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ABSTRACT

Cardiovascular disease remains the leading cause of morbidity and mortality
worldwide and Myocardial Infarction (MI) and subsequent heart failure remains the
leading cause for death. Despite the improvement in prognosis and treatment of acute Ml
patients, the underlying causes including loss of cardiomyocytes and microvasculature
remain potential risk and lack proper and efficient solutions. Stem cell-based therapies
for repair and regeneration have evolved and have been applied in clinical trials.
Different types of stem cells, including Endothelial progenitor cell (EPC), Mesenchymal
Stem Cell (MSC), induced Pluripotent Stem Cell (iPSC) and cardiac progenitor cells etc.
have been used for potential long term recovery and cardiac regeneration. However,
results from the clinical trials have been largely disappointing and improvement in
cardiac functions have been modest likely due to the limitations of cell therapy including
low integration in myocardium, poor survival, cellular dysfunction and limited
differentiation ability. It is therefore necessary and urgent to develop cell free alternatives
as next generation regenerative therapies. There is a consensus that the beneficial effect
of stem cell therapy is largely due to paracrine effects. Exosomes have recently emerged
as important functional units mediating stem cell paracrine effects. Exosomes are the
family of extracellular vesicles (EV) which are 30-150nm in size, secreted by almost all
types of cells and responsible for cell-cell communication via delivering their cargo
including RNAs and proteins to host cells. Studies from our and other labs have shown
that exosomes mimic parental stem cell in improving post-MI functions. The essential
feature of exosome is decided by their cargo including RNA and protein, which are

subject to dynamic changes depending on the environment of parental cells. Our studies



were focused on Endothelial Progenitor Cell (EPC)-derived exosomes. EPCs are
generated in bone marrow, and home to the site of tissue injury and orchestrate
neovascularization and tissue repair. Patients with ischemic heart disease, are usually
accompanied with comorbidities such as systemic inflammation, aging, diabetes, etc.
which are known to compromise EPC functions. We hypothesized that EPCs under
inflammatory stress produce dysfunctional exosomes with altered RNA and protein
content, leading to impaired cardiac reparative properties. We chose interleukin-10
knockout (IL-10KO) mice as a model of systemic inflammation. EPCs were isolated
from IL-10KO and wild-type (WT) mice, and their exosomes (Exo) were compared for
their reparative properties both in vitro and in vivo. Our in vitro studies showed WT-
EPC-Exo treatment attenuated recipient cell apoptosis, enhanced cell mobilization and
tube formation, whereas 1L-10KO-EPC-Exo were functionally deficient or even had
detrimental effects. We used MI mouse model to compare the in vivo function of two
groups of exosomes and found WT-EPC-EXxo treatment significantly improved left
ventricular (LV) cardiac function, inhibited cell death, promoted angiogenesis and
attenuated cardiac remodeling; while these cardioprotective effects were lost in IL-10KO-
EPC-Exo treated group. Both in vitro and in vivo studies proved that even the same
progenitor cell type (EPCs), under inflammatory stimulus (IL-10KO), secretes exosomes
with different reparative properties. Next, we explored whether the observed difference in
exosome function is caused by altered exosome content. Using Next Generation RNA
Sequencing (NGS RNAseq) and mass spectrometry we found RNA and protein
expression patterns were drastically different in wild type and 1L-10 knockout EPC

derived exosomes. This evidence leads to the conclusion that alteration in exosome



content is fundamental for exosome function. We picked two candidates that are highly
enriched in IL-10KO-EPC-Exo for further study, miR-375 and Integrin-Linked Kinase
(ILK). We treated IL-10KO-EPC with anti-miR against miR-375 and siRNA against ILK
separately, and successfully decreased the expression of miR-375 and ILK in both EPCs
and EPC derived exosomes. Then we explored the function of those miR and protein
‘modified exosomes’ with similar in vitro and in vivo experiments as previously
described. Compared to 1L-10KO-EPC-Exo0, miR-375 knockdown exosomes showed
enhanced angiogenesis and inhibited cell apoptosis, while ILK knockdown in exosomes
rescued functions in both in vitro and in vivo experiments. These results suggested the
possibility that exosome manipulation of identified factors may partially rescue their
reparative functionality.

In summary, our studies revealed that stem cell derived exosomes are capable for
independent cardiac repair in ischemic heart disease, however, parental stem cells under
pathological stimulus secrete dysfunctional exosomes with altered RNA and protein
content. Exosome function can be rescued or enhanced through RNA and protein content

modification.
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CHAPTER 1

CARDIOVASCULAR DISEASE AND INFLAMMATION

Overview of Cardiovascular Disease

Cardiovascular disease (CVD) is the leading cause of death in the United
States for both men and women. American Heart Association (AHA) updates statistics
of heart disease and stroke every year; 2018 data suggests with the development of
modern therapy and new drug discovery, CVD increasing rate is gradually under
control but is still the top killer of humans. Death attributable to disease of the heart
and CVD in the United States increased steadily during the 1900s to the 1980s and
declined into the 2010s . However, still about 630,000 Americans die from heart
disease, that is 1 in every 4
deaths.( https://www.cdc.gov/dhdsp/data_statistics/fact_sheets/fs_heart_disease.htm)
Coronary heart disease (43.8%) is the leading cause of deaths attributable to CVD in
the United States, followed by stroke (16.8%), high blood pressure (9.4%), heart
failure (9.0%), diseases of the arteries (3.1%), and other CVDs (17.9%). In United
States, one person suffers heart attack every 40 seconds, and each minute more than
one person dies from a heart disease related event. From the global data, CVD is also
the leading cause of death worldwide, and is expected to account for >23.6 million
deaths by 2030.

Not only does CVD lead to high mortality and morbidity, related healthcare
cost is a huge burden. The estimated direct and indirect cost of CVD for 2013 to 2014
was $329.7 billion. AHA estimated that by 2035, 45.1% of the US population would

have some form of CVD. Total costs of CVD are expected to reach $1.1 trillion in
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2035, with direct medical cost projected to reach $748.7 billion and indirect costs
estimated to reach $368 billion 3.
Coronary Heart Disease and Myocardial Infarction

Coronary Heart Disease (CHD) also known as Ischemic Heart Disease (IHD)
is the most prevalent CVDs. It is caused by building up of plaques in coronary arteries,
gradually narrowing arteries lead to limited blood flow supply to the heart and finally
cause heart attack, also called Myocardial Infarction (Ml). Every year, about 790,000
Americans have a heart attack and AHA estimated that every 40 seconds, there is one
person who suffers heart attack. Risk factors of CHD include high blood pressure,
smoking, diabetes, lack of exercise, obesity, high blood cholesterol, poor diet,
depression, and excessive alcohol. CHD and M1 both have very high mortality. Based
on the data of 2015, CHD mortality was 366 801, and CHD any-cause mortality was
536 339. MI mortality was 114 023. MI any-cause mortality was 151 863.
Approximately 35% of the people who experience a coronary event in a given year
will die from it, and ~14% who experience a heart attack (M) will die of it. Globally,
it is estimated that 110.6 million people live with IHD, and it is more prevalent in
males than in females (64.4 and 46.1 million people, respectively). The number of
people with IHD increased by 73.3% from 1990 to 2015. Additionally, CHD and Ml
are both very costly, the estimated direct costs of CHD in 2013 to 2014 (average
annual) were $100.9 billion; the estimated direct and indirect cost of CHD in 2013 to
2014 (average annual) was $204.8 billion. M1 ($12.1 billion) and CHD ($9.0 billion)

were 2 of the 10 most expensive conditions treated in US hospitals in 2013. Between



2013 and 2030, medical costs of CHD are projected to increase by =100% 3,

(https://www.cdc.gov/heartdisease/coronary_ad.htm).

Inflammation response post-Ml

Myocardial Infarction is associated with inflammatory response both locally
and systemically, which is prerequisite for healing and scar formation*®. The immune
response post MI can be divided into pro-inflammatory phase and inflammatory
resolution/reparative phase, involving components of both the innate and adaptive
immune systems " 8. Inflammation after cardiac injury is mainly triggered by
molecules released from necrotic cells and it is programmed to be resolved when the
cell debris is cleared °. Of note, prolonged and unresolved inflammation seems to
enhance the fibrotic response and worsen functional recovery during the recovery
phase 1°. In fact, clinical trials revealed that almost one fifth patients after M1 display
severe systemic inflammation, some of the patients presented with culture-positive
sepsis have twice the risk of death 1. Appropriate and timely containment and
resolution of inflammation are important determinants for preserving cardiac function.
An inflammatory phase that is disproportionately prolonged, of excessive magnitude,
or insufficiently suppressed can lead to sustained tissue damage and improper healing,
defective scar formation, and heightened cell loss and contractile dysfunction, thereby
promoting infarct expansion, adverse remodeling and chamber dilatation 2. To date,
there has been no large-scale immunomodulatory or anti-inflammatory therapeutic
strategy post-MI that has been successfully translated into clinical practice, no doubt

understanding the role of inflammation response post-MI is necessary and urgent.



The initiation of inflammation response during Ml is triggered by endogenous
molecule damage associated molecular patterns (DAMPS). Necrotic and
stressed/injured cells, and the damaged extracellular matrix (ECM), release DAMPs.
DAMPs bind to cognate pattern recognition receptors (PRRs) of the innate immune
system on surveilling immune cells including resident macrophages and circulating
monocytes as well as resident cells such as endothelial cells and further induce the
expression and secretion of various inflammatory cytokines and chemokines, thereby
propagating the inflammatory response . In addition to being passively released upon
cell necrosis or matrix damage, select DAMPs may also be upregulated and secreted
by stressed cardiomyocytes, fibroblasts and activated leukocytes 3. A number of
discovered DAMPs can initiate inflammation response post-Ml, including high
mobility group box-1 (HMGBL1), S100 proteins, fibronectin extra domain A,
interleukin (IL)-1a, heat shock proteins (HSPs), low molecular weight hyaluronic
acid, Adenosine Triphosphate (ATP), uric acid, mitochondrial DNA, dsRNA, ssRNA,
and complement, among others. PRRs are primarily the membrane bound toll-like
receptor/IL-1 receptor (TLR/IL-1Rs), as well as cytosolic nucleotide-binding
oligomerization domain (NOD)-like receptors (NLRs) and the cell-surface receptor for
advanced glycation end-products (RAGE). After the binding of DAMPs and PRRs,
downstream signaling converges on the activation of mitogen-activated protein
kinases (MAPKSs) and nuclear factor (NF)-«B *2. These pathways (NF-kB in
particular) drive the expression of a large panel of pro-inflammatory genes including
inflammatory cytokines (e.g. tumor necrosis factor-a (TNFa), IL-1p, IL-6, 1L-18);

chemokines attract neutrophils, monocytes and T-lymphocytes. Subsequent leukocyte



recruitment further amplifies the inflammatory response, augments the production of
DAMPs, and promotes digestion of dying cells and tissue via the release of proteases
and oxidases °.

Many cellular components are involved in inflammation response post-Ml,
including both resident cells (endothelial cells, fibroblasts, mast cells, tissue resident
macrophages, cardiomyocytes and epicardial cells) as well as recruited cells
(neutrophils, monocyte derived macrophages, lymphocytes and dendritic cells)™.
Among cardiac resident cells, endothelial cells are the most abundant and constitute
more than 60% of the non-myocytes in mouse heart. Endothelial activation is required
for leukocyte extravasation during inflammation*. DAMPs released by dying
cardiomyocytes induce rapid upregulation of endothelial adhesion molecules,
triggering adhesive interactions with activated leukocytes. Preformed P-selectin is
rapidly mobilized from Weibel-Palade bodies, and E-selectin is upregulated in the
ischemic endothelium. Once expressed on the endothelial surface, selectins bind to
their leukocyte ligands, capturing neutrophils and monocytes and mediating rolling
along the venular endothelium*2. Moreover, activated endothelial cells in the infarct
zone serve as an important source of cytokines and chemokines®. Fibroblasts are the
second most abundant cell population in mouse cardiac resident cells. DAMP-PRRs
activation on fibroblasts leads to altered cellular function including changes in
proliferation and migration, trans differentiation into myofibroblasts, ECM turnover,
and production of fibrotic and inflammatory paracrine factors, play essential role in
cardiac regeneration, remodeling and scar formation*. Recruited inflammatory cells

are another component for cellular effects in inflammation response. Neutrophils are



the first immune cell type infiltrate myocardium in response to DAMPSs, cytokines and
chemokines, compliments and dominate infarcted myocardium in the first 2 days after
MI*. Emigrated neutrophils release proteolytic enzymes and contribute to the
clearance of the wound from dead cells and matrix debris. Due to their pro-
inflammatory and cytotoxic properties, excessive neutrophil activity has been
associated with poor prognosis, remodeling and mortality after MI1*6. Following the
early appearance of neutrophils, monocytes and macrophages comprise the most
abundant cells in the infarcted heart. A large compilation of studies suggest
macrophages display different behaviors during different phases post-MI°. The initial
phase (peak day ~3—4 post-MI) promotes tissue digestion and is characterized by
Ly6C" monocytes and M1 macrophages that are proteolytic, with augmented
expression of proteinases (e.g., cathepsins and Matrix metalloproteinases(MMPS)),
and pro-inflammatory, with augmented TNF expression. The second phase (peak day
~7 post-MI) promotes tissue repair, with a predominance of Ly6C'® monocytes and
M2-like macrophages with augmented expression of anti-inflammatory, pro-fibrotic,
and angiogenic factors (e.g., IL-10, Transforming growth factor beta (TGF-B), and
Vascular endothelial growth factor (VEGF)). T-lymphocytes are demonstrated to be
activated after MI and promote wound healing, resolution of inflammation and pro-
inflammatory monocyte infiltration, and proper collagen matrix formation and scar
formation, thereby limiting adverse remodeling. Invarient Natural Killer T-
Lymphocytes (iNKT) cells enhance the expression of anti-inflammatory cytokine IL-

10 and mediate immune suppression. CD4+Foxp3+ Tregs promote macrophage



polarization into M2-like phenotype. Hence, multiple T-lymphocyte subsets contribute
to suppression of the inflammatory response!’-°.

Timely resolution and containment of inflammation are critical for cardiac
healing. However, the precise spatial and temporal regulation of the inflammatory
response toward scar-free regeneration after MI remains unclear. Therapeutic
modulation of inflammation response may hold great promise for post-MI cardiac
repair.

Interleukin-10

Interleukin-10 (IL-10) is a naturally occurring anti-inflammatory cytokine
produced by a variety of immunologic cells, including Th2-type T cells, some T-
regulatory cells, B cells, and macrophages®. It is released from these cells in response
to both endogenous and exogenous mediators including LPS, catecholamines and c-
AMP activating drugs. IL-10 exist as a homodimer and binds to 1L-10 receptor
complex, activate JAK/STAT and Akt cascade. IL-10 has been discovered involved in
proliferation, anti-apoptotic and cell survival activities, dampens the inflammatory
effects in overwhelming infections and attenuate tissue damage. There has been 37
molecules and 76 reactions annotated that are regulated or interact with 1L-10.

As for the role of IL-10 in heart, many studies suggest IL-10 is beneficial for
cardiac repair and regeneration post-Ml. After M1, IL-10-deficient mice have
increased infarct size and heavier myocardial necrosis with more neutrophil
infiltration. IL-10 treatment in MI mouse reduces inflammation, improves left
ventricle cardiac physiology, stimulates M2 macrophage polarization and fibroblast

activation and improves cardiac remodeling?'. However, human studies are not very



conclusive. Some studies find that in patients with acute M1, higher serum 1L-10
within 24 h after angioplasty is associated with reduced incidence of heart failure
progression whereas others show that higher 1L-10 predict recurrent cardiac events or
heart failure?® 2, In particular to stem cell therapy in ischemic heart disease, many
studies from our lab showed that IL-10 deficiency impairs bone marrow derived
endothelial progenitor cell survival and function in ischemic myocardium and IL-10
treatment improves cardiac remodeling and function, inhibits fibroblast progenitor cell

migration and trans differentiation, decreases cardiac fibrosis 2.

Inflammatory
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Figurel. A schematic representation of reactions induced by IL-10.

The signaling pathway map depicts molecules involved in protein-protein
interactions, catalysis, activation/inhibition and translocation events induced upon
treatment with IL-10 cytokine. Information regarding site and residue of post-
translational modification is also shown in the pathway. Pathway legend is provided
to identify the interactions, molecular associations and gene regulations on the map.?
(Adapted from https://www.thermofisher.com/us/en/home/life-
science/antibodies/antibodies-learning-center/antibodies-resource-library/cell-

signaling-pathways/il-10-pathway.html)

NF-xB

Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«B) is a
protein complex found in almost all animal cell types and is involved in cellular
responses to stimuli such as stress, cytokines, free radicals, heavy metals, ultraviolet
irradiation, oxidized LDL, and bacterial or viral antigens?>.

NF-xB plays a key role in regulating inflammation response. As transcription
factor, after activation and nuclear translocation, it binds to DNA response element
and upregulates expression of many genes including inflammatory cytokines,
chemokines, adhesion molecules. The spatial and temporal expression of these
mediators in resident and infiltrating cells choreographs events that further amplify the
inflammatory response (cytokines) and attract and recruit specific leukocyte
populations (chemokines and adhesion molecules) to injured myocardium?®. NF-xB

family contain five subunits, p65 (RelA), RelB, c-Rel, p50, and p52, these subunits



form homo- or heterodimers to modulate gene transcription. Activation of NF-xB
family have been described as the canonical or classical pathway, and noncanonical or
alternative pathway. In classical pathway, p65/p50 heterodimers are bound to inhibitor
of kBa (IxBa) in the cytoplasm. Upon IkBa phosphorylation by IkB kinase (IKK),
IxkBa is rapidly ubiquitinated and degraded by the 26S proteasome, allowing for
subunit nuclear translocation. In alternative pathway, activation of the NF-kB inducing
kinase (NIK) upon receptor ligation led to the phosphorylation and subsequent
proteasomal processing of the NF-xB precursor protein p100 into mature p52 subunit
in an IKKa dependent manner. Then p52 dimerizes with RelB to appear as a nuclear
RelB:p52 DNA binding activity and regulate a distinct class of genes?’.

The role of NF-xB in heart remains controversial. Regarding to its role in
cardio protection, studies suggested that acute NF-xB activation is essential for late
cardio protection induced by ischemic preconditioning®®; B-cell lymphoma 2 (Bcl-2)
suppresses cell death of ventricular myocytes through a mechanism involving IKKf3-
mediated activation of NF-xB?°; in cultured cardiac myocytes, forced expression of a
nonphosphorylatable IxBo designed to inactivate NF-kB signaling resulted in more
sensitive to TNFa induced cell apoptosis®®; p507- mice display enhanced cardiac
dysfunction following myocardial infarction3. All these evidences support the
beneficial effect of NF-xB. However, there are also studies revealed conflicting
results. Mice with cardiomyocyte-restricted overexpression of phosphorylation-
resistant IkBa®?, cardiomyocyte-specific p65 deletion®, IkBo overexpression via gene
transfer34, NF-xB double-stranded decoy DNA transfection®®, and pharmacological

blockade of IxBo or IKKB*® 3" have demonstrated that NF-«B inhibition decreases
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infarct size, reduces inflammatory responses including leukocyte infiltration, and
improves cardiac function in ischemic heart disease. Perhaps neither overexpression
nor eradicating NF-xB is good solution for cardiac disease treatment, maintaining the
balance of NF-kB expression according to disease condition is more important for
further study.

In our studies, we found inflamed exosomes, including both I1L-10KO-EPC-
Exo and exosomes derived from endothelial cells treated with TNFo induce
inflammatory response of recipient cells via NF-«xB signaling pathway. Exosomal
Integrin Linked Kinase (ILK) appears to play an important role in this process by
noncanonical activation of NFkB. We think the impaired function of inflamed
exosomes can be partially explained by exaggerated inflammatory response
contributed by inflamed exosomes. Through knocking down ILK in exosomes or
recipient cells, we significantly blocked the inflammatory response of recipient cells

and rescued the cardioprotective function of inflamed exosomes.
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Figure 2. Inflammation induced by cardiac injury.

Sterile inflammation can be triggered by various components released by necrotic
cells, including DAMPs, proteases, hydrolases and mitochondrial ROS. DAMPs
directly activate PRRs on surveillant cells, including tissue macrophages, circulating
monocytes and neutrophils, as well as on resident cells, including endothelial cells,
fibroblasts and CMs. Proteases, hydrolases and ROS activate the complement system
as well as inflammasomes, and degrade the ECM, altogether further propagating the
inflammatory response. Activated tissue resident macrophages secrete cytokines to
attract monocytes and neutrophils, activate endothelial cells to promote cell adhesion
and permeability, and remodel the ECM. Infiltrating monocytes and neutrophils clear
cell debris by phagocytosis and help terminate the initial insult. After wound
clearance, myofibroblasts secrete ECM to help prevent the injured heart from
rupturing. Differentiated Tregs tune down the inflammation by secreting anti-
inflammatory cytokines, in parallel with M1-M2 macrophage polarization and
programmed neutrophil apoptosis. Inflammation initiation, propagation and resolution
can occur in both regenerative and non-regenerative models. However, in the
regenerative models, these processes seem to facilitate CM dedifferentiation and
proliferation and scar resolution by mechanisms yet to be determined. (Adapted from

https://link.springer.com/article/10.1007/s00018-018-2995-5)
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CHAPTER 2

STEM CELL THERAPY AND EXOSOME

Introduction of Stem Cell Therapy

Stem cells are defined as undifferentiated cells with characteristics of self-
renewing, clonogenic (form identical clones), and multipotent (able to differentiate
into a wide array of specialized cell types). There is no standard categorization of stem
cells, most labs use anatomical sites, functionality, cell surface markers, transcription
factors for protein expression to describe a population of stem cells. It is quite
common in research field that even under the same name (such as endothelial
progenitor cells (EPCs)), different labs have different definition and using different
cell population for experiment and might lead to inconsistent result between labs.

Cardiovascular disease is the leading cause of death worldwide, despite the
improvement of prognosis due to advanced diagnosis and new drug discovery, the
underlying cause, loss of cardiomyocytes and microvasculature remain unsolved. In
recent decades, stem cell therapy is gradually getting popular in clinical trials aiming
at preserving or regenerating myocardial tissue®. The first goal of cardiac stem cell
research appears to identify a population of stem cells that can become cardiomyocyte
which when transplanted to the ischemic myocardium may replenish the damaged
cardiomyocytes. That goal also includes identification of a specific cell type that is
derived from autologous source, which can override immunological rejection on one
hand and is plastic enough to differentiate desired cell type on the other. However,
clinical trials using various autologous stem/progenitor cells in patients with heart

disease were largely disappointing with transient or inconsistent improvement in left
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ventricle symptoms and functions. Recently, the ability of stem/progenitor cells
derived from adult autologous sources, to transdifferentiate into cardiomyocytes has
been vigorously contested with the consensus emerging that adult stem/progenitor
cells do not form cardiomyocytes in any meaningful way . Moreover, numerous
studies including findings from our lab, have demonstrated that the beneficial effect of
adult stem cells in cardiovascular disease is largely due to paracrine effects*’. More
and more studies are now focusing on stem cell paracrine derivatives such as
cytokines, chemokines, growth factors, cell derived spheres, secretomes, exosomes
and so on.

In general, autologous adult stem cell therapy is a promising strategy, feasible
and safe. Although no firm evidence that transplanted cells replace dead myocytes has
emerged, beneficial effect is supported by modest gain in function in clinical trials and
in preclinical studies and deserve more exploration and newer strategies to improve
functional outcome of stem cell-based therapies. Our studies focused on paracrine
effect, especially on stem cell derived exosomes, are therefore of potential clinical

significance.
Types of Stem Cells and Limitations

Bone Marrow Derived Stem Cells
BM represents a highly heterogeneous tissue, harboring numerous cell
populations, including differentiated cells, such as monocytes, lymphocytes,
fibroblasts, adipocytes, chondroblasts, osteoblasts, and osteoclasts, as well as
undifferentiated cells composed of hematopoietic stem cells (HSCs), which include

hemangioblasts and endothelial progenitor cells (EPCs), and nonhematopoietic
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mesenchymal precursor cells that give rise to stromal cells referred to as mesenchymal
stem cells (MSCs)*. The subpopulation of bone marrow stem cells is very complex
and varies according to labs. In general, through density gradient centrifugation, a
subgroup of undifferentiated cells can be isolated and referred as bone marrow
mononuclear cells (BMMNCs), with only 2-4% comprising HSC/EPC and
approximately 0.01% of MSC. Then HSC, EPC and MSC can be differed by their
surface markers*!,

Bone marrow stem cells can be recruited to damage area and contribute to
tissue regeneration which leads to the basic idea of bone marrow stem cell therapy. As
early as 2001, there has been study demonstrated that intramyocardially injected
murine BM-derived cells improved cardiac function in a murine model of MI%2,
Likewise, many early clinical trials reported beneficial effects of BM-derived cells for
the treatment of heart disease**-*>. With low ethical concern, relatively large number of
autologous cells, bone marrow stem cells therapy rapidly developed and broadly used

in clinical experiments.

Bone marrow derived Endothelial Progenitor Cells (BM-EPCs)

In 1997, Asahara et al discovered BM-EPCs as a population of cells in human
peripheral blood are capable of differentiation in vitro into endothelial cells*. These
cells arise from the bone marrow and circulate in blood; injury can trigger the
recruitment of these cells to damaged tissue. EPCs retain the characteristics of self-
renewing, clonogenic, and multipotent. Proper and unambiguous molecular
characterization of these cells is still lacking, generally, EPCs express common HSC

markers CD34 and CD133 as well as vascular endothelial growth factor receptor 2
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(VEGF2 or KDR)*. Some studies propose EPCs in particular “early” and “late”
EPCs, based on the appearance in culture of these circulating mononuclear cells®.
Early EPCs are believed to promote endothelial cell repair and angiogenesis through
paracrine effects, whereas late EPCs are believed to transdifferentiate into endothelial
cells. In our study, we define EPCs as CD31 and CD34 positive and lineage negative
cells isolated from bone marrow with density gradient centrifugation, and we culture
them for less than 10 days*.

Over the past decades, many animal studies and clinical trials indicate the
protective role of EPCs in cardiovascular homeostasis. In 2001, a German group
initiated a phase | clinical trial injecting autologous bone marrow CD31 positive cells
into the infarcted border zone during coronary artery bypass grafting in 6 patients and
observed enhanced left ventricle ejection fraction (LVEF) in 4 patients and improved
infarcted tissue perfusion in 5 patients after following for 3 months*. Since then,
several phase I and Il clinical trials were conducted and reported the safety, feasibility
and beneficial effects of intramyocardially and intracoronary injected BM-derived
CD133+ cells for the treatment of cardiac diseases®®°2. However, long term follow-up
studies for several years failed to show an improved cardiac function. There are
several other noteworthy clinal trials with EPCs and receive inconsistent effects on
heart diseases. TOPCARE-AMI was one of the earliest clinical trials of stem cell
therapy®3. Assmus et al randomized 20 patients in an open-label clinical trial to assess
the safety, feasibility, and efficacy of unfractionated bone marrow-derived stem cells
(n =9) or circulating blood-derived EPCs (n = 11) injected into the infarct-related

artery a mean 4.3 £ 1.5 days after an acute MI. The bone marrow-derived cells were
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harvested on the morning of infusion whereas the blood-derived EPCs were harvested
approximately 3-4 days before planned infusion. Importantly, neither population of
cells was a pure progenitor cell population. There was no difference in efficacy
between the patients receiving bone marrow derived stem cells or blood-derived
EPCs. At 4-month follow-up, these cells were associated with a modest increase in
global left ventricular ejection fraction (LVEF), minimally improved regional wall
motion, and mildly reduced end-systolic LV volume. After 1 year of follow-up, MRI
studies showed improved LVEF, smaller infarct size, and improved LV hypertrophy.
Wollert et al conducted a randomized control clinical trial on a similar but larger
population of patients than in the TOPCARE-AMI trial®*. The Bone marrow transfer
to enhance ST-elevation infarct regeneration trial (BOOST) enlisted 60 patients,
randomly assigned to receive either unfractionated BMMNCs (n = 30) or standard
therapy with percutaneous coronary intervention (PCI; n = 30). BMMNCs were
infused 4-8 days following PCI reperfusion for an acute ST-elevation MI. As in
TOPCARE-AMI, a heterogeneous population of BMMNCs were injected into the
infarct-related artery on the same day of harvest, but 4-8 days after PCI reperfusion for
an acute ST-elevation MI. After 6 months, mean global LVEF had increased by 7% in
the BMMNC group and by 0.7% in the control group (P = 0.0026). By 18months, the
increase in LVEF was lost.

Overall, the BM-EPCs transplantation therapy benefits patients with M1 in
short time treatment but does not show advantages compare to other therapy in long
term follow up. Several other potential limitations of using BM-EPCs have been

identified and therefore must be acknowledged. Risk factors for coronary artery
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disease are reported to be associated with a reduced number and functional activity of
EPCs in the peripheral blood of patients®. Likewise, patients with diabetes showed
lower EPC numbers. Additionally, patients with systemic inflammation, diabetes,
aging or smoking habits showed not only a smaller number of EPCs but also
functional defect EPCs®®,

In our lab, we showed EPCs functional defects isolated from IL-10 knockout
mice and diabetes mice, and these defects are reflected in their secreted exosomes*®.

Those evidence composed partially of our study rationale.

Mesenchymal Stem Cells (MSCs)

MSCs represent a very small fraction of BMMNCs, ranging from 0.001% to
0.01%. These cells are characterized by their ability to differentiate into osteoblasts,
adipocytes and chondrocytes under defined in vitro conditions®. They uniquely adhere
to plastic in cell culture and are characterized primarily by the cell surface antigens
CD73, CD90 and CD105, but also will express CD 17, CD29, CD44, CD106,
CD120a, and CD124. MSCs are negative for CD31, CD34, CD45, CD133, CD14
(CD11b), CD19, and kinase insert domain receptor (KDR) *’. Although MSCs are
primarily thought to arise from the bone marrow, other tissues and organs may also
produce cells of the MSC phenotype. These organs include the heart, blood, brain,
liver, testis, prostate, skeletal muscle, and fatty tissue. MSCs are also human leukocyte
antigen (HLA) DR negative and, therefore, are believed to evade immune
recognition®®. Several reports suggest that MSCs also differentiate into
cardiomyocytes under specific culture conditions in vitro and following myocardial

transplantation in vivo®®. From a feasibility standpoint, MSCs can be potentially
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harvested in advance, expanded in culture, and stored for use after an acute Ml in the
future.

Many animal studies and clinical trials revealed the beneficial effect of MSC
transplantation therapy for heart disease. Typically, in animal experiments, researchers
found MSCs as cardiomyogenic. Toma et al demonstrated the ability of human MSC
to differentiate into cardiomyocytes when injected into the murine myocardium®.
Mangi et al injected genetically modified autologous MSC into the ischemic rat
myocardium®:. Transplanted cells inhibited the process of cardiac remodeling by
reducing inflammation, collagen deposition, and cardiomyocyte hypertrophy.
Moreover, these investigators demonstrated over 80% regeneration of lost rat
myocardial volume and the normalization of systolic and diastolic cardiac functions.
Tang et al demonstrated improved LV function in a rodent infarct model and increased
neovasculature alongside newly formed myocardial cells®?. In clinical trials,
intracoronary injection of bone marrow- derived MSCs resulted in improvement in
global LVEF and regional wall motion, and reduction in infarct size, LVESV, as well
as LVEDV in patients with acute MI%. A recent meta-analysis, including 58 pre-
clinical studies, indicated an overall reduced infarct size of ~7% as well as an
improved heart function of ~11% after MSC transplantation in animal models of acute
myocardial infarction (AMI) and chronic ischemic cardiomyopathy (ICM)®. In
consistence with this, clinical study suggested that intramyocardial injection of MSCs
in patients undergoing Coronary Artery Bypass Grafting (CABG) reduced scar size
and improved tissue perfusion as well as regional function predominantly at the site of

injection®. In patients with ischemic cardiomyopathy, intracoronary injection of
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MSCs resulted in improved perfusion and improved exercise tolerance and New York
Heart Association (NYHA) class®. However, the beneficial effects of MSCs on global
cardiac function in a clinical setting remain uncertain. In the study by Katritsis et al.,
intracoronary injection of two to four million MSCs enhanced myocardial perfusion
and viability, but failed to improve global Left Ventricular Ejection Fraction (LVEF),
Left Ventricular End-Systolic Volume (LVESV), or Left Ventricular End-Diastolic
Volume (LVEDV) in patients with acute or old MI°®.

In general, MSC is a very good source of stem cell and presented
cardioprotective effect in specific heart disease. There is still controversy whether
MSCs become cardiomyocytes in human study and whether MSCs therapy improve
global cardiac function.

Embryonic Stem Cell (ESCs)

ESCs are totipotent cells that possess the ability to differentiate into cells
derived from the three germ layers: ectoderm, endoderm, and mesoderm. ESCs are
derived from the inner cell mass of the blastocyst of a 3- to 5-day-old embryo. ESCs
were first isolated from murine blastocysts by Evans, Kaufman, and Martin in 1981,
these cells have been shown to grow for an indefinite period in vitro while maintaining
the potential to differentiate into derivatives of all three embryonic germ layers.
Thompson et al developed the first successful ESC line, opening the field of
embryonic stem cell research®. In particular to cardiac field, Boheler et al proved that
ESCs are able to differentiate into cardiomyocytes represented by all specialized cell
types of the heart, such as atrial-, ventricular-, sinus nodal-, and Purkinje-like cells®°.

These cardiomyocytes exhibit not only cell morphology similar to that of adult cardiac
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cells, but also have similar physiology; cultured ESCs beat spontaneously and
synchronously, almost fully mimicking the behavior of mature cardiomyocytes. As a
good source for cell transplantation therapy, many animal studies have been applied.
Min et al injected ESCs into severely damaged ischemic rat hearts in an experimental
model of MI'°. Cardiac function in the ESC-treated animals improved significantly 6
weeks after cell transplantation. The area of infarcted myocardium was diminished
after treatment, as was the severity of LV hypertrophy, resulting in improved
hemodynamics. Nelson et al used ESC to evaluate cardiac regeneration in a mouse
model of MI. MI was followed 1 h later by injection of a relatively low number (5 x
105) of ESCs’. Although geometry and hemodynamics of the LV improved, over
20% of the animals developed teratomas in the pericardial space. Similar findings
published by Riess et al and others raise serious safety concerns with the use of ESC
in human patients’?. Additionally, the ethical concerns, the risk of immune rejection
and genetic instability all limited the broad application of ESCs in human experiments.
Recently, many studies try to use ESC differentiated cardiomyocytes as alternative
strategy but also generated our concerns including arrhythmia complications in large

animal experiment”.

Induced Pluripotent Stem Cells (iPSCs)

In 2006, Takahashi and Yamanaka were the first reporting the generation of
pluripotent stem cells from mouse fibroblasts by retroviral introduction of 4 defined
transcription factors (c-Myc, octamer-binding transcription factor (Oct)3/4, sex
determining region Y box 2 (Sox2), Kruppel-like factor (KIf4))"*.1 year later, human

iPSCs were established by applying the same technology to human fibroblasts’™.
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Nowadays, the field of iPSCs has moved forward with unprecedented speed, and we
have come a long way in both the methods available to generate iPSCs and our
understanding of their molecular biology. It is now well established that iPSCs can
differentiate into all three germ-layer-derived cells. The seminal achievement of
induced pluripotency holds great promise for regenerative medicine.

Many studies have successfully generated cardiovascular lineage cells from
iPSCs and applied to various heart diseases. It has been shown that cardiomyocytes
and endothelial cells (ECs) can be successfully differentiated from murine iPSCs in
vitro as well as in vivo when these iPSCs are transplanted in a murine M1 model’®.
Zhang et al. successfully characterized the cardiac differentiation potential of human
iPSCs compared to human embryonic stem cells (hES) cells’’. Electrophysiology
studies indicated that iPSCs have a capacity similar to ES cells for differentiation into
nodal-, atrial-, and ventricular-like phenotypes based on their action potential
characteristics’®. Another study showed that iPSCs-derived cardiomyocytes display
spontaneous rhythmic intracellular Ca?*fluctuations with amplitudes of Ca?* transients
comparable to those of ES-cell-derived cardiomyocytes, indicating functional coupling
of the newly generated cardiomyocytes’®. Electrophysiological studies with
multielectrode arrays demonstrated the functionality and presence of the beta-
adrenergic and muscarinic signaling cascade in these cells.

With all these amazing features of iPSCs and iPSCs derived cardiac lineage
cells, many studies have been conducted to check their cardioprotective roles. In
animal MI models, iPSCs derived cardiomyocyte like cells are able to integrate into

myocardium as well as to improve cardiac function and alleviate adverse remodeling
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processes®. Although limited human studies of iPSCs, iPSCs provide significant
advantages such as no ethical concern and less immune response compared to human
ES®. However, limitations exist in iPSCs applications, various studies described
genomic instabilities in iPSC lines resulting either from pre-existing variations in
parental adult cells or from mutations occurring during the reprogramming process
and culturing time®. Moreover, transplanted iPSC-derived cells might possess
immunogenic capabilities raised additional major concerns about the safety of
iPSCs®. Many new protocols were established to overcome potential issues, in order
to minimizing the potential for mutagenesis during the reprogramming process, non-
integrating gene delivery approaches®*, modified messenger ribonucleic acids
(mMRNASs) and microRNAs (miRs) have been used® 8. Recently, chemically induced
iPSCs have been generated by applying a cocktail of small molecules®’.

There has been significant improvement in iPSCs discovery and development,

but there is still long way to go before it can be used in clinical cases.
Exosome

Introduction of Exosome
Most of the extracellular and body fluids, such as blood, urine, saliva, and
breast milk, are known to contain secreted vesicles, called extracellular vesicles (EVS).
Although known for several decades, extracellular membrane vesicles have long been
thought of as mere cell debris, signs of cell death, or structures specific to a unique
organ. The importance of EVs and the recognition of its wider involvement in
intercellular signaling began to emerge in the last decade. EVs with size of 30-150nm

bearing CD63 and CD9/CD81 were defined as exosomes and were shown crucial for
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preserving vascular integrity and in the development of cardiovascular and other
diseases. Exosomes are generated from almost all types of cells such as blood cells,
endothelial cells, immune cells, smooth muscle cells, etc., work as natural carrier for
small molecules and modify a multitude of cellular bioactivities. They circulate in
body fluids and extracellular space and shuttle lipids, proteins and nucleic acids
between donor and recipient cells. A recent surge of interest in the field of exosome
biology is in part due to the recognition that the molecules they carry can act as
facilitators of both physiological and pathological signaling. Exosomes have been
described to modulate immune-regulatory processes, tumor escape mechanisms and to
mediate both regenerative and degenerative processes. To date, a large number of
reports dealing with circulating exosomes and their cargos defines them to be a
potential source of valuable diagnostic and prognostic biomarkers and holds a great
therapeutic potential to serve as vehicles for targeted therapy for cardiovascular and

other diseases.? 8891

Biogenesis and Secretion of Exosome

The biogenesis and secretion of exosomes involve several crucial steps:
formation of intraluminal vesicles (ILVs) in multi vesicular bodies (MVBSs), transport
of MVBs to the plasma membrane and fusion of MVBs with the plasma membrane.
Formation and secretion of exosomes require enzymes and ATP and can be both
endosomal sorting complexes required for transport (ESCRT) dependent and
independent.

Exosome biogenesis starts within the endosomal system. The endocytic

pathway consists of highly dynamic membrane compartments involved in the
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internalization of extracellular ligands or cellular components. Early endosomes
mature into late endosomes, and during this process, they accumulate ILVs in their
lumen. Because of their morphological features, they are generally referred to as
multivesicular endosomes or MVBs. The ILVs that are formed by inward budding of
the early endosomal membrane sequester proteins, lipids, and cytosol that are
specifically sorted. In most cells, the main fate of MVBs is to fuse with lysosomes,
acidic compartments that contain lysosomal hydrolases, ensuring the degradation of
their content. However, organelles with hallmarks of MVBs, bearing the tetraspanin
CD63, lysosomal-associated membrane proteins (LAMP) LAMP1 and LAMP2, and
other molecules that are generally present in late endosomes, can also fuse with the
plasma membrane, releasing their content into the extracellular milieu and fated for
exocytosis.

The formation of MVBs and ILVs is driven by the endosomal sorting complex
required for transport (ESCRT), which is composed of approximately thirty proteins
that assemble into four complexes (ESCRT-O0, -I, -1 and -111) with associated proteins
(\Vacuolar protein sorting-associated protein 4A (VPS4), Vesicle Trafficking 1
(VTAL), ALIX also called Programmed cell death 6-interacting protein (PDCDG6IP)).
The ESCRT-0 complex recognizes and sequesters ubiquitinated transmembrane
proteins in the endosomal membrane, whereas the ESCRT-I and -11 complexes appear
to be responsible for membrane deformation into buds with sorted cargo, and ESCRT-
I11 components subsequently drive vesicle scission. ESCRT-0 consists of HRS
(hepatocyte growth factor—regulated tyrosine kinase substrate) that recognizes the

monoubiquitinated cargo proteins and associates with signal transducing adaptor
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molecule(STAM) (the other ESCRT-0 component) and Epidermal growth factor
receptor substrate 15 (Eps15) and clathrin (two non-ESCRT proteins). HRS recruits
tumor susceptibility 101 (TSG101) of the ESCRT-1 complex, and ESCRT-I is then
involved in the recruitment of ESCRT-III via ESCRT-II or ALIX. Finally, the
dissociation and recycling of the ESCRT machinery require interaction with the AAA-
ATPase VPS4.

MVBs and ILVs can also form in absence of ESCRT function. For example, it
has been shown that despite simultaneously silencing of key subunits of all four
ESCRT-complexes, ILVs are still formed in MVBs, thus indicating the presence of
ESCRT-independent mechanisms. Tetraspanins, transmembrane proteins enriched in
exosomes, are also involved in ESCRT-independent exosome release. Expression of
the tetraspanins CD9 and CD82 has been shown to enhance the exosomal release of p-
catenin from HEK?293 cells. Recently, the tetraspanin CD63 was shown to play a role
in exosome biogenesis as well. CRISPR/Cas9 knockout of CD63 resulted in reduced
secretion of EVs, measured by NTA. Besides proteins, two lipid metabolism enzymes
have been shown to generate lipids in the limiting membrane of MVBs, which induce
inward budding and thus formation of ILVs in an ESCRT-independent manner:
neutral sphingomyelinase (nSMase) allowing hydrolysis of sphingomyelin into
ceramide, and phospholipase D2 allowing hydrolysis of phosphatidylcholine into
phosphatidic acid. Therefore, MVBs and their ILVs can be formed by both ESCRT-
dependent and -independent mechanisms certainly related to the cargo that is sorted

within a given cell.
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Exosomes are secreted by multiple cell types and cell lines spontaneously,
some exosome-stimulating conditions have also been described, although the
intracellular signals involved are not known. For instance, the secretion of exosomes
by rat cortical neurons can be stimulated by depolarization of the cells or stimulation
by neurotransmitters, a signal that also promotes exosome secretion by
oligodendrocytes. y-Irradiation-induced DNA damage can also promote EV secretion
by tumor cells or fibroblasts through the activation of the p53-regulated protein
Metalloreductase STEAP3 (TSAP6). In these studies, however, whether the vesicles
recovered were MVB-derived exosomes or other EV's was not clearly determined.
More recently, silencing of papilloma virus E6/E7 oncogenes in HeLa cells was
clearly shown to induce senescence and a concomitant increase of p53 and TSAP6
expression, as well as a large increase in secretion of EVs, including those bearing
endosomal markers (CD63, TSG101). Finally, some cells, suchas Bor T
lymphocytes, secrete very little EVs at the steady state, but MV B-derived exosome
secretion is strongly enhanced by activation through interactions with T cells or the B

cell receptor.%% %3
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Figure 3. Biogenesis and Secretion of Exosome.

Selected examples of the crosstalk between the intracellular molecular machineries
involved in the biogenesis and secretion of EVs forming at the plasma membrane
(microvesicles, microparticles or ectosomes) or in late endosomal MVBs

(exosomes).?

Exosome Transport and Targeting
Detailed mechanisms of exosome trafficking, targeting as well as the modes of

internalization are still not well understood. It is known that secreted exosomes can
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either be rapidly internalized by neighboring cells or travel via body fluids to deliver
their informational cargo to distant cells or possibly remove it from the organism.
Despite the lack knowledge of detailed mechanisms concerning exosomal interaction
with target cells, some reports suggest that lipid rafts and exosomal membrane
proteins are directly responsible for their trafficking, mode of interaction with cells
and dictate their uptake specificity. In several studies, dendritic cells and macrophages
were designed as the major recipients of EVs, for example, activated T cells bind DC-
derived EVs through Lymphocyte function-associated antigen 1 (LFA-1). a4 Integrin
expression in Tspan8-expressing tumor cells redirects their secreted EVs to
endothelial and lymph node stromal cell lines, whereas fibroblasts are the major target
of non-a4-bearing EVs. A cardiomyocytic cell line captures mesenchymal-derived
EVs. DC-derived EVs engineered to present a surface receptor containing an amino
acid sequence recognized by receptors specifically expressed on either neuronal or

muscle cells were readily bound to a neuron or muscle cell line in vitro.8% %

Isolation and Characterization of Exosome
Exosomes can be isolated from any biological fluid or from the supernatant of
cells grown in a media free of exosomes. Experimental procedures used to purify
exosomes are mostly based on its unique size and density. The most rigorous and
accepted protocols involve clearing the sample fluid by sequential centrifugations and
pelleting the exosomes at 100 000 to 110 000g, followed by resuspensions and
repelleting. For purer preparations, a sucrose gradient is used, because exosomes float

at a density that ranges from 1.13 to 1.19 g/mL. Recently, several alternate methods,
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such as microfluidic devices, antibody-coated magnetic beads, and precipitation-
based, filtration-based isolation, have been developed®.

Initial characterization of exosomes is typically based on electron microscopy
analysis because their size, <100 nm, is below the resolution of a light microscope.
Beside electron microscopy, both dynamic light scattering analysis and nanoparticle
tracking analysis (NTA) allow the determination of the size of exosomes; nanoparticle
tracking analysis also allows the determination of concentration. Further
characterization of isolated exosomes requires complementary biochemical
(immunoblotting and flowcytometry), mass spectrometry, and imaging techniques*®
95_

Exosome Composition and Cargo

Exosomes have been shown to carry a unique cargo of lipids, proteins, and
RNAs, which are often distinct from the cell of its origin. Because of its endosomal
origin, all exosomes contain membrane transport and fusion proteins (GTPases,
annexins, flotillin), tetraspannins (CD9, CD63, CD81, CD82), heat shock proteins
(HSC70, HSP90), proteins involved in multivesicular body biogenesis (Alix,
TSG101), as well as lipid-related proteins and phospholipases®®. Additionally,
exosomes also contain unique molecules specific to their cells of origin. It is this type,
variety and abundance of donor cell specific cargo that is a topic of extensive studies,
in hopes to shed light on their potential application for development of diagnostic and
therapeutic tools. The exact pathways which regulate the packing of exosomal content
do not appear to be a random collection of cytoplasmic proteins and nucleic acids

from donor cells. For example, certain miRNAs are enriched in exosomes relative to
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cells, indicating that miRNASs can be sorted into exosomes. It has been shown that
KRAS may play a role in miRNA sorting into exosomes®®. Exosomes from mutant
KRAS colorectal cancer cells show a distinct miRNA profile compared to wild type
cells. Furthermore, inhibition of nSMase caused cellular accumulation of certain
miRNAs in KRAS mutant, but not wild type cells. Another study has shown that
overactive mutated KRAS inhibits localization of the RISC component Argonaute 2
(Ago2) to MVBs and decreases Ago2 secretion in exosomes®’. Valadi et al identified
many exosomal components not expressed in the cytoplasm of donor cells, indicating
a highly regulated and selective cargo sorting mechanism that delivers and guides
specific intracellular miRNAs into exosomes®. Similar conclusions were made based
on the observation that miRNA profiles of exosomes and their parent cells can
significantly differ from one another®. Lipids may also be important for sorting of
specific proteins into exosomes, for example sphingosine 1-phosphate (SP1), a lipid
formed by the phosphorylation of sphingosine by sphingosine kinase 1 (Sphk1) and 2
(Sphk2), has been shown to regulate cargo (such as CD63, CD81 and flotillin) sorting
into exosomes via inhibitory G protein (Gi)-coupled S1P receptors located on MVB
membranes®.

Interestingly, the profiles of exosomes from same cell types can be
significantly altered based on physiological state of cells during synthesis. Quantity
and quality of constitutively secreted exosomes is regulated by the physiology of the
donor cells as well as by stimuli such as calcium, mitogens, cytokines and stress. Our
lab compared the exosome content of EPCs exosomes generated from wild type, IL-10

knockout and diabetic mice, and found the drastically different expression pattern of
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RNAs and proteins®®. And this alteration in exosomal content partially explains the
dysfunction of exosomes under high glucose and inflammatory stimulus.

As for my project, there are two molecules enriched in IL-10 knockout EPC
exosomes chosen for further study, miR-375 and integrin-linked kinase (ILK). Their
brief introduction is as follows:

miR-375

The discovery of microRNAs (miRs) has opened a new approach regarding
regulation of cellular processes such as proliferation, differentiation, cell metabolism,
apoptosis and angiogenesis. Initially, miR-375 was considered to be a pancreatic islet-
specific miRNA and its role in regulation of glucose homeostasis was demonstrated®;
further expression profiling studies revealed that miR-375 is widely expressed in other
normal tissues®®t. By today, there is an increasing evidence that miR-375 is important
cancer-related miRNA; miR-375 was shown to be downregulated in tumor tissues and
served as tumor suppressor miRNA0% 103,

As for stem cell functions, miR-375 generally favors the differentiation of stem
cells and enhance stem cell therapeutic efficiency in different disease. In diabetic
studies, overexpression of miR-375 promotes the differentiation of insulin generation
cells from both MSCs and iPSCs, greatly improve therapeutic outcome®*. In scar
formation, transplantation of miR-375-expressing MSCs significantly reduced the
fibrosis in the scar region of the mice, possibly through reduction of reactive oxygen
species (ROS), suppression of transition of myofibroblasts from fibroblasts, and
increases in hepatic growth factor (HGF)!%. miR-375 also promote osteogenic

differentiation of MSCs and improve bone regeneration'®. However, He L et.al found
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miR-375 inhibits HGF-elicited migration of MSCs through downregulating the
expression of Pyruvate Dehydrogenase Kinase 1(PDK1) and suppressing the
activation of Akt, as well as influencing the tyrosine phosphorylation of focal adhesion
kinase (FAK) and paxillin and FA periphery distribution, which further affect MSC

based therapy'®?

. Our previous study found miR-375 expression is significantly up
regulated in EPCs upon exposure to inflammatory/hypoxic stimulus. IL-10 KO mice
display significantly elevated miR-375 levels. miR-375 knock down in EPCs
significantly improved the survival and retention of transplanted EPCs in M1l mouse
model, anti-miR-375 therapy in MI mouse study reduced inflammatory response,
decreased cardiomyocyte death, improved LV function, and enhanced angiogenesis
through PDK-1/AKT signaling®’.

Moreover, many studies revealed the unfavorable role of miR-375 in heart
disease. Increased miR-375 expression was identified in mice hearts after acute Ml
and in myocardium of patients with heart failure?’. Inhibition of miR-375 was shown
to enhance angiogenesis and reduce inflammatory response after M1 that reflected in
limiting infarct size and preserving post-MI cardiac function and integrity in mice. In
murine macrophage cell line and in murine MI model miR-375 knockdown promoted
M2 polarization and enhanced cardiac recovery post MI1%. However, there is also
study could not repeat the previous study and found miR-375 presented low
expression in MI patients®.

Despite the inconsistent role of miR-375 in both stem cells and heart disease,

our NGS analysis of IL-10KO EPC exosomes found high level of miR-375 expression

which is consistent with previous studies. And using antimir-375 therapy we
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successfully inhibited miR-375 expression in exosomes and enhanced exosome
mediated angiogenesis®.
Integrin-Linked-Kinase (ILK)

Integrin-linked kinase (ILK) is a widely expressed serine/threonine protein
kinase that binds to the cytoplasmic tail of B integrins, linking cell-matrix interactions
to signals regulating cytoskeletal remodeling and cellular processes such as growth,
proliferation, survival, and differentiation. ILK functions as a molecular scaffold,
assembling multiprotein complexes that maintain the integrity of integrin adhesion
points. ILK also plays a central role in transducing biochemical signals initiated by
cell-matrix interaction. Aside from cell matrix interaction with integrin, ILK can be
activated by inflammation stimulus (LPS, TNFa, etc.) through PI3K pathway, then
activated ILK triggers NFxB signaling and promotes pro-inflammatory gene
expression as well as cardiac deleterious miRs such as miR-375%,

ILK is widely distributed in mammalian tissues, but highest in the heart
suggesting its essential role in cardiac function regulation'°. Cardiac-specific ablation
of ILK causes cardiomyopathy and sudden death in mice. ILK protein complexes are
found in the sarcomere, which is the basic contractile unit of myocytes. A natural
inactivating mutation in the kinase domain of ILK disrupts ILK protein interactions in
the sarcomere, causing a contractile defect in the zebrafish heart. Cardiac-specific
expression of ILK in transgenic mice induces a hypertrophic program, pointing to ILK
as a proximal regulator of multiple hypertrophic signal transduction pathways.
Mayuko Nishimura et. al found relationship between cardiac aging with ILK in studies

with Drosophilal!t, Decreasing ILK expression prevent typical dysfunction changes
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resulted from cardiac aging and flies liver longer. ILK overexpression cause aging like
cardiac dysfunction. Another study demonstrated that ILK is involved in fibrosis
formation and inhibition of ILK attenuates interstitial fibrosis2.

ILK plays important role regulating stem cell function in heart disease. ILK
overexpressed MSC transplantation improves ventricular remodeling and cardiac
function in pigs after MI**3. And associated with increased angiogenesis, reduced
apoptosis, and increased cardiomyocyte proliferation. Mao Q et.al found MSCs
overexpressing ILK attenuate cardiac fibroblast proliferation and collagen synthesis
through paracrine actions'!4. Seung-Pyo Lee et.al found ILK is upregulated in
endothelial cells under hypoxia condition and further control EPC homing to hypoxia
and ischemic tissue. Overexpressing ILK in EPCs significantly improved blood flow
recovery and neovascularization in high limb ischemia model*> 116,

In our project, we found ILK is highly enriched in IL-10KO EPC exosomes
and is responsible for stimulating inflammation response in recipient cells through NF-
kB activation. Blocking ILK expression in exosomes successfully attenuated

inflammation response. ILK knockdown exosome therapy in MI mouse study

improved cardiac function.
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Figure 4. ILK activation pathway and interaction with miR-375.

ILK can be activated through interaction between extracellular matrix with integrin
or inflammatory stimulus through PI3K. Activated ILK phosphorylate p65 subunit
of NFxB, induce NFkB nuclear translocation and increase downstream
inflammation response related gene expression as well as miR-375 expression.
miR-375 has been revealed inhibiting cell survival Akt pathway through directly

targeting PDK-1.

Exosome in Cardiovascular Disease
Intercellular communication mediated by extracellular vesicles is crucial for
preserving vascular integrity and in the development of cardiovascular and other
diseases. Many published reports suggest that major cardiovascular and metabolic
pathologies like coronary artery disease, myocardial infarction, heart failure, and

diabetes are highly influenced by the exosome directed transfer of molecules. There
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are two major ways exosomes are involved in cardiovascular disease. First is the
exosome secreted by injured cells. Exosomes act as vectors for cell communication
and deliver out the information of cell injury or disease and recruit stem cells for
repair and regeneration. Second is the exosome secreted from stem cell, they pass
RNAs and proteins to recipient cells and modulate relative biological process and
rescue or enhance recipient cell function.

Evidence from multiple studies suggest that cardiomyocytes secrete exosomes
that shuttle proteins and genetic information to other cells. In one of the earliest
studies, Gupta and Knowlton demonstrated that highly differentiated adult
cardiomyocytes, generally not considered a secretory cell type, release a cytosolic
protein, HSP60, within exosomes and cause damage to surrounding cardiomyocytes
via activation of apoptosis signaling'’. A recent work from the same group
demonstrated that pathological changes in the environment, including fever, changes
in pH, hypoxia, and ethanol treatment, alter the rate of exosomes secretion and the
protein content of exosomes from cardiomyocytes'®. Waldenstrom et al detected
nucleic acid—containing exosomes in the media of cultured cardiomyocyte cell line
HL-1, which could reprogram the fibroblast gene expression®.

Exosome content alteration indicate potential disease and be used as
biomarkers. Recently, it was reported that the levels of muscle-specific miRs increased
in the plasma or serum of patients with MI. Kuwabara et al demonstrated that muscle-
specific miR-1 and miR-133a are increased in the serum of patients with acute
coronary syndrome, and that these miRNA levels correlate with serum cardiac

troponin T levels'?°. Cheng et al detected significantly higher levels of miR-1 and
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miR-208 in exosomes from the urine of acute M1 patients and in the circulating blood
of rats after acute MI'?1, Furthermore, a cardioprotective miR-214 has been shown to
be upregulated in the heart after ischemia and altered in the plasma from coronary
artery disease patients, indicating the severity of the disease. Zampetaki et al detected
miR-126 to be part of a miRNA signature associated with MI in general patient
population'??,

Besides the role in information delivery, stem cell exosomes have independent
repair and regeneration ability in cardiovascular disease. It has been widely accepted
that beneficial effects of stem cell therapy in cardiovascular disease is largely due to
paracrine effects. Many animal studies including the findings from our lab supported
the idea. In a very first demonstration that stem/progenitor cell derived exosomes can
mimic angiogenesis responses just like their parent cell of origin, we reported that
exosomes from human CD34+ hematopoietic cells augment angiogenesis both in vitro
and in vivo'?®, Furthermore, we demonstrated ex vivo modification of human CD34+
cells with sonic hedgehog can preserve cardiac function in face of ischemic injury.
Importantly, the cardio-protective effect of CD34+ cells is mediated by Shh packaging
in exosomes produced by the CD34+ cells that not only protected existing
cardiomyocytes but enhanced angiogenic response of the heart. Moreover, exosomes
derived from MSCs were demonstrated to enhance myocardial viability and adverse
remodeling by increasing ATP levels, reducing oxidative stress and promoting AKT
activation in a myocardial infarction model*?*, Recently, we have shown that mouse

embryonic stem cell exosomes augment myocardial repair by activating

cardiomyocyte cell cycle re-entry?®,
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In general, mounting evidence suggests that exosomes released from a
damaged or diseased heart could be a potential intercellular communicator and carry
signaling molecules to activate distant organs such as bone marrow. RNAs and
proteins packed in those exosomes could be potential biomarkers indicating specific
disease. Stem cell derived exosomes preserve their repair and regeneration ability and

will be novel cell free therapeutic strategy for cardiovascular disease.

Rationale and Objective for this study

Stem cells hold great promise for potential clinical therapeutic strategies. The ability of
injured myocardium to recruit extra-cardiac stem cells like bone marrow-derived stem/progenitor
cells (e.g.EPC) is critical to aid in myocardial repair and regeneration. Increasing evidence from
animal models of experimental ischemic injuries??®, including those from our labs!?" 128 suggest
that EPC participate in the process of neo-vascularization and tissue repair leading to enhanced
recovery of ischemic myocardium!2, Furthermore, clinical trials involving bone marrow derived
progenitor cell transplantation for ischemic myocardium has confirmed this possibility*?°. Despite
these encouraging data, however, a great deal remains unknown regarding the adverse effects of
ischemic tissue (hostile microenvironment) like inflammation and hypoxia on the survival of the
mobilized/transplanted stem cells and the functional properties of EPCs during
angio/vasculogenesis and tissue repair. Rheumatoid arthritis patients with high serum levels of
TNFa, a potent pro-inflammatory cytokine, was associated with significantly lower EPC counts
as compared to normal counts in patients treated with TNFa blocker!®, Our preliminary studies
established the cardio-protective role of anti-inflammatory cytokine, interleukin-10 (IL-10) in
mouse models of acute myocardial infarction (AMI) and pressure-overload®3® 132, We found
recombinant IL-10 treatment enhances the benefits of EPC-mediated myocardial repair? 1%,
However, EPCs derived from IL-10 knockout (IL-10 KO) mice are functionally impaired in
mobilization, angiogenic capacity and post-MI repair ability. Apoptosis and poor retention of
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transplanted EPCs leads to failed neovascularization, which itself is strongly associated with poor
cardiovascular prognosis in stem cell-based therapy?*. These studies provide solid evidence for
the deleterious effects of inflammation on EPC survival and function, therefore, there is a critical
need for the development of alternate strategies to enhance efficiency of cell-based therapies.
Stem cell/EPC derived exosomes provide one such alternate cell-free therapeutic modality.
Novel, non-traditional use of cell-free components of stem cells such as exosomes, loaded with
stem cell-specific miRs and proteins may allow for harnessing the regenerative power of these
cells to augment and modulate endogenous protection repair processes in the ischemic
myocardium. Our proposed studies therefore put-forth a novel concept and significant step-

forward.

Exosomes as functional paracrine units of stem cells: Exosomes are small micro vesicles
secreted by different cells and have been the subject of intense research in recent times.
Exosomes were first described in sheep reticulocytes 50 years back™*® 134 have been since then
described in a number of cells types such as T-cells'*®, dendritic cells!®, mast cells!®*’, tumor
cells'®, cardiovascular lineage cells!®, sperm®*® and various stem cells type!*® 141, The function of
exosomes is not fully known but they are believed to be important for inter-cellular
communication**?, immune-modulation*® and as biomarkers for disease progression’*. Recent
reports, including those from our laboratories, have suggested that exosomes secreted by different
stem cells enhance post-injury cardiac repair'®. In a very first demonstration that stem/progenitor
cell derived exosomes can mimic angiogenesis responses just like their parent cell of origin, we
reported that exosomes from human CD34+ hematopoietic cells augment angiogenesis both in
vitro and in vivo'?. Furthermore, we demonstrated ex vivo modification of human CD34+ cells
with sonic hedgehog can preserve cardiac function in face of ischemic injury®. Importantly, the
cardio-protective effect of CD34+ cells is mediated by Shh packaging in exosomes produced by

the CD34+ cells that not only protected existing cardiomyocytes but enhanced angiogenic
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response of the heart. Since our early reports, a number of studies, including additional studies
from our laboratories have established that exosomes derived from a wide variety of stem cells
including mesenchymal stem cells, resident cardiac progenitor cells as well as pluripotent stem
cells possess ischemic tissue reparative properties and augment ischemic myocardium/other tissue
repair and regeneration following ischemic insult!4®- 247, The mechanism of action of exosome
mediated repair processes largely include transfer of exosomal cargo including parent cell
specific microRNAs (miRs), mMRNA and proteins to the target cell/tissue resulting in several
protective processes'“®. These processes include cell survival, cell protection and proliferation,
augmentation of protective signaling pathways, cell cycle activation, epigenetic modulation,
immune regulation and activation of resident stem cell populations!#°. Exosomes derived from
MSCs were demonstrated to enhance myocardial viability and adverse remodeling by increasing
ATP levels, reducing oxidative stress and promoting AKT activation in a myocardial infarction
model*®°, Similarly, exosomes secreted by cardiomyocyte progenitor cells were reported to
stimulate migration of endothelial cells and protect ischemic myocardium from
ischemia/reperfusion injury validating the cardio protective effect of stem cell derived
exosomes!, Recently, we have shown that mouse embryonic stem cell exosomes augment
myocardial repair by augmenting resident cardiac progenitor cells (CPC) proliferation and
differentiation as well by activating cardiomyocyte cell cycle re-entry'?, Very interestingly, a
recent study has demonstrated that inhibition of exosome secretion in cardiosphere derived stem
cells (CDC) renders them ineffective for myocardial repair process®’. Since these same cells have
been repeatedly shown to augment post-MI myocardial repair in multiple pre-clinical and phase |
clinical trial, this new data suggests that exosomes are the functional component of these stem
cells. When combined with available stem cell-exosome studies for myocardial repair in
literature, two things become amply evident:1) stem cell exosomes mimic reparative properties of
their parental stem cells and 2) inhibition of exosome secretion renders stem cell ineffective

suggesting exosomes as major paracrine mediators of stem cell function. However, the exact
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molecular mechanisms of exosome action are poorly understood and may differ depending upon
of parental cell population, exosomal content and modulation of those contents by various
stimuli. Our studies are uniquely placed to further the understanding of mechanisms that mediate

stem cell exosome function and dysfunction are therefore a significant step forward.

Exosomes are not created equal: Exosome therapy may represent a multi-faceted strategy
for promoting regeneration and repair in the heart after pathological damage. However, recent
excitement over these powerful cell-free components of stem cells must be channeled into
meaningful research efforts towards fully understanding the role of these micro-vesicles in
cardiac repair. The recent evidence on stem cell exosomes as potential therapeutic modality is
exciting since exosome could possibly be used as a surrogate for the stem cell-based therapy and
this regimen may overcome the roadblocks identified with the use of cell themselves. However,
several important questions need to be answered before stem cell exosomes could potentially be
employed in clinic. The overarching hypothesis driving our studies is that exosomes, even when
derived from same defined stem cell population (EPC as model stem cells in this project), are not
created equal- and the constitution of their contents as well as their biological activity is largely
dependent upon physiological state of the parental cell of origin'®2. Systemic inflammation, one
of the major symptoms presented in patients with cardiac disease, is an important stimulus
causing EPCs functional deficiencies™**%, It is well established that stem cells obtained from
patients with systemic inflammation have vastly reduced reparative activity'>*. Our preliminary
studies also revealed the same results, by using IL-10 KO mice as a model of systemic
inflammation, we reported that EPCs from IL-10KO mice have diminished angiogenic activity
and depressed post-MI repair ability?*. Since the therapeutic efficiency of EPCs is largely due to
paracrine effects, especially exosomes, it is reasonable to predict that EPCs under inflammatory
stimuli secrete dysfunctional exosomes by altering miR/protein exosomal contents, and finally

compromise exosomal repair ability in ischemic cardiac tissue. However, it remains unknown
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how systemic inflammation alter both the contents and the function of stem cell-derived exosome
and whether exosomes could be engineered to deliver proteins/miR etc. that are present in healthy
stem cells but are dysregulated in diseased stem cells. Our studies tested the mechanisms of EPC-
derived exosomal dysfunction under inflammatory stimuli, and we provide novel information for
possible rescue and/or alteration of these exosomes and hopefully towards designing “super-

exosomes” for possible clinical applications.

Overall significance of our studies: Cell based therapy for myocardial repair is limited by
low retention, low viability after transplantation, and adverse effects of hostile microenvironment
of ischemic myocardium. Data from our lab have raised exciting possibility that the benefits of
cell therapy can be replicated in an exosome based novel cell-free system. However, a few
guestions remain to be answered before potential translational application of exosomes in the
clinic. These questions include: 1) whether exosomes obtained from BM-EPCs under
inflammatory stress are as functionally competent as those from WT mice? Whether exosomal
function/dysfunction changes the miR/ protein contents of the exosomes? Whether loss and gain
in function of identified miR/proteins/signaling molecules in the deficient cells can rescue
exosomal function? Thus, our studies are of great significance since we partially answered many
of these questions in detail and we believe our studies not only significantly enhanced the
fundamental biological insights to the mechanisms of exosome reparative function but also paved

way for clinical applications of stem cell exosomes.
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CHAPTER 3

INTERLEUKIN-10 DEFICIENCY IMPAIRS REPARATIVE PROPERTIES OF BONE

MARROW-DERIVED ENDOTHELIAL PROGENITOR CELL EXOSOMES

Study aims

Aim1: IL-10 deficiency alters EPC derived exosome function.

Our previous studies revealed that 1L-10 is essential for EPC cardioprotective
functions. As exosomes reflect the characteristics of parental cells, we hypothesized IL-
10 deficiency impairs EPC derived exosome function. We designed a series of in vitro
(tube formation, cell migration, TUNEL assays) and in vivo (MI mouse model with
exosome treatment) studies to compare the functions of wild type and IL-10 knockout

EPC derived exosomes.

Aim2: IL-10 deficiency alters EPC derived exosome content.
Exosome functions are dependent on exosome content. We especially explored
the RNA content with next generation sequencing and protein content with mass

spectrometry. We further explored miRs and kinases manipulation in exosomes in aim3.

Aim3: exosome function can be enhanced or rescued through exosome content
modulation.

We chose two candidates from the results in aim2, miR-375 and integrin-linked
kinase for further study, both are highly enriched in IL-10KO-EPC exosomes. We used
anti-miR and siRNA targeting ILK as strategies for miR-375 and ILK knockdown in IL-
10KO-EPCs and derived exosomes. We compared modulated exosome function through
a series of in vitro and in vivo experiments.
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Aim4: ILK mediates exosome induced inflammation response.

ILK is the upstream of NFkB-pathway and can be activated through either direct
cell matrix interaction with integrin or inflammation stimulus through PI3K pathway.
NFkB activation triggers pro-inflammatory gene expression as well as miR-375
upregulation. We hypothesized overwhelmed inflammation response is mediated by ILK
enrichment in exosomes and can be attenuated through ILK knockdown. ILK knockdown
not only decreased inflammation response in recipient cells but also reduced deleterious
miRs (such as miR-375) delivered by exosomes.

Materials and methods

Vertebrate Animals and reagents
All experiments conform to the protocols approved by the Institutional Animal
Care and Use Committee at Temple University. Eight-week-old wild-type (WT) and IL-10
knockout (KO; 1L10"™€9") male mice of C57BL/6J background were procured from
Jackson Research Laboratory (Bar Harbor, ME) for EPC isolation. Ten-to-twelve-week-
old Wild-type (WT) male mice of C57BL/6J background were procured from Jackson
Research Laboratory (Bar Harbor, ME) for myocardial infarction surgery.
Lipopolysaccharide (LPS) was obtained from Sigma Aldrich Inc (St. Louis, MO).
Recombinant Mouse TNF-alpha (aa 80-235) Protein was obtained from R&D Systems Inc.
Cell isolation, culture, supernatant collection and treatment.
EPC isolation, ex vivo expansion and culture were performed as previously
described*!. Bone marrow extracted from the femurs, tibiae and hip-bones of 8-10-week-
old C57BL/6J or IL-10 knockout mice were stained with labeled antibodies against lineage

markers  (CD3e(145-2C11), CD11b(M1/70), B220(RA3-6B2), Terl19(Ly76),
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Ly6G/C(RB6-8C5)) Sca-1 (D7) and CD31 (MEC13.3), then sorted to retain lineage-
negative cells on a FACS Aria-11 (BD Biosciences). Sorted cells were cultured in phenol
red—free endothelial cell basal medium-2 (EBM-2, Clonetics) supplemented with exosome-
free 10% FBS, vascular endothelial growth factor (VEGF)-A, fibroblast growth factor-2,
epidermal growth factor, insulin-like growth factor-1, ascorbic acid, and antibiotics. Cells
were cultured at 37 °C with 5% CO2 in a humidified atmosphere. After 4 days in culture,
non-adherent cells were removed by washing with PBS, new medium was applied, and the
culture was maintained through day 7. Notice that for exosome study, all Fetal Bovine
Serum (FBS) used in cell culture are Exosome depleted FBS (ThermoFisher Scientific
A2720801). For WT-EPC and IL-10KO-EPC, supernatant was collected daily from day 7
to day 10 for exosome isolation. For ILK-KD-EPC-Exo group, siRNA transduction was
administrated on day 7 IL-10KO-EPCs and supernatant was collected on day 8, day 9 and
day 10 for exosome isolation (Notice that for western blotting confirmation, we used 24h,
48h, 72h exosomes, however, there was observable cell apoptosis of EPCs after 48h of
siRNA induction, for angiogenesis study and in vivo experiment, only 24h exosomes were
used to minimize deleterious effect from EPC apoptosis). SVEC4-10 (ATCC® CRL-
2181™) and Homo sapiens, umbilical vein/vascular endothelial cells (HUVECs, ATCC®
CRL-1730™) were obtained from ATCC and cultured following manufacturer’s
instructions. Immortalized mouse cardiac endothelial cell (MCEC) line was purchased
from CEDARLANE (CLU510) and managed according to the manufacture instructions.
Supernatant was collected daily for MCEC-Exo group exosome isolation. For MCEC+
TNFa-Exo group, MCECs were treated with recombinant mouse tumor necrosis factor-a

(TNFa) 100ng/ml for 24 hours, then washed with PBS and replenished with fresh media,
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incubated for another 24 hours, then collected supernatant for exosome isolation. For
ILKKD-Exo group, MCECs were first treated with 100ng/ml TNFa for 24hours, then
washed with PBS, replenished with fresh medium, and conducted the transduction of
SiRNA, incubated for another 24hours, collected supernatant for exosome isolation. For
experiments involving MCECs treated with exosomes, exosome number was 100-fold of

cell number.

Exosome isolation and characterization

The exosome isolation, purification and storage was performed as previously
described™®®. Collected exosomes were suspended in Phosphate-Buffered Saline (PBS),
aliquoted and stored at -80 °C or used immediately for experiments. The size and shape of
exosomes were observed by electron microscopy supported by Electron Microscopy
Resource Laboratory (EMRL) at University of Pennsylvania. Exosomes docking on
Dynabeads (Sigma) coated with anti-mouse CD63 and CD81 was used to check exosome
surface markers by flow cytometry. Three exosome markers, including HSP70(HSP
70/HSC 70 Antibody (W27): sc-24), CD63(CD63 Antibody (H-193): sc-15363) and
Flotillin-1(Flotillin-1 Antibody (K-19): sc-16640) were verified by western blotting with
antibodies from Santa Cruz. Exosome protein level was quantified with Pierce BCA
Protein Assay Kit (Thermo Fisher) as manufacturer’s instructions. Exosome particle
number was quantified by NanoSight running Nanoparticle Tracking Analysis (NTA)
software. The RNAs and proteins in exosomes were labeled and tracked by Exo-Glow (SBI)

as manufacturer’s instructions to check the delivery function of exosomes.
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Migration assay

The migration of SVECs toward a gradient of growth factors was performed in a
24-well Transwell Chamber (8.0um pore size, polycarbonate membrane, Corning Costar,
Corning Incorporated Life Sciences, Acton, MA) as described earlier'*!. Briefly, SVEC
culture media (DMEM with 10% exosome-depleted FBS, Life Technologies) was added
to the lower compartment. SVECs (1x10° cells) in 200puL of OPTIMEM (Thermo Fisher
Scientific) were added to the upper compartment and simultaneously treated with 10ug
WT-EPC-Exo, IL-10KO-EPC-Exo or 20ul of PBS. After incubation at 37 °C for 18 h, the
filters were removed and the cells that migrated through the pores of the membrane to the
bottom chamber were stained with Giemsa stain (Sigma) and counted manually under
phase contrast microscopy (Microscope model and manufacturer; x10 magnification) in
each well. Data are expressed as average number of cells per well that migrated through or

invaded pores. All groups were studied at least in duplicate.

Tube formation assay
4x 10* human umbilical vein endothelial cells (HUVECs) were plated on 130ul
Matrigel (BD Falcon) per well in a 48-well plate and simultaneously treated with 4x10°
particle number of WT-EPC-Exo, IL-10KO-EPC-Exo, MCEC-Exo, MCEC+TNFa-EXxo,
ILKKD-Exo or 10ul of PBS. After incubation at 37°C in an atmosphere of 5% CO. for 16h,
gels were observed by using a phase contrast microscope (x10; model & manufacturer).
The total branch points were counted in each well and normalized against the PBS control

group. Results are represented as mean +/- s.e.m. for three independent experiments.
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Terminal deoxynucleotidyl transferase—mediated dUTP nick end-labeling (TUNEL)
staining assay

200,000/chamber SVEC4-10 endothelial cells (SVECs) were seeded in chamber
slides (Thermo Fisher Scientific) and simultaneously treated with 10ug of WT-EPC-EXxo,
IL-10KO-EPC-Exo, miR-375 modified EPC-Exo or 20ul of PBS. After 16h of culture,
cells were stimulated with 100ng/ml LPS or 100nM H202 for 24h. Cells then were washed
with PBS and fixed with 4% paraformaldehyde fixative (PFA). Survival of SVECs was
determined by TUNEL staining as per manufacturer’s instructions (Cell death detection
assay, Roche, Indianapolis, IN). 4’,6-diamidino-2-phenylindole (DAPI) staining was used
to count the total number of nuclei. Apoptosis of SVECs was assessed by counting the total
number of TUNEL+ cells and DAPI+ cells in each slide and calculated as percentage of

TUNEL+/DAPI+ per slide.

Exosome RNA and protein content analysis
100ug each of WT and IL-10KO-EPC derived exosomes solved in PBS (duplicates
in each group) were sent to SBI for Exo-RNA Next-Generation Sequencing according to
manufacturer’s instructions. Deep sequencing data were analyzed with Maverix software
provided by SBI. 50ug of WT and IL-10KO-EPC derived exosomes solved in PBS were
sent to Quantitative Proteomics Resource Core (QPRC) in U Penn for mass-spectrometry
to characterize and quantify proteins from exosomes.
Real time Polymerase chain reaction (PCR)
Expression levels of miR-375 were measured using quantitative miRNA stem loop
RT-PCR technology (TagMan miRNA assays; Applied Biosystems). This assay uses gene-

specific stem loop RT primers and Tag-Man probes to detect mMRNA or mature miRNA
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transcripts. Transcription was performed using 2ug or 10 ng total RNA and the TagMan
miRNA RT kit (Applied Biosystems). Real-Time PCR was performed on an Applied
Biosystems 770 Step One Plus using the TagMan Universal PCR Master Mix, No
AmpErase UNG (Applied Biosystems). The amplification steps consisted of initial
denaturation at 95°C, followed by 40 cycles of denaturation at 95°C for 15 s and annealing
at 60°C for 1 min. The TagMan specific primer 18S or U6 small nucleolar RNA was used
for normalization with the threshold delta-delta cycle method [Gene Expression Macro;
Bio-Rad, Hercules, CA, USA].
miR-375 modulation in exosomes

30nM anti-miR-375 (Applied Biosystems) or a negative control (SiRNA-NC,
Applied Biosystems) was introduced using Lipofectamine™ RNAiIMAX (Invitrogen) in
IL-10KO-EPCs following the manufacturer's instruction, and the cells were transfected for

24h. Subsequently, the knockdown efficiency in EPCs was determined by RT-PCR assays.

siRNA knockdown experiments
Small interfering RNA (siRNA) sequences targeting mouse ILK was synthesized
by Santa Cruz (sc-35667) or a negative control (SIRNA-NC) was used at a final
concentration of 1200nmmol/L according to the manufacturer's instructions, and the cells
were transfected for 24h, 48h or 72h. Subsequently, the knockdown efficiency in MCECs

and IL-10KO-EPCs was determined by Western blot assays.

Preparation of cell lysates, exosome lysates and western blotting
EPCs, MCECs and exosomes lysates preparation and western blotting were

conducted as previously described*® 1%, As for antibody usage, beta-actin (sc-47778) was
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used for cell loading control while flotilin-1 (sc-74566) and CD63 (sc-15363) were used

for exosome loading control. ILK antibody was purchased from abcam (ab76468).

Induction of acute myocardial infarction (AMI)

Mice underwent surgery to ligate the left anterior descending coronary artery as
reported previously?* followed by administration of exosomes (WT-EPC-Exo, IL-10KO-
EPC-Exo, ILK-KD-EPC-Exo, all 10° particles per group) or PBS intramyocardially into
the left ventricular wall (border zone) at three different locations immediately after left
anterior descending ligation. The sham group underwent the same open chest procedure
without ligation. Each group has 10-15 animals for measurement. Heart tissue was
harvested on day5 or day 30 after AMI for histological analysis.

Echocardiography (Echo)

Transthoracic two-dimensional M-mode echocardiography was performed using
the Vevo770 (VisualSonics, Toronto, ON, Canada) equipped with a 30-MHz transducer
as described previously?4,

Tissue preparation, TUNEL assay, immunohistochemistry and Masson’s trichrome
staining

Heart tissue preparation, TUNEL assay, immunohistochemistry and Masson’s
trichrome staining were performed as previously described®* 157, CD31 staining on week

4 heart samples were used for neovascularization detection.

Statistics
Statistical analysis is performed using Student t test. Comparison of 2 or more

groups is performed by 1-way ANOVA or 2-way ANOVA with Bonferroni post hoc test.
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P < 0.05 is considered statistically significant. Error bars represent £SEM. Statistical

analysis is performed using Graph Pad prism v 7.0 software.
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Results

Characterization of EPCs from WT and IL-10KO C57BL/6J mice.
Our published studies described bone marrow derived EPCs as Lineage negative,
Scal+ and CD31+ %! In our experiments, WT and IL-10KO mouse bone marrow cells
was FACS sorted for the population of cells characterized as lineage Lin (CD11b,
Ly6G/C, B220, CD3e, Ter119) negative, Sca-1+ CD31+, approximately 4% of total
mononuclear cells in mice of both strains (Figure 5A). These cells were referred to as

EPCs henceforth, and they showed spindle-like morphology (Figure 5B).
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Figure 5. Characterization of EPCs from C57BL/6J mouse bone marrow.
(A) FACS sorting showed about 4% of bone marrow mononuclear cells are lineage
negative, CD31 and Scarl double positive. (B) The morphology of isolated EPCs

showed a typical spindle-like shape. (scale bar: 100 um)
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Characterization of EPC-derived exosomes.

We harvested exosomes from the supernatant collected from cultured WT and IL-10KO-
EPCs by differential centrifugation with sucrose cushion®®. Electron microscopy and NanoSight
analysis of WT and IL-10KO-EPCs exosomes exhibited a range of 30-100 nm particles (Figures
6A and 6B). Western blotting and flow cytometry results confirmed expression of exosome
surface marker proteins including HSP70, flotillin-1, CD63 and CD81 (Figures 6C, D and E).
Cellular uptake of both exosome RNA and exosome protein was confirmed using Exo-Glow Kkits
(EXOC300A-1, SBI) that exclusively label exosome RNA with RFP and proteins with GFP.
Exosomes were quickly internalized by cells (as early as 2-30 min after addition to the culture)

and delivered both RNA and protein to the target SVECs (Figure 6F and G).
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Figure 6. Characterization of EPC derived exosomes.

(A) EPCs secrete exosomes as evident from electron micrograph (inset magnified)
and by expression of exosomal proteins by western blot (C) and FACS (D and E). (B)
Size range of EPC derived exosomes measured with Nanosight. (F and G) EPC
derived exosomes delivered RNA (tagged with RFP) and protein (tagged with GFP)

to SVECs. (scale bar: 100 pm)
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IL-10 deficiency impaired EPC-derived exosome function in vitro.

Our published study demonstrated functional impairment in EPCs obtained from
IL-10KO mice®! 132 we hypothesized IL-10KO EPCs secrete dysfunctional exosomes.
We performed TUNEL, tube formation and cell migration assays with endothelial cells
(HUVECs or SVECs) treated with exosomes collected from WT or IL-10KO EPCs. Our
results showed that WT-EPC-Exo treatment significantly decreased LPS-induced
endothelial cell apoptosis whereas IL-10KO-EPC derived exosomes showed decreased
anti-apoptotic effects (Figures 7A and 7B). Further, in tube formation assay, 1L10-KO-
EPC-Exo treatment on human umbilical vein endothelial cell (HUVECS) inhibited
tubular structure formation (Figures 7C and 7D). Both WT and IL-10KO-EPC-Exo
treatment promoted cell mobilization, but less migrated cells observed in the IL-10KO-
EPC-Exo treated group (Figures 7E and 7F). Our data revealed that under IL-10
deficiency, EPC-derived exosomes are dysfunctional in terms of preserving cell survival,

promoting angiogenesis and cell mobilization.
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Figure 7. IL-10 deficiency impaired EPC-EXo in vitro.

(A) Compared to WT-EPC-EXxo treated group, IL-10KO-EPC-Exo treated group
showed more apoptotic cells (scale bar: 100 um) (B) Quantification of TUNEL assay.
(C)AIIl three groups showed tube like structures. (scale bar: 100 um) (D) IL-10KO-
EPC-Exo treatment significantly inhibited tube formation. (E) Both WT and IL-
10KO-EPC-Exo treatment promoted cell mobilization. (scale bar: 100 um) (F) IL-
10KO-EPC-Exo significantly decreased cell migration. *vs PBS group (*p<0.05,

**p<0.01), #vs WT-EPC-Exo group (#p<0.05)
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IL-10 deficiency drastically altered EPC exosome contents.
Several studies implicated that exosome contents (RNAs and proteins) are

essential for exosome functions!®?

. Therefore, we hypothesized that the functional
differences between WT and IL-10KO-EPC derived exosomes are caused by content
alteration. Exosomes isolated from WT and IL-10KO-EPCs were subjected to Next
Generation deep sequencing (NGS) as well as mass spectrometric analysis. Our deep
sequencing data identified various types of RNAs packaged in exosomes suggesting
linkage to specific functions (Figure 8A). We further selected miRs for analysis and
found miR-375 highly enriched in IL-10KO-EPC-Exo (Figure 8B). Proteomic analysis
showed different expression pattern of proteins in WT and IL-10KO-EPC exosomes
(Figure 9A). IL-10KO-EPC-Exo were enriched with proteins involving inflammation,

apoptosis and angiogenesis (Figure 9B). These data provided evidence that IL-10

deficiency altered EPC derived exosome contents (RNAs and proteins).
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Figure 8. NGS analysis of RNAs in EPC derived exosomes.

(A) Pie graph showed EPC derived exosomes contain many types of RNAs and the
ratio of different types of RNAs were different in WT and IL-10KO EPC derived
exosomes. (B) Heat map of deep sequencing reveals WT-EPC-Exo and IL-10KO-
EPC-Exo exhibit different miR expression pattern and miR-375 is enriched in IL-

10KO-EPC-EXxo.
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Figure 9. Proteomic analysis of proteins in EPC derived exosomes.

(A) Heatmap of proteomic analysis showed different expression pattern of protein

content in WT-EPC-Exo and IL-10KO-EPC-Exo. (B) IL-10KO-EPC exosomes are

highly enriched with proteins involving inflammation, angiogenesis and apoptosis.
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IL-10KO-EPC-Exo dysfunction was partially mediated by miR-375
We have published that IL-10KO-EPCs and LPS-treated WT-EPCs expressed

high levels of miR-375 %7, Inhibition of miR-375 in IL-10KO-EPCs rescued their
defective phenotype by enhancing the expression of PDK1 (a direct target of miR-375)
and PDK1-mediated activation of PI3K/Akt pathway%’. From NGS analysis of EPC
exosomes, we observed enrichment of miR-375 in IL-10KO-EPC-Exo, which might be
responsible for IL-10KO-EPC-Exo dysfunction. To modulate miR-375 levels in IL-
10KO-EPC-EXxo, IL-10KO-EPCs were transfected with miR-375 antagomir before
exosomes were isolated. Quantitative RT-PCR analysis of exosomes confirmed that
inhibition of miR-375 in IL-10 KO-EPCs significantly diminished miR-375 expression in
IL10KO-EPC-EXxo. (Figures 10A and 10B). TUNEL assay further showed that miR-375
knockdown rescued IL-10KO-EPC-Exo dysfunction in preserving cell survival
(Figurel0C to 10F). These experiments revealed the promising strategy of molecule

manipulation in modulating exosome functions.
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Figure 10. IL-10KO-EPC-Exo dysfunction was partially mediated by miR-375

(A) Knockdown efficiency of anti-miR-375. (B)IL-10KO-EPC-Exo expressed high
levels of miR-375 and antimir strategy greatly decreased miR-375 expression. (C, D,
E) miR-375 knockdown in IL-10KO-EPC-Exo rescued exosome function in
preventing cell apoptosis. (scale bar: 100 um) (F) Quantification of TUNEL assay
showed significantly decreased apoptotic cells in miR-375 knockdown exosome
treated group. *vs PBS group (**p<0.01, ***p<0.005); #vs WT-EPC-Exo group

(###p<0.005).
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IL-10KO-EPC-Exo showed compromised cardiac repair and regeneration ability in MI.
To assess therapeutic effect of EPC derived exosomes in myocardial infarction,

WT-EPC-Exo and IL-10KO-EPC-Exo were intramyocardially administered in mouse Ml
model, whereas PBS was served as control. Left ventricular function was increased with
WT-EPC-Exo treatment as evidenced by significantly improved ejection fraction and
fractional shortening measurements 4 weeks after infarction (Figure 11A and 11B).
TUNEL analysis of day5 heart showed decreased cell apoptosis in WT-EPC-EXxo treated,
but diminished effect observed in IL-10KO-EPC-Exo group (Figure 11C and 11D).
Histological analysis of the heart 4 weeks post infarction indicated decreased scar size
and enhanced capillary density in WT-EPC-EXxo treated group. However, no left
ventricular function improvement is observed in IL-10KO-EPC-Exo group and IL-10KO-
EPC-Exo treatment even inhibited neovascularization (Figure 11E to 11H). Together
these results provided evidence for compromised cardiac repair and regeneration ability

of IL-10KO-EPC-Exo in MI model.
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Figure 11. IL-10KO-EPC-Exo showed compromised cardiac repair and regeneration
ability post-Ml.

A and B, echo analysis of left ventricle cardiac function. C and D, TUNEL analysis
on day 5 heart samples (scale bar: 10um). E and F, Trichrome Staining on day 31
heart samples (scale bar: 2000 um). G and H, CD31 staining for neovascularization
detection (scale bar:100 um). *vs PBS group (*p<0.05, **p<0.01); #vs IL-10KO-

EPC-Exo group (##p<0.01, ####p<0.001).
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IL-10 deficiency altered exosome content, ILK was highly expressed in both IL-10KO-
EPC-Exo and MCEC+TNFa-Exo.

Proteomic analysis suggested WT-EPC-Exo and IL-10KO-EPC-Exo have
different protein expression pattern (Figure12A). We particularly selected protein kinase
candidates involved in inflammation pathway and chose ILK for further study (Figure
12B). Western blotting confirmed there was about 2 to 4-fold increase in ILK expression
in both IL-10KO-EPC-Exo and MCEC+TNFa-Exo (Figure 12C and 12D). These data

suggested that ILK was generally enriched in inflamed cell derived exosomes.
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Figure 12. ILK enrichment in both IL-10KO-EPC-Exo and MCEC+TNFa-Exo

A, scatter plot showed different protein expression pattern in WT-EPC-Exo and IL-
10KO-EPC-Exo. B, Gene Ontology analysis for EPC exosome proteins. C and D,
western blotting analysis verified ILK enrichment in both IL-10KO-EPC-Exo and

MCEC+TNFa-Exo.
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ILK enriched exosome mediated NFxB activation in recipient cells.

To elucidate the role of ILK enriched exosome on inflammation response,
MCECs were treated with MCEC-Exo, MCEC+TNFa-Exo, PBS or TNFa. Within short
time treatment, MCEC+TNFa-Exo activated the nuclear translocation of NFxB (Figure
13A and 13B), phosphorylated NFxB p65 subunit (Supplemental Figurel), decreased
ikBa expression (Figure 14A and 14B). Long time treatment increased the NFxB
downstream gene expression (Figure 14C). Similar results observed in TNFa treated
group which was designed as positive control. No significant differences observed
between MCEC-Exo and PBS group. Collectively, these results indicated that inflamed

exosomes deliver larger amount of ILK and activate NFxB pathway in recipient cells.
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Figure 13. MCEC+TNFa-Exo activated nuclear NFkB translocation in recipient cells.
A and B, NFkB staining analysis showed both MCEC+TNFa-Exo and TNFa
treatment triggered NFkB nuclear translocation in recipient cells. *vs PBS group
(**p<0.01, ***p<0.005, ****p<0.001); #vs MCEC-Exo group (#p<0.05, ##p<0.01,

###p<0.005) (scale bar:10 pm)
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Figure 14. MCEC+TNFa-Exo activated NFkB signaling pathway.

A and B, western blotting showed decreased expression of ikBa in both
MCEC+TNFa-Exo and TNFa treated groups, suggested NFkB signaling pathway
activation. C and D gRT-PCR analysis showed increased expression of NFkB
downstream genes with MCEC+TNFa-Exo treatment. *vs PBS group (*p<0.05,

**p<0.01, ***p<0.005); #vs MCEC-Exo group (#p<0.05, ##p<0.01, ###p<0.005)
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ILK knockdown exosome showed attenuated NFxB activation effect.

SiRNA strategy was used for ILK knockdown with 70% to 90% knockdown
efficiency (Supplemental Figure2). Interestingly, ILK knockdown in exosomes also
decreased the expression of miR-375 in exosomes, suggesting ILK is involved in miR-
375 generation (shown in supplemental figure 4). To investigate functional differences in
exosomes with or without ILK knockdown, MCEC were treated MCEC-EXo,
MCEC+TNFa-Exo, or ILK knockdown exosome (ILKKD-Exo). PBS and TNFa (not
shown) are designed as control. The nuclear NFkB translocation was not activated with
ILKKD-EXxo shot time treatment but activated with long time treatment (Figure 15A and
15B). ikBa expression was not decreased with short time ILKKD-Exo treatment (Figure
16A and 16B). ILKKD-Exo also decreased the expression of NFkB downstream genes
(Figure 16C). All these results suggested ILK enriched exosomes mediate inflammation
response through NFxB activation in recipient cells. ILK knockdown in either exosomes
or recipient cells (here as MCECSs) greatly inhibited NFkB activation and downstream

gene expression (shown in supplemental data).
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Figure 15. ILK knockdown exosomes activated less NFkB nuclear translocation in
recipient cells.

A and B, NFkB staining analysis indicated nuclear NFkB translocation is not
activated with ILKKD-Exo short time treatment but activated with long time
treatment. *vs PBS group (**p<0.01, ****p<0.001); #vs MCEC-EXxo group
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Figure 16. ILK knockdown exosomes attenuated NFkB signaling pathway activation
in recipient cells.

A and B, western blotting showed ikBa expression was not greatly decreased with
short time ILKKD-Exo treatment. C and D qRT-PCR analysis showed ILKKD-Exo
group had relatively decreased expression level of NFkB downstream genes. *vs PBS
group (*p<0.05, **p<0.01, ***p<0.005); #vs MCEC-Exo group (#p<0.05, ##p<0.01,

#4##p<0.005), Avs ILKKD-Ex0 group (Ap<0.05, AAp<0.01, AAAp<0.005).
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ILK knockdown in MCEC+TNFa-Exo rescued dysfunction in promoting angiogenesis.
Previous study indicated 1L-10KO-EPC-Exo inhibited tube formation in vitro.
Similar effect is observed in MCEC+TNFa-Exo (Figure 7A and 7B). However,
MCEC+TNFa-Exo with ILK knockdown significantly increased branch point number in
tube formation assay suggesting rescued angiogenic capacity (Figure 7C and 7D).
Therefore, intense inflammatory stress inhibits angiogenesis via ILK delivery in exosome

which can be rescued through ILK knockdown in exosome.
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Figure 17. Knocking down ILK in MCEC+TNFa-Exo rescued defect in promoting
angiogenesis.

MCEC+TNFa-Exo inhibited tube formation while knocking down ILK attenuated the
inhibition effect. *vs PBS group (*p<0.05, **p<0.01, ****p<0.001); #vs MCEC-Exo

group (##p<0.01, ###p<0.001), Avs ILKKD-Ex0 group (Ap<0.05).
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ILK knockdown in IL-10KO-EPC-Exo rescued compromised cardiac repair and
regeneration benefit post-Ml.

To further explore whether post-MI cardiac repair and regeneration effect of IL-
10KO-EPC-Exo can be rescued with ILK knockdown, we applicated same siRNA
strategy on EPCs. MI mice were treated with 3 groups of exosomes (WT-EPC-EXxo, IL-
10KO-EPC-Exo, ILK-KD-EPC-Ex0) and PBS as control. After 4 weeks of following, we
found increased LVEF and LVFS in ILK-KD-EPC-Exo group, suggesting improved left
ventricle function (Figure 8A and 8B). Histological analysis indicated enhanced
neovascularization and decreased scar size with ILK-KD-EPC-Exo treatment (Figure 8D
to 8F). Notice that during cell culture, there was observable cell apoptosis in IL-10KO-
EPCs after siRNA administration, but the in vivo results did not show deleterious effect

in cardiac repair since exosomes were collected in very short time window.
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Figure 18. ILK knockdown in IL-10KO-EPC-EXxo rescued the compromised cardiac
repair and regeneration ability in MI model.

A and B, Echo analysis of left ventricle cardiac function. C and D, Trichrome
staining analysis on day 30 post-MI heart (scale bar: 2000 um). E and F, CD31
staining on day 30 post-MlI heart (scale bar: 100 um). *vs PBS group (**p<0.01,
****n<0.001); #vs IL-10KO-EPC-Exo group (##p<0.01, ###p<0.005, ####p<0.001),

$vs ILK-KD-EPC-Exo group ($p<0.05).
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Discussion

Over the past few decades, stem cell-based therapy has emerged as a promising
therapeutic approach for ischemic cardiac repair and regeneration*>®, Endothelial
progenitor cells derived from bone marrow or peripheral blood have been tested in
clinical studies. However, myocardial infarction, the leading cause of death in US
patients, triggers an intense immune response and greatly compromises the therapeutic
effects of EPC transplantation®>®. Our published studies have established that EPCs are
functionally impaired under inflammatory stimulus. Using IL-10KO mice as a model of
systemic inflammation, we reported that EPCs from IL-10KO mice have diminished in
vitro angiogenic activity; when transplanted in vivo in MI mouse model, IL10KO-EPCs
did not activate angiogenic or protective responses and did not elevate post-injury LV
function?*. Recent studies revealed that functional benefits of stem cell-based therapy are
largely mediated via paracrine effects'?® 160 161 while exosome is major paracrine
functional unit.

Exosomes are secreted from most cells and characterized with cell-specific cargo
of proteins and RNAs, mediate intracellular communication in physiological and
pathological conditions. Profound studies have been done exploring cardiac repair and
regeneration benefits of exosomes from induced pluripotent stem cell(iPSCs)*¢?,
mesenchymal stem cell(MSCs)®® and bone marrow cells* in myocardial infarction®*,
heart failure!®®, ischemia/reperfusion injury®® and many disease types. However,
exosomes are not created equal and their content is actively under alteration reflecting the
physiological or pathological state of parental cells*. Patients with cardiovascular disease

have dysfunctional stem cells as well exosomes*® 7. In our study, EPCs under hostile
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environment such as systemic inflammation produces defective exosomes with
compromised ability preserving cell survival, promoting cell mobilization and
angiogenesis*®.

Exosome function is mainly dependent on exosome content including RNAs and
proteins. Several microRNAs (miRs) in stem cell derived exosomes have been identified
playing important roles in cell proliferation, differentiation, angiogenesis, anti-apoptosis,
adaptation to hypoxic stress, regulation of cell cycle, self-renewal, and pluripotency and
their modification in exosome significantly changed performance of exosomes in cardiac
repair and regeneration® 164168 Qur lab also found knocking down miR-375 in IL-
10KO-EPC-Exo enhanced endothelial cells ability against hypoxia stress*® 1%, Despite
excellent progress made in miRs, not many studies explored exosome proteins. The
difficulty in extracting enough amount of protein from stem cell exosome, huge cost and
great variation of protein expression from different batches of exosomes all lead to
limitations in exosome protein study. In our experiment, BM-EPC-Exo and MCEC-Exo
were both used for mechanism study due to mentioned limitations. We consider using
MCEC-EXo is a reasonable alternative strategy for several reasons, in context to protein
content, both 1L-10KO-EPC-Exo and MCEC+TNFa-Exo were enriched with ILK; in
terms of functional study, both IL-10KO-EPC-Exo and MCEC+TNFa-Exo showed same
inhibiting effect on angiogenesis. We think experiments conducted with MCEC-Exo
should partially reflect EPC-Exo behaviors. Interestingly, we observed cell apoptosis in
EPCs after siRNA administration but not in MCECs, suggesting exosome therapy may
not be restricted to stem cell origin only, mature cell exosomes might have even superior

therapeutic potential.
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The role of ILK in heart and stem cells has been investigated for years but not
fully addressed. In physiological state, overexpressing ILK upregulate reparative capacity
of stem cells in cardiac disease. There have been studies showing ILK engineered MSCs
significantly improved regional LV contractile function, reduced scar size, fibrosis, cell
apoptosis, and increased regional myocardial perfusion and cell proliferation post-MI%3,
On the contrary, ILK plays opposing role under pathological state especially in heart.
ILK is highly expressed in human failing heart and cardiomyopathy®°. In myocardial
hypertrophy, ILK is central mediator of oxidative stress, inflammatory cell recruitment
and cardiac remodeling*’°; It promotes pro-fibrotic process and play critical role in
cardiac fibrosis under angiotensin Il stimulation'’*; moderate down regulation of ILK in
heart prevented the decline in cardiac performance with aging' %, It is not clear what
role ILK might play in stem cell derived exosomes under inflammation stimulus. In our
study, we found ILK was highly enriched in both IL-10KO-EPC-Exo and MCEC+TNFa-
Exo. Under inflammation stimulus, ILK activates NFkB pathway and affects post-MI
cardiac repair process. NFkB super family of transcription factors has been implicated in
the regulation of immune cell maturation, cell survival, and inflammation in many cell
types, including cardiac myocytes®® 172, Recent studies have shown that NF«B is
cardioprotective during acute hypoxia and reperfusion injury*” 174, However, prolonged
activation of NFkB appears to be detrimental and promotes heart failure by eliciting
signals that trigger chronic inflammation through enhanced elaboration of cytokines
including TNFa, interleukin-1, and interleukin-6, leading to endoplasmic reticulum stress
responses and cell death'” 17, In our study, ILK knockdown in exosomes decreased the

NF«B activation in recipient endothelial cells and reduced the downstream gene
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expression suggesting ILK blocking attenuated the overwhelming inflammation response
after myocardial infarction and improve cardiac function. Additionally, we also found
ILK knockdown decreased miR-375 expression in exosomes, indicating ILK knockdown
protected heart via down-regulating other detrimental miRs delivered through exosomes.

In sum, our study demonstrated that IL-10 deficiency altered EPC derived
exosome content and function. miR-375 and ILK are both enriched in inflamed exosomes
and partially mediate overwhelming inflammation response post MI. Molecule

manipulation in exosomes can enhance or rescue exosome function.
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CHAPTER 4 SUMMARY

Cell therapy in cardiovascular disease showed promising but modest results. Low
survival, poor integration and limited resources harnessed cell therapy application.
Exosome is a cell free component that inherited fully benefit of stem cell and emerging as
promising tool for disease treatment. Exosomes generated from stem cells have
independent therapeutic effect and exosomal content is essential for exosome function.
However, both the content and function of the exosomes, even from the same cell source,
may differ in context of cellular stresses such as systemic inflammation, known co-
morbid factor in heart disease patients. Our central hypothesis is that inflammation
stimulus alters EPC derived exosome content and function in myocardial infarction
treatment. We tested our central hypothesis by conducting experiments organized under
following aims: 1) inflammatory stimulus alters EPC derived exosome function; 2)
inflammatory stimulus alters EPC derived exosome content; 3) EPC derived exosome
function can be enhanced or rescued through exosome molecule manipulation; 4) ILK
plays essential role in exosome mediated inflammatory response.

Our study showed that under IL-10 deficiency, EPC derived exosomes have
compromised ability preserving cell survival, promoting angiogenesis and cell
mobilization in vitro, decreased cardiac repair and regeneration capacity in vivo. We also
found IL-10 deficiency greatly changed RNA and protein expression patterns in EPC
derived exosomes. Through manipulation of exosome molecules (miR-375 and ILK), we
enhanced and rescued IL-10KO-EPC functions.

The significance of this study is to develop a novel understanding of the role

played by EPC exosomes in supporting endogenous reparative processes in the heart.
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Specific molecules are delivered through exosomes and mediate inflammation and
reparative process in myocardial infarction. Exosomes are promising therapeutic tool and
identified molecules in exosomes are potential therapeutic targets in cardiovascular

diseases.
Conclusion
IL-10 deficiency alters EPC derived exosome content and functions in cardiac

repair, therapeutic effect of exosomes can be rescued or enhanced through exosome

content manipulation.
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APPENDICES

A TABLE 1 LIST OF PRIMERS.

primer list
primer sequence (5'-3")
ICAM-1 Forward GTGATGCTCAGGTATCCATCCA
Reverse CACAGTTCTCAAAGCACAGCG
VCAM-1 Forward AGTTGGGGATTCGGTTGTTCT
Reverse CCCCTCATTCCTTACCACCC
P-selectin Forward GAAAGGGCTGATTGTGACCCC
Reverse AGTAGTTCCGCACTGGGTACA
E-selectin Forward ATGAAGCCAGTGCATACTGTC
Reverse CGGTGAATGTTTCAGATTGGAGT
mGAPDH | Forward TCAGGAGAGTGTTTCCTCGTC
Reverse CCCTGTTGCTGTAGCCGTAT
hGAPDH Forward GAAAGCCTGCCGGTGACTAA
Reverse TTCCCGTTCTCAGCCTTGAC
miL-10 Forward CAGCCGGGAAGACAATAACTG
Reverse CCGCAGCTCTAGGAGCATGT
m 18S Forward ACGAGACTCTGGCATGCTAACTAG
Reverse CGCCACTTGTCCCTCTAAGAA
mTNFa Forward CTGAGTTCTGCAAAGGGAGAG
Reverse CCTCAGGGAAGAATCTGGAAAG
miL-1b Forward CCTCACAAGCAGAGCACAA
Reverse CCAGCCCATACTTTAGGAAGAC
mILK Forward ACTACTTGGGGTGCCTTGGA
Reverse CAAACCCGTCTCTGCGATCTCT
MVEGFR Forward TGCTGAAAGAGGGCGCTACT
Reverse TGCCGATGTGAATTAGGATCTTG
mMCP-1 Forward CTTCCTCCACCACCATGCA
Reverse CCAGCCGGCAACTGTGA

B TABLE 2 LIST OF REAGENTS

list of reagents

Item Cat#
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Amicon Ultra-15 Centrifugal Filter Units UFC910008
anti-ILK antibody ab76468
beta-actin antibody sc-47778
CD63 Antibody (H-193) sc-15363
control siRNA sc-37007
EGMTM-2 Endothelial Cell Growth Medium-2 BulletKit cc-3162
Ethylenediaminetetraacetic Acid (0.5M Solution/pH 8.0) BP2482100
Exosome depleted FBS A2720801
flotilin-1 antibody sc-74566
Gelatin from bovine skin G9391
Gibco™ (Phosphate Buffered Saline) Solution, pH 7.4 10010023
HEPES (1 M) 15630080
HSC 70 Antibody (B-6) sc-7298
HUVEC cell line f‘;;%ﬁf{) CRL
ILK siRNA (m) sc-35667
in situ cell death detection kit, TMR red 12156792910
Lipofectamine® RNAIMAX Transfection Reagent 13778150
MCEC cell line CLU510
NF-kB p65 (L8F6) Mouse mAb # 6956S
Opti-MEM® | Reduced Serum Medium 31985070
Penicillin-Streptomycin (10,000 U/mL) 15140122
Phospho-NF-«kB p65 (Ser536) (93H1) Rabbit mAb #3033
Pierce™ BCA Protein Assay Kit 23225
Recombinant Mouse TNF-alpha (aa 80-235) Protein, CF 410-MT-010/CF
Standard Corning Matrigel Matrix 356234

. ATCC® CRL-
SVEC4-10 cell line 2181™

C TABLE 3 NGS ANALYSIS COMPARING WT-EPC-EXO AND IL-10KO-EPC-EXO

(P<0.05)
e L o |,
Gene_ID description 10KO fold
abundanc | abundanc value
o e change
chrl.tRNA706-
GlyGCC tRNA 146240.85 | 51893.02 -1.495 | 0.0245
chrl.tRNA704-
GlyGCC tRNA 146240.85 | 51893.02 -1.495 | 0.0245
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chr1.tRNA702-

GlyBee tRNA 146240.85 | 51893.02 -1.495 | 0.0245
tRNA-Val- .

CTG copyl? tRNA._like 372023 | 1306.55 -1.510 | 0.0451
chri3 tRNA986-

VAIAAC tRNA 1038555 | 3544.86 -1.551 | 0.0208
Dleu2 °Ather—”CRN 40687 | 13640.19 1577 | 0.0213
Smc4 RefSeq 39739.27 | 13139.19 1597 | 0.018
mmu-mir-16-1 MiRNA 38719.14 | 12611.49 -1.618 | 0.0145
mmu-mir-16-2 MiRNA 38729.63 | 12574.46 -1.623 | 0.0141
mmu-miR-16-5p MiRNA 38630.68 | 12541.73 -1.623 | 0.0141
chri3 tRNA974-

VAIAAC tRNA 2782.89 890.89 -1.643 | 0.0138
chri3.tRNAJ3-

VAIAAC tRNA 2782.89 890.5 -1.644 | 0.0138
mmu-mir-181a-2 MiRNA 13090.94 | 4183.74 -1.646 | 0.0138
mmu-miR-181a-5p | MIRNA 1306753 | 4170.54 -1.648 | 0.0138
mmu-mir-181a-1 miRNA 13148.3 4180.4 -1.653 | 0.0138
Cchri3.tRNA97-

VAIOAC tRNA 2799.11 867.68 -1.690 | 0.0103
Cchri3 tRNA977-

VAIAAC tRNA 2754.59 853.32 -1.691 | 0.0103
Thcldol Srfsffeq—a”t's 1618.46 492.02 -1.718 | 0.0174
Chr3tRNA287-

Glyeac tRNA 3114.46 944 45 -1.721 | 0.0077
chr3 tRNA755-

Glyeac tRNA 3114.46 944 45 -1.721 | 0.0077
mmu-mir-328 MiRNA 773.28 228,51 -1.759 | 0.0342
mmu-miR-328-3p MiRNA 773.28 228,51 -1.759 | 0.0342
Hhipl1 RefSeq 1383.37 408.67 -1.759 | 0.0173
Grnl Srfsffeq—a”t's 1215.19 352.82 -1.784 | 0.0141
Samd4b1 zfsfeseq—a”t's 2060.51 500.77 -2.041 | 0.0006
Mtchl RefSeq 1134.55 273.3 -2.054 | 0.002
mMu-miR-222-3p MiRNA 3381.87 806.02 -2.069 | 0.0001
Fam19a5: copy3 °Ather—”CRN 523.59 124.3 -2.075 | 0.0103
MMu-mir-222 MiRNA 3403.78 806.02 -2.078 | 0.0001
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LSU-
TRNA Hsa copy150 | TRNA 73050.12 | 16489.82 -2.147 0
Rbfox31 Erfsfg’eq—a”“s 5554.93 | 1178.67 -2.237 0
Fxyd51 Erfsfg’eq—a”“s 62429 |  128.49 -2.281 | 0.0011
Cenyll RefSeq 4389.07 869.48 -2.336 0
Adcyaplrll Erfsfg’eq—a”“s 1405.84 |  276.28 -2.347 | 0.0267
LSU- RNA 61501 |  118.24 -2.379 | 0.0138
rRNA Hsa copy349 ' ' ' '
mmu-miR-221-3p MiRNA 18469.32 | 3429.15 -2.429 0
mmu-mir-221 MiRNA 18469.32 | 3429.15 -2.429 0
Gm76161 Sr‘f;eseq—a”t's 9055.78 |  1650.52 -2.456 0
mmu-miR-24-3p MiRNA 2131079 | 3478.42 -2.615 0
mmu-mir-24-1 MiRNA 2131842 | 3478.42 -2.616 0
MMu-mir-24-2 MiRNA 2143119 | 3495.08 -2.616 0
Maf RefSeq 181.55 24.89 -2.867 | 0.0141
mmu-miR-34a-5p miRNA 1396.7 177.41 -2.977 0
mmu-mir-34a miRNA 1402.11 177.41 -2.982 0
Bmp10 RefSeq 142.85 15.37 -3.216 | 0.0141
231_0005E17R|k: other__ncRN 4582 86 485 87 3938 0
antisense A_antlsense

1700106J16Rik RefSeq 215.11 20.71 -3.377 | 0.0002
Fgal eRne:eSeq_antls 134.79 11.93 -3.498 | 0.0061
mmu-mir-511 MiRNA 106.91 411 -4.701 | 0.0006
mmu-miR-511-3p MiRNA 99.77 1.64 -5.927 0
mmu-mir-338 miRNA 53.94 0.41 -7.040 | 0.0108

D TABLE 4 PROTEOMIC ANALYSIS KINASES ENRICHED IN IL-10 KO-EPC

EXOSOMES
gene name LFQ-WT LFQ-IL-10KO
Syk 1.1E+08 4.3E+08
Lyn 3.5E+07 3.9E+07
Btk 0.0E+00 8.6E+07
Fyn; Src; Yesl;Lck 0.0E+00 4.5E+07
Hck 0.0E+00 1.0E+08
Fgr 0.0E+00 1.3E+08
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Mapkl; Erk2; Mapk3 0.0E+00 5.6E+07
Mapk14 0.0E+00 1.3E+07
Adk 8.9E+07 3.4E+08
Ik 2.0E+08 6.0E+08
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MCEC treated with MCEC exosome for 15min, p65 is not phosphorylated

-- P-p65

MCEC treated with inflamed exosome for 15min, p65 is phosphorylated

-- P-p65

E SUPPLEMENTAL FIGURE 1 PHOSPHORYLATION OF NFxB P65.

7x10" MCEC were plated in 12-well plate with cover slips and treated with 7x1076
exosomes (MCEC-Exo or MCEC+TNFa-Exo) for 15min, p65 and phosphor-65 were
stained and observed. MCEC+TNFa-Exo short time stimulus activated p65

phosphorylation and nuclear translocation.
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F SUPPLEMENTAL FIGURE 2 KNOCKDOWN EFFICIENCY OF SIRNA-ILK IN

MCEC AND EPC (BOTH CELL AND EXOSOME).

The knockdown efficiency is around 70% to 90% in both types of cells and

exosomes.
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G SUPPLEMENTAL FIGURE 3 ILK KNOCKDOWN IN RECIPIENT CELLS
BLOCKED IMMUNE RESPONSE.

MCEC cells were treated with sSiRNA against ILK for 24hours, 48hours, then
stimulate with TNFa, qPCR result suggested that expression level of inflammation

markers were decreased.
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H SUPPLEMENTAL FIGURE 4 ILK KNOCKDOWN DECREASED
ENRICHMENT OF MIR-375 IN BOTH CELLS AND EXOSOMES.

MCEC stimulated with LPS for 24 hours showed enrichment of miR-375 both in cells
and exosomes. MCEC treated with SiRNA-ILK for 24 hours then stimulated with LPS
for another 24 hours showed even decreased miR-375 expression both in cells and
exosomes. Results suggested ILK knockdown blocked other NFkB downstream miRs

(such as miR-375) expression and delivery through exosomes.
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