Exosome Trafficking in the Acute Myeloid Leukemia Microenvironment

By

Noah |. Hornick

A DISSERTATION

Presented to the Department of Molecular Microbiology & Immunology
and the Oregon Health & Science University
School of Medicine
in partial fulfillment of
the requirements for the degree of
Doctor of Philosophy
April 2015



School of Medicine

Oregon Health & Science University

CERTIFICATE OF APPROVAL

This is to certify that the PhD dissertation of
Noah I. Hornick

has been approved

Peter Kurre, MD; Mentor/Advisor

Eric D. Cambronne, PhD; Chair

David M. Lewinsohn, MD, PhD; Member

Philip J. Stork, MD; Member

Jeffrey W. Tyner, PhD; Member

David B. Jacoby, MD; Member



TABLE OF CONTENTS

List of Figures

List of Abbreviations
ACKNOWLEDGEMENTS
ABSTRACT

CHAPTER 1: Introduction
Acute Myeloid Leukemia
Bone Marrow Microenvironment
Extracellular Vesicles and Exosomes
MicroRNA
General Hypothesis and Specific Aims

CHAPTER 2: AML Vesicle Biogenesis and Trafficking
Abstract
Introduction
Results
Discussion
Materials & Methods

CHAPTER 3: Exosome Impact on the Marrow Niche
Abstract
Introduction
Results
Discussion
Materials & Methods

CHAPTER 4: AML Exosomes as Serum Biomarkers
Abstract
Introduction
Results
Discussion
Materials & Methods

CHAPTER 5: AML Exosome MicroRNA Target Analysis
Abstract
Introduction
Results
Discussion
Materials & Methods

CHAPTER 6: Conclusions and Future Directions
Future directions
Conclusions

iii

vii

ix

11
14
17

20
21
21
22
32
34

41
42
42
43
54
55

61
62
63
64
78
81

88
89
89
90
95
98

101
102
107



REFERENCES 112



1.1

1.2

2.1

2.2

2.3

2.4

2.5

3.1

3.2

3.3

3.4

3.5

4.1

4.2

4.3

4.4

List of Figures

Organization of the Marrow Microenvironment

MicroRNA Processing

Exosome Release by AML Blasts

Total RNA Content of Exosomes

AML Blasts Concentrate Mature MicroRNA in Exosomes
Exosomes Contain Distinct Selected MicroRNA

AML Exosomes are Internalized By Neighboring Cells of Multiple Types

Molecular Impact of AML Exosomes on Stroma

AML Exosomes Compromise HSPC Function In Vitro

Intrafemoral Injection of AML Exosomes Recapitulates In Vitro Exosome
Exposure

Molm-14 and HL-60 Produce Distinct Disease Kinetics, Distribution

AML Xenograft Causes Hematopoietic Suppression in NSG Mice

Molm-14 Engraft in NSG Mice and Contribute to Compartment Exosome
Secretion

Molm-14 and Stromal Exosomes Concentrate Selected MicroRNA
Conventional Markers Are Limited; Chemotherapy is a Confounder
Serum Exosome RNA Yield and Quality are Independent of Serum

Volume



4.5

4.6

5.1

5.2

5.3

Serum Exosome miRNA Distinguishes Leukemia From Hematopoiesis

Expansion of the Scope of the Serum Exosome miRNA Biomarker

Packaging and Import of miRs -155 and -1246

RISCTrap mRNA Targeting of miR-155

Validation of miRNA Targeting



List of Abbreviations

3'UTR, 3’ untranslated region

AGO, Argonaute

AML, acute myeloid leukemia

ANGPT1, angiopoietin 1

CAR, CXCL12-abundant reticular cell

CFU-C, colony-forming unit in culture

CLL, chronic lymphocytic leukemia

CML, chronic myelogenous leukemia

cMYB, v-myb avian myeloblastosis viral oncogene homolog
CXCL12, C-X-C motif chemokine 12

CXCR4, C-X-C motif chemokine receptor 4
DIC, differential interference contrast

DLS, dynamic light scattering

FBS, fetal bovine serum

FDR, false discovery rate

FLT3, FMS-like tyrosine kinase 3

FLT3L, FMS-like tyrosine kinase 3 ligand
GFP, green fluorescent protein

GM-CSF, granulocyte and macrophage colony-stimulating factor
GVHD, graft versus host disease

HSC, hematopoietic stem cell

HSPC, hematopoietic stem and progenitor cell
IGF-IR, insulin-like growth factor | receptor
IL-2ry, interleukin 2 receptor gamma

ILV, intraluminal vesicle

KITLG, Kit ligand

Lin-, lineage depleted

LSC, leukemic stem cell

MEF, murine embryonic fibroblast

MiRNA, microRNA

MRD, minimal residual disease

MSC, mesenchymal stem/stromal cell

MVB, multivesicular body

NMSC, nonmyelinating Schwann cell

NOD, non-obese diabetic

NRhPE, N-(lissamine rhodamine B sulfonyl) phosphatidylethanolamine
NSG, NOD/SCID/IL-2ry™"

NTA, nanopatrticle tracking analysis

PABPC, cytoplasmic poly-A binding protein
PBMC, peripheral blood mononuclear cells
PBS, phosphate buffered saline

PCR, polymerase chain reaction

PPP, picropodophyllin

gPCR, quantitative polymerase chain reaction



gRT-PCR, quantitative reverse transcriptase - polymerase chain reaction
R-, insulin-like growth factor | receptor knockout

R+, insulin-like growth factor | receptor overexpressing
RISC, RNA-induced silencing complex

RNA, ribonucleic acid

RT-PCR, reverse transcriptase - polymerase chain reaction
SCF, stem cell factor

SCID, severe combined immunodificiency

T-Reg, T-regulatory cell

TEM, transmission electron microscopy

TGF-B, transforming growth factor

Tie-2, TEK tyrosine kinase

VEGF, vascular endothelial growth factor

VF-FBS, vesicle-free fetal bovine serum

Vi



ACKNOWLEDGEMENTS

The research outlined herein would not have been possible without the
contributions of a great many people, and my writing this thesis has only been
made possible through their guidance and support. | would first like to thank
Peter Kurre, for welcoming me into his lab and training me despite a work history
that included essentially no relevant experience and a CV that caused him to
guestion my suitability for admission to this university. | am therefore in his debt
for teaching me to write and edit a CV, in addition to scientific reasoning; the
composition of abstracts, manuscripts, and grants; and the presentation of
results. He has given me a role model in balancing the practices of basic
science and clinical medicine, supported my opinion of my own work, and helped
me to judge which projects are worth pursuing from another angle and which are
simply not going to work. | am deeply grateful for his mentorship, and for the
opportunity to spend these years in his lab. | would like to thank all of the current
and former members of the Kurre lab for giving me the benefit of their
experience, assistance, and camaraderie. Thanks to Matt Shurtleff, Amy Skinner
(who performed the initial live cell NRhPE imaging described here), and Andrea
McBeth, for my initial training in many lab techniques. Many thanks to Ashley
Kamimae-Lanning for her friendship, lab assistance, and providing many
examples of successful graduate student work. | am very grateful to have
worked with Jianya Huan, Natalya Goloviznina, and Ben Doron, whose
collaboration and assistance has been instrumental not only in many of the
experiments described in this thesis (and especially in mouse work), but in the
writing of many manuscripts and abstracts, in the planning of experiments, and
the interpretation of results. Thanks to Santhosh Chakkaramakkil Verghese, for
his impressive molecular biology expertise and for his inexplicably unflagging
cheerfulness in the face of (what to me seemed to be) endless cloning setbacks.
Thanks to Shelton Viola for his help with and advice on both medical training and
stromal cell culture. Thanks to Thomas Russell for scientific discussion and Neil
Diamond Friday. Thanks to Lauriel Earley, Tae Ha, Rajani Kaimal, Katy Lawson,
Michael Layoun, Kyle Lenz, Shannon Liudahl, John Powers, Kelsie Storm,
Lauren Uhde, and Jennifer Wherley for discussions, feedback, and assistance.

| am grateful to my co-mentor David Lewinsohn, and to the members of my
thesis advisory committe, Eric Cambronne, Jeff Tyner, and Phil Stork, for a great
deal of helpful feedback and suggestions, as well as for helping to keep me
pointed in a productive direction.

| owe a great deal to David Jacoby, for his assistance and support as the director
of the MD/PhD program, as well as for serving on my dissertation defense. His
ability to make himself available and helpful to his students despite an alarmingly
full schedule is truly impressive and greatly appreciated, as is his enthusiasm
both for education and for science. | am also grateful to Johanna Colgrove for
many types of assistance, from scheduling to grant writing to flat tires, and to the

Vii



MD/PhD program generally, its committee and students, for an excellent training
environment, support, and encouragement.

| thank the Department of Pediatrics, the Papé Family Pediatric Research
Institute, and the Oregon Stem Cell Center. | am grateful to the Grompe, Impey,
and Fleming labs for sharing advice, reagents, and equipment, and particularly to
Devorah Goldman and Ronn Leon for their help in unraveling several particularly
challenging problems. Thanks to Qianyue Yang for her help and support with the
hypoxia chamber, centrifuges, and other equipment. Thanks to Leslie Lublink
and Kirsten Groener for their administrative support and advice, and thanks to
Dale Braden, without whom | would have no grants submitted, let alone funded.

| would like to thank Muneesh Tewari and John Chevillet for their collaboration on
and assistance with nanoparticle tracking analysis. | would like to thank Aurelie
Snyder of the Advanced Light Microscopy Core, Claudia Lopez of the Electron
Microscopy Core, and Pamela Canaday and Mandy Gilchrist of the Flow
Cytometry Core. | am grateful to Chris Harrington, Kristina Vartanian, Trevor
McFarland, Amiee Potter, Tomi Mori, and Solange Mongoue-Tchokote of the
Gene Profiling Shared Resource for bioanalyzer and microarray assistance. | am
indebted to Amy Laird and Jodi Lapidus of the Department of Public Health for
statistical advice and assistance.

| am fortunate to have had Lulu Cambronne and Rongkun Shen of the Richard
Goodman lab as collaborators on the RISCTrap experiments. Their support has
not only been instrumental in performing those initial experiments, but in data
analysis and result interpretation. Since our original collaboration, they have
done far more than could be expected in helping me to get this technology
working in our own lab, and | am thankful for their assistance.

| am grateful to the Program for Cell and Molecular Biosciences, the Department
of Molecular Microbiology and Immunology, and my funding sources: the
National Cancer Institute, N.L. Tartar Trust, and the T32 Inflammation and
Immunology training grant. | would like to thank the American Society for
Hematology and the International Society for Extracellular Vesicles, for their
annual meetings and workshops, for their support of my niche research, and for
giving me an opportunity to present our work.

Lastly, | would like to thank my amazing girlfriend and yolo partner Ruby Larisch,
my family (whose examples in the scientific and writing worlds have been
instrumental in essentially everything | do), and my friends, for their unwavering
love and support, for tolerating my variable availability and communication, for
being interested in my work (and, sometimes, for not asking about it). There is
no way to adequately express my appreciation for you all.

viii



ABSTRACT

Homeostatic hematopoiesis is defined by the division and differentiation of
rare self-renewing stem cells, maintained and regulated by the diverse
constituent cells of their microenvironment. Numerous studies have investigated
the supportive roles of many types of marrow stroma, and it has been proposed
that leukemogenesis is accompanied by a conversion of this space. The
leukemic marrow microenviroment exhibits decreased capacity for hematopoietic
stem and progenitor cell (HSPC) maintenance capability, while promoting and
protecting leukemic blasts. In patients and model animals, these processes
eventually result in hematopoietic failure. The mechanisms for such a

conversion, however, remain unclear.

HSPC support is a role that has been variously ascribed to osteoblasts,
nonmyelinating Schwann cells, endothelium, and mesenchymal stromal cells,
among others. As residual nonmalignant HSPC have themselves been shown to
be altered in patients with acute myeloid leukemia (AML), this process requires
either multiple independent specific mediators, or a highly pleiotropic mechanism.
The trafficking of exosomes (small, membrane-enclosed extracellular vesicles
that carry protein and nucleic acid cargo between cells) within the marrow space
provides such a pleiotropic mechanism, as they have the potential to deliver
regulatory messages directly to the cytoplasm of recipient cells without any

known entry restriction.



In these experiments, | begin to delineate the role of AML-derived
exosomes in the regulation of the marrow microenvironment. Through electron
and fluorescence microscopy, nanoparticle tracking analysis, and microRNA
microarray, | demonstrate that AML blasts secrete exosomes containing
concentrated microRNA, the makeup of which clearly distinguishes cells from
exosomes and nonmalignant hematopoietic cells from AML blasts. These
exosomes are taken up by both HSPC and marrow stroma, transferring sufficient

microRNA to effect as much as a 10-fold increase in cellular concentration.

In order to determine the physiologic impact of this exosome transfer, |
evaluate exosome-exposed HSPC and stroma, both in vitro as well as through
several in vivo models of exposure, using xenograft, intrafemoral injection of
purified exosomes, and an extramedullary disease model to isolate the effects of
exosomes from those of other secreted and contact-mediated factors. AML-
derived exosomes suppress the expression of several HSPC retention and
maintenance factors in stromal cells, and directly cause a decrease in the ability
of HSPC to home along a CXCL12 gradient, as well as their clonogenicity (their

ability to generate colonies of hematopoietic-lineage cells in culture).

The marked differences between the microRNA content of malignant and
nonmalignant exosomes raises the possibility of tracking these molecules as a
potential biomarker of disease. Exosome-based biomarkers have particular
advantages in AML, as monitoring patients in remission is of central importance
to treatment (> 50% of patients relapse), and as direct observation of leukemic

blasts is only reliably possible in those with advanced disease. Through a series



of xenograft experiments using the Molm-14 and HL-60 cell lines, | demonstrate
that exosomes present a serum-detectable microRNA signature of disease, to
which both AML blasts and modified stroma contribute. This signature is durable
through treatment with either cytarabine or targeted kinase inhibition. Additional
experiments in an alternative AML cell line and primary patient samples provide
promising support for broad applicability of serum exosome microRNA as a

biomarker in AML.

Finally, I pursue a mechanistic explanation of the observed effects of AML
exosomes on recipient HSPC and stroma, through in-depth investigation of
selected transferred microRNA. Employing RISCTrap technology and validating
3' untranslated region (3’'UTR) luciferase assays and exosome transfer studies, |
capture a broad sampling of targets of miR-155, working with this microRNA
because of its appreciated relevance in hematopoiesis and leukemia as well as
its prominence in AML-derived exosomes. This data set both confirms previously
identified targets and identifies several novel potential targets. Further, it
provides a starting point for an investigation of interacting partners, in order to
better identify pathways regulated by this microRNA. Included targets are of
known hematopoietic relevance in numerous cell types, supporting the
hypothesis that exosomal microRNA is capable of co-regulating a diverse set of

processes in a diverse set of cells.

In total, these experiments represent a body of evidence that supports
exosomes as a mechanism by which microRNA are transferred between AML

blasts and multiple marrow-resident cell types. These microRNA contribute to

Xi



the regulation of several molecular processes, impacting the conversion of the
marrow microenvironment from a hematopoietic niche to a leukemic niche, a
process with the potential to mediate a major cause of morbidity and mortality in
AML patients. Further, AML exosomal microRNA are detectable in the peripheral
blood, where they carry a detectable signature of disease, providing a promising

avenue for development of a minimally invasive, clinically-relevant biomarker.

Xii



CHAPTER 1: Introduction



Acute Myeloid Leukemia

Leukemia was first recognized as a disease process in 1845, described
separately in autopsy reports by John Hughes Bennett and Rudolf Virchow, in
which were noted "hypertrophy of the Spleen and Liver" and "everywhere in the
vessels a mass thoroughly resembling blood." Both reports called attention to
the aberrantly high proportion of white cells in the blood, prompting Virchow to
label the disease ‘'leukhemia’ (a combination of the Greek 'Aeukdg' / 'leukos' and
'afpa’ / 'haima'), literally "white blood" in 1847*. Typically thought to be a chronic
disease, an acute (meaning rapidly progressive) leukemia was first recognized
as a distinct clinical entity in 1857 by Nikolas Friedreich, in a patient whose initial
presentation preceded her death by only six weeks. It was not until 1872 that the
role the bone marrow played in the production of both physiologic blood cells and
leukemic blasts was recognized, by Ernst Neumann, who was the first to identify
a myelogenous (or myeloid) form of the disease’. However, this conclusion
remained controversial until the development of the triacid stain by Paul Ehrlich
in 1877 enabled more precise morphological studies of blood cells, confirming a
marrow-derived, granulocytic predominance in myeloid leukemias™?.  This,
combined with Otto Naegli's 1900 identification of the myeloblast as both the cell
from which granulocytes descend and the cell representing the pathological
population in myeloid leukemias, cemented the definition of acute myeloid
leukemia (AML) as a rapidly progressive disease characterized by the
overproduction and circulation of myeloblasts™?. Over the subsequent century,

continuing research has revealed a stunning depth of heterogeneity within this



subset of hematopoietic malignancy. The 1976 publication of the French-
American-British classification system allowed the separation of AML into six
distinct groups, based on cell lineage and morphology®. This classification
system, revised in 1985, allowed for productive stratification of risk and treatment
strategy®, and its major features underlie the current World Health Organization
classification system®. However, it failed to capture a number of features of
disease which offer some clinical utility, including immunophenotype®, a history of
myelodysplasia’, cytogenetics®, and gene expression’. While these distinct
features have in some cases provided clinicians with guidance and patients with
improved outcomes, the heterogeneity of AML is such that much of the field's
research and statistical analysis addresses it as a whole, rather than restricting

analyses to individual subtypes™.

AML (considering all subtypes together) is the most common acute
leukemia in adults, with an annual incidence of 4 per 100,000, and it is
responsible for 10,000 deaths per year in the United States®. Primarily a
disease of older adults, it has a median age at diagnosis of 72 years, a number
that is increasing both with an aging population and with an increase in diagnosis
and treatment among the elderly**. Although there have been advances in
treatment — the adoption of a standard chemotherapeutic regimen combining
cytosine arabinoside in 19822 and the use of hematopoietic stem cell transplant
in 1979'%*® were significant milestones — the prognosis for patients with AML
remains poor. Among pediatric patients, where AML represents less than twenty

percent of leukemia, it is still responsible for the majority of all leukemia deaths™®.



Patient outcomes in older adults are bleaker still, with an overall five-year survival
rate across all age groups of less than 25%*°. This dismal outlook exists despite
a standard chemotherapy regimen that for more than fifteen years has been
successful at achieving initial remission in 50% of patients over 60 years old, and
as many as 80% of younger patients'>. These numbers provide a clear
illustration of both the significance of relapse in AML and of the importance of

residual disease monitoring in patients after induction chemotherapy.

Relapse occurs in more than half of AML patients achieving initial
remission, and successful treatment of relapsed AML is uncommon®®. This being
the case, substantial research has been devoted to the detection of minimal
residual disease (MRD) in patients in remission, in the interest of guiding therapy
either to eradicate residual disease, or to prevent its expansion into relapsed
AML. These strategies have employed a number of technologies, including
guantitative polymerase chain reaction (QPCR) for AML-specific transcripts or
fusion genes'’, multiparameter flow cytometry for leukemia-representative cell
surface proteins'®, and next-generation sequencing'®. Each of these methods
focuses on the direct detection of leukemic blasts, and as such requires their
presence in the peripheral blood — emblematic of advanced disease — or requires
marrow sampling, a procedure whose invasiveness limits the frequency with
which it can be performed'’. The utilization of MRD-directed therapies when
possible, however, has yielded promising results'’, underscoring the need for

more efficient, less invasive monitoring.



Morbidity and mortality that is attributable to AML and not secondary to
treatment is primarily due to one of two causes. Increased blood viscosity
caused by large numbers of circulating leukemic blasts can cause localized
infarction and organ damage?®’. Alternatively (or additionally), development of
leukemia is concomitant with suppression of normal hematopoiesis, leading to
anemia, neutropenia, and thrombocytopenia. These cytopenias frequently
require the usage of transfusions and prophylactic antimicrobials to mitigate their

effects, a set of interventions with its own costs and risks#?1

. Despite the clinical
significance of hematopoietic insufficiency in AML, its causes are poorly
understood, having traditionally been ascribed to marrow infiltration by leukemic
blasts and resultant overcrowding™. This explanation, however, fails to address
the common clinical finding of cytopenias in AML patients with normal marrow
cellularity??, or, more rarely, in those with exclusively extramedullary AML
(termed granulocytic sarcoma)?®. Recently, it has been reported that AML results
in an impairment of bone marrow stromal cells, which is a significant contributor
to the failure of physiologic hematopoiesis®*. While it has long been believed that
AML receives support from the marrow microenvironment, the hypothesis that
this interaction extends in both directions, making the marrow less hospitable for
the maintenance and proliferation of normal hematopoietic stem cells, is a

potentially more comprehensive explanation for the failure of hematopoiesis in

patients with AML.



Bone Marrow Microenvironment

In adult mammals, the bone marrow is the primary site of hematopoiesis.

The marrow is a complex tissue, containing numerous cell types in an intricately

organized spatial arrangement, polarized between the marrow vasculature

(specifically fenestrated sinusoids) and the endosteum (Fig. 1.1). Since Ray

Schofield first proposed the existence of a specific niche in which hematopoietic

stem cells reside, interaction between these stem cells and their neighbors has

been viewed as an essential determinant of their quiescence, proliferation, and

differentiation®. Subsequent research has revealed that this stem-cell-extrinsic

regulation is a highly complex network of communications between a host of

interacting partners. Cell

types within this space

that have been
implicated in the
maintenance and
regulation of

hematopoietic stem and
progenitor cells (HSPC)
include osteoblasts and
osteoclasts,
endothelium,
mesenchymal stem cells

(MSC), sympathetic

Endosteal Niche | Perivascular Niche

Sympathetic Neuron Endothelium

Osteoblast

Osteoclast NMSC

HSC

T-Reg

Macrophage

Figure 1.1: Organization of the Marrow Microenvironment
The bone marrow microenvironment contains two separate
niches, each home to multiple cell types supporting a
population of hematopoietic stem cells. HSC, hematopoietic
stem cell; T-Reg, T-regulatory cell; NMSC, nonmyelinating
Schwann cell; CAR, CXCL12-abundant reticular cell; MSC,
mesenchymal stem cell.



neurons and associated glia, T-regulatory cells and macrophages, and

perivascular stroma®®?’.

These cells are organized into two communicating
niches?’ (endosteal and perivascular) across a gradient of oxygen
concentrations, providing regulation and support to HSPC of multiple types,

roles, and lineages.

Structurally, the bone marrow consists of a richly vascularized network of
spaces that extend from the metaphyseal plates through the diaphysis. A recent
study of hematopoietic localization within the marrow identified structures
(termed 'hemospheres’) that are concentrated within the metaphysis and contain
the majority of hematopoietic activity in vivo®. These hemospheres span a
region between microvasculature and endosteum, and are more concentrated in
the arteriole-rich peripheral region of the marrow cavity, distant from the central
vein®. Despite this localization near the arterial side of the marrow vasculature,
the marrow's overall hypoxic nature (7% O, average in healthy volunteers®),
along with rapidly decreasing oxygen tension with distance from the vessel*!,

result in a marrow microenvironment with oxygen tension ranging from hypoxia in

the perivascular niche to near anoxia at the endosteal surface.

At the endosteal pole of this continuum reside osteoblasts and
osteoclasts, whose importance to the hematopoietic microenvironment was
among the first recognized. Although recent studies have suggested that the role
of osteoblasts in support of hematopoietic stem cells (HSC) is indirect®?, the fact
remains that they express the HSPC chemoattractant C-X-C motif chemokine 12

(CXCL12), as well as membrane-bound ligands Jagged-1 and Angiopoietin-1,



which interact with HSC receptors Notch-1 and TEK Tyrosine Kinase (Tie-2),
regulating quiescence and expansion of the stem cell pool?’. These interactions
support a role for osteoblasts in defining the HSC niche, by contributing to the
attractant CXCL12 gradient if not by direct contact. Osteoclasts, meanwhile,
have been shown to contribute to the hematopoietic niche in that suppressing
their activity suppresses HSC expansion, while their influence on local calcium
ion concentration in the marrow supports retention of HSC in the niche?’. These
contributions have been shown to be dispensable for HSC maintenance,
however, and it has been suggested that osteoclasts themselves are a

nonessential niche constituent®.

The perivascular niche, similarly, is composed of its own unique
constituent cell types. The walls of the sinusoids are defined by endothelial cells,
that in numerous studies have been shown to express HSC-supporting
molecules, including granulocyte and macrophage colony-stimulating factor (GM-
CSF), Kit ligand (KITLG), FMS-like tyrosine kinase 3 ligand (FLT3L), Notch
ligands, and CXCL12*, collectively promoting HSC response to injury in addition
to homeostatic maintenance®. Adjacent to the endothelium lining the sinusoids
within the marrow lie perivascular CXCL12-abundant reticulocytes (CAR), so
called because they secrete high levels of the HSC chemoattractant®*. Deletion
of these cells not only led to depletion of HSC, but also impaired the generation
of adipocyte and osteoblast populations®?, suggesting a role for these cells in
generating the marrow stroma as well as supporting hematopoiesis. This

proposed role of CAR as bi-potent progenitors has led to some overlap in



definition with mesenchymal stem/stromal cells (MSC). Although nomenclature
varies between reports, a population of mesenchymal cells that is marked by
CD146 in humans and nestin in mice contributes to the formation of the
perivascular niche. These cells are positioned between HSC, endothelium, and
adrenergic neurons, and promote ectopic niche formation when transplanted,

demonstrating a defining role in the microenvironment®”,

In addition to the endosteal and perivascular niche-defining cell
populations, the marrow is home to several cell types that are essential for
hematopoietic support, without themselves defining a spatial niche. Multiple
immune cell types have been implicated in forming and maintaining stem cell
niches within the bone marrow. Fujisaki et al. demonstrated that T-regulatory
immune suppressive cells colocalized with murine HSPC in vivo, and further
demonstrated that these cells were necessary for the engraftment and survival of
transplanted allogeneic HSPC®, supporting the hypothesis that these cells
create an immune-protected environment for hematopoiesis. Macrophages also
have a defined role in maintaining the endosteal marrow niche, having been
shown to be required both for osteoblast maintenance and for retention of HSC
within the marrow®. Both autonomic neurons and associated glial cells have
also been reported to be vital in supporting hematopoiesis?®. Through multiple
methods of dysregulation and functional complementation, norepinephrine
signaling provided by adrenergic neurons has been shown to be essential for

controlling HSC retention within the marrow®’. In close contact with these



neurons are nonmyelinating Schwann cells, a glial cell population that secretes

transforming growth factor p (TGF-B) essential for HSC quiescence®®.

The culmination of these influences is an environment that provides
protection and support to hematopoietic stem cells, both in their baseline
guiescent state — HSC spend the majority of their existence outside the cell cycle
— and in their proliferative stages. These effects maintain a healthy stem cell
pool, allowing for lifelong maintenance of the cellular components of blood. This
protection and support, however, creates an ideal environment to a nascent
leukemia, as well. Leukemic stem cells (LSC) behave similarly to hematopoietic
stem cells, in that they exist as rare cells at the root of a cellular hierarchy,
dividing and differentiating to produce the great majority of the blast population®*.
Utilizing many of the same molecular mechanisms as HSC*, LSC home to and
engraft within the marrow, where they produce durable modifications in the
microenvironment*'. These changes progressively alter the hematopoietic niche
into a leukemic one, shifting away from support of HSC and toward MSC*. An
alternative  hypothesis, in which alterations in the hematopoietic
microenvironment themselves lead to oncogenesis, has also been advanced®,
generating a chicken-and-egg causality debate. Whichever cell is initially
responsible, the interaction between leukemia and the marrow confers
advantages, including chemoresistance**, and the presence of cell-extrinsic
signaling provided by the marrow has been shown to be essential for LSC

survival®.
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In aggregate, the bone marrow coordinately maintains hematopoiesis by
regulating the proliferation and differentiation of stem and progenitor cells. These
influences are, additionally, central to the process of leukemogenesis, providing
migration and adhesion support, pro-growth and anti-apoptotic signaling, and
resistance to chemotherapeutics. An understanding of the interaction between
HSC and LSC and their niche constituents is therefore central to an
understanding of normal and malignant hematopoiesis, and could provide insight

into treatment of numerous human diseases, including AML.

Extracellular Vesicles and Exosomes

In 1981, Trams et al. described the shedding of two populations of
extracellular vesicles from normal and neoplastic cell lines in culture. These
vesicles were either 500-1000nm or approximately 40nm in diameter, and were
shown to be both plasma membrane-derived and enzymatically active. The
authors suggested that these new vesicles be termed 'exosomes™®. In the years
following this discovery, the label 'exosome' has come to refer specifically to
exocytosed vesicles 30-100nm in diameter, derived from exocytosis of the
internal vesicles of multivesicular endosomes*’. These exocytosed vesicles were
first differentiated from the larger vesicles generated by plasma membrane
budding through painstaking electron microscopy of the removal of transferrin
receptor from the plasma membrane of rat reticulocytes®®, though they have
since been shown to be secreted by many disparate cell types®. Their cup-
shaped morphology is similar both before and after secretion by the originating

cell, with a density between 1.13 and 1.19g/mL*’. Their surface phenotype and
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biogenesis, however, have resisted uniform characterization, suggesting that the
collective term 'exosome' may refer to multiple populations of vesicle®®. This has
led to a lack of clarity in the field with regard to what specific populations of
vesicle are being studied™’. In order to obviate this difficulty here, | will be using
the term 'exosome' to refer generally to all nanoscale extracellular vesicles
secreted by the cells being studied, although the specific experiments described
herein will include more stringent characterizations of the vesicle populations

concerned.

It was the integral membrane proteins of the reticulocyte-derived
exosomal surface that first brought exosomes to the attention of researchers*,
and numerous subsequent studies focused on the details of this secretion led to
the finding that exosomes could be retrieved from peripheral circulation in
animals, and that these exosomes had multiple functions independent of their
producing cells®®>. A major contributor to the appeal for early exosome
researchers was that an exosome could 'simulate’ cell-contact-dependent
signaling at locations remote from the exosome-producing cell. An early example
of this sort of function was the 1996 description of B cell-derived exosomes
acting as antigen-presenting cells to activate T cells®®, a function previously
believed to rely upon physical contact between B and T cells. In subsequent
years, exosomes were implicated in viral transmission®*, in tumor progression®,
and in physiologic regulation of cytokine signaling through secretion of exosome-
bound (and so, 'soluble’) receptors®. In its first twenty-five years, the field's

understanding of exosomes slowly expanded from secreted enzyme activity in
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reticulocytes to an evolutionarily conserved mechanism that mediates numerous

diverse processes in both health and disease.

The pace of exosome research greatly accelerated following the 2007
discovery that exosomes could mediate the productive transfer of nucleic acids
(messenger RNA (mRNA) and microRNA (miRNA)), which led to a surge of
interest and publication®”. Within two years, exosome transfer of RNA had been
investigated in the contexts of immune suppression®®, tumor progression®®,
neural communication with somatic tissue®, gene therapy delivery vehicles®,
acute kidney injury®®, and insulin resistance®®, among many others. One
particularly promising area of research has been in the identification of novel
biomarkers of disease. As exosomes have been found to equilibrate with many
body fluids, including bronchoalveolar lavage fluid®*, blood®®, malignant pleural
effusions®, urine®’, saliva®®, and cerebrospinal fluid®®, they present an attractive
platform for biomarker development in the context of disease of a wide variety of
tissues and organs. This has led to investigations into exosome-based

biomarkers of many cancers®*"

, as well as of many other diverse diseases
and conditions, including multiple sclerosis’, tuberculosis™, sepsis’™, and kidney

transplant failure’®.

Within the marrow, the role of exosome trafficking is still being defined.
The bulk of the research into exosome secretion in the marrow has focused on
mesenchymal stem/stromal cells or on malignancy. Many effects have been
ascribed to the exosomes derived from MSC: tumor suppression’’ or

acceleration’®, promoting regeneration after injury in many tissues’®®!, and
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amelioration of graft-versus-host disease®. As diverse as these effects are,
there has been substantially more investigation into the role of exosomes in
cancer. It has been shown that many cancers are able to modulate the activity
of cells within the marrow through their exosomes. Melanoma exosomes were
demonstrated to secrete exosomes that alter marrow progenitors, leading them
to increase vessel permeability and tumor-associated angiogenesis, which led to
an increase in metastatic potential®>. Tumor-derived exosomes have also been
reported to suppress immune recognition of and response to malignancy through
inhibiting the activity of natural killer cells, T cells, and professional antigen-
presenting cells®. Exosomes secreted by cholangiocarcinoma altered MSC,
both increasing migration and modulating cytokine expression that enhanced the
growth and proliferation of tumor cells in vitro®®. This exosomally-mediated
tumor-stroma crosstalk has been shown to be relevant to treatment as well, with

MSC-exosome signaling contributing to drug resistance in multiple myeloma

cells®.

MicroRNA

MicroRNA are small (22 to 24 nucleotides in length) RNA transcripts that
suppress translation of mMRNA, contributing to posttranscriptional gene regulation.
Since 2001, when they were first recognized as a distinct class of small

regulatory RNA in Caenorhabditis elegans®’®°

, microRNA have rapidly gained
recognition as a powerful, phylogenetically conserved means by which
organisms orchestrate diverse biological processes®™. As miRNA require only a

small degree of complementarity with their target mRNA, a single miRNA
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transcript can regulate many different targets, with more than 60% of all human

protein-coding transcripts being regulated by miRNA®.

MicroRNA are generally Drosha
transcribed by RNA polymerase |m.-Fr§'§i”.Z§?r'pm
(pre-miRNA)
Il as a long 'pri-miRNA', or
. i i Primary miRMA transcript DECRSE
primary microRNA transcript, R
containing a small (~70nt) E}pomns
|
hairpin structure, which = Nucleus )
| RAN-GTP
contains the miRNA% (Fig. 1.2). ™" \
This pri-miRNA, often an intron D"*-"
of another coding or non-coding _’@ ? Desdenyiase
S ENAS AGO omplexes

gene, is then bound by the Figure 1.2: MicroRNA Processing

_ MicroRNA are initially transcribed as pri-miRNA,
Microprocessor complex,  which are processed by Drosha in the nucleus into
pre-miRNA hairpin structures. These pre-miRNA are
consisting of RNA-binding brought out of the nucleus by Exportin-5, where Dicer
processes them into mature miRNA. These miRNA
. are loaded into Argonaute (AGO) proteins, which
protein  DGCR8 and the ycleatethe assergnbly of tk(1e RIS)CF?), which recruits
MRNA and deadenylates them through enzymes
endonuclease Drosha. This  associated with GW182.

complex excises the hairpin structure containing the microRNA, which is then
known as a 'pre-miRNA', or precursor microRNA hairpin®>. These pre-miRNA
are then bound by a complex of Exportin-5 and RAN-GTP, which exports them
from the nucleus into the cytoplasm, where they are bound by the endonuclease
Dicer. Processing by Dicer removes the hairpin, separating the pre-miRNA into
two mature miRNA of approximately 22 nucleotides in length®. The

nomenclature of the mature miRNA is somewhat murky, with human pre-miRNA
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hsa-mir-155, for example, being processed into two mature miRNA variously
called hsa-miR-155 and hsa-miR-155* or hsa-miR-155-5p and hsa-miR-155-
3p%. After processing, the miRNA duplex is loaded as a pair into one of several
Argonaute (AGO) proteins. The duplex is then unwound, and one of the two
strands is ejected, while the other remains to become a component of the mature
RNA-induced silencing complex (RISC). This complex, containing the mature
mMiRNA, AGO protein, and GW182, binds a target mRNA, selected by
complementarity to the miRNA's seed sequence (nucleotides 2-8)*. In the
canonical human miRNA silencing pathway, GW182 then binds cytoplasmic poly-
A binding protein (PABPC), which binds the polyadenylated tail of the mRNA,
and several deadenylase complexes, which degrade it. The deadenylated
MRNA is then released, where it is rapidly decapped by the decapping enzyme
DCP2, and then broken down by the exonuclease XRN1%. It has also been
demonstrated that miRNA can function by inhibition of translation, and indeed,
this was originally thought to be the exclusive means by which miRNA
suppressed gene expression in animals. However, more recent studies have
supported the widely held view that degradation of mRNA transcripts is the major

mechanism of action of miRNA silencing in both plants and animals®.

Among the first aspects of physiology discovered to be under miRNA
control was hematopoiesis; a series of experiments published in 2004 identified
miR-142, -181, and -221 as contributors to lymphoid lineage selection for B
versus T cells”’. In the subsequent ten years, miRNA has been revealed to be a

precise tool for shaping hematopoietic differentiation, with multiple miRNA
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species known to effect nearly all decision points in the hematopoietic lineage
tree®®. This has also proved true in the other cell types of the marrow
microenvironment; the proliferation and fate determination of MSC has been

shown to be under miRNA control®®

, and miRNA have been implicated in the
interaction of marrow endothelium and hematopoietic cells'®. Additionally,
dysregulation of miRNA has been implicated in hematologic malignancy in many

facets - oncogenesis, disease progression, and prognosis*’.

General Hypothesis and Specific Aims

Current treatments for acute myeloid leukemia are highly successful at
achieving initial remission, but the high rate of relapse, coupled with the difficulty
of treating relapsed AML, keeps the overall five-year survival rate of this disease
unacceptably low. Additionally, a significant mediator of AML morbidity —
suppression of hematopoiesis — lacks a satisfactory explanation, when the ability
to prevent or ameliorate its effects has the potential to yield substantial benefit to
AML patients. The research described in this dissertation addresses these
issues by evaluating the role of AML-secreted exosomes in the pathophysiology
of this disease. The overall hypothesis tested is twofold: that secreted exosomes
simultaneously influence cells of the marrow microenvironment, including stromal
cells and HSPC, resulting in hematopoietic failure; and that secreted exosomes
escape the marrow, equilibrating with the bloodstream and providing an earlier
biomarker of residual disease than is available through more traditional, cell-

based methods.
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Specific Aims:

1. Characterize exosome production by Acute Myeloid Leukemia cells

Exosomes have been shown to be produced by many different
malignancies, both in vitro and in vivo, but this has not yet been demonstrated in
the case of AML. An evaluation of exosome production and content, and
particularly of RNA content, by AML primary blasts and cell lines will shed
substantial light on the potential roles of these vesicles to be examined in aims 2

and 3.

2. Evaluate AML exosome RNA as an early biomarker of disease

Existing studies have demonstrated the potential for exosomes as
biomarkers of disease. Because of their equilibration between body
compartments, | hypothesize that exosomes will be detectable in the peripheral
circulation of AML-engrafted mice and of AML patients at earlier time points than
are AML blasts themselves. If this hypothesis is correct, exosomes could provide
a biomarker that would enable earlier detection of disease than is currently
possible. RNA is a particularly attractive target in this regard, as the ability to
amplify specific transcripts with PCR will improve detection sensitivity beyond

what is possible with protein- or lipid-based metrics.

3. Determine the impact of AML exosomes on HSPC and marrow stroma

It has been established in many model systems that exosomes can be

taken up by nearby cells of diverse types, wherein exosomal mRNA and miRNA
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is biologically active. The regulatory role of miRNA is of particular interest, as its
small size and target diversity potentially allow for signals of greater regulatory
potency in smaller physical space. | will determine whether AML-secreted
exosomes are taken up by neighboring cells within the marrow, specifically
HSPC and mesenchymal stromal cells. Upon identifying recipient cells of AML
exosomes, | will determine whether these vesicles play a role in the suppression
of hematopoiesis, either directly through action on HSPC, or indirectly through

conditioning of marrow stroma.
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CHAPTER 2: AML Vesicle Biogenesis and Trafficking

Compiled from Huan, et al., Cancer Research, 2013, and Huan, et al., in preparation.
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Abstract

Extracellular vesicles are known to be produced by many human
malignancies, including acute myeloid leukemia, although information about the
content and pathophysiological role of these vesicles is lacking. In the
experiments described in this chapter, | evaluate the extracellular vesicles
produced by AML blasts, their RNA content, and their uptake by other cells of the
leukemic microenvironment. Examining these vesicles in multiple ways, |
demonstrate that they consist predominantly of exosomes, containing
concentrated and selected microRNA cargo. These primarily mature microRNA
include both species implicated in hematopoiesis and AML and others about
which little has yet been discovered. Through direct observation and subsequent
molecular assays, | demonstrate that these exosomes are taken up into multiple
cell types within the hematopoietic niche, delivering miRNA cargo to HSPC and
stromal cells. In a set of experiments dovetailing with exosome characterization,
| determine the contributions of the low oxygen tension within the marrow to the
biology of exosome trafficking within the microenvironment. In total, this work
demonstrates the exosomal trafficking by AML of select miRNA within the

hematopoietic niche.

Introduction

In many patients with acute myeloid leukemia, disease-driven morbidity is
largely the result of the erosion of physiologic hematopoiesis, rather than a direct
consequence of the presence of malignant blasts. This effect was long believed

to be the result of overcrowding of the bone marrow; too great a physical mass of

21



leukemia was thought to create an environment lacking sufficient physical space
for the production of homeostatic blood cells™. This hypothesis, however, fails to
account for AML patients with normocellular marrow, or a low percentage of
blasts in the marrow, who still suffer from cytopenias characteristic of impaired

hematopoiesis®*%,

The recently discovered secretion of extracellular vesicles by AML blasts
provides fertile ground for the exploration of alternative hypotheses. Carriers of
messenger and microRNA as well as proteins®’, these nanoscale, membrane-
enclosed particles equilibrate across body compartments, and are capable of
transporting biologically active molecules to recipient cells within the local

microenvironment as well as to distant parts of the body®*®°

The trafficking of
these vesicles could therefore exert many distinct or coordinated effects across a
variety of recipient cell types, and their role in AML leukemogenesis,
pathophysiology, and progression, if any, remains undefined. The experiments
described in this chapter are the results of an investigation into the biogenesis of

these vesicles, their content, and their trafficking to the cell of the bone marrow

microenvironment.

Results

Previous investigations into extracellular vesicle secretion had used an
ultracentrifugation-based approach to isolate vesicles from culture media or
patient serum, whereas subsequent work had characterized ‘exosomes'

specifically as vesicles with particular density (1.13 and 1.19g/mL) and size (30-
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100nm) ranges. We therefore undertook an investigation into the populations of
extracellular vesicles secreted by AML cells, using the cell lines Molm-14 and
HL-60, in addition to primary patient samples. We compared vesicles isolated by
ultracentrifugation followed by sucrose gradient (density-based) purification (Fig.
2.1A) to those isolated by ultracentrifugation alone (Fig. 2.1B) using transmission
electron microscopy (TEM), and found that extracellular vesicles were indeed
released by these cells in culture, with the addition of the sucrose gradient step
yielding a more homogeneous, less concentrated population of vesicles. In order
to determine whether these vesicles could be termed 'exosomes’ according to
the biogenesis proposed for that nomenclature (fusion of late endosomes
containing multiple sub-vesicles with the plasma membrane), we used live cell
deconvolution microscopy to monitor primary AML blasts in culture after labeling
with the nuclear stain Hoechst 33342 and the lipid dye N-(lissamine rhodamine B
sulfonyl) phosphatidylethanolamine (NRhPE). NRhPE is endocytosed by cells
and concentrated within late endosomes, where it labels exosomes that are then

secreted'®?.

Monitoring blasts stained with this dye in 2.5-minute intervals, we
observed fusion of labeled subcellular compartments with the plasma membrane,
and, subsequently, labeled extracellular vesicles (Fig. 2.1C), supporting the
hypothesis that extracellular vesicles secreted by AML include exosomes.
Comparing the size distribution of vesicles isolated with and without sucrose
gradient purification using transmission electron microscopy (TEM) and dynamic

light scattering (DLS), we identified vesicles of similar sizes using both

preparation methods, although preparations without a density selection step were
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Figure 2.1: Exosome Release by AML Blasts

(A) Vesicles isolated from HL-60, Molm-14, and primary AML cells using sucrose gradient
centrifugation, visualized by TEM. Scale bars: 100 nm. (B) Vesicles isolated from HL-60
and Molm-14 cells using ultracentrifugation without density isolation, visualized by TEM.
Scale bars: 100nm. (C) Left: Projection image (merged z-stack) of primary cell stained
with Hoechst 33342 (blue) and NRhPE (red). Right: z-plane captured every 2.5 minutes.
Dotted line: cell margin; arrows: MVB and subsequent extracellular vesicle. (D)
Comparison of size distribution of vesicles from sucrose gradient (‘Sucr’) and differential
centrifugation (‘Cent’) analyzed by dynamic light scattering (DLS) and TEM.

somewhat broader in distribution (Fig. 2.1D). Based upon the loss of sample
incurred during gradient preparation and our preference for a more inclusive set
of extracellular vesicles, we chose to utilize the ultracentrifugation protocol

(without additional density gradient purification) for our subsequent
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experimentation. Similarly, because AML-derived vesicles are primarily
‘exosomes' as defined narrowly (density between 1.13 and 1.19g/mL, endocytic
origin), and because our chosen preparatory method includes 'exosomes' as
defined broadly (extracellular vesicles with potential biological effects), | have

adopted the term 'exosomes' for describing AML-derived extracellular vesicles.

In order to begin to determine the bioregulatory potential of exosome
trafficking within the marrow niche, we investigated the RNA content of AML-
derived exosomes. Our initial investigations focused on RNA content rather than
other classes of macromolecule due to the increased potential for phenotypic
alteration in the recipient cell; each transferred molecule of mRNA has the
potential to produce many copies of its encoded protein, and each transferred
molecule of mIRNA can potentially suppress the translation of many mRNA
transcripts. Quantifying total RNA in exosome preparations from primary AML
blasts and cell lines as well as nonmalignant human CD34+ hematopoietic cells
(Fig. 2.2A) revealed that all of these cell types secrete substantial (and roughly
comparable) amounts of exosomal RNA in culture. As hypoxia has been

103 "and the bone

reported to increase exosome secretion in breast cancer cells
marrow represents a hypoxic environment relative to standard tissue culture
conditions®, we investigated whether hypoxic conditioning would similarly affect
AML blasts. After seven passages in culture at 1% O,, we prepared exosomes

from HL-60 and Molm-14 cells, comparing the RNA yields to the same cells
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Figure 2.2: Total RNA Content of AML Exosomes

(A) RNA isolated from exosomes collected from cultures of HL-60, Molm-14, U937,
nonmalignant CD34+ human hematopoietic (BM), and primary AML cells was quantified
using spectrophotometry. (B) RNA yields of exosome preps generated from HL-60 and
Molm-14 cells cultured at 21% (normoxia) and 1% (hypoxia) O, per million producing
cells. *, p<0.05. (C) Comparison of the amount of RNA packaged (ng / billion exosomes)
in exosomes produced under normoxic and hypoxic conditions.

grown under standard tissue culture conditions (21% O,). In both cell lines,
hypoxia dramatically increased the release of exosomal RNA (Fig. 2.2B). We
then used nanoparticle tracking analysis (NTA) to determine whether this
increase in RNA secretion represented an increase in the number of exosomes,
or an increase in RNA packaging per exosome. Although there was substantial
variability between experiments in the ratio of exosomal RNA to number of

exosomes released, there was no difference between packaging under normoxic
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versus hypoxic conditions (Fig. 2.2C), indicating that hypoxia increases AML

exosome secretion without changing the amount of RNA packaged per exosome.

We next examined the size profile of AML exosomal RNA using a
bioanalyzer, in order to roughly quantify the different types of RNA packaged into
these vesicles. When comparing RNA profiles of primary or cell line AML cells
and exosomes, there was a clear concentration of small RNA inside exosomes
secreted by these cells (Fig. 2.3A), indicating a greater potential for transfer of
MiRNA than for the transfer of larger mMRNA species. We therefore sought to
capture a picture of the miRNA contained within AML exosomes, as a potentially
rich source of regulatory content. By conducting a microarray characterization of
Molm-14 cell and exosome miRNA under both normoxic and hypoxic conditions,
we were able to describe in broad strokes the microRNA packaged into
exosomes by AML, and to determine whether the packaging of particular miRNA
was dependent upon oxygen status in the producing cell. We found that the vast
majority of miIRNA in exosomes, as in the producing cells, was mature (as
compared to the originating pre-miRNA hairpins) under both normoxic and
hypoxic conditions (Fig. 2.3B). This finding was true not only generally, but also
of specific candidate miRNA with established relevance to leukemia or
hematopoiesis (Fig. 2.3C). We next pursued comparisons of specific miRNA
content of cells and exosomes as it relates to oxygen status. In comparisons of
exosomal miRNA in hypoxia and normoxia (Fig. 2.3D), along with cellular miRNA

under the same conditions (Fig. 2.3E), we found that the vast majority of miRNA
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Figure 2.3: AML Blasts Concentrate Mature MicroRNA in Exosomes

(A) RNA isolated from exosomes and cells of AML cell lines (left) and primary samples
(right) were analyzed using a bioanalyzer. (B) MicroRNA from Molm-14 cells and
exosomes, cultured in normoxic (21%) and hypoxic (1%) conditions, were analyzed using
an Affymetrix microRNA microarray. Signals for all detected human miRNA and their
originating pre-miRNA hairpins were compared in each condition, and the miRNA species
were categorized based on whether the preponderance of signal was detected from
mature or pre-miRNA. (C) Ratio of pre versus mature miRNA for selected literature
candidate miRNA, based on the microarray data. (D, E) Comparison of hypoxia versus
normoxia levels of miRNA in exosomes (D) and cells (E). The heavy black lines indicate
2-fold change between oxygenation conditions.
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in cells and exosomes were essentially unaltered by hypoxia, with certain
interesting exceptions. Several miRNA with established relevance to AML,
including miR-124'%* miR-146a'®, and miR-155'% were present in increased
amounts in both cells and exosomes cultured under hypoxic conditions,
underscoring the relevance of microenvironmental conditions to AML exosome

biology.

Expanding the scope of our characterization of exosomal miRNA, we
conducted additional microarray experiments, this time comparing Molm-14
cellular and exosomal miRNA to that of the HL-60 AML cell line, nonmalignant
human CD34+ cells, and their exosomes. Comparing all miRNA common to all
samples using principal component analysis, we found that separation along the
axes of the two first principal components was by cell versus exosome, and then
by AML versus nonmalignant (Fig. 2.4A). A closer look at the 14 most enriched /
most excluded miRNA in exosomes revealed that although many excluded

miRNA had established roles in leukemia™®’*%

, the most enriched targets were
largely unstudied (Fig. 2.4B). As we considered this a potentially exciting finding
for further study, we validated several of the enriched targets with known
hematopoietic or leukemic function along with miR-1246, one of the most
consistently upregulated targets in leukemic exosomes as compared to
producing cells or nonmalignant exosomes, using qRT-PCR (Fig. 2.4C). This

assay, normalized to U6 snRNA, revealed substantial enrichment of these

targets in AML exosomes, up to several thousand fold in the case of miR-1246.
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Figure 2.4: Exosomes Contain Distinct Selected MicroRNA

Microarray surveys of miRNA expression were conducted on Molm-14, HL-60, and normal
human CD34+ cells and exosomes. (A) Principal component analysis was performed
following gene selection for all (63) targets both demonstrating significant (FDR < 0.05)
difference in level between leukemic cell and exosome samples and uniform detection in
all samples. X-axis, first principal component; Y-axis, second principal component. (B)
Heat map depicting expression of those miRNA with the greatest difference in expression
between cells and exosomes. (C) gRT-PCR validation of specific miRNA targets in Molm-
14 cells versus exosomes, normalized to U6 snRNA. Microarray data shown are from
three biological replicates (for AML lines) from two experiments, CD34+ microarray data is
two pilot samples shown for descriptive comparison; gRT-PCR data represents at least
three independent experiments per target. The log2 transformed signal intensity data
shown in the heat map is standardized to have a mean of 0 and standard deviation of 1.

Having demonstrated that exosomes containing microRNA are secreted
into the microenvironment by AML blasts, we next investigated whether these
vesicles were trafficked to other cells within the marrow niche. Although
exosome uptake has been demonstrated in a wide variety of cell types, the
internalization of these vesicles in the cells of the marrow has not yet been

shown. In order to focus on uptake in stromal cells, we made use of the well-
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established murine stromal cell line OP9° which we transduced to express
green fluorescent protein (GFP). These cells were exposed to exosomes that
were isolated from HL-60 cells in culture and subsequently stained with the red
fluorescent lipid dye PKH-26. On imaging using deconvolution microscopy, we
were able to clearly see internalized exosomes within the cytoplasm of the
recipient cells (Fig. 2.5 A,B). As it was possible for crystallized PKH-26 to be
coprecipitated with the labeled exosomes, we quantified fluorescent events in
exosome-exposed cells compared to those treated with PKH-26-labeled diluent,
demonstrating that the number of events per cell was well above background in
the exosome-treated cells (Fig. 2.5C). We also evaluated exosome uptake into
HSPC, using primary murine c-kit+ cells. These cells were exposed to NRhPE-
labeled exosomes produced by Molm-14 cells, a procedure which avoids the
possibility of coprecipitating dye particles. Deconvolution microscopy again
showed that c-kit+/sca-1+/lin- cells internalized exosomes (Fig. 2.5D). In order
to determine whether oxygenation played a role in the uptake process, we grew
Molm-14 cells with NRhPE under both hypoxic and normoxic conditions, and
collected the exosomes they produced. These exosomes were then placed in
culture with 293T cells, again under normoxic or hypoxic conditions, for 3 hours,
after which the cells were collected, washed, and analyzed for NRhPE
fluorescence by flow cytometry (Fig. 2.5E). Although the uptake of exosomes
was clearly visible when comparing exosome-treated cells to untreated controls,
oxygenation status of the donor or recipient cells made no difference in exosome

internalization. As an initial indication of miRNA content transfer between AML
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and recipient cells, we isolated c-kit+ cells from murine marrow and exposed
them to exosomes secreted by HL-60 or Molm-14 cells (Fig. 2.5F). After
exposure to exosomes, c-kit+ cells exhibited a substantial (3-8 fold) increase in
their levels of the exosomally-enriched miR-155, as normalized to U6 snRNA.
Although increased endogenous expression cannot be ruled out based on this
experiment, such a dramatic change in such a short time frame supports the

hypothesis that AML exosomes transfer miR-155 to these HSPC.

Discussion

Failure of hematopoiesis in the context of acute myeloid leukemia is both
central to the pathophysiology of this disease and the mediator of a significant
clinical problem, yet it remains unexplained. In the absence of an explanation
from contact-dependent signaling or cytokines, we must look to other effectors
for answers. Exosomes, recently described as carriers of protein and nucleic
acids between cells of many types, may represent a promising target for

investigation in this regard.

In these experiments, we establish that AML blasts secrete extracellular
vesicles, the primary constituents of which are exosomes. These exosomes
carry a selected set of miRNA, processed and ready to impact translation, that is
distinct from the exosomal miRNA output of honmalignant progenitors. Many of
these miRNA are of established prognostic significance in AML, and some have
been shown to cause myelodysplasia when overexpressed'*''*2. Exosomes

carry this
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Figure 2.5: AML Exosomes are Internalized by Neighboring Cells of Multiple Types

(A,B) PGK-GFP OP9 cells were exposed to PKH-26-labeled HL-60 exosomes (A) and

PKH-26-labeled Diluent C (B) for 2 hrs. Images in (A): DIC, single z-slice showing labeled

exosomes (red), and Z-stack in the xy-, xz-, and yz- planes. In (B): DIC, single z-slice.

Scale bars: 10um. (C) Quantification of labeled exosomes within cells. *,P<0.006 by

Student's t. (D) Murine c-kit+/sca-1+/lin- cells exposed to NRhPE labeled Molm-14

exosomes for 3h, imaged using deconvolution microscopy. Scale bar: 10 um. (E) 293T

cells (under hypoxia or normoxia) were exposed to NRhPE-labeled Molm-14 exosomes

(generated under hypoxia or normoxia) or PBS for 6h, then analyzed by flow cytometry.

Results are presented as percent of control median fluorescence intensity. (F) gRT-PCR

analysis of miR-155 expression in c-kit+ progenitor cells exposed to HL-60 or Molm-14

exosomes for 3h, normalized to U6 snRNA, presented as fold change vs untreated.
mMiRNA from AML blasts to recipient HSPC and stromal cells, drastically altering
the level of these regulatory molecules in the recipients. Strikingly, several of
these processes are accelerated in the context of an oxygen tension similar to
that which exists in the physiologic or leukemic bone marrow. In total, these

findings suggest the potential for a potent method of paracrine regulation.

It remains to be demonstrated what phenotypic impact AML exosomes
have on the HSPC and stroma that internalize them. Although miRNA are a
potent class of regulatory molecule, they have diverse targets, and additional
experimentation is required to show what impact they exert after delivery in
exosomes. In the subsequent chapters of this dissertation, | will address these

guestions.

Materials & Methods

Cell lines and cell culture

AML cell lines (HEL, HL-60, Molm-14, U937) were provided by Dr. Jeffrey Tyner
and cultured in RPMI (Invitrogen) with 10% vesicle-free (VF-) FBS. VF-FBS was
produced by centrifugation of FBS (Gemini Bio-Products) at 2,000g for 20 min, at

10,000g for 20 min, and at 100,000g for 2 hrs. AML patient samples were
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obtained under OHSU-IRB approved protocol from treatment-naive patients at
presentation (no additional selection bias) and >90% enriched for leukemic
blasts. Primary cells were cultured in EGM2 (Lonza). OP9 cells, provided by Dr.
William H. Fleming, were cultured in a-MEM (Invitrogen) with 20% FBS and
60uM 2-mercaptoethanol. Non-stimulated, cryopreserved human CD34+-
enriched bone marrow cells (Stem Cell Technologies) were cultured in serum-
free expansion media with the StemSpan CC110 cytokine cocktail and expanded
for 5~7 days. All cells were cultured with 50 pg/ml Pen/Strep (Invitrogen). As our
cell lines were obtained directly from reliable sources who had recently published
work involving these cells, we performed no formal testing or authentication

beyond what is demonstrated in the content of the experiments described.

Vesicle preparation and staining

Vesicles were isolated from cell lines and primary AML cells after 48-72 hrs
culture via centrifugation at 300g for 10 min. The supernatant was sequentially
centrifuged at 2,000g for 20 min, at 10,000g for 20 min, and at 100,000g for 2
hrs. The resulting pellet was washed with PBS and then centrifuged at 100,000g
for 2 hrs. For sucrose gradient density purification, the pellet from the first
100,000g spin was resuspended in 200ul PBS by shaking for 4 hrs at 4°C. The
suspension was transferred to a sucrose step gradient (8%/15%/30%/45%/60%)
and centrifuged at 150,000g for 90 min. The 30%/45% interface was harvested
and diluted 10-fold with PBS and the ultracentrifugation was repeated. The

resulting pellet was resuspended in 200ul of PBS.
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Transmission electron microscopy

Exosome preparations (10ul) were deposited onto UV-activated carbon formvar
400-mesh copper grids (Ted Pella 01822-F) for 3min, rinsed and stained in
filtered 1.33% uranyl acetate, and then air-dried. Samples were imaged at 100kV
on a Philips CM120 transmission electron microscope, or at 120kV on a FEI
Tecna Spirit TEM system. Images were acquired as 2048 x 2048 pixel, 16-bit
gray scale files using the FEI's TEM Imaging & Analysis (TIA) interface on an
Eagle 2K CCD multiscan camera. The size distribution of exosomes was
determined by averaging the maximum and minimum diameters of at least 100

vesicles imaged at 37,000x magnification.

Fluorescence microscopy

For PKH26 (Sigma) staining, exosomes were isolated with the following changes:
following the first 100,000g centrifugation, the pellet was resuspended in 1ml
PKH26 membrane dye-diluent C (Sigma) by shaking for 30 min at 4°C, along
with a control aliquot containing diluent only. For NRhPE exosome labeling,
donor cells (Molm-14) were exposed to 1 mg/mL NRhPE (Avanti Polar Lipids) for
1h at 37°C, then washed twice in PBS before 48-hr culture in RPMI + 10% VF-
FBS and subsequent exosome preparation as above. Cells were exposed to
25ul of PKH26-stained, sucrose-purified exosomes or PKH26-stained diluent C
for 2hrs, followed by wash and fixation in 4% paraformaldehyde (Sigma) before
treatment with Fluoromount G (Southern Biotech). Lineage-depleted (lin-) cells

were exposed to 30uL of NRhPE-stained exosomes overnight, followed by wash
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and fixation in 4% paraformaldehyde before treatment with Fluoromount G.
Fluorescence microscopy was performed with an Olympus IX71 microscope and
DeltaVision SoftWoRx™, using a 60x 1.4NA oil lens. Z-stacks were acquired
every 0.2um for the complete depth of the cells. A reference bright-field image
was captured from the center of each Z-stack. Particle quantification was
performed using ImarisCell (Bitplane, Inc.). For live-cell imaging, cells were
plated on poly-L-lysine (Sigma)-coated chamber wells, treated with 5Sug/ml
Hoechst 33342 and 2.5uM NRhPE (Avanti Polar Lipids) for 1.5hrs followed by
wash and resuspension in RPMI media with 9% horse serum (Invitrogen) and 9%
FBS (Gemini Bioproducts). Images were acquired every 2.5 minutes over the

course of 2 hrs, at 37°C and 5% CO..
Dynamic light scatter (DLS)

Light-scattering experiments were conducted in a DynaPro molecular sizing
instrument (Protein Solutions). A sample in PBS buffer was loaded into a quartz
cuvette and analyzed with a 488nm laser. Fifty spectra were collected at 25°C to
estimate diffusion coefficient and relative polydispersity. Data were analyzed with
Dynamics software V.5.25.44 (Protein Solutions) and vesicle size was measured

as the mean hydrodynamic radius.
Nanoparticle tracking analysis (NTA)

Exosome samples were resuspended and serial dilutions were prepared
in nanofiltered (Whatman Anotop 25, 0.02-uM) molecular-grade water (Thermo

Scientific) using low-adhesion 1.7-mL tubes (Genemate). Diluted samples were
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loaded into the NanoSight LM10 chamber, the laser engaged, and microparticles
visualized. Sixty second videos were acquired with a Hamamatsu C11440
ORCA-Flash 2.8 camera and analyzed by Nanosight NTA 2.3 software.

Individual samples were diluted to 1x10%-1x10° particles/mL.
RNA analysis, cDNA synthesis, and gRT-PCR

RNA was extracted using miRNeasy (Qiagen) or RNeasy (Qiagen) kits and
guantified using a Nanodrop 2000c. RNA integrity was measured using the
Agilent Bioanalyzer ‘Pico Chip’ or ‘small RNA Chip’ (Agilent). For miRNA
guantitation, Tagman assay kits (Applied Biosystems) were used for both reverse

transcription and gRT-PCR, normalized to U6 snRNA.
Microarrays

Microarray assays were performed in the OHSU Gene Profiling Shared
Resource. For each sample, 130 ng of total RNA was labeled using the Flash-
Tag Biotin HSR miRNA Labeling Kit (Affymetrix) by polyadenylation and ligation
with biotinylated 3'DNA dendrimers. Labeled RNA was mixed with hybridization
controls and incubated overnight with the GeneChip miRNA 3.0 array
(Affymetrix) as per manufacturer recommendations. Arrays were scanned using
the GeneChip Scanner 3000 7G with autoloader (Affymetrix). Image processing
was performed using Affymetrix GeneChip Command Console software followed
by analysis with Expression Console software (Affymetrix). Array performance
and general data quality were assessed using Signal All, mean background

intensity, number of detected probe sets, % P, all probe set mean, all probe set
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standard deviation, all probe set RLE mean, and % species specific small RNA

probe sets detected. All arrays passed standard performance quality thresholds.

Microarray statistical analysis and data visualization

Individual array data (.cel files) were uploaded to R software package and
analyzed using Bioconductor’s Oligo package. Normalization was conducted on
all samples in a single set using RMA Background and Quantile Normalization
sub-routine. Signal intensities were log2 transformed and probe set values
summarized using Median Polish Summarization Method. Final data set included
paired samples from exosome and cell samples. Further analysis included 3391
mature and pre-mature human miRNA probe sets. Data visualization tools (e.g.,
box plot, hierarchical clustering, matrix plots and multi-dimensional scaling) were
used to assess general data quality and outliers. To determine differentially
expressed miRNA genes, the mixed model was used to assess differences in
MIiRNA probe expression between exosome samples and cell samples.
Unadjusted statistical significance was set at p < 0.05 with FDR correction at p <
0.05 for multiple testing where relevant. Fold change values of 2.0 were used as

a cut-off to identify up- and down-regulated probes.

Normalized log2 transformed signal data for all human mature miRNAs were
imported into Partek Genomics Suite 6.6 software and filtered to include only
MIiRNA signal data of interest prior to generating individual heat maps. The

Tools Discover Hierarchical Clustering subroutine was invoked to create each
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clustered heat map. Samples and miRNA were clustered using Pearson’s

Dissimilarity as the measure of distance with complete linkage.

For principal component analysis, normalized log2 transformed signal data was
imported into R following gene selection performed based upon significant
differences between leukemic cell and exosome samples as described above.
This data was used to generate principal component values, which were then

exported to Microsoft Excel for visualization.
Flow cytometry analysis

For NRhPE exosome uptake, NRhPE-stained exosomes were collected as
described above. 1x10° HEK-293T cells were exposed to 30uL of exosomes or
PBS x 6h at 37°C, washed twice, propidium iodide (Pl) was added and cells
analyzed with a FACSCalibur (BD Biosciences). Data was analyzed using

FlowJo software (Tree Star).
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CHAPTER 3: Exosome Impact on the Marrow Niche

Compiled from Huan, et al., Cancer Research, 2013, and Huan, et al., in preparation.
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Abstract

Having established in the experiments detailed in Chapter 2 that AML-
secreted exosomes carry concentrated, select microRNA cargo to both
neighboring stroma as well as to residual HSPC within the marrow, | next
focused on the consequences of this transfer. In the experiments described in
this chapter, | demonstrate that exposure to AML exosomes profoundly alters the
hematopoietic microenvironment.  Stromal cells are durably altered after
exposure to exosomes, impairing HSPC retention and support. Additionally,
HSPC themselves are directly impaired by AML exosome exposure, exhibiting a
loss of clonogenicity, a decreased ability to home to chemoattractants, and
derangement of key transcription factors. These defects are evident both after in
vitro and in vivo treatment with purified exosomes as well as after coculture or
xenograft with AML blasts. The data presented herein strongly supports a role
for exosome trafficking in leukemic progression as well as the concomitant failure

of hematopoiesis.

Introduction

The inception and expansion of a nascent leukemia has been shown to
produce a variety of alterations in numerous cell types within the marrow niche*.
Many of these changes have to date not been adequately explained. Although
direct cell contact-based and cytokine-mediated signaling may contribute, these
methods are restricted based on the presence of specific protein receptors on the
surface of downstream cells. These signaling paradigms therefore require active

participation on the part of the recipient, limiting the range of messages that can
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be delivered. Exosome trafficking allows for a total subversion of these
restrictions. As there are currently no known protein or cell type-specific

113 "and as exosomes have been shown to be

requirements for exosome entry
taken up by essentially every cell type studied to date, these particles allow for
direct, nonspecific delivery of nucleic acid or protein messages to the cytoplasm
irrespective of recipient cell phenotype. This allows for the delivery of receptors,
changing what signals a cell can respond to, or bypassing traditional signaling
molecules altogether, through the direct delivery of downstream proteins or
regulatory transcripts. Because of this broad applicability, and based upon the
demonstrated entry of AML-derived exosomes into both HSPC and stroma of the
marrow niche, our next set of experiments focused on the effects exosome
delivery exerts on the disparate cell types receiving these messages. As the
delivered message could take the form of essentially any molecular component
or activity, we focused on phenotypic changes with direct applicability to the

downstream defect under investigation (i.e., hematopoietic suppression) as well

as on the expression of transcripts with known capacity to effect these changes.

Results

Although division of HSPC is the source of mature blood cell lineages,
physiologic hematopoiesis requires the support of many other cell types within
the marrow. As exosomal signaling or uptake has no known cell or tissue
restriction'™®, and as we had observed in vitro the entry of these vesicles into
both HSPC and stroma (Fig. 2.5), we pursued the separate effects of AML

exosomes on each cell type in order to explore the impact this communication
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process has on the leukemic niche as a whole. Beginning with murine OP9
stromal cells as recipients, we evaluated the transfer of RNA between AML and
stroma using three exposure modalities: coculture of AML and OP9 separated by
a 0.4um-pore transwell, treatment of cultured OP9 with conditioned media from
AML blasts, and treatment of OP9 with purified AML exosomes. In each of these
conditions, transfer of human IGF-IR by both Molm-14 and HL-60 was readily
detected by RT-PCR (Fig. 3.1A). We next made use of murine embryonic
fibroblasts (MEFs) from IGF-IR knockout (R-) mice in order to evaluate the
viability of transferred IGF-IR mRNA. After coculture with any of three AML cell
lines (Molm-14 and HL-60 in addition to U937), R- MEFs exhibited clear surface
expression of IGF-IR, although not at the same level as the same cells stably
overexpressing this protein (R+) (Fig. 3.1B). While exosomal transfer of protein
is not excluded by this experiment, Western blot demonstrated only minimal
exosome IGF-IR protein content, even when 3x greater protein was loaded as
compared to the cellular fraction (Fig. 3.1C), suggesting that transfer of IGF-IR
MRNA is responsible for this effect. As IGF-IR signaling promotes cell division,
we evaluated proliferation of MEFs in the presence or absence of IGF-IR
signaling, manipulated by HL-60 coculture, IGF-IR knockout or overexpression,
and the presence or absence of the specific IGF-IR inhibitor picropodophyllin

(PPP). R- MEFs proliferated more rapidly in the presence of
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Figure 3.1: Molecular
Impact of AML Exosomes
on Stroma

(A) RT-PCR for human IGF-
IR in murine OP9 after 48h
0.4pm transwell coculture or
exposure to conditioned
media or purified exosomes
from HL-60 or Molm-14. (B)
Flow cytometry analysis of
IGF-IR knockout (R-) MEFs
with or without 48h of
transwell coculture with
U937, HL-60, or Molm-14
AML cell lines, or IGF-IR
overexpressing (R+) MEFs.
(C) Western blot for IGF-IR3
on 10ug cellular and 30ug
exosomal protein from HL-
60. (D) Proliferation of R- or
R+ MEFs after coculture with
HL-60s or IGF-IR inhibitor
PPP. Cells were grown alone
or in transwell coculture in
the presence or absence of
PPP for 48 hours. (E)
Relative expression of Vegf
in R+ MEFs or R- MEFs
cocultured with HL-60 for
12h, compared to R- MEFs
alone. (F, G) The stromal
regulatory gene profile in
OP9 under normoxia (red
bar) or hypoxia (blue bar)
after exposure to exosomes
or ECM from Molm-14
cultured under normoxia (F)
or hypoxia (G) was
evaluated by qRT-PCR
normalized to GAPDH.
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IGF-IR signaling provided endogenously (by stable overexpression) or

exogenously (by HL-60 coculture), a response that was eliminated by

coadministration of PPP (Fig. 3.1D). We also investigated the expression of

Vegf (a downstream target of IGF-IR signaling), and found that coculture with HL-

60 produced an increase in Vegf mRNA in recipient R- MEFs equivalent to that

measured in R+ MEFs (Fig. 3.1E). In aggregate, these results support the
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exosomal transfer of functional mMRNA between AML blasts and marrow stroma,
and its subsequent translation. In order to examine other targets of relevance to
the stroma's ability to support hematopoiesis, we performed qRT-PCR for Scf,
Cxcl12, Angptl, Tgf-R1, and Tgf-R2 on OP9 exposed to Molm-14 exosomes. We
further sought to determine whether hypoxia played a role in any such change,
either in the exosome-producing Molm-14 or in the recipient OP9. While Scf,
Cxcl12, and Angptl were indeed decreased as much as 70% after treatment with
AML exosomes, Tgf-R1 and Tgf-BR2 were unaffected, with hypoxia playing little
apparent role (Fig. 3.1F). Still, the combination of an increase in IGF-IR
signaling seen in MEF along with decreased expression of Scf, Cxcl12, and
Angptl in OP-9 produces a set of influences with the potential to proliferate

stroma with decreased capacity for HSPC support.

We next sought to determine whether AML-derived exosomes exert direct
effects on HSPC in the marrow compartment, in addition to the changes seen in
the stroma. Intrigued by the suppression of Cxcl12 expression seen in stromal
cells, we first evaluated its receptor, CXCR4, in lineage-depleted (Lin-) murine
bone marrow cells from NOD/SCID/IL-2ry™" (NSG) mice. We found that these
cells had suppressed surface expression of CXCR4 by flow cytometry, along with
a decreased ability to migrate across a CXCL12 gradient (Fig. 3.2A) after
exposure to Molm-14-derived exosomes. In concert with a decrease in stromal

CXCL12, such a deficit would interfere with HSPC homing to and retention in the
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Figure 3.2: AML Exosomes Compromise HSPC Function In Vitro

(A) CXCR4 in lineage-depleted, AML exosome-exposed marrow cells. (Left) Lin- cells
from NSG marrow were exposed to Molm-14 exosomes (Exo) or media alone (Media) for
24 hours, after which they were assayed for surface CXCR4 by flow cytometry. (Right)
Lin- cells were cultured in Molm-14 conditioned or control media for 24 hours, after which
they were exposed to a CXCL12 gradient across an 8um transwell for 2 hours. (B) RNA
was isolated from c-Kit" NSG marrow cells and exposed to exosomes from Molm-14 (left)
or HL-60 (right) cells, then subjected to qRT-PCR for the indicated transcripts, normalized
to GAPDH. (C) CFU-C performed on c-Kit" NSG marrow cells after exposure to
exosomes from Molm-14, HL-60, or primary human AML cells, or to media control for 48h.
(D) CFU-C performed on human cord blood-derived CD34+ cells after exposure to Molm-
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marrow niche. Expanding our investigation of exosomal impact on HSPC, we
evaluated the expression of a panel of hematopoietic transcription factors and
regulatory genes (c-Kit, c-Myb, Dnmtl, Pcna, Hoxa9, E2F3, Paics, Nf-xB1, and
Nf-xB2)***1? in c-Kit* murine cells exposed to exosomes from Molm-14 or HL-60
for 48 hours. While changes in expression varied from gene to gene, and Molm-
14 exosomes produced larger changes than HL-60 exosomes, the HSPC
exhibited consistent downregulation of c-Myb (50-90%), as well as Dnmtl and
Pcna (40-70%). To determine whether these changes were able to cause a
phenotypic alteration in recipient HSPC, we plated exosome-exposed c-Kit" cells
in methylcellulose for a colony forming unit in culture (CFU-C) assay. Treated
cells had reduced capacity for colony formation, most strikingly in those treated
with HL-60 exosomes, although both Molm-14 and primary AML blasts were also
able to cause significant suppression (Fig. 3.2C). This effect was not exclusive
to murine HSPC; exposing human cord blood-derived CD34" cells to exosomes
from Molm-14 produced a similar result (Fig. 3.2D). In aggregate, these results
indicate that AML-derived exosomes not only suppress stromal support of HSPC,
but target both sides of the HSPC-stroma interaction, exerting direct effects on

the HSPC themselves.

We next sought to carry these observations into in vivo models of AML
exosome exposure. Beginning with isolated exosomes, we performed
intrafemoral (IF) injections, comparing exosome-injected femurs to media-

injected controls (in separate animals). Under these conditions, exosomes were
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able to deliver human transcripts to recipient HSPC and stromal cells, as

detected by RT-PCR (Fig. 3.3A). Furthermore, c-Kit" cells isolated from marrow
in these animals exhibit the same suppression of clonogenicity observed in vitro.
CFU-C performed on peripheral blood mononuclear cells (PBMC) of these
animals suggested that mobilization of progenitors to the periphery may have
occurred, but this effect did not reach statistical significance (Fig. 3.3B). In order

to broaden the applicability of this finding, we repeated these experiments, this
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time using exosomes from the HL-60 cell line with contralateral media-injected
controls (in the same animal). In this model, the suppression of colony-forming
capacity was more subtle, but remained significant when analyzed with a paired
Student's t-test (Fig. 3.3C). Taking advantage of the opportunity to compare to
same-animal controls, we isolated stroma and c-Kit" HSPC from these mice, and
investigated the expression of genes relevant to hematopoiesis (Fig. 3.3D,E).
While HSPC demonstrated minimal alterations in gene expression, perhaps due
to the change in exosome dose or timing, stromal cells recapitulated the

suppression of Scf and Cxcl12 that we had observed in vitro.

The development of leukemia within the marrow is accompanied by a host
of changes, and AML's impact on the microenvironment is expected to include
cell-cell contact-mediated signaling, cytokine secretion, and indirect effects from
nearby cells and tissues that are triggered by the presence of a malignancy. As
these influences cannot be captured by injection of isolated exosomes, we
sought to reproduce our findings in two xenograft models of AML. Using NSG
mice as hosts, we introduced either Molm-14 or HL-60 cells via tail vein injection,
providing two distinct models of leukemia progression. In Molm-14-engrafted
animals, leukemia aggressively invaded the bone marrow, producing fatal
disease between 3 and 4 weeks post-injection, with minimal peripheral blood
involvement (Fig. 3.4A,B). In contrast, HL-60-engrafted animals exhibited a

somewhat slower-growing disease, fatal between 5 and 6 weeks
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Figure 3.4: Molm-14 and HL-60 Produce Distinct Disease Kinetics, Distribution
(A) NSG mice were engrafted with luciferase-expressing Molm-14 or HL-60 cells by tail
vein injection. Luciferin injection and intravital imaging was performed at the indicated
time points post-leukemia injection. (B) Progression of peripheral blood (PB) and bone
marrow (BM) chimerism in Molm-14-engrafted animals, by flow cytometry for human
CD45. (C) Bone marrow (BM), peripheral blood (PB), and tumor chimerism in HL-60-
engrafted animals at 4 weeks post-transplantation, by flow cytometry for human CD45.

post-injection, with most animals showing minimal-to-no evidence of disease in
the bone marrow. Instead, these animals developed disease that was confined
to the spleen, or developed large myeloid sarcomas containing the bulk of

disease (Fig. 3.4A,C). The differing engraftment patterns of these two cell lines
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allows a unique opportunity to compare the effects of marrow-resident AML with

those of a primarily extramedullary leukemia.

We began this comparison by studying the colony forming capacity of c-
Kit" cells from the marrow alongside PBMC of engrafted animals. In Molm-14-
engrafted mice, there was a clear redistribution of colony-forming capacity from
the marrow to the peripheral blood (Fig. 3.5A,B). This finding corresponded well
with analysis of gene expression in marrow stroma from these animals, which
had substantially reduced levels of Scf and Cxcll2 mRNA, suggesting a
decrease in capacity for hematopoietic support (Fig. 3.5C). Surprisingly, there
was similar suppression of colony-forming capacity in the marrow of mice
engrafted with HL-60, despite the absence of leukemic cells in this compartment
(Fig 3.5D). CFU-C on PBMC from these animals did not reveal an increase in
circulating progenitors, however (Fig. 3.5E), perhaps indicating a different
mechanism of hematopoietic suppression. An examination of stromal expression
of Scf and Cxcl12 similarly demonstrated a slight but variable decrease (Fig.
3.5F), and qRT-PCR performed on RNA from c-Kit" cells from the marrow
echoed our in vitro observations, with a smaller magnitude (Fig. 3.5G). In total,
our HL-60 engraftment findings support an in vivo effect of engraftment that
mimics the effects of purified exosomes, but to a lesser extent, potentially due to
a lower dose of exosomes received in the marrow from an extramedullary

leukemia.
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Figure 3.5: AML Xenograft Causes Hematopoietic Suppression in NSG Mice

(A-C) NSG mice were engrafted with 1x10°> Molm-14 cells by tail vein injection. After 3
weeks, marrow c-Kit" and stromal cells and PBMCs were collected. (A) CFU-C on
marrow c-Kit" cells. (B) CFU-C on PBMC. (C) qRT-PCR for expression of indicated genes
in stroma. (D-G) NSG mice were engrafted with 5x10° HL-60 cells by tail vein injection.
After 5 weeks, marrow c-Kit" and stromal cells and PBMCs were collected. (D) CFU-C on
marrow c-Kit" cells. (E) CFU-C on PBMC. (F) gRT-PCR on stromal RNA. (G) qRT-PCR on
marrow c-Kit" cell RNA. (H,l) Comparison of c-Kit+ marrow cells from NSG mice engrafted
with 1x10° Molm-14 or CD34* human cord blood cells. (H) CFU-C; (I) gRT-PCR for
indicated genes. All gRT-PCR was normalized to GAPDH; *,P<0.01 by Student's t.
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As these experiments were performed entirely in a xenograft environment
(using human AML in mice), we performed additional control experiments to
ensure that the changes we observed were not simply due to the presence of
human hematopoietic cells. We therefore engrafted a cohort of NSG mice with
CD34" human cord blood cells, and compared colony forming capacity in the
marrow, as well as gene expression in HSPC, with Molm-14-engrafted animals.
These experiments revealed that engraftment of AML suppressed marrow
clonogenicity when compared to that of animals engrafted with normal human
hematopoietic cells (Fig. 3.5H). Although this suppression was more modest
than that observed in the experiments in which we used unengrafted NSG mice
as controls, gene expression in c-Kit" cells from the marrow of these animals was
dysregulated to a substantially greater extent (Fig. 3.5l), suggesting that multiple

mechanisms of hematopoietic regulation are involved in these effects.

Discussion

The secretion of exosomes by AML blasts suggests that cytoplasmic
material from these cells is transferred to diverse bystander cells, as no known
targeting mechanism for these particles exists. The observation that AML-
derived exosomes contain not a random sampling of cytoplasmic content, but
instead carry selected transcripts, and often those of recognized relevance to
hematopoietic regulation, suggests that determination of exosome content
contributes to adaptive selection, which in turn suggests accrued benefit to the
leukemic blasts from their secretion. Determining what this benefit may be, and

what downstream processes are involved, requires careful evaluation of putative
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target cells with attention to reciprocal effects on a developing AML. Focusing on
suppression of HSPC function and the conversion of the hematopoietic niche to
the leukemic niche is therefore a promising avenue of investigation, as it
combines a plausible benefit to the leukemia — antiapoptotic and progrowth
signaling from the niche — with a definite and direct negative result for patients.
Additionally, niche conversion requires diverse changes in multiple cell types, a

role for which exosomes are uniquely well-suited.

These experiments clearly demonstrate that AML-derived exosomes are
sufficient to cause suppression of hematopoiesis in both in vitro and in vivo niche
models. To show that exosome trafficking is necessary, however, would require
either a way to specifically halt exosome secretion in the leukemic blasts, or
additional insight into the mechanism by which suppression occurs. In the
absense of a known way to accomplish the former, | attempt to elucidate the
specific mediators of these effects in the experiments described in the

subsequent chapter.

Materials & Methods

Cells, cell lines and low-oxygen cell culture

Molm-14, U937, and HL-60 cell lines were provided by Dr. Jeffrey Tyner and
cultured in RPMI (Life Technologies) with 10% vesicle-free (VF-) FBS. OP9 were
provided by Dr. William H. Fleming and cultured in a-minimum essential media
with 20% VF-FBS and 60 pumol/L 2-mercaptoethanol. Igf-IR knockout (R-) or

overexpressing (R+) MEFs were provided by Drs. Briony Forbes and Douglas
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Yee, respectively, and cultured in Dulbecco's Modified Eagle's Media (Invitrogen)
with 9% VF-FBS. All cultures contained 100 U/mL penicillin/streptomycin
(Invitrogen). For low O, culture, cells were cultured in RPMI with 10% VF-FBS
using a G-Rex gas-permeable flask (Wilson-Wolf Corp.) in a BioSpherix chamber
at 1-3% O, or a standard incubator at 20% O, and at 5% CO,. VF-FBS was
produced by centrifugation of FBS (Gemini Bio-Products) at 100,000xg for 6 hrs,
discarding the pellet. Primary AML cells were maintained in EGM-2 media
(Lonza) according to OHSU IRB-approved protocols. Primary human CD34+
cord blood progenitors (New York Blood Center) were enriched using MACS cell
separation (Miltenyi Biotec) and cultured in serum-free media (SFEM) (StemCell
Technologies) supplemented with 100 U/mL penicillin/streptomycin, 40 ng/mL
FLT3L, 25 ng/mL SCF, and 50 ng/mL TPO (Miltenyi Biotec). For IGF-IR inhibitor

studies, picropodophyllin (PPP; CalBiochem) was added at 100nmol/L.
Exosome preparation and RNA extraction

AML cells were cultured for 48 hrs, media spun at 300xg for 10 min, supernatant
at 2,000xg for 20 min and 10,000xg for 20 min followed by supernatant
centrifugation at 100,000xg for 2 hrs. Exosome pellets were resuspended in 10%
VF-FBS/RPMI or used for RNA extraction. Media collected from exosome
preparations after the 10,000xg spin is defined as conditioned media. Two mL of
conditioned media was cultured with 3x10* OP9 stromal cells per well in a 6-well
plate (4.8x10° Molm-14 exosomes/well by NTA analysis). Concentrated

exosomes were resuspended in 2mL of 10% VF-FBS RPMI before use.
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Murine xenograft studies

Six to eight-week-old NOD/SCID/IL-2ry™" (NSG) xenograft recipients were used
with IACUC approval. 1x10° conditioned Molm-14 cells, cord blood CD34" cells,
or 5x10° HL-60 cells were injected via tail vein. Human CD45 chimerism
(BioLegend, HI30) was monitored by flow cytometry. Animals were sacrificed at
3-5 weeks post-engraftment, and peripheral blood (PB) and BM were collected.
Adherent BM stromal cells were propagated in Iscove's MDM (Life Technologies)
with 10% VF-FBS. For intravital imaging, animals were engrafted as above,
using AML cell lines transduced to express luciferase. At weekly time points,
animals were injected with 150puL luciferin, then anesthetized and imaged 10min

later using an IVIS Spectrum imaging system (Perkin Elmer).
Intrafemoral (IF) injection

AML exosomes (5.8-6.8x10™ Molm-14 exosomes or 5.2-6.0x10 HL-60
exosomes by NTA quantification) or saline were injected into one femur of
isoflurane-anesthetized animals; in animals with contralateral controls, saline was
injected contralaterally in the same animal. Animals were sacrificed 48 hrs later

for BM collection and c-Kit" progenitor cell enrichment.
RNA analysis and gRT-PCR

RNA was extracted using miRNeasy or RNeasy (Qiagen) and quantified using a
Nanodrop 2000c (Thermo). cDNA was synthesized using a SuperScript 11l First

Strand Synthesis kit (Invitrogen) with oligo-dT priming, followed by PCR. SYBR
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Green PCR (Applied Biosystems) was used for qRT-PCR analysis. The AACT
method was used for quantification, normalized to GAPDH. All primers were

species-specific.
Nanoparticle tracking analysis (NTA)

Exosome samples were resuspended and serial dilutions were prepared in
nanofiltered (Whatman Anotop 25, 0.02-uM) molecular-grade water (Thermo
Scientific) using low-adhesion 1.7-mL tubes (Genemate). Diluted samples were
loaded into the NanoSight LM10 chamber, the laser engaged, and microparticles
visualized. Sixty second videos were acquired with a Hamamatsu C11440
ORCA-Flash 2.8 camera and analyzed by Nanosight NTA 2.3 software.

Individual samples were diluted to 1x10%-1x10° particles/mL.
In vitro exosome treatment and colony-forming unit (CFU) assay

BM and PB from NSG or C57BL/6 mice were harvested and resuspended in
hemolytic buffer and PBMCs collected by centrifugation. For enrichment, c-Kit-
PE antibody (BD, clone 2B8) and EasySep Mouse PE Selection kits (StemCell
Technologies) were used (90-93% mCD45 / c-Kit purity confirmed by flow
cytometry). Murine c-Kit-enriched cells were cultured in IMDM/10% VF-FBS/
50ng/mL mlIL-3 and mSCF (R&D Systems). 1x10° c-Kit" cells were incubated
with exosomes harvested from 6-7x10" Molm-14 or HL-60 cells (at 5.8-6.8x10"
exosomes/well from Molm-14 cells or 5.2-6.0x10"" exosomes/well from HL-60
per NTA analysis), 2.5-4x10" primary AML cells or 3-3.5x10” human CD34" cells

for 48-hrs with VF media controls. Transwell cell-cell transfer was performed in 6-
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well plates using 0.4-um pore size inserts (Corning). Target cells were seeded at
2x10* cells per well and settled overnight. 1-2x10° cells were added into the
transwell insert and co-cultured for 48 hrs. Mouse Methylcellulose Complete
media (R&D Systems) was used for CFU-C assays in triplicate with 3x10° c-Kit"
cells or 2x10°> PBMCs /35-mm dish (37°C, 5% CO2, 295% humidity, x 7 days).
Human CD34" cells were cultured in SFEM media, with cytokines as above.
Human Methylcellulose media (StemCell Technologies) was used for CFU-C

assays with 100 CD34" cells/35-mm dish cultured for 14 days.
Cell migration assay

Lineage-depleted (Lin-) BM (Progenitor enrichment kit, StemCell Technologies)
was cultured in triplicate at 5x10° cells in 2 mL IMDM, 10% VF-free FBS, 50
ng/mL SCF and IL-3 for 24 hrs +- 1 mL of ECM (at 2.4x10° Molm-14
exosomes/well by NTA analysis). Washed cells were placed on 8-um transwell
inserts (Corning) in plates containing media +/- CXCL12 (50 ng/mL). After 2 hrs,
transwells were removed and migrated cells were counted using a Guava PCA

(Millipore).
Flow cytometry analysis

Flow cytometry was performed on Calibur/ CANTO/ LSR Il cytometers (BD
Biosciences) using anti-human or anti-mouse CD45 (BioLegend), murine c-Kit"
(BioLegend) or CXCR4 (Clone 2811, eBioscience) antibodies, or mouse anti-

human IGF-IR antibodies (BioLegend) and analyzed with FlowJo (Tree Star).
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Western blotting

Protein lysates were generated using RIPA buffer with protease inhibitors
(Thermo Scientific) and protein concentrations were quantified using the BCA
Protein Assay (Pierce). Lysates were loaded on 4-15% SDS-PAGE gels (Bio-
Rad) for transfer. IGF-IR was detected using rabbit anti-human IGF-IRp (Cell
Signaling  Technology) and anti-rabbit HRP (Thermo  Scientific).
Chemiluminescence was detected by the Supersignal West Pico

Chemiluminescent substrate (Pierce).

Statistical analysis

Continuous variables are summarized as mean * standard deviation. A two-
sample t-test was employed for comparison between samples derived from the
same source, but different conditions. For comparisons between cells and
exosomes, or left-versus-right femur IF-injection, a paired t-test was used.

Statistical significance was set at p < 0.05.
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CHAPTER 4: AML Exosomes as Serum Biomarkers

Submitted for publication; Hornick et al., Scientific Reports, 2015.
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Abstract

Post-remission relapse remains the major cause of mortality for patients
diagnosed with Acute Myeloid Leukemia (AML). Improved postremission
tracking of minimal residual disease (MRD) holds the promise of timely
adjustments to treatment to preempt frank relapse. Current surveillance
techniques rely on molecular or immunophenotypic detection of circulating blasts
that coincide with advanced disease and poorly reflect MRD levels in the marrow
during early relapse. Here, we investigate exosomes as a minimally invasive
platform for a microRNA (miRNA) biomarker. We identify a set of miRNA highly
enriched in AML exosomes and quantitatively track the levels of circulating
exosome mMIRNA that distinguish animals with leukemic xenografts from both
non-engrafted and human CD34+ controls. We develop biostatistical models that
reveal the emergence of circulating exosomal miRNA at low marrow tumor
burden and well before circulating blasts can be detected. Remarkably, both
leukemic blasts and marrow stroma contribute to serum exosome miRNA. We
propose development of serum exosome mMIRNA as a platform for a novel,
sensitive compartment biomarker for prospective tracking and early detection of

AML recurrence.

Implications: Exosome-contained microRNA provide a serum AML biomarker
that reflects contributions from leukemic and stromal cells of the AML

microenvironment and outperforms conventional cell-based MRD metrics.

62



Introduction

Acute Myeloid Leukemia (AML)'° causes more than 10,000 deaths annually in
the United States, with a 5-year overall survival rate of approximately 25%*.
Induction treatment of AML achieves disease remission in up to 80% of patients,
yet a majority among adults and children experience relapse. This, along with
the aggressive kinetics of relapsing AML (2.5 log/month in one recent study%°),
underscores the need for improved early detection of residual disease after
induction chemotherapy. Indeed, end of induction minimal residual disease
(MRD) is the most powerful marker of poor outcome for childhood AML** and

120,122

alters clinical decision making However, current MRD metrics do not

perform well at later time points, in part because conventional detection of
relapse is uniformly based on identifying leukemia at the cellular level'®.
Peripheral blood assays require the presence of leukemic blasts in the
circulation, which generally connotes advanced disease burden, while bone
marrow aspirates are invasive and rely on a sample from a single physical
location. Ineffective surveillance strategies are illustrated by a recent
retrospective study on pediatric AML that found that forty-one routine bone
marrow aspirates were performed for every case of relapse detected™®.
Additionally, both flow cytometry and PCR require the presence of a known
leukemia-specific marker. Unlike BCR-ABL1 in chronic myeloid leukemia, AML
lacks a molecular marker whose detection specifically identifies leukemia.

Combined, these features have to date precluded the development of a clinically

useful and timely prospective surveillance strategy.
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Cytokines™® and circulating cell-free nucleic acids'****" have been explored for

MRD tracking, and more recently, microRNA (miRNA) have attracted attention as

128,129

a potential source of novel AML biomarkers . MicroRNA expression profiles

have been associated with AML subtypes®®®, mutations™!, and overall

|132

surviva Exosomes — small, membrane-enclosed extracellular vesicles — are

133

directly secreted by AML blasts™”, carrying a select panel of cellular RNA and

47,61,134

protein Exosomes equilibrate between tissue compartments and can be

135,136

isolated from many body fluids , including both plasma**” and serum**®; and

while their potential as biomarkers is beginning to be explored!14

, exosome
mMiRNA have not yet been investigated as a marker of AML disease burden.
Based on our recent findings that AML blasts secrete exosomes that contain
selected miRNA'3 we hypothesized that leukemia patient serum contains
exosomes bearing miRNA that uniquely identify AML, providing potential
advantages in both sensitivity and specificity over conventional biomarkers based

on direct measures of plasma-associated miRNAs™**.

Results

NSG xenograft of Molm-14 produces a model of AML disease with

characteristic exosome secretion

As a model for high-risk AML with rapid growth kinetics, we developed a
xenograft model using the Molm-14 cell line in NOD/SCID/IL-2ry™" (NSG)

142-144

mice Upon tail vein injection of as few as 1x10°> Molm-14 cells, we found

predictable establishment of disease in NSG mice. We avoided irradiation
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conditioning in order to maintain vascular integrity and the native
microenvironment. Engrafted animals were sacrificed at serial time points and
human CD45 was readily detected in sectioned femurs by immunohistochemistry
(Fig. 4.1A). In a series of experiments comprising leukemias in more than 30
animals, we found that disease was rapidly progressive, leading to death or
morbidity requiring sacrifice within a 4-week time frame. In order to establish the
source of exosomes within the leukemia niche, we isolated leukemic cells from
mice engrafted with Molm-14 AML (bone marrow chimerism between 69-77% by
human CDA45 positivity). Using PCR for FLT3-ITD verified that these animals
contained leukemic cells similar to Molm-14 stock (Fig. 4.1B). As the bone
marrow microenvironment promotes leukemic growth, proliferation, and anti-
apoptotic signaling, and has been shown to confer chemoresistance in NSG

modelsl45—l47

, we additionally isolated stroma by adhesion of cells from whole
bone marrow to culture flasks, and then evaluated them in culture after 4-6
passages. Expansion cultures of both murine stromal cells and NSG-engrafted
Molm-14 produced exosomes with typical size (Fig. 4.1C) and morphology (Fig.
4.1D). These results indicate that both leukemic cells and marrow stroma can

contribute to serum exosomes, providing a potential compartment-level indicator

of disease.

AML cell- and AML-conditioned stroma-secreted exosomes carry a select

miRNA subset

We previously showed that AML-secreted exosomes, including those from Molm-

14, contain a concentrated miRNA population that is proportionally different from
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Figure 4.1: Molm-14 Engraft in NSG Mice and Contribute to Compartment Exosome
Secretion

(A) Immunohistochemistry of Molm-14-engrafted NSG femurs collected from mice at 3 weeks
post-engraftment, sectioned, and stained for human CD45. (B) PCR identification of NSG-
engrafted AML. Molm-14 isolated from engrafted NSG mice retained their characteristic
FLT3-ITD mutation, detected by 40 cycles of PCR. NTC: null-template control; NSG-AML:
isolated Molm-14; HL-60: cell line exhibiting WT FLT3; M14: Molm-14 stock culture. (C,D)
TEM of exosomes isolated from the culture media of Molm-14 and NSG stroma. Sizing of >
100 vesicles per sample is presented in (C); representative image is presented in (D).
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the cellular miRNA™3,  In extension of those observations, we found an
enrichment of small RNA within the total RNA of exosomes derived from ex vivo
Molm-14 after engraftment in NSG mice (Fig. 4.2A) as well as exosomes derived
from NSG stroma, (Fig. 4.2B) when compared to the RNA from cell of origin. As
miRNA are highly conserved'*®, and thus unlikely to be unique to a particular
disease process (or species), we pursued a wider characterization of the
respective cellular / exosomal miRNA levels in order to determine whether an
predictive panel could be identified?®®. We evaluated Molm-14 exosomal versus
cellular miRNA using the Affymetrix GeneChip miRNA 3.0 microarray (GEO
Accession GSES55025), containing almost 20,000 unique probes based on
miRBase v17. This revealed stark differences between the miRNA content of
exosomes and the cells that produce them (Fig. 4.2C). Of the mature miRNAs
detected in both cell and exosome, 161 of 1733 were at least two-fold increased
in exosomes, while 108 were at least 2-fold decreased. We used quantitative
reverse transcriptase-PCR to validate our microarray findings for select targets
noted in the recent literature to be relevant to AML biology'®!*.  After
normalizing to U6, we found substantially enriched concentrations of let-7a, miR-
99b, -146a, -155, -191, and -1246, concentrations of up to 1000-fold above
cellular levels (Fig. 4.2D). We also evaluated several of these mIiRNA in
exosomes isolated from ex vivo stromal cell cultures (Fig. 4.2E). Although these
MiRNA tended to be abundant in exosomes compared to the producing stromal

cells, there was no significant difference between cell and exosome, nor between
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Figure 4.2: Molm-14 and Stromal Exosomes Concentrate Selected MicroRNA

(A,B) RNA size profiles of exosomes. RNA was collected from Molm-14 (A) and NSG Stromal
(B) cells and their exosomes after 72 hours in culture, and miRNA was evaluated using a
bioanalyzer. (C) Microarray comparison of cell, exosome miRNA. Molm-14 cell and exosome
microRNA was evaluated using an Affymetrix microRNA microarray. All targets with more
than 2-fold mean difference between producing cell and exosome are represented, RMA-
corrected and standardized to a mean of 0 and a SD of 1. Dendrogram values are 1 -
Pearson's R. (D,E) gRT-PCR for miRNA in cells versus exosomes. Selected targets from
NSG stromal (D) and Molm-14 (E) cells and exosomes were validated using Tagman qRT-
PCR, normalized to U6 snRNA. Fold change was calculated by 2*-[T] Ct.

stroma from Molm-14 engrafted animals and controls. The array studies
provided us with a candidate panel of miRNA targets, derived from both AML and
its surrounding stroma, to pursue in our investigations into total serum exosome

mMiRNA profiles.

Conventional surveillance strategies provide a limited window into

leukemic burden

For reference to existing leukemia monitoring strategies, we evaluated flow
cytometry and complete blood count (CBC) in our model. Flow cytometry on
PBMCs proved to be an unreliable means of detection; disease was first reliably
detectable by this method (using the threshold of 0.3% human CD45 positivity**°)
within two days of the earliest animal death, reflecting human disease and
speaking to the vascular integrity of the BM sinusoids and the physiology of the
model. Across multiple experiments, human CD45 chimerism in the marrow
developed approximately seven days earlier than in the periphery (Fig. 4.3A).
To track disease burden through treatment, we used cytarabine (ara-C), a

nucleoside analog and backbone of AML chemotherapy™*.

Treatment with
cytarabine effectively eliminated Molm-14 cells from the blood. Leukemic

chimerism within the marrow, however, was unaffected (Fig. 4.3A), underscoring
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the problems inherent in the reliance on peripheral leukemia cells as an indicator
of disease burden. When we followed complete blood count measures of
hemoglobin and platelet counts we found significant differences (p < 0.05) in
Molm-14 engrafted versus control animals as early as two weeks after
engraftment (Fig. 4.3C), at which time peripheral blood chimerism by flow
cytometry was still zero (Fig. 4.3A). As anticipated, CBC metrics were globally
suppressed following treatment of mice with ara-C, illustrating one of several
confounders in a clinical post-treatment scenario. lllustrating the more complex
situation in patients, however, treatment of unengrafted NSG mice resulted in a
significant suppression of hemoglobin measures, effectively mimicking the
anemia seen in engrafted animals (Fig. 4.3C). As Molm-14 express FLT3-ITD,
we investigated whether this established MRD marker transcript was detectable
in exosomes isolated from the serum of engrafted mice (Fig. 4.3B). Although
murine GAPDH was readily found in the serum exosomes of both engrafted —
with peripheral blood (PB) and bone marrow (BM) chimerism ranging from 0.4-
10% and 41-67% respectively — and control animals, neither Molm-14-specific
FLT3-ITD nor human-specific GAPDH was detectable after 45 cycles of PCR,
broadly consistent with the comparatively lower abundance of larger RNA
species by bioanalyzer. We therefore evaluated the enriched exosomal miRNA
population in pursuit of biomarker candidates. As a prerequisite for a robust
biomarker, AML exosome miRNA must either be unaltered by exposure of the
cells to chemotherapy, or be shifted in a systematic and predictable way; this

requirement complicates leukemia surveillance with CBC and flow cytometry. In
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Figure 4.3: Conventional Markers Are Limited; Chemotherapy is a Confounder

(A) Molm-14 xenograft chimerism. Flow cytometry for human CD45 was performed on the
peripheral blood and bone marrow of Molm-14-engrafted NSG mice, +/- ara-C treatment. (B)
MRNA RT-PCR on serum exosomes. Serum exosomes from Molm-14-engrafted mice were
tested for human FLT3 and GAPDH and murine GAPDH using PCR. NTC: null-template
control. M14: Molm-14. PB: Peripheral blood; BM: Bone marrow chimerism by flow for
human CD45. (C) CBC of mice, comparing NSG (h=31), NSG + Molm-14 at 2 (n=16) and 3
(n=5) weeks post-engraftment, NSG + Molm-14 + ara-C (n=8) at 3 weeks, control NSG + ara-
C (n=4), and NSG + nonmalignant CD34+ human cells (n=4). WBC, white blood cells; LY,
lymphocytes; NE, neutrophils; Hb, hemoglobin; PLT, platelets (x1000/uL). *, p < 0.05 by
Student's t. Error bars represent SEM. (D,E) In vitro chemotherapy and exosomal miRNA.
Molm-14, HL-60, and U937 cells were exposed to cytarabine (25ng/mL, D) overnight, and
Molm-14 were exposed to quizartinib (0.1nM, E) overnight. Cellular (on the x-axis) and
exosomal (on the y-axis) miRNA were measured by qRT-PCR, and are presented as ddCT (a
-1 ddCT represents a 2-fold increase in miRNA).
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order to determine whether AML exosomal miRNA was sensitive to drug
treatment, we exposed several AML cell lines to chemotherapeutics in vitro, and
then evaluated the resulting changes in cellular and exosomal miRNA. In a
series of experiments in which we exposed multiple AML cell lines to cytarabine,
we found that no candidate miRNA exhibited a shift of 2-fold or more after ara-C
exposure (Fig. 4.3D). Similarly, exposure to the targeted kinase inhibitor
Quizartinib (which inhibits FLT3 kinase activity>?) was associated with only minor
shifts in exosomal miRNA levels (Fig. 4.3E). These findings support exosomal
MiRNA as a biomarker that is representative of disease burden, rather than

fluctuating expression or exosome release modified as a result of treatment.
Exosomal miRNA in the serum echoes AML-engraftment kinetics

To develop an in vivo exosome biomarker platform, we tested quality and
guantity of miRNA isolated from small amounts of murine serum. We collected
blood from Molm-14 xenograft and control NSG mice and extracted exosomes
from the serum. Assessing the amount and quality of RNA yielded in exosome
preparations from varying volumes of serum established that exosomal miRNA
could be collected from as little as 20uL of serum (Fig. 4.4). Based on this
finding, we settled on a serum volume of 20-50 prihalfomiRRA
measurements. In a series of experiments comprising more than sixty mice, we
systematically determined serum levels of four candidate miRNA chosen for their

relevance to leukemia®>4H149

and incorporation in exosomes (Fig. 4.1): miR-
150, miR-155, miR-221, and miR-1246. Using Molm-14-engrafted animals at 14

days (d14) and 21 days (d21) post-engraftment as our experimental groups, we
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Figure 4.4: Serum Exosome RNA Yield and Quality are Independent of Serum Volume
Serum was collected from Molm-engrafted or control NSG mice, and exosomes were
collected by ExoQuick precipitation. Total RNA was isolated, and concentration, 260/280, and
260/230 values were measured by spectrophotometer.

compared to unengrafted NSG mice as well as to mice engrafted with healthy
human CD34+ cells derived from cord blood. In spite of the anticipated
substantial inter-animal variability, this panel of miRNA reproducibly distinguished
between cohorts (Fig. 4.5A): miR-155 was elevated in Molm-14- and CD34+-
engrafted animals but not NSG controls, miR-150 separated Molm-14 from
CD34+ engraftment, miR-221 was altered at late but not early leukemia time
points, and miR-1246 increased over time in leukemia-, but not nonmalignant
CD34+ cell-engrafted mice. In an effort to test statistical strength, models of
receiver operating characteristic (ROC) were generated by logistic regression.
These highlight the added discriminatory capacity conferred by combining the top
performing markers (Fig. 4.5B). By evaluating multiple combinations, we

developed a model that produces a single exosomal miRNA score (linear
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combination of miR-150, -155, and -1246) which was best able to separate
leukemia-engrafted mice from controls, achieving an area under the curve (AUC)
of 0.80, compared to individual marker AUC's of 0.68 for miR-155 and 0.67 for
miR-1246. (Fig. 4.5B, Table 4.1). These models were generated using data

collected from mice 14 days post-engraftment, in whom peripheral blood

Day 14 Day 21

Model n (control) n (AML) AUC n (control) n(AML) AUC

1246 20 18 0.6722 20 18 0.9583
150 35 40 0.4600 35 31 0.5217
155 34 40 0.6912 34 31 0.8065
1246, 150 20 18 0.8083 20 18 0.9667
1246, 155 20 18 0.7944 20 18 0.9528
150, 155 34 40 0.7463 34 31 0.8643
1246, 150, 155 20 18 0.8028 20 18 0.9944

Table 4.1: Comparison of miRNA marker combinations

Logistic regression was used to create weighted linear combinations of serum exosome miRNA
markers, which were evaluated for their capacity to discriminate between xenografted mice (n in
column n (AML)) and unengrafted controls (n in column n (control)) at 14 and 21 days post-
engraftment. Areas under receiver operating characteristic (ROC) curves are presented as AUC.

leukemic blasts ranged between undetectable to less than 0.1% by flow
cytometry for human CD45 positivity. Using the coefficients calculated for the
combined miR-150/ -155/ -1246 model (-0.2175, -0.3837, and 0.0017,
respectively), we scored serum exosome miRNA from a separate validation set
of animals engrafted with human cord blood-derived CD34+ cells or with Molm-
14, then treated with ara-C at 14 days post-engraftment as described above. We
chose three separate cutoff scores (circled in Fig. 4.5B) statistically emphasizing
sensitivity, specificity, or a balance of the two, and sorted the scores generated
by measuring serum exosomal miRNA in the validation set (Fig. 4.5B).

Optimizing sensitivity or specificity allowed complete elimination of false
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Figure 4.5: Serum Exosome miRNA Distinguishes Leukemia From Hematopoiesis

(A) Serum exosome miRNA levels. Exosomes were isolated from peripheral blood of control
NSG mice as well as NSG mice engrafted with Molm-14 (after 14 or 21 days; d14 and d21,
respectively) or human CD34+ cells. MicroRNA levels were measured by gRT-PCR. *, p <
0.05 by Student's t. (B) Serum exosome miRNA score performance. Receiver operating
characteristic (ROC) curves are presented for single miRNA and for the combination of
mMiRNA-150, -155, and -1246. The circles represent points on the ROC curves whose alphas
were chosen as cutoff values emphasizing specificity, sensitivity, or a balance of the two,
respectively. These cutoff values and the coefficients generated by the regression were used
to evaluate mice engrafted with Molm-14 and treated with cytarabine, alongside control mice
engrafted with human CD34+ cells. Exosome miRNA panel performance for each cohort and
cutoff is presented alongside peripheral blood chimerism (by flow cytometry for human CD45).
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negatives or false positives, respectively, while balancing the two in choosing a
cutoff value resulted in detection of 8/9 leukemias with only 1/4 controls being
scored positive. These results demonstrate both the reproducibility of alterations
in serum exosomal miRNA as a marker of leukemia and the independence of this

score from both treatment and the level of circulating blasts.

Exosomal miRNA as a general AML biomarker

In order to determine the broader preclinical potential for exosome miRNA as
biomarkers we interrogated an additional model of promyelocytic AML by
xenografting HL-60 cells into NSG mice. This corroborated the significant
differences between serum exosome levels of miR-150, -155, and-1246 in
leukemia engrafted mice and levels in baseline NSG or in human CD34+ cell-
engrafted controls (Fig. 4.6A). As in our Molm-14 xenograft experiments,
individual miRNA levels provided variable contributions to the ability to
discriminate between cohorts. We therefore applied the scoring algorithm we
derived from our Molm-14 xenografts to the miRNA levels obtained from HL-60
xenografted mice (Fig. 4.6B). When we applied the three cutoffs described in
Figure 4B, we found that the sensitivity / specificity balanced cutoff correctly
predicted 100% of HL-60 engrafted animals at 3 weeks post-engraftment; a time
point at which human CD45 could not be identified by flow cytometry in 5/7
animals (Table 4.2). Interestingly, we found that a majority of animals engrafted
with HL-60 developed peripheral chloromas (Fig. 4.6C), in addition to, but
primarily in lieu of bone marrow disease, further highlighting the potential for

detecting extramedullary disease.
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Figure 4.6: Expansion of the Scope of the Serum Exosome miRNA Biomarker

(A) Comparing serum exosome miRNA levels in HL-60. Exosomes were isolated from peripheral
blood of control NSG mice as well as NSG mice engrafted with HL-60 (after 14 or 21 days; d14
and d21, respectively) or human CD34+ cells. MicroRNA levels were measured by qRT-PCR. *,
p < 0.05 by Student's t. (B) Evaluation of score performance. miRNA panel scores were
calculated for HL-60-engrafted mice at 14 and 21 day time. The lines correspond to alphas
chosen as described in Figure 4B. (C) Chloromas in HL-60-engrafted NSG mice. (D) Patient
serum / plasma exosome miRNA. Exosomes were isolated from serum or plasma from AML
patients (red) or normal subjects (black), and miRNA levels of miR-150, -155, and -1246 were
measured. Means are represented as horizontal bars. (E) Evaluation of score in human
samples. miRNA panel scores were calculated for the serum miRNA levels depicted in D.

We had the opportunity to investigate the feasibility of our biomarker panel in a
small set of patient plasma and serum samples, both previously validated as
equivalent sources of circulating miRNA®®3, Evaluating three AML patients and
three normal subjects, we found that all three individual exosome miRNA in our

panel were detectable in circulating human exosomes, and were markedly
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% hsa-CD45+
Animal | PB, 3wk PB, 4wk BM, 4wk | Tumor, 4wk
3N 0.3 3.53 0 98.04
4N 0 0 0 97.97
5N 0 0 11.04 98.18
6N 0 0 0 98.02
1-2N 0 0.01 0.05 97.79
1-5N 0.01 0 0 52.76
1-6N 0 22.2 0 98.58

Table 4.2: Peripheral Blood and Bone Marrow Chimerism of HL-60-engrafted Mice

NSG mice were given 5x10° HL-60 cells via tail vein injection. At 3wk and 4wk post-injection,
peripheral blood (PB) chimerism was measured by flow cytometry for human CD45. At 4wk post-
injection, animals were sacrificed, and bone marrow (BM) chimerism was measured by flow
cytometry for human CD45. In all animals, a chloroma was present (representative photograph
in Fig. 4.6C) at 4wk, from which homogenized cells were >97% positive for human CD45 by flow
cytometry.

different in the AML patients compared to the normal subjects (Fig. 4.6D). We
calculated panel scores from these miRNA levels, which resulted in a clear cutoff
between patients and controls (Fig. 4.6E). This difference tended toward, but did
not reach significance (p = 0.057 for the overall miRNA panel score), reflecting
the small sample size. We consider this result encouraging for further
development of exosome mMIRNA panels to be tested prospectively in AML

patient serum.

Discussion

The substantial morbidity and mortality experienced by AML patients in relapse
creates an urgent need for efficient and cost-effective MRD surveillance.
Whereas chemotherapy effectively eliminates peripheral AML blasts, most
treatment regimens fail to eradicate residual leukemic cells within the bone

146,147

marrow microenvironment In an effort to overcome the limitations of

compartmental relapse and reliance on measuring malignant cells directly, we

78



set out to develop exosomal miRNA, as biomarkers of disease, a prospect not

limited to AM[138140.154

Detection of serum exosome miRNA circumvents both the need for an invasive
marrow aspiration procedure and the reliance on the presence of leukemic blasts
in the periphery. While the endothelium presents a barrier to leukemia cell
egress from the marrow', exosomes are able to equilibrate with the
bloodstream’, and thus are detectable in systemic circulation. Detection of
these exosomes peripherally, therefore, could potentially provide evidence of
early (including extramedullary) leukemia relapse. Several recent publications
indicate a correlation of select circulating miRNA, singly or as a panel of markers,
with disease burden in CLL and GVHD'**. These tools rely either on direct
measures of cellular miRNA, or on total cell-free miRNA in plasma, and have
unfortunately not yet produced clinically useful biomarkers®’. Analysis of
circulating exosomes allows evaluation of a population to which AML is known to
directly contribute, excluding such populations as HDL-associated and protein-

bound miRNA™E,

Xenotransplantation of human cells into immunodeficient mice, in particular
NOD/SCID/IL-2ry™" (NSG) mice, is well established as a model for the

1218 Molm-14, a cell line

systematic in vivo study of human AML biology
derived from a patient with monocytic leukemia, is positive for the FLT3-ITD
mutation**, a negative prognostic indicator’®® and characteristic of an

aggressive, rapidly progressive disease. In earlier studies, we had established

that Molm-14 and HL60 cells, like those of primary patient-derived AML samples,
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produced exosomes rich in miRNA®3, We therefore selected these cell lines to
provide consistency for development of this biomarker platform not present using

primary AML xenografts with more variable kinetics®.

Our recent finding that exosomes transport a preponderance of miRNA, and that

the miRNA cargo is not simply a random sampling of cellular content*3*

supports
the view of AML-derived exosomes as containing specifically selected miRNA
populations. Accordingly, our experiments demonstrate reproducible miRNA
perturbations in peripheral blood exosomes, while less abundant AML-specific
mRNA transcripts could not be detected in AML exosomes™, even with
substantial peripheral blood chimerism. In a series of microarray and qRT-PCR
experiments we were able to combine multiple measures to derive a panel of
miRNA that were not only exported in exosomes by AML, but correlated with the
presence of leukemia (Fig 2, 4). While miR-1246 and miR-155 individually
correlated well with AML in our model (Fig 4), the analysis of multiple miRNA in
combinations allowed us to arrive at the subset most representative of AML
disease status. We show that careful analysis of this panel of miRNA, rather
than reliance on a single target miRNA level to indicate disease improves both
sensitivity and specificity (Fig 4). When directly compared to the
immunophenotypic MRD thresholds of 0.1%, commonly used with AML bone
marrow samples, or 0.015% with AML peripheral blood samples, our panel of
markers was equally sensitive in Molm-14-engrafted mice and more sensitive in
HL-60-engrafted mice, often detecting leukemia in mice with zero chimerism by

flow (Fig 4B, 5B). These observations are echoed in patient serum exosome
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MIiRNA samples that similarly varies between leukemia patients and controls.
These results support the position that serum exosomal miRNA can add
sensitivity and specificity to the minimally invasive detection of residual or
recurrent AML, conferring additional advantage as a cell-free marker unaffected
by chemotherapy. Intriguingly, our data indicate that this serum exosome
population may reflect contributions from both leukemic blasts and marrow
stromal cells modified by the presence of the malignancy. While other multi-

161
d

component biomarkers have been identifie (including, potentially, circulating

127,141
d

cell-free nucleic aci ), to our knowledge this is the first such leukemia

biomarker to represent multiple components of the malignant microenvironment.

In aggregate, we demonstrate the feasibility of isolating exosomal miRNA from
small volumes of murine serum, allowing for discrimination between AML-bearing
and control NSG mice. Through comparison with existing metrics over the
course of disease and treatment, we establish exosomal miRNA as a sensitive
and robust indicator in our xenograft model. A small set of primary patient
samples suggests feasibility and discriminatory potential of this marker as a
clinical tool. These experiments provide a platform for the development of
clinical AML biomarkers with the potential to provide improved detection of occult

disease in a minimally invasive methodology.

Materials & Methods

Cell culture
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The AML cell lines U937, HL-60, and Molm-14 were cultured in RPMI media (Life
Technologies) with 10% FBS in a Thermo Scientific cell culture incubator at 5%
CO,. Cell lines were obtained as previously reported'®*; Molm-14 were
authenticated by PCR for characteristic FLT3-ITD prior to engraftment. Primary
human CD34" hematopoietic progenitor cells and primary patient and control
serum / plasma were collected according to an OHSU IRB-approved protocol.
CD34+ cells were purified from cord blood using MACS cell separation (Miltenyi
Biotec) and cultured in serum-free expansion media (StemCell Technologies)
supplemented with 100 U/ml penicillin/streptomycin, 40 ng/ml Flt-3, 25 ng/ml
SCF, and 50 ng/ml TPO (Miltenyi Biotec). Primary murine stromal cells were BM
stromal cells were obtained by culturing whole BM cells isolated from the
experimental animals in IMDM (Life Technologies) with 20% Vesicle-free FBS**?

for 4 days, then washing 2x with versene.
Mice and xenografts

NOD/SCID/IL-2ry™" mice (NSG) were purchased from The Jackson Laboratory.
Animals were maintained in a pathogen-free barrier facility following an OHSU
IACUC-approved protocol. Animals 6-8 weeks old were used in the experiments.
1x10° Molm-14 cells/human cord blood-derived CD34" cells or 5X10° HL-60 cells
per animal were engrafted into non-irradiated animals by i.v. tail-vein injection.
Retroorbital blood draws were conducted as necessary to obtain serum
exosomes or peripheral blood for human CD45 chimerism analysis by flow
cytometry. Animals were sacrificed at indicated time points, when peripheral

blood, spleen, and bone marrow were collected from each animal. For
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cytarabine-treated animals, ara-C was administered by intraperitoneal injection at
300mg/kg every third day for three total injections’®® starting 14d post-

engraftment.
Exosome preparation and RNA extraction

Exosomes from in vitro cultures were isolated by differential centrifugation as

described previously*?,

Briefly, AML cells were cultured for 48 hrs, the culture
media was spun at 300xg for 10 min to remove cells, then the supernatant was
spun at 2,000xg for 20 min and 10,000xg for 20 min to remove cell debris. The
supernatant was centrifuged at 100,000xg for 2 hrs to pellet exosomes.
Exosomes from NSG serum were extracted using ExoQuick (System

Biosciences). RNA was extracted from exosomes or cells using the miRNeasy

kit (Qiagen) according to manufacturer’s instructions.
RNA analysis and gRT-PCR

RNA was extracted from exosomes and cells using miRNeasy or RNeasy Kkits
and quantified using a Nanodrop 2000c (Thermo). RNA integrity was measured
using the Agilent Bioanalyzer ‘Pico Chip’ (Agilent). For RT-PCR, RNAs were
converted into cDNA using the SuperScript Ill First Strand Synthesis Kit
(Invitrogen) with oligo-dT priming, followed by PCR. A SYBR Green PCR kit
(Applied Biosystems) was used for quantitative PCR. In the case of miRNA,
reverse transcription and gRT-PCR were performed using mature human miRNA

Tagman assays (Applied Biosystems), normalized to U6 snRNA.
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Immunohistochemistry (IHC) staining

Femur IHC staining for human CD45 was performed by the Histology Core
Facility at the Oregon Health and Science University. In brief, a femur was
removed from each experimental mouse and fixed in 10% formalin for 24 hrs at 4
°C, then transferred to cold 70% ethanol for the storage until sectioning. The
fixed femur was embedded in paraffin and sectioned at 5-um thickness. The
femur slides were rehydrated and high-pressure treated. The treated slides were
blocked and then stained with mouse anti-human CD45 antibody (Clone HI30,
BioLegend) at 1:150 dilution and then biotinylated anti-mouse 1gG. Mouse IgG1
isotype was used as the control. The images of antibody-stained slide were
taken with a Leica ICC50 microscope equipped with HD camera using 20X lens.

The image processing was performed using Adobe Photoshop (Adobe).

Flow cytometry analysis

Murine peripheral blood or bone marrow cells were labeled with antibodies to
murine CD45 (Clone 30-F11) and human CD45 (Clone HI30, BioLegend) and
analyzed by FACSCalibur (BD Biosciences). All data was analyzed using

FlowJo software (Tree Star).

Transmission Electron Microscopy

10ul of Exosome preparations were deposited onto glow discharged carbon
formvar 400 Mesh copper grids (Ted Pella 01822-F) for 3 min, rinsed 15 secs in

water, wicked on Whatman filter paper 1, stained for 45 secs in filtered 1.33 %
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(w/v) uranyl acetate, wicked and air dried. Samples were imaged at 120 kV on a
FEI Tecnai™ Spirit TEM system. Images were acquired as 2048 x 2048 pixel,
16-bit gray scale files using the FEI's TEM Imaging & Analysis (TIA) interface on

an Eagle™ 2K CCD multiscan camera.

Microarrays

Microarray assays were performed in the OHSU Gene Profiling Shared
Resource. For each sample, a 130 ng of total RNA was labeled using the Flash-
Tag Biotin HSR miRNA Labeling Kit (Affymetrix) by polyadenylation and ligation
with biotinylated 3'DNA dendrimers. Labeled RNA was mixed with hybridization
controls and incubated overnight with the GeneChip miRNA 3.0 array
(Affymetrix) as per manufacturer recommendations. Arrays were scanned using
the GeneChip Scanner 3000 7G with autoloader (Affymetrix). Image processing
was performed using Affymetrix GeneChip Command Console software followed
by analysis with Expression Console software (Affymetrix). Array performance
and general data quality were assessed using Signal All, mean background
intensity, number of detected probe sets, % P, all probe set mean, all probe set
standard deviation, all probe set RLE mean, and % species specific small RNA

probe sets detected. All arrays passed standard performance quality thresholds.

Microarray statistical analysis and data visualization

Individual array data (.cel files) were uploaded to R software package and
analyzed using Bioconductor’'s Oligo package. Normalization was conducted on

all samples in a single set using RMA Background and Quantile Normalization
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sub-routine. Signal intensities were log2 transformed and probe set values
summarized using Median Polish Summarization Method. Final data set included
paired samples from exosome cell. Further analysis included 3391 mature and
pre-mature human miRNA probe sets . Data visualization tools (e.g., box plot,
hierarchical clustering, matrix plots and multi-dimensional scaling) were used to
assess the general data quality and outliers. To determine differentially
expressed miRNA genes, the mixed model was used to assess differences in
MIiRNA probe expression between exosome samples and cell samples.
Unadjusted statistical significance was set at p < 0.05 with FDR correction at p <
0.10 for multiple testing where relevant. Fold Change values of 2.0 were used as

a cut-off to identify up- and down-regulated probes.

Normalized log2 transformed signal data for all human mature miRNAs were
imported into Partek Genomics Suite 6.6 software and then filtered to include
only miRNA signal data of interest prior to generating individual heat maps. The
Tools Discover Hierarchical Clustering subroutine was invoked to create each
clustered heat map. Samples and miRNA were clustered using Pearson’s

Dissimilarity as the measure of distance with complete linkage.

Statistical analysis

The results are presented as mean + standard deviation or SEM (where
indicated). The 2-tailed Student t-test was used for comparison between groups.
A value of p<0.05 was considered statistically significant. To elucidate

combinations of serum miRNA that could discriminate between engrafted mice
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(evaluated through 14 and 21 days) versus control mice, we estimated linear
combinations of markers via logistic regression and evaluated the resulting
receiver operating characteristic (ROC) curves (plots of sensitivity versus 1

minus specificity) using R.

Complete blood count

Blood was drawn from mice retroorbitally into EDTA-treated Microvettes

(Sarstedt). Counts were generated using a Hemavet HV950 (Drew Scientific).
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CHAPTER 5: AML Exosome MicroRNA Target Analysis
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Abstract

AML-derived exosomes deliver an actively selected and concentrated
subset of cellular microRNA to multiple cell types within the bone marrow
microenvironment. In aggregate, the content of these exosomes is sufficient to
suppress hematopoietic function when delivered to the marrow via intrafemoral
injection. This functional suppression may be related to molecular changes
observed in vitro upon treatment of HSPC or stroma with AML exosomes. The
experiments described in this chapter address this relationship, by evaluating
several of the most concentrated microRNA in AML exosomes. Through broad
characterization of microRNA targeting, combined with specific validation
experiments and the utilization of public bioinformatics resources, these
experiments begin to clarify the complex effects of the delivery of exosomal

microRNA to the different recipient cell types within the bone marrow.

Introduction

Having gained an appreciation for the substantial enrichment of miRNA in
exosomes secreted by AML blasts, and the marked selection of particular miRNA
species that occurs, we became interested in the regulatory role this population
of small RNA has within the marrow. As each miRNA has the capacity to
regulate many targets, and as exosome delivery is not a targeted process,
exosome-transferred miRNA have the potential to regulate many processes in
many cell types simultaneously, with differing transcripts being suppressed in
different recipient cells. The total effect of exosomal miRNA is therefore a

combination of the effects of the many individual miRNA contained within the

89



exosomes, overlaid on the expression profile of the various recipient cells. In
order to gain an understanding of what this communication signifies in the
context of AML, it is necessary to take both a broad and a narrow view; to
capture all the potential activity of a particular miRNA, and then focus that set of
targets within the transcriptome of each cell type of interest. Despite this, it is
possible to restrict the set of miRNA of interest before taking any experimental
approach; the fact that miRNA regulation of a given target is dose-dependent
(albeit in relationship to the a priori expression level of target mMRNAS) implies
that the most enriched miRNA in exosomes are those most potently regulating
the recipient cells. Further, the scope of our investigation can be limited by the
set of observations we are attempting to explain - the suppression of
clonogenicity in HSPC, and the failure of hematopoietic support in marrow
stroma. As other groups have provided baseline assessment of the

163 "and as there is substantial

transcriptomes of our cell populations of interest
exisiting research into miRNA in AML, our experimental design gained the benefit
of some insight into which particular miRNA are likely to be of significance, or to

target hematopoietically relevant transcripts.

Results

Our initial investigations into AML exosome miRNA content revealed more
than one thousand unique species of miIRNA to be present; it was necessary to
pare down this list for more in-depth targeting studies. Fortunately, our data
repeatedly presented the same group of candidate miRNA as promising

throughout our experimentation.
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Figure 5.1: Packaging and Import of miRs -155 and -1246

(A) Microarray comparison of Molm-14 cell and exosome miRNA. miR-155 and -1246 are
indicated. The heavy black lines indicate 2-fold change between cell and exosome. (B)
Marrow stromal cells from orthopedic patients without malignancy were exposed overnight
to exosomes from Molm-14, then miR-155 and -1246 were assayed by qRT-PCR
normalized to U6 snRNA. *, p < 0.01.

MicroRNA-155 is well known in both malignancy and hematopoietic
contexts. It is responsible for regulation of hematopoietic differentiation through
inhibition of PU.1'**, and provides a mechanistic link between Notch signaling
and NF-kB in the control of marrow stromal cytokine secretion'®. Its activation
through STATS5 signaling has been shown to support the leukemogenic potential
of HSPC'®, it is inversely associated with response to chemoimmunotherapy in

CLL®", and its overexpression causes a B-cell malignancy in transgenic mice'®®,

MicroRNA-1246, on the other hand, is almost entirely novel. Very little
work has been done on this microRNA to date, and although a small number of
reports suggest potential links to cancer, it has no known hematopoietic

relevance!®®1?,

However, it was consistently among the most prevalent miRNA
in our microarray studies of AML cell lines, and only present at very low levels in

the cells and exosomes of nonmalignant CD34+ cells. In our biomarker studies,
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it was the single best individual predictor of disease status among all miRNA

evaluated.

Examining the levels of these microRNA in Molm-14 exosomes in the
microarray data we generated reveals that while miR-1246 is highly selected for
inclusion into exosomes, MiR-155 is present in exosomes at a slightly lower level
than its cellular representation indicates. However, its absolute signal level is still
similar to that of miR-1246, due to its overrepresentation in the producing cells
(Fig. 5.1A). In order to verify that these particular miRNA are efficiently
transferred to nearby cells by AML exosomes, we treated human marrow stromal
samples with exosomes derived from Molm-14 overnight, and then washed the
cells and assayed for miR-155 and -1246, finding both miRNA to be significantly
increased in recipient cells versus controls (Fig. 5.1B), as we had already found

for miR-155 in exosome-exposed c-Kit" HSPC (Fig. 2.5F).

Having selected miRNA for initial investigation, we began with a survey of
all targets of miR-155 using RISCTrap. This technology utilizes a dominant
negative GW182 protein in order to capture mRNA targets inside RISC
complexes without degrading them. In a cell expressing this protein and
transfected with a miRNA of interest, the mRNA targeted by this miRNA will be
enriched in these complexes, which can be immunoprecipitated using a FLAG
tag on the modified GW182. After subsequent enrichment for polyadenylated
transcripts (and so selection for mRNA), the precipitated RNA are sequenced
and compared to other transfected miRNA or scramble in order to identify the

172

target set of mMRNA of the miRNA of interest™“ (Fig. 5.2A). After comparison to
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Figure 5.2: RISCTrap mRNA Targeting of miR-155
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Céorf228 MEIS1 URB2
CCDC126 METTL21A USP31
CEBPB MFSD5 USPL1
CHD9 MICB VAMP3
CHEK2 MYBL1 VAV3
CHORDCA1 NAPEPLD VPS36
CHST15 NEEA WEE1
CKMT1A NFIA YLPM1
CNNM1 NKD1 ZFHX4
COL27A1 MNIKX3-1 ZFP36
CSNK1G2 PHC2 ZIC3
DCK PIPSK1B ZICS
DET1 PLAGY ZNF185
DHX40 PLEKHB2 ZNF254
D8G2 PRDM15 ZNF260
EIFSA2 PREX2 ZNF320
ELAVL2 PSKH1 ZNF431
EMLS RAPGEF2 ZNF468
EPHA7 REBM47 ZNFB52
ETV3 RFK ZNF7O1
FAM1S0A RGP1 ZNF845
FAMESA RUFY2

(A) Schematic diagram of RISCTrap target analysis. (B) mRNA targets of miR-155, by
significant enrichment (FDR>0.15) in cells transfected with miR-155 versus -132 and -137.
Targets in green are those not predicted by the miRWalk database. (C) Central interaction
network of miR-155 targets, based on STRING protein interaction database query. Central
cluster of 4™ and higher degree nodes is shown. Proteins in green were those not predicted
by miRWalk but identified by RISCTrap, proteins in red were identified as miR-155 targets by

RISCTrap, proteins in blue are neither.

the control miRNAs miR-132 and -137, a set of targets were selected based on

significant enrichment in the miR-155 transfected samples (FDR < 0.15; details of

statistical analysis in *’?) (Fig. 5.2B). Comparing this list to predicted targets

using the miRWalk database’, 94/128 were predicted by at least one of six
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Figure 5.3: Validation of miRNA Targeting

(A) 3'UTR luciferase reporter assay demonstrating direct suppression of CEBPb by miR-155
and of c-MYB by miR-150 and -155. *, p<0.01. (B) Transcript levels of c-MYB in c-Kit" HSPC
exposed to HL-60- or Molm-14-derived exosomes overnight, normalized to GAPDH. *,

p<0.01.

prediction algorithms (targets not predicted in green in Fig. 5.2B), while 24/128
had been experimentally validated. The results of this comparison supported the

validity of our experimentally determined target set.

174 t

We next took advantage of the STRING protein interaction database™'" to

identify connected networks of proteins regulated by this miRNA. After
identifying all proteins interacting with the targets identified by RISCTrap, the list
was reduced to experimentally-supported interactions between human proteins,
and then to quaternary or higher-degree nodes within the resulting interaction
network. This process yielded a clear cluster of interacting protein nodes, most
of which were identified as direct targets of miR-155, but several of which were

included by virtue of being interacting partners of many direct targets (Fig. 5.2C).

Beginning with this broad network of targets, we began investigations on
specific targeting. Using a dual-luciferase 3'UTR reporter system, we validated

the targets c-MYB and CEBPR (Fig. 5.3A), demonstrating clear suppression of
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these targets by miR-155 (and -150, in the case of c-Myb, implying multiple
targeting by AML exosomes). These results were then mechanistically linked
with the observed transfer of miR-155 to c-Kit" cells by evaluating transcript
levels of c-MYB in c-Kit" cells exposed to AML exosomes (Fig. 5.3B). In
aggregate, these results provide the first direct demonstration of suppression of a

hematopoietic target by AML exosome miRNA.

Discussion

In the hematopoietic niche, HSC are maintained primarily in quiescence,
protected from the immune system and from apoptosis. In the leukemic niche,
HSC are no longer retained, and leukemic cells are instead the recipients of pro-
growth and anti-apoptotic signaling. Conversion of the marrow microenvironment
from one to the other requires the subversion of several cell types. As exosomal
microRNA are capable of targeting multiple transcripts in disparate cells, are
efficiently and selectively packaged, and trafficked to nearby cells without entry
restriction, they represent a uniquely parsimonious means by which this may be
accomplished. Many studies have demonstrated correlations between miRNA
expression in AML blasts and leukemic potential, progression, or prognosis*®®*">

177 but to date mechanistic links between these phenomena have been largely

speculative.

In order to address this problem, we chose to focus on miRNA candidates
selected for high levels of incorporation into AML-derived exosomes, as well as

either a marked selection in exosome incorporation or a firmly established role in
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hematopoiesis and leukemia. The RISCTrap technology provided us with the
means to globally assess the targets of our selected miRNA, providing a set of
enriched target mMRNA to consider in the context of leukemia and hematopoiesis.
We first used it to assess the target set of miR-155, reasoning that starting with a
well-studied miRNA would enable us to both assess the effectiveness of the
assay (through comparison with other targeting studies), and provide a
foundation on which to base our subsequent experiments. Our results confirmed
previous predicted or validated targets, including MEIS1*"®, HDAC4'",
CEBPR™° and TAB2™!, while also suggesting previously unanticipated targets,

such as CHEK?2 and HOXD?9.

The first demonstration of TAB2 targeting by miR-155 involved MSC,
wherein the authors demonstrated that such targeting produced a suppression of
iNOS, interfering with the immune modulating effects of MSC in culture®®.
HDAC4 suppression has been shown to derange endothelial cell proliferation
and localization as one of many downstream mediators of VEGF'®. CEBPR,
when upregulated in HSC, produces myeloid differentiation and proliferation®®?.
MEIS1 suppression by exosomal miR-155 is a promising prospect for further
study, as it presents an unexpected target population for AML-derived exosomes:
megakaryocytes. MEIS1 expression is essentially unique to megakaryocytes

among differentiated blood lineages*®*

, Where it is an important transcriptional
activator of CXCL4'®°, among other genes. As recent evidence suggests that
megakaryocyte-derived CXCL4 is necessary for HSC quiescence®, its

suppression could be a significant factor in hematopoietic failure secondary to
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AML. In aggregate, these targets and their relevant cell populations illustrate the

potency of nonselective exosomal transfer of miRNA within the marrow niche.

Beyond the individual direct mRNA targets of miRNA, interrogating the
networks these proteins participate in with the STRING interaction database
allows us to recognize potential other, indirect mediators of miRNA effects in
these cells. In the case of miR-155, proteins of meaningful impact that interact
heavily with direct miR-155 targets include CTNNB1 (which regulates HSC self-

renewal)'®’, HDAC2 (which regulates HSC homeostasis and differentiation)*?,

and ESR1 (which is implicated in B-cell differentiation)*°.

Indirect manipulations
of any of these proteins have the potential for significant phenotypic impact on

hematopoiesis.

Focusing on the specific targets CEBP3 and c-MYB, we validated both
targeting by miR-155 and knockdown in exosome-receiving cKit" cells (Fig. 5.3),
demonstrating that exosome transfer of miR-155 from AML blasts to HSPC is
sufficient to suppress c-MYB expression. This protein has previously been
shown to directly regulate HSC self-renewal, and the loss of c-MYB in LSK cells
causes a deficit in colony forming capacity by CFU-C'*®, phenocopying our
previous observations with in vitro and in vivo exosome delivery. In sum, the
experiments detailed in this chapter demonstrate the direct targeting of recipient
cell transcript by exosomal miRNA, and support a role for cMYB suppression in

HSPC in the hematopoietic suppression seen in AML.
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Materials & Methods

Microarrays

Microarray assays were performed in the OHSU Gene Profiling Shared
Resource. For each sample, a 130 ng of total RNA was labeled using the Flash-
Tag Biotin HSR miRNA Labeling Kit (Affymetrix) by polyadenylation and ligation
with biotinylated 3'DNA dendrimers. Labeled RNA was mixed with hybridization
controls and incubated overnight with the GeneChip miRNA 3.0 array
(Affymetrix) as per manufacturer recommendations. Arrays were scanned using
the GeneChip Scanner 3000 7G with autoloader (Affymetrix). Image processing
was performed using Affymetrix GeneChip Command Console software followed
by analysis with Expression Console software (Affymetrix). Array performance
and general data quality were assessed using Signal All, mean background
intensity, number of detected probe sets, % P, all probe set mean, all probe set
standard deviation, all probe set RLE mean, and % species specific small RNA

probe sets detected. All arrays passed standard performance quality thresholds.

Microarray statistical analysis and data visualization

Individual array data (.cel files) were uploaded to R software package and
analyzed using Bioconductor’s Oligo package. Normalization was conducted on
all samples in a single set using RMA Background and Quantile Normalization
sub-routine. Signal intensities were log2 transformed and probe set values
summarized using Median Polish Summarization Method. Final data set included

paired samples from exosome cell. Further analysis included 3391 mature and
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pre-mature human miRNA probe sets . Data visualization tools (e.g., box plot,
hierarchical clustering, matrix plots and multi-dimensional scaling) were used to
assess the general data quality and outliers. To determine differentially
expressed miRNA genes, the mixed model was used to assess differences in
MIiRNA probe expression between exosome samples and cell samples.
Unadjusted statistical significance was set at p < 0.05 with FDR correction at p <
0.10 for multiple testing where relevant. Fold Change values of 2.0 were used as

a cut-off to identify up- and down-regulated probes.
RNA analysis and gRT-PCR

RNA was extracted from exosomes and cells using miRNeasy or RNeasy kits
and quantified using a Nanodrop 2000c (Thermo). For RT-PCR, RNAs were
converted into cDNA using the SuperScript Il First Strand Synthesis Kit
(Invitrogen) with oligo-dT priming, followed by PCR. A SYBR Green PCR kit
(Applied Biosystems) was used for quantitative PCR. In the case of miRNA,
reverse transcription and gRT-PCR were performed using mature human miRNA

Tagman assays (Applied Biosystems), normalized to U6 snRNA.
RISCTrap

RISCTrap was performed in collaboration with the Richard H. Goodman
laboratory (OHSU), as described in *"2 Briefly, 6x10° HEK293T were
cotransfected with 20ug of expression plasmid for Flag—-dnGW182 and 50 nM
mMiRNA mimics, using Lipofectamine 2000 (Invitrogen). Twenty-four hours later,

cells were rinsed with cold PBS and harvested in cold lysis buffer. Cleared

99



lysates were incubated for 2h at 4°C with 10 yL of preblocked Flag—M2 agarose.
After washing, bound RNA was eluted by Trizol extraction (Invitrogen) and
MRNA was enriched by generation of double-stranded cDNA followed by a 16-h
T7 IVT reaction. The TruSeq v2 library protocol was used on 200 ng of mRNA-
enriched material from each sample. Samples were pooled into three lanes, with
each biological replicate sequenced in a separate lane on a HiSeq v3 platform
using a single-read 100-bp protocol. Reads were mapped using TopHat v1.4.0 to
a human reference genome. We determined a baseline for the dataset (minimum
of 200 counts per target), removed nonpolyadenylated transcripts, and
normalized to the median of geometric ratios. Transcript-specific variance
estimates were obtained by fitting the negative binomial model, and significantly
enriched targets were determined with ANOVA among the biological replicates.
STRING database'™ analysis was performed using Cytoscape software®.
Interaction edges were limited by selecting for human transcripts only, including
only edges with experimental support, then filtering for quaternary and higher-

degree nodes and pruning those nodes remaining unconnected.
Luciferase Assays

The 3' untranslated regions of proteins of interest were cloned into the
psiCHECK2 dual reporter vector (Promega). 100ng of this vector, along with
25uM mIiRNA mimic, was introduced into 4.0x10° HEK293 cells using
Lipofectamine 2000 (Life Technologies). 48 hours later, luciferase activity was

measured using the Dual Luciferase Assay (Promega).
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CHAPTER 6: Conclusions and Future Directions
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Future directions

AML Vesicle Biogenesis and Trafficking

It is generally agreed that the biogenesis of exosomes occurs upon fusion
of the late endosome (or multivesicular body) with the plasma membrane,
thereby releasing the intraluminal vesicles (ILVs) into the extracellular space®.
Despite this, the mechanisms leading to the packaging of particular molecules
and the targeting of late endosomes to the plasma membrane rather than the
lysosome are far from clear. While the ESCRT protein complexes have been
shown to play a role both in the formation of these ILVs and to cargo selection'%,
ILVs can also be generated independently of the ESCRT proteins®®.
Mechanisms have been proposed whereby both mRNA* and miRNA'® can be
sorted into exosomes, however, neither of these mechanisms is purported to be
exlusive or consistent across cell types. In the case of miRNA, generation of
new mature miRNA (through continued processing of precursors) has been
shown to occur within exosomes, further complicating their biogenesis'®®. As the
work presented in this thesis demonstrates, however, cargo selection is
substantially different in malignant cells compared to nonmalignant HSPC
controls. A more complete understanding of exosome biogenesis and packaging
will be necessary in order to explain the reasons behind the shift in exosome
content that occurs in leukemogenesis, as analysis of the microRNA content in
cells and exosomes suggests that these changes are not simply reflective of

changes in transcription in the producing cells (Fig. 2.4A).
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Although it has been assumed that exosome uptake by a recipient cell
requires specific receptor-ligand interactions'®*, numerous such interacting pairs
have been proposed™®”*%° none of which have been shown to universally enable
or restrict exosome uptake. It therefore remains to be elucidated which, if any, of
these mechanisms are at play within the tumor microenvironment. Considering
the permissive apparent nature of exosome uptake, however, it is perhaps more
likely that a more general mechanism — such as the endocytosis of membranes

containing external-leaflet phosphatidylserine?®®?°*

— is responsible for exosome
uptake in this context.  Additional research into exosome biogenesis, cargo
selection, and uptake will reveal the specific molecular mechanisms by which
molecules are transferred in exosomes between AML blasts and other cells,
which could allow for modification of cargo content or the inhibition of exosome

secretion or uptake. These developments would enable additional angles of

experimental approach, in addition to having potential therapeutic applications.
Impact on the Marrow Niche / AML Exosome MicroRNA Target Analysis

The fundamental importance of the microenvironment to a developing
cancer has been recognized for more than a century®®®. Similarly, the necessity
of stromal support for hematopoietic stem cells is well established, and has
generated a substantial literature delineating the roles of many cell types in this
capacity. Recent reports indicate that myeloid leukemias are capable of co-
opting these cell populations, converting the marrow from a hematopoietic

42,203,204

microenvironment to a leukemic niche Upon development of a chronic-

phase myeloid malignancy, murine marrow cells were shown to shift in
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composition and function, becoming less capable of supporting HSC, and
promoting the expansion of leukemic cells*. Additionally, numerous
experimental perturbations of the marrow stroma have been shown to
independently produce oncogenesis®®, including the specific disruption of

miRNA maturation in osteolineage cells**®

and the derepression of miR-155
expression via ablated Notch signaling'®. The work presented in this thesis
demonstrates that stromal cells are altered by leukemic engraftment, and
themselves secrete exosomes containing abnormal microRNA content, perhaps
contributing to the self-reinforcing nature of the leukemic niche noted by others*?.
Collectively, these studies support a model of homeostatic versus malignant
hematopoiesis that hinges upon the coordinated action of stromal cell
populations, and specifically upon the activity of microRNA within those cells.
This model suggests major flaws in the strategy of traditional therapeutic
approaches to AML, which rely upon targeting either the rapid cell divisions or
specific mutated proteins in leukemic blasts themselves. If AML is truly a
disease of the marrow compartment, a view supported by this thesis as well as
the referenced studies, new types of therapy will be necessary to manage this
disease. It is, however, encouraging to note that displacement of leukemic cells
from the hematopoietic niche allows them to be replaced, and indeed
outcompeted, by nonmalignant HSC in a transplant setting®®, suggesting that the

207 " In order

microenvironmental changes introduced by AML may be reversible
to address this possibility, and to determine whether such a reversal can be

supported with medical intervention, future studies will be required to examine
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the extent of microenvironmental dysfunction, the concomitant alterations in

residual HSC, and the mediators of these changes.

As regulation of a messenger RNA by a miRNA is greatly dependent upon
the respective concentrations (doses) of the two transcripts, the most prominent
MiRNAs transferred in exosomes are a logical starting point for such
investigations, given that intrafemoral exosome injection is sufficient to induce
marrow dysfunction (Fig. 3.3). Due to the promiscuous nature of miRNA target
regulation®, my initial investigations into the role of miR-155 in recipient cells
centered around the use of RISCTrap, combined with a protein interaction
database, to identify likely candidate pathways regulated by this miRNA. This
combined interrogation of the experimental data described here and publicly
available data has already yielded promising results in cMYB and CEBPR (Fig.
5.3), but as our investigations into miR-1246 and other overrepresented miRNA
components of AML exosomes proceed — using similar methods, but each time
expanding the data used to inform the STRING database query — we will create
an increasingly representative, higher resolution picture of the regulatory
influence of AML exosomal miRNA. This data can then be used to inform
directed molecular, in vitro, and in vivo studies to test the validity and relevance
of these changes in particular target cell populations, and in whole organism
models of disease. The ultimate goal of this research is to clarify how specifically
the marrow microenvironment is altered by leukemia, enabling interventions that

would render leukemic blasts more vulnerable to chemotherapy, reduce the
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occurence of relapse, and relieve the hematopoietic suppression that

accompanies AML.
AML Exosomes as Serum Biomarkers

Recently, both circulating cell-free RNA and circulating exosomes have become
popular targets of study for the development of biomarkers in numerous

malignancies®® %"

, work that builds on the increased output of exosomes by
cancer cells” and the equilibration of exosomes from multiple tissues with the
bloodstream®. Our observation that leukemic exosome miRNA content differs
substantially from that of the producing cell as well as from that of exosomes
from nonmalignant hematopoietic cells (Fig. 2.4A) suggested that serum
exosome miRNA could potentially harbor site-independent indicators of disease
in AML, and the studies in Chapter 4 of this thesis support that potential. It is
clear, however, that the limited number of AML patient samples presented (Fig.
4.6) is an incomplete representation of the diversity of AML patients, and that the
ultimate utility of any potential biomarker will require evaluation in numerous
individual patients over time. We have already begun the expansion of these
studies into additional patient samples, collected at time of diagnosis. With this
additional data, we will begin to be able to correlate serum exosome miRNA
biomarker performance with leukemia subtype and mutation status, which will
ideally enable us to refine the applicability and sensitivity of the marker. It is also
likely that marker performance could be improved by expansion to additional

targets. Ideally, this would be done using an unbiased, inclusive assay, such as

deep sequencing, on multiple clinical samples of distinct AML subtypes in order
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to identify the most broadly applicable marker set, as well as to identify subsets
of disease for which other, more specific miRNA could be measured. Ideally, the
eventual product of these investigations would be a set of related serum
exosome MIRNA markers, some broadly applicable across the spectrum of
leukemic disease (useful in the detection of secondary disease in patients who
have received chemotherapeutics for non-hematologic malignancies, for
example), and some specific to a more narrowly defined disease, with enhanced
sensitivity (for use in relapse detection). These markers, once defined, could
greatly inform patient care, allowing for more timely identification of disease
status, and improving risk stratification and treatment selection. The work

performed in this thesis provides a promising first step in this direction.

Conclusions

At the outset of our studies, it had not previously been demonstrated that AML
blasts secreted exosomes, and the first study to be published describing
extracellular vesicles in AML did not examine their RNA content®®. Although it
was appreciated that advancing AML disrupted and converted the hematopoietic
microenvironment*, a role for exosomes in this process had not been described.
In this thesis, | establish that AML blasts constitutively secrete extracellular
vesicles in the sub-100nm size range that are of endocytic origin and typical
exosome morphology and density, and that these exosomes represent the
majority of extracellular vesicles secreted by these cells. Using low-oxygen
tissue culture conditions, | demonstrate that the hypoxic nature of the marrow

microenvironment encourages the production of exosomes by AML, without
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significantly altering their overall RNA concentration or microRNA content. This
likely contributes to the levels of AML-derived serum exosomes in a nascent
marrow-resident leukemia, driving the potential for earlier detection. Bioanalyzer
examination of total exosome RNA demonstrates that there is a substantial
increase in the representation of small RNA, including miRNA, in exosomal RNA
as compared to the RNA of the producing cells, a finding that holds across all
leukemic and stromal exosomes tested. Employing microarray analysis and
gRT-PCR, | show for the first time that AML exosomal miRNA is both primarily
mature, and distinct both from that of AML blasts and that of exosomes from
nonmalignant hematopoietic cells. Further, these exosomes are taken up both
by marrow stromal cells and by HSPC, causing substantial increases in the
levels of select miRNA in the recipients. Together, these findings suggest a
model of AML niche communications wherein oncogenesis coincides with a
transformation of exosomal conent, delivering selected miRNA cargo to nearby

stroma and HSPC, and thereby manipulating the function of recipient cells.

In order to demonstrate the plausibility of this model, | show that exposure
to AML exosomes causes marked phenotypic change in recipient cells. Stromal
cells exhibit decreased expression of key niche factors Scf and Cxcl12, while
MEFs showed increased proliferation and expression of proangiogenic Vegf
following transfer (and functional translation) of Igf-IR. Further, stroma altered by
AML engraftment produce exosomes ex vivo that are themselves distinct in
mMiRNA cargo, despite the absence of AML blasts for multiple passages in

culture. In HSPC, exosome-exposed cells lose their ability to home to a higher
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concentration of CXCL12, through decreased surface expression of CXCR4. In
Molm-14 xenograft, this produces mobilization of progenitors from the marrow
into the peripheral blood, shown as a decrease in clonogenicity in the marrow
combined with an increase in clonogenicity among PBMCs. In all models,
exposure to AML-derived exosomes Yyields a dysregulation of transcription
factors including cMyb and Hoxa9, along with a significant suppression in the
ability of these cells to form colonies in culture. This occurs both in vitro and in
vivo, with either the direct presence of AML cells or the introduction of purified
exosomes, and holds in human progenitors as well as murine. In aggregate,
these results support a direct role for AML-derived exosomes in the depletion of
functional HSPC from the marrow, both by durable alteration of the

hematopoietic niche and by direct effects on the HSPC themselves.

The secretion of exosomes with malignancy-specific miRNA content
suggests the potential for an exosome biomarker. | pursued this possibility by
examining serum exosome mMIRNA in several xenograft models of AML.
Exosomal miRNA can be reliably assayed by qRT-PCR in less than 50uL of
serum, easily obtainable from engrafted mice. After establishing consistent
kinetics in our models, | evaluated several miRNA in the serum of engrafted mice
over the course of disease, finding one panel of markers to be substantially more
sensitive and specific than peripheral blood flow cytometry, while being less
vulnerable to the confounding influence of chemotherapy than other measures.
In a separate, extramedullary disease model, as well as in a limited set of

primary patient samples, | show that this panel of serum exosome miRNA is
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applicable more broadly. The biomarker development described in this thesis
provides a foundation for the development and testing of a promising minimally

invasive biomarker for AML.

Finally, | pursued a more mechanistic line of inquiry in my investigation of
exosomal miRNA trafficking within the marrow microenvironment, focusing first
on miR-155, a microRNA of established relevance to both hematopoiesis and
leukemia, and one that is highly enriched in AML exosomes. By collaborating
with Drs. Lulu Cambronne and Rongkun Shen, the inventors of the RISCTrap
technology, we provide a survey of the mRNA targets of this miRNA, which both
confirmed previously reported targets and identified potential novel ones. In
addition to these directly regulated targets of miR-155, | was able to determine
additional targets that are likely to be regulated indirectly through the suppression
of interacting partners through the use of the STRING database, which provided
a regulatory network that will be further refined as additional miRNAs are studied.
Among these targets was the RNA encoding the protein cMYB, noted to govern
self-renewal in HSC. Using a 3'UTR luciferase assay, | demonstrate that this
transcript is indeed a direct target of miR-155. Combined with the evidence in
this thesis that exosome exposure both substantially increases miR-155 levels
and decreases cMyb, this strongly suggests a contributing mechanism to

hematopoietic suppression in AML.

In total, the experiments described in this thesis characterize the secretion
of exosomes by AML, describe their miRNA content, and demonstrate its

trafficking to neighboring cells of multiple types within the bone marrow. These
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exosomes are sufficient to disrupt HSPC function, and create lasting
dysregulation of stromal cells. The exosomal distribution of signaling molecules
to diverse cell types within the marrow therefore represents a single mechanism
whereby AML coordinately regulates the marrow microenvironment. This
regulation is entirely separate and distinct from traditional signaling modalities,
and therefore represents a new compartmental signaling paradigm. Further,
AML-derived exosomes equilibrate with the bloodstream, where they can be
detected, and their miRNA can provide early evidence of leukemia. These
experiments represent a necessary groundwork for an understanding of the role
that exosomes play in the establishment of leukemia and the suppression of

hematopoiesis that accompanies it.
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