanin used to
identify EVs was previously described in association with
c-kit/CD117, a tyrosine kinase receptor that is highly
expressed on HSPCs.* Tetraspanins such as CD37, CD53
and TSSC6 have been found exclusively on hematopoietic
cells. It is known that these tetraspanins interact with
hematopoietic-specific targets such as Src homology
region 2 domain-containing phosphatase-1, the pattern
recognition receptor dectin-1, MHC-I/I], integrin a4p1, T-
cell/NK-cell co-stimulatory CD2, as well as common signal
transducers including phosphatidylinositol-3 kinase and
protein kinase C.” Hematopoietic-specific tetraspanins and
integrins on the EV surface remain strong candidates in tar-
geting vesicles to specific cell types within the hematopoi-
etic niche.

A recent study demonstrated that, once inside the target
cell, EVs are sorted into the endosomal pathway, move
quickly through the cytoplasm and then stall at the endo-
plasmic reticulum, before eventually fusing with lyso-
somes for degradation.” The process of cargo release by
internalized EVs remains to be clarified. As the principal
compartment for translation within the cell, the endoplas-
mic reticulum is a likely site for the deposition of mRNA
and miRNA cargo. This and the assembly of the RNA
interference-silencing complex in the endoplasmic reticu-
lum may potentially explain how EVs alter protein synthe-
sis and change cellular behavior. The half-life of internal-
ized EVs has not been well defined. In the same study,
293T-derived EVs remained intact for hours to days once
inside primary fibroblasts, with 50-60% merging with
lysosomes by 48 hours.”

Physiological regulation of hematopoiesis
by extracellular vesicles

The BM comprises hematopoietic and non-hematopoi-
etic cells organized into specialized microenvironments

EVs in the hematopoietic microenvironment -
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that provide dynamic regulation of hematopoiesis to
assure the adequate formation and function of mature
blood cells from HSCs.! Mesenchymal stem cells (MSCs),
their osteoprogenitor cell progeny, as well as endothelial
cells and adipocytes coordinately maintain hematopoiesis
by regulating proliferation, quiescence, differentiation,
and apoptosis of HSPCs through juxtacrine and paracrine
activity” Changes in compartmental oxygen concentra-
tion, hemorrhage, chemotherapy and irradiation can all
prompt the emergence of HSCs from quiescence,”* and

several lines of evidence suggest that EVs are involved in
regulating BM function during homeostasis and in
response to injury (Table 2A, Figure 2).

Some of the earliest descriptions of EVs revealed their
role as platelet-derived anti-hemophilic particles and in
transferrin receptor release from sheep reticulocytes.’
Additionally, more recent evidence points to EVs as
important physiological mediators of signaling across the
immunological synapse."* Yet, much less is known
about how vesicles might contribute to steady-state
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Figure 2. Current evidence for extracellular vesicle crosstalk in the homeostatic bone marrow microenvironment. (A) MSC-derived EVs signal to HSPCs through the
TLR-4 pathway, resulting in myeloid biased expansion. (B) Megakaryocyte-derived MVs are internalized by HSPCs and increase differentiation of new megakaryocytes
through RNA-mediated signaling. (C) Hypoxia induces erythroleukemia cells to release EVs containing miR-486 which increases erythroblastic differentiation by tar-
geting Sirt1 in HSPCs. (D) G-CSF infusion stimulates the release of EVs containing miR-126 that act to down-regulate VCAM-1 in HSPCs, resulting in their mobilization
out of the BM. (E) HSPCs autoregulate stem potential by packaging and releasing critical secretory proteins through the exosomal pathway via the action of VPS33B.
ANGPTL-2/3; angiopoietin-like protein 2 and 3; BM: bone marrow; CMP: common myeloid progenitor; EB: erythroblast; EVs: extracellular vesicles; G-CSF: granulocyte
colony-stimulating factor; GMP; granulocyte monocyte progenitor; HSPC: hematopoietic stem and progenitor cell; Mk: megakaryocytes; MkB: megakaryoblast; MSC:
mesenchymal stem cell; miR: microRNA; MV: microvesicles; TLR-4: Toll-like receptor 4; TPO: thrombopoietin; VCAM-1: vascular cell adhesion molecule; VPS33B: vac-
uolar protein sorting-associated protein 33B.
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hematopoietic function or during a regenerative BM  Granulocyte colony-stimulating factor mobilization is
response. EV release is very clearly subject to a range of  one such stimulus that appears to increase vesicle release
cellular stimuli, including cytokine activation, ionizing from hematopoietic progenitors.” Following injury, EV
radiation, and differences in tissue oxygen tension.®” release may promote the selective delivery of miRNAs

Table 2A. Physiological regulation of hematopoiesis by extracellular vesicles.

EV origin Recipient cell Cargo Molecular target and effect Functional event Reference
Reticulocytes Macrophage Transferrin Release and recycling of [9]
receptor transferrin receptor during enucleation
and maturation of erythrocytes
MSCs HSPCs TLR4: binding/activation TLR4 signaling results in myeloid biased [17]

expansion and skewed hematopoietic
repopulation potential of HSPCs
Megakaryocytes HSPCs Mk-RNA ICAM-1: binding/entry Selective differentiation of progenitors [61]
CD63: binding/entry into functional megakaryocytes
CD18: binding/entry
CD11b: binding/entry

Erythroleukemia HSPCs miR-486-5p Sirtl: downregulation Promotes erythroid differentiation [63, 64]
cells in response to hypoxia
G-CSF stimulated ~ Stroma miR-126 VCAM-1: downregulation Down regulation of VCAM1 leads [52]
BM stroma ECs to mobilization of HSPCs out of

HSPCs the niche and into peripheral blood
Aged mouse  Young mouse BM miR-183-5p HMOX1: downregulation Reduced proliferative ability [65]
BM cells stromal cells of stromal cells and decreased osteogenic

differentiation

Mouse embryonic ~ HSPCs Wnt3, Oct4, SCL: upregulation, Expansion of HSPCs and expression of [66]
stem cells HoxB4: upregulation markers associated with early HSC states

GATA2: upregulation
MAPK p24/44: phosphorylation
HSPCs HSPCs TPO, ANGPTL2, Autocrine signaling loop: VPS33B mediated release of exosomes [45]
ANGPTL3 maintains stemness is required for maturation of secretory
growth factors and maintaining cell stemness

Table 2B. Pathophysiological regulation of hematopoiesis by extracellular vesicles.
EV origin Recipient cell Cargo Molecular target and effect Functional event Reference

AML blasts HSCPs miR-150/155 cMYB; downregulation Suppression of cMYB in HSPC reduces [13,51]
clonogenicity and leads to down regulation
of niche retention factor CXCL12 and mobilization
of HSPCs to peripheral blood

AML blasts BM Stroma CXCL12: downregulation Down regulation of HSC-supportive [14]
SCF: downregulation factors and suppression of hematopoiesis
IGF1: downregulation ~ and osteolineage development by upregulating
DKKI: upregulation DKk1 expression in BM stroma
AML and MDS cells ~ MSCs miR-7977 PCBP1: downregulation Reduced HSC-supportive growth factors [70]
Jagged1: downregulation and hematopoiesis-supportive
SCF: downregulation capacity of MSCs
ANGPT1: downregulation
MDS patient ~ CD34* progenitor miR-10a/15a  P53: transcriptional dysregulation Alteration of HSCPs viability [71]
MSCs cells MDM2: transcriptional dysregulation and clonogenicity
CML cells BM stroma Amphiregulin EGFR: activation Alteration of BM microenvironment [72]
(EGFR-ligand) MMP9: upregulation leading to increase attachment
IL8: upregulation and proliferative advantage of CML cells
Melanoma cells BM progenitors c-MET Mobilization of BM progenitors and [73]

upregulation of proinflammatory molecules
at sites of macrophage trafficking leading
to promotion of melanoma invasion and metastasis

AML: acute myeloid leukemia; ANGPT1: angiopoietin 1; ANGPTL2/3: angiopoietin-like protein 2/3; BM: bone marrow; CML: chronic myelogenous leukemia; EC: endothelial cell;
EGFR: epithelial growth factor receptor; EV: extracellular vesicle; G-CSF: granulocyte colony-stimulating factor; HMOX: heme-oxygenase molecule 1; HSC: hematopoietic stem
cell; HSPCs: hematopoietic stem and progenitor cells; ICAM1: intercellular adhesion molecule 1;IGF1: insulin-like growth factor 1; IL8: interleukin 8; Mk: megakaryocyte; MDS:
myelodysplastic syndrome; miR: micro-ribonucleic acid; Mk: megakaryocyte; MSC: mesenchymal stem cell; MMP9: matrix metalloprotease 9; SCF: stem cell factor; TLR4: Toll-like
receptor 4; TPO: thrombopoietin; VCAM1: vascular cell adhesion molecule 1;VPS33B: vacuolar protein sorting 33B.
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and other cargo, and may explain the enhanced angio-
genic and regenerative activity after hypoperfusion injury
in distant tissues.”

Several groups have studied the release and function of
EVs by BM stroma, such as endothelial cells and MSCs.
Endothelial cells have been shown to generate EVs with
pro-angiogenic effects through the actions of miR-126,”
and have been linked to age-related downregulation of
osteogenic differentiation within the BM.”* More litera-
ture exists on the release and function of EVs from BM-
derived MSCs. Our group recently demonstrated the traf-
ficking of EVs from BM-derived MSCs to hematopoietic
cells influencing progenitor commitment.” Other groups
showed that MSC-derived EVs selectively promoted
tumor growth in patients with multiple myeloma.”
Additionally MSC-derived EVs have been shown to regu-
late angiogenic activity in endothelial cells, supporting the
notion that BM MSC-derived EVs can regulate specific cell
populations both within and outside of the hematopoietic
compartment.”

In a recent study we showed that murine HSPCs (KSL:
c-kit"/sca-1*/lineage-depleted) exposed to BM MSC-
derived EVs in vitro prompted activation with myeloid pro-
genitor biased expansion and a skewed hematopoietic
repopulation potential.” Remarkably, this process seemed
to be dependent on Toll-like receptor signaling and could
be specifically abrogated in HSPCs from TLR4 knockout

or MyD88 knockout animals (Figure 2A). EVs of all classes
are also rich in lipid components, especially products of
arachidonic acid metabolism, including prostaglandin E2.%
Considering the potent activity of prostaglandin E2 in reg-
ulating HSC expansion and engraftment,” it is tempting to
speculate that EV-bound prostaglandin E2 released by
MSCs contributes to this activity.*”

The EV-mediated influence on hematopoiesis is not lim-
ited to supportive stromal cells alone. Megakaryocytes
have also been shown to impart regulatory control on
HSPCs by releasing microvesicles to orchestrate specific
cell-type commitment. Megakaryoctye-derived
microvesicles are among the most abundant microvesicles
in the circulation, and attach to HSPCs by interacting with
ICAM-1, CD43, CD18 and CD11b epitopes. Upon cell
surface contact, these microvesicles become internalized
where megakaryocyte RNA appears to serve as the medi-
ator of biological effects, as evidenced by a loss of function
of megakaryocyte microvesicles following RNAase treat-
ment. Functionally, the internalization of these
megakaryocyte microvesicles was found to redirect the
differentiation of HSPCs toward functional megakary-
ocytes with limited effects on the phenotype of endothe-
lial or stromal cells (Figure 2B).”

Several studies have demonstrated the importance of
EV miRNA in regulating erythropoietic differentiation of
HSPCs in both murine and human models.” One recent
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Figure 3. Current evidence for extracellular vesicle crosstalk in the leukemic microenvironment (A) EVs from AML blasts traffic miR-155 to HSPCs and down-regulate
critical transcription factor, c-MYB, resulting in reduced differentiation potential. (B) AML EVs reprogram MSCs and stromal cells, and downregulate niche retention
factor CXCL12 resulting in mobilization of HSPCs from the BM. (C) AML and MDS EVs promote the loss of HSPC supportive factors, CXCL12, SCF, IGF-1 through the
trafficking of miR-7797 to supportive stroma, leading to reduced HSPC viability and hematopoietic potential. AML: acute myelogenous leukemia; ANGPT-1: angiopoi-
etin 1; BM: bone marrow; CXCL12: C-X-C motif chemokine 12; EVs: extracellular vesicles; HSPCs: hematopoietic stem and progenitor cells; IGF-1: insulin-like growth
factor 1; MDS: myelodysplastic syndrome; miR: microRNA; MSC: mesenchymal stem cell; PCBP1: poly(rc) binding protein 1; SCF: stem cell factor.
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report described that erythroleukemia cells respond to
hypoxia by rapidly releasing exosomes containing miR-
486, a known regulator of erythroid differentiation,
which targets Sirtl in CD34* HSPCs (Figure 2C).® This
confirmed and extended previous studies that had impli-
cated the increased expression of miR-486-5p in support-
ing erythroid differentiation of CD34* cells in vitro.”
Conversely, the inhibition of miR-486-5p has been found
to suppress CD34" cell growth in vitro and in vivo, and
decrease erythroid differentiation and survival of ery-
throid cells. It is possible that a similar physiological
mechanism might exist to regulate hypoxia-responsive
erythropoiesis in order to increase the delivery of oxygen
to starved tissues.

EVs within the BM microenvironment have been shown
to modulate the behavior of HSCs in other ways. For
example, treatment with pharmacological concentrations
of granulocyte colony-stimulating factor used to mobilize
stem and progenitor cells for collection and subsequent
transplantation causes an increase in EVs containing high
levels of miR-126 within the BM. These EVs are internal-
ized by stroma, HSPCs and endothelial cells, delivering
miR-126 into the cell, where it acts to translationally sup-
press vascular cell adhesion molecule-1 (Figure 2D). This
decrease in vascular cell adhesion molecule-1, along with
other signaling events, results in reduced HSPC adhesion
and a shift into the peripheral blood, for collection by
leukapheresis.” Experimentally, EV-contained miR-126
released from mobilized human CD34 cells conferred pro-
angiogenic activity and promoted hindlimb ischemia
repair.® Another recent study found that aging and oxida-
tive stress alter the miRNA content of EVs in the BM
microenvironment leading to age-related stem cell dysfunc-
tion. The investigators showed that BM-derived EVs from
aged mice contain abundant miR-183-5p which, when
endocytosed by primary BM stromal cells from young
mice, decreased proliferation and inhibited osteogenic dif-
ferentiation by reducing heme oxygenase 1, an enzyme
essential in heme catabolism.” Microvesicles derived from
mouse embryonic stem cells were found to contain high
levels of transcripts associated with pluripotency (Wnt-3
and Oct-4), and when exposed to hematopoietic progeni-
tors led to their expansion.” Additionally, hematopoietic
progenitors exposed to the microvesicles derived from
mouse embryonic stem cells were found to upregulate the
expression of early HSC markers (SCL, HoxB4 and GATA?2)
and showed phosphorylation of MAPK p24/44 and serine-
threonine kinase AKT.®

Finally, HSCs may contribute to their own stemness in
part through secretory signaling and autocrine loops,
involving vacuolar protein sorting protein 33b (VPS33B)-
mediated release of exosomes as carriers of thrombopoi-
etin and angiopoietin-like protein 2 and 3 (Figure 2E).
Herein, the loss of VPS33B compromised HSC potential
and reduced leukemogenicity in cancer models.” This and
other studies discussed in this section support the view
that within the physiological BM microenvironment,
HSPCs release and internalize EVs, and are broadly
responsive to regulation by vesicle trafficking in order to
maintain hematopoiesis.

Pathophysiological regulation of hematopoiesis
by extracellular vesicles

Aside from the role of EVs in the cellular crosstalk in the
BM under physiological conditions, EV trafficking also

plays a distinct role in deregulating hematopoiesis in
injury and disease states, such as hematologic malignan-
cies and extramedullary cancers (Table 2B)."*'** For exam-
ple, MSC-derived EVs appear to contribute to marrow
repair after radiation damage, restoring HSPC prolifera-
tion and engraftment with partial restoration of peripheral
blood counts after intravenous injection of MSC-derived
EVs.®

We reported that acute myeloid leukemia (AML) blasts
rely on EVs for the transfer of miR-150 and miR-155,
which target cMyb, a highly expressed transcription factor
in progenitor cells to suppress HSPC clonogenicity. The
coincident downregulation of the niche retention factor
CXCL12 in those studies led to HSPC mobilization into
the peripheral blood (Figure 3A)."*"" These observations
were extended more recently by others showing that
AML EVs not only downregulate HSC-supporting factors
(CXCL12, stem cell factor, and insulin-like growth factor
1) (Figure 3B), but simultaneously suppress hematopoiesis
and osteolineage development by upregulating Dkk1
expression in BM stromal cells." On the other hand, one
study showed that AML EVs increased the number of
HSCs by enhancing their survival while retaining their
clonogenicity and stemness with no change in the
hematopoietic CD34*, CD34°CD38", CD90*, and CD117*
phenotypes.” Illustrating one of the key challenges in
understanding HSPC regulation by EVs, neither of the two
latter studies identified the specific EV component respon-
sible. We and others previously showed that EVs released
by steady-state or reprogrammed malignant stroma carry
cytokines.”®” Because most analyses of secreted
cytokines do not separate vesicle-bound and vesicle-free
cytokine activity it is entirely possible that some of the
known cytokine activities that regulate HSPC in the
leukemic niche reflect EV-mediated trafficking.

Other hematologic disorders affect hematopoiesis indi-
rectly by altering the function of the supportive non-
hematopoietic stroma. Both AML and myelodysplastic
syndrome cells were shown to reduce the hematopoiesis-
supportive capacity of MSCs by delivering miR-7977 via
EVs. After uptake by MSCs, the EV-trafficked miR-7797
suppresses hematopoietic growth factors (jagged-1, stem
cell factor and angiopoietin-1) by targeting the poly (rC)
binding protein 1 post-transcriptional regulator (Figure
3C)." MSCs from patients with myelodysplastic syn-
drome were also shown to release EVs that traffic miR-
10a and miR-15a to CD34" progenitor cells, causing the
transcriptional regulation of MDA2 and P53 genes, alter-
ing HSPC viability and clonogenicity.” EVs released from
chronic myelogenous leukemia cells have also been impli-
cated in altering the BM microenvironment by activating
epithelial growth factor receptor signaling in stromal cells.
Chronic myelogenous leukemia exosomes were shown to
contain amphiregulin, an epithelial growth factor recep-
tor-activating ligand that leads to the downstream expres-
sion of matrix metalloproteinase-9 and interleukin-8, giv-
ing leukemic cells an adhesive and proliferative advantage
within the hematopoietic niche.”

Extramedullary cancers, such as melanoma, also use EVs
for the endocrine regulation of BM progenitors. For exam-
ple, one study showed that melanoma EVs mobilize BM
progenitors by targeting the receptor tyrosine kinase, c-
MET, in turn upregulating pro-inflammatory molecules at
sites of macrophage trafficking to promote their invasion
and metastasis in distant organs.”

EVs in the hematopoietic microenvironment -
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Diagnostic and therapeutic application of extracellular
vesicles in hematologic disorders

Vesicles are continuously shed by a wide range of blood
cells.”* In addition to their short-range biological effects,
the small size and rapid equilibration of EVs between tis-
sues and the bloodstream have fueled interest in develop-
ing minimally invasive biomarkers based on EVs and their
cargo. Identification of disease-specific markers based on
circulating EVs may aid in early detection and post-remis-
sion monitoring for several types of hematologic disorders
(Figure 4C). A number of studies indicate the feasibility of
developing circulating EVs as a minimally invasive plat-
form for the analysis of miRNA and protein content pro-
files to detect and classify hematologic malignancies and
non-malignant hematopoietic disorders.””* For example,
antibody microarray profiling of the membrane protein
content of plasma EVs from patients with chronic lym-
phoid leukemia showed elevated levels of CD5, CD19,
CD31, CD44, CD55, CD62L, CD82, HLA-A, HLA-B,
HLA-C, and HLA-DR and low levels of CD21, CD49c,
and CD63.” The utility of EVs as biomarkers in chronic
lymphoid leukemia is also supported by the observation
of high levels of CD19 and CD37 relative to the levels in
healthy controls.”” In patients with newly diagnosed AML,
plasma EVs were rich in myeloblastic markers (CD34,
CD33 and CD117), but also TGE-B1 protein, and MHC
class 1 chain-related genes (MICA and MICB).” The
dynamic range of plasma EV-TGEF-f1 readily separated
AML patients by diagnosis, early and late remission sta-
tus. In multiple myeloma, EVs bearing CD38, CD138,
CD44 and CD147 allowed stratification of patients by dis-
ease phase and therapy response.” There is a range of plat-
forms for RNA amplification and the high incidence of
relapse in AML patients has driven efforts to mine EV
RNA content for highly sensitive detection of minimal
residual disease and emergent drug resistance. EV miRNA
appears to be a particularly promising minimally invasive
biomarker platform. When EV cargo loading leads to the
selective enrichment of some and exclusion of other cellu-
lar miRNA, the resulting highly selective vesicle miRNA
profiles offer a potentially significant advantage over
analysis of more diverse and abundant “free” circulating
miRNA, which is often complexed with small lipoprotein
particles. This improved signal to noise ratio led a number
of groups to survey EV miRNA as a highly dynamic bio-
marker tool in hematologic malignancies (Table 3), and
several studies have shown that AML EVs contain charac-
teristic miRNA profiles.*® A particularly intriguing aspect
of circulating EV miRNA is that it represents contributions
of (occasionally identical) miRNA contained in EVs from
multiple cellular sources. Such a compartmental biomarker
reflects EV miRNA contributions from leukemic clones
and the surrounding BM stromal cells.”"

The use of EVs as biomarkers is not limited to hemato-
logic malignancies; it may also be prognostically useful for
benign hematologic disorders such as sickle-cell anemia.
Plasma EVs from patients with sickle-cell anemia showed
a distinct signature of miRNA that not only distinguished
patients from healthy donors, but also coincided with the
stage of the disease in the patients.” In a study of patients
with BM failure, investigators showed distinct profiles in
patients with aplastic anemia and myelodysplastic syn-
drome and a biomarker response to successful immuno-
suppressive therapy.” While many believe that EV miRNA
under consideration as hematologic biomarkers may pri-

marily serve a biological role in endocrine cell-cell com-
munication between distant tissues and cells, an alterna-
tive, and no less intriguing, possibility is the deliberate
secretion of protein and RNA into EVs as a way of pre-
venting regulation of the originating cell.*

Finally, autologous EVs from any number of accessible
and in vitro expandable cells, including MSCs, T cells, and
NK cells, can be a potentially exciting prospect for EV ther-
apeutics, especially if approaches for selective loading and
organ targeting can be developed. Human MSC EVs, for
example, were shown in vitro to shuttle miR-155 and miR-
146 that exerted immunomodulatory effects through sup-
pression of NK-, B-, and T-cell activity.” In a murine model,
CD73-bearing MSC EVs effectively reversed graft-versus-
host disease through the promotion of adenosine metabo-
lism that in turn suppressed Thl-mediated inflammation
immune suppression.” As noted earlier, CD34-derived EVs
appear to reverse hindlimb ischemia in animal models.” A
recent human study relied on MSC-derived EVs to treat
graft-versus-host disease, based on prior successful work
using pooled MSCs as a promising therapy for refractory
graft-versus-host disease, a complication of allogeneic HSC
transplantation.” Presumably based on the high concentra-
tion of interleukin-10, TGF-p, and HLA-G, EV injection
resulted in a significant reduction of the patient’s inflamma-
tory response and improved the symptoms of graft-versus-
host disease in multiple organ systems.

One recent study showed that Rab27 alpha/beta double
knockout (RAB27DKO) mice, with impaired exosome
release, have increased levels of cytokines and myelopro-
liferation, consistent with chronic inflammation. Grafting
these mice with wild-type HSCs, or injecting EVs pro-
duced by granulocyte-macrophage colony-stimulating fac-

Table 3. Extracellular vesicle miRNA, selective roles in homeostasis and hema-
tologic malignancies.

Function Homeostasis/ miRNA Reference
disease
Support erythroid Homeostasis miR-486 63
differentiation
Regulate osteogenic Homeostasis miR-183-5p 65
differentiation
Regulate HSPC AML miR-150 and miR-155 24,99,100
clonogenicity and
mobilization
Regulate hematopoietic ~ AML and MDS miR-7977 70
function
Control HSPC viability MDS miR-10a, and miR-15a 71
and clonogenicity
Biomarker AML miR-155 and miR-1246 81
Biomarker CLL  miR-20a, miR-29, miR-150, 101
miR-155, and miR-202-3p,
miR-223
Biomarker Hodgkin ~ miR-21-5p, miR-24-3p, 102
lymphoma miR-127-3p, miR-155-5p,
and let-7a-5p
Biomarker MM  miR-15, and miR-18a, miR-21, 103

miR-135b and let-7b

AML: acute myeloid leukemia; CLL: chronic lymphocytic leukemia; miR: micro-ribonucleic acid;
HSPC: hematopoietic stem and progenitor cell; MDS: myelodysplastic syndrome; MM: multiple
myeloma.
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tor-expanded wild-type HSCs ameliorated the inflamma-
tory state. While Rab27DKO mice showed no response to
lipopolysaccharide, response could be restored following
exposure to wild-type hematopoietic EVs, but not EVs
harvested from miR-155" cells, indicating that vesicle traf-
ficking of miR-155 regulates the innate immune
response.”

Perspective and open questions

HSCs are competitively displaced from the hematopoi-
etic niche in several types of cancer. Yet, the successive loss
of HSCs from the BM is not explained by mere physical
displacement, but rather occurs even at a disproportionate-
ly low tumor burden or with extramedullary tumor loca-
tion. The underlying mechanisms of how cancer cells are
able to disrupt the hematopoietic niche still remain
unclear.*”” Cellular competition was historically charac-
terized in Drosophila as a non-cell autonomous mecha-
nism involving p53 as a rheostat, whereby healthy (low
p53) cells can competitively eliminate damaged and func-

tionally compromised neighboring cells (Figure 4B).”” It is
thus tempting to speculate that a process such as cell com-
petition between healthy and leukemic cells, the senes-
cence-associated secretory phenotype, or even submicro-
scopic pre-cancerous changes in apparently healthy cells
adjacent to tumor tissue (the so called “field effects”), result
from EV trafficking.”” The described interaction between
EVs and other cells through integrin receptor on the cell
surface constitutes a potential candidate mechanism for
the disruption of HSC retention in the BM niche.>"**
More broadly, the cellular context of vesicle transfer
between cells in the hematopoietic niche, and how differ-
ent routes of delivery affect target cell response are areas
requiring urgent clarification. For example, it is evident
that EV crosstalk occurs through the release of free vesi-
cles into the interstitial space to interact with target cells
in a paracrine or endocrine manner. However, vesicle
transfer also appears to utilize cytoplasmic extensions
(variously referred to as cytonemes, nanotubes, or
invadopodia) which deliver contents directly into adjacent
cells. These alternative modes of delivery make it difficult
to cleanly segregate contact-dependent effects from those
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Figure 4. Unresolved aspects of extracellular vesicle biology in the regulation of hematopoiesis. (A) EVs have been proposed to enter recipient cells through lipid
raft-mediated internalization, endocytosis, phagocytosis, membrane fusion, caveolin-mediated endocytosis and macropinocytosis. (B) Exosome-mediated crosstalk
may explain the intercellular competition of neighboring cells where the “winner” HSPC outcompetes the less fit HSPC through a P53-dependent mechanism. (C)
Vesicles contain cargo comprised of uniquely packaged proteins, miRNAs and RNAs which serve as promising biomarkers for disease detection. (D) Vesicles from
HSPCs and other cells of the bone marrow niche have been shown to exhibit preferential targeting to specific recipient cells for entry. (E) Cytonemes (filopodia,
invadopodia, tunneling nanotubes) are cytoplasmic extensions that serve as modes of exosomal transfer to adjacent bystander cells. EVs: extracellular vesicles;

HSPC: hematopoietic stem and progenitor cell.
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relying on “free” vesicle exchange (Figure 4E)."* Clearly,
the development of experimental approaches that more
closely resemble the physiological context should be a pri-
ority for future studies.

In addition to hematopoietic regulation, the vesicles
released by BM cells may play a central role in the estab-
lishment and propagation of pathophysiological events
outside the medullary space, ranging from promoting
metastatic dissemination of melanoma cells, to priming
inflammatory responses after cardiac injury.*** A mecha-
nistic understanding of the EV-mediated crosstalk
between tissues is currently lacking, and EV as carriers of
cytokines, bioactive lipids and several classes of RNA may
deserve greater consideration when systemic conditions
affect BM function. For example, given the EV-mediated
crosstalk between lymphocytes and antigen-presenting
cells," or priming of an inflammatory phenotype in the
BM by EV miRNA,” it is not inconceivable that systemic
inflammatory effects after cardiovascular injury or chronic
stress conditions are similarly induced by EVs and their
cargo.” Such a systemic communication model finds fur-
ther support in reports of BM-derived EV trafficking to the
brain during experimentally induced systemic inflamma-
tion.”

Finally, it is now widely accepted that EVs contribute to
pathophysiological regulation, and the suppression of EV
release in disease states may offer therapeutic benefit.
However, while several of the molecular mechanisms
involved in EV release have been described,”” broad sup-
pression of EV release is an unlikely therapeutic goal given
the role EVs play in maintaining homeostasis. Rather, a
nuanced understanding of cell-specific biogenesis, cargo
incorporation, and EV-recipient cell affinity may offer the
insight necessary for more targeted and disease-specific

] J.T. Butler et .

approaches. Further research into the identity of vesicle
surface molecules that govern target cell specificity and
route of cellular uptake will be critical in mapping the role
that EVs play in regulating hematopoiesis (Figure 4A,D).
Classifying these surface molecules may also prove useful
for harnessing the potential of vesicles to deliver targeted
therapeutics within the BM, or blocking the action of can-
cer-derived EVs, in order to advance the treatment of
hematologic disease. Additionally, the intracellular events
that follow uptake are particularly poorly understood.
Answering questions about miRNA copy number per EV,
or intracellular EV processing, cargo unloading and vesicle
degradation will be crucial to realize the therapeutic
potential for modified EVs. Finally, understanding how
different components of a given vesicle cooperatively alter
the behavior of a cell, and whether vesicles with an iden-
tical cell origin can differentially regulate multiple cell
types in the niche, will be key to utilizing this complex
biological process in order to create realistic therapeutics.

In sum, EVs offer fundamental new insight into the biol-
ogy of HSC regulation, as well as translational opportuni-
ties for mitigating injury, and opposing malignancy. Due
to their constitutive role in regulating specific cell popula-
tions within the marrow niche, and unique signatures,
EVs could prove to be a powerful tool for advancing
hematology, and be exploited to improve diagnosis, dis-
ease monitoring and therapy.
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