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Abstract

Acute Myelogenous Leukemia (AML) is an aggressive cancer of the bone marrow
that affects both adults and children alike. While many patients achieve remission
following induction of chemotherapy, the cancer eventually returns in 40% with increased
resistance to cancer drugs. Due to high rates of relapse and drug resistance, the 5-year
survival remains less than 25%. AML originates from abnormal hematopoietic stem cells
(HSCs) that rapidly proliferate in the bone marrow—the principal site of blood-cell
production. There is no unifying genetic lesion that underlies AML, however regardless of
subtype, the progression of cancer and effects on the bone marrow microenvironment are
strikingly similar. As AML cells expand in an uncontrolled manner they successively
impair the growth of normal blood cells and cause life threatening cytopenias. The complex
interplay of AML and the surrounding microenvironment creates a sanctuary that disrupts
hematopoiesis and protects occult myeloblasts from therapy, yet the mechanisms
underlying these pro-leukemic changes are not fully explained by traditional models of
cell-to-cell crosstalk or physical displacement. It is now understood that AML cells enforce
pro-leukemic changes in part by releasing copious membrane-bound packages of cargo,
called extracellular vesicles (EVs). Following release, AML-EVs are broadcast throughout
the medullary compartment and enter systemic circulation—where they bind and enter

recipient cells—delivering tumor-derived factors directly to non-malignant cells.

Despite mounting evidence implicating EVs in bone marrow dysfunction, more
research is needed to fully map the directional transfer of AML-EVs to recipient cells, and
determine how their respective cargos enforce pro-leukemic alterations to the bone marrow
and extramedullary tissues. A better understanding of EV-mediated crosstalk within the
AML microenvironment is critical to unraveling the mechanisms that underlie relapse and
drug resistance, which have remained elusive for so long. In this thesis, I investigate the
fate and function of AML-EV in altering the leukemic microenvironment through direct

interactions with HSPCs, supportive stroma and cytotoxic T-lymphocytes.



In chapter 1, I introduce the bone marrow microenvironment, and describe the
transformation of normal hematopoiesis to malignant AML. This chapter also focuses on
EV-related biology, and synthesizes existing research pertaining to the role of EVs in
shaping both homeostatic and pathophysiologic bone marrow function. In chapter 2, I
describe the transmission of endoplasmic reticulum stress to bone marrow stromal cells in
immunodeficient NSG xenograft recipients through the uptake of AML-EVs. In the
leukemic marrow, AML-EVs accumulate in mesenchymal stem cells and osteoprogenitors,
activating the unfolded protein response—a pathway linked to chemoresistance in other
cancers. Conversely, the uptake of AML-EVs by HSCs does not transmit ER-stress, but
rather halts protein synthesis and induces DNA damage, potentially predisposing residual
HSPCs for transformation. In Chapter 3, I demonstrate that EV-associated miRNAs
directly enforce quiescence on residual hematopoietic stem cells by inhibiting the mTOR
pathway (mammalian target of rapamycin). Furthermore, AML-EVs are not restricted to
the bone marrow compartment, they able to enter systemic circulation and reach distant
tissues. In chapter 4, I show that AML-EVs interact with the immune system outside of the
medullary space, and suppress the activation CD8+ T cells to dampen the immune system’s
anti-tumor response. In order to facilitate these studies, multiple methods were developed
to improve the detection of nanoscale EVs and track their fate in experimental models. In
Chapter 5, I introduce the limitations of using fluorescence imaging and flow cytometry to
study nanoscale EVs, and include methodology for techniques I developed to accomplish
the research described throughout this thesis. Finally, in chapter 6, with mounting evidence
implicating AML-EVs in enforcing pro-leukemic changes in the bone marrow, I discuss
their significance in the progression of AML, and offer future directions aimed at clarifying
the role of EVs play in relapse and drug resistance. The work described herein was
conducted with the goal of preventing EV-enforced dysregulation of the leukemic
microenvironment, with the hope of identifying new therapeutic targets to improve

outcomes for patients suffering with AML.
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Abstract

Self-renewal and differentiation are defining characteristics of hematopoietic stem
and progenitor cells. Their balanced regulation within the bone marrow is central to
lifelong function of both blood and immune systems. In addition to cell-intrinsic programs,
hematopoietic stem and progenitor 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 conserved, constitutive regulators of cell and
tissue homeostasis, with several recent reports supporting a role for extracellular vesicles
in the physiologic regulation of hematopoiesis. There is also mounting evidence that
extracellular vesicles are involved in shaping hematological diseases, such as Acute
Myelogenous Leukemia (AML). Here, I introduce AML, and describe the
pathophysiological effects EVs have on bone marrow compartment function. I also
summarize progress in understanding vesicle biogenesis, cargo incorporation, differential

uptake, and downstream effects of vesicle internalization in both health and disease.



Hematopoiesis and the bone marrow microenvironment

The bone marrow—the principal site of hematopoiesis—forms distinct
microenvironmental niches that support hematopoietic stem cells (HSC) to maintain a
homeostatic balance of quiescence, proliferation and differentiation. Through cell intrinsic
and extrinsic regulation, HSCs give rise to all the formed cellular units of the blood,
facilitating hemostasis, oxygen delivery, acid-base balance, and both innate and adaptive
immunity [, At the top of the hematopoietic hierarchy, HSCs contain the greatest
pluripotent capacity, and exist in at least two forms. Long-term HSCs (LT-HSC), that
maintain the stem cell pool over the life time of the organism via asymmetrical division in
a unique process termed self-renewal >3, Through changes in the epigenetic landscape
LT-HSCs give rise to short-term HSC (ST-HSCs), which produce progenitors restricted to
one of two lineages—myeloid or lymphoid—and have a comparatively limited capacity to
maintain the stem cell pool 3], Differentiation of hematopoietic stem and progenitor cells
(HSPCs) occurs through multiple successive generations, each with decreasing
proliferative capacity to produce functionally specialized cells >3], Myeloid differentiation
gives rise to a wide range of related cell types with diverse functions: erythrocytes,
megakaryocytes/platelets, monocytes/macrophages/osteoclasts, and
neutrophils/eosinophils/basophils. Lymphoid differentiation, on the other hand produces a
vast population of distinct B, T, natural killer and dendritic cells that make up the adaptive
and cell mediated immune systems. In the bone marrow, many non-hematopoietic stromal
elements are critical to regulating hematopoiesis, these cells include mesenchymal stem
cells, osteoprogenitor cells, osteoblasts, adipocytes, endothelial cells and neurons 4. The
complex cell-to-cell crosstalk involved in maintaining homeostatic control of
hematopoiesis and its response to injury are not fully understood. Nor is the
pathophysiological dysregulation that leads to hematological disease, such as the dysplastic
transformation of hematopoietic cells to produce tumors of the bone marrow, collectively
referred to as leukemias. However, there are numerous studies that describe the importance
of'the bone marrow microenvironment—specifically stromal population—in dysregulating

[4-10

hematopoiesis and supporting hematological diseases 1“9, It is important to note that much

of what is known about physiological and pathophysiological regulation of hematopoiesis



has been extrapolated from murine models '!!. Though the process of hematopoiesis is
thought to be well conserved across mammals, there are clear differences in blood cell
development between species, and many of the observations described in mouse models

are not substantiated in humans.

To fulfill its critical systemic functions in oxygen delivery, hemostasis and immune
defense, hematopoiesis is regulated via integration of cell-intrinsic programs with extrinsic
cues from the surrounding bone marrow (BM) microenvironment. Recent studies from
infectious diseases, cardiovascular, and cancer fields demonstrate the existence of systemic
crosstalk with BM cells that adds to the complexity of compartmental signaling, especially

(1. 8. 121 Cytokines, chemokines and other growth factors act as

during injury response
important mediators in a reasonably well-understood system by which the extrinsic ligands
act on cells expressing the cognate receptor (Fig 1.1A). These in turn transmit signals to a
network of cellular signaling pathways regulating hematopoiesis, including Wnt, Notch,
Transforming Growth Factor beta (TGF-f), Phosphatidylinositol-3 Kinase (PI3K), and the

13-151 Signaling by extrinsic mediators through

mammalian Target of Rapamycin (mTOR) [
any one of these pathways triggers activation of quiescent LT-HSCs. More recent studies
of the leukemic microenvironment 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 (HSPC) ! 1 Thus,
dynamic compartmental interactions shape physiologic and pathophysiologic regulation of

BM function.

Extracellular vesicles in the hematopoietic microenvironment

Extracellular vesicle (EV) biogenesis is a constitutive cellular process, broadly
conserved across evolution, with a role in development, homeostatic organismal function

17-191 'EVs of various shapes and sizes have been demonstrated in

and tissue regeneration |
every biofluid tested to date, with substantial variation in structure, content and function
(291 Protein, lipid and nucleic acid (DNA/RNA) components contribute to cell-cell

crosstalk at a short distance, or in a paracrine or endocrine manner via the bloodstream (Fig
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1.1B) '8 21 However, owing to 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 consequences of simultaneously transferring an unknown
number of non-randomly assembled proteins and RNA to another cell defy the clear
predictions that apply to more conventional receptor-ligand signaling. Thus, 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 recently
demonstrated that EVs contribute to the compartmental regulation of hematopoiesis in the
BM ?1:22] Here, we present current evidence for the role of EVs in both the homeostatic
and pathogenic hematopoietic niche with emphasis on regulatory mechanisms,

experimental outcomes and the critical open questions in the field.



Figure 1.1: Schematic representation of EV biogenesis and unique aspects of EV

trafficking
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C. Biogenesis and cargo

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/DNA
components to proximal cells or to distal organs via the bloodstream in an “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 ILVs via the action of TSPNs and
ESCRT proteins which sort the endosomal constituents into distinct MVBs. Through the action of
Rab27 and VPS33b, MVBs evade lysosome degradation and fuse with the plasma membrane to
release 30-125nm exosomes. Cells also release 50-1000nm microvesicles that form through the
calcium mediated budding of the plasma membrane, and during programmed cell death, large
(>1000nm) apoptotic bodies. ApB: apoptotic bodies ESCRT: endosomal-sorting complex required
for transport; GF: growth factors;, ILV: intra-luminal vesicle; MV: microvesicle; MVB:
multivesiclular bodies; mTOR: Mammalian Target of Rapamycin; PI3K; phosphatidylinositol-3
Kinase; TGF-B: Transforming Growth Factor beta; TGN: trans-golgi network; TSPN: tetraspanin;
VPS33B: Vacuolar protein sorting-associated protein 33B. Figure presented from Butler et al.,
2018 1%



Extracellular vesicles

EVs are membrane-enclosed structures of varying size (30-10,000nm) 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 activities 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 generally considered as a means to export cellular waste (>, Recent studies of EVs in
the BM demonstrate that EVs serve to regulate hematopoiesis, participate in immune cells

19.26, 271 Hematological diseases

activation, and act as mediators of hemostatic functions !
such as leukemia, multiple myeloma or viral infections can coopt EV trafficking
mechanisms, upend these homeostatic processes and use EVs to reinforce tumor growth,

chemotherapeutic resistance, invasion, metastasis and relapse [23-3%],

EVs can be broadly classified into four subtypes (Table 1.1) based upon vesicle
size and method of cellular release: exosomes (30-150nm), microvesicles (MVs, 50-
1000nm), large vesicles (>1000nm) and apoptotic bodies (>1000nm) ! It is technically
challenging to separate vesicle types, and no standardized method exists to date.
Techniques utilized for EV purification often rely on size or density . However, there is
overlap between exosomes and MVs in size and composition, and neither size-exclusion
chromatography or ultracentrifugation in density gradients yield pure populations B!,
Moreover, due to overlap between these vesicles—in size and miRNA carrier function—
with plasma abundant chylomicrons and lipoproteins, EV dimension should be considered
an arbitrary surrogate metric, and a more biologically informed classification 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 demonstrated in Fig 1.1C, early endosomes,
characterized by the presence of Rab5 protein, undergo maturation into Rab7 containing
late endosomes which generate multiple intraluminal vesicles (ILVs) through the action of
tetraspanins (TSPNs) and endosomal sorting complex required for transport (ESCRT)

321 Together these proteins function to facilitate further inward cleavage and

proteins
sorting of endosomal constituents into discrete ILVs. These multivesicular bodies (MVBs),
through RAB27- and VPS33b-dependent mechanisms, evade lysosome degradation and
fuse with the plasma membrane to release intraluminal vesicles as exosomes 3 34,
Through this highly regulated endosomal process of formation, exosome size is relatively
constant as compared to the larger vesicle types. In addition to TSPNs, proteins ALG-2
interacting-protein 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

20,31

for exosomes 2% 3!, Different cell types can release discrete heterogeneous subpopulations

of exosomes, each with different proteomic properties and RNA cargo, and divergent

membrane protein composition B2 3],

Microvesicles

Intermediate sized EVs are most frequently referred to as microvesicles (MVs),
ectosomes, or if tumor-derived, oncosomes, that arise via direct outward budding and
cleavage of the plasma membrane. MVs are spherical in shape, spanning a broad range of
sizes between 50nm to 1000nm in diameter. They are distinguished based on their
formation and release, and do not utilize the endosomal/multivesicular body pathway 261,
Instead MVs are formed through a process that involves calcium influx and remodeling of
the cortical cytoskeleton to release the membrane-enclosed cytosolic cargo Y. Viewed
broadly, MVs do not appear to be formed in a consistent manner like exosomes. However,

when restricted to a specific cell type, MVs may form in a uniform manner, as illustrated



in one recent study of neutrophils that consistently shed two distinct narrowly defined

vesicle populations of ~100nm and ~500nm, both budding at the limiting membrane 7).

Large Vesicles

Large vesicles (LEVs), also referred to as large oncosomes when tumor-derived,
are a class of EVs that can reach up to 10 microns in size and contain intact organelles and
an ordered cytoskeletal structure P®l. LEVs are similar to apoptotic bodies in size and
composition, however unlike apoptotic bodies, LEVs are formed from cleavage of
cytoplasmic extensions from intact living cells. LEVs have been described in B-cell acute
lymphoblastic leukemia and prostate cancer, and demonstrated within patient samples and

in culture of cancer cell lines 3% 3%,

Apoptotic bodies

Apoptotic bodies (ApBs) emerge during the course of programmed cell-death, as
nuclear karyorrhexis (terminal fragmentation) occurs coincident with the fragmentation of
the cytoplasm and surrounding plasma membrane *°!. ApBs consist of an intact plasma
membrane enclosing cytosolic components and can contain both organelles and nuclear
fragments. These bodies are subsequently eliminated through phagocytosis by surrounding

(91 It was reported that ApBs can horizontally

cells and degraded in phagolysosomes
transfer DNA to phagocytic recipient cells. As an example of this, one study showed that
Epstein Barr virus (EBV) infected B-lymphocytes, generate ApBs that carry viral DNA

and aid in the viral transfer of EBV to uninfected cells 4!



Table 1.1: Types of extracellular vesicles

EV type Size (nm) Biogenesis Constituents Selection | Detection | Ref
(abbreviation)
Pseudonym
Exosome 30-150 Early endosomes mature Lipid membrane ucC NTA 20,
(EX) into late endosomes, then Nucleic acids DG Cryo-EM 31
through the action of Proteins AC TEM 31
Nanovesicles ESCRT, multivesicular TSPNs SEC SEM
Nanoparticles bodies are formed ALIX
containing intraluminal TSG101
vesicles that fuse with the
plasma membrane for
release
Microvesicle 50-1000 Direct budding and Lipid membrane ucC NTA 20,
MV) cleavage of plasma Nucleic acids AC Cryo-EM 36,
membrane mediated by Proteins SEC TEM 37
Microparticles Calcium influx, and TSPNS SEM
Ectosomes remodeling of the cortical
Oncosomes cytoskeleton
Large vesicle | >1000 Cleavage of large Lipid membrane CF FM 38,
(LEV) cytoplasmic extensions Nucleic acids FT FC 3
from cell body Proteins FACS
Large Organelles
oncosomes Organized
cytoskeleton
Apoptotic >1000 Cytoplasmic Lipid membrane CF FM 40,
body fragmentation during Nucleic acids FT FC 41
(ApB) programmed cell death Proteins FACS
Organelles
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: fluorescence activated cell sorting; FC:
flow cytometry; FM: fluorescence microscopy, FT: filtration; NTA: nanoparticle tracking analysis; SEC: size-
exclusion chromatography, SEM: scanning electron microscopy;, TEM: transmission electron microscopy;

UC: ultracentrifugation
Vesicle Fate

Once released from the parent cell, EVs can follow multiple routes. Some cancer
cells generate EVs that rupture soon after release from their parent cells, distributing
enzymes like vascular endothelial growth factor and matrix metalloproteases into the
surrounding interstitial space in order to promote angiogenesis, and support cancer

42, 43

invasion through metastatic dissemination *> #’1. EVs released into the blood appear to

have a short half-life in circulation. In one representative study of B16-BL6 melanoma-
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derived EVs packaged with luciferase and lactadherin, luciferase activity was lost within
minutes of intravenous injection with an observed serum half-life of approximately two

minutes followed by rapid redistribution into tissues, (4!,

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 transport of the EV cargo directly into the
intracellular compartment 4’1, 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 showed that uptake is prevented at lower temperatures,
suggesting that internalization is energy dependent and does not occur as passive process
(6], The uptake of EVs can be partially blocked by treating vesicles with either heparan
sulfate and proteinase K, indicating a role for proteoglycans and surface proteins

46.47] " Also, pre-treatment of cells with actin

respectively in gaining entry into the cell !
depolymerizing drug cytochalasin D, prior to EV exposure, prevents cytoskeletal
remodeling and reduces EV internalization 3. The use of dynamin 2 inhibitor dynasore,
which abrogates caveolin/clathrin-mediated endocytosis also blocks uptake of reticulocyte
derived exosomes by macrophages *°!. These data taken together are suggestive of an
endocytic process mediating vesicle internalization. Within the hematopoietic niche little
is known about specific mechanisms of uptake, though one study reports that
megakaryocyte-derived EVs gain entry into hematopoeitic 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 supportive 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 TSPNs, a large cell-surface
protein superfamily that interacts with transmembrane proteins and cytosolic signaling
molecules to facilitate the organization of these structures into microdomains °°!. TSPNs

have been linked to many functions; intracellular signaling through G-protein coupled
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receptors and protein kinase C (PKC); migration and metastasis by interacting with
integrins and VCAM; cell morphogenesis by direct binding of alpha-actinin and the

induction of actin polymerization 1*!- >

1. TSPNs are parent cell-type dependent, however
CD?9, CD63, CD81, CD82, and CD151 are enriched in EVs derived from a range of sources
B CDY, a common TSPN used to identify EVs was previously described in association
with c-kit/CD117, a tyrosine kinase receptor that is found highly expressed on HSPCs 53],
Tetraspanins such as CD37, CD53 and TSSC6 were found exclusively on hematopoietic
cells. It is known that these TSPNs interact with hematopoietic-specific targets likes SHP1,
PRR dectin-1, MHC-I/II, integrin a4fB1, T-cell/NK-cell co-stimulatory CD2, as well as
common signal transducers like PI3K and PKC **l. Hematopoietic-specific TSPNs and

integrins on the EV surface remain strong candidates in targeting vesicles to specific cell

types within the hematopoietic niche.

Once inside of the target cell, a recent study demonstrated that EVs are sorted into
the endosomal pathway, move quickly through the cytoplasm and then stall at the
endoplasmic reticulum (ER), before eventually fusing with lysosomes for degradation 7/,
The process of cargo release by internalized EVs remains to be clarified. As the principal
compartment for translation within the cell, the ER is a likely site for the deposition of
mRNA and miRNA cargo. This and the assembly of the RNA interference-silencing
complex in the ER may potentially explain how EVs alter protein synthesis and change
cellular behavior. The half-life of internalized EVs is not well defined. In the same study,
293T-derived EVs remain intact for hours to days once inside primary fibroblasts, with 50-

(551 Though the kinetics of intracellular

60% merging with lysosomes by 48 hours
processing is likely cell-specific and highly dependent on the metabolic state of the

recipient cell.
Physiological regulation of Hematopoiesis by EVs

The BM is comprised of hematopoietic and non-hematopoietic cells organized into
specialized microenvironments that provide the dynamic regulation of hematopoiesis to
assure the adequate formation and function of mature blood cells from HSCs '), MSCs,

their osteoprogenitor cell (OPC) progeny, as well as endothelial cells (ECs) and adipocytes



12

coordinately maintain hematopoiesis by regulating proliferation, quiescence,
differentiation, and apoptosis of HSPCs through juxtacrine and paracrine activity (Fig
1.2A) 2 As noted, changes in compartmental oxygen concentration, hemorrhage,

chemotherapy and irradiation can all prompt the emergence of HSC from quiescence °%

7], and several lines of evidence suggest that EVs are involved regulating HSC self-
renewal (Fig 1.2B), and BM function during homeostasis and in response to injury (Fig

1.2C-F; Table 1.2,).

Some of the earliest descriptions of EVs revealed their role as platelet derived anti-
hemophilic particles and in transferrin receptor release from sheep reticulocytes ['7),
Additionally, more recent evidence points to EVs as important physiological mediators of

19:581 Yet, much less is known about how

signaling across the immunological synapse !
vesicles might contribute to steady state hematopoietic function or during a regenerative
BM response. EV release is very clearly subject to a range of cellular stimuli, including
cytokine activation, ionizing radiation, and differences in tissue oxygen tension 1% 6%,
Granulocyte-colony stimulating factor (G-CSF) mobilization is one such stimulus that
appears to increase vesicle release from hematopoietic progenitors (Fig 1.2C) 611,
Following injury, EV release may promote the selective delivery of miRNAs and other
cargo, and may explain the enhanced angiogenic and regenerative activity after hypo-

perfusion injury in distant tissues 121,

Several groups have studied the release and function of EVs by BM stroma, such
as endothelia cells (ECs) and mesenchymal stem cells (MSC). ECs have been shown to
generate EVs with pro-angiogenic effects through the actions of miR-126 3] and are
linked to age-related down regulation of osteogenic differentiation within the BM 64 3],
More literature exists for the release and function of EVs from BM-derived MSCs. Our
group recently demonstrated the trafficking of EVs from bone marrow-derived MSCs to
hematopoietic cells influencing progenitor commitment (Fig 1.2D) [, While other groups
showed that MSC-derived EVs selectively promoted tumor growth in patients with

[30

multiple myeloma P%. Additionally, MSC-derived EVs regulate angiogenic activity in
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endothelial cells, supporting the notion that BM MSC-derived EVs can regulate specific

cell populations both in and out of the hematopoietic compartment 1],

In a recent study, the Kurre/Marks Labs showed that murine HSPC (KSL: c-
kit+/sca-1+/lineage-depleted) exposed to bone marrow MSC-derived EVs in vitro
prompted activation with myeloid progenitor biased expansion and a skewed
hematopoietic repopulation potential (Fig 1.2D) %!, Remarkably, this process seemed to
be dependent on TLR signaling and could be specifically abrogated in HSPCs from TLR4
knockout or MyD88 knockout animals. EVs of all classes are also rich in lipid components,
especially products of the arachidonic acid metabolism, including PGE2 [¢7). Considering
the potent activity of PGE2 in regulating HSC expansion and engraftment 13, it is tempting
to speculate that EV bound PGE2 released by MSC contributes to this activity [®],

The EV-mediated influence on hematopoiesis is not limited to supportive stromal
cells alone. Megakaryocytes (Mks) also impart regulatory control on HSPCs by releasing
MVs to orchestrate specific cell-type commitment (Fig 1.2E). Mk-derived MVs are among
the most abundant MVs in circulation, and attach to HSPCs by interacting with ICAM-1,
CD43, CDI8 and CDI11b epitopes. Upon cell surface contact, these MVs become
internalized where Mk-RNA appears to serve as the mediator of biological effects, which
is evidenced by a loss of function of Mk-MVs following RN Aase treatment. Functionally,
the internalization of these Mk-MVs was found to redirect the differentiation of HSPCs
toward functional Mks with limited effects on the phenotype of endothelial or stromal cells

[70]

Several studies speak to the importance of EV miRNA in regulating erythropoietic
differentiation of HSPCs in both mouse and human models ”!!. One recent report showed
that erythroleukemia cells respond to hypoxia by rapidly releasing exosomes containing
miR-486, a known regulator of erythroid differentiation, that targets Sirt1 in CD34" HSPCs
(Fig 1.2F)U"?. This confirmed and extended previous studies that had implicated the
increased expression of miR-486-5p in supporting erythroid differentiation of CD34" cells
in vitro *1. Conversely, the inhibition of miR-486-5p has been found to suppress CD34"
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cell growth in vitro and in vivo, and decrease erythroid differentiation and survival of
erythroid cells. It is tempting to speculate that a similar physiological mechanism might
exist to regulating hypoxia-responsive erythropoiesis to increase the delivery of oxygen to

starved tissues.

EVs within the BM microenvironment modulate the behavior of HSCs in other
ways. For example, treatment with pharmacologic concentrations of G-CSF 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
internalized by stroma, HSPCs and endothelial cells, delivering miR-126 into the cell,
where it acts to translationally suppress vascular cell adhesion molecule 1 (VCAM-1). This
decrease in VCAM-1, along with other signaling events, results in reduced HSPC adhesion
and a shift into the peripheral blood, for collection by leukapheresis (Fig 1.2C) [©!]
Experimentally, EV-contained miR-126 released from mobilized human CD34 cells
confers proangiogenic activity and promotes hindlimb ischemia repair [**. Another recent
study has found that aging and oxidative stress alter the miRNA content of EVs in the BM
microenvironment leading to age-related stem cell dysfunction. The investigators showed
that BM-derived EVs from aged mice contain abundant miR-183-5p, that when
endocytosed by primary BM stromal cells from young mice, decrease proliferation and
inhibit osteogenic differentiation by reducing heme oxygenase 1, an enzyme essential in
heme catabolism ¥, MVs derived from mouse embryonic stem cell (mESC) were found
to contain high levels of transcripts associated with pluripotency (Wnt-3 and Oct-4), and
when exposed to hematopoietic progenitors led to their expansion [*!. Additionally,
hematopoietic progenitors exposed to mESC-MVs were found to upregulate the expression
of early HSC markers (SCL, HoxB4 and GATA?2) and led to phosphorylation of MAPK
p24/44 and serine-threonine kinase AKT 7).

Finally, HSCs may contribute to their own stemness in part through secretory
signaling and autocrine loops, involving VPS33B (Vacuolar Protein Sorting Protein 33b)
mediated release of exosomes as carriers of thrombopoietin and angiopoietin-like protein

2 and 3, wherein the loss of VPS33B compromised HSC potential and reduced
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leukemogenicity in cancer models (Fig 1.2B) ¥ This and other studies discussed in this
section support the view that within the physiologic BM microenvironment, HSPCs release
and internalize EVs, and are broadly responsive to regulation by vesicle trafficking in order

to maintain hematopoiesis.
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Figure 1.2: Current evidence for EV crosstalk in the homeostatic bone marrow

Homeostasis

A

Role of extracellular vesicles | B e
in the hematopoietic niche

G-CSF mobilization

A) In the homeostatic BM microenvironment, stromal elements and EV-mediated
signaling, maintain HSCs and support differentiation. B) HSPCs autoregulation stemness
by releasing critical proteins through the exosomal pathway via the action of VPS33B. C)
G-CSF infusion stimulates release of EVs containing miR-126 that down-regulate VCAM-
1, resulting in HSPC mobilization. D) MSC-derived EVs signal to HSPCs through the
TLR-4 pathway, resulting in myeloid-biased expansion. E) Mk-derived MVs increase
differentiation of new Mk cells through RNA-mediated signaling. F) Hypoxia induces
erythroleukemia cells to release EVs containing miR-486 increasing erythroblastic
differentiation. ANGPTL-2/3; angiopoietin-like protein 2 and 3; 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; MSC: mesenchymal stem cell; miR: microRNA;
MV: microvesicles;, TLR-4: Toll-like receptor 4; TPO: thrombopoietin, VCAM-1: vascular

cell adhesion molecule; VPS33B: Vacuolar protein sorting-associated protein 33B.
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Table 1.2: Physiological regulation of hematopoiesis by EVs

EV origin Recipient cell Cargo Molecular target and Functional event Re
effect f
Reticulocytes Macrophage Transferrin Release and recycling of | ;7
receptor transferrin receptor
during enucleation and
maturation of
erythrocytes
MSCs HSPCs TLR4: TLR4 signaling results [26]
binding/activation in myeloid biased
expansion and skewed
hematopoietic
repopulation potential of
HSPCs
Megakaryocytes | HSPCs Mk-RNA ICAM-1: binding/entry Selective differentiation | 79
CD63: binding/entry of progenitors into
CD18: binding/entry functional
CD11b: binding/entry megakaryocytes
Erythro-leukemia | HSPCs miR-486-5p Sirt]l: downregulation Promotes erythroid [72,
differentiation in 73]
cells
response to hypoxia
G-CSF Stroma miR-126 :i/CAM-l :l . Down reglrula;tlon of [61]
stimulated BM ownregulation VCAMLI leads to
ECs mobilization of HSPCs
stroma
HSPCs out of the niche and into
peripheral blood
Aged mouse BM | Young mouse miR-183-5p ?MOX]: o R;(li‘ucedfprohferlatlvli: [74]
cells BM stromal ownregulation ability of stromal cells
and decreased
cells
osteogenic
differentiation
Mouse HSPCs Wnt3, Oct4, SCL: upregulatllonl, Ex;)ansmn (?f HS?CS [75]
embryonic stem HoxB4: upregulation and expression o
cells GATAZ2: upregulation markers associated with
MAPK p24/44: early HSC states
phosphorylation
HSPCs HSCPs TPO, Autocrine signaling VPS33B mediated [54]
ANGPTL2, loop: maintains release of exosomes is
ANGPTL3 stemness required for maturation

of secretory growth
factors and maintaining

cell stemness

ANGPTI: angiopoietin 1; ANGPTL2/3: angiopoietin-like protein 2/3; BM: bone marrow; G-CSF:
granulocyte colony stimulating factor; HMOX: heme-oxygenase molecule 1; HSC: hematopoietic
stem cells;, HSPCs: hematopoietic stem and progenitor cells; ICAMI: intercellular adhesion
molecule 1; IGF1: insulin-like growth factor 1; IL8: interleukin 8; 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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Acute Myelogenous Leukemia

Aside from their role in the cellular crosstalk in the BM under physiological
conditions, EV trafficking also plays a distinct role in dysregulating hematopoiesis in Acute
Myelogenous Luekemia (AML), as well as other hematological malignancies and
extramedullary cancers (Fig 1.3A-C; Table 1.3) 2! 22 57 AML is a genetically
heterogeneous disease caused by accrued molecular instability in hematopoietic stem and
progenitor cells (HSPCs) that leads to differentiation arrest concomitant with unchecked
gains in proliferative capacity ). First described in 1845, in a patient that presented with
an enlarged spleen and liver; Rudolf Virchow named the disease Leukemia, meaning
“white blood” to describe the expansion of white blood cells in the vascular space of the

[77] Leukemia was eventually determined to be a disease of failed

enlarged organs
hematopoiesis, and is now characterized—as acute or chronic—based on rate of
progression, and by the lineage of hematopoietic commitment—as myeloid or lymphoid.
Importantly, the malignant leukemic cells, unlike solid tumors, uniquely reside within an
expansive microenvironment encompassing the bone marrow, spleen/lymphoid tissue,
liver and vasculature. The systemic localization of leukemic cells has greatly complicated
the understanding of intrinsic and extrinsic mechanisms of initiation, progression and

therapeutic resistance for AML and other leukemias 7889,

Acute myeloid leukemia is the most common acute leukemia in adults, and second
most common in children, with an annual incidence rate of 4.3 per 100,000 persons 3!/,
Patients typically present with symptoms associated with anemia, shortness of breath,
weakness and fatigue, or more severe pancytopenia, with excessive bruising, bleeding and
infection due to loss of platelets and functional leukocytes ). At diagnosis, peripheral
blood analysis reveals normocytic, normochromic anemia, with highly variable leukocyte
counts that range from very low (<5000/ul) to excessively high (>100,000/ul). The
majority of patients (~95%) have evidence of primitive myeloid cells—colloquially
referred to as ‘blasts”—in peripheral blood smears that contain high nuclear to cytoplasmic

ratios, prominent nucleoli, and often contain improperly fused primary granules (Auer

Rods/Bodies) 2. These blasts often stain positively for myeloperoxidase, the chief
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component of primary granules formed early in the development of myeloid-derived cells.
Presumptive diagnosis is often made by manual differential of peripheral blood cells,
however a definitive diagnosis requires evaluation of bone marrow through aspiration and
biopsy typically at the posterior superior iliac crest. Bone marrow is further characterized
through morphological analysis, flow cytometric immunophenotyping, and molecular and

82. 831 The presence of >20% abnormal myeloblasts in the bone

cytogenetic analysis |
marrow or peripheral blood, or the presence of certain characteristic cytogenetic

abnormalities with associated hematological dysplasia are both diagnostic for AML !7¢],

At the molecular levels, the genetic alterations that underline AML vary
considerably. AML is associated with numerous characteristic cytogenetic abnormalities,
including 15;17 (PML-retinoic acid receptor), 8;21 (RUNXI-RUNXITI), and 9;11
(MLLT3-KMT2A4) chromosome translocations, and inversions or intrachromosomal
translocations of Chromosome 16 ®*, Commonly AML is driven by oncogenic mutations
in fims-like tyrosine kinase 3 (FLT-3), WNT, MYC, and the RAS family of proteins 134 81,
or disruption of major tumor—suppressor/tumor-suppressor-related genes, such as p53 and
NMPI. Together these mutations drive unchecked proliferation in primitive myeloid cells.
While mutations in differentiation-related transcription factors such as RUNXI1 and
CEBPA are often involved in arresting differentiation of primitive cells. These molecular
features can be found both individually or in combination, complicating the classification
and treatment of AML. Some of these common mutations are associated with response to
treatment. Tandem internal duplication of oncogene FLT-3 (FLT-3-IDT) —present in
roughly 25% of cases—is considered to have an unfavorable prognosis [*% 86, while NMP1

mutations—occurring in roughly 30% of cases—is favorable 7).
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Currently AML is classified by the World Health Organization system based on
morphology, immunophenotype, genetics and associated clinical features into six

classifications 31

e AML with recurrent genetic abnormalities
e AML with myelodysplasia-related features
e Therapy-related AML and MDS
e Myeloid sarcoma (extramedullary peripheral mass)
e Myeloid proliferations related to down syndrome
e AML not otherwise specified (FAB subclassification)
e AML with minimal differentiation (M0)
e AML without maturation (M1)
e AML with maturation (M2)
e Acute myelomonocytic leukemia (M4)
e Acute monoblastic and monocytic leukemia (MS5)
e Pure erythroid leukemia (M6)
e Acute megakaryoblastic leukemia (M7)

The longstanding standard of treatment for AML in adult patients includes an
induction phase of 7-days of cytarabine followed by 3-days of an anthracycline (i.e.
doxorubicin, danurubacin). This 7+3 combination therapy is now augmented with the
addition of hypomethylating agents for patients over the age of 65 or tyrosine kinase

88, 89]

inhibitor midostaurin for patients with FLT-3 mutations ! . Bone marrow cellularity

and leukemic burden are reanalyzed 14 days after initiation of treatment to assess response
to chemotherapy and determine if additional induction and dose-escalation is necessary.
Complete remission is commonly achieved following induction phase in 60-80% of
patients, however that majority of these patients will quickly relapse without post-induction

88, 90

maintenance therapy and/or hematopoietic cell transplant (HCT) [ 1. Despite these

efforts, the overall five-year survival has remained low—around 25%—as the majority of

patients’ experience relapse and develop refractory disease '),
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Murine models of AML

The use of cytarabine for the treatment of leukemia was initially tested in an early
mouse model by engrafting a transformed cell line (L12110) that was isolated from DBA/2
mice following exposure to potent carcinogen 3-methylcholantrene. These transformed
cells were capable of inducing secondary leukemias following transplant and were used to

11,92, 93] " Like many

test efficacy of chemotherapeutic agents throughout the 1960s !
spontaneous, chemical-, or radiation-induced murine leukemia cells, the disease tended to
by lymphoid in nature and did not adequately phenocopy AML. Unlike humans, mice
peripheral blood mononuclear cells are lymphoid predominant, and typically present with

lymphoid-derived cancer with distinct phenotypes from human myeloid leukemias '),

Numerous transgenic approaches have been used to induce myeloid-derived
leukemias in mice, and study the genetic basis of malignant transformation. Most well-
known are conventional PML-RARA models used to identify the driving mutation in Acute
Promyelocytic Leukemia (APL) and to develop targeted all-trans-retinoic acid (ATRA)

11.94] "ikewise, knock in or conditional expression models incorporating

target therapy |
Tet or Cre-inducible fusion genes within the MLL locus also demonstrated strong initiation
of AML. Fusion within the MLL locus are found in 70% of childhood AML and 10 % of
adult. One of the more common fusion partners is AF9 through t(9;11)(p22;q23)
translocation. The resulting fusion gene is able to initiate AML without secondary

11,95.96] Tn these models the

mutations in both constitutive knock in and inducible models [
extent of disease severity was dependent on the cellular target expressing the transgene.
MLL-AF9 expression was able to initiate a more severe disease in HSCs (KSL), with
milder phenotypes resulting from targeting committed progenitors such as CMP or GMPs,
with expectantly reduced proliferative capacity ['* °°.  Conversely, recapitulating the
common RUNXI-ETO fusion found in 20-30% of patients through translocation
t(8;21)(q21;922), provoked abnormal hematopoiesis but failed to initiate AML without
addition of mutagenic agents. Similarly inducing conditional NPM1 mutations or FLT3
internal tandem duplication common to AML were not sufficient to induce AML, and

required additional oncogenic-driver mutations to precipitate overt transformation [,
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Collectively, transgenic models were critical to mapping genetic associations involved in
AML development. However, despite major successes in developing models to study
genetic initiation, many of these models still fail to phenocopy human disease, perhaps due
to genetic/epigenetic differences in associated regulatory elements, lack of clonal
evolution, or fundamental difference between human and murine hematopoiesis.
Furthermore, many of these models depend on long latency periods, and function
independent of non-cell autonomous microenvironmental factors that may prime the bone
marrow for leukemic transformation and chemotherapeutic resistance, creating limitations

to modeling therapeutic response.

Due to the highly heterogeneous nature of the genetic/epigenetic aberrations that
underlie AML, an experimental system studying patient-derived leukemic blasts was
essential to understanding sub-type specific differences and test drug response within the

native context of the bone marrow 7

1. Patient-derived blasts span from technically
challenging to impossible to maintain and expand in ex vivo culture, as AML blasts are
often reliant on the cell-extrinsic and contact-dependent signaling of the bone marrow to
proliferate. In attempt to provide surrogate microenvironmental conditions required for cell
maintenance, patient-derived blasts were transplanted into immunocompromised athymic

[11.97] Unfortunately, engraftment remained poor due to the presence of a functional

mice
B and NK cells. This was overcome by developing more severely immune deficient mouse
models by breeding Non-Obese Diabetic (NOD) mice bearing mutations in genes
necessary for IL-2 production (involved in lymphocyte development and activation), with
Severe Combined Immunodeficiency Disease (SCID) mice that have dysfunctional V-D-J
recombination (critical to developing T and B cell receptor repertoires) due to mutations in
the protein DNA-activated catalytic peptide gene (Prkdc) ). Engrafiment was further
improved by introducing a null mutation of the IL-2 receptor gamma chain (IL-2r). The
resulting NOD-SCID--IL2ry™!! (NSG) background has allowed for reliable maintenance
and expansion of patient-derived blasts, and has been a powerful platform to test drug

response 11971,
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Despite major success in maintaining patient-specific leukemias in xenograft
models, it is increasingly understood that the immune system plays a critical role in AML
prognosis. Lymphocytes are involved in cytotoxic elimination of tumor cells, and their
function is critical to enhancing chemotherapeutic response in AML 1. Therefore,
xenografts models are of limited use for studying the fate and function of immune cells in
the context of leukemia and how they contribute to remission. To study leukemia in the
context of a functional immune system, multiple syngeneic models were established to
study the immune landscape and immune-based therapies in AML. One of the oldest is the
TIB-49 (C1498) model, which is an aggressive myeloid-like leukemia that spontaneously

100, 1011 - Blasts from this animal were established into a cell line

arose in a C57BL/6 mouse |
that does not require specialized culture conditions and can be engrafted into wild-type
C57BL/6 mice without irradiation or drug-induced immune suppression. Additionally,
transgenic animals are also useful for modeling the immune landscape in AML. One such
model was developed by crossing FLT3-ITD/Tet2 floxed C57BL/6 mice with CRE
recombinase expressing mice under the myeloid LysM promoter, which targets the loss of
Tet2 to the myeloid lineage, leaving lymphoid cells functionally intact ['%%), Despite the
restriction of available genotypes, and lack genetic/epigenetic complexity and
microenvironmental dysregulation that underlies human AML, syngenetic leukemia
models have proven to be instrumental to studying the role of the immune system in AML.
Due to the heterogeneous nature of AML and complexity of the bone marrow
microenvironment, no murine model fully replicates human disease pathology and
phenotypic outcomes, yet murine models have been fundamental to understanding myeloid

leukemia, and allowed for the exploration of new therapeutic avenues to improve survival

for patients with AML [,

AML and the bone marrow microenvironment

The dysfunction of the supportive stromal elements of the bone marrow—with clear
roles in regulating hematopoiesis—have become an important aspect of leukemogenesis,
promoting transformation of HSPCs, and enabling unchecked expansion. For example,

studies demonstrated that disrupting Dicerl and Notch signaling in bone marrow
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osteoprogenitors alone, induced hematopoietic dysfunction, producing myelodysplasia and

eventual leukemic transformation !0 103!

. Thus, dysregulation of the bone marrow
microenvironment remains a constitutive aspect of leukemic initiation and clonal evolution
that facilitates disease relapse and chemoresistance. EVs have emerged as key mediators
of bone marrow dysregulation; their widespread release effectively alters the stromal

compartment, residual HSCs and even immune cells in the leukemic niche.

The complex interplay of AML and the surrounding microenvironment creates a
sanctuary that protects occult myeloblasts from therapy, disrupts normal hematopoiesis and
primes the bone marrow for eventual relapse and acquisition of resistance-related

modifications [104-107

1. Clearly, a better understanding of cellular crosstalk within the AML
microenvironment is of critical importance to improving survival and quality of life for
patients with AML. Research specifically pertaining the role EVs play in dysregulating
hematopoiesis, remodeling the bone marrow microenvironment, and promoting relapse

and resistance will be investigated herein.

EV-mediated dysregulation of the bone marrow in AML

Through previous studies using a xenografted NSG mouse model, The Kurre lab
showed that AML blasts release EVs that transfer miRNAs -150 and -155, which target
cMyb, a highly expressed transcription factor in progenitor cells resulting in the reduction
of HSPC clonogenicity (Fig 1.3A). In those studies, the coincident downregulation of the
niche retention factor CXCL12 led to HSPCs mobilization from the bone marrow into the
peripheral blood (Fig 1.3B) [?! 1% These observations were extended more recently by
others showing that AML-EVs not only downregulate the HSC-supporting factors
(CXCL12, Stem Cell Factor, and Insulin-like Growth Factor 1), but simultaneously
suppress hematopoiesis and osteolineage development by upregulating Dkk1 expression in
BM stromal cells (Fig 1.3B) [?2. On the other hand, one study showed AML-EVs increase
the number of HSPCs by enhancing their survival while retaining their clonogenicity and
stemness with no change in the hematopoietic CD34+, CD34+, CD38—, CD90+, and
CD117+ phenotypes %, Tllustrating one of the key challenges in understanding HSPC
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regulation by EVs, neither of the two latter studies identified the specific EV component
responsible. Our group previously showed that EVs released by steady state or

26, 106, 1101 Because most analyses of

reprogrammed malignant stroma carry cytokines !
secreted cytokines do not separate vesicle-bound and vesicle-free forms, it is entirely
possible that some of the known cytokine activities that regulate HSPC in the leukemic

niche reflect EV mediated trafficking.

Other hematological disorders impact hematopoiesis indirectly by altering the
function of the supportive stroma. Both AML and Myelodysplastic Syndrome (MDS) 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 suppress the
hematopoietic growth factors (Jagged-1, Stem Cell Factor and Angiopoietin-1) by
targeting the poly (rC) binding protein 1 (PCBP1) post-transcriptional regulator (Fig 1.3C)
(1111 MSCs from patients with MDS also were shown to release EVs which traffic miR-
10a and miR-15a to CD34+ progenitor cells, causing the transcriptional regulation of
MDM2 and P53 genes, altering HSPC viability and clonogenicity [''?. EVs released from
chronic myelogenous leukemia (CML) have also been implicated in altering the bone
marrow microenvironment by activating epithelial growth factor receptor (EGFR)
signaling in stromal cells. CML exosomes were shown to contain amphiregulin, an EGFR
activating ligand that leads to the downstream expression of MMP9 and IL-8, giving

leukemia cells adhesive and proliferative advantage within the hematopoietic niche '3,

Extramedullary cancers, such as melanoma, also use EVs for the endocrine
regulation of BM progenitors. For example, 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 ['!4],
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Figure 1.3: Current evidence for EV crosstalk in the leukemic microenvironment

ADisease AML AML

Stromal reprogramming
loss of HSC retention

AML/MDS

G,

Loss of HSC supportive factors
l and viability

Reduced differentiation potential
1cMyb -—miR-150/-155

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 and
supportive factors SCF and IGF-1 resulting in mobilization of HSPCs from the BM. C)
AML and MDS EVs promote the loss HSPC supportive factors JAG-1, SCF, ANGPT-1
through the trafficking of miR-7797 to supportive stroma blocking PCBP1, leading to
reduced HSPC viability and hematopoietic potential. AML: acute myelogenous leukemia,
ANGPT-1: angiopoietin 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 cells; PCBPI: poly-rc binding protein 1; SCF: stem cell factor.



Table 1.3: Pathophysiological regulation of hematopoiesis by EVs
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EV origin | Recipient Cargo Molecular target and Functional event Ref
cell effect
AML blasts HSCPs miR-150/155 cMYB; downregulation Suppression of cMYB in HSPC (21, 108]
reduces clonogenicity and leads
to down regulation of niche
retention factor CXCL12 and
mobilization of HSPCs to
peripheral blood
AML blasts BM Stroma CXCLI2: downregulation Down regulation of HSC- (221
SCF: downregulation .
supportive factors and
IGF1: downregulation . .
_ ot suppression of hematopoiesis
DKKI: upregulation and osteolineage development
by upregulating Dkk1
expression in BM stroma
AML and MSCs miR-7977 PCBPdl: d(;)wnregulelltl(‘)n Reduced HSC-supportive (i
MDS cells Jaggedl: downregulation growth factors and
SCF: downregulation L .
d lati hematopoiesis-supportive
ANGPT1: downregulation capacity of MSCs
MDS patient | CD34+ miR-10a/15a P33: transc‘rlptlonal Alteration of HSCPs viability (2]
MSCs progenitor dysregulation and clonogenicity
MDM2: transcriptional
cells
dysregulation
CML cells BM stroma | Amphiregulin EGER: actlvatl(l)n‘ Alteration of BM (3]
(EGFR-ligand) MMP9: upregulation microenvironment leading to
IL8: upregulation .
increase attachment and
proliferative advantage of CML
cells
Melanoma BM c-MET Mobilization of BM progenitors | [114]
cells progenitors and upregulation of

proinflammatory molecules at
sites of macrophage trafficking
lead to promotion of invasion

and metastasis

AML: acute myeloid leukemia;, ANGPTI: angiopoietin 1; BM: bone marrow; CML: chronic

myelogenous leukemia; EGFR: epithelial growth factor receptor; HSC: hematopoietic stem cells;

HSPCs: hematopoietic stem and progenitor cells; ICAM1: intercellular adhesion molecule 1; IGF1:

insulin-like growth factor 1; IL8: interleukin 8; MDS: myelodysplastic syndrome; miR: micro-

ribonucleic acid; MSC: mesenchymal stem cell; MMP9: matrix metalloprotease 9; SCF: stem cell

factor; TLR4: Toll-like receptor 4;
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EVs and therapeutic resistance in the leukemic

microenvironment

For AML, the five-year survival remains low due to the frequency of relapse and
acquired therapeutic resistance *¥. Clonal adaptation in response to therapy can occur as a
result of intrinsic genetic features, or as an acquired process following selective pressure
[115] However, there are many studies that indicate cell-extrinsic processes function to
protect occult blasts from destruction, and are increasingly recognized in driving resistance
to therapy. These extrinsic processes include miRNA induced silencing, drug efflux pump
expression and upregulation of immune inhibitory ligands that block the function of

16-119] " Increasing reports indicate that EV trafficking promotes the

lymphocytes !
development of resistance to both chemo- and immune therapy in AML, and other cancers.
Malignant cells appear to have an inherently higher rate of EV release, and collectively
their secretomes contain molecules that promote cancer proliferation, metastasis, and drug
resistance ['?").  In AML, EV mediated signaling directly transfers chemoresistant
properties between individual AML cells (Fig 1.4A-C). EVs harvested from a
chemoresistant clones of AML were able to upregulate anti-apoptotic protein BCL2 in
formerly chemo-sensitive AML, protecting cells from chemotherapy induced apoptosis
[197] " Similarly, EVs from multi-drug resistant AML cells were able to promote the
expression of drug efflux pump protein MRP-1 (multidrug resistant protein 1), lowering
their sensitivity to danorubicin ['?!!. Furthermore, the transfer of EVs between AML cells
and stromal elements have also been described to increase chemoresistance in multiple

studies 122106, 122],
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Figure 1.4: EV mediated transfer of chemoresistance between leukemia cells in the BM

microenvironment.
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A) Diagram of the BM microenvironment, composed of the hematopoietic niche (right)
stromal compartment (left). Hematopoietic Stem and Progenitor Cell (HSPC) give rise to
Common Myeloid Progenitors (CMP), Granulo-Monocytic Progenitor Cells (GMP),
Erythroblasts (EB), Megakaryocytes (Mk), and many other cell types that populate the cells
of the blood. In the stromal compartment, Mesenchymal Stromal Cells (MSC) give rise to
Osteoprogenitor Cells (OPC) and Osteoblasts (OB), together these cells function to form
bone and regulate hematopoiesis in part through EV-mediated signaling. B) Expansion of
leukemic cells results in microenvironmental dysregulation. EV trafficking between AML
cells transfers regulatory factors that induce resistance to chemotherapy. C) Chemo-
experienced AML cells shed EVs containing NMP1, SRSF1, and SRSF9, which increase
apoptosis resistance through upregulation of BCL-2 and NPM1 in unexperienced recipient
AML cells. D) EVs from chemo-experienced AML cells also contain miR-19b and—20a,
which reduce TGF-f signaling and increase Akt signaling and the expression of MRP1
chemo-efflux pump in recipient AML cells. Figure presented from Nehrbas, Butler ef al.,

2020 1231

AML and the cell mediated immune system

A primary role of the cell-mediated immune system is to identify and destroy tumor
cells. It is now becoming understood that AML blasts, like other solid tumors, utilize

numerous adaptive processes to prevent detection and destruction by cytotoxic T-cells [1*+-

128] " Cytotoxic T-cells (CTL) are fundamental to the elimination of virally infected and
neoplastic cells. CTL—from the adaptive arm of the immune system—express CD8 and
recognize abnormal autologous cells that present “foreign” proteins on MHC class I
molecules. Upon recognition by the T-cell receptor (TCR), CTL release enzymes (perforin
and granulysin) capable of permeating the cell membrane and activating the caspase
cascade to induce apoptosis in target cells bearing intracellular infections or malignant

transformations [12°],

CTL also refers to effector CD8+T-cells, which are at the terminal end of a highly

(1291 These cells first develop in the bone marrow as

regulated developmental process
immature lymphocytes, and travel to subcapsular region of the thymus to begin VDIJ

rearrangement of TCR gene locus. This process is mediated by recombination-activating
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genes (RAG1/2) and allows for the creation of vast repertoire of thymocytes (T-cells) with

1301 Following successful recombination, cells begin to

greater than 10'! unique TCRs [
express both CD4 and CDS8 co-receptors within the TCR complex. These double positive
thymocytes move through the thymus to undergo a two phase selection process: First in
the thymic cortex, double positive thymocytes expressing TCRs able to bind MHC
molecules on cortical epithelial cells are induced to mature, while those that do not die!'*?!,
Maturation results in restriction of co-receptor expression, creating single positive CD4+
cells capable of interacting with MHC class II (Helper or Regulatory T-cells) or CD8+ cells
capable of interacting with MHC I (cytotoxic T-cells). Single positive thymocytes (CD4+
or CD8+T-cells) move to the corticomedullary junction where they interact with dendritic
cells and macrophages that highly express self-peptides through an autoimmune regulator
protein (AIRE)-dependent mechanism. High affinity binding of single positive T-cells to
self-antigens results in strong negative selection, thus preventing the production of auto-
reactive T-cells. The CD4+ or CD8+ T cells that remain leave the thymus as mature Naive

T-cells 139,

Naive CD8+T-cells circulate through the blood into secondary lymphoid tissue, and

1391 'Upon recognition of a dendritic cell displaying both

can remain in circulation for years |
a complementary peptide on MHC I and a secondary signal-—co-stimulatory CD80/86
molecule —T cells become “primed”. Following this two-signal stimulus, primed CD8+ T
cells proliferate and differentiate into effector and memory T-cells, which enter circulation
to surveil peripheral tissues for abnormal tumor cells displaying their complementary
peptide. Importantly, primed T-cells require only one signal for activation, expansion and

cytotoxic effector function 2% 1391,

Both the priming of naive CD8+T-cells and the activation of memory/effector T
cells are modulated by the expression of inhibitory or stimulatory signals by antigen

131.132] 'The expression of inhibitory signals within the immune

presenting or target cells [
synapse can inhibit T-cell proliferation, differentiation, and block cytolytic function. The
most studied inhibitory pathways include programmed death receptor-1 (PD-1/CD274) and

cytotoxic T-lymphocyte-associated protein-4 (CTLA-4/CD152), and are expressed on the



32

surface of activated effector T-cells as additional “checkpoints” to dampen autoimmunity
[131.132] 'However, ligands specific for these pathways are often adaptively upregulated by
tumor cells, giving them a selective advantage in tumor formation and progression by

[133] ‘Monoclonal antibodies that block checkpoint inhibitor

suppressing immune responses
receptors and their ligands are in clinical use and clinical trials to improve immune
response in multiple solid tumors, and are beginning to be examined in multiple clinical

trials for use in AML [124, 134-136]

For many years leukemias, unlike many solid tumors, were considered non-
immunogenic due to comparatively low mutational burdens and the assumption that
leukemia cells do not present adequate neo-epitopes for lymphocyte recognition. However,

124, 137] Immunosurveillance was first

mounting evidence has eroded this false assumption [
demonstrated in the Graft-vs-Leukemic (GVL) effect mediated by HCT >4, The durable
remission sometimes achieved by HCT are now known to be induced by adoptive transfer
of functional lymphocytes, chiefly CTL and natural killer cells [''). This GVL occurs under
alloreactive conditions, however autoreactive clearance of AML precursors by patients’
own lymphocytes is strongly demonstrated by the high frequency of leukemia development
in chronically immunosuppressed individuals following solid organ transplantation 1% 1381,
Additionally, AML cells are able to both down regulate MHC class I expression while
upregulating inhibitory checkpoint proteins to interfere with the formation of the immune

119, 138

synapse, and reduce T-cell effector function ! 1. Furthermore, AML cells can secrete

soluble factors like indoleamine 2-3 dioxygenase, arginase, and nitric oxide which also

inhibit T-cell activation and proliferation 1%,

EVs protect leukemia cells against immune detection and
clearance
While several chemoresistance mechanisms in leukemia involve direct delivery of

critical molecules via EVs, resistance to elimination can also arise through immune

dysregulation (Fig 1.5A-C). AML cells release exosomes that contain potent



33

immunosuppressive proteins, such as programmed death-receptor ligand 1 (PD-L1) 139,

PD-L1 binding to its cognate receptor, programed death-receptor 1 (PD-1), in solid tumors

is able to suppress effector T cell activation in response to T cell receptor stimulation %

1411 Expression of PD-L1 by tumor cells prevents T cell-mediated immune recognition and
clearance, which increases the number of T cells with an “exhausted” and unreactive
phenotype. Others have shown in models of both prostate cancer and melanoma that
exosome-bound PD-L1 contributes to T cell suppression in vitro and in vivo. Additionally,
exosomal PD-L1 can act as a decoy, sequestering anti-PD-L1 checkpoint inhibitors and
outcompeting the anti-PD-1 checkpoint blockade for binding sites on cytotoxic CD8+ T
cells 4% 1431 For AML, it remains unknown whether EV-associated PD-L1 is able to
suppress cytotoxic T cells, and contribute to immune evasion. Additional research is
needed to determine the role EVs play in modulating the immune response in AML.
Circulating AML-EVs bearing inhibitory immune ligands may have profound implications

for promoting resistance to both adoptive T cell and immune checkpoint inhibitor therapies

(Fig 1.5C).

Additionally, AML-EVs can reduce the efficacy of adoptive natural killer (NK) cell

therapy in AML patients through interaction with adoptively transferred NK-92 cells [''%

1391, Natural Killer cells are a component of the innate immune system, which are not
dependent on MHC class I expression. Through the action of multiple receptors, NK cells
directly recognize abnormal cells presenting viral associated ligands, tumor related
peptides, or surface bound antibodies, and in response release cytolytic granules to induce
apoptosis. AML-EVs reduce the efficacy of activated NK by trafficking inhibitory ligands
to NK receptors. Incubating NK-92 cells with EVs derived from AML patients resulted in
a 40% reduction of NKG2D receptor expression, which is critical to mounting a cytotoxic
response against abnormal cells. EV-mediated inhibition of NKG2D reduced cytotoxicity
against AML blasts by 37% (Fig 1.5A). Exosome delivery of TGF-$ to NK-92 cells is
believed to be in part responsible for the decrease in NKG2D through TGFBRI/II pathway

activation [13%],
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In CLL, exosomes may lower the bioavailability of rituximab, a common
immunomodulatory antibody that targets the CD20 epitope on B-cells. Similar to solid
tumor studies that suggest that EVs act as decoys, exosomal binding of anti-CD20 reduces
circulating levels of rituximab, protecting lymphocytic leukemia cells from anti-CD20
mediated opsonization (Fig 1.5B). This may explain why a number of CLL patients

develop resistance to rituximab treatment ['44],

Figure 1.5: EV-mediated resistance to immunotherapy.
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A) AML-EVs contain numerous immunosuppressive ligands (TRAIL, FASL, MICA/B) that reduce
natural killer (NK) cell reactivity through receptor mediated binding. This EV-mediated signaling
interferes with cell-based therapy, diminishing cytotoxic killing of tumor cells following adoptive
transfer of NK cells. B) EVs in CLL contain surface CD20, which acts as a decoy by sequestering
Rituximab (anti-CD20) and preventing therapeutic antibodies from binding and opsonizing the
tumor cells. C) AML cells release EVs that contain immunosuppressive ligand PD-L1. The transfer
of PD-L1 via EVsreduces T cell activation in response to TCR stimulus. PD-L1 also acts as a decoy
that competes with checkpoint inhibitor binding and prevents therapeutic antibodies from reaching

their intended target. Figure presented from Nehrbas, Butler et al., 2020 [123]

General Hypotheses

Our long-term goal is to better understand how EVs contribute to AML progression,
drug resistance, and relapse, and create new therapeutic options aimed at improving drug
response and survival for patients suffering from AML. Over the last two decades EVs
emerged as powerful means to package and transport bioactive cargos in a paracrine and
endocrine fashion. These membrane-derived vesicles have the potential to simultaneously

traffic a multitude of regulatory molecules in concentrations not achievable by secreting
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soluble factors alone. Packing into membranes also enhances stability of regulatory cargo
and facilitates transfer to specific-recipient cells using specialized cell adhesion and/or
receptor ligand interactions. In AML, EVs are broadcast within the tumor
microenvironment, but they also enter the systemic circulation, where they likely influence
the function of extramedullary tissues. AML, unlike solid tumors, exists largely within the
vascular spaces. As a result, these liquid tumors likely have an inherently greater capacity
to increase circulating EV concentrations, and systemically dysregulate sites of
hematopoiesis, and lymphoid tissues to facilitate disease progression and resistance to
therapy. Determining the underlying mechanisms, and directional transfer of EV-mediated
signaling is imperative to realizing new therapeutic options to improve survival and quality
of life for patients with AML. To elucidate the fate and function of AML-EVs, we propose
the following aims, which focus on EV-mediated dysregulation of the bone marrow stroma,

hematopoietic stem cells, and cytotoxic T lymphocytes.

Specific Aims

1.  Define the role of EV trafficking in altering the bone marrow stroma

In AML, the bone marrow transforms into a self-reinforcing microenvironment that
protects leukemia cells from elimination. The cellular composition of a hematopoiesis-
supporting stromal compartment is found to be drastically altered in AML. However, the
underlying biology of these alterations are not well understood. Due to evidence of stromal
alterations in murine models bearing low tumor burdens with limited cell to cell contact
between the AML and stroma, we hypothesize that AML-EVs transfer regulatory cargo to
stromal cells to alter their cellular fate. Here we focus on the interaction of AML-EVs with
hematopoiesis supporting mesenchymal stem cells and osteoprogenitors using both in vitro
and in vivo models. We found that EVs alone are able to transmit endoplasmic reticulum
stress to key stromal elements and activate the unfolded protein response pathway.
Activation of the unfolded protein response—a known mechanism of chemoresistance in

other cancers—induces apoptosis in osteoprogenitors resulting in their loss from the
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stromal compartment.

2.  Identify the mechanism underlying the enforcement of quiescence on long-

lived HSCs in the AML microenvironment

AML represses normal hematopoiesis to produce lethal anemias and
pancytopenias. Paradoxically, progenitor cells are lost from the hematopoietic niche in
AML, while long-term HSC—bearing the greatest pluripotent capacity—increase in
frequency within the bone marrow. These primitive cells remain in a quiescence state, yet
regain repopulation capacity upon transplantation. Due to the reversibility of the
phenotype and prior observation of EV accumulation in these cells, we hypothesize that
EV trafficking effectively limits LT-HSCs fitness to reduce cellular competition in the
leukemic niche. We found that EVs transmit distinct miRNAs that target the mTOR pathway
to suppress protein synthesis in LT-HSC. EV exposure results in the retention of residual
quiescent cells that demonstrate enhanced repopulation capacity following removal of EV-
mediated suppression, but contain lasting DNA damage that may prime HSCs for

transformation.

3.  Characterize the immunosuppressive effects of AML-EVs on cytotoxic T

lymphocytes

Mounting evidence indicates that initiation, progression and relapse of AML occurs while
evading destruction by the cell-mediated immune system. Due to the presence of
immunosuppressive ligand PD-L1 on AML-EVs, I hypothesized that EVs effectively inhibit
T-cell activation in response to T-cell receptor stimulation. I found that AML blasts shed
PD-LI via EVs in an IFNy-dependent manner. Binding of AML-EVs to CDS8+T-cells
reduces their capacity to express cytokines involved in expansion and effector function, an
effect which can be partially rescued using checkpoint inhibitors to block PD-1
engagement on cytotoxic T lymphocytes. The presence of circulating EVs bearing immuno-
inhibitory ligands has strong implications for both adoptive T cell and checkpoint

inhibitor-based therapies.
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4.  Generate new methods to improve the study of AML-extracellular vesicles

Understanding the structure, function, and fate of extracellular vesicles is complicated by
their nanoscale size, and by their heterogeneous nature. Exosomes and small microvesicles
are typically 50-200nm in size, and fall beneath the diffraction limit of standard light
microscopy. To date, EVs released from cell and tissues were largely characterized by
molecular methods that fail to resolve distinct subpopulations that are differentially
enriched for specific surface markers and cargos. Using high resolution imaging and flow
cytometry systems, I set out to develop new methods of EV quantification that allow for the
detection of EVs on an individual basis. Through these techniques I am able to identify

surface markers and resolve differences in the composition of EVs
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Abstract

Successive adaptation of the bone marrow (BM) from homeostatic hematopoietic
microenvironment to a self-reinforcing niche is an integral aspect of leukemogenesis. Yet,
the cellular mechanisms underlying these functional alterations remain to be defined. Here,
we found that AML incursion precipitates compartmental endoplasmic reticulum (ER)
stress and an unfolded protein response (UPR) in both leukemia and stromal cells. We
observed that extracellular vesicles (EV) transmit ER stress in vivo from the AML
xenograft to BM stroma, whereby the upregulation of core UPR components drives
subsequent osteolineage differentiation of mesenchymal stem cells (MSC). Finally, we
show that the underlying mechanism involves quantitative incorporation and cell-cell
transfer of Bone Morphogenic Protein 2 (BMP2), a potent osteogenic signal, by AML-
EVs. Corroborative studies in AML patient samples support the translational relevance of
AML-EVs as a platform for BMP trafficking and source of compartmental crosstalk.
Transmissible ER stress was previously identified as a source of chemoresistance in solid

tumor models, and this work reveals a role in remodeling the BM niche in AML.

Introduction

Hematopoiesis occurs in operationally defined niches in the bone marrow (BM)

and is regulated through reciprocal signaling between hematopoietic and stromal tissue
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components I 4 1451981 "1 eykemia cells, including Acute Myeloid Leukemia (AML),
actively compete with hematopoietic stem cells (HSC) for niche occupancy. The
successive tumor growth in turn affects stromal cell function, and results in reduced
chemotherapeutic efficacy as well as impaired blood formation [ 49151 These
observations do not appear to be AML subtype-specific, and in fact similar defects have

91321 Evidence from several groups indicates

been described in murine models of CML [
that remodeling and secretory conversion of the microenvironment accounts for the role of
the BM as a sanctuary site for residual, drug-resistant disease and relapse ['** 1531, This
notion is further consistent with observations that AML patient-derived mesenchymal stem
cells (MSCs) exhibit an altered secretion of cytokines with reduced hematopoietic support

154-156] “While inherently translational, snapshot

and a more chemoprotective phenotype |
analysis of patient samples at diagnosis limits our ability to model the dynamic crosstalk
that reconfigures the BM microenvironment, and risks artifacts due to propagation in tissue
culture. Murine xenograft studies have been widely used for the study of leukemia-stroma
cell interactions, providing an opportunity for prospective in vivo modeling while
benefitting from validated strategies for immunophenotypic isolation of distinct stromal

populations for study [% 145 149, 157, 158]

To better understand how leukemia induces changes in the composition of the BM
compartment, we focused on the two mesenchymal populations central to AML
leukemogenesis: MSCs, which maintain the potential to differentiate along adipo-,
chondro-, and osteolineages; and Osteoblastic Progenitor Cells (OPCs), a population of

9

osteolineage committed progeny that will mature into osteoblasts ). Both populations

contribute to hematopoietic homeostasis or, conversely, their functional disruption can lead
to myelodysplastic growth and clonal evolution ['%. We were particularly interested in
understanding the reciprocal crosstalk in the AML niche that would spur osteogenic

[9, 152,159,160

differentiation bias, previously implicated during AML expansion 1 and known

to alter the release of soluble factors that regulate growth and niche adhesion ['®1],

The studies herein identify significant compositional changes in the niche of AML

xenograft animals associated with osteogenic MSC differentiation. We show that the
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underlying mechanism relies on transmissible ER stress (TERS) [16% 131 'and identify AML
derived extracellular vesicles (EVs) as a contributory factor in promoting the unfolded
protein response (UPR) in stromal cells, a known stimulus for altering secretion and
inducing osteogenic MSC differentiation ['*41%°], We show that EVs accomplish these

changes by trafficking BMP2, a known regulator of osteogenesis and inflammation.

Results

AML remodels the bone marrow

To examine BM niche composition and function in vivo we used NOD-scid IL2Ry
null (NSG) xenografts 415! with tail-vein grafting, but without conditioning irradiation

21,1081 'To avoid expansion artifacts during in

to ascertain undisturbed BM niche function
vitro cell culture of MSCs and OPCs, we isolated endosteal MSC and OPC populations
directly from mice using fluorescence activated cell sorting (FACS) P! (Fig2.1A).
Specifically, we excluded hematopoietic and endothelial cells (CD45 and TER119, and
CD31, respectively) to sort two immunophenotypically distinct mesenchymal populations:
SCA-1+/CD51+ MSCs and SCA-1-/CD51+ OPCs - 17 (Fig 2.1B). We analyzed cells
sorted from long bones for morphological differences, clonogenic growth, and extracted
RNA to transcriptionally validate differential expression of genes characteristically
expressed in either population (Fig 2.1C). With this strategy in place, we generated several
xenograft cohorts via intravenous, tail-vein injection of three human AML cell lines:
Molm-14, U937, and HL-60. Chimerism was tracked by the percentage of human CD45+
cells over time in the peripheral blood and at time of harvest in the bone marrow. We
included xenografts with a marrow chimerism > 60% in this study to simulate niche
remodeling effects during advanced disease, reflective of AML patients at diagnosis %%,
Functionally, we observed reduced fibroblastic colony forming (CFU-F) potential in both
MSCs and OPCs from all three AML xenograft cohorts (Fig 2.1D). Strikingly, we also

observed a significant shift in the proportion of the two populations (Figure le), with

increased MSC/OPC ratios, signifying a compositional change within the BM niche.
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Figure 2.1: AML negatively impacts the endosteal niche.
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AML negatively impacts the endosteal niche. A) MSC and OPC harvest workflow. Long
bones from control and xenografted mice are removed, flushed, crushed, and incubated in
Collagenase II. Disadhered cells are then filtered, stained with antibodies, and sorted via
FACS. B) CFU-F assay of MSCs and OPCs derived control and AML xenografted animals.
Error bars are standard error of the mean (n=28, 13, 8, 8 animals per condition). C) The
ratio of MSCs/OPCs in control and AML xenograft animals. Error bars are standard error
of'the mean (n =22, 14, 4, 6 animals per condition). Significance in b and ¢ was determined

using ANOVA and Bonferroni correction. *p <0.05, ***p <0.001.

MSCs and OPCs exhibit differential fates in the AML bone

marrow

As Osterix-expressing progenitor cells have been previously shown to be sensitive

158, 1691 e hypothesized that the altered ratio of MSCs over

to AML-induced apoptosis !
OPCs may be due to increased apoptotic turnover of OPCs. Indeed, isolated OPCs
exhibited increased apoptosis within xenografts as measured by increases in Annexin V
positivity and Ser-15 phosphorylated p53, but not overall p53 (Fig 2.2A). These OPC
differences were significant in Molm-14 and U937 xenografts, and did not reach statistical
significance for HL-60 xenografts. Xenograft- derived MSCs on the other hand did not

show evidence of apoptosis or p53 engagement under these conditions (Fig 2.2B). Rather,
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we observed significant induction of osteolineage differentiation in MSCs from AML
xenografts. Specifically, MSCs in all three xenograft models showed increased expression
of Runx2, Osterix, and Dkk3, whereas markers of late osteoblastic development, Collal
and Sppl, were significantly reduced when compared to MSCs from control animals (Fig
2.2C). This was further consistent with increased in vitro osteogenic- and reduced
adipolineage differentiation of Molm-14 xenograft-derived MSCs, using Alizarin Red S
(binds to calcium) and Oil Red O (lipophilic) stains, respectively (not shown). Together,
the data suggest that leukemia cells provide extrinsic cues that promote osteogenic MSC
differentiation and increased apoptosis in OPCs, resulting in aggregate changes in the

overall composition of the BM compartment in vivo.
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Figure 2.2: MSCs and OPCs exhibit differential fates in the leukemic bone marrow.
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MSCs and OPCs exhibit differential fates in the leukemic bone marrow. A-B) Analysis of

apoptosis in stromal populations. The percentage of Annexin V' cells, and the MFI of P53

and Ser-15 phosphorylated P53 in control and xenografted animals within OPC (A) and

MSC (B) gates. Error bars are standard error of the mean from (z=38, 7, 5, 4) animals for

Annexin V dataset and (n=35, 6, 5, 4) for the pP53 and P53 experiments. Significance in

A and B was determined using ANOVA and Bonferroni correction. **p<0.01,

**%p <0.001. C) Expression analysis of genes involved in early and late osteogenesis of

xenograft-derived MSCs compared to control MSCs. Fold change determined by 2744t in

pairwise analysis against control MSCs. Error bars are standard error of the mean from

four animals per condition. Significance was determined by ANOVA and Student’s #-test.
*p<0.05, ¥*p <0.01, ¥***p <0.001
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Stromal UPR induction in AML xenografts

Both the increasing translational burden within the ER during osteogenic

170

differentiation '7% and reports of the XBP1 dependent upregulation of Osterix, a master

(1641 "led us to consider the involvement of the UPR in inducing

regulator of osteogenesis
AML-mediated MSC differentiation. We therefore assembled a RT-PCR survey panel to
screen for UPR induction, observing broad engagement in xenograft-derived MSC and
OPC populations compared to those from control mice (Fig 2.3A-B). With Molm-14
xenografts, both populations exhibited 2-30 -fold upregulation of Grp78, a core regulatory
component of the UPR and spliced Xpbl, a chaperone inducer. There were more subtle
increases in the unspliced isoform of Xbpl and upregulation of Chop. Promotion of

71T under these ER stress conditions was supported by increased

osteogenesis by the UPR [
Runx2 and Osterix gene expression after exposure of MSCs to the UPR inducer
thapsigargin (Fig 2.3C). By contrast, hematopoietic progenitor cells, identified by the
expression of c-Kit, Sca-1, and the absence of lineage markers (i.e. KSL) did not exhibit
induction of the UPR, suggesting a stroma-restricted response (Fig 2.3D). To further
implicate the UPR in the increase in apoptosis within the OPC population, we sorted for
annexin V+ OPCs and Annexin- populations from both Molm-14 xenografts and controls
(Fig 2.3E). Specifically, we reasoned that the UPR should preferentially be induced in
annexin V+ cells, and indeed we observed significant upregulation of Grp78, Chop, XBP1
and sXBP1 genes in Molm14 xenograft derived annexin V+ cells compared with those

from controls (Fig 2.3F). Altogether, the data suggest that ER stress in the AML niche

contributes to the adaptive changes in BM stromal fate and composition.
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MSCs and OPCs exhibit increased ER stress. A-B) Expression analysis of genes involved
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278ACt in pairwise analysis against control MSC and OPCs, respectively. Error bars are
standard error of the mean from four animals per condition. Significance was determined
by ANOVA and Student’s t-test. *p<0.05, **p<0.01, ***p<0.001. C) Expression
analysis of genes involved in the UPR and osteogenesis in MSCs cultured in 1 ng/mL
thapsigargin compared to vehicle-treated MSCs. Fold change determined by 224 against
control cells. Error bars are standard error of the mean from three biological replicates.
Significance was determined by Student’s #-test. ***p <0.001. D) Expression analysis of
UPR genes in hematopoietic stem cells (c-KIT', SCA-17, lin; KSL) from Molm-14
xenografts. Fold change determined by 2724t against KSL from control animals. Error bars

are standard error of the mean from three animals per condition. Significance was

determined by Student’s #-test. *p <0.05, **p <0.01, ***p <0.001
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Uptake of AML-derived EV into endosteal cells in vivo and in

vitro

We and others previously demonstrated that AML-derived EVs enter into stromal
cells (CD45- / plastic-adherent) in vitro 1% 3%, To more specifically visualize MSC and
OPC uptake of AML-derived EVs in vivo we generated Molm-14 cells stably expressing a
myristoylated GFP transgene (Molm-14-mGFP ), which functions as a continuously
produced lipid membrane label *!!. The Molm-14-mGFP cells release brightly labeled EVs
into the extracellular space tissue culture and enable us to detect EV dissemination in the
BM and within the peripheral blood for the lifespan of the xenograft animals (Fig 2.4A).
Here, we used this approach to map the cellular uptake of xenograft-derived EVs in vivo
and performed live-cell microscopy of FACS-purified MSC and OPC. At animal sacrifice,
the sorted cells are transferred to culture dishes and labeled with Hoechst nuclear stain and
Cellmask, a lipophilic dye used to mark the cytoplasm. Results reveal that both MSCs and
OPCs from Molm-14-mGFPfp xenografts, but not control animals, contained discrete
mGFP+ vesicles (Fig 2.4B). For quantification of mGFP+ vesicle uptake, we next scored
mGFP+ foci in both cell types. The MSCs and OPCs from xenografted animals (day 21
sacrifice) were found to contain GFP+ vesicles in 55% and 34% of cells respectively (Fig
2.4C). In both cell types the total number of internalized foci ranged from one to thirty EVs
with no difference between mean the number of EVs in MSC vs. OPC (Fig 2.4D). We
further confirmed vesicle uptake using confocal live-cell microscopy of MSCs and OPCs
exposed to Molm-14-mGFP EVs in vitro (Fig 2.4E). Next, in determining the spatial
distribution inside recipient cells, we found that most EVs released in vivo from the
Molm14 xenograft traffic to the ER in both MSCs and OPCs, as shown by ER Tracker co-
staining (Fig 2.4E-F). This intracellular localization at the ER is consistent with previous
observations of EV fate [°°!. Finally, because UPR induction generally leads to an increase
in the size of the ER compartment [!7%173]

and OPCs exposed to Molm-14-mGFP-derived EVs in vitro using ER-Tracker 7%, Results

, we visualized ER size and morphology of MSCs

confirmed that EV-treated cells display a dilated ER, similar to cells treated with
thapsigargin, a known inducer of ER stress and UPR, when qualitatively compared to

vehicle-treated cells ['7! (Fig 2.4G).
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Figure 2.4: AML-EVs traffic to the ER of MSCs and OPCs
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A) Solid capture imaging of mGFP+ EVs from peripheral blood of Molm-14- mGFP
xenografts (left) and from in vitro Molm-14-mGfp mGFP cells (right). Scale bars are Sum.
B) Live-cell imaging of MSCs and OPCs derived from control and Molm-14-mGFP{p
xenografts. mGFP: green, Cellmask: red, Hoechst: blue. Scale bars are Sum. C)
Quantification of Molm-14-mGFPfp xenograft-derived MSCs and OPCs containing
mGFP+ vesicles. 50 cells per cell type analyzed from 2 animals. D) Quantification of
mGFP+ vesicles per positive MSC and OPC derived from Molm-14-mGFP xenografts. 50
cells per cell type analyzed from 2 animals, significance determined by Student’s t-test
*P<.05. E) Representative images of live-cell, confocal microscopy of in vitro expanded
MSCs (left) and OPCs (right) exposed to EVs harvested from Molm-14-mGFP cells.
Green: ER-localized mGFP+ vesicles, white: cytosol-localized mGFP+ vesicles, red: ER
surface, purple: plasma membrane surface, blue: Hoechst. Scale bars = Sum. F)
Quantification of ER-localization of internalized mGFP+ vesicles in in vitro expanded
MSCs and OPCs. 5 cells per cell type analyzed, significance determined by student’s T-
test *P<.05 G) Representative images of live-cell, confocal microscopy of in vitro
expanded OPCs exposed to vehicle (left), Molm-14-mGFP-derived EVs (center), or
1.0ng/mL thapsigargin. Red: ER surface, green: mGFP+ EVs, purple: plasma membrane

surface, blue: Hoechst.

AML-EVs induce the UPR in MSCs and OPC in vivo

The observation that EVs traffic to the ER in MSC and OPC prompted us to
systematically test the possibility that EVs transmit ER stress, and may account for UPR
activation and altered MSC and OPC fates [2%4> 1751 To test this hypothesis, we performed
intrafemoral injections, delivering dose-matched, purified EVs from in vitro cultured
healthy human bone marrow-derived CD34+ cells versus either vehicle or Molm-14-mGFP
cells (Fig 2.5A), an approach we validated previously ?!. Animals were sacrificed 48
hours later, and MSCs and OPCs were sorted directly into RNA extraction buffer for
subsequent examination of UPR induction by qRT-PCR. Molm-14-mGFP-derived EVs
induced a UPR in OPCs when compared to femurs receiving CD34+ derived EV (Fig
2.5B). Furthermore, EVs derived from the CD34+ cell cultures did not promote a UPR in
MSC and OPC cells when compared to vehicle-treated femurs, indicating that the observed
ER-stress is not a cross-species artifact (Fig 2.5C). Consistent with their apoptotic fate,
OPCs exhibited a more substantial increase in Grp78 and spliced Xbpl expression than

MSCs when exposed to AML-derived, but not healthy CD34+ cell-derived, EVs (Fig
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2.5D). For further confirmation of EV-mediated UPR induction we expanded MSCs and
OPCs in vitro and again observed a persistent, but more modest increase of the UPR in
both cell types 48 hours post EV-exposure, where CD34+-derived EVs had no effect.
Recent reports also indicate TERS crosstalk between cancer and bystander cells in
pancreatic and breast tumor microenvironments 0% 1631 To test the possibility of TERS
from AML cells to stroma, we first measured UPR induction in FACS-purified Molm-14
cells explanted from xenografts at sacrifice and at 48 and 96 hours during subsequent in
vitro propagation. Remarkably, when compared against Molm-14 cells grown in vitro, we
found sharply increased, but rapidly diminishing transcriptional activity of several key
UPR components over time in cell culture (Fig 2.5E). Next, we had the opportunity to test
blasts enriched from AML patients at diagnosis and compared their UPR status to healthy
controls. In a set of 38 AML samples we found that a subset of 8 exhibited a robust UPR,
illustrated by the upregulation of GRP78 and phosphorylated elF2a protein. We had access
to available material from five of those patients and confirmed both GRP78 and elevated
phosphorylated elF2a protein levels (Fig 2.5F). To better correlate the magnitude of UPR
induction in patients with our xenograft results, we also performed an additional
transcriptional analysis of GRP78, s/usXBP1, and CHOP expression in these patient
samples and found highly significant differences from healthy control bone marrows (Fig
2.5G). Similarly, we observe induction of total phospho-IRE1 at the protein level in the
U937 leukemia cells, with rapid kinetics that peak at 6 hours, consistent with the
subsequent transcriptional upregulation of Grp78. Consistent with the UPR induction in
three AML cell lines representing different subtypes in our xenograft studies, UPR activity
in AML patient samples did not segregate by AML subtype or cytogenetic lesion. With the
availability of peripheral blood plasma from the UPR+ AML patients, we purified plasma-
derived EVs by serial ultracentrifugation and performed intrafemoral injections into

(211 with contralateral vehicle controls and harvested of MSCs and OPCs

recipient mice
48hrs later. Even though modest, and likely suffering from both dilution effects and single
dosing, serum EVs from AML patients appeared to induce UPR in bone marrow MSC and
OPC, whereas serum-EVs from healthy donors failed to do so. Our experiments suggest
that ER stress in the AML niche is transmitted by a leukemia-derived, transmissible, EV-

bound factor.



Figure 2.5: AML cells exhibit an UPR in vivo.
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A) Experimental outline for intrafemoral injections. EVs from Molm-14-mGFP cells and
healthy CD34+ cells were injected contralaterally into femurs of recipient mice. Femurs
were harvested 48hrs later, MSCs and OPCs were sorted into RNA extraction buffer for
gene expression analysis. B) Expression analysis of UPR genes from MSCs and OPCs
from Molm-14-mGFPfp EV injected femurs. Fold change was determined by 2-AACt
against respective cells from CD34+ EV injected femurs. Error bars are standard error of
the mean from three animals per condition. C) Expression analysis of UPR genes from
MSCs and OPCs from CD34+-derived EV injected femurs. Fold change was determined
by 2-AACt against respective cells from vehicle injected femurs. Error bars are standard
error of the mean from three animals per condition. D) Expression analysis of UPR genes
from in vitro cultured MSCs and OPCs exposed to Molm-14-mGFPfp EVs. Fold change
determined by 2-AACt against vehicle-treated cells. Error bars are standard error of the
mean from three separate experiments. Significance in B and C was determined by
Student’s t-test, *P<.05, **P<.01. D-E) Timecourse of UPR gene expression in explanted
Molm-14-mGFPfp. Molm-14-mGFP{p cells were sorted out of xenograft bone marrow
based on human CD45 expression and cultured ex vivo. RNA was extracted from cells
directly from the sort (Ohr) or 48 and 72hrs in normal culture media in vitro. Fold change
determined by 2-AACt against in vitro cultured Molm-14-mGFPfp cells. Error bars are
standard error of the mean from three separate experiments. E-F) UPR status was
determined by protein levels of GRP78, and phosphorylated e[F2a in AML-patient samples
and healthy pediatric and adult controls. F-G) Expression analysis of UPR genes from
blasts from AML patient samples. Fold change determined by 2-AACt in pairwise analysis

against control samples. Error bars are standard error of the mean.

UPR induction enhances EV release and cargo

To further test the observation that AML cells experiencing UPR, transfer ER stress
and induce UPR in stromal cells, we harvested and quantified EVs from thapsigargin-

[176] " we found that

treated Molm-14-mGFP cells. Consistent with prior observations
Molm-14-mGFP also produce more EVs when experiencing ER stress, without
compromise to cell viability or proliferation (Fig 2.6A). The dose-matched EVs derived
from thapsigargin-treated Molm-14-mGFP in turn strongly induced a UPR in MSCs and
OPCs when compared to the cells exposed to dose-matched, vehicle-treated Molm-14-

mGFP EVs (Fig 2.6B). To understand the EV component responsible for UPR induction
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we turned to a recent study of AML patients and murine models that revealed an osteogenic
differentiation bias in BM MSCs elicited through BMP signaling '°%). We tested the
hypothesis that AML elicits stromal UPR and osteogenic differentiation via BMP cargo
trafficked via EV. We observed that ER stress via thapsigargin treatment significantly
induced the expression of several BMP family genes in Molm-14 cells (Fig 2.6C). In
striking similarity to loss of UPR during tissue culture (Fig 2.5D), ex vivo analysis of the
BMP family gene expression revealed significant upregulation in vivo, and rapid decline
during four days propagation in culture (Fig 2.6D). This BMP gene set was also
upregulated in our patient samples (Fig 2.6E). Since AML patients have been previously
reported to have elevated circulating BMP2 levels '], we determined BMP2 levels by
ELISA on EVs harvested from Molm-14-mGFP cells and found a significant increase in
BMP?2 protein associated with EVs obtained from thapsigargin-treated cells compared to
vehicle treated cells (Fig 2.6F). Intriguingly, there was no detectable change in vesicle free
BMP2 (that is, not contained in EVs), suggesting that EV trafficking accounts for increased
BMP signaling under these circumstances. Due to the increased EV output of thapsigargin-
treated cells, we repeated the BMP2 ELISA following normalization of EV counts, and
confirmed that Molm-14-mGFP both increase their EV output, and the amount of BMP2
protein packaged in EVs. Further consistent with a model whereby AML-EV elicit UPR in
MSC is the loss of Grp78 response following pharmacological inhibition using a UPR
inhibitor (GSK2606414) even as the specific UPR branch requires future clarification.
Altogether, these data suggest a model whereby AML blasts utilize the UPR to adapt to
metabolic ER stress in the BM niche. In aggregate, we demonstrate that the trafficking of
EVs from AML cells to stroma leads to ER stress transmission and promotes the
subsequent changes in stromal at least in part through the action of EV-associated BMP2

(Fig 2.6H).
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Figure 2.6: AML cells alter their EV cargo upon UPR induction.
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A) Expression analysis of BMP genes in Molm-14-mGFP cells cultured in thapsigargin.
Fold change determined by 2—AACt against vehicle-treated cells. Error bars are standard
error of the mean from (n=4, two separate experiments). Significance was determined
using ANOVA and Bonferroni correction. *p <0.05, **p <0.01. B) Timecourse of BMP
gene expression in explanted Molm-14-mGFP. Molm-14-mGFP cells were sorted out of
xenograft bone marrow based on human CD45 expression and cultured ex vivo. RNA was
extracted from cells directly from the sort (0 h) or 48 and 72 h in normal culture media in
vitro. Fold change determined by 2—AACt against in vitro cultured Molm-14-mGFP cells.
Error bars are standard error of the mean from (n=7, two separate experiments). C)
Expression analysis of BMP genes from AML patient samples. Fold change determined by
2—AACt in pairwise analysis against control samples. Error bars are standard error of the
mean. D) Concentration of BMP2 protein in the supernatant (SN) and pellet (EV) from EV
harvest of Molm-14-mGFP cells cultured in thapsigargin. ELISA was used to determine
protein concentration. Error bars are standard error of the mean from three separate
experiments. Significance was determined by ANOVA and Student’s t-test. *p <0.05,
**p<0.01. E) Model for AML-mediated remodeling of the endosteal niche. Niche
homeostasis is maintained by reciprocal crosstalk between stromal and hematopoietic
components (left). AML proliferation results in an intrinsic UPR that is transferred to
stromal cells in part by increased EV output and BMP2 incorporation into EVs. This
signaling axis promotes ER stress in recipient stroma and contribute to the differential fates

of MSCs and OPCs (right)

Discussion

While circulating blasts are rapidly eliminated by conventional chemotherapy, at
least 40% of AML patients relapse with drug-resistant disease that persists in the BM. The
adaptive changes that foster the survival of AML clones in the BM niche not only coincide
with disease progression, but may play a causative role in leukemic drug resistance and

[104.178] * Accordingly, the crosstalk between tumor cells and the

hematopoietic suppression
microenvironment that adapts stroma function represents a critical gap in our
understanding of AML leukemogenesis. We and others previously demonstrated the
trafficking of AML derived EVs to BM stroma [198: 1301791801 "and this work demonstrates
EV involvement in the transmission of ER stress, whereby AML cells actively shape the

BM composition and alter the MSC phenotype.
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To better understand the cell-cell signaling that alters and coopts the BM during
AML invasion, we relied on a xenograft model that does not require host irradiation, and
we prioritized the direct ex vivo analysis of immunophenotypically defined cell populations
without tissue culture propagation in an unmanipulated microenvironment. First, we set
out to undertake an unbiased survey of stroma composition with emphasis on the two key

populations involved in endosteal niche function, where AML preferentially localizes '

1811 Using a validated immunophenotyping strategy, we observed a systematic shift in the
proportion of MSCs and OPC that proved to be highly reproducible across different AML
xenograft cell lines and correlated directly with suppression of clonal fibroblast expansion
(CFU-F) and a p53-mediated pro-apoptotic response in OPC. Intriguingly, MSC
simultaneously experienced a broad and significant induction of osteogenesis with a
reduction in adipogenesis.

1651 Here, we

The UPR represents a strong stimulus for osteogenic differentiation !
reasoned that MSC differentiation toward a more secretory phenotype might be provoked
by ER stress and engage one of three branches of the UPR as an adaptive mechanism to
adjust protein folding and secretory load 1% 1661821 'Others previously showed that AML

183, 1841 " Our observations not only

blasts similarly undergo a UPR to adjust to ER stress [
confirm those studies, but demonstrate that AML cells can transfer ER stress to elicit these
changes in the BM. The transmission of UPR responses from AML cells to both MSC and
OPC is entirely consistent with recent evidence that ER stress can be transferred between
cells in a tissue compartment, a known mechanism of drug resistance in pancreatic and

162, 163] ' Remarkably, some of the key events, namely UPR induction and

breast cancer !
BMP expression in AML cells rely on conditions encountered in vivo. Tissue culture
propagation on the other hand prompted a rapid loss in expression of central UPR
components GRP78, spliced XBP1 and BMP. From a clinical perspective, leukemia cell
UPR has already been implicated in resistance to standard-of-care agents such as

1851 Along with the microenvironmental signaling promoting the UPR in AML

cytarabine [
blasts, this may provide a target to ameliorate compartmental resistance. Furthermore, the

effects of these potential therapeutics on the composition and function of stromal cells
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should also be considered, as they could potentially reduce or exacerbate

microenvironmental remodeling.

We previously showed that AML cells produce EVs that enter bystander cells in
the AML niche and deliver protein and RNA regulatory cargo ! 5% While often viewed
as effectors of broad phenotypic changes, EV trafficking can be a narrowly specific
signaling paradigm, as in the case of suppressed colony formation via EV miRNA targeting
of the c-Myb transcription factor that is highly expressed in hematopoietic progenitors, but
not in HSC, MSC or OPC 21, In other words, EVs are multicomponent signaling devices
and the outcomes in target cells differs based on target cell identity. The data certainly do
not exclude mechanisms other than BMP trafficking in EV-mediated stromal UPR

[186]

induction , and additional EV cargo likely modulates ER stress responses and

subsequent phenotypic changes in BM stroma further. It is tempting to speculate that

[5

intracellular localization and cargo deposition at ER membranes 1) may also be involved

in the translational suppression via miRNA by ER resident components of the miRNA

processing machinery 137 1881,

Among reports of osteogenic differentiation in AML patient-derived MSCs [1°8: 160:
1691 one study directly linked BMP2 release by AML blasts with MSC differentiation and

13991 Our data now indicate that AML-derived EVs are carriers of

leukemia promotion !
BMP2, and elicit a UPR response and osteogenic differentiation in MSC. Whether the UPR
results directly from BMP signaling, or as a consequence of osteogenic differentiation,

remains unclear [166]

. Importantly, just like BMP2 expression and UPR responses,
upregulated EV production by AML cells requires specific environmental conditions found
in vivo. Indeed, we demonstrate significant increases in gene expression of several BMPs
other than BMP2 under in vivo conditions, and it is conceivable that several BMPs
contribute to UPR response. Studies in CML revealed a self-reinforcing BMP loop with
autocrine and paracrine BMP2/4 signaling as a source of inflammation and

chemoresistance, and our observations leave open the possibility that similar events may

operate in the AML niche ['%],
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Reciprocal signaling in the BM microenvironment contributes to AML
pathogenesis, and the successive emergence of a more leukemia-permissive
microenvironment can be viewed as a part of leukemogenesis [104 106, 158, 160, 190-192] Gy
patient sample numbers are too small to conclusively comment on AML subtype specific
differences, or on disease outcome by UPR status (Supplemental Table 2). However, it is
worthwhile to note that BM stroma effects in our studies seemed remarkably similar among

1591 The intensity of

different AML subtypes, an observation that echoes studies by others !
the response however, may fluctuate across AML subtypes, evidenced by the reduced
propensity for HL-60 to induce apoptosis in OPCs (Figure 2a). This should provide strong
motivation to uncover the durability of the observed changes, determine their impact on
drug resistance, and develop adjuvant therapies that increase treatment efficacy without

further escalating toxicity.

In aggregate, we demonstrate that AML-EVs contribute to changes in BM stromal
composition through ER stress transfer. We believe that these studies tie together several
disparate observations in patients and murine models to support a model whereby AML-
EV trafficking of BMP2, transmits a stromal UPR and induces osteogenic differentiation
of MSC.

Materials and Methods

Mice and xenografts

NOD-scid IL2Ry null mice were purchased from The Jackson Laboratory (Bar
Harbor, ME, USA). Male and female animals 6 to 8 weeks old were used in the
experiments. Molm-14 cells (1 x 105 per animal), HL-60 cells (5 x 106 per animal), or
U937 (2 x 105 per animal) were engrafted into non-irradiated animals by tail vein injection.
No randomization process was used. Chimerism was determined by flow cytometry using
a human CDA45 antibody. We used a chimerism cutoff of >%60 for use in xenograft
experiments. Animals were sacrificed at indicated time points and bone marrow from

femurs and tibias was collected from each animal. Husbandry and experimental procedures
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were performed in accordance with federal guidelines and protocols approved by the

Institutional Animal Care and Use Committee at Oregon Health & Sciences University.

MSC and OPC isolation

Long bones were isolated and marrow plugs flushed as previously described 1,
Bones were then broken into small pieces with surgical scissors and incubated in
Collagenase II (Sigma Aldrich) buffer (DMEM, 2% FBS, 1% Penicillin/Streptomycin,
2mg/mL Collagenase II) for one hour at 37°C and 200 RPM. The solution was then filtered
through a 70um filter, and then washed with Hemolytic Buffer. Hemolyzed cells were then
filtered into Cell-Strainer tubes (Corning, Corning, NY, USA) and resuspended in FACS
Wash (DPBS, 2%FBS), stained with antibodies, and then sorted/analyzed using flow
cytometry. In vitro cultured cells were propagated in MSC media (MEMa, 15% FBS, 1X
penicillin/streptomycin) at 37°C, 5% CO2, and >95% humidity.

Intrafemoral injections of cell line and serum-derived EVs

Animals were anesthetized using isoflurane (1.5-2.0%) and carefully shaved at the
injection site using an electric razor. The shaved area was disinfected and sterilized by
alternately scrubbing with 1% betadine and 70% ethanol three times. The injected leg was
bent at the knee at a 90° angle keeping the femur vertical. The injected femur was accessed
by gentle twist, using a 25-gauge needle at the patellar groove into the femoral cavity. The
coring needle was carefully removed and a 27-gauge injection needle was inserted into the

femoral cavity to slowly inject 50 ul of the sample suspended in PBS.
Statistical analysis

All experiments were replicated at least three times with the exception of the
intrafemoral injections of patient-derived plasma, where available material was limiting
(Figure 5g). Statistical analyses were performed using the PRISM software for Windows
produced by Graphpad Software Inc. (La Jolla, CA, USA). Comparisons between two

groups were performed with a two-tailed Student’s t-test. One-way analysis of variance
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(ANOVA) was utilized when comparing more than two groups. T-tests with Bonferroni
correction were used to determine p-values. An N of at least three animals or biological
replicates was used in all analyses. Error bars represent + Standard Error of the Mean. For
qRT-PCR analyses, a pairwise comparison of fold change (2°-AACT) between control and
xenograft-derived cells, or between vehicle-treated and EV-treated cells was performed.
An N of at least three was used in these analyses. For all experiments, statistical
significance was set at *= p-val <0.05, **=p-val <0.01, and ***=p-val <0.001 . No
statistical test was used a priori to determine the sample size. No randomization was used
to allocate animals to particular groups; age and sex-matched recipients were used for
transplantation experiments. The investigators were not blinded to experimental groups

during analysis.

Vesicle trafficking transfers ER stress in the leukemic
microenvironment: Perspective implications for chemo-

resistance

Compiled from: Butler JT, Kurre P. Transmissible ER stress shapes the leukemic
microenvironment. Oncotarget. 2019 Jun 25;10(41):4080-4082.
doi: 10.18632/oncotarget.27012. PMID: 31289607

Acute Myeloid Leukemia (AML) is a genetically heterogeneous disease that arises
from clonal expansion of rare hematopoietic stem cells (HSC) that bear acquired somatic
mutations. Specific molecular lesions define key subgroups for risk group stratification and
current therapy rapidly induces initial remissions in over 80% of patients, but nearly half

relapsel!”’!

. While genetic adaptation contributes to persistence and relapse, evidence is
now exceedingly strong that the expanding AML clones effect a series of adaptive, and in
part inflammatory, niche changes that protect residual AML cells from elimination by
chemotherapy °!. The development of a self-reinforcing leukemic niche in the BM can be

considered a constitutive aspect of leukemogenesis and implies an unmet need to more
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fully understand how AML subverts the BM stroma toward chemoresistance. Recent work
in several hematologic and non-hematologic cancers has revealed endoplasmic reticulum
(ER) stress with induction of an unfolded protein response (UPR) as one mechanism by

which compartment wide chemotherapy resistance can arise %4

ER stress, the unfolded protein response and extracellular

vesicles.

ER stress results from protein misfolding in conditions of nutrient or oxygen
deprivation, and engages an unfolded protein response (UPR) program to enable chaperone
production and protein repair. Under excessive proteotoxic stress, the UPR pathway can

193] These context-dependent

also activate cell death via caspases and Bcl family members !
outcomes are triggered through the central UPR sensor gene GRP78, and differentially
regulated via three downstream branches. The PERK-elF2a branch halts protein
translation, allowing protein repair before resuming protein synthesis. IRE-1/XBP1 and
ATF6 branches upregulate protein chaperones through stimulation of nuclear ER stress
response elements. Interestingly IRE-1/sXbp-1 axis enhances survival in multiple cancer
types, and is detectable in 82% of AML cell lines and 71% of AML patient samples, but
not in normal CD34+ myeloid stem cells ['*¥. Silencing of IRE-1 and other UPR
components in AML, multiple myeloma (MM) and chronic lymphocytic leukemia (CLL)

mediates apoptotic or anti-tumor effects [

The recent discovery of transmissible ER stress (TERS) in the solid tumor
microenvironment indicated that tumor cells secrete largely unknown factors that transfer
UPR responses to bystander cells (e.g. other tumor or myeloid cells) and generate drug

(1621 Our recent study not only confirmed the transmission of ER

resistance in the process
stress to mesenchymal stromal cells (MSC) and osteoprogenitor cells (OPC) in the AML
niche, but revealed that the resulting phenotypic changes in MSC resulted from transfer of
AML-derived extracellular vesicles (EVs) (Fig 2.7A) [®). That observation extends prior
work from our group and others to show the broad impact of AML-EV in the BM niche

(reviewed in [23)),
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EV biogenesis is a constitutive cellular process resulting in the release of different
vesicle subclasses that traffic between cells and signal through their protein and nucleic
acid cargo %) We observed that following ER-stress induction in AML cells, EV release
and EV-associated BMP2 levels increased while free-BMP2 in the supernatant remained
unchanged. Intriguingly, both ER stress response and BMP expression rapidly subsided
when AML cells were propagated in tissue culture. Additionally, super resolution imaging
studies revealed that BMP2 increased within the cells and appeared to colocalize with the
membrane- and EV-associated tetraspanin CD63 within intracytoplasmic vesicles,
indicative of pre-exosomal multivesicular bodies (Fig 2.7B). EVs released from these cells
also stained with BMP2 (Fig2.7C). Altogether, our data for the first time suggested that
AML-EVs rich in bone morphogenic protein (BMP) -2 may serve as a mechanism for UPR

transfer.
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Figure 2.7: Extracellular vesicles traffic BMP2 in the AML microenvironment
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A) Acute Myelogenous Leukemia cells (AML) in the bone marrow microenvironment
demonstrate marked ER-stress and high expression of bone morphogenic proteins. Under
conditions of ER-stress, AML cells shed copious extracellular vesicles (EVs) that transmit
endoplasmic reticulum (ER) stress and bone morphogenic proteins (BMP) to recipient bone
marrow cells. This activates the Unfolded Protein Response Pathway (UPR) and leads to
adaptive changes among stromal components in the leukemic microenvironment to enforce
a chemo-protective niche B) BMP (orange) expression is upregulated in AML cells (Molm-
14mGFP, modified to express a myristoylated GFP tag), explanted from xenograft animals,
and is compartmentalized into intracytoplasmic membranes (mGFP) along with CD63
(magenta) which are indicative of pre-exosomal multivesicular bodies. Central slice from
3DAiryscan Z-stack, scale bar=5um. C) EVs isolated from ER-stressed Molm-14 cells co-
stain with anti-BMP2 and EV-marker CD63. Airyscan super resolution technique, scale
bar=500nm

A UPR perspective on compartmental chemotherapy
resistance
Published work, including ours, thus suggests a role for ER stress in adapting the

leukemic compartment. AML-EVs already serve several known protumorigenic roles in

modulating bystander cells, including stromal cells, hematopoietic progenitors, and NK
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cells, and contribute to drug resistance in myeloid malignancies, including AML [23 18],

The notion of BMP as a responsible TERS factor in the AML BM is consistent with its
known role in leukemia progression and induction of osteogenic differentiation,

197. 1981 Whether EV serve as carriers of UPR inducing protein cargo more

respectively [
broadly awaits independent confirmation, but a link between ER-stress and drug resistance,
perhaps via inflammation, is already well supported, even though mechanistic insight into
the precise relationship is currently missing. Similarly, whether the UPR signaling
pathways activate and sustain chronic inflammation in the AML niche, and the role of EV

in reprogramming the microenvironment toward drug resistance remain to be clarified.

The genetic heterogeneity of AML combined with its dynamic clonal succession
and adaptive niche remodeling provide a formidable therapeutic challenge %%,
Understanding the sanctuary function of the BM in AML will enable us to develop new
adjuvant therapies without further escalating treatment toxicity, and insight into the role of
the UPR promises to reveal additional unexplored targets to overcome extrinsic

chemoprotection.
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Chapter 3: Extracellular vesicles impose
quiescence on residual hematopoietic stem cells in

the leukemic niche.

Compiled from: Abdelhamed, S; Butler, JT; Doron, B, Halse, A, Nemecek, E, Wilmarth,
PA, Marks, DL, Chang, BH, Horton, TM and P, Kurre Extracellular
vesicles impose quiescence on residual hematopoietic stem cells in the
leukemic  niche. EMBO Rep. 2019 Jul; 20(7): e47546.
doi: 10.15252/embr.201847546 PMC6607014

Butler JT; Abdelhamed, S; Gao, L; Lim, J; Horton, TM and P Kurre,
Leukemic Stress Targets the mTOR Pathway to Suppress Residual HSC
in the BM Microenvironment. Blood 2019; 134 (Supplement 1): 3730.
doi.org/10.1182/blood-2019-125682 (poster presentation).

Abstract

Progressive remodeling of the bone marrow microenvironment is recognized as an
integral aspect of leukemogenesis. Expanding acute myeloid leukemia (AML) clones not
only alter stroma composition, but also actively constrain hematopoiesis, representing a
significant source of patient morbidity and mortality. Recent studies revealed the surprising
resistance of long-term hematopoietic stem cells (LT-HSC) to elimination from the
leukemic niche. Here, we examine the fate and function of residual LT-HSC in the BM of
murine xenografts with emphasis on the role of AML-derived extracellular vesicles (EV).
AML-EV rapidly enter HSC, and their trafficking elicits protein synthesis suppression and
LT-HSC quiescence. Mechanistically, AML-EV transfer a panel of miRNA, including
miR-1246, that target the mTOR subunit Raptor, causing ribosomal protein S6 hypo-
phosphorylation, which in turn impairs protein synthesis in LT-HSC. While HSC
functionally recover from quiescence upon transplantation to an AML-naive environment,
they maintain relative gains in repopulation capacity. These phenotypic changes are

accompanied by DNA double-strand breaks and evidence of a sustained DNA-damage
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response. In sum, AML-EV contribute to niche-dependent, reversible quiescence and elicit

persisting DNA damage in LT-HSC.

Introduction

Acute myeloid leukemia (AML) is a genetically heterogeneous disease that arises
from mutations in hematopoietic stem and progenitor cells (HSPC). The characteristic, and
often disproportionate, suppression of native hematopoiesis that develops in the bone

marrow (BM) during disease progression and post-treatment relapse accounts for

80, 83, 193, 199, 200

significant morbidity and mortality [ 1. Substantial experimental evidence
g y y p

supports the malignant transition of BM function during AML invasion, and its role in

9,104, 154, 156, 190, 201

disrupting hematopoiesis and sustaining AML ! 1. Several prior studies of

BM niche-conversion emphasize leukemia-induced alterations in stromal and vascular

9, 149, 181, 202

function ! 1. Cell-cell interactions also target the hematopoietic components in
g p p

the BM, and contribute to the functional suppression and displacement of the hematopoietic

progenitors predominantly responsible for steady-state hematopoiesis [* 21 149-151.203],

The fate of residual hematopoietic stem cells (HSC) under leukemic-stress,
however, is more elusive. Unlike the depletion of highly-susceptible HSPC, HSC proved
to be more resilient during leukemic invasion, and multiple groups reported the relative

accumulation of primitive hematopoietic cells in both murine models and xenograft studies

(9. 16,149, 151, 204, 205] ‘Tntriguingly, HSC in the leukemic niche enter quiescence through an

unidentified process, yet retain their repopulation capacity upon subsequent re-

transplantation [2°4],

Extracellular vesicles (EV) comprise multiple populations of nano-sized vesicles,

which carry protein and nucleic acids, participate in the regulation of BM function [2: 206

2071 We recently showed that AML-EV, including exosomes, are highly abundant in

microRNA (miR)-150 and miR-155, which both target the transcription factor c-Myb to

21, 105, 106, 108

suppress HSPC clonogenicity [ 1. Here, we test the hypothesis that EV impact
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the fate of residual HSC in the AML niche via a distinct mechanism, since HSC function

does not rely on c-Myb expression at high levels 2%,

Our studies in immunodeficient mice confirm the relative accumulation and
quiescence of residual HSC previously observed 10 151:204.205] “and reveal that AML-EV
suppress protein synthesis in LT-HSC. Mechanistically, AML-EV traffic miR-1246 to LT-
HSC to cause the translational suppression of the mTOR subunit Raptor, which in turn
facilitates the hypo-phosphorylation of S6RP with ensuing deficits in protein synthesis.
Intriguingly, while these changes are resolved upon transfer to a naive BM niche, we show
that AML-EV elicit DNA-damage that persists in vitro and in vivo through serial progenitor

replating and transplantation, respectively.

Results

AML-EYV are taken up by hematopoietic cells, including LT-
HSC

We previously showed [2!:198:168. 11 and herein confirmed that AML cells (Molm-
14 and U-937) predominantly release nano-sized, lipid bilayer vesicles with a diameter of
50-130nm, as demonstrated by Cryo-TEM imaging (Fig 3.1A). To investigate the
quantitative uptake of AML-EV in HSC, we relied on a set of AML cell-lines (Molm-14,
U-937 and HL-60) that were transduced with a lentiviral vector to constitutively express
green fluorescence protein with a myristoyl group (mGFP) (Fig 3.1B). The resulting GFP-
tag was incorporated into the lipid bilayer of both the cell and the released EV, allowing
measurement of uptake in vivo and in vitro, as previously reported !!. As modeled in Fig
3.1C, we then injected these engineered AML cells into NSG mice for 3-6 weeks to allow
the AML cells to reach to 20-40% of the BM. We targeted low levels of chimerism to
minimize cell-cell contact driving the AML-HSC crosstalk. GFP* EV purified from the
peripheral blood plasma of Molm-14 and the U-937-xenografts were visualized by
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fluorescence microscopy (Fig 3.1D). Live-cell imaging of xenograft-derived KSL and LT-
HSC demonstrated the uptake of mGFP* EV into the intracellular space (Fig 3.1E). Next,
we measured the kinetics of EV-uptake by exposing KSL and LT-HSC to EV harvested
from Molm-14-mGFP or U-937-mGFP cells in vitro. By capturing live-cell 3D z-stacks at
0, 30 and 150 minutes, we found that both KSL and LT-HSC bind and internalize numerous
mGFP" EV within 30 minutes of exposure with continued accumulation at 150 minutes
(Fig 3.1F). We also analyzed KSL from wild-type Molm-14-xenografts to rule out
confounding autofluorescence. HSPC harvested from non-transduced Molm-14-xenografts
contained no mGFP" foci and exhibited relative background fluorescence similar to non-
xenografted controls (Fig 3.1G) confirming that mGFP" foci were membrane-derived

vesicles originating from Molm-14-mGFP and U-937-mGFP cells.
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Figure 3.1 In vivo and in vitro uptake of AML-EV in hematopoietic stem cells
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A) Cryo-TEM images demonstrate the lipid bilayer EV purified from Molm-14 and U-937
cells. Scale bars are 100 nm. B) A schematic diagram of the myristoylated GFP (mGFP)-
expressing lentiviral construct and its incorporation into the cell membrane and EV. Long
terminal repeat (LTR), poly-adenylate (pA), cytomegalovirus (CMV). C) Schematic
diagram of the workflow. Cells were injected via tail-vein injection into NSG mice. After
21 days, bone marrow (BM) cells were flushed to sort GFP+ cells by flow cytometry and
perform imaging of sorted HSC. D) Peripheral blood (PB) plasma of control animals
contains no mGFP+ foci (top); however, Molm-14-mGFP (middle) and U-937-mGFP
(bottom) xenografts contain numerous mGFP-labeled EV (green) detectible without
vesicle concentration. Scale bars are 5 um. E) Live-cell microscopy of KSL cells (left
panel) LT-HSC cells (right panel). Cells were sorted from control mice (top), Molm-14-
mGFP (middle), and U-937-mGFP (bottom), stained with Cell Mask (red) and nuclear stain
Hoechst (blue), imaged using the GE/API Deltavision (DV) widefield microscope (60x
objective) to show the uptake of the GFP+ EV (green). Scale bars are 5 um.
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F) Microscopic images using the CoreDV microscope (60 objective) of live LT-HSC (top
rows), or KSL (bottom rows), in vitro exposed to EV from Molm-14-mGFP and U-937-
mGFP cells for 0, 30, and 150 min. Green: mGFP+ EV, red: plasma membrane surface.
Scale bars =5 pm. G) Quantification of mGFP+ EV foci in KSL FACS purified from AML
xenografts: wild-type Molm-14 (n =40), Molm-14-mGFP (n =247), and U-937-mGFP
(n =107). The background autofluorescence was measured in non-engrafted controls, and
this threshold value was then subtracted from xenografted mice. Individual mGFP+ foci
were counted in individual KSL from xenografted animals using Imaris software. H)
Microscopic quantification of EV from hCD34 (3 x 107 cells) or Molm-14 (3 x 107 cells).
The purified EV were stained with the lipid dye, FM1-43, imaged using the Yokogawa

CSU-WI1 spinning disk microscope (100x objective) and quantified using Imaris software.

AML-EY increase the relative frequency of LT-HSC,

upregulate PS3 and confer quiescence.

To study the effect of AML-EV on residual HSC fate, we relied on the Molm-14-
xenograft model complemented with intra-femoral (/F) injection of EV from Molm-14,
HL-60 and U-937 cell-lines vs. EV from expanded healthy donor BM CD34" cell (hCD34)
followed by flow cytometric analysis (Fig 3.2A). To ensure a valid comparison of the
injected EV, we normalized the numbers of the EV-producing cells (EV from 3x10’
cells/femur) and confirmed their EV concentration by microscopic quantification using a

lipid dye, FM1-43, finding no significant differences (Fig 3.1H).

We first assessed the frequencies of myeloid progenitors LK (Lineage/c-Kit"); the
early progenitor/stem pool KSL (Lin7/C-kit"/Sca-1"); and LT-HSC (KSL/CD487/CD150")
(Fig 3.2A). While there was no change in KSL frequency or absolute cell number, AML-
EV caused a relative reduction of myeloid progenitor LK cells (Fig 3.2B-C and Appx
3.2.1A). More importantly, we observed a significant increase in LT-HSC frequency and
absolute cell number in Molm-14-xenografts and after /F injection of Molm-14-EV, but
not after control CD34" EV (Fig 2B-C and Appx 3.2.1A). In addition to cell line-derived
EV, we also tested EV from the plasma of six AML patients (Table 3.1). /F injection of

patient-plasma EV confirmed the observed reduction in LK and a concomitant increase in
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LT-HSC (Fig 3.2C). Together, the data suggest suppressed progenitor differentiation with
proportional accumulation in LT-HSC after exposure to AML-EV.

To further test this hypothesis, we investigated the impact of AML-EV on cell-
cycle status in the xenograft model and after direct injection of AML-EV. We found that
AML-EV consistently induced quiescence in LT-HSC as shown in the histograms after
Hoechst staining (Fig 3.2D), as well as the fraction of cells in Go cell cycle phase
determined by Ki67 staining (Fig 3.2E). AML-EV mediated quiescence was also observed
in the bulk KSL population (Appx 3.2.1B) and occurred after /F injection of AML-EV,
but not after injection of EV from healthy hCD34 control cultures. Owing to its crucial role

(2091 we evaluated the P53 activation in residual HSC. We

in regulating HSC quiescence
found a significant upregulation of P53 in LT-HSC and KSL from xenografted mice as
well as the /F-injected mice with EV from AML cells or patient plasma (Fig 3.2F-G and
Appx 3.2.1C). We also observed hyper-phosphorylation of P535!% in LT-HSC influenced
by AML-EV (Appx 3.2.1D). We found a significant hypo-phosphorylation of MDM?251%¢,
a negative regulator of P53, in both KSL and LT-HSC from xenografted mice and after /F
injection of Molm-14-EV (Appx 3.2.1E). In further agreement, we observed
transcriptional upregulation of the Cdknla (p21), a P53-effector, in KSL from Molm-14-
xenografts relative to control (Appx 3.2.1F). We found no evidence of senescence
induction via P16™¥4 expression in KSL from Molm-14-xenografts (Appx 3.2.1F).
Likewise, no evidence of apoptosis was observed in KSL or in LT-HSC from Molm-14-

xenografts (Appx 3.2.1G). Together, our data thus far demonstrated a proliferative defect
in LT-HSC by AML-EV.



Table 3.1: Patient Data
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Cyto- Survival
Patient A_ge = - . genetic/ to date
diagnosis | Gender | Treatment Risk group Status
ID Molecular (weeks)
(years)
change
1 3 Male ADE Low t(8;21) 2211 Alive
2 4.8 Female ADE High FLT3-ITD 150 Alive
3 9.9 Male ADEB Low t(11:19) 6.14 eD(;aceas
4 11.1 Male ADE Inter-mediate | t(9;11) 182.3 Alive
5 12 Male ADE Low t(6;11) 36.7 Dead
JAK inhibitor . .
6 15.5 Male (Ruxiltinib) High 1(19;11) 3.14 Dead

Abbreviations: ADE: cytarabine, daunorubicin, etoposide; JAK: Janus kinase; Inv:

inversion; ITD: internal tandem duplication
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Figure 3.2: AML-EV increase the relative frequency of LT-HSC, upregulate P53

expression, and confer quiescence
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package EdgeR |

A) A Schematic diagram of methods: the in vivo AML xenografts (tail-vein injection of
105 Molm-14 cells or vehicle per mouse) and the intrafemoral (IF) injection of AML-EV
into one femur with a contralateral control vehicle-injected femur of the same mouse. EV
were isolated by serial high-speed centrifugation (at 2%, 10x, 100 % 103 g) from AML cell-
line culture media or AML patient plasma. Bone marrow was flushed from long bones at
the indicated time points, and immunophenotypic analysis was performed by flow
cytometry. B-C) Flow cytometric analysis showing the frequency of LK and KSL cells in
lineage-negative cells (left panel) and LT-HSC in KSL (right panel) in: (B) Molm-14
xenograft (red, n = 10) versus control (black, n = 10). Data were obtained from at least two
independent experiments. C) IF injection of EV from Molm-14 cells (red, n =8), AML
plasma EV (orange, n = 6), and human CD34 EV (blue, n =4) relative to the vehicle-
injected contralateral femurs. Data were obtained from at least two independent
experiments. Statistics: Student's t-test (*P<0.05, ***P <0.001). D) Cell-cycle
histograms of KSL (upper panel) and LT-HSC (lower panel) from Molm-14 xenografts or
control using Hoechst-33342 staining. E) Flow cytometric analysis of the Ki67-ve
percentage of LT-HSC representing the GO phase of cell cycle in: (left panel) Molm-14
xenografts (red, n = 7) versus control (black, n = 9); (right panel) IF injection of Molm-14-
EV, U-937 EV, HL-60 EV (red, n =5,4,4) versus human CD34 EV (blue, n = 3) versus
controls (black). Data were obtained from at least two independent experiments Statistics:
Student's t-test (*P < 0.05, **P < 0.01). F- G) Flow cytometric analysis of intracellular P53
levels shown in histograms (F) and MFI (G) of LT-HSC in: (left panel) Molm-14
xenograft, n = 6 red versus non-engrafted control, n = 4 black, or (right panel) IF injection
of EV from Molm-14, U-937, HL-60 (red, n = 5,5,3) or human CD34 cells (blue, n = 6)
normalized to vehicle-injected contralateral femurs. Data were obtained from at least two

independent experiments. Statistics: Student's t-test (*P < 0.05, **P < 0.01).

AML-EYV induces ribosome biogenesis suppression in

hematopoietic cells.

75

To understand the mechanism by which AML-EV may enforce quiescence, we

210

performed tandem mass tag proteomic profiling ofin vitro cultured c-Kit" HSPC (to obtain
the minimum required amount of protein lysates) treated with EV from HL-60 or Molm-
14 for 48 hours vs. vehicle-treated controls. We used the differential expression statistical

! with multiple testing corrections to calculate the false discovery rate
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(FDR) of differentially-expressed proteins between EV- and vehicle-treated. Numbers of
quantifiable proteins and biological replicates differed between the Molm-14 experiments
(4407 proteins, 2 vehicle replicates, 4 EV replicates) and the HL-60 experiments (4883
proteins, 4 vehicle replicates, 4 EV replicates). We chose FDR cutoffs for each experiment
(FDR <107 for the Molm-14 experiment and FDR <10 for the HL-60 experiment) to
produce lists of differentially abundant candidates that contained ~10% of the quantifiable
proteins. There were 394 differentially-regulated proteins in response to the Molm-14-EV
(221 upregulated and 173 downregulated), with 491 differentially regulated in response the
HL-60-EV (325 upregulated and 166 downregulated). While there were 111 commonly
upregulated proteins, 54 proteins were consistently downregulated in HSPC after treatment
with both HL-60-EV and Molm-14-EV relative to vehicle-treated controls (Fig 3.3A).
Functional analysis of these proteins using the Database for Annotation, Visualization and
Integrated Discovery (DAVID) platform identified ribosomal biogenesis as the most
highly-enriched functionally related gene group among downregulated targets in EV-
exposed cells (Fig 3.3B). This category comprised ribosomal proteins involved in RNA-
binding, -splicing, and translation initiation (Fig 3.3C).

AML-EYV suppress protein synthesis only in LT-HSC

Ribosomal biogenesis is a principal regulatory step for protein homeostasis '],

This prompted us to test the effect of AML-EV on protein synthesis rates among HSPC

2121 that relies on the

populations. We used the recently validated OPP Click-iT assay [
incorporation and labeling of a modified puromycin analogue in newly generated proteins,
and thus positively correlates gains in fluorescence intensity with protein synthesis. After
animal sacrifice, cells were cultured in RMPI with 10% FBS and treated with OPP for 30
minutes to measure the fluorescently-labeled OPP by flow cytometry. Among the different
HSPC populations, only the LT-HSC from Molm-14-xenografts showed significant
suppression in their protein synthesis, as represented in the histogram and MFI
quantification (Fig 3.3D and Appx 3.3.1A-B). Protein synthesis was similarly suppressed
in LT-HSC and KSL cells from /F-injected mice with EV from Molm-14, U-937 and AML
patient plasma, but not the hCD34-EV, and more modestly by HL-60-EV (Fig 3E and

Appx 3.3.1C). These data suggest that the global EV-mediated ribosome biogenesis
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impairment in all HSPCs most profoundly suppresses protein synthesis in LT-HSC, but not
KSL or other progenitors. Together, the data demonstrate protein synthesis suppression

and quiescence induction in LT-HSC by AML-EV.

Figure 3.3: AML-EV impair ribosome biogenesis in hematopoietic cells and

suppress protein synthesis in LT-HSC
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A) A Venn diagram showing the most highly up- and downregulated proteins between
Molm-14-EV and HL-60 EV-treated cKit+ HSPC determined by isobaric TMT labeling
and edgeR analyses to calculate the false discovery rate (FDR) analysis to obtain “10% of
the differentially regulated proteins. We obtained 325 and 221 upregulated proteins in the
HL-60 dataset and the Molm-14 dataset, respectively. We also obtained 166 and 173
downregulated protein in the HL-60 dataset and the Molm-14 dataset, respectively. Among
them, 54 proteins were commonly downregulated. B) A bar graph showing the functional
annotation enrichment analysis by DAVID biostatistical plate form of the 54 commonly
downregulated protein identified the indicated pathways; among them, the ribosomal
biogenesis pathway showed the highest enrichment. P-values are indicated in white.
Modified Fisher's exact test. C) A heatmap showing the highly deregulated ribosomal
proteins in AML-EV-exposed cells. D-E) Flow cytometric analysis showing the
histograms and MFI of O-propargyl-puromycin (OPP) incorporation in LT-HSC in: (D)
Molm-14 xenografts, red n = 6 versus non-engrafted controls, black n = 6, or (E) IF
injection of EV from Molm-14, U-937, HL-60 (red, n = 5,4,3), AML patient plasma
(orange, n = 6) or human CD34+ cells (blue, n = 3) normalized to vehicle-injected
contralateral femurs after subtracting the background fluorescence. Data were obtained

from at least two independent experiments. Statistics: Student's t-test (*P < 0.05).

AML-EYV impair protein synthesis in LT-HSC via the mTOR
pathway

The mTOR pathway is critical for translating extrinsic signals into cell-intrinsic

events and, among other functions, governs ribosome biogenesis and protein synthesis [21*-

2151 Because we found a global reduction of ribosome biogenesis in HSPCs (Fig 3.3), we
evaluated the EV-mediated regulation of the mTOR pathway using the bulk HSPCs, KSL.
Our qPCR transcriptional analysis indicated the downregulation of several mTOR
associated targets, including the mTORCI1 subunit Raptor, in KSL from Molm-14-
xenografts relative to controls (Fig 3.4A). KSL cells from femurs injected with Molm-14-
EV confirmed the suppression of Raptor, and other mTOR-associated genes, relative to
cells from vehicle-injected contralateral femurs (Fig 3.4B). To assess mTOR activity, we
tested the effect of AML-EV on S6RP phosphorylation, a downstream mTOR effector 213,
and found that a consistent reduction of pS6RP in LT-HSC in the xenografts relative to

control mice (Fig 3.4C-D) and after injection of AML-EV but not hCD34-EV (Fig 3.4C-
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E). Similarly, AML-EV decreased pS6RP in KSL, suggesting that the AML-EV-mediated
mTOR suppression affects the HSPC pool more broadly (Appx 3.4.1A). Consistent with
the reported role of Raptor in regulating HSC quiescence ?'3), we found that both siRNA-
targeted silencing of Raptor and Rapamycin (a pharmacological Raptor inhibitor)
suppressed LT-HSC activation and increased the percentage of cells at Go phase (Appx
3.4.1-C). Indeed, KSL and LT-HSC from Molm-14 xenografts showed significant
suppression of the Raptor protein assessed by flow cytometry (Appx 3.4.1D). To test if
mTOR suppression requires the continued uptake of AML-EV, we examined mTOR
expression after seven days of ex vivo culture of HSPC derived from Molm-14 xenografts
or control mice. Interestingly, we found a complete reversion of the pS6RP suppression in
the xenografts-derived KSL and LT-HSC relative to Day 0 (Appx 3.4.1E). We specifically
ruled out significant changes in c-Myc levels, another critical protein synthesis regulator,
in KSL as well as LT-HSC of AML-xenograft and following /F-injection of AML-EV
(Appx 3.4.1F-G). The data thus far indicate that AML-EV impair mTOR-dependent
ribosome biogenesis in the pooled HSPC populations. Important from a functional point of
view, LT-HSC reveal an exaggerated sensitivity to protein synthesis suppression consistent

with previous reports [212:216.217],

EV miRNAs target Raptor and suppress protein synthesis

We recently demonstrated that AML-EV highly incorporate specific cellular
miRNAs capable of altering bystander cell function [+ 23 1681 Those studies identified a
panel of miRNAs that were highly abundant in AML cell-line EV and plasma EV from
AML patients, but not those from healthy donors. The panel includes miR-27a-5p, miR-
155-5p, miR-181b-5p, miR-1246, and miR-1290, some previously reported as potential
AML biomarkers (1682182201 'We hypothesized that one or more of these candidate AML-
EV miRNAs might cooperate in the mTOR-dependent suppression of LT-HSC protein
synthesis. To test this, we used synthetic miRNA mimics and functionally screened their
ability to suppress protein synthesis in murine NIH-3T3 cells relative to a scramble control
miRNA. Several mimics, including miR-1246, showed a significant reduction of OPP
fluorescence and pS6RP (Fig 3.4F-G). Transcriptional analysis of the mTOR-associated

genes showed that among the miRNAs, miR-1246 mimic significantly downregulates
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Raptor (Appx 3.4.1H). Flow cytometric analysis confirmed that miR-1246 mimic
suppressed Raptor protein levels (Fig 3.4H and Appx 3.4.1I). Notably, experiments with
the luciferase reporter system containing the Rapfor 3'UTR indicated that the miR-1246
mimic most profoundly suppresses the Raptor gene (Figure 3.41). We further confirmed
that miR-1246 levels were in fact higher in EV from AML patient vs. healthy donor plasma,
and increased alongside AML disease burden in Molm-14-xenografts. As expected,
nucleofection of miR-1246 mimics into LT-HSC ex vivo increased their quiescence (Fig
3.4J), whereas nucleofection of LT-HSC with Anti-miR-1246 rescued the Molm-14 EVs-
mediated quiescence induction (Fig 3.4K). Altogether, AML-EV deliver miR-1246 and
other miRNAs that downregulate the Raptor/mTOR pathway to suppress protein synthesis

and induce quiescence in HSC.
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Figure 3.4: AML-EV-contained miR-1246 suppresses protein synthesis in LT-HSC

via the mTOR pathway
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A) qRT-PCR gene expression analysis showing the fold change of PI3K/mTOR-associated
gene panel in KSL cells sorted from: (A) Molm-14-xenografted mice or (B) IF-injected
mice with Molm-14-EV relative to their controls and normalized to Gapdh endogenous
control. Data are expressed as mean = SEM from at least three independent experiments,
performed in technical replicates. Statistics: One-way ANOVA with Bonferroni post hoc
correction (*P <0.05, **P < 0.01). C-E) Flow cytometric analysis showing the histograms
(C) and MFI of intracellular pS6KRP in LT-HSC in: (D) Molm-14 xenograft (red, n = 9)
versus non-engrafted control (black, n = 7), or (E) IF injection of EV from Molm-14, U-
937, HL-60 (red, n = 7,3,3), or human CD34 cells (blue, n = 4) normalized to the control
contralateral femur with subtraction of background fluorescence. Data were obtained from
at least two independent experiments. Statistics: Student's t-test (*P < 0.05, ***P <0.001).
F-G) Flow cytometric assessment of protein synthesis showing the MFI of: (F) OPP or (G)
pSO6RP in NIH-3T3 cells 72 h after transfection with the indicated miRNA mimics. The
results were calculated relative to control (miR-scramble) with the background
fluorescence subtracted and performed with at least three independent experiments, in
technical replicates. Statistics: one-way ANOVA with Bonferroni post hoc correction (*P
< 0.05, **P < 0.01). H) Flow cytometric analysis showing the MFI of Raptor in NIH-3T3
cells 72 h after transfection with the indicated miRNA mimics. The data were calculated
relative to miR-scramble and are presented as mean = SEM, and the background
fluorescence was subtracted. Performed with at least three independent experiments, in
technical replicates. Statistics: one-way ANOVA with Bonferroni post hoc correction (*P
< 0.05, **P < 0.01). I) Dual-luciferase reporter assay. NIH-3T3 was transfected with the
miRNA mimics. Three hours later, the cells were transfected with the Raptor 3'UTR cloned
into the psiCheck-2 vector for a total of 48 h. Data are presented as %RLU (relative
luciferase units) of the miR-scramble control as mean = SEM from at least three
independent experiments, performed in technical replicates. Statistics: one-way ANOVA
with Bonferroni post hoc correction (*P < 0.05). J-K) Cell-cycle flow cytometric analysis
using Ki67/Hoechst-33342 staining of the percentage of LT-HSC in the GO phase after
nucleofection of cKit+ cells using the Amaxa™ P3 Primary Cell 4D-Nucleofector Kit, (J)
Cells were nucleofected with miR-scramble (CTRL) or miR-1246 mimic (n = 3) for 72 h,
(K) cells were nucleofected with anti-miR-scramble (CTRL) or anti-miR-1246 (n = 5) and
1 h later co-treatment with Molm-14 EV for 72 h. Statistics: Student's t-test (*P < 0.05,
**P < (0.01).
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LT-HSC restore serial repopulation capacity and protein

synthesis rates

Others previously noted the reversibility of quiescence once hematopoietic cells are

151,205 T test this possibility in our model, we first

removed from the leukemic niche |
examined the serial colony forming unit assay (CFU-C) as a correlate of potential
functional impairment of residual HSPC pool by AML-EV (Fig 3.5A). Surprisingly, we
observed a consistent increase in colony growth compared with controls (Fig 3.5B).
Further subtyping of the colonies revealed that the observed increase in overall CFU-C was
due to gains in the less-committed bi-potential granulocyte/monocyte progenitors (Fig
3.5B). We then tested the reversibility of protein synthesis suppression and quiescence in
vivo. We transplanted male donor KSL from AML-xenografts or controls into sub-lethally
irradiated (150cGy) female recipients (Fig 3.5A). Following validation of the sensitivity in
defined mixtures of cells from both sexes at different ratios (Appx 3.5.1A-B), we evaluated
the donor chimerism by qPCR quantification of the sex-determining region Y (SRY) in the

2211 Twenty-one days after transplantation,

recipients’ peripheral blood (PB) leukocytes !
the animals were sacrificed and LT-HSC revealed normalized OPP-incorporation, pS6RP
and P53 levels (Fig 3.5C). These data echoed the pS6RP activity recovery that we observed
in xenograft-derived KSL and LT-HSC after ex vivo culturing in AML-free media (Appx
3.4.1E). Consistent with the CFU-C results, xenograft-derived donor cells showed initial

levels of PB chimerism (SRY) that exceeded those from control donors (Appx 3.5.1C).

To evaluate the long-term repopulation performance, we transplanted KSL from
male Molm-14-xenografts or controls into secondary sub-lethally irradiated female
recipients and serially tracked the PB donor chimerism for 12 weeks. This was followed
by a second round of transplantation using unfractionated BM from the secondary
recipients into tertiary sub-lethally-irradiated females, while tracking the original (male)
donor cell chimerism for another 20 weeks. The results showed increased short-term (until
week 6 in the secondary recipients, Fig 3.5D) and long-term (tertiary recipients, Fig 3.5E)

repopulation potential of the AML-xenograft-derived groups by #-test and regression
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analysis, respectively). We also observed an increase in the BM LT-HSC levels after

secondary transplantation (Appx 3.5.1D).
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Figure 3.5: LT-HSC restore protein synthesis and proliferative function upon

transplantation to a non-leukemic host
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A) A diagram showing the scheme of repopulation experiments on non-leukemic host. KSL
cells were purified from Molm-14-xenografted male mice (red) or control males (black)
and transplanted into 150 c¢Gy sublethally irradiated female recipients (104 cells per
mouse) and used for subsequent repopulation studies described in (D, E). B) CFU-C assay
showing the relative number of colonies (left panel) and the colony subtypes (right panel)
from KSL cells derived from Molm-14-xenografted mice (red, n = 6) versus non-engrafted
control mice (black, n = 5) and in vitro-cultured for 7 days in methylcellulose media.
Experiments were performed in technical triplicates. “G”—granulocyte, “M”—monocyte,
and “E”—erythrocytes. Statistics: Student's t-test (*P < 0.05, **P < 0.01). C) LT-HSC
assessment after repopulation, recipient female mice (n =4 per group) were sacrificed after
21 days and their LT-HSC were compared using P53, pS6RP, and OPP flow cytometric
assays. Statistics: Student's t-test. D-E) Evaluation of the in vivo long-term repopulation
capacity. (D) For secondary transplantation (n = 6 per group), PB samples were collected
twice weekly for 12 weeks (WK), and the donor chimerism was measured by qPCR of sex-
determining region Y (SRY) normalized to Gapdh gatekeeper as shown in the left panel.
Sixteen weeks later, mice were sacrificed and BM male chimerism percentage was assessed
as shown in the right panel. (E) For tertiary transplantation, unfractionated BM cells from
the secondary recipients (n = 6 per group, 106 cells per mouse) were injected into tertiary
150 cGy sublethally irradiated female recipients and blood SRY levels were assessed for
20 weeks. Statistics: Student's t-test for two-sample comparison and regression analysis for

longitudinal comparison (NS = not significant, *P < 0.05 and **P < 0.01).

Enhanced replating potential and DNA-damage accrual in

AML-EYV exposed cells

purified HSC after transplantation. To understand the in vivo resistance to LT-HSC
depletion and persistent, if modest, repopulation advantage, we therefore performed serial
ex vivo CFU-C replating and evaluated the clonogenicity of stem and early progenitor
subsets from Molm-14-xenografts or control mice (Fig 3.6A). To insure a valid
comparison, the serially-plated cells were normalized prior to each replating. Our results
showed persistently higher CFU-C counts and average number of cells per colony (Fig
3.6B-C) as well as relative number of cells (Appx 3.5.1E) for all xenograft-derived

progenitors relative to the controls. The data also showed that the xenograft-derived cells

Our sex-mismatched xenograft approach did not permit selective recovery of

were more resistant than control-derived cells to exhaustion.
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Given the gains in AML-EV mediated quiescence in HSC and gains in replating
efficiency, we decided to evaluate their DNA-damage response (DDR) 222224 We
observed a consistent increase in YH2AX foci (Fig 3.6D), indicating the presence of DNA
double-strand breaks, along with the induction of canonical DDR-transcripts (including the
non-homologous end joining pathway transcripts) in KSL selected HSPC from AML-
xenografts relative to controls (Fig 3.6E). Interestingly, the observed DDR (YH2AX foci
and DDR-transcripts) in xenograft-derived cells persisted through subsequent replating vs.
controls (Week 1 in Fig 6F-G and Week 2 in Fig 3.6H-I). Next we attempted to corroborate
this observation in vivo and assessed the DDR in HSPC after sex-mismatched serial
transplantations (Fig 3.6J). Again, we found a consistent increase in YH2AX foci and
DDR-transcripts, in both KSL and LT-HSC from xenograft-derived serially-transplanted
mice relative to the control ones (Fig 3.6K-L). Together, the data indicate the accrual of
DNA-damage and a sustained DNA-damage response in residual progenitor and stem cells
in the AML niche that, unlike the protein synthesis suppression, is not reversible. Based on
the aggregate data, we propose a model whereby AML-EV transfer of miRNA leads to
suppression of the mTOR subunit Raptor and promotes quiescence in LT-HSC (Fig 3.7).
However, while protein synthesis suppression is functionally relieved upon transfer to

naive microenvironment, LT-HSC in the AML niche accrue and retain DNA-damage.
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Figure 3.6: AML microenvironment conditioned HSC accrue persistent DDR and

gain a proliferative advantage
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A) A schematic diagram demonstrating the serial replating experiment. KSL cells were
sorted from primary recipient control mice (black, n = 4) or Molm-14 xenografts (red, n =
4) and plated in triplicate (500 cells/plate/mouse) in methylcellulose media. Seven days
later, colonies were counted and serially replated in triplicate (5,000 cells/plate/mouse).
The replating process was repeated twice for a total of three rounds (labeled week “WK”
1, 2, and 3). B-C) Serial replating CFU-C analysis presented as mean = SEM showing (B)
the number of colonies per 1,000 plated cells and (C) the number of cells per colony, for
each week time point. Statistics: Student's t-test (*P < 0.05, **P < 0.01). D-I) DNA-
damage assessment in KSL from primary recipients and after two turns of replating. (D, F,
H) Number of YH2AX foci in control-derived and Molm-14-xenograft-derived mean + SD
(D) primary recipient KSL, n = 211 and 321, (F) cells from W1 plating, n = 218 and 369,
and (H) cells from W2 plating, n = 770 and 853. All cells were stained with
phosphoH2axser139 and the nuclear stain Hoechst (blue), imaged using the GE/API DV
widefield microscope (60% objective) to show the YH2AX foci (green) and counted using
Imaris software. Scale bars are 2 pm. Statistics: Student's t-test (*P < 0.05, **P <0.01, and
**p < 0.001). (E, G, I) gRT-PCR gene expression analysis showing the fold change of
select DNA-damage response-gene panel in Molm-14-xenograft-derived (E) primary
recipient KSL, n = 6, (G) cells from W1 plating, n =4, and (I) cells from W2 plating, n =
4. Data indicated by bars of fold change calculated relative to matching controls were
normalized to the endogenous control Gapdh and are presented as mean + SEM. Statistics:
one-way ANOVA with Bonferroni post hoc correction (*P < 0.05, **P <0.01). J) Scheme
of DDR assessment in KSL and LT-HSC derived from serial in vivo repopulation. K-L)
Number of yYH2AX foci, respectively, in control- and Molm-14-xenograft-derived (K)
KSL, n = 101/204, and (L) LT-HSC, n = 33/53. Images were processed similar to (D-F).
Scale bars are 3 pm. Statistics: Student's t-test (¥**P <0.01). Mean + SD. M-N) . qRT-PCR
analysis of the DNA-damage gene panel in Molm-14-xenograft-derived (M) KSL and (N)
LT-HSC, relative to matched controls. Data depicted as fold change relative to matching
controls were normalized to the endogenous control Gapdh and are presented as mean +

SEM. Statistics: one-way ANOVA with Bonferroni post hoc correction (¥*P < 0.05).

&9
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Figure 3.7: Synopsis

. miR-1248

Acute myeloid leukemia (AML) functionally remodels the bone marrow niche. AML cells
constitutively release extracellular vesicles (EVs) enriched in miR-1246, that traffic to
long-term hematopoietic stem cells (LT-HSC) and induce quiescence and DNA
damage.Following EV uptake into LT-HSC, miR-1246 downregulates the Regulatory-
associated protein of mTOR (Raptor) leading to the hypo-phosphorylation and
deregulation of S6 ribosomal protein (S6RP). Deregulation of the S6RP mediates protein
synthesis suppression associated with P53-dependent quiescence. While quiescence and
protein synthesis suppression are reversible upon transfer to naive recipients, cells accrue
double-strand DNA-breaks that persist, and generate a long-lasting DNA-damage response

(DDR) while conferring gains in proliferative capacity.
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Discussion

A series of studies over the past decade has shown that the presence of AML blasts
in bone marrow leads to functional alterations in stromal components with emergence of a

5, 43, 106, 149, 225

leukemia-permissive niche | 1. Recently, investigators have also begun to

provide detailed analyses of residual hematopoietic cells in the AML-BM, revealing the

initially surprising, and seemingly selective, quiescence and preservation of LT-HSC ['>%

151,204,205, 2261 * At the same time, both the mechanisms by which residual HSC function in
the AML niche is altered ['*!] and reports of mutation accrual in phenotypically normal

cells of AML patients in remission (227 228!

remain unexplained. Our studies herein suggest
a model of cell-cell crosstalk involving AML-derived EV that shape residual HSC function,

eliciting reversible quiescence in the short term, but persistent DNA-damage.

EV trafficking serves a broad range of constitutive cellular functions, whereby
several subclasses of nano-sized vesicles transfer protein and nucleic acids between cells,
including the BM niche 23 43 108, 130. 179, 2291 “\ye previously reported the loss of BM
progenitors as a result of AML-EV trafficking *!!. Here, we hypothesized that EV also
regulate residual HSC and contribute to their relative resistance to elimination, observed

151,204,205, 226] ‘T test this hypothesis, we combined in vivo modeling in a non-

by others !
irradiated niche, high-resolution immunophenotyping of the hematopoietic compartment,
and an EV-labeling system using myristoylated fluorescence tagging > 3%, Differential
uptake of EV into hematopoietic cells has not been previously explored, and we began by
showing that cells at different levels of hematopoietic differentiation, including
immunophenotypically-defined stem cells, were susceptible to AML-EV entry, without

significant differences in entry kinetics into HSC compared to progenitors.

In a series of xenografts, we confirmed cell-cycle quiescence and relative

enrichment of LT-HSC 4% 1301 byt also replicated those outcomes using IF injection of
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AML-EV. EV signaling relies on transfer of protein or nucleic acids, but rather than EV
content survey we took an outcome-driven approach to resolve the underlying mechanism.
Proteomic screening pointed to the possibility that AML-EV exposure conferred
quiescence through deregulation of ribosome biogenesis, consistent with the observed P53-

211, 231

upregulation and cell-cycle arrest [ 1. The idea that compromised ribosomal protein

synthesis can erode HSC homeostasis is well established in models of myelodysplasia [23!

233.234] Experimentally,

and inherited BM disorders, such as Diamond-Blackfan Anemia !
we combined flow cytometric analysis for cell identity (HSPC vs. LT-HSC) and OPP-
incorporation. Although we observed a consistent ribosomal biogenesis impairment in all
the HSPC cells, we found the most profound suppression of protein synthesis in LT-HSC
using AML-xenografts, and confirmed by injection of EV from AML cell lines as well as

AML patient plasma.

To understand how EV target HSC protein synthesis, we explored dysregulation
among key-components of the mTOR pathway, a critical gatekeeper of cellular
proliferation and transmission of extracellular signals. Given the role of miRNA in
regulating hematopoiesis on the one hand, and miRNA cell-cell transfer via AML-EV on
the other 1% 2] we next focused on a specific panel of highly incorporated miRNA as
potential regulators of mTOR. We investigated our previously identified candidate panel,
including miR-155-5p, miR-1246, and miR-1290 (181" a5 well as miR-27a-5p and miR-
181b-5p as putative AML biomarkers [?'8-22°], In a succession of experiments, we observed
that among these candidates, miR-1246 specifically targeted the mTORCI1 subunit Raptor,
causing a downstream loss in protein synthesis and inducing cell quiescence. The data align
well with the loss of known Raptor functions in the mTOR pathway, namely HSC

213, 216, 235, 236

activation, proliferation and ribosome biogenesis | 1. Moreover, Raptor was

previously shown to be required for HSC regeneration and its loss led to accumulation of

monocytoid cells, pancytopenia, and splenomegaly in mice **”). Our data was further

151,205

consistent with observations of reversible HSC quiescence by others | I'and supports

the direct action of AML-EV miRNA on mTOR and protein synthesis suppression that is

readily reversed in a naive niche, i.e. following transplantation to a healthy host. Thus, our

238

results fit a model of translational suppression by AML-EV miRNA 2*%! and find support
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239,240

in existing reports of miRNAs suppression of protein synthesis ! ! and targeting Raptor

241-243

in hematopoietic cells ! 1. Although miR-1246 was previously identified as a regulator

[244, 245 168, 246]

of cancer progression, drug-resistance 'and a putative biomarker | , our data

suggest a role in regulating HSC.

While the enforced quiescence of HSC is a plausible protective response to
leukemic-stress in the BM, several studies have shown that it renders them susceptible to
DNA-damage through reliance on non-homologous end joining for double-strand lesion

222,247

repair | 1. Unrepaired DNA breaks in HSC in turn pose a significant risk to long-term

2481 The increase in cellular susceptibility to DNA-damage sets them

functional integrity !
up for additional mutations that contribute to the formation of subsequent oncogenes. In
AML patients, the acquisition of mutations in residual HSC can promote clonal expansion,

227,228,291 These studies provide an intriguing

malignant transformation, and overt relapse !
context for the double-strand breaks we observed here, and which persisted through serial
in vitro replating and in vivo transplantation, respectively. While the gains we identified in
proliferative fitness are consistent across all experiments, and replicate observations by

151

others whereby AML-exposed HSC outcompete controls ['>!], future studies will have to

address the question of specific genomic lesions.

In summary, we propose a model whereby AML use EV-miRNAs to suppress
protein synthesis via targeting of the mTOR pathway in LT-HSC to elicit their quiescence
(Fig 3.7). Despite the functional LT-HSC recovery, these cells acquire long-lasting DNA-
damage. This model readily accommodates observations by several other groups in the
field that indicate the selective preservation of HSC in the AML niche. Whereas HSPC are
generally susceptible to EV entry and utilize the mTOR pathway, HSC selectively enter
quiescence in this model owing to their unique sensitivity to protein synthesis disruption
(212,216.217] 1t is tempting to speculate that the complex interplay of cells in the AML niche
that leads to a selective advantage and subsequent transformation of residual HSC may
involve EV. Finally, given the reversibility of BM failure in the context of AML, as noted

149, 151, 204, 205]

by others ! , our data reveals potential therapeutic targets to accelerate

hematopoietic recovery. We believe that this study deepens our understanding of cell-cell
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communication and reveals unexpected collateral damage among hematopoietic stem cells

in the AML niche.

Methods

Animals

All animal studies were approved by the OHSU Institutional Animal Care and Use
Committee (IACUC). Mice were purchased from the Jackson Lab. For Molm-14-
xenografts, cells (0.1x10%animal) were engrafted into 6-8 weeks old NOD Cg-Prkdc®i¢
I12rg™!Vil/Sz] (NSG) mice by tail-vein injection. For Intra-femoral (IF) injections, NSG
and C57BL/6J mice of 6-10 weeks old were used and /F injection was performed as

21.108] - Animals were anesthetized, the injection site disinfected and the femur

previous |
was positioned at 90° with the tibia. The femur cavity was cored and EV in 50ul PBS

(Hyclone) were slowly injected.
Cell culture

Molm-14 and HL-60 cells were provided by Dr. Jeffery Tyner, OHSU. U-937 cells
were purchased from ATCC. Cells were cultured in RPMI (Gibco) with 10% fetal bovine
serum (FBS, Gibco) and 1x penicillin/streptomycin (Gibco) at 37°C, 5% CO», and >95%
humidity. Mycoplasma co-precipitate with EV and contamination was excluded using the
MycoAlert Plus kit (Lonza). Healthy donor CD34" were purchased from ATCC. Cells were
cultured at 37°C, 5% CO», and >95% humidity in the X-vivo media (Lonza) with BIT 9500
Serum Substitute (StemCell Technologies), FMS-like tyrosine kinase 3 ligand (50 ng/ml),
G-CSF (10 ng/ml), IL-3 (10 ng/ml), IL-6 (10 ng/ml), stem cell factor (SCF) (50 ng/ml),
and thrombopoietin (25 ng/ml) (Peprotech).

EV preparation

EV were purified by serial high-speed centrifugation as previously described 21,

For culture media EV, cells were cultured for 48 hours in RPMI media with vesicle-free
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FBS. For plasma EV, peripheral blood was obtained under IRB approved protocols at
Texas Children’s Cancer and Hematology Center, Baylor College of Medicine, Houston
TX. Culture media or plasma were serially spun at 300g, 2000g and 10,000g. The
supernatants were then centrifuged at 100,000g using the SW32Ti rotor (Beckman-
Coulter) to pellet-down the EV.

Flow cytometry sorting and analysis of BM cells

For sorting, BM cells were flushed from long bones as previously reported [2!- 1081,

Briefly, femur and tibia were isolated, and cells were flushed using RPMI with 2% FBS
and spun at 300g. Red blood cells (RBC) were hemolyzed and cells were filtered through
35um nylon mesh cell-strainers followed by suspension in PBS with 2% FBS. BM cells
were then stained with the appropriate antibodies at 4°C for 30 minutes before flow
cytometric sorting using the Influx™ cell sorter (BD Biosciences). The immunophenotypic

2301 For analytical flow

classification of HSPC populations were previously reported [
cytometry, stained cell were analyzed using CANTOII flow cytometer (BD Biosciences).
For intracellular staining, cells were fixed with 2% paraformaldehyde, permeablized with
0.5% Triton-X, intracellularly stained. Protein synthesis quantification was performed
using the Click-iT™ Plus o-propargyl-puromycin (OPP) Alexa-Fluor™488 kit (according
to manufacturer protocol (Thermo Fisher). Cells were treated with OPP, cultured at 37°C
for 30 minutes, and labeled. All data were analyzed using FlowJo software (Tree Star) and

presented as mean fluorescence intensities (MFI).

RNA, DNA extraction and RT-PCR

KSL cells were sorted into Buffer RLT (Qiagen) and total RN A was extracted using
the RNeasy kit (Qiagen). Total RNA was quantified using the NanoDrop 2000c
spectrophotometer (Thermo Fisher). RNA (50 ng) samples were converted into
complementary DNA using the SuperScript III First-Strand Synthesis kit (Invitrogen). For
SRY male chimerism analysis, blood samples were collected, RBC were hemolyzed and
genomic DNA was extracted using the DNeasy kit (Qiagene). All the RT-PCR analyses
were performed using the FastStart PCR SYBR Mix and the LightCycler® 480 thermo-
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cycler (Roche Diagnostics). Relative quantification was calculated using the AACT
algorithm with GAPDH or ACTB as endogenous control when appropriate. For miRNA
quantification, blood samples were collected from mice, spun at 100g and plasma was
extracted. EV were purified and their total small RNA was extracted using the miRNeasy
kit (Qiagen). The TagMan miR-1246 assay kit (Applied Biosystems) was used for reverse

transcription and qRT-PCR analyses and the U6 snRNA was used as endogenous control.
Dual Luciferase reporter system

The assay was performed as previously described!?!). The 3’ untranslated regions
(3'UTR) of Raptor was PCR-amplified from freshly isolated murine c-Kit" genomic DNA
and cloned into psiCHECK-2 vector (Promega). NIH-3T3 cells were first transfected with
the miRNA mimics (50nM). After 3 hours, the cells were re-transfected with 100ng of the
3’Raptor_psiCHECK-2 construct for additional 45 hours. Cells were then washed in PBS
and the dual-luciferase assay was measured according to the manufacturer’s protocol
(Promega). The Firefly and Renilla luminescence were quantified using the Synergy H1
Luminometer (Biotek), and the relative luminescence units (RLU) were compared with the

miR-Scramble.

CFU-C assay

KSL (500 cells) were cultured in methylcellulose with cytokines (Stem Cell
Technologies) into 35-mm dishes (Thermo Fisher). Cells were incubated at 37°C with 5%
CO, for a week and colonies were counted using a 4x magnification light microscope. For
serial replating, methylcellulose was solubilized in PBS. Cells were then pelleted-down at
300g and plated (5,000 cells/plate) in methylcellulose for another week. The replating

process was repeated for a total of three rounds.
Microscopic imaging

For yH2AX staining, cells were spun into microscope-glass slides (Fisher

Scientific) at 300g, fixed, permeabilized and stained by anti-phosphoH2ax5*!3

(Biolegend) and Hoechst (Thermo Fisher). Images were taken by the GE/API Deltavision



97

widefield microscope. Live-cell, Cryo-TEM and EV imaging are described in detail in the

appendix.

Statistical analysis

Paired and unpaired student’s t-test were used to compare flow cytometric results

among two groups for IF and xenograft experiments, respectively. One-way ANOV A with
Bonferroni correction was used to compare two or more groups and for qRT-PCR.

Statistical significance was set at *P <0.05, **P <0.01, and ***P<0.001.
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Chapter 4: Extracellular vesicles traffic PD-L1 to
confer CD8+T cell immunosuppression in acute

myelogenous leukemia

Compiled from: Butler, JT; Abdelhamed, S; Levasseur P. Bueafe A; Olsen, B; Chang,
BH, P, Kurre and D Marks. Extracellular vesicles traffic PD-LI to
confer CD8+T cell immunosuppression in acute myelogenous leukemia
(in preparation)

Abstract

Acute Myelogenous Leukemia (AML) is an aggressive malignancy arising from
abnormal myeloid-derived hematopoietic cells. For patients with AML, the 5-year survival
remains a dismal 25% due to high rates of relapse and resistance to cancer drugs. There is
mounting evidence that AML cells evade cell mediated immune system’s anti-tumor
response by upregulating immuno-inhibitory ligands. AML cells express PD-L1, a potent
checkpoint ligand which disrupts T cell activation through engagement of PD-1. As a
result, multiple clinical trials using checkpoint inhibitors in AML are ongoing, though
efficacy has yet to be determined. A better understanding of PD-L1-related biology in the
context of AML is critical to interpreting patient outcomes. Here we demonstrate that AML
cells dynamically release functional PD-L1 onto extracellular vesicles (EVs), through an
IFNy-dependent mechanism. Using a syngenetic mouse leukemia model, we find that
AML-EVs enter systemic circulation and bind splenic T-cells. Similarly, we find that EVs
from AML cells lines and patient samples, potently suppress CD8+T-cell activation in
response to TCR stimulation, and further show that PD-1/PD-L1 axis checkpoint blockade
partially reverses EV-mediated suppression. Our study is the first to report that EV
trafficking of PD-L1 contributes to CD8+T-cell dysfunction in AML, demonstrating a

previously undiscovered mechanism of immune escape.



100
Introduction

Cytotoxic CD8+ T-lymphocytes play a vital role in opposing neoplastic cell
growth. Through recognition and binding of tumor-specific neoepitopes, CD8+T-cells
induce apoptosis in malignant cells, and limit tumor progression !'*’l, Despite these
adaptive processes, cancer cells evade the immune surveillance by aberrantly expressing
immunomodulatory proteins that suppress CD8+T-cell activation. Among them,
Programed Death-Receptor Ligand 1 (PD-L1) is a well-known transmembrane protein that
inhibits T-cell response. First discovered in myeloid cells as mechanism of self-tolerance,
PD-L1 expression is widely co-opted across cancer due to the strong selective advantage
of inhibiting cell mediated immune destruction *°!!, PD-L1 ligation to its receptor, PD-1
found on T-cells, blocks the production of cytokines Interleukin-2 (IL-2) and Interferon -y
(IFN) involved in T-cell proliferation and effector function. This effectively suppresses the

activation and clonal expansion of T-cells in response to T-Cell Receptor (TCR)

stimulation.

AML is a heterogeneous malignancy arising from myeloid-derived hematopoietic

stem and progenitor cells. Like other cancers, there is mounting evidence that AML cells

[124]

are not immunologically silent . Despite low mutational burden, expression of

developmental antigens is common due to broad alterations in the epigenetic landscape

(2521 The appearance of the Wilms Tumor-1 (WT-1) antigen is a common example of this,

which occurs coincident with the development of reactive T-cell subsets in AML patients

[124.232] “While the high expression of developmental antigens is associated with improved

survival, AML blasts can adaptively express immunomodulatory proteins, including PD-

124,125,136, 140, 2532391 - Similar to normal myeloid cells,

L1, to oppose immune destruction !
the expression of PD-L1 by blasts and myelodysplastic cells remains dynamic in response
to microenvironmental conditions. Several groups showed that lymphocyte-secreted IFNs
and TNFa upregulate PD-L1 in AML and MDS, protecting dysplastic cells from T-cell-

mediated cytotoxicity, and providing a proliferative advantage 12692621,
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Exosomes and microvesicles—collectively referred to as extracellular vesicles
(EVs)—have been found to contain surface-bound PD-L1 in the context of melanoma,
glioblastoma, prostate and non-small cell lung cancer. Exosomes (EXs; 30-150nm),
microvesicles (MVs; 50nm-1um) are nanosized membrane-derived vesicles, which in the
context of cancer, act to concentrate and transport cancer-specific regulatory cargo through
the tumor microenvironment and blood to distant recipient cells. Vesicle-bound PD-L1 is
functional, and suppresses CD8+Tcell activation and promotes tumor progression in
multiple solid tumors [14 1432632641 ‘prior work indicates that AML cells also release EVs
that contain PD-L1 3% In the bone marrow, EV trafficking is involved in both
maintaining homeostatic control of hematopoiesis, and creating a leukemia permissive

6,21, 23, 108, 139, 265

microenvironment in patients with AML ! 1. For AML, there is growing

139, 253
1 however

evidence to suggest that AML-EVs potently suppress natural killer cells !
research focusing on cytotoxic T-cells is more limited, and the functional nature of EV-

associated PD-L1 remains to be determine.

For patients with AML and MDS, there are increasing reports of T-cell dysfunction,
which are recapitulated in syngeneic animal models. AML is often accompanied by high
expression of PD-1 and other inhibitory receptors on effector CD8+T-cells, with a weak

(124,125,266, 267] ' A5 a result of this mounting

response to CD28/TCR co-stimulation ex vivo
data, there are numerous ongoing clinical trials utilizing PD-1/PD-L1 checkpoint inhibitors
in the treatment of AML [134 135, 2682701 Thyg far data from these trials suggests mixed
efficacy, therefore a more comprehensive understanding of immune modulation in AML
is critical to effectively harness the immune system to improve patient outcomes. We
hypothesized that AML cells respond to microenvironmental IFNs by upregulating the
expression and the release of PD-L1 via extracellular vesicles, where it functions to
systematically dampen the anti-tumor response of effector T-cells. Herein we demonstrate
using a syngeneic mouse model that AML-EVs are released into systemic circulation and
bind splenic T-cells, reducing their capacity to expand ex vivo. We further show that AML
cell lines and primary samples dynamically release EVs containing PD-L1 in response to

IFNy stimulation. These AML-EVs potently antagonize CD28/TCR co-stimulation,

suppressing CD8+Tcell activation and expansion. Together these data provide strong
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evidence that circulating EVs in AML actuate the PD-1 pathway in effector T-cells to

systemically limit the anti-tumor immune response.

Results

AML blasts systemically release EVs that bind splenic T-cells

By creating AML cell lines that express myristoylated or palmitoylated GFP
(mGFP or pmGFP) (Fig 4.1A,C), membrane-derived vesicles (Fig 4.1B) released from
these cells retain the GFP reporter allowing for tracking and quantification in both in vitro

6.21,108,265] Tn a previous study, by xenografting NSG mice

and in vivo assays (Fig 4.1D) |
with mGFP expressing human AML cells, we found that AML-EVs are shed into the
peripheral blood at concentrations correlating with BM tumor burden (see chapter 5). To
study the effect of AML-EVs in an immunocompetent animal model, we engrafted wild-
type C57BL/6 mice with 1x10° pmGFP expressing TIB-49 cells (ATCC: C1498) (Fig

100, 101, 140, 271-273] Animals

4.1E), which are extensively used as murine model of leukemia !
were sacrificed between 21 and 25 days after inoculation to assess tumor burden. Flow
cytometric analysis revealed limited infiltration of TIB-49pmGFP cells into the spleen with
a mean value of 1.34% of total CD45+ cells (range 0.01-8.34%). The bone marrow
contained a proportionally higher tumor burden (mean 6.5%; range 0.01%-49.2%) with
principal sites of tumor growth occurring in the liver. Similar to our human xenograft

model, the peripheral blood of TIB-49 engrafted animals contained numerous GFP+EVs
(Fig 4.1E-F) that were detectable even at low tumor burdens (Fig 4.1H).
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Figure 4.1: AML-EVs are released systemically and collect in the spleen
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A) Molm-14 AML cells expressing endogenous GFP-tagged lipid membranes (mGFP;
green). Scale bars = 5um. B) Cryo-electron micrograph of exosomes harvested from
Molm-14 cells. Scale bar = 100nm. C) Murine TIB-49 Leukemia cells expressing
palmitoylated-GFP (pmGFP). D) EVs retain membrane-associated GFP and are detected
in the conditioned media of TIB-49 cells. Scale bar = 5um. E) Immunocompetent
syngeneic AML model created by engrafting TIB-49pmGFP into C57BL/6 mice. Animals
were maintained for 21-25 days before harvesting peripheral blood, bone marrow and
spleens. F) Hydrogel embedding peripheral blood plasma reveals GFP+ EVs circulating in
TIB-49pmGFP engrafted animals. Scale bare = Sum. G) Splenic CD8+T-cells adsorb
AML-EVs in vivo. H) Peripheral blood EV counts per pl increase with bone marrow tumor
burden. Concentrations calculated from five 1x10-4 pl volumes per animal by super
resolution imaging. I) Splenic CD8+T-cells with associated GFP+ EVs. Fraction EV

associated T-cells measured with five 3D-Z stacks per animal.

To determine whether AML-EVs accumulate in the spleen and interact with T
lymphocytes, we isolated splenic T-cells from both sham-injected and tumor engrafted
animals (Appx 4.1.1). Flow cytometric analysis revealed that both CD4+ and CD8+T-cells
contained detectable GFP+ foci (Appx 4.2.1A). To confirm that the GFP signal was due
to AML-EVs, we purified CD8+T-cells by magnetic negative selection (Stem Cell) and
performed 3-D ex vivo live cell imaging, using CellMask to label the plasma membrane
(Fig 4.1G). We found that splenic CD8+T-cells from tumor animals contained bright
localized GFP foci associated with the outer plasma membrane, that were similar in size
and intensity to AML-EVs seen in the peripheral blood, as well as in previous in vitro
imaging studies. In tumor animals, 10-40% of CD8+T-cells contained GFP foci which
correlated to overall tumor burden in respective animals. As expected, T-cells isolated from
sham-injected animals contained diffuse autofluorescence, but lacked bright localized GFP

signal (Fig 4.1G,]).

CD8+T-cells from tumor animals have increased PD-1

expression and reduced response to co-stimulation

To assess the functional status of splenic CD8+T-cells from tumor-bearing animals,

we used flow cytometry to measure cell counts, baseline PD-1 expression, and expansion
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in response to co-stimulation with CD3/CD28 antibodies. We found that spleens from
tumor animals had a 2-fold increase in total PD-1+/CD8+T-cells compared to sham
animals, and decreased viability ex vivo. In tumor bearing mice, TIB-49 cell infiltration
was significantly higher in the bone marrow compared to the spleen, yet the increase in
PD-1+ T-cells was proportional at both sites (Fig 4.2A-C; Appx 4.2.1B-D). To measure
splenic CD8+T-cell response to TCR stimulus, we stained purified CD8+T-cells from
tumor and sham animals with CFSE and cultured for 5 days with CD3/CD28 co-stimulation
to measure proliferation-dependent dye-dilution. Cells isolated from 6 tumor animals (3
animals per cohort) showed a significantly attenuated response to co-stimulation at day-5

compared to those from sham animals (Figure 4.2D, Appx 4.2.1E).

Additionally, we and others found that TIB-49 cells expressed low levels of PD-L1

(1911 "but significantly upregulated PD-L1 following engraftment, measured ex vivo

in vitro
upon harvest (Fig 4.2E). This upregulation of PD-L1 can be simulated in vitro by culturing
the cells in IFNy [101.261.274] ‘Following a 24-hour pulse with 20ng/ml IFNy, TIB-49 cells
showed a significant elevation of PD-L1, localized within the plasma membrane and

endosomal compartment (Fig 4.2F).
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Figure 4.2: Altered immunologic landscape in leukemic mice is recapitulated in vitro

through EV-exposure
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A-B) CD8+T-cells from tumor animals show an increase in PD-1+ expressing cells, in both
the spleen and bone marrow that correlates with bone marrow tumor burden. Points
represent individual animals. PD-1 expression normalized to sham injected animals C)
Representative flow plots of PD-1+ CD8+T-cells from sham injected and tumor animals
with varying bone marrow tumor burden. D) Splenic CD8+T-cells from tumor animals
show reduced proliferation in TCR co-stimulation (anti-CD3/anti-CD28) as compared to
Sham animals, and non-stimulated controls (Neg CTRL). Division measured by CFSE dye-
dilution by gating on low intensity population 5 days after co-stimulation. E)
Representative histograms of TIB-49 PD-L1 expression in under normal culture conditions
(in vitro), following bone marrow engraftment (ex vivo), and following culture with
20ng/ml mouse IFNy for 24-hours (in vitro+IFNy). F) Representative images of PD-L1
expression and localization (red) in TIB-49 cells cultured for 24-hours with or without
20ng/ml IFNy. Scale bars = Sum. G) Workflow for exposing CD8+T cells to EVs harvested
from TIB-49 and measuring apoptosis and cell division by flow cytometry. H) Annexin V
binding in CD8+T-cells exposed to EVs from TIB-49 cells (green) treated with or without
IFNy, and the addition of PD-1 blocking antibodies (magenta). Graphs represent two
technical replicates. Annexin V binding normalized to non-EV exposed co-stimulated
control vales Statistics: Significance determined by Student’s two-tailed t-test, bars
represent pairwise comparison. * p<0.05, ** p<0.01, *** p<0.001, ns = not significant.
Additional Mouse in Vitro experiments in process (7/2/20). I) CD8+T cells proliferation
(CFSE low-D5) in response co-stimulation and EV exposure. G) Add independent

replicate to Annexin-V binding data set above.

TIB-49-EVs suppress activation and proliferation of CD8+T-

cells

With the widespread release of AML-EVs into the leukemic microenvironment,
vascular space and lymphoid tissue, we set out to determine if purified AML-EVs alone
were able to contribute T-cell dysfunction and reduced viability observed in our mouse
model (Fig 4.2G). Since previous reports implicated AML-EVs in inducing apoptosis in
CD8+T-cells 132331 we set out to test if EVs harvested from TIB-49 cells cultured in vitro
could increase annexin-V binding in CD8+ splenocytes isolated from healthy C57BL/6
mice. Exposing bulk splenocytes (2.5x10%) to EVs purified from in vitro cultured TIB-49
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cells (3x10°) for 48 hours surprisingly did not increase annexin-V binding in CD8+T-cells.
Since PD-L1 expression was significantly upregulated in vivo, we set out to test if EVs
from IFNy-stressed TIB-49 cells resulted in an apoptotic response in T-cells. To simulate
microenvironmental conditions we pulsed TIB-49 cells in IFNy (20ng/ml) for 24-hours,
washed twice, then cultured cells in EV-depleted media for an additional 24 hours before
collecting EVs to prevent carryover of IFNy to T-cells. EVs from IFNy-stressed TIB-49
cells induced a 2.5-fold increase in annexin-V binding, compared to non-treated controls.
To determine if EV-mediated apoptosis was dependent on PD-L1, we added PD-1 blocking
(Sug/ml) antibodies at the time of EV exposure. PD-1 blockade completely rescued
CD8+T-cells (Fig 4.2H), returning T-cell annexin-V binding to control levels (p=0.014).

AML-EVs bind human CD8+T-cells and suppress activation

To determine if EVs from human AML cell lines can bind and suppress human
CD8+T-cells, we exposed human CD8+T-cells to EVs collected from Molm-14mGFP
cells treated with or without human IFNy (as described above). First, to determine if AML-
EVs bind CD8+T-cells, we isolated primary human CD8+T-cells by magnetic selection
and co-stimulated with tetrameric anti-CD3/CD28 antibodies for 24hours. We then
introduced AML-EVs (from 24h culture of 3x10° cells) or vehicle for 24 hours, and
analyzed the relative GFP fluorescence intensity in the CD8+T-cell population by flow
cytometry (Appx 4.3.1A). Low intensity mGFP signal was detected in 3-5% of the T-cells
across EV exposed conditions (Appx 4.3.1C). To examine EV-binding using a more
sensitive approach, we co-stimulated CD8+T-cells for 24-hours, then added EV samples
and incubated cells for 1-hour before washing and plating onto Matrigel coated imaging
chambers. T-cells exposed to EVs from IFN-stressed AML cells showed a higher EV
binding than T-cells from non-IFN-treated AML cells (48% vs 32%, p=0.037). In both
EV-exposed conditions CD8+T cells contain mGFP+ foci similar in size and intensity to
those previously observed in spleens of engrafted animals (Fig 4.3A), while control cells

only contained diffuse autofluorescence.
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To determine if AML-EVs interfere with T-cell viability and proliferation, we co-
stimulated CD8+T-cells for 1-hour then added EVs from Molm-14 cells and healthy
PBMCs (treated with and without IFNy), and measured annexin-V binding (day-2) and
CFSE dye dilution (day-5). CD8+T-cells (2.5x10* cells) were incubated with EVs collected
from standardized cultures of 3x10° AML cells or PBMCs cells for 24 hours. Activation
of EV-exposed T-cells was compared against controls that were not co-stimulated (C1) or
were co-stimulated in vehicle only (C2). We found that EVs from Molm-14 cells
significantly increased annexin-V binding roughly 1.5-fold regardless of IFNy treatment
status, while EVs from PBMCs slightly increased annexin-V binding but only following
IFNy treatment (Fig 4.4B-C). CFSE dye-dilution analysis revealed that EVs from Molm-
14 cells treated with IFNy significantly reduced 5-day proliferation (CFSE low population)
to 86% of non-EV exposed control levels (p<0.001), while EVs from non-IFN treated
Molm-14 cells and PBMCs had a milder effect (Fig 4.4D-E). To determine if the reduction
of proliferating T cells was due to suppression of T-cell activation, we exposed co-
stimulated CD8+T-cells to EVs from multiple IFNy-treated AML cell lines and
293TmGFP (non-hematopoietic mGFP expressing cells), and measured the canonical T-
cell cytokine response 24-hours later (Fig 4.3B). Activation status was assessed by
intracellular staining and flow cytometry to detect the expression of IL-2 and IFNy
involved in early in T-cell activation and expansion [*’*]. We found that EVs harvested
from AML cell lines potently suppress T-cell activation at 24-hours post-co-stimulation
(Fig 4.3F-I; Appx 4.3.1C), while EVs collected from 293T cells (similarly expressing
mGFP) had no effect on T-cell activation.

To test if patient-derived EVs could interfere with T-cell co-stimulation, primary
peripheral blood mononuclear cells (PBMCs) were obtained from the five AML patients
with >80% circulating blasts (Table 4.1). These patients were selected based on RNA-seq
data which identified them as PD-L1 high expressers with adverse or intermediate risk (P1,
P2, P3) or PD-L1 low expressers with intermediate risk (P4, P5) from the Beat AML
collection 281, To collect EVs, 1x107 patient-derived mononuclear cells were cultured for
48-hours in EV-depleted media (without growth factors to prevent carryover to T-cells)

before collecting conditioned media and concentrating EVs by ultracentrifugation. Since
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both the potency of EVs and the dynamics of release likely vary between patient-specific
blasts, EV dosages were again standardized by concentration of parent cells. Human
CD8+T-cells were exposed to patient-derived EVs for 24-hours, before measuring
cytokine response (as previously described). T-cells exposed to patient-derived EVs
demonstrated markedly reduced IL-2 and IFNy production compared to T-cells treated with
EVs collected from healthy PBMCs (Fig 4.3J-K). Four out of five patient-derived EV
samples significantly reduced the percent of T-cells expressing IL-2 (P1 p=0.015; P2
p=0.015, P3 p=0.009; P4 p=ns; P5 p=0.024) and IFNy. Due to limited availability, and lack

of proliferation of patient-derived blasts in culture, T-cell suppression assays using

primary-AML derived EVs were performed in triplicate in one standalone experiment.

Table 4.1: Patient Data

Alias | Beat AML AML (WHO) Risk PD-L1 Sample Type
ID Expression
status (RNAseq)
AML with . PB >80%
P1 14-0041 inv(3)(q21926.2) Adverse High blasts
AML with o
P2 16-0479 myelodysplasia- Intermediate High P?)I;Stgﬁ
related changes
Acute
monoblastic . PB >80%
P3 15-0539 and monocytic Adverse High blasts
leukemia
Acute
H 0,
P4 14-0355 monoblastic | o mediate Low PB >80%
and monocytic blasts
leukemia
Therapy-related &
P5 16-0077 myeloid Intermediate Low P%I;Sg/"
neoplasms

RNAseq: High expression >1 by normalized RPKM from BEAT AML, low expression

<1 [258]




Figure 4.3: AML-EVs bind and suppress human CD8+T-cells
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A) Super resolution microscopy confirms that GFP labeled AML-EVs (green) bind
CD8+Tcells (magenta) which are detectable on the surface and internally after 1 hour of
exposure. (Left) 3D Z-stack displayed as maximum projection. Scale bar = 10um. (right)
Quantification of mGFP+ foci in T-cells exposed to EVs from Molm-14mGFP cells treated
with or without IFNy, points represent individual cells (n=35). Significance determined by
Student’s two-tailed T test (p<0.05). B) Workflow for exposing human CD8+T cells to
EVs (harvested from AML cell lines, patient samples and healthy PBMCs) and measuring
response to co-stimulation. C) Annexin-V binding on CD8+Tcells exposed to EVs from
AML (green) and healthy PBMCs (yellow) treated with and without IFNy. Annexin-V
binding assessed by flow cytometry at day-2 post co-stimulation. D-E) CD8+Tcells
proliferation following exposure of EVs from AML (green) and healthy PBMCs (yellow)
treated with and without IFNy. CFSE low population measured 5-days post co-stimulation.
(C-D) Significance determined by one-way ANOVA with Dunnett’s T3 multiple
comparison to C2 control value (lower). Direct comparison between conditions was
performed by students two-tailed T test (upper). F) Histograms of IL-2+/ CD8+T-cells at
baseline (Cl), following co-stimulation (C2), or following co-stimulation with AML
(green) or 293T CTRL (yellow) EV exposure. G) IL-2+/CD8+T-cells at baseline (C1),
following co-stimulation (C2), or following co-stimulation with AML (green) or 293T
CTRL (yellow) EV exposure. H) Histograms of IFNy+/CD8+T-cells at baseline (C1),
following co-stimulation (C2), or following co-stimulation with AML (green) or 293T
CTRL (yellow) EV exposure. I) IFNy+/CD8+T-cells, at baseline (Cl), following co-
stimulation (C2), or following co-stimulation with AML (green) or 293T CTRL (yellow)
EV exposure. (C, D, G ,I) Graph represents two independent replicates with 2-4 technical
replicates per condition, data normalized to non-EV exposed co-stimulated control (C2)
values. J) IL-2+/CD8+T-cells following co-stimulation with or with EVs harvested from
PBMCs of five AML patients (P1-P5) or healthy controls (PBMC). K) IFNy+/CD8+T-
cells following co-stimulation with or without EVs harvested from PBMCs of five AML
patients (P1-P5) or healthy control (PBMC). J-K) Due to limited sample graph represents
a standalone experiment with three technical replicates. Statistics: Significance was
determined by one-way ANOVA with Dunnett’s T3 multiple comparison test to 293T EVs
for cell line experiments, or healthy PBMCs for patient derived samples. (* p<0.05, **
p<0.01, *** p<0.001, n.s.= not significant)

AML cells transiently upregulate PD-L.1 in response to IFNy

To characterize PD-L1 expression across AML subtypes, we stained three AML

cell lines and primary peripheral blood mononuclear cells from five AML patients and
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measured surface expression by flow cytometry and immunofluorescence. Cell lines and
patient samples expressed variable levels of PD-L1 at baseline (Appx 4.4.1A). For patient
samples, their peak fluoresence intensities were consistent with RNA seq values, however
there was significant heterogeneity observed within 3 of the 5 patient samples, suggesting
distinct subclones of blasts or myeloid derived suppressor cells expressing higher levels of
PD-L1. Imaging of PBMCs from patient P2 confirmed a mixed cellular morphology. The
majority of cells had a typical “blast-like” appearance with scant cytoplasm, a large central
nucleus, and low expression of PD-L1 (Appx 4.4.1B; left panel). Interestingly, a rare
subset of myeloid cells demonstrated a larger and more complex cytoplasm, with numerous
filopodia and blebbing membrane regions. These cells frequently contained robust PD-L1
expression that localized to filopodial extensions, and more clearly demarcated the outer

membrane and clustered within membrane pits (Appx 4.4.1B; right panel).

To measure the response to T-cell secreted IFNy on PD-L1 expression, we treated
AML cells lines and patient samples with 20ng/ml IFNy. This resulted in a significant
increase in PD-L1 surface expression by 24 hours across AML samples tested (Molm-14,
U937, P3, P4, P5) (Fig 4.4A). Myeloid (CD33+) PBMCs taken from a healthy donor
(hPBMC), also significantly upregulated PD-L1 in response to IFN. Super resolution
imaging confirmed the increase in PD-L1 in Molm-14 cells, and showed that in a rare
subset of cells, IFNy exposure induces a vesiculated appearance, which contained PD-L1
localized within blebbing membrane regions (Fig 4.4B). Taken together, these results
indicated that at baseline patient derived AML variably express PD-L1 yet significantly
upregulate surface-bound PD-L1 in response to IFNy similar to the TIB-49 cells and
healthy CD33+ PBMC:s.

PD-L1 is shed on AML-EVs and is enhanced by IFNy exposure

To determine if PD-L1 is released onto membrane-derived EVs, we performed
density gradient purifications to isolate EVs into fractions of sequential density and
separate soluble protein. Cell culture supernatant from Molm-14s and U937s (treated with
and without IFNYy) were separated into 20 fractions by serial ultracentrifugation in layered

solutions of iodixanol (Fig 4.4C). Again, Molm14 cells that express myristoylated GFP
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were used in this experiment, allowing for fluorescent identification of the fractions
containing sedimented mGFP+ EVs (Fig 4.4D). The Individual fractions were then
transferred onto PVDF membrane and stained with anti-PD-L1 antibody. Staining was
found within the fractions that co-sedimented GFP+ EVs, with peak GFP intensity and PD-
L1 concentrating in fractions with densities consistent for EXs and small MVs (Fig 4.4D;
Fraction 13 and 14: 1.090-1.130 g/ml) !'** 27 EV-associated PD-L1 was detected for
Molm-14 but not U937s at baseline (Appx 4.5.1A), however EV-associated PD-L1 was
detected from both cell types following a 24-hour pulse with IFNy, and continued to
increase 24-hours after washing out IFNy (Fig 4.4D). Interestingly IFNy exposure also
increased the intensity and total fractions positive for mGFP signal (Fig 4.4D; Appx
4.5.1A-B), indicative of an increase in total EV release. Of note, mGFP or PD-L1 signal
was not detected in lower density fractions containing predominantly soluble protein, or in
conditioned media that was depleted of EVs by ultracentrifugation (“100K SPNT”) (Appx
4.4D).

To further confirm the presence of PD-L1 on AML-EVs, we harvested EVs by
differential ultracentrifugation and performed Western blots for PD-L1 using TSG101 as

2771 Western blots (with Licor imaging) showed that vesicles

an exosome-specific control |
collected from Molm-14 and U937 stained for PD-L1, producing a 50kDA band and a faint
30kDa band. Similar to the dot blot array, IFNy treatment induced an increase in both total
EVs (TSG101) and vesicle associated PD-L1. In contrast to the results of the dot blot array,
PD-L1 was detected at baseline in U937 EVs by western blot (using higher sample
volume), and revealed an additional ~45kDA band following IFNy exposure in both cell
types. (Fig 4.4E; Appx 4.5.1C). EV-associated PD-L1 was further confirmed by western
blot using an alternate PD-L1 antibody and method as described in Chen et al., 2018 '**

(Fig 4.4F; Appx 4.5.1D).

To measure the relative change in PD-L1+EVs in response to IFNy, EVs were
immunocaptured using imaging chambers pre-coated with anti-PD-L1. We found a 1.5-
fold increase in anti-PD-L1-bound mGFP+ EVs from 100K pellets of IFNy-treated Molm-

14mGFP cells versus non-treated cells under volume matched conditions (Appx 4.4D-E).
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In contrast to this finding, analysis by ELISA (Quantikine R&D systems) failed to detect
PD-L1 in all purified EV samples (without lysis), yet detected extracellular PD-L1 in the
sera of AML patients, and healthy controls, with the highest concentrations found in AML
patients (Appx 4.4F).

Using high-resolution flow cytometry (HRFC) we characterized EVs directly from
conditioned media of AML cell lines *’* 2!, Through this method, we identified that
mGFP+ EVs (Molm-14) co-stain with tetraspanins CD63 and CD9, hematopoietic marker
CD45, adhesion molecule ICAM1, but not megakaryocyte/platelet marker CD41 (Appx
4.6.1A). Pulsing cells with 20ng/ml IFNy increased the total mGFP+ EVs by 2-fold in
conditioned media from 48-hour cultures (p=0.022) (Fig 4.4G). At baseline, very few PD-
L1+ EVs were detectable in conditioned media from Molm-14, U937 and TIB-49 cells by
HRFCs. Interestingly, the PD-L1+ EVs were not highly detected during IFNy exposure,
but increased significantly after [FNy was removed and cells were returned to fresh media.
Across cell lines, we detected an increase in PD-L1+ EVs in conditioned media 24- to 48-
hours post-IFNy pulse, which occurs coincident with the loss of PD-L1 from the cell
surface (Fig 4.4G-J). At 24- and 48-hours post-IFNy pulse, we detected a significant 1.8-
and 2.8-fold increase in total PD-L1+ EVs released from Molm-14 cell respectively
(p=0.036, p=0.026), while U937 increased 1.7- and 4.5-fold, but failed to reach
significance (p=0.286, p=0.055). To validate antibody binding to vesicle-associated
epitopes, we added detergent Triton X-100 to disrupt lipid-membrane, which resulted in a

loss of both mGFP+ and PD-L1+ vesicle populations (Fig 4.41; Appx 4.6.1B).
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Figure 4.4: PD-L1 is shed on AML-EVs and is enhanced by IFNy exposure.
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A) Histograms of AML cell line and patient-derived PBMCs PD-L1 expression at baseline
(magenta) and following IFNy exposure (10ng/ml), as measured by flow cytometry. B)
Molm-14 cells endogenously expressing mGFP were pulsed with IFNy overnight and
stained with PD-L1 (magenta) and Hoechst (DNA, blue); Super resolution microscopy
demonstrations clusters of PD-L1 (magenta) localizing to membrane-associated vesicles
(mGFP, green) that protrude outwards from the plasma membrane. Scale bars = 5 pm. C)
Diagram showing the workflow for purification of EVs by centrifugation in discontinuous
iodixanol density gradients solutions. D) Analysis of density gradient fractions with peak
membrane-tagged GFP+ EVs and associated PD-L1 residing in fractions 13 and 14 (1.09
— 1.13 g/ml). GFP measured by plate reader (488ex/510em), density measured by iodixanol
absorbance at 350nm, and PD-L1 by immunoblot array. E) Western blot analysis of EV-
associated PD-L1 and exosomal marker TSG101 released from AML cell lines (3x10° total
cell per condition) at baseline, after a 24-hour pulse of IFNy (10ng/ml), and 24 hours after
IFNy washout. Graphs show relative densitometry normalized to TSG101 for Molm-14
EVs (upper) and U937 EVs (lower). F) Western blot confirmation of AML-EV associated
PD-L1 from IFNy pulsed AML cell lines using an additional primary antibody validated
by Chen et al., 2018. G) mGFP+ EVs increase in conditioned media (48-hour cultures)
following IFNy pulse. Significance determine by Student’s two tailed t-test. H) Baseline
cell surface expression of PD-L1 (pink) increases following 24-hour pulse with INFy
(orange) and diminishes at 24-hour (black) and 48-hours (light grey) after washing out
IFNy. I) Relative change in PD-L1+ EVs from conditioned media of AML cells at baseline
(magenta), following a 24-hour pulsed in IFNy (orange), and 24-hours (black) and 48-hours
(light grey) after washing out. EV-associated PD-L1 signal increases after [IFNy wash out
across samples but is lost after addition of Triton X-100 detergent (blue). Histograms
represent total PD-L1+ events per 60 seconds. J) Relative change in PD-L1+ EVs in
conditioned media of AML cells at 24-hours and 48-hours post-IFNy pulse. Fold-change
normalized to conditioned media from non-treated cells. Results from two independent
experiments with multiple replicates per condition. Significance determined by student’s
two-tailed t-test in pairwise comparison to non-treated control values. (*p<0.05, ns = not

significant).

Treating AML cells with GW4869 modulates EV release and

resulting T-cell suppression

We set out to determine if treating AML cells with GW4869—an inhibitor of

sphingomyelinase and exosomal release—would result in a detectable change in EV
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release and alter the suppressive effect on CD8+T-cells. Using HRFC, we found that
conditioned media from AML cells treated with GW4869 (10uM) produced approximately
36% fewer GFP+ EVs after 24-hours of treatment (p=0.042), compared to vehicle treated
control cells (Fig 4.5A-B; Appx 4.6.1C-D). To compare the change in EV-mediated
suppression, Molm-14mGFP cells were treated IFNy for 24 hours, washed then treated
with or without the addition of GW4869 for 24 hours. EVs were concentrated from
conditioned media by ultracentrifugation (100K x g pellet), and exposed to T-cells in
volume matched conditions. EV exposed T-cells were cultured along with co-stimulatory
antibodies for 24-hours before measuring IL-2 production as previously described.
Treatment of Molm-14 cells with GW4869 reduced the suppressive effect of 100k pellets,
increasing the number cells expressing IL-2 from 45% to 61% (p=0.019) of co-stimulated
control values (Fig 4.5A, C).

Blocking PD-1/PD-L1 rescues AML-EV induced T-cell

suppression

To test whether the suppression of CD8+T cells is mediated by AML-EVs in a PD-
1 dependent manner, T-cell function assays were performed as previously described with
the addition of blocking antibodies (Fig 4.5A). Induction of T-cell apoptosis in response
to Molm-14 EVs was significantly reduced from 1.48-fold to 0.79-fold compared to control
levels following PD-1 blockade (p<0.001). Interestingly anti-PD-1 also decreased annexin
V binding in T-cells exposed to EVs from IFNy treated PBMCs (1.23-fold to 0.65-fold
p<0.001), but not EVs from non-IFN treated PBMCs (0.96 to 0.86; non-significant) as
compared to controls (Fig 4.5D). Incorporating PD-1 blockade also partially restored T-
cell proliferation in response to AML-EVs in CFSE dye dilution assays. PD-1 blockade
increased the proliferative population from 0.86% to 0.95% of control values (p<0.001),
while anti-PD-L1 antibodies failed to produce the same effect (Fig 4.5E). Additionally, to
determine if checkpoint blockade could restore T-cell activation in response to AML-EVs,
we measured IL-2 and IFNy production following co-stimulation as previously described.
In AML-EV exposed conditions, both PD-1 and PD-L1 blockade increased IL-2
production in T-cells from 35% to 72% (p<0.001) and 69% (p<0.01) of non-EV exposed
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control values, respectively (Fig 4.5F; Appx4.7.1A-C). This effect was also seen EV
samples collected from three out of five patients (Fig 4.5G; Appx 4.7.1A-D), with anti-
PD-1 providing a more robust response across conditions than anti-PD-L1. Importantly,
treating co-stimulated T-cells with blocking antibodies in the absence of AML-EVs did not
significantly alter annexin-V binding, proliferation or cytokine response in CD8+T-cells.

In sum, our data demonstrates a mechanism by which AML blasts export PD-L1 via EVs
in response to T-cell secreted IFNy. AML-EVs impair CD8+ T cell function by suppressing
activation and expansion, which can be rescued by blocking PD-1 at the T-cell surface (Fig

4.6).
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Figure 4.5: Blocking EV release or PD-1 binding rescues AML-EYV induced T-cell

suppression
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A) Workflow for pretreating AML cells with exosomal release inhibitor GW4869, and
preforming T-cell suppression assays with or without immune checkpoint blocking
antibodies. B) Representative HRFC histograms (left) and fold change (right) in mGFP+
EVs released in a 24-hour culture from Molm-14mGFP treated with GW4869 (blue),
normalized to untreated controls (green). C) CD8+T-cells exposed to 100K pellets from
Molm-14 cells pretreated with GW4869 has significantly less effect on IL-2 expression
compared to 100K pellets from untreated Molm-14 cells. Data normalized to non-EV
treated co-stimulated control values. B-C) Significance determined by Student’s two-tailed
t-test. D) Annexin-V staining on CD8+T cells following EV exposure with or without PD-
1 blocking antibodies. E) Proliferating CFSE low CD8+T-cell population following
exposure to EVs with or without addition of blocking antibodies (PD-L1, red; PD-1,
Purple). F) CD8+Tcell production of IL-2 following exposure to cell line AML-EVs alone,
or with the addition of blocking antibodies (PD-L1, red; PD-1, Purple). Total cytokine
expressing cells in each condition compared to non-EV exposed controls that were co-
stimulated (C2) with blocking antibodies, and normalized to co-stimulated controls without
blockade. Graphs represent two biological replicates with 2-4 technical replicates per
condition. G) CD8+Tcell production of IL-2 following exposure to patient-derived PBMC
EVs alone, or with the addition of blocking antibodies (PD-L1, red; PD-1, Purple). Total
cytokine expressing cells in each condition normalized to co-stimulated controls without
blockade. Due to limited sample, graph represents a standalone experiment with three
technical replicates. Statistics: D-G) Significance determined by two-way ANOVA with
Tukey’s multiple comparison test to respective EV exposed conditions without antibody

blockade. (* p<0.05, ** p<0.01, *** p<0.001, n.s.= not significant).
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Figure 6: Synopsis
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Discussion

Recently, tumor-derived EVs emerged as a powerful mediator of resistance to both
chemo and immune based therapies in hematological malignancies 18 123139, 253, 2801 1p
multiple solid tumors models, the release of PD-L1+ EVs support immunotolerance by
suppressing the function of CD8+T-cells in both the tumor microenvironment and distant
lymphoid tissue [14%143.263. 264 Oyr study provides strong evidence for the involvement of
PD-L1+ exosomes and microvesicles in dampening the T-cell mediated anti-tumor
response in AML. The widespread release of AML-EVs is known to create a leukemia

permissive microenvironment by dysregulating recipient cells in the bone marrow. Here

we show that EV-mediated dysregulation extends to cytotoxic T cells, both in the bone
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marrow and peripherally. It is known that AML-EVs directly inhibit cell mediated
immunity by subduing Natural Killer cells, and promoting regulatory T-cells expansion
and function ['** 2811, Here we demonstrate that AML-EV similarly impact CD8+T-cell
function. We show that multiple AML subtypes shed PD-L1 on EVs, which is enhanced in
response to IFNy stimulation, and likely other inflammatory cytokines produced by
immune cells in the tumor microenvironment. Though it was previously reported that AML
cells release EVs that contain PD-L1 ¥ we are the first to elucidate their biological effect
on CD8+T-cells, and demonstrate that AML-EVs directly suppress T-cell activation in
response to TCR stimulation. These findings demonstrate another mechanism which
allows AML to evade the immune system’s anti-tumor response and possibly mediate

resistance to immune based therapies.

We demonstrated, using a syngeneic immunocompetent murine leukemia model,
that EVs enter the peripheral blood, and bind CD8+T-cells within the spleen. The direct
infiltration of TIB-49 cells into the spleen, remained low in this model with a median value
010.099% oftotal CD45+ splenic cells across 14 tumor animals (range 0.01-8.3%), making
it ideal to study the trafficking of AML-EVs from the tumor microenvironment to distant
lymphoid tissue. The splenic CD8+T-cells harvested from tumor animals showed a reduced
capacity for expansion and expressed higher levels of PD-1, rendering them more
susceptible to ligation by PD-L1. In vitro, leukemia-derived EVs also directly induced T-
cell apoptosis, and blocked expression of cytokines IL-2 and IFNy, limiting expansion in

both murine and human models.

It is not surprising that myeloid-derived leukemia cells—Ilike their differentiated
myeloid counterparts involved in self-tolerance—have the ability to dynamically express
PD-L1 in response to extrinsic signaling. Unlike many solid tumors that constitutively
activate PD-L1 through mutations in IRF1, the expression of PD-L1 on AML blasts is an
adaptive response to microenvironmental stress and exposure to cytokines such as IFNy
[260-262] ' A recent study found that AML patients with refractory disease displayed higher

expression of IFN-related genes in the tumor microenvironment ), while in other cancers

microenvironmental IFNy signaling is linked to resistance to immune checkpoint blockade
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(2821 " Therefore, the contribution of the PD-L1/PD-1 interaction in mediating T-cell

dysfunction in AML may be underestimated due the heterogeneous and transient
expression of PD-L1 on blasts, which is dependent on microenvironmental context and
interactions with immune cells. This is demonstrated by engrafting TIB-49 cells into
C57BL/6 mice, which express very low levels of PD-L1 in culture 'Y, In vivo TIB-49
cells adaptively upregulate PD-L1 to dampen immune cell activation and proliferation in
response to effector T and NK cell secreted cytokines. This is further supported by the fact
that the TIB-49 cells used in our mouse model express a highly abundant “neoantigen”, as
the cells contain membrane-tagged GFP, spanning both the inner and outer membrane of
the cells. Despite this abundant foreign antigen, the cell mediated immune system failed to
clear TIB-49 cells, allowing for tumors to establish in immunocompetent C57BL/6 mice,

providing further evidence of a dysfunctional anti-tumor response.

In our study, all AML cell lines and patient-derived PBMCs tested responded to
IFNy stimulus by upregulating PD-L1 surface expression, similar to healthy peripheral
blood myeloid cells. Intriguingly, release of PD-L1 onto EVs was primarily enhanced
following the removal of IFNy stimulus, whereby protein abundance appeared to shift from
the cell surface into released extracellular vesicles. We found that IFNy exposure increased
the release of total mGFP+ EVs from AML cells in response to IFN exposure. This is in
contrast to a study of prostate cancer cells which showed that PC3 cells shed more EV-

associated PD-L1, but had no effect on total amount of EVs released from the cells ['43].

In this model, shedding of EVs enforces immune suppression by trafficking EV-
associated PD-L1 throughout the tumor microenvironment and blood to dysregulate
CD8+T-cells. When blasts experience high levels of IFN indicative of proximal activated
effector T cells, PD-L1 surface expression is favored, however when IFN stimulus is lost,
PD-L1 is shed from the surface likely along with other IFN-upregulated proteins such as
MHC. We propose that AML-EVs act to concentrate immune checkpoints for targeted
delivery to CD8+T-cells over long distances, whereby soluble forms of PD-L1 would
diffuse in extracellular space, limiting effective concentrations at sites distant to the

secreting cell. Furthermore, myeloid cells from the PBMCs of healthy subjects responded
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to IFN by upregulating surface expression of PD-L1, as expected. Interestingly EVs
harvested under these conditions induce a minor increase in T-cell apoptosis and
suppression of proliferation that was restored following PD-1 blockade. These results may
indicate a role of PD-L1+ EVs in modulating immune response under non-malignant

conditions, and requires further study.

Once released, it is currently unknown how AML-EV are able to target and bind
distant CD8+T cells. One possibility is that PD-L1 itself is involved in docking EVs onto
the T-cell surface, and that blocking PD-1 reduced EV binding to T-cells **’1. Although
we have seen some evidence of this in our flow cytometry experiments, additional and
more sensitive methods are needed to confirm this finding. Additionally, we have
preliminary data indicating EVs from AML cell lines contain abundant leukocyte
functional antigen (LFA)-associated adhesion molecules, ICAM1 and CD44. We
hypothesize that these adhesion molecules act to target AML-EVs to effector T-cells
expressing LFA-1 and E-Selectin. The presence of surface-bound ICAM1 on AML cells
and EVs—Ilike PD-L1—is also upregulated in response to IFNy (Appx 4.4.1C, 4.6.1C-D).
This increase in ICAMI1 (in addition to an increase in total EV release) would also help
explain why IFNy exposure escalates AML-EV binding onto CD8+T-cells. It was
previously reported that mature dendritic cells release ICAM1+ and MHC-II+ exosomes,

283

which function to enhance priming of naive T-cells [?33]. Together these additional surface

proteins may shed light on how AML-EVs target and bind T-cells, and merit further study.

For AML, remission following stem cell transplantation relies on a T-cell mediated
graft-versus leukemia effect, highlighting the importance of T-cells in opposing tumor
growth %], Therapeutic strategies to increase AML antigenicity with hypomethylating
agents, or increase reactive T-cells through adoptive transfer, are both promising.
Unfortunately, relapse following treatment often occurs with high expression of PD-1, and
other exhaustion markers, such as T-cell immunoglobulin and mucin domain-containing
protein 3 (TIM-3), B- and T-lymphocyte attenuator (BTLA), and Lymphocyte Activation

128, 270, 285-287

gene-3 (LAG-3) on autologous and/or allografted T-cells ! 1. Frequently,

chemotherapeutic non-responders also show elevated expression of exhaustion markers on
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peripheral blood and bone marrow CD8+T-cells [?"!: 288 T cell exhaustion in AML is
driven in part by PD-L1 [**1 where high expression levels are associated with poor

[289

prognosis 2%, Multiple pre-clinical studies demonstrate that this PD-L1 mediated immune

suppression is prevented by PD-1/PD-L1 blockade and related MEK inhibitors 102 259: 261.
262,274 " As a result of these findings, there are numerous ongoing clinical trials utilizing
PD-1/PD-L1 checkpoint inhibitors in the treatment of AML, yet efficacy has yet to be

134, 135,268-270

determined ! 1. Our data indicates that systemic release of EVs which are found

21,168,253,265,290,291

extensively throughout the marrow, blood, and spleen | 1 contribute to T-

cell exhaustion, and may impede response to immunotherapy.

Through our studies, we found that AML cells release EVs into the bone marrow
microenvironment and directly into circulation, which are present in high concentration
within the peripheral blood. At 12.5% bone marrow engraftment we measured 10® AML-
EVs/ ul of blood, roughly 10> AML-EVs per circulating CD8+T-cell 2. PD-1 ligation is
best known for inhibiting effector T cells in the tumor microenvironment, yet recent
evidence from murine viral models shows that it constrains responses across the
differentiation spectrum, including naive T-cell activation, where PD-1 is rapidly
upregulated in response to TCR/peptide binding, prior to cell division [2°*!, Therefore, both
the local and systemic release of extracellular PD-L1 (and other inhibitory ligands) via
AML-EVs likely provides AML blasts a secondary protection against tumor infiltrating
lymphocytes, antagonizing the function of local effector T-cells, while also altering the

activation and differentiation of naive T —cells in distant lymphoid tissues [2*!,

For AML, enhancing the T-cell response through incorporating checkpoint
blockade into chemotherapeutic regiments and post-induction transplantation, may indeed
provide a more durable remission. Similar to findings in Melanoma, it is possible that
circulating PD-L1+ EVs levels may be a viable biomarker to predict patient response to

1421 Furthermore, the systemic abundance of AML-EVs may

checkpoint inhibitor therapy !
require higher concentrations of checkpoint inhibitors to overcome competitive binding of
AML-EVs to inhibitory receptors. Unlike most solid tumors, AML exists predominantly

in the vascular space, the highly fenestrated bone marrow, spleen, and other lymphoid
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tissues, which lack the dense encapsulated architecture often present in solid tumors. The
systemic release of immunosuppressive EVs into circulation and lymphoid tissue, may
oppose the efficacy of not only checkpoint blockade but also other T-cell-based therapies.
Many critical questions remain, but we present further evidence demonstrating that EVs
contribute to suppressing the immune system in AML. We found that CD8+T-cell
suppression occurs in part through EV trafficking of PD-L1, however it is expected that
additional immunomodulatory cargos (such as TGF-B, FASL) described by others [13%253]
are also trafficked via EVs compounding the observed effect. Together, EVs and their
immunosuppressive molecules may allow myeloid blasts to expand unchecked and to

precipitate leukemic relapse. For AML and other cancers alike, EV-mediated immune cell

dysfunction is an important signaling paradigm that has only begun to be explored.

Materials and methods

AML culture and PD-L1 expression analysis

Human AML cell lines were obtained from ATCC (VA, USA), and were
transduced with myristoylated GFP expression cassette as previously described !> 2631,
TIB-49 cells also obtained from ATCC, and were transduced with palmitoylated-acGFP
(rLV.EF1.AcGFP1-Mem-9, Takara, CA, USA). AML cells were cultured in RPMI in 9%
vesicle-depleted FBS (Invitrogen, Waltham, Massachusetts, USA), 1% pen-step. Cells
were pulsed in IFNy for 24 hours (10ng/ml human; 20ng/ml mouse; Biolegend, San Diego,
California, USA), then washed and pelleted at 400xg twice before adding fresh EV-
depleted media. EVs were collected from conditioned media at 24-hour intervals post-
washout to prevent transfer of IFNy to T cell assay. For flow cytometric analysis of surface
protein, AML cells were washed in 1x PBS with 2% EV-depleted FBS, then stained with
200ng/ml anti-PD-L1 or isotype control (Biolegend) on ice for 30 minutes prior to washing

and adding DAPI as a live/dead marker. Cells were analyzed using a Benton Dickenson

Canto II (NJ, USA) and data processed using FlowJo (OR, USA).
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Syngenetic Mouse Model

Mice used in this study were C57BL/6J wild-type mice (#000664) purchased from
The Jackson Laboratory (ME, USA). These animals were housed and bred in the OHSU
animal facility. Sex and age -matched (8-12 weeks old) mice were injected with 1x105
TIB-49 cells (C1498; ATCC) to allow for slow progression of tumors and development of
immune response. Mice were euthanized 21-25 days after injection to assess a range of
tumor burdens. Mouse studies were conducted in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory animals, and approved by the
Institutional Animal Care and Use Committee (IACUC) of Oregon Health & Science
University (protocol TRO1 TP00000038).

Human AML samples

Human tissues studied in this paper were analyzed in a retrospective and
anonymized fashion. Samples were retrieved from the Beat AML database containing 672

2381 Viable peripheral blood

tumor samples from 562 patients (www.vizome.org) |
mononuclear cell samples were chosen based on RNAseq PD-L1 expression collected at
diagnosis from patients with >80 blasts in the peripheral blood. Peripheral blood was
collected by venipuncture and mononuclear cells separated by Ficoll gradient and frozen
in liquid nitrogen until use. Informed consent was obtained from all patients prior to
specimen collection, under the approval of approval and guidance of the institutional
review boards at Oregon Health & Science University (OHSU) and other participating

institutions.
EV purification and protein analysis

AML-EVs were collected from conditioned media taken from 30 million Molm-
14mGFP or U937 cells as previously described [*' "], For Density gradients EVs were
concentrated by ultracentrifugation into cushion of 20% (2ml) and 50%(0.5ml) cushion of
iodixanol (Optiprep; Axis-Shield, Dundee, Scotland). Bulk EVs were then transferred into
discontinuous gradient (0%-10%-25%-30%-40%-50% iodixanol), layering the cushion
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into the middle of the gradient. Density gradients were then centrifuged at 100k x g for 16-
hours. Sedimented gradients were then divided into fraction 20 and transferred into a
96well plate. EV containing fractions were identified using a plate reader to measure
relative mGFP intensity. Western Blots were conducted on concentrated EVs as described
(2941 ysing anti-PD-L1 (Cell Signaling, MA, USA; BioxCell, NH, USA;) and TSG101
(Abcam, Camb, UK). Immunoblots were performed on nitrocellulose using anti-PD-L1
(Abcam), and detected with horseradish peroxidase with streptavidin amplification (Vector

Labs, CA, USA).
Harvesting and culturing CD8+Tcells:

For human cells, PBMCs were separated from whole blood using a ficoll gradient,
while mouse cells were isolated directly from spleens or bone marrow by passing through
a 40um cell strainer. CD8+Tcells were isolated from bulk lymphocytes using negative
selection with iron-conjugated antibodies and a magnetic column (StemCell Technologies,
BC, Canada). Cells were cultured in RPMI in 9% vesicle-depleted FBS (Invitrogen, MA,
USA) at 2.5x104 cells per 200ul in a 96 well plate. Human cells then were co-stimulated
with 10ul human anti-CD3/CD28 tetrameric antibodies for 1 hour prior to adding 10pul
purified AML-EVs (EVs purified from 3 million cells, ~10® total EVs/well) or vehicle
(complete growth media). Mouse CD8+ T cells were stimulated in 96 well plates coated
with 10ug/ml anti-CD3 (BioXcell) for 1 hour prior to adding EVs. For checkpoint
inhibition assays, cells were cultured with Spg/ml blocking antibodies (Full antibody list

Appx Table 4.2.1).
Intracellular flow cytometry

Human CD8+Tcells were treated with Brefeldin A (Biolegend) 4 hours prior to
flow cytometric analysis to inhibit cytokine secretion. Cells were than stained on ice with
anti-CD8 and Live/Dead Blue (ThermoFisher, CA, USA), prior to being fixed (4% PFA)
and permeablized (0.25% Tween) for 10 minutes respectively at room temperature.
CD8+T-cell cytokine production was measured by staining CD8+T cells with 500ng/ml
anti-IL2 and anti-IFNy (Biolegend) for 4 hours at 4°C. Intracellular cytokine levels were
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analyzed on BD Canto II Flow Cytometer and data processed using FACS Diva (Benton
Dickenson) and FlowJo (OR, USA).

EV binding assay

CD8+T cells were co-stimulated with tetrameric anti-CD3/CD28 antibodies
(StemCell Technologies) for 24 hours prior to being exposed to AML-EVs from Molm-14
mGFP cells for 1 hour. Cells were washed and transferred to imaging chambers coated
with poly-L lysine (ThermoFisher) in 1xPBS. After incubation, cells were stained with
CellMask plasma membrane stain and Hoechst (ThermoFisher), and analyzed in phenol
free RPMI using an Olympus/Deltavision CoreDV microscope equipped with a 60X
1.49NA and Nikon Coolpix CCD camera. Representative 3D Z-stacks were acquired using
a Zeiss Elyra equipped with an Airyscan super resolution detection array (Zeiss:

Oberkocken, Germany).

Immunofluorescence

Immunostaining of cellular PD-L1 localization was conducted in Molm-14mGFP,
U937 cells and P2 Blasts. Cells were stained with AF-647 conjugated anti-PD-L1 (Abcam)
at 37C for 1 hour, and for non-mGFP expressing patient blasts, cells were stained for 5
minutes in CellMask (ThermoFisher) to label the plasma membrane. Cells were then fixed
with 4% PFA with 0.1% glutaraldehyde, then permeabilized briefly in 0.25% tween-20 for
10-minutes on ice. Cells were then stained for another hour in anti-PDLI to access
intracellular epitopes. Cells were washed, stained with Hoechst, embedded in Vectashield

(Vector Labs), and imaged using a Zeiss Elyra microscope (described above).

High resolution flow cytometry

Conditioned media from standardized AML cell cultures were centrifuged at
1000xg and 2500xg for 20 minutes each to remove large debris. Remaining supernatant
was then passed through a 0.2um filter. Supernatant was then pipetted in 10ul aliquots into
a 96 well plate for antibody staining. Direct conjugated antibodies were diluted to a final

concentration of 1-0.2ug/ml, and incubated for 2 hours at room temperature. Volume was
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brought up to 250ul with 0.1um filter, 1XPBS, and samples were transferred to FACS
tubes. Unstained supernatant and antibody only controls were included to assess staining
quality. Addition of Triton X-100 detergent at a final concentration of 0.1% was used to to
demonstrate loss of vesicle-associated signal. Samples were run on a BD FACS Canto II
with the blue laser increased to 200mW to increase side scatter sensitivity. Events were

recorded over 60 seconds using the lowest flow rate. Flow plots analyzed using FlowJo.
Immunocapture of PD-L1+ EV

EVs were harvested from conditioned media from Molm-14mGFP cells treated
with or without IFNy and 293TmGFP cells via ultracentrifugation. Ibidi plastic imaging
chambers were coated with 10pg/ml anti-PD-L1 in 0.1M bicarbonate buffer (pH 9.6)
overnight at 4°C, before being washed 3-times in 1xPBS with 2% FBS (EV depleted). EVs
were added to wells and incubated overnight at 4°C, before being washed in 1xPBS.
Chambers were then stained with 200ng/ml anti-ICAM1, washed and imaged using an
Olympus/CoreDV microscope (described above). The total number of GFP+/ICAM1+ foci

were counted in 5-fields (105 pm x105um) in two independent replicates.
Statistical analysis

Unpaired student’s t-test were used for direct comparison of among sham and tumor
groups for animal studies. Animal data was normalized to mean values for non-engrafted
sham (PBS-injected) animals. For in vitro studies, one-way ANOVA analysis with
Dunnett’s T3 multiple comparisons were performed using pairwise comparison to control
(C2) values. For Data sets with multiple categorical variables, two-way ANOVA was
performed with Tukey multiple comparison against paired control values. Data from in
vitro assays was normalized to controls as described in respective figure legends. Statistical
significance was set at *p <0.05, **p <0.01, and ***p<0.001. Statistics were calculated

using Prism Software (GraphPad, CA, USA).
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Chapter 5: Methods of fluorescence-based EV

characterization

Abstract

A critical bottleneck to studying exosomes and small microvesicles is their size—
one-hundred-fold smaller than a red blood cell—which makes it technically challenging
to resolve their composition and cell-specific origins. Over the years, EV-related studies
have relied on molecular techniques that fail to resolve differences in EV subpopulations,
and particle counters that cannot identify EV-specific markers. Due to their inherent
flexibility, more fluorescence-based labeling techniques are needed to advance our
understanding of EV-biology. In this chapter, I discuss the technical limitations of
analyzing nanoscale EVs using visible light, and offer methods to improve characterization
of EV composition and fate. To facilitate the detection of EVs, our group created AML
cells that express GFP fused to their internal and peripheral membranes through
myristoylation (mGFP). These cells release GFP-tagged membrane-derived EXs and MVs
that are detectable in both in vitro and in vivo experiments, and have aided in the
development and optimization of microscopy and flow cytometry techniques to study EVs.
Using these techniques, I am able to quantify cell-specific EV concentrations, and
incorporate dye and antibody staining to label EV-specific markers. These fluorescence-
based methods have facilitated the research described in the previous chapters, and have

the potential to further advance our understanding of EV-biology.

Introduction

Better methods to study EV structure, surface markers, internal cargo, and
heterogeneity of EV populations are critical to advancing the understanding of EV-biology

and cell signaling. It is widely accepted that individual cells, irrespective of tissue origin



134

or disease state, release diverse populations of EVs, which are formed through multiple

distinct pathways [23 36

. This compositional diversity of EVs has complicated the
fundamental understanding of EV-mediated signaling, and has slowed the identification of
EV-type specific markers. Due to their nanoscale size, methods of flow cytometry or
fluorescence microscopy approaches—with highly flexible labeling strategies—have only
recently gained interest for use in studying EVs. Instead, molecular techniques have
predominated in the field of EV biology. They rely on crudely separating EVs based solely
on size or density, prior to analyzing EV populations by western blot, mass spectrometry
or PCR. These techniques are both time- and labor intensive and highly affected by
contamination, and most importantly, provide little insight into the composition of surface
markers or cargo with respect to their diversity across individual EVs released by any one
cell type. This has compounded the slow progress in identifying cancer-specific
biomarkers, which for AML, could serve to monitor disease and detect relapse more
quickly, in addition to providing necessary insight to the underlying biology of AML

pathogenesis.
Imaging-based characterization of extracellular vesicles

The ability to combine multiplexed labeling with structural analysis, makes
fluorescence microscopy a promising platform to study EVs. Over the last ten years
multiple labeling strategies have been used for detecting EVs by fluorescence microscopy.
These include the use lipid dyes to stain the vesicle membrane, or fluorescent proteins that
tag EV-incorporated molecules via transgene expression in parent cells [1792015:265.2951 ‘T
date, the majority of studies that include imaging-based detection of EVs have focused on
demonstrating in vitro uptake into cells propagated in the tissue culture environment. Here,
I set out to extend the use of fluorescence microscopy to quantify EV concentrations and
composition, independent of uptake into recipient cells. I also developed live-cell
microscopy-based techniques to quantify binding and uptake of AML-specific EVs that

occur in vivo, using specialized mouse models, while also improving upon in vitro methods

to study EV uptake.
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Extracellular vesicles and the diffraction-limit

Due to their nanoscale size, detection of EVs by microscopy is challenging as
exosomes and small microvesicles fall beneath the limit of resolution for light microscopy
(~250nm) 12°6:297] - Within any optical system, light waveforms are subject to dispersion as
they pass through a spherical lenses and material interfaces, which limit resolution beneath
a specific physical distance. For both microscopes and telescopes, this physical distance is
known as the diffraction limit. It was first described by Ernst Abbe in 1873 2% as a
distance at least half that of the wavelength of visible light passing through an optical
system. Due to this inherent property of optics, the vast majority of light microscopy
systems (widefield and confocal) are referred to diffraction-limited systems. Once thought
to be unbreakable barrier of optics, major advances in the last twenty years have made it
possible to create “super resolution” systems that allow for acquisition approaching 5-

297,299,301 These super resolution methods will likely prove invaluable

10nm resolution [
for the field of EV biology over the next decade, yet their potential applications for studying

EVs have only begun to be explored.

For light-based detection of nanoscale EVs, super resolution microscopes are
helpful, but are not required. If a fluorescently labeled structure is smaller than limit of
resolution, this does not mean the signal emitted from a single EVs cannot be detected.
Further defined by Lord Rayleigh in 1903, the limit of resolution denotes the spatial
distance at which light emission from two distinct points can be distinguished as separate

3011 This means a single exosome is detectable, but if two exosomes are closer than

entities !
the diffraction-limit, they would be difficult (but not impossible) to resolve as separate.
This physical distance, known as the Rayleigh Criterion, is proportional to the wavelength
of light passing through the optical system, and inversely proportional to both the
numerical aperture (NA; number of angles that can pass through aperture) of the
microscope objective and the refraction index of the optical medium (Air =1; water 1.33;
Oil=1.52). I have found that both widefield and confocal systems equipped with a high NA

oil immersion objective, a sensitive detector, and vibrationally-dampened setup, allows for

adequate detection of low density signal emitted from a nanoscale EV. Herein I show that
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detection of nanoscale EVs are indeed possible using diffraction-limited systems and

validate these finding using reference beads of equivalent size.

Due to the diffraction of light through the optical system, the detected size of the
nanoscale EV signal is distorted, causing it to appear larger than the originating structure.
In a particular system, a well-labeled exosome with a diameter of 100nm is detected as
~400nm. The difference in detected signal is referred to as point-spread, and masks the
ability to identify adjacent structures. Light focused through a spherical lens is detected as
an “airy-disk” composed of a central intensity and concentric rarefications, the size of
which correspond to the aperture diameter (numerical aperture) and extent of photonic

301, 302

diffraction in the optical system ! 1. The point-spread of a given microscopy system

and objective can be measured using reference beads of a defined diameter through post-

3031, The calculated point-spread can be used with image restoration

acquisition analysis [
algorithms to enhance micrographs by removing light that falls at the periphery of
respective Airy disks. Known as image deconvolution, these methods have been used since

3041 and are useful for enhancing nanoscale

1983 to artificially improve image resolution [
signal. The CoreDV/Olympus microscope system I use frequently throughout this chapter

operates on this principal and produces high resolution 3-D live-cell images.

For imaging small EVs, minor signal diffraction can actually provide useful
information, and be harnessed to improve resolution. Using a widefield microscope with a
100x objective and a with a charged—couple device camera (CCD), the physical distance
represented by each pixel within the CCD chip array (pixel-pitch) typically corresponds to
45-90nm of the optical field (depending on objective and camera chip). However,
diffraction causes the signal from a single 80nm exosomes to be spread across multiple
adjacent pixel sensors. For small structures, the diffraction captured by the detector
provides information about origin of light at a sub-pixel level. The pixelated geometry and
intensity values captured by the detector corresponds to the true centroid (origin) of the

signal, and can be exploited to make “super” resolution imaging possible 3%/,
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Improving resolution and breaking the diffraction-limit

Fluorescence microscopy relies on densely labeling structures with fluorescence
reporters. When multiple adjacent points—that are located at a distance smaller than the
diffraction limit—emit light simultaneously, their respective waveforms overlap and mask
the underlying structure of the labeled points. The simultaneous emission and signal point-
spread of these fluorophores, produces out-of-focus light which blends together to greatly
reduce resolution. If the light emission from these adjacent points does not occur
simultaneously, it is possible to resolve the respective locations of adjacent fluorophores.
Optical resolution can be improved by reducing out-of-focus light through the temporal
control of fluorophore emission within an optical field. This is achieved with confocal
microscopes by rastering a “pin hole”-focused beam across the optical field (laser scanning
confocal), or by spinning a disk containing multiple pin holes that limits light collection to

306] In contrast to

defined and distant points of the optical field (spinning disk confocal) !
confocal, by definition “widefield” microscopes illuminate the entire optical field evenly.
In these systems, out-of-focus light can be identified and reduced by post-hoc image

deconvolution or by harnessing specialized photoactivatable fluorophores 2%7-3%1,

The development of “photo-blinking” fluorophores that can be cycled between
active and dark states through buffer chemistry or addition of UV light, has revolutionized
fluorescence imaging, and was recognized for a Nobel Prize in Chemistry 2014. Through
stochastic activation and coupled emission of fluorophores within the optical field, the
development of single molecule localization microscopy techniques (SMLM) has been
made possible. These techniques produce images with a ~10nm resolution, a 20-fold
improvement over conventional widefield imaging *°7-3%], Two of the best know SMLM
techniques are Photoactivation-Localization Microscopy (PALM) and Stochastic Optical
Reconstruction Microscopy (STORM) [ 3% Though a huge leap in imaging, these
SMLM techniques rely on highly customized modular systems, fluorophores, buffers,
software and post-image analysis, and are therefore can be challenging to adapt to certain

biological applications.
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Other super resolution approaches can be implemented using “turn-key”
microscope systems, with commercially available modules and software. Many of these do
not reach the same level of resolution as SMLM, yet still provide sub-diffraction level
imaging without requiring highly specialized preparation of samples. These include Zeiss’s
Airyscan technology and Structured illumination microscopy (SIM)—both used herein—

308,3091 " Airyscan is a laser scanning

achieving x- and y- axis resolutions in the 100nm range !
confocal system that replaces the use of a single photomultiplier tube with a detection array
that identifies signal localization as the confocal rasters step-wise across the optical field
[398] 'While Structured Illumination microscopy is a widefield technique that incorporates
a rotating diffraction grid in the light path to identify and remove diffracted light that
obscures the localization proximal structures %), Together with SMLM, these
technologies have overcome the diffraction limit, allowing fluorescence microscopes to
produce images that approach the resolution of electron microscopes, while retaining the

[174,307.3101 'Together, these

flexibility of multicolor labeling in live-cells and fixed tissues
techniques are a powerful, yet underutilized tool for studying extracellular vesicles. Herein
I describe the diffraction-limited, and “turn-key” super resolution approaches used to study
EVs in context of AML in Chapters 2-4 of this thesis. Through additional optimization,
these methods could be translated for use with SMLM techniques in the future to further

advance our understanding of EV biology.
Solid Capture Imaging

EVs in a fluid medium are subject to Brownian motion, making detection by high
resolution microscopy very challenging (Fig 5.1A). In order to image single EVs, they
need to be fixed in place. This has been accomplished by attaching EVs to an optical
surface through antibody binding (Appx 4.4.1), charge interactions mediated by substrates
like poly-L lysine, or by relying on uptake by recipient cells 14%263:3111 T have found that
these methods only capture a minority of EVs released from a given cell type, making them
less than ideal to characterize diversity within EV population. Additionally, in my
experience, surface attachment does not adequately stabilize EVs in order to prevent
wobble due to Brownian forces, which are compounded by environmental vibration in most

steel reinforced buildings, limiting imaging resolution.
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In order to overcome this, I created an imaging approach which relies on capturing
EVs directly from cell culture conditioned media, or animal body fluids, into an optically
clear 3-dimensional hydrogel (Fig 5.1B-C). This allows for EVs to become stably
embedded within a molecular matrix that prevents vesicle movement and selection biases
created by methods that rely on binding EV's to an optical surface. Using solid capture, EVs
remain stationary within an optically clear hydrogel, allowing for focused acquisition, and
the detection of fluorescent labels without spectral crosstalk. (Fig S.1B-D). This was
accomplished using hydrogels, agarose (low melting point), polyacrylamide and Matrigel
(Corning). Of these, Matrigel was the fastest matrix to work with and is described herein.
The endothermic and exothermic conditions of agarose and polyacrylamide matrix
formation respectively, subjected EVs to increased temperatures, and required more
nuanced preparation methods to maintain EV integrity. It should be noted though, that
agarose and polyacrylamide both maintain low background following fixation with
aldehydes, while Matrigel becomes highly autofluorescent. However, fixation is not
necessary when labeling the lipid membrane and surface-bound molecules, and can
actually be detrimental. I have found that fixation with 4% paraformaldehyde (with or
without addition of 0.1% glutaraldehyde) actually diminishes-membrane-associated signal
intensity due to inadequate stabilization of the lipid bilayer. Therefore, solid capture

imaging experiments using Matrigel were performed without fixation.

Solid capture imaging was performed by diluting body fluids or conditioned media
containing mGFP+ EVs, directly into Matrigel on ice (1:5 ratio). To reduce background
phenol-free cell culture media and Matrigel were used in these preparations. Since Matrigel
is liquid at 4°C and begins to solidifies as it warms above 8-10°C, it is critical that EV
samples, tubes for dilution and pipet tips are pre-chilled on ice before beginning, or the
Matrigel will prematurely solidify within the pipet tip or dilution tube. Samples were
diluted one at a time, then mixed thoroughly by pipetting up a down with a pre-chilled
pipet tip for 30 seconds, with care not to introduce air bubbles into the viscous solution.
Immediately after sample was adequately mixed, the solution was transferred to a well of

an Ibidi imaging chamber (containing 500pum etched grids for focal reference) and spread
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evenly across the surface. Imaging chambers were then incubated in the dark at 37°C for

2-hours or 4-hours at room temperature to allow the matrix to solidify before imaging.

Using this method EVs released from cells expressing myristoylated GFP (mGFP)
of TdTomato (mTomato) were resolved without fluid movement or cross-talk between
fluorescence reporters (Fig 5.1B, D). Images were first captured using a CoreDV/Olympus
wide-field microscope with 1.49 NA objective, and a high quality Nikon Coolpix CCD
camera. Later Airyscan and SIM systems were used to improve the resolution of EV
images. Due to the relative sensitivity of solid capture imaging, I set out to use this
technique to simultaneously measure EV concentration, size, and composition by

incorporating multiple labeling strategies.
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Figure 5.1: Solid Capture: Imaging EVs embedded into hydrogel
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.A) mGFP+ EVs in fluid are subject to Brownian forces which disperse signal and prevent
focused acquisition. Brightness increased in panel A to display weak signal B) Capturing
mGFP+ EVs within a solid matrix eliminated Browian motion, increased signal density
and allowed vesicle concentration to be analyzed by fluorescence microscopy. C)
Graphical workflow for solid capture imaging using Matrigel. D) Signal specificity is
demonstrated with EVs from myristoylated tdTomato expressing bone marrow cells. EVs
are detectable with 560/600 excitation and emission but not with 488/510. A-C) Images
captured with CoreDV microscope with 100x 1.49 TIRF objective and Nikon Coolpix

CCD camera under identical exposures and camera gain. Scale bars =5um.
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Validating nanoscale resolution of solid capture imaging

Since exosomes and small microvesicles fall beneath the diffraction-limit of
standard fluorescent microscopy, I employed fluorescent reference beads (36nm, 100nm
and 180nm, ThermoFisher) to determine the limit of spatial resolution of our microscopy
systems and measure the relative point-spread of the signal emitted from sub-diffraction
limit structures. Using a 100X Plan Apo 1.49 TIRF objective, and 60X 1.45NA Plan-Apo,
signals from all three beads were detectable with consistent size and intensity without
significant aggregation (Fig 5.2A-B). Under these experimental conditions, even the 36nm
beads were easily detected using both objectives, and some aggregates were distinguished
by increased signal density and spherical aberrations. To estimate the diffraction of signal
from nanoscale beads, the diameter of the point-spread of the three different beads in the
X, Y and Z axis. The measured point-spread (detected signal) was consistently 4-fold larger
in the X-Y axis than the true diameter across the respective reference beads (Fig 5.2 C),
with greater diffraction evident in the Z-axis, as expected. Despite the measured diffraction,
the use of reference beads ensured our microscope systems and imaging approach were
sensitive enough to not only detect similarly sized EVs, but also use imaging to determine

EV concentration.
Measuring EV concentration by solid capture imaging

To validate if vesicle concentration could be measured by solid capture imaging, I
created serial dilutions of 100nm reference beads and embedded them Matrigel to
determine sensitivity and linearity of measurement. Serial dilutions were captured with 3D
Z-stacks of a fixed volume (100um x 100pm x 10pum = 1x10™*ul), using 4 replicates per
condition to assess precision. Bitplane’s Imaris software was used to determine the signal
threshold, and individual beads were identified and counted using Imaris’s “Surface
function”. The measured bead count maintained linearity, with a strong correlation (R?

value= 0.88) across all 5 serial dilutions (range 1:100-1:3200) (Fig 5.3A-C).
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Figure 5.2: Validating Nanoscale resolution of EVs
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A-B) Fluorescent reference beads, 180nm and 36nm mixed 1:1 (A), and 100nm (B)
embedded into Matrigel. (A-B) Scale bars = Sum. C) All three sizes of beads (36nm,
100nm, 180nm) are resolved with distinct and reproducible spherical point-spreads in
solid capture. Respective beads displayed with maximum digital zoom. Point-spread
scale bars = 600nm, 400nm, 160nm, voxel pitch = 40nm. Images captured with

CoreDV microscope with 100x 1.49 TIRF objective and Nikon Coolpix CCD camera.
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Figure 5.3: Validating imaging-based measurement of EVs using reference beads
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of solid capture imaging technique. A) Solid capture imaging detects 100nm beads
embedded into Matrigel with linear correlation across 5 serial dilutions (R2=0.88). Each
point represents one-unit volume of 1x10pul., 4 replicates per condition. Starting dilution
of beads 1:100. B-C) (top) Representative images of bead serial dilutions #5 (B; 1:3200)
and #2 (C; 1:200) using Imaris spot function to identify (yellow) and count individual beads
within one-unit (100pm x 100um x 10pm). Foci falling outside of unit-volume (green) are
not counted. B-C) (bottom) Gray value histograms showing threshold applied to remove

diffuse background fluorescence for each respective image.
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Prior to the development of solid capture imaging, measuring the concentration of EVs was
previously done in our lab using a Nanosight device which performed nanoparticle tracking
analysis (NTA) based on capturing dynamic light scattering of particles suspended in a
fluid medium of known viscosity 2. Across the field of EV-related research, this device
became the gold standard of measuring EV concentration and relative EV size [**). This
methodology was highly limited by its lack of specificity as it was unable to distinguish
the composition of detected particles. The Nanosight was highly vulnerable to interference
caused by contamination with plastic particles, cellular debris, particle aggregation, air
bubbles, soluble protein concentration, and temperature fluctuations that greatly affected

3121 Early in the development of the solid capture

sensitivity and reproducibility of data
technique, OHSU’s only Nanosight device was broken, and was not replaced. Therefore, I
had to rely on solid capture imaging to measure EVs counts for studies described in chapter
2 and 3, and did not have the ability to compare analysis by the two techniques side by
side. In chapter 2, I relied on solid capture imaging to measure the relative change in
number of EVs released from Molm-14mGFP cells depending on culture condition. I
hypothesized that the release of AML-EVs increased proportionally along with ER-stress
and the activation of the unfolded protein response pathway (Chapter 2). By using solid
capture, I found that AML cells exposed to ER-stress inducing agent thapsigargin,
significantly increased EV release in dose-dependent manner (Fig 5.4A). This data was

also consistent with the increase in EV-related protein BMP2 measured in parallel by

ELISA (Fig 5.4B).

With the ability to detect EV concentration differences with solid capture, I set out
to measure the concentration of AML-specific EVs in the peripheral blood of animals
engrafted with mGFP expressing Molm-14 cells. To accomplish this, I isolated peripheral
blood plasma from 2 cohorts of mice, with 20% and 50% bone marrow tumor burden
respectively. Plasma was centrifuged for 25 minutes at 2500xg to remove platelets. Platelet
poor plasma was then mixed at a 1:5 v/v ratio with Matrigel on ice, then coated onto an
Ibidi imaging chamber (Figure 5.5). Following incubation, solid gels containing mGFP-
labeled EVs were imaged and analyzed using Imaris Bitplane as described above.

Concentrations were again determined by acquiring 3D Z-stacks with a fixed volume
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(100pum x 100um x 10pm = 1x10* pl) using 488 laser excitation. Signal threshold was
determined to remove non-specific background, which was calculated by imagining
plasma from non-engrafted NSG control animals. The number of circulating AML-EVs
was found to stratify according to bone marrow tumor burden (Fig 5.5B). 3D Imaging
showed that the peripheral blood plasma of animal with 20% bone marrow tumor burden
contained an average of 40 EVs per 1x10* ul, while the animals with 50% had 658 EVs
per 1x10™ ul. To determine a plasma concentration, the average EV count was multiplied
by the dilution factor (5), and number of volumes within 1 pl (1x10%) (Fig 5.5C-D). This
showed that animal xenografts with 20% and 50% tumor burden had 2x10° and 3.29x10’
AML-specific EVs per pl in the peripheral blood plasma, respectively.

Figure 5.4: Using solid capture imaging to measure relative EV concentrations
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A) Quantification of EV output by Molm-14 cells experiencing UPR stress. Solid
capture imaging of EVs harvested from Molm-14 treated with two doses of
thapsigargin compared to vehicle-treated cells. Points represent EV count within fixed
volumes of 1x10* pl. B) Concentration of BMP2 protein in EVs following
normalization of EV output. ELISA was used to determine protein concentration.
Error bars are standard error of the mean from three separate experiments Significance
was determined by ANOVA and Pairwise Student’s two-tailed t-test, *P<0.05,
**P<0.01.
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Figure 5.5: Measuring AML-EVs concentration in Peripheral Blood

Xenografts B
Human AML mGFP Cells  aftor 2 4 weeks Mix plasma Peripheral Blood EVs
Draw blood with hydrogel 1:5 800 wu pD.001
Separate plasma 700
Coat imaging 2 el
— — chamber ; 500 L
§E wor & p=0.003
Inject cells 5 75 —_—
%  into NSG mice 2 50—
o 25+ +
o Count EVs by 0 —E‘ITRI:' 0% 5%
I Fluorescence Mi[:rOSCDpy Chimernism Chimersm

o . ;
C  20% Chimerism X5: 29 EVis

Volume = 100pm 2 100pm 2 10pm = () pl C) (40 average) x (1x10%) x (5) = 2.00x105 /ul

Valirme

) x (dilution factor)

' D) (€58 average) x (1x10%) x (5) = 3.29x107 /ul

EVsiul = (Average EV count) x |

D 50% Chimerism — :
; : X1: 635 EVs : X3: 51T EVs " ¥4: 763 EVs




148

A) Workflow measuring AML-EVs in the peripheral blood of animals xenografted
with AML cells expressing a membrane-tagged reporter. B) EV counts per unit
volume (1x10**ul) correspond to bone marrow tumor burden. Significance determined
by Student’s two-tailed t-test. ** p<0.01, *** p<0.001 C-D) Representative 3D-
images and concentration calculation for 20% (C) and 50% (D) animal cohorts. Images
captured with CoreDV epifluorescence microscope with 100x 1.49 TIRF objective and
Nikon Coolpix CCD camera. Bounding box represents 100um x 100pm x10pum

volume.
Staining and imaging EVs
Dye Labeling EVs

To expand solid capture imaging technique, I tested multiple lipid dyes for the
detection of EVs from cells that do not express EV-specific fluorescent reporters. To
minimize background fluorescence, I specifically tested lipid dyes that fluoresce
predominantly in lipid-bound states and/or through hydrophobic interaction, and have
limited fluorescence in aqueous solution. First I stained 293T cell EVs with DIL-c and
DiO, but found that the dyes diffused out of the EVs once embedded into hydrogels, and
created high levels of background. I then tested styryl dyes FM-1-43 and FM-4-64,
containing a polar head group and hydrophobic tail. In aqueous solution FM-1-43 is non-
fluorescent but is switched into an activated sate through hydrophobic interactions that
increase quantum yield 40-fold *'*). This dye labeled 293T EVs with a moderate signal
intensity, while creating very low levels of background fluorescence in the 488/510 channel
(Fig 6.5A). This allowed for the addition of dye directly into EV embedded hydrogels.
Interestingly however I observed spectral shift of FM-1-43 dye labeled EVs, emitting both
red and green fluorescence making it less than ideal for multi-color imaging. The other

FM dye 4-64 did not appear to stain 293T EVs, nor produce any appreciable background.

Cellmask is a proprietary lipid dye (CellMask Deep Red Plasma Membrane Stain
C10046; Thermofisher, Waltham, MA) that contains a hydrophobic moiety coupled to a
hydrophilic membrane anchor that stabilizes signal and prevents diffusion !4 It is

fluorescent in an unbound state; however, signal is disbursed in aqueous solution limiting
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signal intensity. CellMask has been used successfully in live-cell imaging experiments to

3141 Since the dye concentrates

label the plasma membrane and endosomal compartment
within the cell membrane, and becomes incorporated into endocytic vesicles, 1 tested
CellMask for its ability to stain EVs. I found that the dye brightly labels EVs, but unbound
dye created high background that interfered with detection. Therefore, cell mask staining

was performed prior to embedding EVs in hydrogel and required a washing step (Fig 5.6B).

With the ability to broadly label lipid associated vesicles with CellMask, and
differentiate between labels with solid capture imaging, I set out to measure the portion of
circulating vesicles that were AML-specific in leukemic animals (Fig 5.6C-F). To
accomplish this, I collected peripheral blood into EDTA tubes from Molm-14mGFP
xenografted mice (20% tumor burden) and non-engrafted controls. Whole blood was
centrifuged at 500g for 10 minutes to separate blood cells. Plasma was then drawn off the
top and re-centrifuged at 2500g and 10,000g (25 minutes each) to collect platelet-poor
plasma and deplete cellular debris, respectively. Supernatant (100ul) from the 10,000g spin
was stained with CellMask Deep Red, 0.5ul/ml for 30 minutes at 37°C. Stained supernatant
was then diluted to 5 ml and passed through a 0.2um syringe filter, before collecting EVs
by ultracentrifugation at 100,000g for 2 hours at 4°C. Supernatant was decanted, and the
EV pellet was resuspended in 100ul PBS with agitation for 4 hours at 4°C. After
resuspension, 20ul of purified EVs were embedded into Matrigel 1:5 and imaged as

described above.

Solid capture imaging clearly demonstrated a large population of CellMask+ foci,
and a smaller population of AML-EVs that co-labeled with both CellMask and GFP (Fig
5.6C-E). This dual-labeled EV population was not present in non-AML engrafted control
animals, while the CellMask positive foci were present in both animals in similar
concentrations (Fig 5.6B-C). Distinguishing distinct tissue-specific EV populations within
animal plasma is not possible using traditional methods of EV measurement. Particle
counters like the gNANO, cannot distinguish particle composition and cannot differentiate

315

membrane-derived vesicles from plastic debris *'*], In contrast, solid capture imaging can
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measure distinct EV populations, and demonstrate cell-specific origins of EVs circulating

in the peripheral blood and fluids of tumor-bearing animals.
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Figure 5.6: Dye Labeling lipid structure
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A) Representative image of 293T EVs stained with lipid dye FM-1-43 directly within
solid capture. B) EVs and lipid particles from peripheral blood plasma of non-
engrafted (control) NSG mouse stained with Cellmask lipid dye prior to washing and
embedding in Matrigel. C-D) Representative images of AML-EVs (green) and total
lipid vesicles stained with Cellmask (red) in the peripheral blood of NSG mice
xenografted with Molm-14mGFP cells (20% tumor burden). F) Quantification of
relative AML-EV count in the peripheral blood compared to total lipid vesicles in
plasma. Each point represents EV count in one-unit volume (1x10**ul). Significance

determined by Student’s two-tailed t-test. *** p<0.001
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Labeling EVs by antibody staining

To expand the characterization AML-EVs by solid capture imaging, I set out to test
whether direct and indirect antibody staining can be used to detect surface molecules on
small EXs and MVs. I have previously found using transmission electron microscopy that
GFP epitopes are accessible on the surface of EVs for binding with gold labeled anti-GFP
antibodies (unpublished). For fluorescence microscopy, the ability to stain mGFP+ EVs
with red conjugated anti-GFP (Alexa Fluor 555) acted as an ideal positive control, as dual
color registration provided a metric of staining efficiency. Additionally, to confirm that
mGFP+ foci contain EV-associated tetraspanins (some of which are highly enriched in
exosomes), | stained AML-EVs with an antibody against CD63 (Alexa Fluor 647
conjugated; Fig 5.7A-B).

For antibody staining, [ collected EVs from conditioned media by

21,179,265 "BV pellets were resuspended in

ultracentrifugation as previously described !
200ul PBS with 2% FBS for 4 hours with agitation at 4°C, before staining over night at
4°C with rabbit anti-GFP antibody at 500ng/ml. EV samples were diluted in 40ml of
I1xPBS and ultracentrifuge for 2 hours at 100,000g. Supernatant was decanted and EV
pellets were again resuspended in 200ul PBS and blocked with 2% FBS (vesicle-depleted)
for 2 hours with agitation at 4°C. EV pellets were then stained over night at 4°C with direct
conjugated anti-CD63 antibody and donkey anti-rabbit Alexa 555 secondary antibody at
500ng/ml in PBS with 2% FBS. Both antibody stocks and dilutions were centrifuged at
15,000g for 20 minutes prior to use to remove any aggregates. After staining, EV samples
were diluted again in 40ml of 1xPBS and ultracentrifuge for 2 hours at 100,000g.
Supernatant was decanted and EV pellets were again resuspended in 200ul PBS with 2%
FBS for 2 hours with agitation at 4°C. To control for non-specific background signal,
staining was done in parallel in using EV-depleted media in place of EV pellets.
Additionally, unstained controls were also included to assess background fluorescence in

555 and 647nm channels. Following ultracentrifugation, respective samples were

embedded as described previously.
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Solid capture imaging showed that the majority of mGFP+ EVs stained with anti-
GFP (red). Similarly, direct staining with CD63 (magenta) stained many GFP+ foci both
with and without anti-GFP dual staining (Fig 5.7A-B). Control samples that lacked EVs,
contained diffuse background similar to EV samples. These controls also contained sparse
punctate localizations of CD63 and anti-GFP antibodies, which failed to register with any
GFP signal. This indicated that unbound antibodies produced some artifactual signal, but

were distinguished by lacking colocalized GFP fluorescence.

In stained EV samples, the registration of CD63 (magenta) and anti-GFP (red)
signal relative to GFP (green) was not perfectly aligned. This was expected for multiple
reasons: The first is that molecules of IgG are nanoscale structures about 1/10th the

3161 Using multiple fluorophore conjugated antibodies to

diameter of a standard exosomes
label the EV surface molecules could result in a detectable separation between the EV
signal and that of the antibody reporter if resolution is adequate (Fig 5.7C). Secondly, light
of different wavelengths is subject to differential refraction as it passes through an imaging
system. Plan-apochromat objectives used in this experiment contain additional lenses to

correct for chromatic aberration, however at high magnification some separation is still

apparent, as demonstrated with 4-color 100nm Tetraspeck™ bead (Fig 5.7D).

Importantly, in comparing stained EVs to unstained control samples, I found a
significant loss of mGFP+ EVs following successive ultracentrifugation. Roughly 50% of
mGFP + EVs were lost following each staining, dilution, and re-concentration step. In sum,
it is possible to incorporate antibody staining of EVs for analysis by solid capture imaging,
however non-ultracentrifugation-based methods need to be explored to separate unbound
antibodies. Also, to improve labeling efficiency and close registration of EVs with antibody
signal, direct conjugated antibodies should be used. Furthermore, the use of single domain
nanobodies, which are a class of antibodies composed of a monomeric variable domain
3171 may hold value for imaging-based characterization of EVs (Fig 5.7). Since nanobodies

are only a fraction of the size of IgG molecules, they may diffuse freely through hydrogels

and not require successive ultracentrifugation steps to washout unbound antibody.
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Figure 5.7: Antibody staining EVs prior to solid capture imaging
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A) Molm-14mGFP EVs (Green) stained with antibodies anti-GFP (red; 1°/2° AF555) and
anti-CD63 (magenta; direct conjugated AF647) prior to embedding in Matrigel. Scale bar
= 5um, Grids = 1 um. B) Bounding box contains single EV which demonstrates surface
staining of both anti-GFP and anti-CD63 with localization off-center from native GFP
signal. Images acquired using a Zeiss Elyra, equipped with 60x 1.45 NA objective and
Airyscan detection module. C) A graphical illustration depicts the relative sizes of antibody
complexes to nanoscale vesicles. D) A single 4-color 100nm Tetraspeck bead demonstrates
wavelength-dependent chromatic aberration, imaged using 60x Plan-apochromat 1.49NA,

displayed using maximum digital zoom and saturated intensity. Scale Bar= 100nm.
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Imaging cellular binding and uptake of extracellular

vesicles

Imaging in vivo binding and uptake of EVs in

immunophenotyped tissues

To map the systemic trafficking of AML-EVs, I developed an ex vivo imaging assay
that couples fluorescence activated cell sorting (FASC) with live cell microscopy to detect
the transfer of cell-specific EVs within mouse tissues. By engrafting mice with AML cell

21,265,295] T was able to quantify the binding and/or

lines expressing membrane tagged-GFP |
uptake of EVs into recipient cell types using the highly sensitive methods of live-cell
microscopy. Through this technique I can perform single cell analysis to identified EVs
accumulation with adequate resolution to identify directional transfer of nanoscale EVs

into immunophenotyped recipient cells.

To analyze AML-EV association with hematopoietic and stromal cells (Fig 2.1;
3.1), I harvested the bone marrow from the long bones of NSG mice xenografted with
mGFP expressing AML cell lines. Bone marrow and supportive stroma were flushed using
RPMI with 2% FBS and 1% pen strep and collected by centrifugation at 300 g. Red blood
cells (RBC) were hemolyzed, and cells were filtered through cell strainers (hematopoietic
cells 35um/ stromal cells 70pum) then suspended in PBS with 2% FBS. Freshly harvested
cells were then stained with the appropriate antibodies at 4°C for 30 min before flow
cytometric sorting using the Influx™ cell sorter (BD Biosciences). In order to prevent
spectral cross-talk of antibody-bound fluorophores used in cell sorting from interfering
with imaging-based analysis, fluorophores detected in the 488nm-1 channel (i.e. FITC)
were avoided. Likewise, fluorophores detected in the adjacent 488nm-2 channel were only
used for cell exclusion, as the fluorophore phycoerythrin (PE) interfered with GFP
detection by microscopy using a standard 510nm emission filter with a 20nm band pass.
The immunophenotypic classification of relevant cell populations, and fluorophores used

are listed in Table 5.1. Cell populations from non-engrafted wild-type animals were used
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to validate the antibody panels and assess background fluorescence in the GFP channel by

microscopy.

Table: 5.1: Antibodies for inmunophenotyping

Population Antibody Fluorophore Source Identifier
All Live/Dead Aqua Life L34957
Technologies

Stroma CD31 FITC Biolegend 102406

OPC i
CD31-/CD45-/Sca-1-/ICD51+ | CD45 PE Biolegend 304037
MSC CD51 AF647 Biolegend 104105
CD31-/CD45-/Sca-1+/CD51+ | "gCA APCICy7 Biolegend 108126
KSL cKIT APC Biolegend 105808

cKit+/Sca-1+/Lineage-
SCA-1 APC/Cy7 Biolegend 108126
SLAM CD150 PE/Cy7 Biolegend 115914
KSL/CD48-/CD150+

CD48 PerCP/Cy5.5 | Biolegend 103422
Lineage+ CD3 APC or PE Biolegend 100312
CD4 APC or PE Biolegend 100412
CD5 APC or PE Biolegend 100626
CD45R (B220) APC or PE Biolegend 103212
CD11b (Mac-1) APC or PE Biolegend 101212
Ly6G/ Ly6C (Gr-1) APC or PE Biolegend 108412
TER-119 APC or PE Biolegend 116212

For improved sensitivity of detecting internalized mGFP EVs, freshly sorted cells
need to be imaged under-live cell conditions soon after harvest. Live-cell conditions are
important because fixation increases background, and reduces signal density of membrane-
associated fluorescent proteins. Bone Marrow cells typically require an hour of incubation
on Matrigel at 37°C to allow for attachment. Since live cells are metabolically active it is
also important to not culture cells for expended lengths of time to avoid degradation of

internalized mGFP+ EVs, or loss of cell viability due to culture conditions.

To prepare cells for imaging, cell populations were sorted into 2 ml Eppendorf
tubes containing 1 ml of media (4°C). Freshly purified cells were centrifuged at 300g for
10 minutes at 4°C and resuspended in fresh phenol-free media, before being replated onto

Matrigel (growth factor reduced/phenol free; diluted 1:9) in 35mm live cell culture
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chambers with 4 well inserts and #1.5 polymer coverslip bottom (Ibidi, Germany). Cells
were then incubated at 37°C 5% CO2 for 45 minutes to allow for attachment to Matrigel
coated chamber. Cells were then stained with Hoechst (250ng/ml; ThermoFisher) and
Cellmask Deep Red (1ul/ml; ThermoFisher) for 15 minutes at 37°C and gently washed
twice with warmed phosphate buffered saline (1X) before adding fresh media. Cells were
then imaged using a Deltavision CoreDV/Olympus IX71 microscope, equipped with 60X
Plan Apo N 1.49 objective, 7-color solid state LED illumination, motorized stage, Nikon
Coolpix HQ CCD camera, and live-cell chamber supplying 37°C/5% COz2. Three
dimensional Z-stacks were acquired using 200nm Z-step through the entire cell volume to
maximize capture speed while maintaining adequate axial resolution. Exposure times and
laser intensity were held constant between conditions. To identify non-specific background
for the 488 channel (GFP), Z-stacks of respective cell populations from non-xenografted
NSG mice were captured to determine signal threshold value. Images were deconvolved

using SoftworX and analyzed using Imaris Bitplane.

For CD8+ T lymphocyte experiments, cells were harvested from spleens of
C57BL/6 mice engrafted with syngenetic palmitoylated-acGFP expressing TIB-49 cells
(C1498) (Fig 4.1). CD8+ T cells were isolated using ferric-conjugate antibodies and a
magnetic column (EasySep Mouse 19853 CD8+ T cell isolation kit, Stem cell, Vancouver,
Canada) from both sham injected and TIB-49 engrafted animals. Ferromagnetic antibodies
provided no spectral interference in imaging experiments, as CD8+ T cells from sham
animals contained only low background level signal in GFP channel. Since CD8+T-cell
show limited adherence to Matrigel, cells were plated onto Ibidi™ imaging chambers
coated with poly-L-lysine. Cells were added directly to coated plates in PBS without FBS
to prevent quenching of positively charge poly-L lysine. Cells were briefly centrifuged at
100g to promote fast adhesion of non-adherent cells. Cells were incubated for 30 minutes
at 37°C with 5% COg, then 1 volume of RPMI with 20%FBS was gently added before cells

were imaged as described above.

Bone marrow resident HSCs, stromal cells and T-cells harvested from mice

engrafted with mGFP expressing AML, contained numerous punctate mGFP foci, similar
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in size and intensity those seen in solid capture imaging experiments (Fig 5.8A).
Surprisingly, cells containing associated mGFP EVs were identifiable during FACS sorting
(Fig 5.8B). This was unexpected due to the relatively small size and intensity of EVs
compared to cellular stains, yet am GFP positive cell populations was apparent on flow
plots. To confirm this finding, I sorted HSCs (KSL) from Molm-14mGFP xenografted
animals into low, mid and high populations based of GFP intensity. I exploited the high
sensitivity of live-cell imaging to validate the presence of EV's puncta in sorted populations.
By doing so I found that EV foci were present in all three populations, and increased
significantly from GFP-low to GFP-high populations (Fig 5.8C-D; low vs high p <0.012,
and mid vs high p <0.011). This finding demonstrated the relative sensitivity of flow
cytometry in detecting nanoscale EVs within recipient cells. Additionally, to confirm that
punctate GFP signal seen engrafted mice was not due to non-specific microenvironmental
stress (such as hemoglobin degradation and reactive oxygen species) precipitated by
leukemia engraftment, I analyzed HSCs from animals xenografted with wild-type Molm-
14 cells (non-GFP). HSCs from these animals lacked puncta and contained only diffuse
background equivalent to non-engrafted controls (Fig 5.8D).



Figure 5.8: FACS sorting and imaging HSCs based on ir vivo mGFP EV uptake
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A) Representative images of HSCs (KSL) from control animals and Molm-14mGFP
xenografts. B) Representative flow plots of KSL from xenografted animals sorted into three
populations based on GFP intensity. C) Representative live-cell images from each
population. Images captured with CoreDV microscope with 60x 1.49 TIRF objective and
Nikon Coolpix CCD camera. Scale bars = Sum. D) Image-based analysis of GFP intensity
sum of individual cells from low, mid, and high GFP gates normalized to KSL from non-
engrafted animals. Gated populations compared to KSL pool from animal xenografted with
Molm-14mGFP and wild-type Molm-14 cells. Bars represent median value, significance

determined with a one-way ANOVA with Tukey’s multiple comparison (* p<0.05).

159



160

In vitro analysis of EV binding and uptake into recipient cells

With AML-EVs accumulating in recipient cells in vivo, I set out to validate if
binding and uptake of AML-EVs occurs in these cell types in vitro, and determine the
relative kinetics of internalization. To analyze the association of EVs with recipient cells,
I purified respective cell populations (by FACS or immuno-magnetic separation as
previously described) and exposed them to EVs isolated from mGFP/pmGFP expressing

AML cells. The methods used for each recipient cell type are summarized as follows.

Bone Marrow Stroma

To analyze in vitro uptake of AML-EVs into hematopoiesis-supporting stromal
cells, we harvested MSCs and OPCs by FACS (as described above in Table 4.1) and
expanded cells for one week on Matrigel (1:11 dilution) coated Ibidi culture slides (#1.5
coverglass). I have found that Matrigel coating allows the cytoplasm of stromal cells to
grow flatter, improving the spatial and temporal resolution of live-cell imaging by reducing
the Z-axis height, the number of slices needed for acquisition, as well as interference from
out of focus light. MSCs and OPCs were then treated with 1x10® Molm-14 mGFP EVs or
vehicle at 0 and again at 24 hours. At hour 36, cells were washed in 37°C phosphate
buffered saline. To quantity the intracellular association of EVs with the endoplasmic
reticulum, cells were stained with ER-Tracker Red (500nM in Hank’s Balanced Salt
Solution) for 1 hour. Cells were then washed and stained with Hoechst (250ng/ml;
ThermoFisher) and Cellmask Deep Red (1ul/ml; ThermoFisher) for 15 minutes at 37°C.
Cells were washed twice with warmed phosphate buffered saline (1X) before adding fresh
media. Cells were then imaged under live-cell conditions using a Nikon TiE microscope
equipped with Yokogawa CSU-W1 Spinning Disk confocal, 60X Plan Apo 1.45 objective,
Nikon CCD camera, and live cell chamber supplying 37C/5% CO2. Z-stacks were acquired
at 100nm Z-step using 50nm pinhole through the total volume of the cell with exposure

times and laser power held constant across conditions. Images were analyzed using Imaris
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Bitplane. Cellmask staining demarcating the plasma membrane was used to determine the
outer limit of the cells and determine mGFP foci internal to the plasma membrane, while
masking those found external to the cells. To measure mGFP foci and their association
with the ER territory, Imaris “Spot” function was used to identify, count and differentially

pseudo-color internal mGFP foci based on association with the ER (Fig 2.1E).

To confirm that cell-internal mGFP+ foci were intact EVs and not aggregates of
GFP protein, mouse C57BL/6 MSCs were cultured in Ibidi™ imaging chambers, exposed
to human EVs and stained with human specific anti-CD63. Since intracellular staining
requires fixation and permeablization of cells, Matrigel was omitted for fixed-cell imaging,
as it acquires autofluoresence through aldehyde fixation. Instead, cells were grown directly
on plastic #1.5 imaging chambers (Ibidi™). Following attachment, cells were stained for
10 minutes with CellMask Red™ (1ul/ml) then fixed with 4% paraformaldehyde and 0.1%
glutaldehyde for 20 minutes at room temperature, before permeablizing cells in 0.1%
Triton X-100 for 10 minutes on ice. Cells were then stained with human anti-CD63
(Abcam) over night at 4°C (Fig 5.9A). Images were captured using a Zeiss Elyra equipped
with Airyscan module, using a 60X 1.45 NA objective. Z-stacks were acquired at 100nm
Z-step using Airyscan acquisition through the total volume of the cell. Images showed that
mGFP+ foci co-stained with human CD63, indicating that internalized vesicles were in fact

human-derived EVs.

Additionally, using 3D time-lapse microscopy of stromal cells, I captured uptake
of AML-EVs beginning within minutes following in vitro exposure. After only 4 hours,
stromal cells contained tens to hundreds of GFP+ EVs (Fig 5.9B), the majority of which
resided in and around the ER (ER-associated: green/ non-associated: white). To determine
if AML-EVs are internalized into the endosomal pathway, we labeled live stromal cells
(MSCs and OPCs) with CellMask Deep Red for 20 minutes before washing cells twice.
From previous experiments, we found that cell mask begins to cycle from plasma
membrane into the endosomal compartment after 20-30 minutes of culture. Once plasma
membranes were stained and the media changed, GFP+ AML-EVs were spiked into the

fresh media, and incubated for another 20 minutes prior to live-cell imaging. By taking
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time-lapse acquisitions, we found that EVs bind the membrane surface of recipient cells,
and become internalized into the cells, surrounded by cell mask labeled plasma membrane.
The majority of cell-internal mGFP+ EVs moved through the cells within individual
CellMask+ endosomes that were larger in size than the signal emitted from EVs.
Endosomes loaded with mGFP+ EVs tracked along peripheral ER filaments (likely on
microtubules) and accumulated around the perinuclear ER (Fig 5.9B-C); an association

previously reported in healthy human fibroblasts ).

Further time-lapse imaging
(Fig5.10A-C) demonstrated that EVs remain intact for hours and can move between
individual endosomes or can separate from them entirely. Internalized EVs frequently
appear to partially fuse with endosomal membrane (Fig 5.10B) where they come in contact
with other endosomes and sites of the ER. Internalized EVs in the perinuclear region
appeared to transiently fuse with the ER membrane (Fig 5.10C). Time-lapse images were
captured using a Deltavision CoreDV/Olympus IX71 microscope, equipped with 60% Plan
Apo N 1.49 objective, Nikon Coolpix HQ CCD camera, and live-cell chamber supplying
37°C with 5% CO2. 3D Z-stacks were acquired in fast acquisition mode with multiple

channels using 3-5 Z-planes to maximize capture speed while maintaining axial resolution.
Hematopoietic Stem Cells

To study the kinetics of AML-EV uptake in hematopoietic stem cells (Figure
3.1F), we harvested bone marrow from C57BL/6J mice and purified LT-HSCs and KSL
cells by FACS (as described above in Table 5.1). Isolated cells were washed and
centrifuged before plating onto Matrigel-coated (1:11 dilution) Ibidi culture slides with
#1.5 coverslip for 45 min. Cells were imaged to assess background autofluorescence in the
488 channel (time 0) cells to determine signal threshold value. Cells were then exposed to
1x10® Molm-14-mGFP EV and were imaged at 30 and 150 min following exposure.
Images were captured using a Deltavision CoreDV/Olympus IX71 microscope as
described above. 3D Z-stacks were acquired in 2 channels with a 300 nm Z-step through
the entire cell volume to maximize capture speed while maintaining adequate axial
resolution. Exposure times and laser power were held constant across conditions. Images
were analyzed using Imaris software (Bitplane). By capturing live-cell 3D z-stacks at 0, 30

and 150 minutes, we found that both KSL and LT-HSC bind and internalize numerous



163

mGFP" EV within 30 minutes of exposure with continued accumulation at 150 minutes

(Fig 3.1F-G).
CD8+ T Lymphocytes

For Analysis of EV binding to CD8+ T lymphocyte (Fig 4.3A), T cells were
isolated by negative selection using ferric-conjugate antibodies and a magnetic column
(Human 17953 CD8+ T cell isolation kit, Stem cell, Vancouver, Canada) from peripheral
blood. CD8+Tecells were co-stimulated with anti-CD3/CD28 tetrameric beads for 24
hours. Cells were washed in PBS w/2%FBS, centrifuged at 300g and incubated in RPMI
with 10% FBS, with or without the addition of Molm-14 EVs (collected from a 24-hour
cultures of 6 million total cells with or without IFNy exposure). After 1 hour, CD8+ T cells
were washed twice in 10 volumes of cold 1xPBS and centrifuged at 300g before plating
cells onto imaging chambers coated with poly-L-lysine. Imaging chambers containing cell
suspension were briefly centrifuged at 100g for 2 minutes to facilitate adhesions, then
incubated for 45 minutes at 37°C with 5% CO2. Cells were then stained with Hoechst
(100ng/ml; ThermoFisher) and Cellmask Deep Red (1ul/ml; ThermoFisher) for 5 minutes
at 37°C and gently washed twice with warmed phosphate buffered saline (1X) before
adding fresh RPMI (phenol-free) with 10% FBS media. Live cell images were captured
using a Zeiss LSM880 equipped with Fast Airy module, using a 60X 1.49NA objective. Z-
stacks were acquired at 200nm Z-step using Airyscan acquisition through the total volume
of the cell, with exposure times and laser power held constant across conditions. Foci
binding was analyzed using Olympus/Deltavision CoreDV Microscope. Cellmask staining
demarcating the plasma membrane was used to determine the outer limit of the cells and
facilitate the quantification of cell-associated EV foci. After incubation, 48% and 32% of
CD8+T-cells contained bound GFP+ foci following treatment of EVs from Molm-14mGFP
cells culture with and without IFN, respectively (Fig 4.3A). The size and intensity of T-
cell-associated EV foci were comparable to that seen in the peripheral blood and spleens
of leukemia engrafted animals (Fig 4.1G). In vehicle treated control cells only diffuse

autofluorescence was detected.
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Figure 5.9: Intracellular Fate of Internalized AML-EVs
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A) Human Molm-14mGFP EVs (green) internalized in vitro by mouse MSCs co-stain with
human specific CD63. Images acquired using a Zeiss Elyra, equipped with 60x 1.45 NA
objective and Airyscan detection module. B) AML-EVs accumulate in and around the
endoplasmic reticulum (ER) of OPCs in vitro, and result in ER-dilation (red) and activation
of the unfolded protein response pathway. EVs are differentially pseudocolored based on
localization with the ER (ER-associated Green, non-associated white). Images captured
with Nikon TiE microscope equipped with Yokogawa CSU-W1 Spinning Disk confocal,
60X Plan Apo TIRF 1.49 objective, Nikon CCD camera, and live cell chamber supplying
37C/5% CO2.C) Live-cell time-lapse imaging shows that AML-EVs are internalized into
plasma membrane-derived endosomes (CellMask-red) which track along peripheral ER
filaments (DIC) to accumulate around the perinuclear ER in MSCs. Boxes show separation
of mGFP EV from the endosome at the ER: All scale bars = S5pm. Images captured using
a Deltavision CoreDV/Olympus IX71 microscope, equipped with 60x Plan Apo N 1.49
objective, Nikon Coolpix HQ camera, and live-cell chamber supplying 37°C with 5% CO?2.



Figure 5.10: AML-EVs are internalized into endosomal compartment and interact

with the endoplasmic reticulum

A OP9cCell

A-C) Representative time-lapse acquisition of EV uptake and fate in a mouse stromal cell.
A) AML-EVs (green) enter OP9 cells via endocytosis and interact with the ER (purple).
(Live-cell 10 minute time-lapse; scale bar =10 um) B) EVs (green) remain localized with
endosomes (red) and often appear fused with the periphery of endosomal membrane (as
indicated by arrows). C) Both endosome-associated and non-associated EVs interact with
the ER (purple). ER filaments are observed remodeling around and fusing with AML-EV.
Arrows indicate sites of EV-ER colocalization (scale bars = 1um). Images captured using
a Deltavision CoreDV/Olympus IX71 microscope, equipped with 60x Plan Apo N 1.49
objective, Nikon Coolpix HQ camera, and live-cell chamber supplying 37°C with 5% CO2.
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Characterizing AML-EVs using High Resolution Flow
Cytometry

In the last few years, multiple groups have shown that by modifying flow
cytometery parameters, nanoscale EVs can be detected in biofluids, and characterized
using antibody labeling to distinguish cell and tissue origins 1278271 Referred to as high
resolution flow cytometry (HRFC), this method relies on increased laser voltages to detect
nanoparticles using side-scatter (SSC), combined with additional laser channels to identify

278,291 Using HRFC, I was able to characterize surface

EV-associated fluorescent labels !
markers on AML-EVs, again using mGFP signal as an internal control to compare
differences in staining efficiency. Compared to solid capture imaging, the experimental
setup and analysis can be performed in a fraction of the time, and allows for greater
flexibility in staining. However due to variable flow rates, low signal to noise, and
questionable sensitivity, I have found that HRFC is not ideal for quantifying exact EV
concentrations. However, despite these limitations, the high throughput nature, and

capacity for incorporating numerous labels simultaneously (or in parallel), makes HRFC

an ideal platform for screening EV-associated markers.

HFRCs was performed by directly staining microliter volumes of conditioned
media from mGFP expressing cells without requiring ultracentrifugation. Conditioned
media was collected from 24-hour cultures (5 x 10° cells/ml) and centrifuged at 1000xg
and 2500xg for 20 minutes respectively to remove cells and large debris. Supernatant was
then passed through a 0.2um filter, and pipetted into 10ul aliquots into a 96 well plate for
antibody staining. Direct conjugated antibodies were diluted to a final concentration of 1-
0.2pg/ml, and incubated for 2 hours at room temperature. To reduce background noise
from the antibody staining, I relied on non-tandem fluorophores, PE, APC or Alexa Fluor
647 to co-stain mGFP+ EVs. After incubation, sample volumes were brought up to 250ul
with 0.1um filter PBS, and samples were transferred to FACS tubes. Samples were run on
a BD FACS Canto II with the blue laser increased to 200mW to increase side-scatter

sensitivity. Samples events were recorded over 60 seconds using the lowest flow rate.
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Figure 5.11: Characterizing AML-EVs by HRFC
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A-C) Representative HRFC flow plots. A) (Left) PBS—only sample demonstrates baseline noise
detected via side-scatter (SSC). (Middle) Conditioned media from Molm-14mGFP cells contains
right-shifted nano-sized GFP+ events, which increase in hypoxic conditions. (Right) Fluorescent
reference beads have distinct size-specific SSC profiles. Gates indicate relative proportion of
positive events. B) EV staining in normoxic (upper) vs hypoxic conditions (lower). Gates indicate
dual-positive events. C) (Left) Triton causes loss of vesicle associated events. (Middle) Unstained
EVs lack fluoresence in respective channels. (Right) Antibodies diluted in PBS produce minimal
background. Statistical significance determined by Student’s two-tailed t-test. * P =<0.05. D)
Relative change in double positive mGFP EV counts based on culture conditions. Relative

proportion normalized to average mGFP EVs event count under normoxic conditions.
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To validate the detection of nanoscale EVs, I included 100nm and 200nm reference
beads which were used to set gates for EV-associated signal (Fig 5.11A). To assess
staining quality, I compared stained EV samples to unstained EVs and antibody only
controls. Additionally, to demonstrates the loss of membrane-associated vesicles, I added
Triton X-100 detergent at a final concentration of 0.1% after running EV samples, which

resulted on the loss of both mGFP+ and co-stained vesicle populations (Fig 5.11B, C).

In previous studies, our group has found that culturing AML cells in hypoxic

108] To see if HFRC could resolve relative

conditions increased the release of EVs |
differences in EV populations, I compared conditioned media from cells grown in
normoxic and hypoxic conditions (20% vs 5% O). Analysis by HRFC showed a relative
1.2-fold increase in mGFP+ events under hypoxic conditions (p=0.017) (Fig 5.11D). As
expected, mGFP+ EVs co-stained with hematopoietic-associated markers CD45. They also
stained with CD44, as well as malignancy-associated marker CD147, which are both highly
expressed on the surface of Molm-14 cells (Fig 5.11B). Interestingly, EVs did not stain for
CD13 or CD33 despite being prominently expressed on the cell surface. To act as a
negative staining control, I stained AML-EVs with platelet-specific marker CD41, which
as expected, did not label mGFP+ EVs. (Appx 4.6.1A). A very minor subset of EVs also
stained for annexin V indicating the presence surface phosphatidylserines. Consistent with

other reports of exosomes, mGFP+ EVs stained for tetraspannins CD63 and CD9, though
the CD9+ population was small compared to CD63 or CD45 populations (Appx 4.6.1A).

Based on these experiments, I find HRFC to be an exceptional screening test for
EV specific makers. Due to the difficulty of separating baseline noise from true EV signal,
it is difficult to determine the full extent of sensitivity achieved with this method. To
improve signal to noise, stained EV samples frequently require additional dilution prior to
analyzing, often in an iterative manner. Flow rates are also subject to change while running
individual samples, laser alignment can change overtime, and contamination within the
microfluidic system can cause cross contamination of sample data. Together these can lead

to inconsistencies in data collection. Because of these limitations, HRFC is not ideal for
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measuring exact concentrations of EVs, however if proper care is given, relative
differences in EV populations and associated surface markers can be estimated between
conditions. In sum, HRFC is a fast method for screening EV-associated surface markers,

and will prove to be a useful tool for advancing the field of EV biology.

Conclusion

In sum, we demonstrate that fluorescence microscopy and HRFC are able to shed
light on the release and composition of EVs from distinct cells and tissues. Despite
limitations, EVs are readily detectable by diffraction-limited microscopes, and flow
cytometers. Together these systems can be harnessed to identify cell-specific release of
EVs, and allows for analysis of EV-associated proteins and lipids. In the future, imaging-
based methods may be translated to work with SMLM techniques for even greater gains in
resolution. From analyzing EV populations, to tracking the uptake and intracellular fate of
EVs in recipient cells, fluorescence microscopy and flow cytometry are both powerful

techniques that can be exploited to study EV-mediated signaling in both health and disease.
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Chapter 6: Conclusion and future directions

Conclusion

The development of a self-reinforcing niche in AML has become an important
aspect of leukemogenesis, that enables not only the continuous expansion of abnormal
blasts, but also precipitates their transformation. Studies have demonstrated that by
disrupting Dicerl and Notch signaling in bone marrow osteoprogenitors alone, induced
hematopoietic  dysfunction, producing myelodysplasia and eventual leukemic

10:103] Thus, dysregulation of the bone marrow microenvironment remains

transformation |
a constitutive aspect of leukemic initiation and clonal evolution that facilitates disease
relapse and chemoresistance. EVs have emerged as key mediators of bone marrow
dysregulation; their widespread release effectively alters the stromal compartment, residual

HSCs and even immune cells in the leukemic niche.

Prior to the work described in this thesis, the functional potential of AML-EVs
enacting regulatory changes in bone marrow resident cells and lymphocytes had only
begun to be understood. We first set out to study the functional outcomes of EV trafficking
to bone marrow stromal cells. With knowledge that cellular composition of hematopoiesis-
supporting stroma is altered, we hypothesized that AML effectively reprograms these cells
through the paracrine release of EVs. We found that EVs rapidly accumulate within key
stromal elements and transmit endoplasmic reticulum stress, enforcing differentiation and
apoptosis to modify the cellular composition !°).  Another group had previously
demonstrated that the transmission of ER-stress occurs in solid tumors—through an
unknown secretory mechanism—Ieading to activation of the UPR pathway and

162.163] ' Our study was the first to describe

chemoresistance in multiple solid tumor models !
EVs as the vehicle that selectively transmits ER-stress in recipient cell type-specific
manner. We found that EVs potently activated the unfolded protein response in stromal

cells but not HSCs.
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Next, we set out to define the mechanism underlying EV-mediated dysregulation
of hematopoietic stem cells. It is well known that AML represses normal hematopoiesis
to produce lethal anemias and pancytopenias. Our group previously found that EVs reduce
clonogencity of HSPCs by blocking transcription factor c-Myb, while also promoting their
displacement from the medullary space. Interestingly, long-term HSC, with the greatest
pluripotent capacity, proportionally increased within the leukemic niche as they assumed
a quiescent state. We hypothesize that EV-mediated signaling enforces quiescence in LT-
HSCs to limit homeostatic proliferation, reducing cellular competition with AML blast for
niche occupancy. We found that AML-EVs traffic distinct miRNAs that target the mTOR
pathway to suppress protein synthesis in LT-HSCs. This suppressive effect was reversible
upon transplant to a non-leukemic niche, however we found evidence of lasting DNA
damage following EV exposure. Together these finding provide additional evidence for
EV-mediated suppression of hematopoiesis, and indicates that residual HSCs acquire

genomic-stress that may increase the risk for secondary transformation and relapse.

With mounting evidence indicating that AML is able to evade destruction by the
immune system, I set out to test the immunosuppressive effects of AML-EVs on cytotoxic
T lymphocytes. After discovering that AML-EVs carry immunosuppressive ligand, PD-
L1, I hypothesized that EVs functionally inhibit effector CD8+T cells, a key component of
the immune system’s anti-tumor response. I found that AML cells incorporate PD-L1 onto
EVs response to T-cell secreted IFNy, which bind CD8+T-cells in a greater capacity. CD8+
T cells exposed to AML-EVs demonstrate increased apoptosis and reduced activation and
expansion in response to TCR-stimulation. Importantly, this effect was largely rescued by
blocking PD-1, which improved cytokine expression and proliferation. This study is the
first to show the functional effect of EV-associated PD-L1 in AML, and demonstrates that
AML-EVs enter systemic circulation to interact with distant lymphocytes. This systemic
release of EVs likely contributes to T-cell exhaustion commonly seen at relapse in AML,

and may impede response to immunotherapy.

Furthermore, through this work I developed and optimized new methods to improve

the study of AML-extracellular vesicles. Using both solid capture imaging and flow
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cytometry approaches, I was able to quantify EV concentrations with respect to cellular
origin, and characterize surface markers on AML-EVs. To improve the identification of
EV trafficking to recipient cells, I developed live-cell imaging techniques to resolve the

binding and uptake of EVs in vitro and in vivo conditions.

Together, the work described in this thesis identifies mechanisms of EV-mediated
signaling used by AML to differentially regulate recipient cells. It is clear that AML-EV
shape a pro-leukemic niche, and are involved in multiple aspects of leukemogenesis. This
work begins to clarify the distinct roles of AML-EVs in driving leukemic initiation,
progression, chemoresistance and relapse. However, this work has also identified
undefined aspects of AML, and many important questions remain. Additional research will
be key to realizing the functional effects of EV-mediated signaling in AML, and to develop
better therapies to improve the 5-year survival beyond 25%. Select questions and

approaches are summarized as follows:

Future Directions

Understanding recipient cell binding and tissue tropism of

AML-EVs

Throughout my studies examining AML, I have identified the widespread release
of EVs, and begun to map the fate EV in the bone marrow microenvironment and distant
tissues. One thing that is striking is the abundance of AML-EVs that associate with
hematopoietic cells, stromal cells and immune cells in leukemic animals. Using in vitro
studies, I directly observed binding and uptake of AML-EVs within minutes of exposure
across multiple cell types, this is particularly striking in stromal cell populations which can
contain hundreds of internalized EVs after only an hour. I have yet to find a cell population
under in vitro conditions which do not adsorb AML-EVs. It remains to be tested whether
the ability to gain access to so many cell types is a fundamental property of exosomes and
microvesicles, or if this phenomenon is specific to those released by AML blasts, or even

differs between AML subtypes or in leukemia initiating cells. It has been suggested that
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this is an artifact of in vitro conditions, yet analysis of mice engrafted with mGFP
expressing AML confirms that EV internalization occurs in these same cell populations in

vivo, and across multiple subtypes of AML.

Fully characterizing the surface molecules that facilitate binding and/or entry to
recipient cells is key to advancing our understanding of EV-mediated signaling in AML.
By determining whether AML blasts release distinct subpopulation of EVs that are able to
target specific cell types, we can begin to identify potential adhesion molecules,
chemokines, and receptor-ligand interactions that facilitate cell binding and internalization.
To date multiple studies have shown that EVs rely primarily on endocytosis to gain entry
into recipient cells, and suggest roles for heparan sulfate, tetraspanins, and integrins as an
binding and entry mechanisms B¢ 463183191 "\We have found that entry of AML-EVs is
temperature dependent, and occurs through the in-folding of the recipient cell membrane
into an endosome-like structure that surrounds the internalized vesicle (Fig 5.10). These
findings are highly consistent with other reports describing endocytosis as the predominate

3201 Despite this, no specific receptor-ligand candidate(s) has not been

mechanism of entry |
found for AML to date. This may be because the apparatus the confers binding and entry

is both recipient cell type-dependent and highly variable across subtypes of AML.

In breast and pancreatic cancer, specific integrins incorporated in the exosomal
surface were shown to direct tropism to distinct tissues. Exosomes containing integrins
a6B4/ a6p1 were found to target the lung, while aV5 distributed to the liver, conditioning
these areas as a pre-metastatic niche [**). For AML, it remains to be determined if integrin-
restricted exosomes carry distinct cargos to recipient cells. The finding that AML-EVs
transmit ER-stress and activate UPR in stromal cells but not HSCs or T cells, supports the
presence of discrete EV-subpopulations. Further characterization of AML-EV surface
molecules and internal cargos will allow for identification of distinct subpopulations, and
offer insight into tissue tropism and paracrine/endocrine function. This will also inform
mechanisms of EV biogenesis, particularly how certain factors are packaged together into

a vesicle capable of inducing a functional response in recipient cell.
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Identifying EVs surface markers and their role in

leukemogenesis

In this thesis, we have begun to examine surface markers and bioactive cargos
through the use of solid capture imaging and high resolution flow cytometry. These
techniques have identified multiple EV-associated proteins that may facilitate binding,
entry and even recipient cell chemotaxis. We have found that AML cells shed EVs that
contain surface-bound tetraspanins CD9 and CD63 that are well conserved across
exosomes, regardless of cellular origin 1% 31, AML-EVs are highly enriched for
hematopoietic-specific markers CD45 and CD44, as well as the malignancy-associated

marker CD147, which are all heavily expressed on the surface of AML blasts.

CD44 is a known receptor for osteolineage/mesenchymal-matrix proteins such as
collagens and osteopontin, which may act to target EVs to the bone marrow stromal
compartment. Additionally, EV-associated CD44 may also exist in a glycosylated form,

called HCELL (hematopoietic E/L-selectin ligand) which is a ligand for both E- and L-

321]

selectin P21, E-selectin expression is restricted to cytokine activated endothelial cells and

is involved in cellular homing to the bone marrow, while L-selectin is widely expressed by

321, 322

hematopoietic cells and lymphocytes ! 1. Together this makes CD44 an interesting

candidate to facilitate AML-EV binding to a range of recipient cell types, both locally in

the marrow and in distant lymphoid tissue.

CD147 (basigin), a factor first identified to be involved in the regulation of matrix

323,324

metalloproteinases ! 1 is densely packaged onto the surface of AML-EVs. Its relative

abundance on EVs may make CD147 a candidate biomarker for monitoring minimal
residual disease and identifying relapse by liquid biopsy. It is highly expressed across
subtypes of AML blasts compared to normal hematopoietic cells, and its upregulation has

325, 326

been linked to unfavorable prognosis ! 1. Additionally, in hepatocellular carcinoma,

activation of the unfolded protein response pathway is associated with upregulation of
CD147. In this context, it is thought to act as a chaperone during ER stress to shuttle

proteins out of the cell to oppose apoptosis, and promote chemoresistance [27),
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Interestingly, it is able to bind to itself in trans and act as a cell surface receptor for
extracellular forms of CD147. One of its well know cis binding partners is CD44, which is
also abundant on AML-EVs %], Together these two glycoproteins were found in other
solid tumor models to colocalize into membrane rafts, and mediate nutrient transport,

chemoresistance and drug efflux 24,

Recently, a link between unfolded protein response induction and chemotherapy

resistance in both hematological and non-hematologic cancers has been demonstrated ['6*

1941 Though untested, I hypothesize that that AML blasts respond to chemotoxic and
metabolic stresses by transmitting EVs to not only stromal cells, but to other leukemic cells
as well. This directional transfer between AML cells may upregulate chemo-protective
transcription via the UPR pathway, and confers resistance across distant niches. Future
research into this, and the role of CD147 and CD44—and other EV-associated cargos like
BMPs—may provide fundamental insight into EV-mediated transmission of ER-stress and

acquired drug resistance in AML.

Furthermore, 1 identified AML-EVs containing surface-bound, lymphocyte
associated ligands PD-L1 and ICAM1. These EVs are potently immunosuppressive, and
inhibit CD8+T-cell activation through an PD-1 dependent mechanism. Though unproven,
it is tempting to speculate that EV-associated ICAM1 mediates binding to LFAs on the
surface of antigen-experienced CD8+ T cells and other lymphocytes. Similar to integrins
in other cancers, [CAM1 and CD44 could dictate tropism to the spleen and other lymphoid
tissues by targeting LFAs and L-selectin. It would be interesting to test if blocking these
interaction, rescues CD8+ T cell activation. In addition to PD-L1, it is likely that other
immunosuppressive ligands and metabolites are packaged into EVs to collectively inhibit
CD8+ T cells through distinct pathways. Much work is still needed to be done to fully
understand how the systemic release of EVs impacts effector T cell function, and if it
interferes with priming and differentiation of naive T cells in secondary lymphoid tissues.
Currently, it remains to be determined if the AML-EVs that target lymphocytes in the bone
marrow and spleen are fundamentally different from those that transmit ER-stress within

the bone marrow stroma. Further research into EV-associated molecules and heterogeneity
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of subpopulations will be essential to understating the fate and function of EVs in AML,
and identify ways to mitigate EV-mediated dysregulation.

EVs as a biomarker of therapeutic response to

immunotherapy.

For many solid tumors, check point inhibitor therapies have shown profound
improvement in patient survival, but only for a minor subset of patients. The expression of
PD-L1 in the tumor microenvironment alone has failed to identify patients who respond to
check point inhibitor therapy. For AML, early clinical trials of PD-1/L1 blockade have
shown mixed efficacy, and like solid tumor models, will require development of new
strategies to optimize enrollment and better identify patients who will benefit from related
treatment. In a melanoma-specific study by Chen et al., high pre-treatment levels of
circulating PD-L1+ exosomes correlated with poor response to PD-1 blockade 14?1, They
speculated that high-levels of exosomal PD-L1 represented a state of overt T cell
exhaustion that not be rescued by PD-1 blockade. Conversely, they found that an increase
in exosomal PD-L1 during PD-1 blockade distinguished clinical responders, and identified
a reinvigoration of the T cell response that elicited an upregulation in circulating PD-L1
[142] It is also possible that high pre-treatment levels of PD-L1+ EVs are able to
outcompete therapeutic antibodies for PD-1 binding sites, or sequestering anti-PD-L1 to
facilitate resistance. Therefore, circulating exosomal PD-L1 identify resistance to
checkpoint inhibitors, and other immune-based strategies for the treatment of AML.
Though EVs enforce a pre-leukemic microenvironment, they may be a useful biomarker to
improve AML diagnostic by identifying relapse, and predicting response to conventional

and novel therapies.

Improving image-based characterization of EVs

In chapter 5, I describe the potential of imaging-based analyses to characterize EVs.

Imaging nanoscale EVs without movement artifacts was accomplished by embedded EVs
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into hydrogels. This allowed for quantification of vesicle concentration from cell culture
supernatant or from the peripheral blood of tumor engrafted animals, with the ability to
distinguish cell-specific origins of EVs. We expanded upon this technique by staining EVs
with lipid dyes and antibodies such as anti-CD63. Unfortunately—due to Matrigel’s
proprietary, and complex composition—staining EVs pre-embedded into Matrigel
produced high levels of background. Therefore, EV needed to be stained prior to
embedding, using time consuming successive ultracentrifugation steps to washout unbound
labels, which greatly reduced the yield of EVs. To avoid this, directly staining EV in a
more inert hydrogel may allow for unbound labels to be washed out without high
background, or the need for damaging ultracentrifugation steps. Polymers like acrylamide
or agarose, with well characterized physical properties, may allow small molecules labels
to diffuse freely, while EVs are held in place. Polyacrylamide, commonly used for
electrophoresis is optically clear and has been used to embed embryos for

328] By changing the concentration of acrylamide or agarose, the

immunofluorescence (IF) !
pore size of the matrix can be modified to accommodate staining 521, Additionally, by
adding a fixation step to crosslink vesicle-associated proteins to amines in an acrylamide
matrix, EV membranes may be permeabilized by saponin-based cholesterol extraction, to
gain access to vesicle contents without washing away cargo or destroying the membrane

integrity.

Furthermore, translating solid capture and live-cell imaging techniques for use with
SMLM techniques such as multispectral super resolution microscopy (MSSRM), should
be explored. MSSRM provides 20-40nm spatial resolution, with the flexibility of
simultaneously resolving up to 20 different colors through prismatic refraction of spectra
3301 With SMLM techniques, the true underlying ultrastructure of EVs, their cargos, and
intracellular fate within recipient cells could be mapped in great detail. These techniques
could also be exploited to study EV biogenesis to gain a better understating of how internal
cargo and membrane associated molecules are packaged into vesicles. Imaging-based

approaches to resolve EV contents and structure, have great promise in advancing EV-

biology, and merit further exploration.



181
Mapping the intracellular fate of EVs in recipient cells

Through live cell analysis I have mapped the internalization and accumulation of
EVs in recipient stromal cells, which results in the transmission of ER-stress. In time-lapse
imaging, EVs appear to be internalized via endocytosis, and travel within endosomes to
the perinuclear endoplasmic reticulum where they may fuse with the ER membrane. This
EV-ER interaction was also reported to occur in fibroblasts in a non-AML context °°], Tt
remains to be determined if ER-stress is induced through a physical interaction between
EVs (and their cargo) with the ER, or whether there are indirect intracellular signaling
pathways that lead to ER-stress. It is possible that AML-EVs transport abnormal BMPs
and/or CD147 directly to the luminal ER which act to destabilize protein folding. However,
it is equally possible that cargos activate intracellular signaling pathways by binding
receptors at the cell surface during entry. There exist few studies that examine the
intracellular fate of EVs. More research is needed to elucidate how EVs and their cargo are
unpackaged to regulate recipient cells in AML. Similar to viral entry and uncoating,
understating cell-intrinsic processing of internalized EVs may reveal new therapeutic
strategies to prevent dysregulation caused by the transfer of EV-related cargo. For AML,
such discoveries may identify new ways to prevent AML blasts from establishing a pro-

leukemic niche through the systemic release of EVs.

Determining the role of EV-mediated HSC transformation in

relapse and refractory disease

Both the functional alteration '°!! and mutation accrual in residual HSC have been

reported in AML patients in remission [227-228]

yet underlying mechanism facilitating these
observations remained unexplained. In our study, we found that AML-EV enforce
quiescence on LT-HSCs by transferring miRNAs that inhibit Raptor, a subunit of the
mTOR pathway. By inducing quiescence in LT-HSCs, AML blasts are able to prevent
competitive displacement from the leukemic niche. Our findings suggest a model of cell-

cell crosstalk involving AML-derived EVs that affect residual HSC function by eliciting
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reversible quiescence, and accrual of lasting DNA-damage. Following transplantation of
residual LT-HSCs into a healthy bone marrow, cells showed enhanced repopulation
capacity and persistence of DNA damage. In other studies, acquired mutation in residual
HSC have been described to promote clonal expansion, malignant transformation, and

227,228.249] n patients, once blasts are cleared from medullary space

overt relapse in AML [
with induction chemotherapy, it is tempting to speculate that both EV-enforced DNA
damage and a remodeled stem cell niche cooperate to transform residual LT-HSCs into
malignant cells. In a similar capacity, AML-EVs may contribute to relapse by enforcing
quiescence in founding clones of dysplastic, yet pre-leukemic HSCs, conferring protection
from chemo-induced elimination. Furthermore, the ability to induce DNA damage suggests
that EVs may have a role in driving clonal evolution in dysplastic HSCs, or perhaps even

blasts themselves. Many critical questions remain. Additional studies will be key to fully

realizing the role EV trafficking plays in promoting AML relapse and refractory disease.

Throughout this thesis, I have shown that AML-EVs successively remodel the bone
marrow and immune landscape to create a pro-leukemic microenvironment. Current
therapies used for the treatment of AML, rely on chemotherapies and small molecule drugs
that solely target dividing blasts. Yet, leukemia has been long understood to be a disease
of dysfunctional and self-reinforcing niche. Induction chemotherapy is capable of
producing remission in 80% of patients, yet more than half eventually relapse, and often
with gains in therapeutic resistance. Alterations to both residual HSC, the hematopoiesis-
supporting stromal cells, and immune function remain following the clearance of AML
blasts with induction chemotherapy, leaving an environment poised for relapse. Through
multiple studies, I have shown that EVs deliver tumor-derived regulatory cargos to resident
bone marrow cells, and distant immune cells to enforce functional modifications. I believe
that a better understanding of the molecular constituents that facilitate recipient cell binding
and EV-mediated signaling, will greatly inform the mechanisms promoting AML relapse
and drug resistance. From these studies and continued research, strategies to mitigate EV-
enforced dysregulation of hematopoiesis and immune function will become evident. This
work could form the basis of new therapeutic options that target the leukemic

microenvironment, in order to disrupt self-reinforcing modifications that lead to resistance



183

and relapse. Together with conventional chemotherapies, these new approaches may

improve the survival of patients suffering from AML.






Appendix

Appendix Figure:3.2.1: AML-EV induce a p53-dependent quiescence in

hematopoietic cells with no evidence of apoptosis
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A) Flow cytometric analysis showing the absolute cell number of LK and KSL cells in
lineage-negative cells (left panel) and LT-HSC (right panel) in Molm-14 xenograft (red, n
= 10) versus control (black, n = 10). Statistics: Student's t-test (*P < 0.05). B) Flow
cytometric analysis of KSL percentage in GO phase from Molm-14 xenografts (red, n = 7)
versus control (black, n = 9). Statistics: Student's t-test (*P < 0.05). C) Flow cytometric
analysis of P53 MFI in KSL in: (left panel) Molm-14 xenograft (red, n = 6) versus control
(black, n = 4), or (right panel) IF injection of EV from Molm-14, U-937, HL-60 (red, n =
5,5,3), or CD34 cells (blue, n = 6) normalized to vehicle-injected femurs. Statistics:
Student's t-test (*P < 0.05, **P < 0.01) D) Flow cytometric analysis of pP53ser15 MFI of
LT-HSC in: (upper panel) Molm-14 xenografts, n = 9 red versus control, n = 7 black, or
(lower panel) LT-HSC and KSL after IF injection of Molm-14 EV (red, n = 4) normalized
to vehicle-injected contralateral femurs. Data are presented after subtracting the
background fluorescence. Statistics: Student's t-test (*P < 0.05). E) Flow cytometric
analysis of the pMDM2 MFI in KSL (upper panel) and LT-HSC (lower panel) in Molm-
14 xenografts (red, n = 5) versus control (black, n = 4). Statistics: Student's t-test (*P <
0.05, **P < 0.01). F) gqRT-PCR showing the fold change of Cdknla (upper panel) and
P16INK4a (lower panel) in KSL from Molm-14 xenografts relative to control mice and
normalized to Gapdh endogenous control. Data are mean + SEM from at least three
independent experiments with technical replicates. Statistics: one-way ANOVA with
Bonferroni post hoc correction (*P < 0.05). G) Annexin V+ analysis of KSL (upper panel)
and LT-HSC (lower panel), in Molm-14 xenograft (red, n = 4) versus control (black, n =
4). Statistics: Student's t-test (NS = not significant)
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Appendix Figure 3.3.1: AML do not suppress protein synthesis in other

hematopoietic populations
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A) Flow cytometric analysis showing MFI of OPP incorporation in MPP3/4, MPP2, and
ST-HSC in the Molm-14 xenografts (red, n = 6) versus non-engrafted mice (black, n = 6).
Statistics: Student's t-test (not significant “NS”). B-C) OPP flow cytometric analysis of
KSL in: (B) Molm-14 xenografts (red, n = 6) versus non-engrafted mice (black, n = 6), or
(C) IF injection of EV from Molm-14, U-937, HL-60 (red, n = 5,4,3), AML patient plasma
(orange, n = 6), or CD34+ cells (blue, n = 3) normalized to contralateral femurs after

subtracting background fluorescence.
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Appendix Figure 3.4.1: AML-EV suppress mTOR pathway, but not cMyc, in

hematopoietic cells
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A) Flow cytometric analysis of pSOKRP MFI in KSL in: (left panel) Molm-14 xenografts,
red, n =4 versus control mice, black, n = 3; or (right panel) IF injection of EV from Molm-
14, U-937, HL-60 (red, n = 7,3,3), or CD34 cells (blue, n = 4) normalized to vehicle-
injected contralateral femurs. The background fluorescence was subtracted. Statistics:
Student's t-test (*P < 0.05). B-C). Cell-cycle flow cytometric analysis using Ki67/Hoechst-
33342 staining of the percentage of LT-HSC in the GO phase after (B) nucleofection of
cKit+ cells with siControl or siRaptor for 72 h using the Amaxa™ P3 Primary Cell 4D-
Nucleofector Kit. (C) Treatment of ex vivo-cultured cKit+ cells with vehicle or rapamycin
(100 nM) for 72 h. Statistics: Student's t-test (**P < 0.01). D) Flow cytometric analysis of
intracellular Raptor MFI levels in KSL (upper panel) and LT-HSC (lower panel) derived
from Molm-14 xenografts (red, n = 5) versus control (black, n = 3). Statistics: Student's t-
test (**P <0.01, ***P < 0.001). E) Flow cytometric analysis of pS6RP MFI in KSL (upper
panel) and LT-HSC (lower panel) obtained from Molm-14 xenografts (red, n = 5) versus
non-engrafted mice (black, n = 3) at Day 0 (freshly isolated HSPC cells) or Day 7 (after 7
days of ex vivo culture in RPMI with 50 ng/ml IL-3/SCF and 10% FBS at 37°C, 5% CO2).
Statistics: Student's t-test (not significant “NS”, **P < 0.01 and ***P <0.001). F-G) Flow
cytometric analysis of cMyc MFI in KSL (left panel) and LT-HSC (right panel) in: (F)
Molm-14 xenografts (red, n = 3 and 5) versus control (black, n = 3 and 3), or (G) IF
injection of EV from Molm-14, U-937, and HL-60 (n = 4,3, and 3). Statistics: Student's t-
test (not significant “NS”). H) qRT-PCR gene expression showing the fold change of
Raptor, Rictor, or Pten genes in NIH-3T3 transfected with the indicated miRNA mimics
for 48 h. The fold change was calculated relative to miR-scramble after normalizing to
Gapdh endogenous control. Data are mean + SEM from at least three independent
experiments, performed in technical replicates. Statistics: one-way ANOVA with
Bonferroni post hoc correction (*P < 0.05 and **P < 0.01). I) Flow cytometric analysis
showing the histograms of Raptor in NIH-3T3 cells 72 h after transfection with miR-

scramble or miR-1246 mimics.
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Appendix Figure 3.5.1: AML and short-term HSC repopulation
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A) Schematic diagram of the workflow. PB samples were collected from male and female
mice. Blood leukocytes were counted and mixed at different proportions. DNA from the
mixtures was extracted, and SRY was quantified by gqRT-PCR and normalized to Gapdh.
B) Correlation between measured male DNA determined by qPCR on the Y-axis and the
corresponding input male cells on the X-axis (n =1, R2 =0.9965). C) qRT-PCR of the PB
donor male DNA from Molm-14 xenografts (red, n = 4), or controls (black, n = 4)
transplanted into secondary female recipients for 3 weeks. Data were normalized to Gapdh
and are presented as mean + SEM D) qRT-PCR of male chimerism in: (left panel) KSL or
(right panel) LT-HSC, from mice transplanted by either Molm-14 xenografts (red, n = 4)
or controls (black, n = 4) for 16 weeks. E) Total number of cells per 1,000 input cells,
serially replated into methylcellulose media for three successive weeks. Cells derived from
Molm-14 xenografts and control mice were represented in red and black, respectively. Data

were performed in technical triplicates. Statistics: Student's t-test (*P < 0.05).
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Appendix Figure 4.2.1: Flow cytometry gating strategy
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Appendix Figure 4.2.1: CD8+T cell dysfunction from the spleen and bone marrow
of syngenetic TIB-49 engrafted CS7BL/6 mice
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A) Splenic CD8+T-cells from tumor animals contain GFP+ EVs at the time of harvest as
detected by flow cytometry. B-C) PD-1 expression on splenic (B) and bone marrow (C)
CDS8+T cells increases with bone marrow tumor burden. PD-1 expression normalized to
sham animals, points represent individual animals. D-F) Splenic PD-1 expression does not
correlate with TIB-49 cell infiltration into the spleen of tumor animals, yet does increase
with bone marrow tumor burden. Points represent individual animals (n =14) G) Ex vivo
expansion of co-stimulated splenic CD8+T cells from sham (Blue) and TIB-49 engrafted
animals (green) compared to non-stimulated controls from both animals (Grey). Dividing
population determined by flow cytometry by gating on CFSE low staining 5-days after

harvest +/- co-stimulation. Overlaid histograms represent 4 animals per condition.

193



194

Appendix Figure 4.3.1: Human CD8+T-cell gating strategy and GFP EV binding
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A) Flow cytometry gating strategy for column purified peripheral blood CD8+T cells. B)

Human CD8+T-cells adsorb GFP+ EVs during in vitro exposure, signal detected 24 hours

after exposure. C) Representative flow plots of intracellular staining of IL-2 and IFNy in

human CD8+T-cells following co-stimulation and exposure to cell line-derived EVs.



Appendix Figure 4.4.1: AML cell PD-L1 expression and modulation with IFN y
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A) Histograms showing cell surface expression of PD-L1 (magenta) on AML cell lines and
patient samples, compared to isotype control (grey) Biolegend antibody 29E.2A3. B)
Primary patient blast (P2 160479) showing two distinct morphologies with differential
expression of PD-L1. Cells stained with PD-L1 (magenta), CellMask plasma membrane
stain (PM, green) and Hoechst (DNA, blue). Top panels shows typical blast morphology
with low to moderate PD-L1 expression. Bottom panel shows a PD-L1 high expressing
blast with filopodial projections. Bottom right panels show a cluster of PD-L1 (magenta)
residing in a membrane invagination with proximal EV-like foci in the extracellular space.
Arrows indicate PD-L1 foci on filipodial projections. All images are Airyscan Super
resolution 3D Z-stacks displayed as maximum projections. All scale bars = Spm. C) Cell
surface expression of ICAM-1 (Blue) also increases following with IFNy exposure
(orange) in AML cell lines and patient samples. D) Represented images of mGFP+(green)
Molm-14 EVs immunocaptured by anti-PD-L1 coated imaging chambers, and stained for
ICAMI(red). Scale bar = 10 um E) Analysis of EV count per field from 100k pellets of
Molm-14 cells cultured with and without IFNy compared to non-hematopoietic
293TmGFP cells. Each point represents EV count per 105pm x 105um area captured in
two independent experiments. Significance determined with one-way ANOVA with
Tukey’s multiple comparisons. *p<0.05; **p<0.01; ***p<0.001. F) Concentrations of
extracellular PD-L1 in the plasma of 2 AML-patient (P3-P4) and 3 healthy controls (N1-
3) determined by ELISA.
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Appendix Figure 4.5.1: AML-EV density gradient analysis and western blots

A PD-L1 dot blot array using densitiy gradient purified AML-EVs
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A) Dot blot array of anti-PD-L1 (HRP) stained density gradient fractions from conditioned
media of AML cell lines treated with or without IFNy. B) Membrane associated mGFP
signal is found in density gradient fractions that correspond with positive anti-PD-L1
staining. Treatment with IFNy increase total GFP+ signal and associated PD-L1 staining.
Relative fluorescence intensity >100 used as a threshold value for positive signal in the
488ex/510em channel. C) Licor fluoresence imaging-based westerns using PD-L1 FC
chimeric protein as a positive control (1), and TSG101 as a loading control. D)
Chemiluminescence-HRP based western blot of AML cell lines using validated PD-L1
antibody.



Appendix Figure 4.6.1: AML-EV characterization by HRFC
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A) High resolution flow cytometry (HRFC) characterization of EVs from the conditioned
media of Molm-14mGFP cells. GFP+ EVs co stain with EV-specific tetraspanins (CD9,
CD63), hematopoietic marker (CD45). Top panel represent total events per 120second
capture, with sample dilution maintained across conditions. Bottom panel show
multiplexed detection of GFP and other markers. B-D) Representative flow plots showing
mGFP+, PD-L1+ and ICAM-1+ EVs at baseline, 24-hours post IFNy exposure, or after 24-
hours of GW4869 treatment. Addition of Triton X-100 added demonstrates loss of
membrane associated signal. Each gate shows number of positive events per 60sec capture.
Cell number, 24-hour culture time, and sample dilution maintained across conditions. D)
Histograms showing relative change in mGFP+, PD-L1+ and ICAM-1+ EVs at baseline,
24-hours post IFNy exposure, or after 24-hours of GW4869 treatment. Each peak
represents number of positive events per 60sec capture. Cell number, 24-hour culture time,
and sample dilution maintained across conditions. E) Similar to human AML cell lines,
conditioned media from TIB-49 cells contains very low number of detectable PD-L1+ EVs
at baseline, but increase following exposure to mouse IFNy. Each gate shows number of
positive events per 60sec capture. Cell number and sample dilution maintained across

conditions.



Appendix Figure 4.7.1: Checkpoint inhibitors rescue EV-mediated T-cell

suppression from patient samples
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A-B) Representative flow plots of IL-2 (A) and IFNy (B) intracellular staining following
patient-derived EV exposure with or without the addition of PD-1/PD-L1 checkpoint
blockade. C) CD8+Tcell production of IL-2 following exposure to cell line AML-EVs
alone, or with the addition of blocking antibodies (PD-L1, red; PD-1, Purple). Total
cytokine expressing cells in each condition compared to non-EV exposed controls that
were co-stimulated (C2) with blocking antibodies, and normalized to co-stimulated
controls without blockade. Graphs represent two biological replicates with 2-4 technical
replicates per condition. D) CD8+Tcell production of IL-2 following exposure to patient-
derived PBMC EVs alone, or with the addition of blocking antibodies (PD-L1, red; PD-1,
Purple). Total cytokine expressing cells in each condition normalized to co-stimulated
controls without blockade. Due to limited sample, graph represents a standalone
experiment with three technical replicates. Statistics: C-D) Significance determined by
two-way ANOVA with Tukey’s multiple comparison test to respective EV exposed
conditions without antibody blockade. (* p<0.05, ** p<0.01, *** p<0.001, n.s.= not
significant).



Appendix Table 4.2.1: Antibody List

Mouse
Application Target Modification Source Product #
CD8+T-cell Isolation cocktail | mMmunomagnentic StemCell 19853
isolation negative selection
CD45 PE/Cy5 Biolegend 103110
CD3 APC Biolegend 100236
Surface staining CD8a APC/Cy7 Biolegend 100714
flow cytometry
CDh4 PE Biolegend 100408
PD-1 PE/Cy7 Biolegend 135216
PD-L1 PE Biolegend 124308
T cell activation CD3e Unlabeled BioXCell BE0001-1
CD28 Unlabeled BioXCell BE0015-1
Mouse blockade PD-1 Unlabeled BioXCell BE0033-2
Human
Application Target Modification Source Product #
CD45 PE Biolegend 368510
CD3 PerCP/Cy5.5 Biolegend 344814
Surface staining
flow cytometry CD8 APC/Cy7 Biolegend 344714
PD-1 PE/Cy7 Biolegend 621616
PD-L1 AlexaFIluor Abcam ab209960
PD-L1 APC Biolegend 329708
CD8+T-cell Isolation cocktail | Mmunomagnentic StemCell 17953
isolation negative selection
Dot blot array PD-L1 Unlabeled Abcam ab205921
PD-L1 Unlabeled BioXCell BE0285
Western blot
PD-L1 Unlabeled Cell Signaling 13684S
TSG-101 Unlabeled Abcam ab30871
PD-1 Unlabeled BioXCell BE0193
Blockade
PD-L1 Unlabeled BioXCell BE0285
T cell activation ImmunoCult Tetrameric Activator | StemCell 10971
CD3/CD28
Intracellular Staining L2 PE Biolegend 500307
IFNy APC Blolegend 502512
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