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EPIGRAPH

The road to wisdom? — Well, it's plain and simple to express:
Err
and err
and err again
but less
and less
and less.

~ Piet Hein
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Current treatments for ischemic retinopathies inhibit vascular leakage and proliferation in
late-stage disease but do nothing to repair dysfunctional vasculature or alleviate the underlying
causes of the ischemia/inflammation that drives pathological neovascularization. Stimulation of
functional, physiologic vascular growth and stability is a promising alternative therapeutic

approach that may be achieved by the use of endothelial progenitor cells called endothelial
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colony forming cells (ECFCs). Chapter 1 of this dissertation describes the characterization of
ECFCs in an historical context and details the mechanisms mediating their neurovasculotrophic
effects in the retina as well as other tissues. ECFCs differentiate into endothelial cells and can
directly integrate into host vasculature, replacing lost or damage endothelial cells in vivo; ECFCs
can also achieve their therapeutic effect by paracrine action. Extracellular vesicles (EVs) shed
from ECFCs (EVsECFCs) have been newly identified as one such paracrine mechanism. Loaded
with diverse cargo including proteins, RNA, and lipids, EVsEFCs facilitate intercellular
communication and, through multiple mechanisms, may provide a novel approach for the
treatment of complex retinal disorders. EVs’ role in retinal physiology and pathophysiology are
discussed in Chapter 2, which outlines research using several animal disease models to

investigate possible mechanisms of EVECFCs

-based treatment for ischemic retinopathies.

Chapter 3 describes the laboratory research that forms the basis for my dissertation. This
body of work exploits our lab’s recent publication demonstrating that ECFCs are not a
homogeneous group of cells. ECFCs with high expression of CD44 hyaluronan receptor (CD44"
ECFCs) demonstrate superior rescue effects in mouse models of ischemic retinopathy and retinal
degeneration when compared to ECFCs with low CD44 expression (CD44!° ECFCs). This
dissertation research demonstrated that the superior effect of CD44" ECFCs was attributable, at
least in part, to bioactive microRNA (miR) cargo in EVs released from CD44" ECFCs (EVsh).
EVshi recapitulated rescue effects of CD44" ECFCs; EVs from CD44"° ECFCs (EVs') did not.
Using small RNA sequencing to compare intravesicular miR within EVs" to EVs'®and

subsequent in vivo functional validation, candidate miRs mediating the augmented therapeutic

effect of EVsh were identified.
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Freestanding chapters 4 and 5 are reprints of publications I have co-authored during my
PhD.

Overall, this dissertation describes the utility of ECFCs and their EVs in treating complex
retinal diseases and provides novel insight into the neurovasculotrophic mechanisms of EVsh,

bringing this therapy closer to clinical translation.
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Chapter 1

Evaluation of endothelial colony forming
cells in the repair of ischemic and
neurodegenerative retinal tissue

1.1 Introduction and scope

The use of stem and progenitor cells in the repair of ischemic/neurodegenerative retina
holds great promise as an option for restoring visual function. Current therapeutic approaches to
the treatment of ischemic/neurodegenerative retinal diseases include intravitreal injection of
vascular endothelial growth factor (VEGF) antagonists that inhibit vascular leakage and
proliferation, and panretinal laser photocoagulation that ablates peripheral retinal tissue to reduce
metabolic demand to match blood supply to the remaining central retina. These strategies target
manifestations of late-stage disease and do nothing to alleviate the underlying ischemia driving
the abnormal angiogenic response. A promising alternative treatment strategy is the promotion of
physiologic vascularization and vessel stability by stem/progenitor cells. In the growing
population of diabetic patients with chronic retinal ischemia, vascular homeostasis is a dynamic
process that may be influenced by contributions from various vasculogenic progenitor cells. This

begets the important question: Which vasculogenic progenitor cells repair ischemic tissue by



stimulating local angiogenesis and/or promoting de novo vessel formation (a process known as
vasculogenesis)?

As the one true endothelial progenitor cell known to date, endothelial colony forming
cells (ECFCs) are an extremely promising source of cell therapy that may achieve this effect.
ECFCs home to ischemic areas and differentiate into endothelial cells to form de novo
vasculature, also secreting factors to promote physiological vascular growth in a variety of
animal models of ischemic disease.! Overall, this chapter discusses the utility and mechanisms of
ECFCs in the treatment of ischemic/neurodegenerative tissues, with a particular focus on retinal
diseases. We begin with outlining the historical context leading to the discovery of ECFCs as one
of two well-characterized subpopulations of circulating CD34" progenitor cells (the other
population being myeloid angiogenic cells, or MACs) alongside phenotypic and functional
differences between the two cell types. Literature debating the origin of ECFCs is covered,
followed by an overview of the preclinical considerations of ECFC-based therapy. Studies across
fields are synthesized to discuss the mechanisms employed by ECFCs in treating
ischemic/neurodegenerative diseases. In addition to summarizing key elements, this chapter

concludes discussing ongoing research to improve ECFC-based therapy.

1.2 The paradigm shift of circulating endothelial progenitor cells

Evidence for viable circulating endothelial cells (CECs) began accumulating in the 1960s
when putative CECs were observed to seed on biomaterials implanted within the large arteries
and veins in experimental animal systems.? Intraprosthetic Dacron hubs (a synthetic polyester
fabric impermeable to transmural capillary ingrowth) were implanted into the aorta of pigs? as
well as the descending aorta and inferior vena cava of dogs.® Circulating cells adhered to the hub

and formed scattered islands of endothelium in a process termed “fallout endothelialization.” In



canines that received bone marrow transplantation concurrent with hub implantation, these
scattered islands of fallout endothelialization consisted solely of donor marrow cells. Some of
these cells were endothelial cells (ECs) expressing the CD34 antigen.* CD34 is a 105- to
120kDA transmembrane glycoprotein expressed on a variety of hematopoietic and
nonhematopoietic cells and progenitors that plays a role in cell-to-cell adhesion, in hematopoietic
cell proliferation, and in differentiation control.> In the same study, 0.004-0.01% of human bone
marrow-derived CD34" cells plated in vitro were reported to give rise to endothelial colonies.
Together, these data suggested that a subset of CD34" cells may be a precursor endothelial cell
capable of migrating within the peripheral circulation to colonize endothelial flow surfaces.
Furthermore, these cells may be harvested from peripheral blood and expanded to form stable
cell lines ex vivo.

Although data in animal models provided clear evidence of CECs that can travel within
the peripheral blood to seed implanted materials, some human grafts function for decades in vivo
without developing endothelial intima.® To identify CECs in humans, one study observed the
circulating blood-derived and antithrombogenic “pseudointima” that formed along the blood-
membrane barrier of implanted first-generation “Heartmate I left ventricular assist devices used
to treat heart failure patients. Initial reports on the composition of this pseudointima described
scattered islands of endothelial cells believed to be deposited by blood-born endothelial cells or
endothelial precursors.” Along with fibroblasts, monocytes, and multinucleated cells,’ these cells
were imbedded within a collagenous covering produced by resident myofibroblasts.® Following
digestion of the pseudointima by collagenase, flow cytometric analyses of the cell suspension
revealed that approximately 88% of the mononuclear cells expressed CD45 antigen, which is

present on all hematopoietic cells and absent on nonhematopoietic cells. Of this CD45" cell



population, about 4% of cells also expressed the primitive hematopoietic progenitor cell marker
CD34. When digested neointimal cells were plated with cytokine stimulation in vitro, these
CD34%/CD45" cells expanded 25-fold within two weeks and expressed surface marker CD14
indicative of myeloid origin.® This population of CD34+/CD45+/CD14+ cells have since been
classified not as endothelial progenitors but rather as myeloid angiogenic cells (MACs).

These studies provided evidence that specialized hematopoietic and nonhematopoietic
cells in peripheral blood may adhere and colonize on textured biomaterials in humans, thus
suggesting the existence of circulating endothelial progenitor cells. The stage was set for a
paradigm shift in our understanding of human vascular growth. Prior to 1997, neovascularization
was thought to be comprised of two paradigms: ‘vasculogenesis’ and ‘angiogenesis.’
Vasculogenesis is the embryonic process by which endothelial progenitors, or angioblasts, form
de novo embryonic blood vessels. Angiogenesis is the postnatal process whereby new
vasculature is formed by proliferation, migration, and remodeling exclusively by fully
differentiated endothelial cells within pre-existing blood vessels.!? Based on studies
demonstrating the existence of circulating endothelial progenitor cells in humans, a third
mechanism termed ‘postnatal vasculogenesis,” whereby endothelial progenitor cells form de
novo vasculature in adults was proposed. This vasculogenic mechanism received its first
experimental support with a foundational paper by Asahara et al.!'! in 1997 where putative
endothelial progenitor cells were first isolated.

Asahara’s discovery of endothelial progenitor cells exploited findings from the current
understanding of embryonic vasculogenesis, which initiates with the formation of a cluster of
peripheral angioblasts surrounding a core of hematopoietic stem cells (HSCs) together called a

‘blood island.’!? In addition to their spatial correlation, both angioblasts and HSCs shared



distinguishing antigens CD34 and vascular endothelial growth factor receptor-2 (VEGFR-2, also
referred to as KDR or in mice as Flk-1) that suggested the possibly of a common precursor.
Embryos with knocked-out expression of VEGFR-2 developed defects in both hematopoietic and
angioblastic cell lines, corroborating the existence of a bipotential precursor cell for these
lineages.!? Asahara searched for this common precursor cell type by using magnetic bead-
conjugated antibodies for CD34 or VEGFR-2 to isolate cell populations from mononuclear cells
(MNCs) in peripheral blood (PB). After culturing these MNCs for 24 hours on fibronectin plates
with endothelial differentiation medium, non-adherent cells were removed and clusters of
spindle-shaped cells resembling “blood island-like” clusters emerged in culture between 3-7
days. The immunophenotype of these cells were positive in the expression of endothelial surface
cell markers CD31, VEGFR-2, and Tie-2 and also exhibited markers specific to hematopoietic
cell lineage such as CD45. Plated CD34" cells from circulation expanded and differentiated into
endothelial cells in vitro, and heterologous, homologous, and autologous cells incorporated into
sites of active angiogenesis in mouse and rabbit models of unilateral hindlimb ischemia in vivo.
In a single paper, Asahara et al. was the first to provide evidence that CD34" cells isolated from
PB MNC:s contain circulating endothelial progenitor cells that can be expanded ex vivo,
differentiate into endothelial cells, and be transplanted in vivo to participate in postnatal
vasculogenesis and rescue damaged vasculature. The proposal of these data that PB-derived
endothelial progenitor cells may function in vascular homeostasis and ultimately aid in the
treatment of vascular disease galvanized this area of research, with over 10,000 publications on

the endothelial progenitor cells since their discovery.



1.3 Distinguishing progenitor cell populations

Asahara et al.!! isolated a population of CD34" cells within MNCs from peripheral blood
and seeded them on fibronectin-coated plates to observe the formation of adherent “blood island-
like” clusters consisting of putative endothelial progenitor cells. In the fledgling days of EPC
research, investigators interpreted the formation of cell clusters with ‘blood island-like’
morphology like those first observed by Asahara et al. as a quantitative measure of EPCs. An
incorrect assumption was made that these different culture assays derived similar ‘blood island-
like’ clusters of EPCs with similar functional attributes. Today, it is known that cells isolated
using magnetic bead-assisted CD34" or VEGFR-2" pulldown are, in fact, a heterogeneous cell
population. A variety of culture assays can derive ‘blood island-like’ clusters and this
phenomenon led to the misappropriation of the term ‘EPC’ in the literature, erroneously
describing multiple different cell types that were not actual EPCs. For years after the seminal
paper by Asahara et al., differing cell culture techniques combined with a lack of concordance in
the stem cell field led to the indiscriminate use of “endothelial progenitor cells (EPCs)” to
describe a variety of tissue-resident and circulating cell types with vasculotrophic capacity. The
details of these culture assays and their true resultant cell populations are illustrated in Figure
1.1.

Investigation of the origin, phenotype, and function of these cells over the years has led
to the characterization of two distinct cell populations that each contribute to vascular repair via
differing mechanisms: endothelial colony forming cells (ECFCs) and myeloid angiogenic cells
(MAC:S). In brief, ECFCs are true endothelial progenitor cells capable of differentiating into
mature endothelium and participate in postnatal vasculogenesis to form de novo vasculature.

MAC:s are hematopoietic progenitor cells that provide vasculotrophic support via their secretion



Figure 1.1: Culture assays and their resultant cell populations. In Method 1, colony forming unit-Hill
(CFU-Hill) cells are harvested from peripheral blood mononuclear cells (PB MNCs). PB MNCs are seeded
on fibronectin-coated plates for 48 hours, then nonadherent cells are re-plated to begin forming colonies
within 4-9 days. CFU-Hill cells have a morphology where spindle-shaped cells radiate outward from a central
core of round cells. These cultures peak in growth between 2-3 weeks, do not form viable secondary cultures,
and die by 4 weeks. In Method 2, Vasa et al. cultured low density PB MNCs for 4 days in endothelial growth
factors and fetal calf serum (FCS) before removing nonadherent cells. This assay did not result in colony
formation. A variety of overlapping names have been attributed to different cell types cultured using Methods
1 and 2 due to similarities in the timing of their appearance in cell culture as well as the immunophenotype
and lineage of cells in these populations. In Method 3, PB MNCs are plated for 24 hours before nonadherent
cells are removed. Daily media changes for 7 days followed by media changes every other day result in the
derivation of endothelial colony forming cells (ECFCs). ECFCs display a cobblestone morphology and are
able to participate in postnatal vasculogenesis through the de novo formation of blood vessels in vivo.
Modified from Hirschi et al. Assessing identity, phenotype, and fate of endothelial progenitor cells.
Arterioscler Thromb Vasc Biol. 2008;28:1584-1595.
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of paracrine mediators. Herein lies a source of confusion that may make it difficult for those not
aware of this historical context to understand the EPC literature. The indiscriminate classification
of both ECFCs and MACs as “EPCs” in literature requires that readers understand the phenotype
and function of ECFCs and MACs as well as the cell culture methodologies used to derive each
cell type in order to know which of these distinct subpopulations of progenitor cells is being

1.16 establishing

discussed. In agreement with a recently published paper by Medina et a
consensus among those working in the field, this text refrains from the indiscriminate use of the
term “EPC” and elects to use precise nomenclature of ECFCs and MACs based on characterized
cellular phenotypes and function described below. Readers are encouraged to consult this
comprehensive characterization of MACs and ECFCs to discern exactly which tell type(s) are
being described in literature.

1.3.1 Myeloid angiogenic cells: critical support cells

MAC:s are phenotypically myeloid progenitor cells with vasculotrophic functionality via
paracrine action.!”!®* Emerging evidence characterizing their genetic signature indicates that
MACs represent alternative M2 macrophages.!® MACs can neither differentiate into endothelial
cells nor incorporate into host vasculature. Instead, these cells exhibit their vasculotrophic effects
by secreting chemoattractants and vascular trophic mediators that promote the homing,
proliferation, and differentiation of local precursor cells. Specifically, the secretion of various
cytokines such as hepatocyte growth factor (HGF), interleukin (IL)-8, G-CSF, and GM-CSF
significantly induce endothelial tube formation in vitro and vascular repair in vivo.2’ MACs also
contribute to angiogenesis through secretion of IL-8, triggering downstream transactivation of
VEGFR-2 on mature endothelial cells, which in turn induces phosphorylation of extracellular

signal-regulated kinase (ERK). MACs injected into the mouse oxygen-induced retinopathy



(OIR) model of ischemic retinopathy maintained their myeloid features, such as CD68
expression and amoeboid/spherical morphology, and rescued the pathological neovascularization
(NV) and vaso-obliteration (VO) of the OIR phenotype.!’

MAC:s are derived from the bone marrow and may be isolated from peripheral blood
MNCs using well-defined isolation protocols for in vitro cell culture. Initial studies enriched
MAC populations by using a popular assay called the colony forming unit (CFU)-Hill assay. In
this culture methodology, MNCs are pre-plated on fibronectin-coated plates and cells that are
nonadherent after 48 hours are re-plated onto new fibronectin-coated plates®! (Figure 1.1,
Method 1). The rationale behind replating nonadherent cells was to remove possible
contamination of the culture with early-adhering mature endothelial cells in circulation. It is now
understood that this fibronectin-enrichment step is not necessary, and more recent studies culture
MACs within 5-7 days by directly seeding them on fibronectin-coated plates with endothelial
growth medium-2 (EGM-2) supplemented with 10% FCS.!° Colonies appear with ‘blood island-
like’ morphology within days. These colonies of spindle-shaped cells radiating from a central
core mimic numerous features of endothelial cells including their expression profile of surface
proteins and angiogenic molecules as well as their endothelial nitric oxide (eNO) production.
These clusters were named CFU-Hill cells and for several years CFU-Hill cells were incorrectly
referred to as EPCs. Today, the cells are well-characterized and more accurately named MACs to
designate their lineage and function. Their growth peaks between 2 and 3 weeks. Lacking the
ability to form secondary colonies, MACs die by week 4.2

This assay became a commercially available culture kit and after several years, it was

discovered that CFU-Hill cell colonies in truth contain no EPC progeny. The spindle-shaped
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cells radiating from a central core are macrophages with characteristics (i.e., surface proteins,
angiogenic molecule production, and eNO production) similar to endothelial cells. As cells of the
monocyte/macrophage lineage, these cells ingest bacteria and lack functionality required to be
deemed EPCs. Specifically, CFU-Hill cells fail to form blood vessels de novo when implanted
within collagen gels in vivo and thus do not possess the ability to directly participate in postnatal
vasculogenesis. Instead, CFU-Hill are of the hematopoietic lineage and consist of
monocyte/macrophage fated cells. The CFU-Hill culture assay therefore is a quantitative
measure of intercellular interaction between these hematopoietic cells and not a quantitative
measure of EPCs. Prior to the studies published by Yoder and Ingram?! that led to the
identification of these cells as MACs, alternate names included CFU-ECs, early EPCs,
hematopoietic EPCs, myeloid EPCs, proangiogenic hematopoietic EPCs, and circulating
angiogenic cells.

Although cell culture methodology is certainly critical to harvesting a target cell
population and for understanding which cell type is being discussed in literature, a more
effective characterization of these progenitor subtypes based on their immunophenotype and
function is summarized in Figure 1.2. No specific marker for MACs exists to date, but a
combination of surface proteins is now accepted to define these cells. By flow cytometry, MACs
share some markers with ECFCs such as CD31, CD144, von Willebrand factor, and VEGFR-2.
In contrast to ECFCs, however, MACs are defined by positive expression of CD45 and CD14,
and negative expression of CD146. MACs can be isolated from populations of CD34+ cells, but
the expression level of CD34 decreases over time in culture.?> MACs are not endothelial cells,
but their contribution to angiogenesis is substantial. The frequency of MAC:s in circulation is

inversely correlated to the risk for cardiovascular disease,?* diabetes,?> COPD,?¢ and rheumatoid
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MACs ECFCs
Immunophenotype

CD31 A i

vWF + +

g g VEGFR-2 + +

=

& g CD34 +/- +/-
CD105 + +

CD144 + +

CD146 - +

CD45 + -

CD14 + -

CD115 + -

Function

Clonal proliferative capacity - +
Viability to re-plating - +
De novo vessel formation in vivo - +
Home to ischemic sites in vivo + +
Phagocytose bacteria + -
Paracrine support of angiogenesis + +
Integration into host vasculature - +

Figure 1.2: Comparison of surface proteins and cell function between MACs and ECFCs. Both
populations share markers including CD31, vWF, VEGFR-2, CD105, and CD144. CD34 is a common
marker of human stem, progenitor, and vascular endothelial cells. While MACs and ECFCs can be isolated
from CD34+ cell populations, the expression of CD34 decreases in both cell types over time in cell culture
(as denoted by the +/-). Differences in cell surface proteins can be used to differentiate MACs and ECFCs.
The MAC immunophenotype is positive for expression of CD14, CD45, and CD105 and negative for
expression of CD146; in contrast, the ECFCs immunophenotype is negative for expression of CD14, CD45,
and CD105 and positive for expression of CD146. Functional characteristics of these cells are also useful in
distinguishing cell populations. Unlike MACs, ECFCs possess clonal proliferative capacity and are viable
upon replating for expansion into stable populations ex vivo. Both MACS and ECFCs home to areas of
ischemia where they support angiogenesis albeit by different mechanisms. MACs secrete supporting
paracrine factors while ECFCs can integrate into host vasculature in addition to secreting paracrine mediators.
As myeloid cells, MACs can also function to phagocytose bacteria.
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arthritis?’ in humans, and MACs have demonstrated rescue effects in murine models of ischemic

disease!” by recruiting/stimulating ECFCs to promote neovascularization.?
1.3.2. Endothelial colony forming cells: true endothelial progenitors

The functional requirements to classify cells as “EPCs” are the exhibition of endothelial
progenitor characteristics such as commitment to an endothelial fate, capacity to self-assemble
into functional blood vessels in vivo, and the ability to fully integrate into host vasculature.!®
ECFCs are classified as “true” endothelial progenitor cells because circulating and tissue-
resident ECFCs are the only cell type currently known to possess such in vivo vasculogenic
capacity by differentiating into endothelial cells to form primitive capillary plexi without the
presence of existing vasculature.?8

ECFCs are derived using the culture assay of Yoder et al. and validated by a combination
of surface markers identified by flow cytometry.?! Briefly, MNCs from adult peripheral blood
PB or UCB are plated on type 1 rat tail collagen-coated wells and nonadherent cells are aspirated
after 24 hours, leaving adherent cells to be cultured in endothelial growth medium (Figure 1.1,
Method 3). Xeno-free media and xeno-free attachment and detachment substrates have been
developed by the Friedlander lab allow for culture of ECFCs using animal free materials,
bringing allogeneic ECFC therapy closer to clinical translation.?’ Following daily media changes
for 7 days, media changes every other day results in the formation of colonies with cobblestone
morphology within 1-3 weeks. ECFCs can be passaged to form secondary colonies and grow
exponentially between 4 and 8 weeks.??

Studies have aided in the characterization of the immunophenotype, functionality, and
therapeutic mechanisms of ECFCs. By flow cytometry, there is no surface antigen to date that

uniquely identifies ECFCs. The ECFC immunophenotype is characterized by expression of
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CD31, CD105, CD144, CD146, von Willebrand factor, and VEGFR-2, but must be negative for
hematopoietic markers including CD45, CD14, and CD115 as well as mesenchymal antigens
including CD70, CD90, and a-smooth muscle actin (a-SMA). CD34 has also been characterized
on ECFCs, but expression declines during in vitro expansion (Figure 1.2).'6

In a series of publications,?" 3 Yoder and Ingram redefined cells in the field of EPC
research, concluding that: 1) there exists a unique population of high proliferative potential-
ECFCs that demonstrate functional characteristics of true EPCs and 2) that ECFCs are
clonogenically, immunophenotypically, and functionally distinct from MACs and other cells
often inaccurately termed EPCs. Evidence suggests that ECFCs may not be a homogenous group
of cells. A complete hierarchy of UCB- and PB-derived ECFCs has been demonstrated to exist
on the basis of clonogenic and proliferative capacity, with some ECFCs displaying high
proliferative potential (HPP).>* Single HPP-ECFCs can be clonally expanded in vitro into
greater than 2,000 cells in 14 days and may be re-plated to form secondary HPP-ECFC colonies
of over 2,000 cells after 14 additional days. During in vitro expansion, a subpopulation of ECFCs
cultured from peripheral blood MNCs lose expression of the stem and progenitor cell surface
marker CD34. This occurrence may be partially explained by the observation that CD34 is
downregulated in ECFCs exposed to particular serum supplements and growth factors. In
comparison to CD34" ECFCs, ECFCs with positive expression of CD34 demonstrate improved
capillary-like sprout formation, increased tip-cell gene expression, and decreased endothelial
barrier function with loosened cell-cell interaction between PB-ECFCs.*! Furthermore, ECFC
populations that are high in their expression of CD44 (CD44" ECFCs) demonstrate superior
neurovasculotrophic effects in murine models of ischemic retinopathy and retinal

neurodegeneration than ECFCs with low CD44 expression (CD44'° ECFCs).?° Correlations
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between phenotype and function of ECFCs merit continued efforts to better understand the
heterogeneity of ECFCs in culture. These data suggest that there exists a spectrum of
proliferative capacity and immunophenotype within ECFC cultures, giving rise to the idea of
identifying the most active of ECFCs for use as therapy in treating ischemic disease.?

1.3.3 The misnomer of other “circulating angiogenic cells” as EPCs

In 2001, Vasa et al. described a protocol to isolate and culture ‘blood island-like’ clusters
of cells that were named “circulating angiogenic cells (CACs)” and incorrectly defined these
populations as EPCs. Colonies were formed by plating PB-derived low density MNCs on
fibronectin- and gelatin- coated dishes with endothelial growth factor-supplemented media with
fetal calf serum (Figure 1.1, Method 2).3% 33 Nonadherent cells were removed after 4 days in
culture, and adherent cells that were able to ingest acetylated low-density lipoprotein (Ac-LDL)
or fluorescently labeled Ulex eruopaeus agglutinin 1 plant lectin were used for cytochemical
analysis. These cells were incorrectly believed to be EPCs since they expressed von Willebrand
factor (vWF), vascular endothelial (VE)-cadherin, and VEGFR-2 on flow cytometry. However,
subsequent studies that found that cells in these cultures had strikingly similar characteristics to
macrophages including co-expression of CD45, CD11b, CDI11c, CD13, CD68, endothelial
nitrous oxide synthase (eNOS), and E-selectin, and took up India ink. Macrophages cultured in
medium containing particular endothelial growth factors and fetal calf serum also expressed
many of these surface proteins, which were previously believed to be specific to endothelial
cells.>*3¢ Culturing PB MNCs on fibronectin- and gelatin-coated plates had been a commonplace
method used to enrich monocyte populations.’” Furthermore, CACs lack the ability to form

colonies.?®
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Together, these reports demonstrated that the culture conditions and growth factors used
in these isolation techniques enrich monocytic cell populations and not EPCs.?® In fact, it is now
understood that CACs isolated in this fashion arose from in vitro conditions and do not exist in

20, 38-47 and

vivo.'¢ Nevertheless, numerous studies have used this culture methodology
inaccurately deemed these populations as EPCs, CACs, and other misnomers listed in Figure
1.1, Method 2. This nomenclature is erroneous since such a population has never been identified
to circulate in vivo from blood samples. Since these cultures produce a heterogeneous cell
population that the most current literature suggests may arise a result of in vitro culture
conditions that do not exist in vivo,'¢ literature using this culture methodology have been
excluded from the current discussion. Adding to this confusion, overlapping nomenclature was
used to describe both CFU-Hill cells and cells cultured in this assay due to similarities in the

timing of their early appearance in cell culture as well as the immunophenotype and lineage of

cells in these populations.

1.4 The origin of ECFCs and other vascular progenitor cells

The origin of human ECFCs remains unresolved. An early study published by Lin et al.
in 2000 provided the first evidence suggesting a bone-marrow origin for these circulating
endothelial progenitor cells with a high capacity to differentiate into cells with a vascular
endothelial phenotype.*® Blood was drawn from 4 patients who had received a sex-mismatched
bone marrow transplant. Analysis of donor or recipient Y-specific DNA in endothelial cell-
enriched cultures grown from recipient blood revealed that 95% of cells from fresh blood
contained the recipient genotype. The same blood samples were cultured in vitro and after 4
weeks, endothelial cells cultured demonstrated a gradual change from recipient to donor

genotype. Using the culture methods of Yoder et al,?! cells isolated from circulation with
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recipient genotype expanded 17-fold while cells with the donor genotype expanded more than
1000-fold. These results suggested that circulating endothelial cells in fresh blood originate from
the vessel walls and have limited proliferative capacity. In contrast, the cells responsible for the
ex vivo cultures of endothelial cells from blood were claimed to be derived from transplantable
marrow-derived cells.

This finding lead to the generation of an exciting hypothesis that bone marrow-derived
angioblasts with high proliferative potential exist and may engraft to areas of vascular injury.
However, definitive evidence of the existence of these rare angioblasts with robust proliferative
potential has not yet been discovered. Proof of circulating angioblasts would require two
groundbreaking discoveries: (1) the identification of a novel and specific marker unique to this
cell and not expressed on mature endothelium, and (2) development of a single-cell culture assay
capable of accurately detecting the starting clone and its specific progeny.*® While existence of a
bone marrow-derived angioblasts would be an exciting revolution in endothelial progenitor cell
research, proof of this hypothesis has not been published. Without these data, a bone-marrow
origin for ECFCs remains controversial, and more recent studies provide evidence suggesting
that ECFCs do not originate from the bone-marrow.*° In male patients previously transplanted
with female bone marrow, ECFCs isolated from peripheral blood and venous wall exhibited an
XY genotype. MACs derived from these patients displayed an XX genotype, which was
consistent with their bone marrow origin.>!

A growing body of literature has identified that ECFCs arise from various progenitor cell
niches within the vascular wall of large vessels. The idea that ECFCs originating within the
vascular wall contribute to postnatal vasculogenesis began with a publication by Alessandri et al.

in 2001.%2 Aortic explants from human embryos embedded in collagen gels grew branching
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capillary-like structures with luminal cells expressing markers CD31, CD34, vWF, and VEGFR-
2 indicative of endothelial differentiation. These capillary-like structures of mature endothelial
cells sprouted from immature CD34"/CD31- endothelial-like cells in the outer regions of aortic
rings, suggesting they developed into CD31" endothelial cells via vasculogenesis rather than
angiogenesis. To demonstrate this, immature CD34"/CD31" cells were isolated from aortas using
the same magnetic bead-assisted CD34" cell derivation and expansion protocol employed by
Asahara et al. to isolate vasculogenic CD34" cells from PB MNCs. The CD34*/CD31" cell
population differentiated into a more mature endothelial phenotype expressing CD31 and vWF
after 1 week, and after 3 weeks these cells were seeded on Matrigel to form a net of capillary-
like structures following 24 hours of incubation. These findings were the first report of ex vivo
formation of human microvasculature by vasculogenesis in adults.

ECFCs have since been isolated from the vascular wall of human aorta,>* pulmonary
artery,>* and saphenous vein,>® as well as human lung tissue,’® placenta,’” white adipose tissue,’
and human induced pluripotent stem cells (hiPSCs) sorted for Neuropilin 1 and CD31.%° RNA
sequencing demonstrated that ECFCs display a gene expression profile more closely resembling
human coronary artery endothelial cells (HCAECs) and HUVECs than non-endothelial cell
types, including the subcutaneous adipose tissue-derived stromal vascular fraction.®® The
transcriptomic profile of ECFCs is closer to that of microvascular ECs than macrovascular
ECs.%! Altogether, evidence points to the vascular wall of large arteries as an origin for ECFCs
and ongoing research has elucidated where within the vessel wall ECFCs reside.

1.4.1 Tissue-resident ECFCs within the vascular wall of large arteries

A considerable body of research has demonstrated a significant role of tissue-resident

progenitor cells in vascular growth. The term “vascular precursor cells” describes a general pool
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of stem/progenitor cells that give rise to mature cell types composing the blood vessel walls,
such as endothelial cells, smooth muscle cells (SMCs), and fibroblasts. Except for smooth
muscle progenitor cells, which are stored and produced in the bone marrow, vascular precursor
cells originate within the vascular wall. Embedded within the vascular wall, these tissue-resident
vascular progenitor cells must cooperate with the ensemble of other vascular cells in the blood
vessel wall to coordinate homeostasis, growth, and repair through the continuous release of

paracrine signaling molecules.®* 63

The first in vivo data showing that tissue-resident vascular
progenitor cells play a major role in postnatal vasculogenesis was published in 2004 with the
demonstration that depletion of bone marrow prior to femoral artery occlusion did not attenuate
initial vascular growth in rats.%® Tissue-resident progenitor cells therefore also participate in
vascular repair. TIE2-GFP transgenic mice expressing green fluorescent protein (GFP) in
endothelial cells received transplants of wire-injured carotid artery segments from wild-type
mice. Flanking ECs were observed to migrate into the injured vascular segments, and no homing
or implantation of circulating progenitor cells was evidenced.®? Literature centers on two main
functions of resident vascular progenitor cells: (1) as the origin of various cell types that form
new blood vessels, and (2) as a source of inflammatory cells mediating local immune response.
Where within the vessel wall do these vascular precursors reside? Of particular relevance,
where do ECFCs reside? Knowledge of the answers to these questions is likely incomplete, but
here we describe the current understanding of the composition of these vascular progenitors in
the vascular wall from the luminal side outward. The mature blood vessel wall consists of three
concentric layers — the tunica intima, tunica media, and tunica adventitia. The tunica intima

consists of a simple squamous ring of endothelium surrounded by connective tissue consisting of

collagen, laminin, fibronectin, and other extracellular matrix molecules. Underneath lies a basal
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layer of elastic tissue called the internal elastic lamina, which separates the tunica intima from
the tunica media. The tunica media is comprised of smooth muscle cells, collagen, and elastic
tissue. The outermost layer known as the tunica adventitia provides a limiting barrier consisting
of collagenous and elastic fibers to protect the vessel from overexpansion.

The intima is the innermost layer of a vessel and is one home for ECFCs. Traditionally,
all intimal ECs were believed to be terminally differentiated mature ECs that can proliferate and
migrate to replace nearby damaged ECs via angiogenesis.®* Paradoxically, human umbilical vein
endothelial cells (HUVECs) and human aortic endothelial cells (HAECs), which have been
considered fully differentiated and mature ECs that are often used as control cells in progenitor
cell studies, can be passaged for at least 40 population doublings with growth kinetics similar to
adult- and umbilical cord blood-derived vascular progenitor cells. Clarity to this apparent
contradiction was provided by evidence of a complete hierarchy of ECFCs within both HUEVCs
and HAECs derived from vessel walls. In this study, HUVECs or HAECs were compared to
umbilical cord blood-derived ECFCs. Single cells from each population demonstrated an ability
to proliferate into colonies, and this clonogenic potential was similar between all three cell
sources. All expanded cells expressed EC surface markers CD31, CD141, CD105, CD146,
CD144, vWF, and VEGFR-2. These data suggest that a subset of ECFCs exist within the
population of endothelial cells in the vascular intima and give rise to the ability of endothelial
cells from both veins and arteries (HUVECs and HAECs, respectively) to proliferate.>

Home to a variety of vascular precursor cell types, the tunica media of blood vessels
consists of concentric structural collagen and elastic fibers as well as SMCs responsible for
mediating contractility. Isolated from the tunica media of adult mice, a “side population” (SP) of

cells that are lineage-negative (i.e., devoid of lymphocytes, macrophages, granulocytes,
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erythrocytes, and red blood cells via magnetic bead-assisted negative selection) with surface
characteristics c-kit"*"Scal"*CD3471°% are multipotent in vitro. When cultured with VEGF, SP
cells differentiate into endothelial cells expressing CD31, VE-cadherin, and vWF; when cultured
with TGF-f and platelet derived growth factor-BB (PDGF-BB), SP cells differentiate into SMCs
expressing characteristic aSMA, calponin, and SM-MHC.% In addition to this evidence in mice,
two distinct cell types with proliferative capacity have been identified between the media and
adventitia in human thoracic aorta — one population of CD34" cells and another composed of c-
kit" cells. Interestingly, both cell types expressed markers of mesenchymal stem cells (MSCs).
With VEGF induction, these cells acquired an endothelial immunophenotype characterized by
increased VEGFR-2 and vWF expression and an ability to form capillary-like structures in
angiogenesis assays in vitro.%® Together, these studies suggest that cross-talk between vessel-
resident mesenchymal stromal cells may induce differentiation of mesenchymal stromal cells
into endothelial cells to play a role in vascular healing and homeostasis.

Between the medial smooth muscle and adventitial blood vessels lies the ‘vasculogenic
zone.’ First reported by Zengin et al., this zone is another source of tissue-resident vascular
progenitor cells in adults and was found in vessels from a wide range of organs including urinary
bladder, testis, prostate, kidney, lung, heart, liver, and brain.®’” Immunohistochemical and flow
cytometric analysis of human internal thoracic artery (HITA) demonstrated that immature
CD34"/CD31" cells occupy this vasculogenic zone. In a HITA ring assay, capillary-like
outgrowths grew within a week. These sprouts consisted of CD34" cells that migrated as
immature CD34/CD31" cells from the vasculogenic zone and developed activated endothelial
cell marker carcinoembryonic antigen-related cell adhesion molecule 1 as well as mature

endothelial surface markers VEGFR-2, Tie2, and VE-cadherin. This phenomenon indicated that
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endothelial precursors within the vasculogenic zone have the capacity to differentiate into mature
endothelial cells ex vivo. Also within the vasculogenic zone reside multipotent stem cells capable
of differentiating into hematopoietic and local immune cells including macrophages.®® In mice,
immature CD34/CD31- endothelial cells residing in the vessel wall have progenitor-like
functionality. A small population of c-kit-expressing ECs in the vascular endothelium of mice is
capable of clonogenic expansion in vivo and in vitro.® Expressing the markers CD31, CD105,
Scal, CD117, and c-kit, these vascular endothelial stem cells comprised only 0.4% of
nonhematopoietic CD317/CD105" vessel wall ECs but a single transplanted VESC can generate

functional blood vessels that connect to host vasculature in vivo.

1.5 Preclinical considerations of ECFC-based therapeutics

Before entering clinics, an ECFC-based therapeutic must meet a variety of logistical,
biological, and safety standards. Various preclinical studies have demonstrated ECFCs’ ability to
meet such requirements. Logistically, ideal cells should be easy to derive, propagate, and
maintain since cell culture is characterized by intensive labor, time, and monetary costs.
Derivation and differentiation protocols require standardization and optimization to achieve
adequate cell numbers that could meet clinical demands. The protocol to obtain ECFCs from
MNCs in umbilical cord or peripheral blood has been well documented.”® ECFCs have high
proliferative capacity in vitro, rapidly form colonies that display characteristic monolayer
cobblestone-like morphology by day 6, demonstrate a well-defined cocktail of identifying
surface markers, and double every 34 hours in the first 40 days.!% 2% 7! In a mouse model of
ischemic retinopathy (oxygen-induced retinopathy, OIR), delivery of low dose (1x 10%) ECFCs is
as effective as higher doses (1 x 10°), a cell number 500-fold lower than that required to treat

murine ischemic limb models.” These data demonstrate the feasibility of manufacturing
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sufficient cell numbers for treatment of large sums of patients suffering from ischemic disease
using blood from a single cord blood donor, an important implication for minimizing
manufacturing costs.

Biologically, cultured cell therapies must demonstrate long-term in vitro expansion
capacity with low immunogenicity, robust repeatable functionality in vivo, and genetic and
karyotypic stability. Autologous cells are ideal, presenting the lowest risk of immune response
and rejection. A stable ex vivo population of ECFCs can be derived from PB MNCs relatively
quickly, meaning they may prove useful as an autologous therapy.>® While this turnaround time
for ECFC isolation and expansion may limit their utility as an autologous therapy for acute
ischemic conditions like myocardial infarction, autologous ECFCs may represent a therapy for
diseases with a wider therapeutic window such as retinopathy of prematurity or chronic
ischemic/degenerative diseases like diabetic retinopathy. However, the number and angiogenic
capacity of circulating vasculotrophic cells in PB may vary depending on disease state such as
diabetes.”

Alternatively to PB-derived ECFC-based autologous therapies, umbilical cord blood
(UCB)-derived ECFCs are a promising source allogeneic therapy. Banks of allogeneic cells from
pooled umbilical cord blood of healthy patients is a viable cryotherapy modality. Allogeneic
ECFCs derived from UCB exhibit a low pro-inflammatory and pro-thrombotic profile.”*
Nevertheless, the immunocompatibility of ECFCs can be optimized via the creation of cell banks
where donor cells’ human leukocyte antigens (HLA) haplotypes are characterized in detail to
match population requirements. Such a model is currently employed for stem cell banking of
human embryonic stem cells in China” and for human induced pluripotent stem cells in Japan.”®

The karyotype of ECFCs is considered relatively stable. However, chromosomal screening prior
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to clinical use of cryopreserved cells may be required since chromosomal abnormalities, most
often translocation/deletion defects on chromosome 14, have been reported.”! In addition, the
Friedlander lab has developed xeno-free media and xeno-free cell attachment substrate that allow
for robust ex vivo expansion of ECFC lines using animal free products, bringing allogeneic
ECFC cryotherapy one step closer to a clinical reality.?’ Additionally, UCB-derived ECFCs are
non-controversial as they can be harvested painlessly from otherwise discarded tissue in great
abundance and provide robust proliferative potential to facilitate blood vessel formation in
vivo.”” Furthermore, expansion of ECFCs from human term placenta is capable of producing the
equivalent number of cells as obtained from 27 umbilical cord blood donors.”

One important consideration of ECFCs in culture is that ex vivo expansion of ECFCs
leads to replicative senescence and an impaired vasoreparative function in vivo in ‘late-passage
cells,” which were operationally defined to be later than passage 6 for peripheral blood- and
passage 12 for cord blood-derived ECFCs. This senescence is markedly delayed relative to other
endothelial cell types, suggesting an ability for long-lasting effects with little risk of tumor
growth. However, this phenomenon has a senescence-associated secretory phenotype (SASP)
with cytokines IL6, IL1-alpha, IL1-beta, and IL8 as major regulators. This inflammatory
component of ECFC senescence has implications in their clinical use because these cytokines
may affect microenvironment conditions, cell engraftment and survival, and, ultimately, the
clinical outcome. Depletion of IL8 by shRNA in late passage ECFCs delays their senescence,
improves their proliferation rates, and restores their vasoreparative capacity in treating OIR mice,
which indicates that modulation of the SASP may be used to optimize ECFC expansion and

therapeutic benefit.”” Early passage ECFCs do not display hallmarks of senescence; in fact, some
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evidence supports a role of IL8 in the mitogenic effect of UCB-derived ECFCs in passages 4
through 8.8¢

Lastly, ECFCs have demonstrated a favorable safety profile in preclinical studies. The
majority of ECFCs intravitreally injected into OIR mice exhibit a pyknotic nucleus suggestive of
cell death after 24 hours, and by day 3 no human DNA was detectable by PCR analysis for
human Alu sequences. No immune cell infiltration, tissue edema, tumor formation, and retinal
detachment were detected 7 days after intravitreal ECFC-injection into OIR mice.”” ECFCs were
not tumorigenic and did not induce thrombosis or infarcts in 9 organs examined 7 months after
systemic tail vein delivery in nonobese diabetic/severe combined immunodeficiency
(NOD/SCID) mice.3! ECFCs have been observed to home to sites of ischemia/angiogenesis, and
intravitreal injections easily deliver localized and concentrated cell therapy to the retina. While
intravitreal injections deliver cells directly to target tissues, systemic delivery may bypass the
need for ECFCs to cross the internal limiting membrane (although intravitreally injected ECFCs
have been shown to cross the ILM in murine disease models’?) and may avoid some
complications associated with intravitreal drug delivery including endophthalmitis, retinal
detachment, elevated intraocular pressure, and ocular hemorrhage.®? In the murine OIR model,
systemic administration of ECFCs into the carotid artery promoted vascular repair only in the
ipsilateral ischemic eye, and this homing mechanism to ischemic areas may lower risk of
deleterious side effects from systemic delivery.”? In mouse models of ischemic hindlimb, ECFC
treatment demonstrated low immunogenicity; comparable numbers of immune cell infiltration
were observed in UCB-derived ECFC-treated mice versus control mice, and these ECFCs
persisted for at least 4 weeks following injection.®? Both at steady-state and following

stimulation with y-interferon, immature ECFCs from UCB exhibit an HLA-ABC* and HLA-DR"
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immunophenotypes similar to that of MSCs, which are often classified as non-immunogenic and
thus commonly transplanted without stringent HLA-matching. UCB-derived ECFCs
demonstrated a weaker pro-inflammatory and pro-thrombotic gene expression profile than adult
PB-derived ECFCs. UCB-derived ECFCs exposed to allogeneic lymphocytes and monocytes
induced fewer co-stimulatory molecules and pro-inflammatory cytokines than adult PB-derived
ECFCs. Ultimately, a definitive assessment of ECFCs’ safety profile must come from in-human
clinical trials, which will dictate the level of immunosuppression or HLA-matching required for
ECFC therapy since ECFCs express the HLA-ABC milieu at baseline and HLA-DR upon

induction with y-interferon.”
1.5.1 Bolus ECFC transplantation

Two routes of delivery have been utilized for in vivo studies of the use of ECFCs for
tissue repair and regeneration: bolus injection of cells either systemically or directly into the
target tissue, and implantation of biocompatible scaffolding embedded with cell therapy. Cells

injected systemically as a bolus have induced tissue regeneration in numerous

84-88

neovascularization-dependent animal models of peripheral ischemia, vessel damage,*

90,91 77,92,93 95-97

traumatic brain injury, stroke, acute kidney injury,”* acute myocardial infarction,

98,99 29,71,

lung-related diseases, and diabetes-related or hyperoxia-induced ischemic retinopathy.
72,100 Though effective in a wide variety of ischemic contexts, success of systemically applied
therapeutic ECFCs suffered from low engraftment and limited survival time within target tissues.
Bolus injection of ECFCs do home to areas of ischemic injury, but also accumulate within
untargeted organs. Tail vein injected cells were present as single cells or lines of cells in nine

organs: brain, gut, heart, kidney, liver, lung, ovaries/testis, spleen, and bone marrow. Three hours

post-injection, the highest numbers of ECFCs were detected in the lungs by qPCR. Stained cells
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in sectioned tissue were found predominantly in peribronchial areas and, more rarely, in the
alveoli and bronchi. ECFCs lodged in lung tissue through interaction with E-selectin, P-selectin,
and a4 integrin on mouse vasculature; treatment of mice with antibodies to these proteins prior to
ECFC injection resulted in fewer cells lodged in lungs. Pre-treatment of mice with anti-vascular
cell adhesion molecule (VCAM) did not reduce lodging in mouse lung, bone marrow, or spleen,
suggesting that o4 integrin may bind other ligands in these tissues. Antibody inhibition resulted
in only a partial reduction of lodged cells, so ECFCs likely lodged in lungs by mechanical forces
as well.®! Lodging of ECFCs in the lungs may be transient; in the murine model of ischemic
hindlimb, ECFCs were only temporarily trapped in the lungs and homed to the ischemic area
after 6 hours.!°! Between 24 and 96 hours after tail vein injection of radiolabeled ECFCs,
approximately 70% of radioactivity localized to the spleen in liver.!> ECFCs within these nine
different organs expanded (6-fold in bone marrow and spleen, 3-fold in liver and ovaries/testis,
and 1.5-2 fold in all other organs) over the 2-16 week time course after injection, indicating
many organs provide a favorable environment for implantation and expansion of ECFCs. Older
passage 15 ECFCs demonstrated equal expansion capacity in vivo in comparison to younger
ECFCs.%!' On one hand, the widespread localization of ECFCs may be a caveat to systemic
administration; on the other hand the in vivo survival and expandability together with the low
toxicity of ECFCs may prove useful in delivering gene therapy.

Many studies injecting ECFCs systemically showed efficacy but were unable to provide a
detailed mechanistic understanding of ECFCs’ contribution to neovascularization. While
understanding the systemic distribution of ECFCs is an important pre-clinical consideration for
therapy, intravitreal injection of ECFCs directly targets retinal tissue maximizing the potential

for cells to home to ischemic sites in need of vascular repair. Since cells are largely contained
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within the vitreous, this targeted administration of bolus ECFCs reduced cells in systemic
circulation and thus minimizes risk of deleterious off-site effects. In this contained system, the
dosage of intravitreally cells injected can be titrated to accurately investigate the required cell
number to achieve a desired therapeutic effect in retinal tissue. ECFCs can be intravitreally
injected with small gauge needles to limit injection trauma although reflux of injected cells can
confound accurate quantification of an injected dose. Since the average diameter of ECFCs in
cell suspension ranges from 12-18 pm, ECFCs are not lysed when passed through 34G and 36G

microneedles with internal diameters of 85 um and 35 um, respectively.
1.5.2 ECFC pre-vascularization of tissue-engineered scaffolds

ECFCs can pre-vascularize a variety of biocompatible tissue-engineered constructs for
transplantation. Studies in vivo indicate that implantation of pre-vascularized tissue-engineered
scaffolds may represent a highly effective and feasible therapeutic approach for harnessing the
neovascularization and regeneration ability of ECFCs. There are several advantages of this
approach: (1) alteration of the natural or synthetic scaffolding materials offers control of
microenvironmental influences on vascularization; (2) addition of vasculotrophic mediators
within the scaffold can improve tissue regeneration; and (3) co-implantation of multiple cell
types may augment neovascularization and/or intercellular cross-talk to promote differentiation
towards a tissue-specific cell fate. These advantages support utilizing biocompatible scaffoldings
enriched in pro-angiogenic factors that are pre-vascularized with ECFCs in combination with
other cell type(s) as a viable therapeutic strategy for tissue regeneration.

Seeding ECFCs in a variety of natural biomaterials including hyaluronic acid,!%3-1%3

106, 107 109-111

gelatin, alginate,'% and collagen or fibrin hydrogels promoted vasculogenesis in vivo

upon implantation. Each natural biomaterial possesses individual properties that may be
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disadvantageous for tissue engineering. Efforts to optimize scaffolding material by chemical
modification or combination with peptides have sought to overcome these limitations and
augment the in vivo pro-angiogenic potential of ECFC pre-vascularized constructs.!%-19 The
most commonly used synthetic polymers include poly-L-lactide, poly(D,L-lactic-co-glycolic
acid), biphasic calcium phosphate, B-tricalcium phosphate or polycaprolactone because they are
inexpensive, FDA approved, and their mechanical properties can optimized to improve in vivo
neovascularization.!!'? Lacking cell adhesion peptides, synthetic materials are coated with natural
biopolymers including fibrin,!!3 fibronectin,!'* or RGD sequences!!® and can also be crosslinked
with growth factors including VEGF,!'® HGF, angiopoietin (Ang)-1,!'7 or bone morphogenetic
protein-2'!8 to enhance their proangiogenic effects on injected or infiltrating cells. Studies
transplanting ECFCs and other cell types within scaffolds offer insight into mechanisms of
combination therapy that rely on intercellular cross-talk and are covered in greater depth in a

later section (1.7.4).

1.5.3 Limitations of ECFC-based therapy

Certain obstacles to translation must be addressed before ECFCs become a clinical
reality. First, despite our growing understanding of the ECFC immunophenotype, there is still no
known distinguishing marker for HPP-ECFCs. This highly anticipated finding would allow for
prospective isolation of a homogenous population of ECFCs with the highest therapeutic
potential. Instead, current ECFC culture techniques contain the entire ECFC hierarchy consisting
of low proliferative potential-ECFCs, ECFC clusters, and even non-proliferative endothelial
cells.>® Second, UCB-ECFCs are a promising source of allogeneic cryotherapy but the
manufacturing costs incurred with processing, freezing, and storage of banked haplotypes might

be prohibitive. Third, autologous ECFCs present a combination of obstacles. ECFC isolation is
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not currently plausible in the pediatric patient since these cells circulate in the blood stream at a
concentration of 1 cell per 10°-10® mononuclear cells.>? If this obstacle were overcome, perhaps
ECFCs may be an option for infantile ischemic retinopathies like retinopathy of prematurity, but
the expense of banking a cell line with single-lineage differentiation capacity for (only potential)
use in adulthood is once again problematic. In adolescents and adult patients, autologous ECFCs
may be harvested from PB but are less clonogenic, proliferative, and angiogenic than UCB-
ECFCs.?* However, efforts to improve the proliferative capacity of PB-derived ECFCs are
successful and ongoing.”® Lastly, disease states alter the frequency and function of isolated
ECFCs. In diseases like diabetes where these cells may pose a promising treatment strategy,
ECFC functions may be impaired to such an extent that cells may not be a viable option to

promote revascularization.”

1.6 Goals and mechanisms of ECFC-based therapy

Is the utility of ECFC-based cell therapy derived from the cells’ ability to integrate into
the host to replace lost or damaged endothelium? Or is the therapeutic benefit of ECFC-based
cell therapy owed to their ability to support, protect, and promote growth of resident progenitor
and mature endothelial cells via paracrine action?

Cell replacement strategies are currently under investigation for the treatment of various
retinal diseases including macular degeneration, where atrophy of the retinal pigment epithelium
is part of a chain of events leading to the loss of vision. Injections of embryonic stem cell-
derived and induced pluripotent stem cells differentiated into RPE demonstrated biocompatibility
and visual improvement for some patients in phase I and II clinical trials.!'® While these results
support the concept of replacing damaged cells with stem cells, replacement cell strategy may be

more difficult to apply to ischemic disease where an underlying ischemic drive affects numerous
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cell types. Diabetic retinopathy, for instance, decreases function of the vascular endothelium,
vascular pericytes, retinal pigment epithelium, and choriocapillaris while also exhibiting glial
dysfunction, activated microglia, and neuronal damage.'?* Harnessing the ability of stem and
progenitor cells to target multiple cell types with multiple mechanisms simultaneously via
paracrine action is a promising alternative approach. Such strategies may extend the capacity of
treatments beyond targeting vascular leakage in end-stage disease by promoting physiologic
vascular growth and stability as well as neuroprotection.

There are significant considerations to cell-based therapy, including an unclear
therapeutic window for treatment. Generally, both cell replacement and support strategies are
reliant upon the existence of sufficient viable retinal cells. One concern is that transplantation of
replacement cells at a time when vasculopathy and neurodegeneration are beyond rescue may
limit the treatment’s ability to restore or preserve vision. This is also true for support cells, which
additionally rely on the viability of sufficient viable target cells in order to effectively achieve
their trophic paracrine effects. Conversely, treatment too early may reduce the benefits of cell
therapy. Without sufficient degeneration of host cells, early transplantation of replacement cells
may not allow for engraftment and functionality of implanted cells. Use of support cells or
paracrine mediators may circumvent this obstacle since early treatment would likely be effective
even if encountering a limited population of damaged cells. Early diagnosis and intervention to
prevent progression in conditions like diabetic retinopathy have the highest likelihood of success
in such a complex disease.

Successful treatment of ischemic/degenerative retinopathy would be defined by restoring
or minimizing vision loss in patients. To do so, cell therapy must address the underlying

ischemic drive by providing trophic support to delay or rescue vascular/neural degeneration
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and/or by replacing damaged vasculature and neurons. This section discusses the various
mechanisms by which ECFCs exert such neurovasculotrophic effects. We begin with a
discussion of literature detailing the therapeutic mechanisms of ECFCs in retinal animal models.
Some reports demonstrate the role that integration of ECFCs plays in improving endothelial cell
junctions and vascular integrity.”! Others have not observed ECFCs to integrate into host retinal
vasculature and attribute the efficacy of ECFCs to secreted factors like insulin-like binding
protein (IGFBP) 2 and IGFBP3. While studies in retinal disease models are most clinically

relevant to ischemic retinopathies, findings from across fields offer additional insights into the

121 122

mechanisms of ECFC treatment. Transplanted ECFCs interact both directly’'' and indirectly
with the host’s immune system. ECFCs also improve vascular defects by regulating components
of extracellular matrix (ECM) remodeling'?® as well as stimulating the release of growth factors
from endogenous cells.?3 29929 Lastly, we discuss studies co-injecting ECFCs and other cell
types as they shed light on the intercellular cross-talk that facilitates improved therapeutic
outcomes in combination therapy.!?*

1.6.1 Therapeutic mechanisms of ECFCs in ischemic retinal disease

Within the eye, ECFCs have reproducibly demonstrated efficacy in reversing diabetes-
related or hyperoxia-induced ischemic retinopathy.?® 7! 72 190 Earlier studies published by
Medina et al. suggested that ECFCs integrate into retinal vasculature to rescue OIR mice.”! In the
Friedlander lab, intravitreally injected ECFCs were not observed within the retinal vasculature
but, rather, remained in the vitreous and lens with some cells assuming perivascular positions in
regions of ischemia, presumably mediating rescue of OIR retinas via paracrine action.?” In a
more recent publication by Medina and colleagues, ECFCs intravitreally injected into healthy

mice were observed to reside in the vitreous and not integrate into host vasculature. Within 3
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days of delivery these ECFCs underwent cell death and no human Alu sequences were detected
in mouse retinas.’? The mechanism of ECFC-mediated vascular repair in the retina is likely a
combination of both direct cell replacement and paracrine effects. Though ECFC integration into
retinal vasculature has been observed, engraftment occurs at low levels. Perhaps this results from
limitations of experimental animal models used in these studies. After the peak of the
neovascular phase of the OIR model on day 17, the pre-retinal neovascular tufts regress
spontaneously and the vasculature is restored to normal physiological patterning by day 21.

The observation that ECFCs did not integrate into healthy mouse eyes may also be due to
their immunocompetency. While retina disease models more amenable to ECFC engraftment
may facilitate evaluation of the contribution of ECFC integration to their mechanism of action,
evidence to this point has demonstrated potent therapeutic effects with minimal (if any)
integration of ECFCs into host retinal vasculature. This suggests that harnessing the paracrine
mechanisms of ECFCs may be a promising strategy for the treatment of ischemic retinopathies.
Here, we review the publications to date that provide insight into putative mechanisms of ECFCs
as cell replacement therapy followed by reports describing their paracrine effects in
neurovasculotrophic retinal repair.

1.6.2 Integration of ECFCs

When co-cultured with human retinal microvascular endothelial cells (h(RMECs) in vitro,
ECFCs demonstrated an ability to integrate alongside hRMECs forming a confluent and
homogenous monolayer after 2 days. The same effect was observed when ECFCs were co-
cultured with human dermal microvascular endothelial cells (DMECs). Using
immunohistochemistry, the confluent cell monolayer was observed to uniformly express proteins

of adherens and tight junctions such as cadherin, B-catenin, and zonula occludens (ZO)-1,
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indicating intercellular junctions between ECFCs and DMECs characteristic of an endothelial
barrier. A distinctive characteristic of endothelial cells is the ability to form 3D culture systems
when plated on Matrigel basement membrane matrix. The de novo tube formation of ECFCs is
this system was comparable to that of hRMECs. When co-cultured, ECFCs incorporated into
tubes formed predominantly by hRMECs and this phenomenon persisted when ECFCs were
plated at a lower ratio of 1:4.7!

Upon injection of quantum dot labeled ECFCs into the murine OIR model of ischemic
retinopathy, Medina et al. observed integration of single cells within the intraretinal vasculature
to form mosaic vessels with host cells. Injected ECFCs preferentially homed to the central zone
of ischemia and rescued the neovascularization and vaso-obliteration in OIR mice.”! ECFCs that
were derived from human induced pluripotent stem cells also rescue NV and VO in OIR mice
and quantum dot-labeled cells were similarly seen to integrate into host vasculature.>® The
integration of ECFCs may be enhanced by co-transplantation with other agents. For instance,
ECFCs that were intravitreally injected along with adeno-associated virus serotype 2 encoding a
more stable, soluble, and potent formulation of angiopoietin 1 (AAV.COMP-Angl) into mice
with diabetic retinopathy exhibited a significantly higher degree of integration. Exposure of
ECFCs to AAV.COMP-Angl in vitro increased cell migration and tubulogenesis. A vascular
growth factor, Ang-1 is a therapeutic target for diabetic retinopathy as it is abnormally low in
patients with diabetic retinopathy.'?> Ang-1 binds Tie-2 on endothelial cells to induce vessel
quiescence and maturation. Ang-1 also inhibits vascular leakage by preventing VEGF-induced
degradation of VE-cadherin, a transmembrane protein in the adherens junction between
endothelial cells that enhances vascular integrity and lowers vascular permeability.!26- 127

Additional techniques to improve the therapeutic benefits of ECFCs is the subject of ongoing
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research, but limited research to date has evaluated the impact of these methodologies on the

efficacy of ECFCs in retinal diseases.
1.6.2 Paracrine action of ECFCs

Studies from the Friedlander lab reported that ECFCs intravitreally injected into OIR
mice were not observed within host vasculature. Injected GFP+ ECFCs were observed to home
to the vitreous or lens and assumed perivascular positions to secrete paracrine factors mediating
the rescue response. Conditioned media (CM) of ECFCs recapitulated these rescue effects in
OIR, further suggesting paracrine mechanism of action. To characterize and identify functionally
active cells within the ECFC population, the Friedlander lab proposed to fractionate ECFCs into
two populations: cells that are high in their surface marker expression of CD44 (CD44") and
those with low expression (CD44!°).2° The transmembrane glycoprotein CD44 is the canonical
receptor for hyaluronic acid, which is abundant in the vitreous body, and also acts as a receptor
for extracellular matrix proteins including collagen and osteopontin.!?® 12 CD44 can form co-
receptor complexes with receptor tyrosine kinases to participate in cellular signaling, and cells
with high CD44 expression display stem-like properties in normal and neoplastic tissue and
home to specific tissue niches.!?*13! The Friedlander lab’s hypothesis was based on the lab’s
earlier work demonstrating that injection of lineage-negative CD44" hematopoietic stem cells
migrated to avascular regions of the retina, differentiated into microglia, and rescued the OIR
phenotype in a hypoxia-inducible factor 1-a (HIF-1a) dependent fashion.!3? Intravitreal injection
of CD44" ECFCs rescued both neovascularization and vaso-obliteration in the OIR model.
CD44" ECFCs had no effect, nor did ECFCs with knocked-down CD44 expression via lentiviral

transduction of short hairpin RNA against CD44.%
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Findings also indicated neurotrophic activity for CD44" ECFCs. Thicknesses of the inner
nuclear layer (INL) and inner plexiform layer (IPL) are reduced in OIR mice, and treatment with
CD44h ECFCs restored the INL and IPL to thicknesses comparable to normoxic mice.
Electroretinography (ERG) measurements of retinal neural function demonstrated that CD44M
ECFCs improved the scotopic b wave (rod-driven) response in OIR mice, suggesting improved
function of the inner retina. A more thorough characterization of the neuroprotective effects of
CD44" ECFCs was carried out in the retinal degeneration 10 (RD10, Pde6b™!9r1%) mouse model
of neurodegeneration. In the RD10 mouse model, photoreceptor cell death begins concurrently
with vascular atrophy in the retina’s deep vascular plexus. The ONL degenerates chiefly by
apoptosis resulting in progressively worsening neural function on ERG. Injection of CD44"
ECFCs into RD10 mice rescued both the vascular and neurodegenerative components of the
model. Integrity of the deep vascular plexus was preserved following injection with CD44" but
not CD44!° ECFCs. CD44" ECFCs were neuroprotective in RD10 mice, improving ONL
thickness while also decreasing the density of apoptotic cells in the ONL. Both photopic (cone-
driven) and scotopic (rod-driven) responses were increased following treatment with CD44"
ECFCs relative to CD44'° ECFC or vehicle controls.?’ Together, this work demonstrated the
existence of a therapeutically active subset of ECFCs characterized by elevated CD44 expression
that is responsible for the therapeutic benefit of ECFCs in murine models of ischemic retinopathy
and neurodegeneration.

While the efficacy of ECFCs is linked to expression levels of CD44, the exact
mechanistic role of this surface marker remains unclear. Evidence suggests CD44 may mediate
the vasculotrophic and neurotrophic through its correlated expression with IGFBPs.?’

Knockdown of CD44 in ECFCs grown in 3D culture conditions downregulated several
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proangiogenic factors including IGFBP2 and IGFBP3 when compared to control ECFCs. Media
conditioned by cells with knocked-down expression of CD44 contained reduced levels of
IGFBP2 and IGFBP3 compared to CM from control ECFCs. Significant reduction of these
IGFBPs were detected in OIR eyes treated with CD44 knockdown versus control ECFCs.
Intravitreal injection of human recombinant IGFBP2%° or IGFBP32% 133: 134 a]one rescued the OIR
model. ECFC-CM rescued OIR, and depletion of these IGFBPs from CM attenuated this effect.
Together, these data indicated a correlation between CD44 expression and the production of
IGFBP2 and IGFBP3, which alone were effective in rescuing OIR, and demonstrated the
involvement of IGFBP2 and IGFBP3 in the paracrine rescue mechanism of ECFCs in mouse
models of ischemic retinopathy.

As the name implies, IGFBPs are classically known for their endocrine role as carriers
for insulin-like growth factors (IGFs). Localizing in pericellular and intracellular compartments,
IGFBPs possess both endocrine function as well as autocrine and paracrine functions to regulate
cell migration, adhesion, apoptosis, survival'3® and the cell cycle.!3% 137 IGFBP3 is the most well-
characterized of this protein family, responsible for carrying approximately 75% of serum IGF1
and IGF2. Similar to other members in the IGFBP family, IGFBP3 has effects independently of
carrying IGF1. Human studies on the vitreous proteins of diabetics with varying degrees of
neovascular eye disease demonstrated that ischemia is a potent stimulus for the local tissue
production of IGFBP3.138 Increased IGFBP3 expression as a result of hypoxia promoted
angiogenesis in some systems but inhibited vascular growth in others, thus exhibiting a system-
dependent effect on vasculature.!36: 137, 139, 140
In the retina, evidence has suggested a multifaceted role for IGFBP3 as a protective agent

for ischemic retinopathies, especially in the context of diabetes. IGFBP3 promoted the
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endothelial maturation and function of heterogeneous CD34+ progenitor cell populations in

vitro,'3* decreased apoptosis of retinal endothelial cells,'*!

and restored normal insulin signaling
in retinal endothelial cells of diabetic rats.'*? Following oxygen-induced vaso-obliteration,
IGFBP3 knockout mice demonstrated a 31% increase in the area of vessel loss and 30% fewer
CD34+ cells compared to IGFBP-expressing controls, suggesting that IGFBP3 may contribute to
vessel repair via interactions with cells within the CD34+ population.!3* Exposure of the
heterogeneous CD34+ cell population to IGFBP3 in vitro induced differentiation into mature
endothelial cells and increased cell migration and capillary tube formation. Levels of IGFBP3
were undetectable in CD34+ cells. As a result, these immature CD34+ cells were sensitive to
minor increases in endogenous tissue levels or exogenous administration of IGFBP3.!3 [n vitro,
IGFBP3 decreased apoptosis in retinal endothelial cells through activating IGFBP3 receptor in
an hyperglycemic environment.'*! In streptozotocin (STZ)-induced diabetic rats, treatment with
non-binding IGFBP3 (modified to not bind to IGF-1) restored normal insulin signaling and
improved retinal neural function on ERG. Animals treated with non-binding IGFBP3 displayed
significantly reduced TNFa, which typically suppresses insulin signal transduction. A reduction
in TNFo was associated with decreased proapoptotic markers, restored insulin receptor
phosphorylation, increased anti-apoptotic markers (including Akt and Bcl-xL), and reduced IRS-
1, Ser307, and SOCS3. These data suggest that the upstream inhibition of TNFa by IGFBP3
diminish the glucose-dependent effects of TNFa on suppressing insulin signal transduction.'?
Clinical studies demonstrate increased levels of IGFBP2 and IGFBP3 as well as the IGF
ligands IGF-1 and IGF-2 in the vitreous in patients with neovascular eye diseases.!*® This
elevation is believed to be caused by increased vascular leakage in disease. In addition to its

clinical relevance in the disease progression and therapeutic potential for diabetic retinopathy,
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IGFBP3 also bears significance in other ischemic retinal diseases such as retinopathy of
prematurity (ROP). Low levels of IGFBP3 in the serum of premature infants born in the time
period when ROP occurs (between postmenstrual weeks 30-35) are associated with increased
risk of developing proliferative ROP.!%3 Decreased levels of IGF1 in the serum of premature
infants diminished vascular growth and increased risk of ROP. However, the IGF1:IGFBP3 ratio
was similar between premature infants that develop proliferative ROP and those who do not,
while acid labile subunit levels were similar between ROP and non-ROP infants.!** These data
suggest IGF1 and IGFBP3 are the important components of the IGF1 complex, which consists of
IGF1, IGFBP3, and the acid labile subunit. Restoration of both IGF1 and IGFBP3 levels while
keeping the IGF1/IGFBP3 ratio intact may be crucial towards preventing pathologic retinal
neovascularization in ROP. An rthIGF1/thIGFBP combination is currently available and may be
a promising means of reducing ROP risk. The transplantation of IGFBP-secreting ECFCs or
ECFCs engineered to overexpress IGFBPs remains an unexplored alternative therapeutic
strategy.

In addition to demonstrating a role of IGFPBs in the function of CD44" ECFCs, the
Friedlander lab also demonstrated upregulation of 12 neurotrophin-related genes in the retinas of
RD10 mice eight days after treatment with CD44" ECFCs relative to retinas treated with CD44%°
cells.? These data suggest indirect effects of ECFCs in mediating neuroprotection. The effect of
these upregulated neurotrophic genes remains unclear, and the regulation of angiogenic factors in
the retina following ECFC treatment remains unexplored but may benefit from the findings from

studies in other ischemic systems detailed below.
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1.7. Therapeutic mechanisms of ECFCs: studies across fields

While studies within the retina certainly offer the most relevant information on the path
to developing ECFC-based therapeutic options for ischemic retinopathies, literature from across
multiple fields provide additional mechanistic understanding of ECFC’s contributions to
neovasculature in ischemia. Generally, ECFCs have the following rescue effects: (1) modulating
inflammatory cascades and immune cell infiltration, (2) regulating proteins that remodel the
extracellular matrix, (3) stimulating endogenous cells to secrete trophic mediators, (4) recruiting
and enhancing other vasculotrophic progenitor cells including MSCs and myeloid cells.

1.7.1 Immunomodulatory effects of ECFCs

ECFCs interact with immune cells and modulate the inflammatory response. Neutrophils
present at the site of laser-induced vascular injury recruited ECFCs via the binding of P-selectin
glycoprotein ligand-1 (PSGL-1) on ECFCs to L-selectin on neutrophils.'?! ECFCs were activated
by this interaction with neutrophils in vitro and demonstrated improved proangiogenic
properties, suggesting that cooperation between ECFCs and neutrophils can facilitate endothelial
regeneration at sites of vascular injury. In a mouse model of cerebral aneurism, systemic
transfusion of ECFCs exerted protection on degeneration of the vessel wall by regulating the
inflammatory cascade, decreasing apoptosis in smooth muscle cells, and inhibiting infiltration of
macrophages.'?

Other reports attribute the immunomodulatory effects of ECFCs to their secretion of
paracrine factors. In models of ischemia/reperfusion-induced acute kidney injury (AKI),
integration of intravenously administered ECFCs within post-ischemic kidneys was not detected
by confocal microscopy.!'?? Support for an paracrine nature of ECFC activity was provided by

the observation that ECFC conditioned media protected against AKI. Infusion of ECFC-CM
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attenuated the I/R-induced mRNA upregulation of intercellular adhesion molecule-1 (ICAM-1)
in whole kidneys and protein expression in the peritubular capillary bed, which decreases
significantly in density following AKI. In the early post-ischemic period, there is increased
expression of ICAM-1, which is an endothelial adhesion molecule that serves as a ligand for
LFA-1 during leukocyte transmigration. Reduction of ICAM-1 by ECFC-CM suggests that
secreted factors may influence ischemic endothelium to suppress activation, differentiation,
and/or transmigration of immune cells. Support for this mechanism came from the demonstration
that administration of ECFC-CM significantly reduced the number of cells expressing IL-17 as
well as T-helper (Th)-17 cells in the post-ischemic kidney. Infiltration of Th-17 cells has been

associated with exacerbation of AKI in rats'#4

while deletion of the IL-17A gene protects against
AKI induced by cisplatin.!#> 146 Together, these data suggest that protection against AKI by
ECFCs may be achieved by a mechanism whereby secreted factors cause a reduction of ICAM-
1, which in turn decreases the infiltration of deleterious Th-17 cells and subsequently their IL-17
secretion. A direct effect of secreted factors on leukocyte activation cannot be excluded.
Nonetheless, these data provide proof of concept for ECFC-derived paracrine mediators to
positively affect the immune response to ischemia. A characterization of the immunomodulatory
effects of ECFCs and their paracrine mediators in the immune-privileged retina may similarly
offer insight into their therapeutic mechanism.

1.7.2 Effects of ECFCs on the matrix metalloproteinases

ECFCs also mediate proteins that interact with components of the ECM to improve
vascular dysfunction. ECFCs improved functional outcomes in a mouse model of cerebral
aneurism by downregulating matrix metalloproteinases (MMPs) MMP-2 and MMP-9 and

increased tissue inhibitor of metalloproteinase-1 (TIMP-1) expression in the aneurysmal wall.!??
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The level of VCAM-1, NF-xB, and eNOS was also decreased following treatment with ECFCs.
ECFCs suppressed apoptosis of SMCs in the aneurismal wall and significantly downregulated
inducible nitrous oxide synthase (iNOS) while increasing Bcl-2. Reversal of the dysregulation of
MMP-2, MMP-9, TIMP-1, VCAM-1, NF-kB, eNOS, iNOS, and Bcl-2 by ECFCs in the context
of improving aneurysmal vessels is of particular interest since microaneurysms in retinal
vasculature are often the first clinical sign of diabetic nonproliferative eye disease. Many of these
factors play a role in the pathogenesis of diabetic retinopathy.

MMPs are a family of 24 known zinc-dependent proteases that cleave and remodel the
ECM as well as other substrates such as growth factors, signaling molecules, cell surface
receptors, other proteinases, and intracellular targets. Together with their endogenous TIMP
inhibitors, MMPs regulate the protease activity profile to play a major role in determining the
intercellular proteome and thus cell activity. Also known as gelatinase A and gelatinase B,
respectively, MMP-2 and MMP-9 are both gelatinases secreted in a latent pro-form that are
activated upon their interaction with membrane bound proteins on the target cell surface. MMP-2
and MMP-9 function to cleave their substrates including type IV collagen, elastin, and denatured
interstitial collagen to facilitate the migration of endothelial cells through the basement
membrane.'*” Both MMP-2 and MMP-9 were detected in the plasma and retinas of patients with
diabetes!*® 149 and demonstrated increased levels of activation in the vitreous of patients with
proliferative diabetic retinopathy (PDR).!*° Elevated concentrations of MMP-9 were measured in
the epiretinal neovascular membranes of patients with PDR.!>! Elevated plasma MMP-9 is
associated with age-related macular degeneration and choroidal neovascularization,'>? and
activated MMP-9 was reported to be involved in the development of vitreous hemorrhage in

patients with PDR.!>3 MMP-2 and MMP-9 have distinct contributions to the pathogenesis of
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diabetic retinopathy, which presents the interesting possibility that downregulation of these
MPPs by ECFCs may be relevant to their therapeutic mechanism.

Activation of MMP-2 induced apoptosis in retinal capillary cells, which are the cells that
demonstrate the characteristic histopathology of diabetic retinopathy. The mechanism of MMP-
2-induced apoptosis is not entirely clear but may include a role for MMP-2 in mitochondrial
dysfunction. MMP-2 cleaves nuclear poly ADP ribose polymerase (PARP) to induce apoptosis
via a pathway in the mitochondria that involves the mitochondrial release of apoptosis-inducing
factor. MMP-2 also damaged the retina by inhibiting the gap junction protein connexin 43 and
heat shock protein 60, which maintains mitochondrial integrity and chaperons proteins into the
organelle.!>* In human diabetic retinopathy, accelerated retinal capillary cell apoptosis is
similarly related to mitochondrial dysfunction and PARP activation, supporting a role of MMP-2
in capillary cell apoptosis in DR. Inhibition of MMP-2 improved mitochondrial superoxide
release and membrane permeability, prevented cytochrome C leakage from mitochondria, and
inhibited capillary cell apoptosis. Since accelerated apoptosis of retinal capillary cells precedes
the classic clinically observable histopathological lesions of diabetic retinopathy,'>® proper
regulation of MMP-2 may by a promising target in treating early diabetic retinopathy and further
evaluation of the effect of ECFC-based therapy on MMP-2 in the retina is merited.

MMP-9 is associated with both of the hallmark pathologic features of diabetic
retinopathy: vasculopathy and neuropathy. /n vitro, MMP-9 production was increased in the
immortalized human retinal pigment epithelial cell line ARPE-19 and bovine retinal microvessel
endothelial cells (BRMVESs) after exposure to hyperglycemic conditions; both MMP-2 and
MMP-9 increased permeability of BRMVEs and ARPE-19 by degrading occludin, a protein

component of tight junctions.!*® Compared to wild type mice with STZ-induced diabetes, MMP-
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9 knockout mice with diabetes demonstrated reversal of the diabetic phenotype with restored
vascular permeability in the blood retinal barrier.!”” MMP-9 mediates angiogenesis through
multiple mechanisms. MMP-9 cleaves the angiostatic factor tissue pathway inhibitor, which is a
major physiologic inhibitor of components of the coagulation cascade and independently a potent
inhibitor of angiogenesis.!*® Studies in humans with PDR found a significant correlation between
vitreous fluid levels of MMP-9 and VEGF. In addition to stimulating the endogenous production
of VEGF in RPE cells in vitro,!> MMP-9’s proteolytic activity on the ECM releases the matrix-
embedded VEGF reservoir to stimulate the VEGF-driven angiogenic switch in vivo.!60: 161
Retinal neurodegeneration results in part from MMP-9-mediated destruction of CD133 (also
known as prominin-1), a neuroprotective protein critical to photoreceptor cell function via its
involvement in disk maturation of the outer segments of rod photoreceptors. Disease states of
chronic inflammation like diabetes result in increased MMP-9 that causes loss of CD133 in rod
outer segments and leads to retinal degeneration.!>’

A deleterious role for these MPPs has been demonstrated in mouse models of ischemic
retinopathy. MMP-2 and MMP-9 were significantly elevated in the OIR model,'®? and genetic
deletion of MMP-2 and MMP-9 in OIR mice resulted in a 75% and 44% reduction in pre-retinal
NV.163 Selective inhibition of each of these MMPs both rescued the OIR phenotype,!®? but the
more robust decrease in NV of mice treated with an MMP-2 inhibitor suggested a dominant role
in the angiogenic process.'® In the laser-induced choroidal neovascularization (CNV) mouse
model, a model of the exudative phase of macular degeneration, MMP-2 and MMP-9
synergistically promoted CNV. Injection of pharmacological inhibitors of MMP as well as the
overexpression of MMP inhibitors TIMP-1 and TIMP-2 proved an effective strategy for reducing

laser-induced CNV.!'6* Downregulation of these MPPs by ECFCs in vascular microaneurysm

44



mouse models raises the exciting possibility that ECFCs may repair damaged retinal vasculature
in mouse models of diabetic retinopathy, but the role of MPPs in ECFC-based therapy remains
an area of ongoing research.

1.7.3 ECFC stimulation of endogenous growth factor release

The vasculotrophic and neurotrophic activities of ECFCs have also been attributed to
indirect mechanisms where ECFC-secreted paracrine mediators induce endogenous production
of angiogenic and neurotrophin-related factors. In rat models of myocardial infarction,
intramyocardially delivered ECFCs upregulated the gene expression levels of angiogenic factors
Ang-2, fibroblast growth factor (FGF)-2, IGF-1, and stromal derived factor (SDF)-1a in the
ischemic peri-infarcted areas.”® While some literature on ischemic hindlimb mouse models report
integration of ECFCs,!°! others observed minimal integration and thus credited vascular rescue
to ECFC-induced upregulation of endogenous mediators such as angiogenic factors VEGF and
FGF as well as leukemia inhibiting factor (LIF), IL15, and IL18 in treated ischemic tissue.®?
IL15' and IL18'%6 have been shown to induce anti-apoptotic signaling pathways in cells
exposed to hypoxic conditions. In STZ-induced diabetic mice, treatment with LIF preserved
retinal ganglion cells and thickness of the neural retina and restored the retinal vasculature to
physiological vessel patterning.'®” In mouse models of stroke, VEGF and IGF-1 were
upregulated in the ischemic cortex following treatment with ECFCs.”? In mouse models of
traumatic brain injury, VEGF and SDF-1 expression were increased in the region of injured brain
for mice treated with ECFCs intravenously.” In a follow-up study, intracerebroventricular
transplantation of ECFCs increased expression of angiopoietin-1.! Experiments aimed to
evaluate the effect of ECFCs on endogenous release of angiogenic and neurotrophic factors

within the retina are limited but encouraging, demonstrating the upregulation of neurotrophin-
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related genes following transplantation of CD44" ECFCs in OIR mice.? Future studies
investigating the secondary effects of these genes dysregulating ECFC transplantation in the

retina may elucidate the indirect contribution of ECFCs to ischemic retinal tissue repair.
1.7.4 ECFCs in combination therapeutic applications

A greater understanding of both the paracrine and integration mechanisms by which
ECFCs contribute to tissue repair has been provided by studies employing co-injection of ECFCs
with other cell types. Most often, the additional cell source used in combination therapy is
selected to function to provide pericyte-like structural and/or paracrine support. A wide variety

of cell types including 10T1/2 cells (mouse embryonic fibroblasts),!6% 16 fibroblasts,!’”® SMCs!"!

172 173 101, 124,

and SMC progenitors, '* adipose stromal cells,' > and especially mesenchymal stem cells
174-180 have achieved this effect. In these studies, implantation of duel-cell therapy embedded in
biocompatible scaffolding produced blood vessels that were organized with perivascular cells
closely surrounding an ECFC-lined lumen, and injection of both cell types maximized
vascularization.

Early studies subcutaneously implanting Matrigel-embedded ECFCs and human
saphenous vein smooth muscle cells into immunodeficient mice demonstrated the de novo
creation of human blood vessels that anastomosed with murine vasculature within 7 days.!”!
Interactions along the Ang-1/Tie2 signaling axis of smooth muscle progenitors and ECFCs
promoted ECFC survival and the formation of stable vascular networks.!”> When ECFCs were
preincubated in vitro with 10T1/2 mouse embryonic fibroblast cells in collagen overnight before
implantation into a cranial window, UCB-ECFCs but not PB-ECFCs formed rapid and robust

168

blood vessel that were long-lasting.'®® The 10T1/2 cells functioned as perivascular-like cells that

released paracrine factors to stabilize endothelial cells.!®% 181 182 When these collagen constructs
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were seeded with UCB-ECFCs, the derived endothelium displayed low vascular permeability

168 Increased intraluminal rolling

and a flow rate comparable to neighboring brain capillaries.
leukocytes were observed in UCB-ECFC vascular complexes exposed to IL1B-induced
inflammatory stress, suggesting that endothelium generated by ECFCs from UCB undergoes
physiological cytokine activation during systemic inflammation. However, these cell sources of
perivascular support are not suitable for clinical translation. Harvesting SMCs from healthy
vasculature of patients harbors serious morbidity, and murine-derived cell lines are not
appropriate for use in humans. Additional groups repeated similar work to create vascular

networks lined by ECFCs following co-implantation with human dermal fibroblasts!7 183

or
human adipose tissue!” in Matrigel, but these methods require prevascularization of scaffolding
that relies on an in vitro preincubation step.

Optimizing the vasculogenic potential of combination therapy with ECFCs relies on the
identification of an ideal source of co-injected perivascular cells, which the literature currently
suggests to be mesenchymal stem cells. MSCs possess several favorable qualities including ease
of isolation with minimal donor morbidity risk, availability in large quantities, and low
immunogenicity. MSCs can be isolated in a minimally invasive fashion from many human
tissues like bone marrow, adult peripheral blood, umbilical cord blood, and adipose tissue.!”®
When ECFCs and MSCs embedded in Matrigel were implanted subcutaneously in
immunodeficient mice, a significantly more robust formation of long-lasting vascular beds was
formed. Once an ECFC/MSC Matrigel construct transplanted in one mouse is vascularized, the
now vascularized scaffolding could become re-perfused in a secondary mouse.!”® Furthermore,

MSCs harvested from a variety of tissues including bone marrow, white adipose tissue, skeletal

muscle, and myocardium all possess the ability to generate extensive networks of ECFC-lined
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vasculature.!” These capabilities extend the application of tissue-engineered ECFC/MSC
constructs to larger grafts that are able treat a variety of ischemic conditions. For instance, the
promotion of vasculogenesis by tissue-engineered constructs embedded with ECFCs has been

184 attenuate MSC-mediated intimal hyperplasia,'!” and

demonstrate to enhance osteogenesis,
accelerate ischemic muscle recovery!® in animal models.

During this process of vasculogenesis, cross-talk between ECFCs and MSCs initiated the
vasculogenic process of forming ECFC-composed luminal structures surrounded by
mesenchymal cells. ECFCs provided early angiocrine support by secreting PDGF-BB to
facilitate the regenerative capacity of co-transplanted MSCs, which preferentially express
platelet derived growth factor receptor (PDGFR-B). The PDGFR-B* MSCs were highly
dependent on ECFC stimulation with PDGF-BB to avoid apoptosis and preferentially resided in
perivascular locations within the vascularized implant.!?* MSCs cultured in vitro were exposed
to media conditioned by ECFCs and strongly increased their expression of angiogenic factors
including Ang-1, basic FGF, VEGF, HGF, and SDF-1.!°! Conversely, secreted factors by MSCs
support ECFCs. For instance, hypoxic ECFCs typically demonstrate reduced function in vitro
and the majority undergo apoptosis fairly quickly in vivo. Secretion of HIF-1a from co-
transplanted MSCs bypasses hypoxia-induced apoptosis of ECFCs and resulted in the formation
of patent, perfused human vessels within mice.!8¢ Overall, cross-talk via paracrine signaling
between ECFCs and MSCs is critical for the engraftment and long-term lineage-restricted
differentiation and maturation of transplanted MSCs surrounding ECFC-composed vascular
beds. Continued research into the cross-talk between ECFCs and MSCs may lead to an

alternative therapeutic strategy of providing an ECFC-derived factor that either recruits host

ECFCs or delivers angiocrine support to MSCs.
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Schema 1.1: ECFCs and MACs communicate for the de novo genesis of blood vessel walls at sites of
injury or growth. (1) Inflammatory cytokines secreted from damaged vasculature recruit myeloid
angiogenic cells (MACs) in circulation. Once activated, MACs secrete paracrine factors that serve a variety
of functions to contribute to neovascularization. The proposed functions of these bioactive mediators are (2a)
to recruit ECFCs from circulation to the site of new vessel growth and activate ECFCs, (2b) to recruit ECFCs
from the local vascular wall, or 2¢) to activate adjacent ECFCs to replicate within the vascular wall. As the
only cell known to participate in postnatal vasculogenesis, (3) ECFCs migrate to injury to recanalize the
blood vessel lumen.

Co-implantation of ECFCs with MSCs also has immunomodulatory effects. The
immunogenicity of ECFCs has been shown to reduce when cocultured with MSCs in vitro. In
ECFC/MSC cultures stimulated with IFN-y, HLA-DR was downregulated on both cells while
HLA-ABC was downregulated on ECFCs. The typical induction of CD4" T cell proliferation by
IFN-y-stimulated ECFCs was suppressed when cells were cocultured with MSCs. ! Co-

transplantation of ECFCs/MSCs demonstrated reduced immunogenicity in long-term grafts, '8



and recruited neutrophils, myeloid cells, macrophages, and monocytes quickly after
implantation.!” In turn, at sites of vascular injury, neutrophils recruited ECFCs via PSGL-1/L
selectin and are critical to the regeneration of damaged vasculature in pathophysiologic
conditions.!?!

Systemic antibody depletion of myeloid cells deleted the improved functional benefits of
ECFC/MSC treatment, suggesting their efficacy is enhanced by a coordinated recruitment of host
myeloid cells. Recruited myeloid cells to perivascular sites of vascular growth have been
demonstrated to contribute to the formation of neo-vasculature via paracrine mechanisms of
action.!” MACs compose some of these myeloid cells that cooperate with ECFCs in postnatal
vasculogenesis (Schema 1.1). First, MACs in circulation are attracted to the site of injury by
signals from damaged tissue. Paracrine factors secreted by MACs function to recruit ECFCs
from circulation and recruit and/or activate ECFCs from the local vascular wall. The relative
contribution of recruited circulating versus tissue-resident precursor cells to new vessel
formation is unclear. Guided by MACs, ECFCs migrated to the site of injury and replicate to

recanalize the clot and restore integrity to the endothelial lining.?

1.8 Conclusions and future directions in ECFC research

Prior to 1997, vascular growth was believed to occur by two paradigms: vasculogenesis
and angiogenesis. Vasculogenesis is an embryonic process whereby endothelial precursors
known as angioblasts form de novo vasculature in the developing embryo. Angiogenesis is the
postnatal process where fully differentiated endothelial cells within pre-existing vasculature
undergo proliferating, migration, and remodeling to form new blood vessels. Studies
investigating the endothelialization that occurred on implanted biomaterials led to the hypothesis

that circulating endothelial progenitor cells in humans may form de novo vasculature in adults in
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a third paradigm known as ‘postnatal vasculogenesis.’? The first experimental evidence in
support of vasculogenic mechanism was published in 1997 in a seminal paper by Asahara et al.
demonstrating the first successful isolation of a population containing EPCs that can be
expanded to form a stable population ex vivo, differentiate into endothelial cells, and transplanted
in vivo to participate in postnatal vasculogenesis.!! This notion that peripheral blood-derived
endothelial progenitor cells may function in vascular homeostasis and possibly serve as a
treatment strategy for vascular diseases galvanized the field of EPC research.

In this paper, Asahara applied magnetic bead-conjugated antibodies for CD34 or VEGF-2
to isolate cell populations from mononuclear cells in peripheral blood. These cells grew “blood
island-like” clusters that resembled the blood-island clusters of angioblasts that surround a core
of hematopoietic stem cells during embryonic vasculogenesis. For years, numerous other groups
presented alternative cell culture methodologies that isolated CD34" cells capable of forming
these blood island-like clusters and incorrectly interpreted these cells to be endothelial progenitor
cells. Unfortunately, a variety of assays can produce colonies with blood island-like morphology,
leading to wide-spread misappropriation of the term ‘endothelial progenitor cells’ to describe
multiple cells types that were not true EPC. Characterization of the origin, phenotype, and
function of these cells has led to the identification of two distinct cell populations that each
contribute to vascular development and repair via differing mechanisms: endothelial colony
forming cells and myeloid angiogenic cells.

The indiscriminate use of the term ‘EPCs’ and a host of overlapping misnomers to
describe different cells with vascular trophic capacities requires a detailed understanding of the
phenotype and function of MACs and ECFCs in order to comprehend the literature, especially

early publications. Previously referred to as early EPCs, CFU-Hill cells, hematopoietic EPCs,
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myeloid EPCs, or proangiogenic hematopoietic EPCs, MACs are not, in fact, endothelial
progenitors but rather myeloid progenitor cells with a genetic signature indicative of alternative
M2 macrophages.!” MACs originate in the bone-marrow and can neither differentiate into
endothelial cells nor integrate into vasculature. Rather, MACs provide trophic support to
vasculature via paracrine action by secreting chemoattractants and vascular trophic mediators
that promote homing, proliferation, and differentiation of local precursor cells.!®-2° ECFCs are
nonhematopoietic cells that exhibit the functional characteristics of true EPCs: (1) a defined
endothelial cell phenotype, (2) a robust proliferative capacity, and (3) an ability to self-assemble
to form de novo vasculature in vivo.'® The origin of ECFCs remains unresolved. Some evidence
suggested a bone marrow origin of ECFCs,*® but this concept is still a matter of debate and
requires definitive evidence of a bone-marrow derived angioblast with high proliferative
potential.*’ Other reports denied a bone-marrow origin of ECFC>% 3! and observed tissue-resident

ECFCs within the vascular wall of various tissues and large vessels, 328 6

particularly in the
tunica intima> and in the so-called ‘vasculogenic zone’ between the medial smooth muscle and
adventitial blood vessels.5’

As true EPCs with robust proliferative potential and the capability of generating de novo
blood vessels and supporting existing vasculature, ECFCs are a promising cell source in the
treatment of ischemic, neurodegenerative, and angiogenesis-dependent diseases.?% 71> 72, 77, 84-100
ECFCs can be harvested from UCB or placenta and cultured with xeno-free materials in numbers
that may meet clinical demands.?® 7% 7® The low inflammatory and thrombotic profile as well as
the replicative senescence of late passage ECFCs suggests a favorable safety profile with low

immunogenicity and tumorigenesis risk.’> 74 79-81.83 ECFCs can be transplanted through bolus

injection or within biocompatible scaffolds to optimize the regeneration ability of ECFCs.
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Implantation of ECFCs within tissue-engineered scaffolds offer numerous advantages: (1)
natural or synthetic scaffolding materials can be altered to control of microenvironmental
influences on vascularization; (2) vasculotrophic mediators can be embedded within scaffolding
to improve tissue regeneration; and (3) multiple cell types can be co-implanted with ECFCs in
these constructs to augment neovascularization and/or intercellular cross-talk that promotes
differentiation towards a tissue-specific cell fate.

Stem cell-based regenerative medicine strategies generally provide cell replacement
and/or cell support. Cell replacement relies on the incorporation of transplanted stem/progenitor
cells to act as replacement parts for injured or diseased tissue. Alternatively, stem/progenitor
cells can act to provide trophic support via paracrine action. ECFC transplantation in various
animal disease models has demonstrated that ECFCs function by both integration into host tissue
and by paracrine action. Although ECFCs integrate within human retinal microvascular
endothelial cells in vitro, ECFCs demonstrate limited (if any) engraftment within retinal tissue in
vivo despite promoting potent rescue effects;’! rather, a paracrine mechanism relying on the
secretion of IGFBPs has been reported.? A population of ECFCs with high expression of CD44
has been identified as the bioactive subset capable of rescuing murine models ischemic
retinopathy and neurodegeneration while cells with low CD44 expression have little effects.?’
ECFCs intravitreally injected into OIR mice along with adeno-associated virus serotype 2
encoding a stable, soluble, and potent formulation of Angl demonstrated a significantly higher
degree of intgration. Ongoing research to improve the therapeutic capacity of ECFCs may focus
on improving their ability to integrate and/or identifying ECFC-secreted factors that mediate

their paracrine mechanisms of action.
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Studies in animal models of diseases outside the retina have described additional
therapeutic mechanisms of ECFCs that merit future investigation in retinal models of
ischemia/neurogeneration. First, ECFC transplantation has immunomodulatory effects. In mouse
models of laser-induced vascular injury, L-selectin expressed on neutrophils binds directly to

121

PSGL-1 on ECFCs and increases their proangiogenic properties.'“' In murine models of cerebral

aneurysm, ECFCs inhibit an inflammatory cascade as well as apoptosis in smooth muscles while

123 Paracrine-mediated immunomodulation by ECFCs

also decreasing macrophage infiltration.
was also identified in models of AKI, where ECFC CM protected against ischemic tissue
damage by inhibiting infiltration of deleterious Th-17 cells and resultantly their IL-17
secretion.!?? Second, ECFCs also regulate expression of proteins including MMPs that interact
with components of the ECM to improve vascular injury. ECFCs downregulate MMP-2 and
MMP-9, which are increased and cause pathophysiology in various human retinal

102, 133, 134, 136

ischemic/neurodegenerative diseases as well as mouse models of

162-164 Third, transplanted ECFCs promote the secretion

ischemic/neurodegenerative retinopathy.
of endogenous angiogenic and neurotrophin-related growth factors that promote tissue
regeneration. Future studies within the retina investigating the effects of these dysregulated
genes would shed light on the indirect contributions of ECFCs to the repair of ischemic retinal
tissue. Lastly, co-transplantation of ECFCs with other cell types augment their regenerative
capacity and reveal mechanisms of intercellular cross-talk that mediate vascular growth. For
example, MSCs are stimulated by ECFCs to avoid apoptosis and engraft in host tissue to assume
pericyte-like locations and functions.!?* Meanwhile, ECFCs are stimilated by MSC secretion of

HIF-1a to avoid hypoxia-induced apoptosis and form patent, perfused vessels.'® MSCs also

have immunomodulatory effects on ECFCs, reducing their immunogenicity by downregulating
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their HLA complexes and increasing the recruitment of myeloid cells and MACs to promote the
formation of neo-vasculature via paracrine mechanisms.?* 174

The use of ECFCs as a therapeutic option faces limitations. The heterogenous population
of ECFCs contains cells with a range of proliferative capacity, and current culture techniques
isolate the entire ECFC hierarchy including low proliferative potential-ECFCs, ECFC clusters,
and even non-proliferative endothelial cells.”® The immunophenotype of ECFCs is currently
defined by a cocktail of surface markers, and no single distinguishing marker has identified
ECFCs with high proliferative capacity. While ECFCs are a promising source of cryotherapy, the
manufacturing costs associated with their development may be prohibitive. The concentration of
ECFCs is extremely low in the pediatric population, limiting the possibility of autologous
therapy for infantile and adolescent populations. Furthermore, ECFCs derived from adolescent
and adult peripheral blood are less clonogenic, proliferative, and angiogenic than cord-blood
derived ECFCs.?® Finally, disease states like diabetes may reduce the frequency and impair the
functionality of ECFCs, which may limit their utility as an autologous treatment modality.”

Ongoing efforts to improve efforts to improve the proliferative capacity of ECFCs are
successful and ongoing.”® An up-to-date and comprehensive review of studies developing
strategies to improve the therapeutic potential of ECFCs is available elsewhere.”® Generally,
these strategies involve: (1) boosting ECFC expansion ex vivo, (2) priming dysfunctional ECFCs
to rescue their angiogenic capacity, (3) priming healthy ECFCs to augment their angiogenic
capacity, (4) injecting chemoattractants to stimulate homing of ECFCs into sites of neovessel
formation, (5) epigenetic reprogramming of ECFCs, (6) genetic manipulation of proangiogenic
signaling pathways in ECFCs, and (7) co-transplantation of ECFCs with other progenitor cells

including MSCs and MACs. Evidence strongly suggests that ECFCs are a promising source for
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tissue regeneration. Future efforts improving the restorative capacity of ECFCs and exploiting
their multiple neurovasculotrophic mechanisms in retinal animal models are a promising
approach towards the optimization of ECFC-based therapy for the treatment of complex
retinopathies and may extend to the treatment of ischemic/neurodegenerative diseases in other
organ systems as well.

Chapters 1 and 2 are currently being prepared for submission for publication of the
material. Marra, KV; Friedlander, M. The dissertation author was the primary investigator and

author of this material.
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Chapter 2

Extracellular vesicles from endothelial
colony forming cells as paracrine mediators
of neurovasculotrophic repair

2.1 Introduction to extracellular vesicles

Extracellular vesicles are a promising and relatively new addition to the armamentarium
of paracrine mediators of intracellular communication that exert their effects via the horizontal
transfer of bioactive cargo including RNA, proteins, and lipids.'*” “Extracellular vesicles (EVs)”
is a blanket term for three distinct types of vesicles shed from cells: exosomes (ranging from 40-
120 nm in diameter), microvesicles (ranging from 50-1000 nm) and apoptotic bodies (ranging
from 50-5000 nm). Each vesicle type exhibits unique mechanisms that regulate their biogenesis,
surface characteristics, and intravesicular cargo (Schema 2.1).

The biogenesis of exosomes begins with inward budding of the plasma membrane to
form early endosomes, which mature into multivesicular bodies (MVB) as they accumulate
multiple phospholipid bilayer-bound intraluminal vesicles (ILVs). These ILVs are formed by
inward budding of the of the MVB and, thus, contain cytosolic cargo as well as endosomal
protein markers. MVB are either sent to the lysosome for degradation or fuse with the cell’s

plasma membrane to release ILVs into the extracellular space, at which point they are termed
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Schema 2.1: Biogenesis of exosomes and microvesicles. External stimuli leading to increased extracellular
adenosine triphosphate (ATP) opens the P2X7 receptor resulting in an influx of calcium ions into the cell. In
microvesicle biogenesis, a cluster of surface proteins, tetraspanins, and cargo from the cytoplasm forms on a
discrete portion of the plasma membrane. MV release is mediated by RAS-related protein 27 (RAB27), actin,
the endosomal sorting complex required for transport (ESCRT), ADP ribosylation factor 6 (ARF6), soluble
N-ethylmaleimide-sensitive protein receptor (SNARE) proteins, and phospholipase D2 (PLD2), which
catalyzes the hydrolysis of phosphatidylcholine (PC) to produce phosphatidic acid (PA) and choline. MVs
are shed by blebbing from the plasma membrane. Exosome biogenesis begins with endocytosis of the plasma
membrane to form early endosomes. Exosomes are loaded with contents from endocytosis or from the trans-
Golgi network. The formation of intraluminal vesicles (ILVs) through both ESCRT-dependent and ESCRT-
independent mechanisms (not shown) matures the early endosome into a multivesicular body (MVB). MVBs
fated for exosome biogenesis are transported by kinesin along microtubules with the aid of RAB proteins to
the cellular periphery where SNARE proteins mediate fusion with the plasma membrane and release of IL Vs,
which are termed exosomes once in the extracellular space. Alternatively, MVBs destined for the degrative
pathway are shuttled to the lysosome for digestion.
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exosomes. How the fate of MVBs is determined remains a subject of ongoing investigation. One
mechanism of MVB and exosome formation has been characterized through the endosomal
sorting complexes required for transport (ESCRT) pathway. The endosomal origin of exosomes
results in their common surface expression of tetraspanins CD9, CD63, and CD81 as well as
accessory proteins of the ESCRT pathway including Alix, TSG101, HSC70, and HSP90§.
Microvesicles are formed by budding of the plasma membrane in a process that requires
cytoskeleton components like actin and microtubules, molecular motors including kinesins and
myosins, and fusion machinery like SNARESs and tethering factors, but details of their biogenesis
as well as their specific surface markers remain poorly understood. Apoptotic bodies are shed
from cells during programmed cell death. Apoptotic bodies are also released by membrane
blebbing and are shed when cells are undergoing apoptosis.!'*8

The biological function of exosomes and microvesicles has increased in significance over
the past decade as they have become identified as a potent means of intercellular communication.
In a wide range of physiological processes, exosome- and microvesicle-mediated messaging
plays a variety of roles including the enhancement of coagulation, maturation of reticulocytes,
promotion of angiogenesis, modulation of inflammation, facilitation of embryonic development,
as well as the regulation of both innate and acquired immune responses. Within the nervous
system, EVs can promote myelin formation, neuronal survival, neurite growth, and are an
attractive therapeutic source for tissue repair.'® While populations of exosomes and
microparticles have demonstrated potential for therapeutic use in animal disease models like
ischemic retinopathy,!®® apoptotic bodies have not so far been useful as a therapeutic option but,
rather, function physiologically to aid in the removal of cell debris, regulation of antigen

presentation, and modulation various immune cell responses.!*!
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There are several advantages to using EVs as a tool for treating retinal disorders. As
natural carriers of microRNA (miR), mRNA, protein, and lipids, EVs are potent mediators of
intercellular communication via the horizontal transfer of this bioactive cargo. Delivery of
intravesicular miR and mRNA into target cells modulates gene expression and promotes protein
translation, respectively, while proteins and lipids delivered into target cells may have direct
effects. EVs can therefore target multiple cell types and employ multiple mechanisms
simultaneously, a promising multimodal therapeutic strategy for the treatment of complex
disorders. Devoid of replicative machinery, EVs circumvent the risk of tumorigenesis associated
with the transplantation of dividing/differentiating cells into the eye. Given that the rates of
replication and death following cell injection are unknown, the actual dose of cell treatment
following transplantation is unknown. The dose of EVs can be more closely estimated given that
there is no possibility of replication following transplantation. Another advantage is that EVs are
generally considered highly stable in long term storage at temperatures under -20°C!*? and RNA
quality within plasma EVs remains unchanged even after storage for 5 years at -20°C.!3 Storage
properties are specific to EVs from each cell source, and ECFC-derived EVs (EVSECF®s) were
demonstrated to be stable in size at temperatures under -20°C even after undergoing 10 freeze-
thaw cycles.!® Lastly, intact cell therapy including ECFC transplantation suffers from minimal
engraftment into host tissue such as the retina.?> ’? Transplantations of EVSECF®s were observed

to accumulate within perivascular macrophages/microglia within areas of retinal ischemia.!*°

2.2 Selection of techniques for EV isolation

At this point in time in the relatively young field of extracellular vesicle research,
standardization of techniques for vesicle isolation and characterization are still a work-in-

progress.'”> Numerous techniques have emerged to isolate EVs from conditioned medium or
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biofluids. These techniques employ the use of differential ultracentrifugation (UC), polymeric
precipitation, immunoaffinity isolation (IA), microfluidic devices, ultrafiltration (UF), and size
exclusion chromatography (SEC). Each technique results in an EV sample with differing levels
of EV specificity, yield, ‘purity’ (i.e., macromolecule/vesicle aggregates and protein/liposome
contamination), biological functionality, and overall quality. Furthermore, the techniques
themselves require different amounts of sample volume, time, cost, expertise, and specialized
equipment. Isolation techniques also differ in their scalability, which is a critical consideration in
developing EV isolation protocols that can meet clinical demands. It is becoming common for a
combination of techniques to be used in series to produce an EV sample that is appropriate for its
downstream applications. An understanding of the pros and cons of each method is required

prior to use of their resultant EV samples.

2.2.1 Differential ultracentrifugation and density gradients

Classically, extracellular vesicles have been isolated according to their buoyant density
by differential ultracentrifugation of conditioned media or biofluids. Since high-speed spins may
pellet dense particles and aggregate macromolecules/vesicles, techniques using differential UC
begin with a low-speed spins of 300-500 x g for 5 minutes to remove small cell debris followed
by a 15-20 minute spin of the supernatant at 1,500 - 2,000 x g to remove larger cellular debris.
Vesicles in solution may be filtered through a 0.2 um filter or subject to a 10,000 — 20,000 x g
spin to isolate larger vesicles typically referred to as microvesicles. The final step is
ultracentrifugation at speeds of 100,000 - 200,000 x g for 2 hours to pellet small vesicles
typically referred to as exosomes. When using differential UC to isolate EVs, it is critical to
monitor and record a variety of parameters that influence the outcome of this technique as

centrifugal separation of EVs depends on the acceleration (g force) applied, the rotor type (fixed
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angle versus swinging bucket), pelleting efficiency (rotor k-factor), sample viscosity, and spin
time.!%¢ These parameters are often under-reported in literature, which may explain the lack of
consistency in results. Differential UC does not lead to good size separation since sedimentation
depends on the density of a vesicle (which is reliant upon the cargo within each vesicle) as well
as the distance the vesicle needs to travel. Small vesicles near the bottom of the UC tube may
pellet in the large vesicle pellet at low speeds, lowering EV yield. Large pellets near the top of
the UC tube may pellet during the high-speed spin, resulting in contamination of the final EV
samples with larger particles. High-speed spins also reduce EV sample purity by causing
aggregation of EVs, pelleting of extravesicular macromolecules, lipoproteins, and other
contaminants, and by lysing EVs to spill intravesicular contents.

To improve purity, the EV pellet can be resuspended in PBS and pelleted again, but this
approach does not achieve absolute separation and risks highly reducing EV yield. Another
approach towards improving the purity of EV samples derived using differential UC employs the
concurrent use of top-loading or bottom-loading density gradient mediums. Samples are placed
on top of top-loading density gradients prior to UC and separate EVs based on size and mass.
Alternatively, bottom-loading density gradients are loaded below samples and separate EVs by
allowing vesicles to float to the location where their density matches that of the medium, thus
separating EVs based solely on density, which is classically between 1.1-1.19 g/mL. Protein and
protein-RNA contaminants remain on the bottom of the tube. Sucrose gradients are commonly
used, but are extremely viscous and hyperosmotic resulting in slow sedimentation rates (between

195,197 The issues presented by the

62 and 90hrs) and loss of water from within EVs, respectively.
hyperosmolar properties of sucrose can be overcome with a density gradient of iodixanol, also

known as OptiPrep. which is an isosmotic solution. OptiPrep density gradient produce EVs with
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well-preserved size and shape!®® and allows for the isolation of EVs from virions, apoptotic
bodies, and HIV 1 particles.!®® 2% Although the use of OptiPrep results in increased EV purity,
this technique is limited by its reliance on expensive equipment, complexity and time (up to two
days), and its inability to scale to a capacity necessary for clinical demands.

2.2.2 Polymeric precipitation

Commercially available polymeric precipitation mixtures have been developed with the
specific aim of isolating exosomes. The most popular reagent is poly-ethylene glycol (PEG),
which is mixed with the conditioned medium or biofluid sample overnight and aggregates
exosomes so they may be separated by low-speed centrifugation at 1500 x g.2°! There are also
commercially available density gradient products including miRCURY Exosome Kits,
ExoQuick, and Invitrogen Total Exosome Isolation Reagent, which reliably yield high quantities
of quality exosomes. Advantages to this method lie in its simplicity, low cost, speed, and ability
to process multiple samples simultaneously. However, samples obtained using polymeric
precipitation are generally less pure in comparison to those obtained using differential UC. For
instance, PEG-based exosome isolation also pellets non-exosomal proteins, immunoglobulins,
lipoproteins, nucleoproteins, viral particles, immune complexes, and other contaminants.?%% 22 In
addition, samples contain molecules of these biopolymers that interfere with downstream
research applications including mass spectrometry, proteomic analysis, and RNA assays. These
disadvantages present obstacles to use of polymeric precipitation mixtures in research settings.
The advantages of polymeric precipitation technugqies (speed, easy of use, and scalability) make
them an attractive method for rapid exosome extraction and analysis in a clinical setting, where,

for instance, it may be used for biomarker detection for instance.20%: 201. 203,204
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2.2.3 Immunoaffinity isolation

EVs of different subtypes express a surface protein profile that can be exploited in the
process of immunoaffinity isolation,?** 2% during which antibodies to surface proteins are used
to positively select for target EV populations (immuno-enrichment) or to deplete target EV
populations (immune-depletion or negative selection). Common immuno-capture antibodies
include exosomal markers for tetraspanins CD9, CD63, and CD83 that typically coat magnetic
beads,?* gold-loaded ferric oxide nanocubes,??® or other matrices?®’ through covalent or high

affinity interactions. Additional affinity methods rely on surface markers from parent cells

4,208 209 or

including chondroitin sulfate peptidoglycan epithelial cellular adhesion molecule,
exosome-binding molecules such as heat shock proteins?!® and heparin.?!! Following
immunocapture, low speed centrifugation or magnetic pull-down is used to achieve physical
separation and increase EV purity. The specificity of immunocapture provides several
advantages to IA techniques. For instance, by using antibodies targeting exoplasmic features
characteristic of exosomes’ endosomal origin, IA can isolate highly specific exosome
populations while excluding vesicles with cytosolic-outwards orientations like microvesicles.
Highly specific antibodies in IA methods also yield highly pure vesicle populations. However,
most commercially available antibodies for immunoprecipitation are non-specific. Furthermore,
the integrity of vesicles is damaged when the antibodies used cannot be easily removed from the
vesicles following immuno-precipitation.?!? Another limitation of TA is that selective antibodies
also greatly decrease EV yield and may select for subsets of vesicles within a certain EV class.?%*
In addition to reporting positively/negatively selected markers used for IA isolation of EVs,

studies that rely on IA must also include isotype controls and report on the absence of

contaminants. Altogether, IA capture is a very expensive isolation method requiring a large
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sample volume and high quantities of antibody-conjugated beads to obtain small yields of EV
samples, making this technique suitable for studies requiring small sample size, but not feasible
for scaling to the demands of a clinically available therapeutic agent.

2.2.4 Microfluidic devices

Different microfluidic devices have also been developed to isolate EVs based on a variety
of principals including membrane-based filtration, exosome trapping on nanowires, acoustic
nanofiltration, nanoscale deterministic lateral displacement sorting, and viscoelastic flow
sorting.?!* A large number of microfluidic devices rely on immunoaffinity capture to isolate EVs,
particularly exosomes. A few of these chips include ExoChip with CD63 antibody-mediated
capture,?!* gold electrolytes with CD9 antibody,?!® graphene oxide/polydopamine nanointerface
with CD81 antibody,?'® and herringbone groove with CD9 antibody.?!” A comprehensive
overview of the variety of microfluidic devices and their functionality and utility has been
reported elsewhere.?!? As a high-throughput method, microfluidic devices have become
increasingly attractive for use in EV isolation, detection, and analysis (i.e. lab-on-a-chip),
resulting in a high degree of reproducibility, thus circumventing the need for multiple pieces of
expensive EV characterization equipment.??’ Integrated microfluidic chips can simultaneously
calculate exosome concentration, detect disease-specific exosome subpopulations, and quantify
intravesicular proteins and mRNAs.?!3 Additional advantages of microfluidic devices compared
to other EV isolation methods include their significant reduction in required sample volume (as
little as 10 pL?!%), reagents, and time as well as automation of multiple analyses. These
advantages make microfluidic devices an attractive option for EV research as well as clinical
applications like biomarker detection. Devices that use affinity-based isolation share many of the

advantages and disadvantages of immunoaffinity-based methodologies as discussed above.
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Although immunocapture microfluidic devices can isolate highly specific and pure samples of
EV subpopulations, harvesting EVs based on surface proteins risks isolating subpopulations of
vesicles rather than an entire EV class. Other disadvantages include the complexity and limited
availability of devices as well as the tendency for samples to block microfluidic channels. These
devices can analyze small volumes of sample, but this convenience acts as an obstacle to
screening biofluid samples for scarce diagnostic biomarkers. Overall, the optimization of
microfluidic devices for EV isolation and characterization in research as well as the clinic is
expanding, but use of these devices are not yet standardized across the field.

2.2.5 Ultrafiltration

Another technique used to concentrate and/or isolate EVs from biofluids or conditioned
medium employs passing sample through ultrafiltration membranes with pores of pre-determined
sizes in decreasing order, typically 0.8, 0.45, 0.22, and 0.1 um corresponding to retaining
particles of diameters greater than 800, 450, 220, and 100 nm, respectively. First, large particles
are removed as eluate following filtration of sample through large pore membranes of 0.8 and
0.45 um in diameter to produce an exosome-enriched filtrate. This filtrate is then placed atop a
membrane with pore sizes smaller than desired vesicles (0.22 and 0.1 um) to pass small vesicles
into the eluate and further enrich exosomes in the filtrate sample. Passage of sample through
membranes may be achieved by applying pressure though use of centrifugation is most common,
but deformation of EVs caused by application of pressure or centrifugal force to UF systems
requires further research.?%% 203 UF requires no expensive laboratory equipment and is a faster
and simpler protocol that isolates EVs with comparable morphology and higher yield relative to
ultracentrifugation.?!” However, other reports describe disadvantages of UF including samples

with suboptimal purity characterized by high protein contamination and suboptimal RNA yield

67



and quality (including microRNA).??° Furthermore, EV samples harvested from urine contained
low concentrations of EV proteins (such as aquaporin and nephrolysin) and high concentrations
of non-EV contaminant proteins including albumin and a-1-antitrypsin.??! There are several
possible explanation for the high level of protein contamination in UF: (1) cutoff dimensions of
UF systems are typically smaller than reported; (2) even low-affinity membranes bind EV
proteins to create aggregates and clog pores;>*° and (3) protein molecules also block membrane
pores as the sample is being concentrated.???> Contaminating proteins significantly complicate
downstream analyses of EV proteins. Repeated UF has been shown to improve the overall purity
of EV samples but is inversely proportional to EV yield. A systematic analysis of multiple UF
systems has demonstrated that 10kDA regenerated cellulose centrifugal filters from Amicon® are
ideal for harvesting EVs, resulting in high EV recovery and undetectable levels of protein
retention in the membrane. While systematic comparisons of filters have optimized UF
protocols, a lack of standardized UF methodologies in published literature is a considerable
obstacle to comparing results obtained across laboratories.???

2.2.6 Size exclusion chromatography

Size exclusion chromatography has recently emerged as an excellent single-step isolation
protocol to quickly (approximately 20 minutes®?*) isolate EVs with high integrity and minimal
protein contamination. In SEC, columns are first loaded with a porous gel filtration polymer that
functions as a stationary phase. Biofluid or conditioned media is then loaded as a mobile phase
onto these porous gel filtration polymers and as the sample flows through the column, large
particles elute from the column first, then small vesicles, and soluble proteins elute last. Since
large particles enter less pores within the stationary phase, they travel within the void space

between polymers and have a shorter path-length to elution resulting in earlier elution relative to
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smaller components in the sample. A number of commercially available gel polymers are
available including crosslinked dextrans (Sephadex), agarose (Sepharose), polyacrylamide
(Biogel P), or allyldextran (Sephacryl). Use of Sepharose CL-2B in the first popular paper that
employed SEC for EV isolation popularized this particular gel polymer in the field,?*® however, a
systematic study of polymers suggested that Sepharose 4B produces optimal resolution of EVs
from contaminating proteins.??® Comparative reports have demonstrated that SEC-based EV
isolation protocols produce EV samples that are superior in purity, integrity, and functionality
relative to those derived by differential UC, immunoaffinity capture, UF, and PEG-based
procedures.??!-224.227-230 In contrast to differential UC-derived EV samples where spins of forces
greater than 100,000 x g cause contaminating aggregation of EVs and macromolecules, gravity-
mediated elution in SEC avoids this drawback.?}! Differential UC procedures alter the proteome,
lipidome, and genome of vesicles and may render EVs ineffective at binding and uptake into
target cells, thus reducing their ability to act as intercellular messengers.?*? Deformation of
vesicles by contact and adherence to UF membranes may similarly affect vesicle function in
ways that currently remain unknown.??> PEG-based methods alter the exosomal proteome and
co-precipitate proteins not associated with EVs.??8 SEC circumvents these disadvantages and has
been recognized as a superior method of isolating EVs for functional and “-omics”-based
downstream applications.?26-230-233-235 There are several disadvantages to SEC including its
inability to differentiate between exosomes and microvesicles within their overlapping size
range. While SEC can successfully isolate sufficient EVs from small volumes (0.5 uL — 2 mL) of
biological samples like serum/plasma and saliva for downstream analyses,?*¢-2*° the limited
volume that can be loaded into an SEC column significant limits its stand-alone utility in

isolating EVs from conditioned cell culture media, where vesicle concentration is relatively
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dilute.?*° Results from a worldwide survey in 2016 demonstrated that 96% of respondents
reported needing a starting volume >100 mL when isolating sufficient EVs from conditioned
media.?*! Experiments using EVs derived from conditioned medium thus often use alternative
methods to concentrate samples prior to isolating vesicles with SEC.

2.2.7 Combinatorial techniques

The EV isolation protocol employed in this dissertation utilizes serial UF, SEC, then
repeated UF (UF-SEC-UF). Briefly, the UF-SEC-UF protocol begins by pooling media
conditioned for 48 hours by cells seeded at a density of 2 X 10 cells/T75 flask. Pooled media is
then spun at 300 x g for 5 min to remove cell debris and the supernatant is 0.22 pm vacuum-
filtered prior to UF with 10kDa MWCO Amicon® filters to concentrate media to 1 mL by
centrifugation at 4,000 x g in a swing-bucket rotor. This concentrated sample was subject to
SEC using a 10 mL plastic syringe loaded with washed Sepharose CL-2B and packed with
nylon stocking stopper. The 40 elution fractions of 0.5 mL were subject to a BCA protein
assay to determine in which fraction detectible levels of protein began eluting. All prior
fractions were pooled and again filtered with a 10kDa MWCO Amicon® filter to concentrate
the final EV sample. Selection of this methodology draws from a comprehensive review of the
literature demonstrating its superiority in isolating EVs for downstream functional and
compositional studies, which were the primary aims of our research.#" 242244 Pyrity of EV's
samples obtained with these techniques is optimized by use of an FBS- or serum-free culture
medium and, relevant to the current study, a xeno-free medium for ECFCs was recently
developed by the Friedlander lab.?%-24° Lastly, adjusting the timing of the final UF step allows
for control of the final vesicle concentration and thus treatment dosage for the current study’s

in vivo animal models and perhaps for future clinical applications.
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2.3 EVs in retinal physiology and pathophysiology

Exchange of extracellular vesicles within the retina is critical to normal retinal
functioning, and the specific roles of EVs from distinct cell types remains an area of ongoing
investigation. Global inhibition of exosome secretion by daily injections of wild-type mice with
the neutral sphingomyelinase inhibitor GW4869 caused marked reductions in retinal neural
function. Small RNA sequencing comparing microRNA cargo in EVs from healthy versus
degenerating mouse retinas suggests a physiological role of intravesicular miR in immune-
modulation and phototransduction within the retina.?*> Proteomic analyses revealed that EVs
from healthy adult neural retinas contain proteins integral to retinal function and homeostasis.?*¢
EVs are also essential to mediating intercellular communication during retinal development.
Retinal progenitor cells release EVs containing developmental transcription factors, miR, and
membrane proteins.?*” Small RNA sequencing of EVs harvested from retinal organoids
generated by hiPSCs demonstrated that EV miR correlates with expression of hallmark features
of native human retinal development.?*®

In contrast to their physiologic roles facilitating retinogenesis and maintaining proper
intercellular communication to promote normal homeostasis in the healthy adult retina, EVs also
contribute to the pathophysiology of many diseases. Plasma levels of EVs reflect the equilibrium
between their shedding and uptake, and the general consensus is that plasma levels of endothelial
cell-derived vesicles reflect the degree of injury to vascular or circulating cells. In various human

249251 cardiovascular disease,?>? hypertension,?> and

vascular diseases such as diabetes,
atherosclerosis,>>* increased numbers of endothelial EVs circulating in patient plasma have been

reported. Increased EVs in the plasma of diabetic patients may be a surrogate biological marker

of vascular dysfunction. The mechanisms that underpin the increased shedding of vesicles

71



remain unknown, but some evidence suggests that oxidative stress is one trigger for endothelial
EV release in diabetics. In the plasma of patients with type 2 diabetes, increased levels of
circulating endothelial-derived and platelet-derived EVs correlated with increased levels of anti-
oxidized LDL antibodies, suggesting that shedding of EVs from endothelial cells may be
influenced by oxidized LDL.?* While it remains a matter of debate whether increased
extracellular vesicles in diabetic patients are a cause or result of disease, the deleterious roles of
these EVs on biological functions are becoming increasingly well-characterized.

Evidence suggests EVs from diabetic patients may be involved in the pathophysiology of
disease progression via their promotion of coagulation, inflammation, endothelial dysfunction,
and angiogenesis. EVs shed from a variety of cell types play numerous roles in vascular
inflammation. Leukocyte-, erythrocyte-, hematopoietic cell-, and especially platelet-derived EVs
contributed to the hypercoagulable state of diabetics by transferring their surface bound tissue
factor to augment thrombus propagation in vivo.?>> 2% In diabetic patient plasma, levels of
platelet-derived EVs were correlated with levels of monocyte-derived EVs and both
independently correlated with disease progression from nonproliferative to proliferative diabetic
retinopathy.?>”- 238 Elevated platelet-derived EVs in the plasma of diabetic patients activated
human endothelial cells in vitro by inducing their expression of adhesion molecules,
cyclooxygenase-2, and the production of prostacyclin.?*® EVs from activated platelets delivered
proinflammatory chemokines like CCL5 to endothelial cells to promote monocyte recruitment to
endothelium.?®® Elevated levels of inflammatory cytokine CCL5 as well as angiogenic factor
Ang-2 were measurable in the general pool of EVs harvested from the plasma of patients with
uncontrolled diabetes, suggesting that EVs in diabetic patients play both an inflammatory and

angiogenic role.?¢!
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Endothelial EVs are the vesicles in circulation that predominantly effect vascular
function and angiogenesis. Endothelial-derived EVs are identified by positive expression of VE-
cadherin (CD144) since this surface marker is exclusively expressed on endothelial cells. In the
plasma of human patients with type 2 diabetes, elevated levels of VE-cadherin® endothelial EVs
correlated with in vivo functional measurements of endothelial dysfunction and were associated
with increased risk for development of coronary artery disease, suggesting a role of endothelial
EVs in the development of vascular complications.?*% 23! In patients with end-stage renal failure
(where cardiovascular risk is chiefly dependent on endothelial dysfunction and arteriolar
stiffness), only elevated levels of endothelial EVs correlated with markers of decreased renal
function while EVs that were platelet-derived, erythrocyte-derived, or Annexin V positive did
not. Exposure of rat aortic rings in vitro to endothelial EVs isolated from the plasma of end-stage
renal failure patients resulted in reduced NO-mediated vasodilation in comparison to aortas
exposed to healthy EVs.?2 Together, findings from these studies suggest that circulating
endothelial EVs contribute to dysfunctional endothelium in vascular disease perhaps through
impairment of the NO-mediated vasodilatory pathway.

In the vitreous of patients with PDR, platelet-derived EVs were increased and endothelial
EVs were most abundant while photoreceptor and microglial EVs were comparable to healthy
control samples.?®* PDR is associated with increased local shedding of endothelial EVs from
endothelium of new vessels into the vitreous and increased leakage of platelet EVs into the
vitreous through vasculature of compromised integrity. The entire population of vitreous EVs
stimulated endothelial proliferation in vitro and angiogenesis in a murine in vivo Matrigel plug
model, suggesting a proangiogenic effect of vitreous-resident EVs in diabetic eyes. Levels of

platelet-derived EVs and endothelial EVs decreased to levels comparable to healthy controls
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following treatment with panretinal laser photocoagulation or intravitreal injections of anti-
VEGF therapy (Bevacizumab). In addition to suggesting that analysis of EVs within the plasma
(or vitreous) of diabetic patients may prove to be a useful biomarker of retinal complications,
these data further demonstrate a role of EVs in the pathogenesis of diabetes. A comprehensive
discussion of the role of EVs in the pathophysiology, diagnosis, and treatment of diabetic
retinopathy is available elsewhere.?*

Endothelium in disease contexts undergoes cell injury, activation, dysfunction, and
apoptosis leading to increased shedding of EVs. The surrounding microenvironment and
activation state of endothelial cells and tissue-resident ECFCs affects the surface profile,
intravesicular cargo, and thus the functional of EVs shed from host cells. Interactions between
surface proteins on endothelial EVs and nearby target endothelial cells can promote intercellular
signaling leading to apoptotic protection. For instance, EVs shed from starved human coronary
artery endothelial cells inhibit campthotecin-induced apoptosis of nearby target endothelial cells,
which is dependent on the activation of p38. Pretreatment of HCAECs with EVs from HCAECs
(EVSHCAESS reduced p38 by inducing MAPK phosphatase-1, which is regulated by annexin I

HCAECs

expressed on EVs and acts to dephosphorylate/deactivate p38 to inhibit apoptosis.?®3

HCAECs shed from starvation-induced

These in vitro studies demonstrated that EV's
apoptotic endothelial cells may confer protection from apoptosis to nearby endothelial cells.?6> In
contrast, reports have suggested that EVs from healthy ECFCs provide superior therapeutic

ECFCs under apoptotic stress.?%¢ In vitro, ECFCs that

rescue to hypoxia/reperfusion injury than EVs
were subject to starvation stress (SECFCs) via culture with serum deprived (SD) media expressed

lower levels of caspace 3 and higher levels of proangiogenic miRs compared ECFCs subject to

apoptotic stress (aECFCs) via culture with SD media containing TNF-a. These expression
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patterns corresponded to the levels on respective EVs shed from aECFCs and sECFCs. Hypoxia-
reperfusion (H/R) injury to cultures of human brain microvascular endothelial cells (HBMECs)
resulted in decreased viability, increased apoptosis and production of reactive oxygen species,
and decreased nitrous oxide (NO) production and tube formation. While treatment with EVs
from sECFCs demonstrated benefit in this H/R assay by decreasing reactive oxygen species
production and apoptosis and increasing eNOS and NO production via the PI3K pathway, EVs
from aECFCs demonstrated the opposite effects and worsened H/R injury. The benefits of EVs
from sECFCs were attenuated when vesicles were treated with RNase suggesting a role for
intravesicular RNA in mediating these effects. These data demonstrate the effects of cell
microenvironment and cell type on EV-mediated intracellular communication. EVsECFCs
undergoing apoptotic stress are disruptive to endothelial cells, which may have implications for
the pathological response of blood vessels in the ischemic response. Transplants of EVs from
healthy ECFCs may overcome this dysfunctional communication between endothelial cells

during the ischemia-reperfusion injury, promoting physiological vascular growth that may be a

promising therapeutic approach.

2.4 Introduction to ECFC-derived EVs

267-270 activate an

EVsECFCs exhibit a surface profile characteristic of ECFC origin,
angiogenic program in endothelial cells via the horizontal transfer of RNA and promote ischemic
tissue repair in vivo.2°”-27! In addition to stimulating angiogenic growth factor secretion and
upregulating anti-apoptotic signaling, EVSECECs trigger various signaling pathways in endothelial
cells including the Erk1/Erk2 pathway and the PI3K/Akt survival pathway.267-270: 272

EVsECECs share several surface proteins of ECFCs including positive expression of

ICAM-1, L-selectin, CD31, CD34, CD44, CD133, CD154, VEGFR-2, and the integrins o4 and
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B1 (also known as CD29) and negative expression of integrins o,3 and oe.267- 268 273 EVgECHCs

also display tetraspanin surface markers of exosomes including CD9, CD63, and CD81 as well
as Annexin V, but are negative in their expression of P-selectin, CD42b, CD14, and human
leukocyte antigen class I and class IT antigens.? 26°-273 Antibody blockade of a4 or B integrins,
but not ICAM-1 or CD44, prevented uptake of EVsECFCs within human microvascular endothelial
cells (HMECs) and HUVECs in vitro, suggesting the interaction of o4 or B integrins with

ECFCs EVSECFCS

endothelial cells may be required for their internalization of EVs promoted

proliferation and migration in HMEC cultures and HUVEC cultures while also decreasing serum

depravation-induced apoptosis. These anti-apoptotic effects were attenuated when EVsECFCs

were
pre-treated with anti-os and/or anti-B; blocking antibodies, suggesting the necessity of a4 or
integrins for uptake of EVSECFCs into ECs.267- 270 EVSECESs gtimulation of HMECs induced
expression of a,B3 and as integrins but not of as or B integrins. EVsEFCs-induced tube formation
was attenuated when HMECs were treated with antibody blockade of o33 and as integrins prior

to stimulation with EVsECFCs

, suggesting upregulation of o3 and as integrins in recipient
endothelial cells is necessary for capillary-like tube formation.2¢’

EVs from ECFCs activate an angiogenic program via the horizontal transfer bioactive
RNA cargo into target endothelial cells.267-272 EVSECFCs_treatment of HMECs and HUVECs had
proliferative and anti-apoptotic effects, but these were reduced when vesicles were pretreated
with RNase, suggesting that these effects were mediated by the horizontal transfer of RNA cargo
following EV uptake. In HMEC or HUVEC cultures on Matrigel treated with EVSECECs at a dose
of 10ug EV protein/5 X 10* cell/mL, a proangiogenic response characterized by the formation of

capillary-like structures was observed. This dose equates to ~2.1 EVs per cell and emphasizes

the potency of EVSECFSS in triggering an angiogenic response. This effect was also RNA-
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mediated as capillary formation was minimal in cells incubated with EVsECFCs

pretreated with
RNase. Treatment of HMECs with EVSECFs promoted angiogenesis and S-phase entry via
regulation of the Erk1/Erk2 signaling pathway.?’? EVsECFCs treatment promoted Erk1/Erk2
phosphorylation (on both Thr202 and Tyr204 residues) and induced expression of upstream
positive regulators of the Erk1/Erk2 pathway including FGF-2, IL-6, and IL-8 as well as
downstream targets of this pathway including Id1, Cox-2, c-Myc, cyclin D1, and VEGFA.
Blockade of the Erk1/Erk2 signaling pathway attenuated the observed proangiogenic effects of
EVSECFSs on HMECs. EVSECESs treatment also resulted in greater than 4-fold upregulation of
eNOS, Ang-1, and E-selectin and greater than 1.5-fold upregulation of VEGFR-2, HIF-1a,
CXCL16, and platelet-derived growth factor alpha; levels of MMP-9 and platelet-derived growth
factor B were downregulated.?’® 27 Together, these data suggested that uptake of EVSECF®s in
endothelial cells modulated the expression of various angiogenic genes and improved cell
function in angiogenesis-related assays in vitro via the Erk1/Erk2 signaling pathway.

ECFCs on endothelial cells have also been

The proliferative and angiogenic effects of EVs
attributed to the activation of the PI3K/Akt survival pathway, upregulation of eNOS, and
upregulation of anti-apoptotic signaling also via their horizontal RNA transfer.?¢”
Phosphorylation of Akt in serum-starved HMECs was significantly increased following
treatment with EVSECECs; RNase pretreatment of EVSECECs abrogated Akt phosphorylation. In
cultures of EVsECECs_treated HMECs, blockade of downstream signaling molecule PI3K by
multiple inhibitors prevented the organization of HMECs into capillary-like structures. EVsECFCs-
treatment upregulated eNOS expression (indicated by phosphorylation at ser1177) in HMECs

and co-treatment with eNOS inhibitors prevented capillary formation. The anti-apoptotic effect

of EVECFSs_treatment in serum-starved HMECs may be attributed to their upregulation of cellular
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Bcel-xL expression. Activation of the PI3K/Akt signaling pathway and upregulation eNOS in
HMECs by EVsECECs wag critical in the activation of the endothelial angiogenic pathway, and the
possible regulation of these and other signaling pathways by candidate intravesicular miRs will
be discussed in the following section. Functional effects seem to be specific to ECFC-derived
EVs; EVs from MSCs failed to induce capillary-like formation in HMECs.?*’

EVsECFSs also augmented tissue vascularization in vivo, once again via their horizontal
RNA transfer. Co-injection of EVsE“FCs and HMEC-seeded Matrigel transplants in SCID mice
stimulated HMEC formation of patent capillaries that anastomosed with murine vascular beds.

This effect was not observed when EVsECFCs

were pretreated with RNase prior to co-injection,
implying RNA transfer is critical to HMEC vessel formation in vivo. These experimental results
raise an exciting possibility in regenerative medicine: instead of transplanting intact cells (with
their associated risks of immunogenicity and tumorigenesis), reprogramming tissue resident cells

ECFCs

for ischemic repair may be achieved via transplantation of EVs and the horizontal transfer

of their bioactive RNA cargo to regulate angiogenic pathways in vivo.?*’

2.5 Therapeutic mechanisms of ECFC-derived EVs:

studies across fields

ECFC-derived EVs have demonstrated potent therapeutic activity in a wide range of
ischemic animal models including ischemic retinopathy,'® acute kidney injury,®* 268271, 273,274
hindlimb ischemia,?’> and diabetic wound healing,?>’? as well as other angiogenesis-dependent
animal models including traumatic brain injury (TBI),?’¢ re-endothelialization of vascular
injury,?’% sepsis,?’” and osteogenesis.?’® Enriched in microRNAs targeting functional categories

including vascular development, and endothelial cell migration, EVsECECs

regulate angiogenesis-
related genes and wound healing in human retinal microvascular endothelial cells in vitro and
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rescue vaso-obliteration in the OIR model in vivo.'*® The mechanism of transplanted EVsECECs in
models of AKI relied on intravesicular miR-126, miR-296, and miR-486-5p to promote ischemic

ECFCs

tissue repair.2%% 273 In animal models of TBI, EVs promoted the formation of tight junction

proteins to improve the blood-brain barrier and modulate enzymes involved in ECM

remodeling.?’® Treatment of septic mice and models of acute lung injury with EVsECFCs

demonstrated their role in vascular inflammation through miR-126-dependent mechanisms.?””- 279
The following section describes studies that shed light on mechanisms of EVSECFSs treatments,

ECFCs

drawing insights on how these mechanisms may apply to the role of EVs in treating retinal

ECFCs

ischemia. Overall, EVs are an effective treatment modality for a wide spectrum of diseases

that rely on proper regulation of endothelial integrity and vascular homeostasis.

2.5.1 Ischemic retinopathy

ECFCs in the murine OIR

One study to date has demonstrated the therapeutic effects of EVs
model of ischemic retinopathy.!*° Intravitreal injections of EVSEFCs rescued VO in the OIR
model. On small RNA sequencing, EVSECFs were enriched in specific miRs when compared to
intact cells and 75% of all intravesicular miR reads targeted angiogenic functional categories
including vascular development and endothelial cell migration. These data were supported by the
demonstration that EVs were taken up by hRMEC:s in vitro, resulting in increased hRMEC
migration and significantly altered expression of genes in functional categories of angiogenesis
and endothelial cell migration. EVs stained with lipophilic dye CM-dil homed to areas of
ischemia and associated with perivascular cells that stained positive for macrophage/microglia
markers F4/80" and Ibal™.

This study provided a foundational characterization of the intravesicular miR cargo

enriched in EVSECFSs, However, this bioinformatic approach did not identify which intravesicular
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miRs were bioactive, leaving potential miR-mediated mechanisms that facilitate the in vivo
effects of EVsECFCs unexplored. Normalized miR counts in EVsECFCs were compared to host

ECFCs relative to host cells

ECFCs to calculate fold-change, and more miRs were enriched in EVs
than vice versa. The miR profile on small RNA sequencing was more similar between
independent samples of EVSECHCs than between any sample of EVsECYCs and its corresponding
ECFC population. Together these findings suggested a conserved subset of microRNAs destined
for export may be preferentially loaded into EVsECFCs, Without comparison to an appropriate
control population of EVs, however, it is difficult to identify bioactive miRs that may drive the
rescue effects of EVSECYCs in OIR mice. Research identifying the functionally active population
of EVSECFSs and the relationship between their cargo and therapeutic effects is detailed in the

ECFCs

following chapter and may facilitate translation of EVs -based therapy into a clinical reality.

2.5.2 Acute Kkidney injury

In an ischemia-reperfusion model of AKI in mice, systemic application of EVsEFCs
corrected plasma creatine, enhanced tubular cell proliferation, and prevented tubular necrosis and
apoptosis.2”® Vesicles were localized in the peritubular capillaries and tubular cells in vivo, and
vesicle uptake within hypoxic peritubular endothelial cells (TEnCs) and tubular epithelial cells

ECFCs restored the

(TEpCs) in vitro demonstrated a reliance on L-selectin. Treatment with EVs
expression of angiogenic and anti-apoptotic genes downregulated by hypoxia in TEnCs and

inhibited hypoxia-induced apoptosis in TEpCs. These protective effects of vesicles in vivo and in
vitro were attenuated following degradation of all RNA in vesicles by RNase, depletion of miRs

in vesicles by Dicer knock-down in ECFCs, and depletion of miR-126 and miR-296 within

vesicles via transfection of ECFCs with miR-antagomirs.?’® These data suggested ECFC-derived
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EVs achieve their reno-protective effect by transferring intravesicular miRs, specifically miR-
126 and miR-296, to reprogram hypoxic renal cells.

The vesicles analyzed in this report were a population consisting of both microparticles
and exosomes, while follow-up studies used differential ultracentrifugation on these vesicle
samples to produce a microparticle-enriched and an exosome-enriched sample and compared the
efficacy of these two vesicle populations.?s® With a significant caveat being that the size-overlap
of microparticles and exosomes makes the ‘pure’ separation of these two vesicle populations
difficult to achieve via differential UC, this study suggested that the protective effects were
conferred by transplantation of exosome-enriched but not by microparticle-enriched vesicle
samples. Exosome-enriched samples contained miR-486-5p at levels 289-fold higher than
microparticle-enriched samples and were found to horizontally transfer this miR to HUVECs in
vitro. Within endothelial cells, miR-486-5p targeted phosphatase and tensin homolog (PTEN),
which released its inhibition of signaling molecules in the Akt pathway thus enhancing Akt
phosphorylation and inhibiting apoptosis.?’! These studies within the kidney highlight a potential
role for the delivery of intravesicular miR-126, miR-296, and miR-486-5p in mediating ischemic
tissue repair.

Literature investigating the role of miR-296 and miR-486-5p within the ischemic retina
are limited. In premature infants diagnosed with ROP, plasma levels of miR-296-5p was
upregulated 4.2-fold but this was not statistically significant and the clinical relevance of miR-
296 to ROP development remains unclear.?®* However, miR-296 is a robust and early marker of
hypoxia within the retina. In OIR mice, levels of miR-296 were significantly elevated at 12 hours

after removal of mice from hyperoxia, during the onset of the ischemic drive.?!
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miR-296 has been classified as a pro-angiomiR capable of promoting angiogenesis
through a positive feedback loop reliant on miR-296’s translational suppression of its target
hepatocyte growth factor-regulated tyrosine kinase substrate (HGS) mRNA within endothelial
cells.?®? The HGS protein functions to regulate the levels of receptors for growth factors
including PDGFR-B,?%3 VEGFR-2,2%* and EGFR.?*>- 286 Following the ligand-stimulation,
ubiquitination, and internalization of these growth factor receptors, the ligand/receptor
complexes are sorted to the lysosome for degradation in a process mediated by HGS. The down-
regulation of HGS synthesis by miR-126 reduced degradation of growth factor receptors for
PDGFR-B and VEGFR-2 in HBMECs in vitro.?®? Stimulation of HBMECs with VEGF, EFG, or
conditioned media from U87 glioma cells (which have potent capacity for inducing
angiogenesis?®’) increased miR-296 expression, suggesting a positive feedback loop whereby
growth factor-stimulated release of miR-296 contributes to angiogenesis by increasing sensitivity
of endothelial cells to these growth factors. These results were corroborated in vitro as
downregulation of miR-126 in HBMEC:s attenuated their angiogenic capacity as characterized by
decreased tube formation and migration in wound scratch assays. In vivo, systemic injection of
miR-296 antagomirs inhibited angiogenesis of glioma xenographs in mice.?8?

2.5.3 Traumatic brain injury

Since the retina is an extension of the brain, findings from studies using various models
of brain and CNS injury can also inform research on the mechanisms of ECFC-derived EVs as a
therapeutic option for retinal disease. In mouse models of traumatic brain injury, delivery of
intact ECFCs intravenously® or intracerebroventricularly®! promoted angiogenesis and improved
the integrity of blood-brain barrier via the upregulation of ZO-1 and claudin 5 proteins to

strengthen tight junctions between endothelial cells. While ECFCs homed to the area of ischemic
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injury in the brain and attenuated degradation of tight junctions to improve integrity of the blood-
brain barrier, in vitro and in vivo evidence suggested that their mechanism of TBI repair may rely
on EVs shed from transplanted cells.?’® EVsECYCS incorporated into primary rat brain
microvascular endothelial cells (RBMECs) and improved their migration in scratch-wound
assays in vitro. EVECYCS treatment attenuated the hypoxia-induced degradation of tight junction
proteins ZO-1, occludin, and claudin 5 in RBMEC cultures, suggesting that vesicles can restore
the blood-brain barrier. Hypoxic RBMECs increased PTEN expression, which was significantly
reduced following treatment with EVSECFCs, This decreased PTEN expression resulted in
increased activation of the Akt survival pathway (ascertained via observing phosphorylation at
Thr308 and/or Serd73). In vivo, EVSECFS transplanted into TBI models colocalized within
murine endothelial cells and reduced brain edema as well as blood-brain barrier permeability
following injury. PTEN expression was increased in vivo following TBI. Treatment with
EVsECFSs reduced PTEN, which increased expression of phosphorylated Akt. Improvement of the
blood-brain barrier via upregulation of ZO-1 and occludin but not claudin 5 was observed

ECFCs

following treatment with EVs . Interestingly, the quick increase in MMP-9 that occurred

following TBI was significantly reduced by treatment with EVsECFCs

up to seven days following
injury.?’¢ Intact ECFC transplantation in mouse models of cerebral aneurisms similarly
attenuated elevated MMP-9 expression,'?* a mechanistic overlap between ECFC-based and
EVECFCs_based transplantation that suggests the therapeutic effects of ECFCs may be attributable
to EVs shed from host cells.

There is some evidence to suggest that hypoxia-induced elevation in MMP-9 expression

in retinal and choroidal vascular cells may be attenuated by miR-126 in EVSECFSs, In the RF/6A

cell line of retinal and choroidal vascular cells, hypoxia induced a time-dependent decrease in
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miR-126 expression while resulting in increased expression of VEGF and MMP-9 proteins. Pre-
treatment hypoxic RF/6A cells with miR-126-inhibitor exacerbated this increase in VEGF and
MMP-9 protein; alternatively, miR-126-mimic attenuated VEGF and MMP-9 protein levels
while significantly reducing the number of cells in S phase. These data suggested that hypoxia-
induced downregulation of miR-126 in retinal choroidal cells in vitro results in augmented
VEGF and MMP-9 protein expression as well as cell cycle suspension, which may be attenuated
by addition of miR-126.288 Perhaps sufficient delivery of miR-126 can be achieved by way of
EVsECFSs but additional research is necessary to validate this mechanism. While these data
suggest a favorable effect of miR-126 on choroidal vascular cells, conclusions should be taken
with some caution as RF/6A cells have recently been reported to lack key endothelial

phenotypes.288
254 Sepsis

Sepsis models differ substantially from models of ischemic retinal disease. However,
studies on models of sepsis shed light on additional mechanisms by which ECFC-derived EV's
may improve vascular dysfunction, leukocyte trafficking, and cytokine-mediated inflammation,
partially through their horizontal transfer of miR-126. In the cecal ligation and puncture model of

sepsis in mice, systemically injected EVsECFCs

prevented microvascular disfunction and
improved outcome measurements of sepsis, at least in part, through the horizontal transfer of
intravesicular miR-126 to target cells.?’’ In septic mice, EVECFCs-treatment improved organ
dysfunction in the liver, kidneys, and lungs and attenuated the sepsis-induced increase in plasma
levels of pro-inflammatory cytokines (IL-6, IFNy, and TNF-a) and anti-inflammatory cytokine

IL-10 as well as the chemokine MCP-1. Addition of lipopolysaccharide (LPS) to cultures of

HMEC:s in vitro increased their expression of VCAM-1 and high mobility group box-1
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(HMGBI, also known as HMG-1). HMGBI is a chemokine released from endotoxin-stimulated
macrophages that mediates the pathophysiology and lethality of sepsis and a candidate
therapeutic target for sepsis treatments.?-2°! LPS-induced increases VCAM-1 and HMGBI1
were attenuated by co-treatment of HMECs with EVsECFSs, EVs from ECFCs transfected with
inhibitors to miR-126-3p no longer suppressed levels of VCAM-1 in HUVECs while EVs from
ECFCs transfected with inhibitors to miR-126-5p failed to suppress levels of HMGBI1. EVECECs.
treatment suppressed sepsis-induced elevation of HMGBI in the lungs, where EVSECECs are
known to accumulate, and EVSECESs from cells depleted of both isoforms of miR-126 no longer
improved animal survival.?”’

HMGBI is a member of the high-mobility group chromosomal protein family, which is
divided into three superfamilies HMGB, HMGN, and HMGA.>*? Located on chromosome
13q12, HMGBI1 is a DNA-binding nuclear protein chiefly localized within the nucleus under
physiologic conditions but when cells are stimulated, injured, or dying it is translocated
extracellularly and becomes a danger-associated molecular pattern molecule inducing immune-
inflammatory and angiogenic responses. Numerous studies suggest a role for HMGBI in various
ischemic/inflammatory ocular diseases such as uveitis, age-related macular degeneration,
glaucoma, corneal disease, as well as diabetic retinopathy. In animal models of retinal ischemia
and inflammation, HMGBI is upregulated within retinal pigment epithelium, retinal endothelial
cells, ganglion cells, Miiller cells, astrocytes, and photoreceptors. The multiple mechanisms of
activation and different roles of HMGBI in a range of cell types is extensively reviewed
elsewhere,?” but evidence has demonstrated that elevated levels of HMGB1 drives diabetic
retinopathy by amplifying both inflammation and angiogenesis. HMGBI1 activates Toll-like

receptors (TLRs) and receptors for advanced glycation end products (RAGE) to increase
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production of proinflammatory mediators of the chronic inflammatory diabetic state. Interactions
between HMGBI, TLRs (particularly TLR2 and TLR4), and RAGE trigger ERK1/2 signaling to
activate NF-kB, which results in the upregulation of leukocyte adhesion molecules (including
ICAM-1) as well as the production of inflammatory cytokines and mediators of angiogenesis
from both endothelial and hematopoietic cells.?** This pathway for pathological inflammation
and angiogenesis is worsened by a positive feedback loop whereby NF-«B activation induces the
expression of HMGBI receptors, increasing sensitivity to this inflammatory and angiogenic
cascade.””

HMGBI is elevated in the vitreous humor of patients with proliferative diabetic
retinopathy, and protein levels are significantly higher in the vitreous of PDR patients with active
neovascularization in comparison to patients with inactive PDR.?° Within fibrovascular
epiretinal membranes harvested from PDR patients, in situ localization of HMGB1 and RAGE

297 In addition to its

expression was present in vascular endothelial cells and stromal cells.
inflammatory effects via targeting TL2/TLR4 and RAGE, HMGBI1 effects a variety of other
proinflammatory pathways that drive the pathogenesis of PDR. A significant upregulation of
adhesion molecule ICAM-1 resulted in vitro upon HMGB1 treatment to human retinal
microvascular endothelial cells and in vivo upon diabetes induction or intravitreal injection of
HMGBI in rats. In the vitreous of human patients with PDR, elevated HMGB1 levels were
correlated with other adhesion molecules including soluble vascular adhesion protein-1 as well
as markers of oxidative DNA damage.?”® HMGBI has also been demonstrated to promote

activation of signal transducer and activator transcription-3 (STAT-3) in the diabetic retina,

particularly in retinal Miiller cells. Upon phosphorylation, activated STAT-3 dimerizes and
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translocates into the nucleus to promote the transcription of STAT-3-responsive genes including
HIF-1a, ICAM-1, and VEGF that drive the progression of DR.?”

Numerous studies have demonstrated that inhibition of HMGBI1 signaling is a promising
approach for the treatment of diabetic retinal complications.?°*-3%2 In addition to protecting the
mouse retina from injury induced by ischemia-reperfusion, inhibition of HMGB1 has been

300, 303 In

shown to reduce retinal insulin resistance in human primary retinal endothelial cells.
human retinal microvascular endothelial cells subject to hyperglycemia in vitro, HMGB1
inhibition with siRNA improved cell viability and attenuated high-glucose-induced oxidative
stress and apoptosis. /n vivo, silencing HMGBI1 in diabetic rats improved retinal neural function
on ERG.*! Suppression of HMGBI via the delivery of miR-126 within EVsEFCs may provide
both vascular and neuronal protection in diabetic retinopathy. EVs isolated from human
umbilical cord blood-derived MSCs suppressed the elevated HMGB1 signaling pathway and
inflammation in high glucose-treated primary human retinal endothelial cells in vitro. EVs from
MSCs transfected to overexpress miR-126 provided superior suppression of the HMGBI1 axis
and markers of inflammation, suggesting that delivery of miR-126 via EVs presents a promising
strategy to attenuate hyperglycemia-induced injury to retinal endothelial cells.’** Future studies
on the effects of miR-126-5p within EVSECF®s on HMGB1 within animal models of ischemic
retinopathy are necessary to investigate this possibility.

2.5.5 Acute lung injury

EVsECFSs also conferred protection through a miR-126-dependent mechanism in a murine
LPS-induced acute lung injury model of acute respiratory distress syndrome, where disruption in
the alveolar-capillary barrier leads to accumulation of proteinaceous edema and inflammatory

cells in the alveolar space.?” EVECECS treatment protected from lung injury, reduced neutrophil
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infiltration, and abrogated the LPS-induced increase in pro-inflammatory molecules including
TNF-a, I[L-6, IL-1b, IFN vy, macrophage inflammatory protein (MIP)-1, MIP-2, monokine
induced by gamma interferon, and interferon gamma-induced protein-10 in bronchoalveolar
lavage fluid. /n vitro, human small airway epithelial cells (SAECs) transfected to overexpress
either miR-126-3p or -5p increased expression of caludinl and claudin 4 tight junction genes
while occludin expression only increased with miR-126-3p expression. Overexpression of either
miR-126 isoform in LPS-stimulated SAECs attenuated the increase in caludinl, claudin4, and
occludin gene expression, suggesting miR-126 may also confer protection of epithelial tight
junctions. While transfection with miR-126-3p decreased levels of its known target
phosphoinositol-3 kinase regulatory subunit 2 in SAECs, transfecting of miR-126-5p decreased
levels of its known target HMGB1 as well as VEGFA. Together these findings suggest that miR-
126 improve the function of both endothelial and epithelial cells in models of ALI, providing

evidence that EVs can target multiple cell types and enact multiple vasculotrophic mechanisms.

2.6 Neurovasculotrophic microRNA-126 in ECFC-derived EVs

As described above, an extensive body of work on the therapeutic mechanisms of ECFC-
derived EVs describes a pivotal role for the horizontal transfer of miR by EVsECFCs into target
cells, particularly miR-126.23277-27 The literature suggests that miR-126 is a master regulator of
angiogenesis enriched in ECFC-derived EVs and is transferred horizontally by EVsECFCS to target
cells to contribute to their therapeutic benefits in vivo. This section begins with an overview of
miR processing followed by the genetic background of miR-126 and its gene Egfl7. Briefly
discussed are pertinent signaling pathways to the role of miR-126 in embryologic
vasculogenesis, followed by a more in-depth review of signaling pathways effected by miR-126

in angiogenesis and postnatal vasculogenesis. The mechanistic and functional effects of EV-
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mediated horizontal transfer of miR-126 to active and senescent endothelium are reviewed,
followed by a discussion of the role miR-126 plays in vascular inflammation. Altogether, the
proangiogenic and neurotrophic properties of miR-126 suggest this microRNA may be a key

component of EVsECECs

in the treatment of ischemic/neurodegenerative retinopathies.

After processing, mature microRNAs are small noncoding RNAs between 20-24
nucleotides that regulate target genes post-transcriptionally. The biogenesis of miRs begins in the
nucleus with the transcription of a long primary transcript that is enzymatically processed by the
nuclear enzyme Drosha into a shorter precursor species, which is subsequently exported out of
the nuclear envelope via exportin-5, a Ran-GTP dependent nuclear export factor. The precursor
miRNA in the cytoplasm is processed by the enzyme Dicer into its mature miR species that
forms a complex with the RNA-induced silencing complex (RISC) and can then function to
inhibit the expression of transcripts via binding to the complementary sequence within the 3’-
UTR of target mRNA. Regulation of gene expression by miR takes place via one of two
mechanisms. If miR exactly match the sequence on target mRNA, then the mRNA is degraded
by Ago2-RISC; if the miR is similar but contains mismatches to target mRNA, then mRNA
translation is blocked by Ago1-RISC.3%

Human miR-126 is located at chromosome 9q34.3 within intron 9 of one of its target
genes EGFL7, which encodes EGF-like domain-containing protein 7. Since they are located
within a common transcript, miR-126 is expressed in parallel with EGFL7, which is expressed in
three isoforms each with separate promotors. Both isoforms of miR-126 are expressed in
zebrafish suggesting miR-126 is conserved in vertebrates; the murine Egfl7 gene encodes mmu-

miR-126 at intron 7 suggesting that miR-126 is conserved in mammals. The 30kDa protein Efgl7

is expressed and secreted during development and governs lumen formation during
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vasculogenesis. In adult mice, Egfl7 are increased in activated endothelial cells responding to
vascular injury.3% Egfl7 was highly expressed in ECFCs relative to other endothelial cell types
(HUVECSs and HMEC:s), and suppression of Egfl7 significantly increased proliferation,
migration, and tube formation of ECFCs. Silencing Egfl7 in ECFCs transplanted within Matrigel
into mouse models of hindlimb ischemia improved limb perfusion, suggesting that inhibition of
Egfl7 improved the vasculogenic potential of ECFCs in vivo.>*” Both miR-126 and EGFL7 may
collaborate in vascular homeostasis, but the functional relationship between these molecules
during angiogenesis is unclear.

MicroRNA-126 is an endothelial-specific miR that plays a major regulatory role in
physiological embryonic vasculogenesis, postnatal vasculogenesis, and angiogenesis. The roles
of miR-126 in embryologic vasculogenesis is comprehensively reviewed elsewhere,**® and so
this review will cover the aspects of these mechanisms in embryogenesis that are relevant to the
possible role of miR-126 in therapeutic strategies. The importance of miR-126 during normal
vascular development has been demonstrated in a variety of knockdown animal models. Deletion
of miR-126 in mice was embryonically lethal in a subset of animals, but surviving mice suffered
from the effects of vascular leakage characterized by severe systemic edema, multifocal
hemorrhages, and ruptured blood vessels. MicroRNA-126 knockdown of in zebrafish had no
effect on gross morphology and patterning of vessels, but resulted in compromised endothelial
tube formation and integrity with diffuse intracranial hemorrhaging.3%® Interestingly, absence of
miR-126 resulted in significantly reduced retinal vascularization in post-natal day 2 mice.’%
During embryogenesis, miR-126 is upregulated in embryonic CD31" cells and plays a critical
role in regulating angiogenic signaling and vascular integrity by suppressing inhibitors of VEGF

signaling. In embryologic stem cell-derived CD31" endothelial cells, miR-126 plays a
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Schema 2.2: miR-126 and miR-486-5p promote vascular growth by suppressing upstream signaling
molecules that inhibit angiogenic pathways. Green arrows represent positive regulation of the subsequent
cellular process while red arrows represent negative regulation. Inhibited translation of SPRED-1 by miR-
126 lifts the proteins suppression of RAS/RAF/MEK/ERK pathway to result in increased proliferation and
cell migration. Inhibition of p858, also known as PI3KR2, lifts its inhibition of pl10 resulting in the
promotion of the PI3K/Akt pathway. Some findings indicate that miR-126 regulates upstream signaling
molecules to upregulate HIFla expression. Inhibition of the translation of PTEN by miR486-5p increases
NO and HIFla signaling within the PI3K/Akt pathway to result in vascular relaxation and angiogenesis,
respectively.

proangiogenic role by inhibiting both Sprouty-related protein-1 (SPRED-1) and phosphoinositol-
3 kinase regulatory subunit 2 (PIK3R2), which are negative regulators of signaling molecules in
the PI3 kinase pathway (specifically PI3K) and of the MAP pathway (specifically RAF1),
respectively.3®

By targeting regulators of various signaling pathways as partially depicted in Schema
2.2, miR-126 promotes cell survival, proliferation, and motility while contributing to

angiogenesis and postnatal vasculogenesis; here, we outline these signaling cascades and their

modulation by miR-126. In response to extracellular signals such as VEGF, IGF-1, and FGF, the
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Akt pathway (i.e., the PI3K/Akt pathway) is a critical signal transduction cascade that promotes
cell survival and growth. Initiation of the Akt survival pathway begins with growth factor
activation of a cell surface receptor that facilitates the phosphorylation/activation of the PI3K
complex (comprised of three regulatory units p85a, p85p, and p85y and one catalytic subunit
p110), which acts as an upstream secondary messenger signaling molecule in the PI3K/Akt
pathway for cell survival. Activated PI3K phosphorylates plasma membrane lipids to form the
second messenger phosphatidylinositol (3,4,5)-trisphosphate (PIP3) from phosphatidylinositol
4,5-bisphosphate (PIP2). Through interaction with phosphoinositide docking sites, the
serine/threonine kinases PDK1 and then Akt (i.e., Protein Kinase B) are recruited to the plasma
membrane and fully activated. Activated Akt may phosphorylate a host of intracellular proteins
to result in cell survival, growth, proliferation, migration, and angiogenesis. Akt contributes to
angiogenesis by activating endothelial nitric oxide synthase that increases NO production to
stimulate vasodilation and vascular remodeling. In addition, activated Akt activates mTOR to
promote the transcription of HIF1-o. transcription factors HIF-1 and HIF-2.31°

Hypoxia-inducible factor-1, an oxygen-dependent transcriptional activator that regulates
cell adaptation to hypoxic stress, is also regulated by miR-126.1%3!! HIF-1 is a heterodimeric
protein comprised of a and B subunits (i.e. HIF-1a and HIF-1f), and HIF-1a and its target genes
have a demonstrated role in promoting neuroprotection within the hypoxic retina. HIF-1a is
scarcely detectable in normoxic adult retinal tissue as the protein is readily ubiquitinylated for
degradation. The proangiogenic molecular mechanisms of HIF-1a in hypoxic retina have been
comprehensively reviewed elsewhere;*!? briefly, hypoxic stress upregulates expression of HIF-
la, which is translocated into the nucleus as a HIF-10/f complex to stimulate downstream

expression of target genes including but not limited to erythropoietin, VEGF, heme-oxygenase-1,
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adrenomedullin, and glucose transporter-1 with neuroprotective effects on the CNS. In the
context of retinal ischemia (such as DR, ROP, macular degeneration, glaucoma, and high-
altitude retinopathy), however, elevated HIF-1a and VEGF levels are harmful to the retina.’!> A
deeper understanding of the dysregulation of HIF-1a and methods that modulate expression of
HIF-1a and its target genes warrant additional investigation as potential novel therapeutic
approaches.

Interestingly, modulating levels of HIF-1a via extracellular vesicle-mediated horizontal
transfer of miR-126 to senescent endothelium may be such a promising treatment strategy.
Relative to early passage HUVECsS, senescent HUVECSs (i.e. cells with over 96 population
doublings) exhibited decreased proliferation and migration in wound healing assays as well as

decreased tube formation in angiogenesis assays.?!!

Levels of HIF-1oo mRNA and protein were
decreased in senescent HUVECs in comparison to early passage HUVECs. Similarly, EVs from
senescent HUVECSs contained lower protein levels of HIF-1a than EVs shed from early passage
HUVECs. HIF-1a protein was rapidly degraded in senescent HUVECs and in early passage
HUVEC: inhibition of HIF-1o impaired migration and tube formation. Thus, the loss of
endothelial functions displayed by senescent endothelial cells were attributed to decrease of
intracellular HIF-1a, suggesting that the lack of this protein in senescent endothelium is a key
contributor to endothelial dysfunction in age-related vasculopathies. One possible conclusion
from these findings is that HIF-1a-containing EVs shed from younger endothelial cells may
function as an essential paracrine signaling method for maintaining vascular homeostasis and

normal endothelial function. In contrast, the absence of HIF-1a in EVs shed from senescent ECs

may result in the dysfunction of senescent endothelium.

93



Early passage HUVECs and their EVs contained appreciable levels of miR-126 while
levels were low within quiescent HUVECs and were undetectable within their EVs. While
inhibition of HIF-1a had no effect on levels of miR-126 within early passage HUVECs,
inhibition of miR-126-3p, miR-126-5p, or both isoforms decreased concentrations of HIF-1a in
early passage HUVECs and their EVs. These findings suggested that miR-126 is an upstream
regulator of HIF-1a and miR-126 expression results in increased HIF-1a expression. Altogether,
these data suggest that delivery of miR-126 to senescent endothelial cells may increase HIF-1a
in targeted cells, thereby improving senescent endothelial function.?!! Since ECFC-derived EVs
contain miR-126 and are taken up within HUVECs, perhaps one mechanism of the therapeutic
efficacy of ECFCs and EVsFCFCs i via vesicle-mediated transfer of miR-126 and its resultant
restoration of HIF-1a levels to support the function of senescent endothelium.

miR-126 also suppresses various inhibitory upstream signaling molecules to promote the
PI3K/Akt survival pathway. Regulation of the PI3K/Akt pathway is governed by a multitude of
mechanisms, but the negative regulatory mechanisms by PIK3R2, PTEN, and SPRED-1 are most
pertinent to our discussion as they are targets of miR-126 suppression (See Schema 2.2). It has
been well-documented that miR-126 targets and inhibits several of these genes to lift their
suppression of growth factor-mediated angiogenic signaling pathways. As one of the negative
regulatory subunits of PI3K, PIK3R2 (also known as p85) inhibits PI3K by stabilizing and
inhibiting the catalytic subunit p110 by domain-specific interactions.*'* Expression of miR-126
in mature endothelial cells promoted the vascular remodeling and stabilizing effects of Ang-1 by
potentiating the PI3K pathway via its direct inhibition of PIK3R2.>>While VEGF is required for
the formation of the initial vascular plexus, Ang-1 promotes maturation and stabilization in

growing blood vessels. VEGF may pathologically increase vascular permeability and leakage
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leading to tissue edema, but Ang-1 decreases vascular leakage by stabilizing existing vessels.
PTEN suppresses the PI3K/Akt pathway by acting as a phosphatase to dephosphorylate PIP3
back into PIP,.3!¢ Lastly, SPRED-1 inhibits RAF1 within the growth factor-activated
RAS/RAF/MEK/ERK pathway; vesicle-mediated delivery of miR-126 suppressed SPRED-1,
lifting its inhibition of this pathway to enhance endothelial cell function.’!”

MicroRNA-126 also suppresses vascular inflammation. Endothelial cells at rest normally
do not express adhesion molecules. During vascular inflammation, cytokines activate endothelial
cells to induce expression of adhesion molecules such as VCAM-1, a surface protein that
interacts with the a4f integrin ligand very-late antigen 4 (VLA-4; CD49d/CD29) that is
expressed on most leukocytes and activated neutrophils. MicroRNA-126 plays a role in
attenuating vascular inflammation within ECs by suppressing translation of VCAM-1 protein to
prevent leukocyte adherence to endothelial cells.’!8 As part of pathophysiology of diabetic
retinopathy, leukocyte adhesion to vascular endothelium leads to endothelial injury, breakdown
of the blood-retina barrier, and capillary nonperfusion. In STZ-induced diabetic mice,
hyperglycemia upregulated VCAM-1 expression on retinal vasculature.>!® In STZ-induced
diabetic Long Evans rats with early diabetic retinopathy, antibody blockade of VLA-4 reduced
vascular leakage and inflammatory cytokine production, suggesting that inhibition of the
VCAM-1/VLA-4 interaction between endothelial cells and leukocytes may represent a promising
clinical treatment strategy.*?* Furthermore in humans, elevated levels of soluble VCAM-1 are
found in the serum of patients with type 2 diabetes with microvascular complications®?! as well
as in the vitreous of patients with PDR.3?2 Suppression of VCAM-1 by miR-126 and the

subsequent decrease in leukocyte adherence to ECs could therefore have beneficial effects in
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attenuating the chronic inflammation driving the pathology of ischemic retinopathies such as
diabetic retinopathy.

The varied levels of miR-126 and their effects in different endothelial cell phenotypes is
responsible for the regulation and heterogeneity of VCAM-1 protein expression on the surface of
ECs during acute inflammation in vivo.?!® In multiple models of glomerulonephritis either via
induction with anti-glomerular basement membrane, intravenous exposure to TNF-a, or
induction of hemorrhaging shock, VCAM-1 mRNA expression was elevated in both arteriolar
and glomerular endothelial cells while the protein expression of VCAM-1 was high in the
arteriolar compartment cells but minimal in the glomerular compartment. These results implied
that the heterogenous responsiveness of endothelial cells to acute inflammation was dependent
on the microvascular phenotype and independent of the nature of the inflammatory stimulus. As
the sequence of miR-126 is similar but not exactly complementary to a region within the 3’-UTR
of VCAM-1,*? these results also corroborate that miR-126 regulates VCAM-1 at the level of
translation.’!8 Levels of miR-126, Egfl7, and Etsl (a transcription factor promoting the parallel
expression of Egfl7 and intronic miR-126) were all high in glomerular ECs but low in arteriolar
ECs. The higher VCAM-1 protein levels in glomerular ECs versus arteriolar EVs was
attributable to the functional activity of elevated glomerular miR-126 suppressing translation of
VCAM-1 mRNA in glomerular endothelial cells in vitro. Silencing miR-126 with antagomirs
following TNF-a induction of acute renal inflammation in vivo resulted in increased VCAM-1
protein expression in endothelial cells throughout all compartments of the kidneys. Differing
regulation of VCAM-1 protein expression by miR-126, thus, mediates the heterogeneity of the

VCAM-1 surface profile across the range of renal microvascular endothelial cell phenotypes.
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The role miR-126 plays in determining the microvascular heterogeneity of VCAM-1
protein expression, however, is not limited to renal ECs.*!® This study also examined the effects
of TNF-a and antagomir-126 in the induction of VCAM-1 protein in the heart, lungs, and liver.
Of these organs, only in the liver did VCAM-1 protein induction occur, indicating that the
control of VCAM-1 protein expression by miR-126 in microvascular cells varies between the
organ of origin. The role of miR-126 on vascular inflammation and VCAM-1 expression in ECs
within the retina remain unexplored. Future studies aimed at elucidating the mechanism whereby

ECECs rescue models of ischemic retinopathy may wish to investigate

miR-126-containing EVs
whether this intravesicular component may play a role in suppressing pathophysiologic vascular

inflammation.

2.7 EC- and ECFC-derived EVs cross-talk with progenitor cells

Studies offer proof-of-concept evidence that EVs shed from endothelial cells may harbor
cargo that function not only in the homeostasis of nearby endothelium?%’ but also in the
protection of endothelium in response to hypoxia in the context of arterial injury, perhaps
through the recruitment of circulating progenitor cells.*® 324326 MicroRNA-126 was enriched in
EVs harvested from starvation-induced apoptotic HUVECs and played a role in mediating
vascular protection in a CXCL12-dependent manner.*?” MicroRNA-126 repressed the function
of regulator of G protein signaling 16 (RG16), a heterotrimeric guanosine triphosphate-binding
protein that inhibits the G protein-coupled receptor CXCR4. Since CXCR4 is the receptor for
CXC chemokine CXCL12 (also known as SDF-1), lifting RG16 suppression of CXCR4
increased production of CXCL12, which is a chemokine known to counteract apoptosis and
recruit circulating progenitor cells. In diet-induced atherosclerosis models in apolipoprotein-E

deficient (4poe”) or LDL receptor deficient (Ldlr”") mice, systemic downregulation of the
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Cxcl12/Cxcr4 axis results in the significant expansion of bone marrow neutrophils and their
recruitment to atherosclerotic lesions causing severe exacerbation of plaques.’?¢ By upregulating
CXCL-12 production, delivery of miR-126 by EVs from apoptotic HUVECs conferred
protection to atherosclerotic mouse models via the recruitment of murine Sca-1"/Lin” progenitor
cells to areas of tissue injury. Together, these data provide evidence that miRs, particularly miR-
126, delivered by endothelial cell-derived EVs may promote cross-talk and recruitment of
progenitor cell types to promote tissue repair and homeostasis.

EVsECFSs may facilitate intercellular communication between other progenitor cells
including MACs potentially via the transfer of miRs such as miR-126. The presence of miR-126
in ECFC-derived EVs makes it of importance to note studies that suggested miR-126 may
promote the angiogenic properties of MACs. MACs are recruited by inflammatory chemokines
to sites of vascular injury and promote angiogenesis via their secretion of angiogenic factors that
may in turn promote tissue repair by circulating and tissue-resident ECFCs (Schema 1.1). By
targeting PIK3R2 to lift its suppression of the PI3K/Akt pathway, miR-126 promoted the
proliferation, migration, and differentiation of MACs. These effects were corroborated by in vivo
findings demonstrating lower numbers of PB-derived MAC colonies correlated to lower
placental levels of miR-126 from the blood of patients with preeclampsia versus a control group
of healthy patients. Injection of miR mimics and antagomirs locally into the placenta of pregnant
rats demonstrated that miR-126 increased vascular sprouting, microvascular density, and the
weight of the placenta and fetus.>?* Together, these data suggest an essential role for miR-126 in
angiogenic properties of MACs in vitro and possibly in placental vasculogenesis in vivo. A
limitation of this study was an inability to exclude whether miR-126 effected other placental cell

types in vivo. However, the placenta is a known niche of pools of hematopoietic stem cells.328-330

98



In ex vivo cultures of MAC:s isolated from the peripheral blood of patients with type II
diabetes* as well as coronary artery disease,*?> miR-126 was downregulated relative to healthy
control patients. MACs derived from diabetic blood exhibited decreased colony formation,
migration, and proliferation with augmented apoptosis, but these functional deficits were
attenuated with lentivirally-induced overexpression of miR-126. The target of miR-126 in MACs
was SPRED-1 and miR treatment therefore upregulated the Ras pathway; treatment also resulted
in increased signaling in the Akt survival pathway.*® These data suggest that delivery of miR-126
to MACs, perhaps via ECFC-derived EVs, in diabetic patients may restore MAC cell function
and thus improve their therapeutic efficacy but this approach requires corroborative data from

retinal models of ischemia in vivo.

2.8 Conclusions and future directions

Extracellular vesicles shed from endothelial colony forming cells are strong candidates
for the treatment of ischemic and neurodegenerative retinal disease. Similarly to cell-based
therapies, delivery of diverse bioactive cargo by EVs can initiate multiple mechanisms within
multiple cell types simultaneously. EVs, however, contain no replication machinery and
transplantation carries little risk of tumorigenesis associated with transplantation of readily
dividing intact stem/progenitor cells. Without the possibility of in vivo replication, dosing of EVs
can be more precisely controlled. Their storage profile is EV-specific but is generally favorable
to long-term storage at -20°C with resistance to multiple freeze/thaw cycles. Research over the
last decade has led to an increased understanding of EV biogenesis, content, and biological
functions, and the therapeutic effects of EVs from ECFCs have been demonstrated across

multiple animal disease models. 4 190268, 270-278
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In these early days of EV research, there are currently no FDA approved EV-based

treatments, posing numerous avenues for growth in the development of EVsECECs

as a therapeutic
option. A range of EV isolation methodologies including differential ultracentrifugation, density
gradients, polymeric precipitation, immunoaffinity isolation, microfluidic devices, ultrafiltration,
and size exclusion chromatography have been developed for research applications, and selection
of the proper EV isolation technique is critical in research settings where downstream
applications may dictate a need to optimize particular characteristics like EV yield versus EV
specificity or other parameters. However, a major challenge preventing the translation of EV-
based therapeutics into clinics is the lack of a scalable manufacturing technique capable of

ECECs in numbers that meet therapeutic demands. Ultrafiltration

producing clinical grade EVs
followed by size exclusion chromatography may represent a scalable technique to isolate EVs
with preserved biophysical and functional characteristics,?** 24 but additional work must be done
to actualize this technique’s capacity to scale. Once scaled isolation techniques are validated,
considerable efforts to preserve EVs’ formulation in storage and cold chain strategies must be
achieved. EVSECFCs were able to maintain their surface characteristics, integrity, and biological
function even after years in storage at -20°C with multiple freeze/thaw cycles.!”* 1°* While this is
a testament to their capacity for prolonged storage, more rigorous evaluations of storage methods
and their effects on EVs®FCs must be conducted to minimize the impact of storage conditions on
vesicle integrity.

Intercellular communication through the exchange of extracellular vesicles is important
to normal retinal function and development, and the roles of EVs from various cell types is the
249-251

focus of ongoing research. In many vascular disease contexts such as diabetes,

cardiovascular disease,?? hypertension,?>* and atherosclerosis,?** increased levels of endothelial
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EVs in patient plasma may reflect the degree of vascular injury. In the plasma of patients with
type 2 diabetes, circulating endothelial-derived EVs are associated with increased oxidized LDLs
and may be involved in the pathophysiology of disease progression through their promotion of
coagulation, inflammation, endothelial dysfunction, and angiogenesis. Through an RNA-
mediated mechanism, EVs from endothelium undergoing starvation stress inhibited apoptosis of
nearby endothelium in vitro and benefited ischemic tissue by decreasing ROS production,
apoptosis, and increasing eNOS and NO production via the PI3K pathway in vivo. EVs from
endothelium undergoing apoptotic stress had the opposite effects and worsened ischemic
injury.2%

Transplants of EVs from ECFCs may be a promising therapeutic approach to treating
ischemic disease by overcoming this dysfunctional communication, but a greater understanding

ECFCs

of heterogeneous population of EVs and the relationship between their cargo and functional

ECFCs

effects must be investigated. EVs horizontally transfer bioactive RNA cargo to activate an

ECFCs have

angiogenic program in target endothelial cells in vitro.?6” Multiple mechanisms of EVs
been described including the promotion of the Erk1/Erk2 survival pathway,?’? activation of the
PI3K/Akt survival pathway, upregulation of eNOS, and upregulation of antiapoptotic signaling
also via their horizontal RNA transfer.26” EVsECFCs display potent rescue effects in vivo in
ischemic animal models including ischemic retinopathy,'® acute kidney injury,®* 268271, 273,274
hindlimb ischemia,?”> and diabetic wound healing,?’? as well as other animal models reliant on
angiogenesis including traumatic brain injury,?’® re-endothelialization of vascular injury,?”°

ECFCs rescued vaso-obliteration in the

sepsis,?’” and osteogenesis.?’® Intravitreal injection of EV's
murine OIR model of ischemic retinopathy, and RNA sequencing found that 75% of

intravesicular miR reads targeted angiogenic functional categories including vascular
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ECFCs

development and cell migration.!*® Transplantation of EV's rescued animal models of AKI

through mechanisms reliant on intravesicular miR-126, miR-296, and miR-486-5p.26%273 In
animal models of TBI, EVsECFCs improve the blood-brain barrier by promoting the expression of
tight junction proteins and enzymes of ECM remodeling.?’® Treatment of mouse models of sepsis

ECFCs

and acute lung injury with EVs demonstrated a role in vascular inflammation through

mechanisms dependent on intravesicular miR-126.277-27

The literature suggests a role for intravesicular miR-126 in the therapeutic effects of
EVsECFCs 273,277,279 MicroRNA-126 is a well-documented master regulator of angiogenesis. In
embryologic stem cell-derived CD31" endothelial cells as well as mature endothelial cells, miR-
126 is pro-angiogenic through its inhibition of SPRED1 and PIK3R2, which are negative
regulators of signaling molecules PI3K in the PI3 kinase pathway and RAF1 in the MAP
pathway, respectively.’*® Early passage endothelial cells delivered extracellular vesicles enriched
with microRNA-126 and HIF-1a to senescent endothelial cells to restore their function.®!!
MicroRNA-126 also suppressed vascular inflammation by inhibiting translation of VCAM-1
protein to prevent leukocyte adherence to endothelial cells.?!® The different expression miR-126
expression in microvascular endothelial cells from different organs regulates the heterogeneity of
VCAM-1 protein expression. However, the role of miR-126 on VCAM-1 expression and
vascular inflammation in ECs within the retina remain unexplored. Inhibition of VCAM-1
protein expression by miR-126 may decrease leukocyte adherence to ECs in the retina to
alleviate the chronic inflammation that drives ischemic retinopathies such as diabetic
retinopathy, but experimental evidence of this proposal has not yet been provided.

In addition to mediating the homeostasis of nearby endothelium, EVs from ECFCs and

endothelial cells also protect endothelium in response to hypoxia by the recruitment of
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circulating progenitor cells.* 324326 For instance, miR-126 in EVs from starved HUVECs
suppressed RG16 to release its inhibition of CXCR4, which increased production the chemokine
CXCL12 to counteract apoptosis and recruit murine Sca-1"/Lin” progenitor cells to areas of tissue
injury in vivo.’*” MicroRNA-126 also promoted the angiogenic properties of MACs and restored
functional deficits in MACs isolated from diabetic blood by upregulating the Akt survival
pathway and suppressing SPRED-1 to upregulate the Ras pathway.*%32* These data suggest that

ECFCs

delivery of miR-126, perhaps within EVs , may recruit progenitor cells and restore

dysfunction caused by diabetes, but this mechanism has not yet been investigated within retinal
tissue.

Overall, the molecular mechanisms that intravesicular miRs within EVsFCFCs

play in
mediating retinal repair merit further investigation. Chapter 3 describes my dissertation research
characterizing the rescue effects of two subpopulations of EVSECFCs (one effective and one
ineffective population) in animal models of ischemic and neurodegenerative retinopathy.
Comparison of their intravesicular small RNA content identified miR-503-5p as a critical
mediator of the demonstrated neurovasculotrophic effects of the bioactive subpopulation of EVs.
Future efforts may be directed to exploit these findings, as well as those within the extensive

ECFCs

literature, to investigate the molecular mechanisms of miRs within EVs in retinal disease

ECFCs

systems. Furthermore, the intravesicular protein and lipid profile of EVs and their effects in

ECFCsand

repairing damaged retinal tissue remains unexplored. Lastly, the surface profile of EVs
its effect on homing and uptake into target cells within the retina would aid our understanding of

the in vivo mechanisms of this novel therapeutic agent. Ultimately, such studies would greatly

improve our ability to optimize EVECFCs-based therapy for retinal disease.
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Chapters 1 and 2 are currently being prepared for submission for publication of the
material. Marra, KV; Friedlander, M. The dissertation author was the primary investigator and

author of this material.
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Chapter 3

Bioactive extracellular vesicles from a
subset of endothelial progenitor cells rescue
retinal ischemia and neurodegeneration

3.1 Abstract

Disruption of the neurovascular unit (NVU) underlies the pathophysiology of various
CNS diseases.!?%- 331332 One strategy to repair NVU dysfunction uses stem/progenitor cells to
provide trophic support to the NVU’s functionally coupled and interdependent vasculature and
surrounding CNS parenchyma.?3* A subset of endothelial progenitor cells called endothelial
colony forming cells (ECFCs) with high expression of the CD44 hyaluronan receptor (CD44")
achieve this effect. Relative to ECFCs with low CD44 expression (CD44°), CD44" ECFCs
provided superior neurovasculotrophic support via a paracrine mechanism.?’ Here, we identified
that bioactive extracellular vesicles (EVs) from CD44" ECFCs (EVs") represent paracrine
mediators that recapitulate the effects of intact cell therapy in murine models of
ischemic/neurodegenerative retinopathy; vesicles from CD44"° ECFCs (EVs') were ineffective.
Small RNA sequencing comparing the microRNA (miR) cargo within EVs" and EVs" identified

candidate miRs that contribute to these effects. EVs" may repair NVU dysfunction through
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multiple mechanisms to stabilize hypoxic vasculature, promote vascular growth, and support

neural cells.

3.2 Introduction

The NVU consists of neurons, perivascular astrocytes, microglia, pericytes, extracellular
matrix, and vascular endothelial cells, together functioning to maintain the blood-brain/retinal
barrier and local CNS homeostasis. Disruption of the NVU is central to the pathophysiology of
various ischemic/neurodegenerative diseases of the CNS including ischemic stroke, Parkinson’s,
Alzheimer’s, multiple sclerosis, amyotrophic lateral sclerosis, and diabetic retinopathy.!20- 331,332
Ischemia promotes CNS remodeling, where neurovascular cross-talk between the neurons, glia,
and microvascular cells of the NVU attempts to produce a microenvironment that favors tissue
recovery. This remodeling is dependent on both neuronal outgrowth as well as capillary
sprouting. Since multicellular cross-talk between local vascular networks and the neurons they
supply in the NVU is critical to maintaining physiological function, one regenerative therapeutic
strategy to repair the dysfunctional NVU focuses using progenitor and/or stem cells to provide
support to the complex of vascular endothelial cells and surrounding CNS parenchyma that are
functionally coupled and interdependent.3?

Recent studies support the use of the endothelial progenitor cell known as ECFCs to
achieve this effect. ECFCs home to areas of ischemia and exhibit potent rescue effects in a
variety of animal models of ischemic/neurodegenerative CNS diseases including traumatic brain
injury and ischemic stroke.””- 90-92:123. 334 Ag g readily accessible and visualized extension of the
brain, the retina is an exceptional experimental system for modelling ischemic and
neurogenerative CNS diseases for the preclinical development of novel treatment agents.

Experiments in murine models of retinal ischemia/degeneration have provided proof-of-concept
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evidence that vasculotrophic support by ECFCs (and other stem/progenitor cells) protects retinal
neurons from undergoing apoptosis.?® > 71: 72. 100,335,336 Sevyeral lines of evidence have suggested
a predominantly paracrine therapeutic mechanism of ECFCs . For instance, while ECFCs have
potent rescue effects in models of ischemic/neurodegenerative CNS diseases in vivo, low levels
of engraftment have been observed within cerebral vasculature.””- 9092 123. 334 ECFCs
predominantly home to ischemic areas and assume perivascular positions within the retina,? 7!
72 and injection of ECFC-conditioned media (CM) in OIR mice recapitulated the rescue effects
observed when using intact cell therapy.?

EVs from ECFCs are a promising new addition to the armamentarium of paracrine
mediators of intracellular communication that confer therapeutic benefit via the horizontal
transfer of bioactive cargo. EVs are a critical means of cell-to-cell communication within the
NVU that act as bidirectional messengers both between the brain and periphery as well as within
the brain.’*” EVs from ECFCs activate an angiogenic program in target endothelial cells and
recruit and activate circulating and tissue-resident progenitor cells via their ability to horizontally
transfer RNA.2” The majority of intravesicular miR in EVs from ECFCs target angiogenic
functional categories including vascular development and cell migration.'*°

ECFCs are not a functionally homogeneous cell population. CD44" ECFCs rescue
animal models of retinal ischemia (oxygen-induced retinopathy, OIR) and neurodegeneration
(Pde6b19719 RD10 mice) via a paracrine mechanism; CD44'° ECFCs have little effect.?” The
current study exploited these findings to identify trophic miRs in EVsh shed from the bioactive
subset of CD44" ECFCs. First, we demonstrated that EVs recapitulated the
neurovasculotrophic rescue effects of intact cell transplantation in OIR and RD10 mice; EVs'®

had little effect. In OIR mice, EVsM homed to sites of ischemia and neovascularization and
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incorporated within vasculature and perivascular microglia/macrophages. The rescue effect of
EVsh was dependent on intravesicular miR as lentiviral miR knockdown attenuated the effects of
CD44h ECFCs and EVs" on OIR. Small RNA sequencing with RT-qPCR validation identified 7
candidate miRs upregulated in EVs" relative to EVs'. Of these, miR-23a-3p, miR-30a-5p, miR-
216a-3p, and miR-503-5p independently rescued OIR mice. Individual knockdown of miR-23a-
3p or miR-503-5p or combinatorial knockdown of all these miRs attenuated the effects of EVsh,
Overall, EVs" rely upon intravesicular neurovasculotrophic miRs and target the NVU in
ischemic/neurodegenerative diseases of the CNS to stabilize retinal vasculature to hypoxic

damage, stimulate functional vascular growth, and provide trophic support to neurons.

3.3 Methods

3.3.1 Animals

OIR was induced on C57BL/6J mice (The Jackson Laboratory, JAX) as previously
described.? Briefly, pups and their mothers were transferred from room air to an hyperoxic (75%
O,) chamber (Bio-Spherix) on postnatal day 7 (P7) for 5 days, during which the hyperoxic
environment leads to vaso-obliteration (VO) of central retinal blood vessels. Pups were returned
to room air and transferred to a surrogate mother on P12, and the resulting ischemia stimulates a
neovascular (NV) phase characterized by the formation of preretinal neovascular tufts, which
peak at P17. Pde6b™!9r10 (RD10) mice (B6.CXB1-Pde6b™!%/J) were purchased from JAX.
C57BL/6J pups were used for vascular developmental models.

3.3.2 Cell preparation and culture

Human umbilical cord blood (UCB) was obtained following full-term gestation from
healthy non-diabetic donors and was processed within 2 hours of delivery in all cultures. ECFCs
were derived from 4 UCB donors and cultured as previously described.? In brief, UCB (40-60
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mL) was diluted 1:2 in PBS with 20 pg/mL heparin (STEMCELL Technologies, 07980) and
mononuclear cells were isolated using Lymphoprep (STEMCELL Technologies, 07851). After 3
PBS washes, mononuclear cells were resuspended in EC-Cult Xeno Free Media (XFM,
STEMCELL Technologies, 0800) and seeded at a density of 50x10° cells/well onto 6-well plates
coated with ACF cell attachment substrate (STEMCELL Technologies, 07130). After daily
media changes for the first 7 days, medium was changed every other day. Passage 7 ECFCs were
used for experiments. Human umbilical vein endothelial cells (HUVECs, Lonza, C2519A) were
cultured using M200 medium (ThermoFisher, M200500) and passage 2 cells and their EVs were
used in experiments in OIR mice.

3.3.3 ECFC immunophenotyping and sorting

The immunophenotype of ECFCs was determined by flow cytometry on 3 biological
replicates of ECFCs using fluorescence-conjugated antibodies. ECFCs were sorted into CD44"/1°
populations as previously described.? Briefly, cells were detached (Animal Component-Free
Cell Dissociation Kit, STEMCELL Technologies, 05426) and PBS washed. ECFCs were
incubated for 20 minutes on ice with 20 pL. of APC-conjugated primary murine monoclonal
antibodies to human CD44 antibody (clone: G44-57, BD PharMingen, 559942) in 0.4 mL stain
buffer (PBS [Dulbecco’s, no Ca*", no Mg?*, ThermoFisher, 14190250], 5% FBS, with 0.5mM
EDTA), washed three times, and analyzed by FACSAria flow cytometer (BD) with FlowJo
(TreeStar) software. Duplicate and dead cells were excluded from the sort using forward and side
scatter to analyze their 2D profile. Fluorescence voltages were set using negative controls, and
the same strategy for setting parameters and gating were applied to all samples. The same

staining protocol was applied for all FACs analyses of ECFCs using antibodies and
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concentrations listed in Table S3.1, and the same gating strategy was used for all cell sorting

experiments.
3.34 EV isolation

EVs were isolated from ECFC CM as previously described with modifications.?*?
Serum-free XFM (10 mL/T75 flask) was conditioned for 48 hours by sorted passage 7 CD44"/
ECFCs seeded at a density of 1.2x10° cells/T75 flask (ThermoFisher, 07-202-000). Pooled CM
was removed of cell debris via centrifugation at 300 x g for 5 min (Beckman Coulter Alegra
6KR, ARIES™ Smart Balance Rotor) and supernatant was 0.22 pm vacuum-filtered (Corning,
430320). CM was loaded into an Amicon® Ultra-15 Centrifugal Filter Unit with an Ultracel-10
membrane (MWCO = 10 kDa; Merck Millipore, Billerica, MA, USA, UFC901024) for
ultrafiltration (UF) to concentrate CM tol mL via centrifugation at 4,000 x g (Beckman GS-6R,
GH-3.8 swing bucket rotor). The concentrated sample was then subject to size exclusion
chromatography (SEC) as previously described with some modifications.??> For the SEC
column, the tip of a 10 mL plastic syringe (Becton Dickinson, San Jose, CA, 309604) was
packed with nylon stocking (20 denier, H&M, USA) and loaded with 10 mL Sepharose CL-2B
(GE Healthcare; Uppsala, Sweden, 17014001) that was washed prior with elution buffer (PBS
with 0.32% trisodium citrate, pH 7.4, 0.22 um vacuum-filtered) three times. The column was run
dry before UF-concentrated CM was loaded. Once the CM entered the stationary phase, 20 mL
elution buffer was slowly added, and eluate was collected in approximately 40 sequential elution
fractions (EF) of 0.5 mL each. Soluble protein of each EF was measured using a Pierce BCA
protein assay (ThermoFisher, 23225) according to the manufacturer’s instructions. Protein
began eluting between fraction 8 and 12. All EFs prior to protein detection were pooled and

concentrated to 250-500 pL using an Amicon® Ultra-4 Centrifugal Filter Unit with an
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Ultracel-10 membrane (MWCO = 10 kDa; Merck Millipore UFC801024) by centrifugation at
4,000 x g to produce an EV-rich, soluble protein-poor sample (UF-SEC-UF sample). This
sample was measured with nanoparticle tracking analysis (NTA) and aliquoted for
experiments either fresh or after storage at -80°C. EVs harvested using differential
ultracentrifugation (UC) were isolated as previously described using a Beckman L-80 XP
ultracentrifuge.?* EV yield was calculated by multiplying the particle concentration on NTA
by the final sample volume, divided by the number of T75 flasks from which CM was pooled.
Experiments were performed with EVs from at least 4 biologically independent ECFC colonies
derived from distinct UCB donors in OIR mice, and from 2 distinct UCB donors in RD10 mice.
EVs from HUVECs were obtained from 2 independent UF-SEC-UF isolation protocols from a
single population of expanded cells.

3.3.5 ECFC transfection

CD44 expression was knocked-down (KD) in ECFCs using green fluorescent protein
(GFP) lentiviral-shRNA clones (CMV-Neo, clones TRCN0000308110 and TRCN0000296190,
GenTarget Inc.) to CD44 (ECFCs-shCD44). DICER1 KD ECFCs (ECFCs-shDICER1) were
generated using lentiviral-shRNA clones. Cell transfections were performed in accordance with
the manufacturer’s protocol with antibiotic selection with puromycin (sc-108071, Santa Cruz,
lug/mL media for ECFCs-shCD44 and Spg/mL media for ECFCs-shDICER1). Two separate
lines of ECFCs-scrRNA were transfected with scramble RNA to serve as negative control cells
in ECFCs-shCD44 experiments (GenTarget Inc.) or ECFCs-shDICER1 experiments (Santa Cruz,
sc-108080). Knockdown of miR-7-5p, miR-23a-3p, miR-216a-3p, and miR-503-5p in ECFCs
was achieved using miRCURY LNA miRNA Power Inhibitors with FAM labeling and the

corresponding scramble miR (scrmiR) Negative Control A (Y104100814-DDB, Y104103406-
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DDC, Y104104404-DDB, Y104100899-DDB, and YI00199006-DDB, respectively, Qiagen, 1
uM). Transfection efficiency was measured as the average percentage DAPI+/GFP+ cells in 5
sample confocal images of ECFCs-shCD44 or ECFCs-scrRNA fixed in 4% paraformaldehyde

for 20 min. Knockdown efficiencies were measured on RT-qPCR.

3.3.6 EV characterization

Magnetic bead-assisted flow cytometry: Exo-Flow Capture Kits (Systems BioScience)
were used in accordance with the manufacturer’s protocol (Table S3.1) to confirm the presence
of vesicles in all EV samples. Briefly, magnetic 9.1 pm streptavidin-coated beads were washed
twice and incubated with 10 pL biotinylated CD9, CD63, CD81, or CD31 capture antibody for 2
hours at 4°C with gentle agitation every 30 min. Following 3 washes, beads were incubated with
EV samples in a rotating rack at 4°C overnight for exosome capture. Beads were then washed
twice before incubation with 10 puL of proprietary Exo-FITC antibodies for 2 hours on ice. After
3 additional washes, beads were suspended in wash buffer and analyzed by flow cytometry. A
DynaMag™-2 (ThermoFisher, 12321D) stand was used to magnetically precipitate beads during
wash steps. Nanoparticle tracking analysis: NTA was used on all EV samples to measure particle
concentration. EV samples were diluted in DPBS (Dulbecco’s no Ca?*/Mg?**, ThermoFisher,
14190) in a cuvette analyzed on the ViewSizer® 3000 (HORIBA Scientific, Irvine, CA). Upon
illumination with blue (450 nm at 210 mW), green (520 nm at 12 mW), and red (635 nm at 8
mW) lasers, 50 videos (30 sec each, exposure: 15 ms) of Brownian motion of nanoparticles were
recorded and analyzed by ViewSizer™ software to determine particle size distribution and
concentration. Transmission electron microscopy (TEM): Negative stains of EV samples were
imaged by a CM100FEI electron microscope at an 80kV accelerating voltage. First, a Formvar-

carbon-coated grid was loaded with 8 puL of sample for 2 minutes to allow for adsorption. Excess
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sample was removed from the grid using a clean filter paper. The coated side of grids were
placed face down in a droplet of phosphotungstic acid for 2 minutes then samples were imaged.
CM-dil staining: EVs" were incubated with CM-dil (ThermoFisher, C7001, 1uM) for 5 min at
37°C, for 20 min on ice, and then were washed twice with PBS spins at 100,000 x g immediately
prior to injection into OIR mice.

3.3.7 Intravitreal injections

Mice were injected intravitreally using a 33-gauge needle (Hamilton). All injections were
0.5 pL in volume. Intact CD44h or CD44!"° ECFCs and HUVEC controls were injected along
with PBS vehicle controls. Exosome biogenesis and release from CD44" ECFCs was
pharmacologically inhibited by 1 hr incubation with the neutral sphingomyelinase inhibitor
GW4869 (20uM) dissolved in DMSO (+GW4869) while control CD44" ECFCs were incubated
with an equal volume of DMSO (-GW4869). All cells were injected a concentration of 1x10°
cells/uL in PBS vehicle. Following measurement of EV concentration using NTA, 1x10° EV
particles/0.5 pL/eye were injected into OIR and RD10 mice. EVs from HUVECs served as an
EV control. PBS served as a vehicle control. To ensure media components were not responsible
for observed effects, non-conditioned media for ECFCs (XFM) and HUVECs (M200) was
subject to the same UF-SEC-UF EV-isolation protocol and injected into OIR mice. EVsh sample
was vesicle-depleted by 18 hours of ultracentrifugation at 120,000 x g and injected into OIR
mice. ECFC-derived EVs isolated in a total of 9 UF-SEC-UF preps from media conditioned by
each of 4 distinct biological UCB donors were tested in at least 3 litters of OIR mice. In RD10
mice, ECFC-derived EVs from 2 individual UCB donors promoted functional rescue of the
neural retina on electroretinography. MicroRNA mimics of miR-7-5p, miR-23a-3p, miR-216a-

3p, and miR-503-5p (ThermoFisher, mirVana mimics, MC11755, MC10644, M(C24316,
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MC10378, respectively) as well as scramble microRNA (ThermoFisher, mirVana mimic,

Negative Control #1, 4464085) were intravitreally injected into OIR mice.
3.3.8 Immunofluorescence

To prepare retinal flat-mounts, enucleated eyes were fixed in 4% paraformaldehyde for 1
hour at 4°C. The anterior capsule was removed to allow for dissection of the nuclei and cortex of
the lens. The retina was separated from choroid and sclera, cleaned of remaining vitreous with
fine brushes, and cut into four leaflets. Dissected retinas were incubated overnight in PBS with
Ca**Mg?*" with 10pg of fluorescently-labeled Isolectin Griffonia simplicifolia-1B4 (GS-1B4,
ThermoFisher, 121412). For retinal cryosections, eyes fixed for 4 hours were punctured at the
limbus with small forceps and incubated in 30% sucrose overnight prior to freezing in OCT
media-filled molds for sectioning. For antibody staining, retinas were rehydrated with PBS prior
to overnight incubation with gentle rocking at 4°C in block buffer (PBS with 10% fetal calf
serum, 10% serum matching the host species of the primary antibody, and 0.3% [v/v)] Triton X-
100 [Sigma, T8787]). Primary antibodies used in this study are listed in Table S3.1. Following 5
washes in PBS for 10 min each, retinas were incubated with corresponding fluorescently labeled
Alexa secondary antibodies (ThermoFisher) in block buffer with 0.1% (v/v) Triton X-100
overnight in 4°C with gentle rocking. Nuclei were stained with Hoechst 33342 (ThermoFisher,
62249) or DAPI (ThermoFisher, 62248). In each staining protocol, retinas were washed 4 times
in PBS for 10 min before mounting with SlowFade™ Gold Antifade Mountant medium
(ThermoFisher, S36937). TUNEL staining was performed using an In-Situ Cell Death Detection

Kit (Roche Diagnostics, 11684795910) according to the manufacturer’s instructions.
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3.3.9 Confocal microscopy and quantification

Retinas were imaged using a Zeiss 710 confocal laser-scanning microscope with ZEN
2010 software (Zeiss). Quantification of the percentage retina covered by NV and VO in OIR
mice was quantified with our published deep learning algorithm.**® In cases where quantification
using this algorithm disagreed with expert’s inspection of the images, reported measurements
were quantified using manual quantification methods as previously described.!3? Briefly, the
lasso tool in Photoshop CS6 (Adobe) was used to outline and record total retinal area and the VO
was measured by tracing the central avascular retina; the magnetic lasso tool was used to
highlight NV. VO was quantified manually for experiments injecting OIR mice on P7 for
quantification on P10, P12, and P14. Vascular coverage in developmental models was quantified
as the traced area of vascular coverage divided by the total retinal area traced using the lasso tool
in Photoshop. For quantification of retinal thicknesses in OIR eyes, the inner nuclear layer (INL),
inner plexiform layer (IPL), and outer nuclear layer (ONL) were measured in stitched 20x
magnification images of retinal cross-sections and the averaged thickness at preselected
distances from the optic nerve were reported. For quantification of vascular plexi in RD10 mice,
8 z-stack images (4 central and 4 peripheral) at 20x magnification (326 x 326 um fields of view)
were taken of each retina of P21, P25, P32, P40, and P60 mice. The images in focus on the deep
and intermediate vascular plexi were selected for quantification at each location from the z-stack.
For each eye, the total vessel area and length quantified using AngioTool Software** (US
National Institutes of Health [NIH], Bethesda, MD) were reported as the averages from these 8
images per retina. The number of branch points was manually quantified in ImageJ (NIH). To
quantify retinal thickness and density of TUNEL-positive cells in the ONL, a series of 20x

magnification images of retinal cross-sections were acquired. To measure the density of
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apoptotic cells, the number of apoptotic TUNEL+/DAPI+ cells was divided by the ONL area as
calculated in ImageJ as previously described.?” ONL thickness was measured at selected
distances from the optic nerve using ImageJ as previously described.?*® Per eye, quantification of
the percentage retinal area covered by cone photoreceptors was performed on 4 representative
20x images measured 500 um from the optic nerve of red/green opsin-stained retinal flat-
mounts. The percentage area of opsin positive pixels was obtained via threshold selection of
gray-scaled images in ImagelJ and results were normalized to those from normoxic retinas.

3.3.10 Ganzfeld electroretinography

Electroretinography (ERG) was performed as previously described.?’ Mice were dark-
adapted overnight. Anesthesia was administered via intraperitoneal injection of 20 mg/mL
ketamine and 2 mg/mL xylazine at a dose of 5 pL/g body weight. Following pupil dilation with
2.5% phenylephrine and 1% tropicamide, full-field ERGs using silver needle electrodes as
reference (forehead) and ground (tail) were measured from the corneal surface using active
contact lens electrodes (Mayo). Conditions were controlled via a Ganzfeld dome using Espion
E2 computer software (Diagnosys). Dark-adapted (scotopic) recordings were made of rod
responses to a series of white light flashes of increasing intensities (25 and 50 cdxs/m? reported).
Light-adapted (photopic) conditions were induced by a 30 cd/m? background luminescence for 5
min and measurements were made on cone responses to a single flash (intensity 25 cdxs/m?) as
well as to 1-Hz flicker stimuli. For all ERG measurements, responses were filtered at 0.3-500 Hz
and averaged signals were reported. To circumvent the observation that ERG measurements can
vary significantly between litters of untreated RD10 mice (data not shown) and the possible bias
imposed by eye dominance, treatment groups were randomized within each litter and both eyes

were injected with the same treatment per mouse. ERG experiments investigating the effect of
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EVs from sorted CD44"° ECFCs were conducted separately from ERG experiments injecting

EVs from ECFCs-shCD44 versus EVs from ECFCs-scrRNA.

3.3.11 Small RNA sequencing

Exosomal RNA extraction: RNA was extracted from EVs" and EVs' using the
Plasma/Serum Circulating and Exosomal RNA Purification Mini Kit (Norgen BioTek, # 51000)
as previously described.**! Samples were incubated for 10 min at 60°C with 100 uL warmed PS
Solution A and 900 pL warmed PS Solution B (containing 2-Mercaptoethanol). After adding 1.5
mL of 100% ethanol, samples were centrifuged for 30 sec at 100 x g. The pellet was resuspended
in 750 pL PS Solution C and incubated again for 10 min at 60°C. After adding 750 pL of 100%
ethanol, this solution was loaded onto the filter column and centrifuged for 1 min at 16,000 x g.
Following 3 wash spins for 1 min at 16,000 x g using 400 uL. Wash Solution, the column was
centrifuged again to dry the membrane. The column was loaded with 30 pL water and a slow
spin for 2 mins at 300 x g followed by a fast spin for 3 min at 16,000 x g eluted the RNA.
Library preparation and small RNA sequencing: Libraries for small RNA sequencing were
constructed using the NEBNext Small RNA Library Prep Set for Illumina as previously
described.**! Reactions were conducted at 1/5th the suggested volume and adaptors at 1/6th the
provided concentration with 18 PCR cycles. Libraries were prepared from 1.2 uL of RNA for
each sample. A Zymo DNA Clean & Concentrator Kit (Zymo Research, D4013) was used to
clean library product. Libraries were pooled based on PicoGreen measurements of concentration
and the proportion of desired PCR product and adaptor dimers were observed using a Fragment
Analyzer high sensitivity DNA array (Advanced Analytical). Pooled libraries were size selected
to remove adapter dimers using the Pippin Prep HT instrument with the lower limit of size

selection set to 125 and the upper limit set to 150. Size selected libraries were sequenced on a
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MiSeq instrument for initial analyses and quality control before samples were sequenced on an
[llumina HiSeq 4000 as 50 cycle single end reads. Analysis of small RNA sequencing data: All-
pass filtered miRs with >10 reads in any one sample in each group were included for analyses.
Qlucore Omics Explorer was used to for Principal Component Analysis, Hierarchical Clustering,
and data visualization. Differential expression analysis was also performed by the Qlucore
Omics Explorer using the “Two Group” comparison tool.

3.3.12 RT-qPCR

To measure ECFC transduction efficiency, total RNA was isolated from cells using the
RNeasy Micro Kit (Qiagen, 74004) and reverse transcribed using the High-Capacity RNA-to-
cDNA Kit (ThermoFisher, 4388950). The CFX96 Touch Real-Time PCR Detection System
(Bio-Rad) was used to perform RT-qPCR using Tagman Gene Expression Assays or Tagman
MicroRNA Assays for measurements of lentiviral transduction efficiency. Validation of small
RNA sequencing data was achieved using TagMan Advanced MicroRNA Assays targeting
differentially expressed miRs according to the manufacturer’s instructions. All materials used for
RT-qPCR are listed in Table S3.2. The housekeeping genes used for normalization of RT-qPCR
data was beta-actin for DICER1 KD cells, GAPDH for CD44 KD cells, and snU6 for all miR
KD cells.

Analyses were performed as previously described with modifications.?*? Normalization
of extracellular miR datasets has proved to be challenging. Standard approaches to normalization
like using spike-in synthetic oligonucleotides, housekeeping small RNAs, or bioinformatic
techniques often applied in cellular long RNA-seq datasets have not been successful. Studies of
miRs within cells and tissues even advocate for use of sample-set-specific normalizers,*** and the

challenge of normalization in exosomal RNA datasets is commonly accepted.*** For pairs of
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endogenous miRs, the expression of each miR can serve as an endogenous control for the others,
resulting in more reproducible features than the measured abundance of each individual miR.3#?
This paired normalization approach was first described in Prince et al. and results in the
formation of ratios of individual miR abundance.** For our RT-qPCR validation of sequencing
data, this technique was implemented to form ratios of each miR upregulated in EVs" to each
miR downregulated in EVs™ on small RNA sequencing to assess whether these expression trends

can be validated.

3.3.13 Statistics

PRISM (version 6, GraphPad Software) software was used for all statistical analysis. For
experiments containing two groups, an unpaired, two-tailed Student’s #-test was used. 1-way
ANOVA with ad hoc Tukey analysis was used for multiple comparisons. For nonparametric
data, a Kruskal-Wallis test with Dunn’s multiple comparison test was performed. Statistical

significance was determined with P<0.05.
3.3.14 Study approval

Experimental procedures using animals were approved by The Scripps Research Institute
Animal Care and Use Committee. Experiments were performed in accordance with the
NIH Guide for the Care and Use of Laboratory Animals (National Academies Press, 2011). In
accordance with the Declaration of Helsinki, adult donors of umbilical cord blood provided
informed consent prior to sample collection. Protocols were approved by The Institutional

Review Board at The Scripps Research Institute and Scripps Memorial Hospital, La Jolla.

119



34 Results

3.4.1 Culture, immunophenotype, sorting, and transfection of ECFCs

Cultured human umbilical cord blood derived ECFCs exhibited their characteristic
cobblestone morphology (Figure 3.1A). An ECFC immunophenotype was confirmed via flow
cytometric analysis demonstrating positive expression of CD13, CD31, CD105, VEGFR-2, and
HLA-ABC. ECFCs were negative in their expression of hematopoietic markers CD14 and CD45,
mesenchymal marker CD90, and HLA-DR as previously reported (Figure 3.1B).2° ECFCs were
sorted into CD44h and CD44'° populations (Figure 3.1C). ECFCs-shCD44 and control ECFCs-
scrRNA were transfected with an efficiency of 90.1% and 93.1%, respectively, as measured
using confocal microscopy (Figure S3.1). CD44 KD was also validated on flow cytometry
(Figure 3.1D). RT-qPCR analysis demonstrated a CD44 KD efficiency of 40.3% in ECFCs-
shCD44 relative to ECFCs-scrRNA. ECFCs-shDICER1 and another line of ECFCs-scrRNA
served as control cells for in vivo experiments. KD efficiency of ECFCs-shDICER1 was 63.8%
on RT-qPCR.

3.4.2 Isolation and characterization of EVs

An EV isolation protocol was implemented to optimize yield and purity of EVs harvested
from CM.?*? Serial ultrafiltration, size exclusion chromatography, then repeat ultrafiltration was
a robust and repeatable method for producing large quantities of soluble protein-poor EV-
enriched samples. Early SEC elution fractions contained undetectable levels of soluble protein in
a BCA protein assay (Figure 3.2A) and contained EVs expressing exosomal marker CD63
(Figure S3.2) on magnetic bead-assisted flow cytometry. These early protein-poor, EV-rich

elution fractions were concentrated by UF and samples obtained by UF-SEC-UF isolated
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Figure 3.1: ECFC characterization and CD44 sorting and knockdown. (A) Representative images of
confluent ECFC colonies taken at 5x (top) and 10x (bottom) magnification. Scale bar: 500 um (top); scale
bar: 200 um (bottom). (B) Immunophenotypic characterization of ECFCs. Representative flow cytometry
histograms of ECFCs demonstrated positive expression of CD13, CD31, CD105, and HLA-ABC and
negative expression of hematopoietic markers CD14 and CD45, mesenchymal stem cell marker CD90, as
well as HLA-DR (right-shifted, black-filled curves in comparison to grey-filled curves representlng the
appropriate isotype controls; n=3 replicates). (C) Representative gating strategy to sort CD44" and CD44"°
ECFCs using FACS. (D) Flow cytometric analysis of CD44 in ECFCs-shCD44 (black-filled curves) and
ECFCs-scrRNA (grey-filled curves) following lentiviral-mediated transfection of ECFCs with shCD44.

significantly higher yields of EVs than samples isolated by differential ultracentrifugation
(Figure 3.2B). On TEM, EVs isolated from CM via differential UC demonstrated the
characteristic vesicle size and morphology but contained appreciable amounts of macromolecule
and vesicle aggregates. Characteristic EV size/morphology was also observed in EV samples
isolated using UF-SEC-UF, but vesicle/macromolecule aggregates were not observed on TEM

(Figure 3.2C). NTA measured EVs within the appropriate size distribution (Figure S3.3A).

No differences were observed between the immunophenotypes of EVs" versus EVs'® on
magnetic bead-assisted flow cytometry as well as single particle flow cytometry. Using magnetic
bead-assisted flow cytometry, both EVsh and EVs'® expressed exosomal tetraspanins CD9,
CD63, and CD81 and endothelial marker CD31 (Figure 3.2D). On single particle FACs analysis,
a population of EVs" and EVs'® demonstrated positive expression of tetraspanin markers CD9
and CD63 with a smaller population of CD81 positive EVs but were negative in their expression

of tetraspanins CD82 and CD151 (data not shown). EVs expressed integrins as, os, 1, and 3 but
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did not express integrin o4 and adhesion molecule ICAM-1 on single particle FACs. (Figure

S$3.3B)
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Figure 3.2: EV isolation protocol, yield, morphology, and immunophenotype. (A) Schematic of UF-SEC-
UF protocol. (B) UF-SEC-UF obtained a significantly higher EV yield than differential UC. *P<0.05, two-
tailed Student’s #-test; n=4. Error bars represent SEM. (C) TEM of EV samples isolated via differential UC
(left) or UF-SEC-UF (right). Differential UC samples demonstrated aggregation of macromolecules (red
arrows) and EVs (green arrow). UF-SEC-UF produces EV samples devoid of contaminating aggregates.
Scale bars: 0.2 um. (D) Representative magnetic bead-assisted flow cytometry histograms of EVs and EVs ‘.
Both populations positively expressed tetraspanins CD9, CD63, and CDS81, as well as endothelial marker
CD31 (right-shifted, black filled curves compared to gray-filled curves of negative control samples; n=3
replicates).

343 EVs" rescued the OIR model of ischemic retinopathy

Intravitreal injections of CD44" ECFCs on P12 more effectively rescued the NV and VO
on P17 in OIR mice than CD44'"° ECFCs or PBS control, as previously reported.? Injections of
HUVEC control cells also failed to rescue OIR (Figures 3.3A-B). EVs" rescued NV and VO in
OIR mice while EVs'° or PBS vehicle did not. HUVEC EVs also did not recue OIR mice,
suggesting these rescue effects were endothelial progenitor cell-specific. To control for

components of cell culture media that may remain in EV samples isolated using the UF-SEC-UF
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isolation protocol, non-conditioned ECFC media (XFM UF-SEC-UF) and vesicle-depleted
HUVEC media (M200 UF-SEC-UF) were subjected to the same UF-SEC-UF isolation protocol
and injected into OIR but had no effect. EVs" sample depleted of vesicles by ultracentrifugation
at 120,000 x g for 18 hours failed to rescue OIR (Figures 3.3C-D), suggesting rescue effects
were attributable to vesicles within the EVs" sample. CD44" ECFCs treated with neutral
sphingomyelinase inhibitor GW4869, the most widely used pharmacological agent to block
exosome biogenesis and release, no longer rescued OIR mice (Figure 3.3E).346-348

The capacity to which CD44 expression on ECFCs correlates with therapeutic
neurovascular benefit was investigated using a line of ECFCs with knocked down CD44
expression via lentiviral transfection with shRNA. OIR mice were injected on P12 with intact
cells or EVs from ECFCs-shCD44 or ECFCs-scrRNA. ECFCs-shCD44 failed to reduce NV and
trended towards increased VO on P17 in comparison to treatment with ECFCs-scrRNA, which
rescued OIR mice (Figure 3.3F). EVs were isolated from media conditioned by both cell types.
ECFCs-shCD44 EVs failed to rescue NV in OIR when compared to eyes treated with ECFCs-
sctRNA EVs (Figure 3.3G).

EVs from 4 out of 4 cord blood donors successfully rescued OIR, suggesting that this
therapy may be efficiently derived from any healthy donor or banks of pooled UCB. While most
EVs were prepared fresh before injection, samples frozen at -80°C for as long as 1 year retained
therapeutic function in OIR, corroborating studies suggesting that the integrity and functionality
of ECFC-derived EVs are stable in long-term storage with multiple freeze thaw cycles.!?* 194 A
dose-response experiment injecting EVs" with serial 10-fold dilutions from an initial dose of

1.25x10° particles/0.5 puL/eye was performed to determine treatment potency. EVshi
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Figure 3.3: ECFCs with high CD44 expression and their shed EVs rescued OIR. (A-B) Rescue of OIR
mice by intravitreally injected cells (A) Representatlve images of GS-IB4 lectin-stained flat-mounted P17
retinas treated at P12 with CD44" (left) or CD44"° (right) ECFCs quantified for NV (in red) and VO (in
yellow). Insets in A depict the orrgllnal unquantified images. Scale bars: 1 mm. (B) Quantification of OIR
retinas showed treatment with CD44  ECFCssignificantly reduced NV (left) and VO (right). Mice were also
treated W1th CD44 *ECFCs and HUVEC controls *P<0.05, 1-way ANOVA with Tukey analysis; n=7 retinas
for CD44" " ECFCs, n=7 retinas for CD44" ECFC, n=5 retinas for HUVECs. (C-D) Rescue of OIR mice by
intravitreally 1nje}eited EVs. (C) 1l}epresentatlve images of GS-IB4 lectin-stained flat-mounted retinas treated
on P12 with EVs™ (left) or EVs  (right) quantified on P17 for NV (in red) and VO (in yellow). Inserts in C
depict the original unquantrﬁed images. Scale bars: 1 mm. (D) Quantification of OIR retinas demonstrated
treatment with EVs" s1gn1ﬁcantly rescued NV (left) and VO (right). Mice also received treatment with EVs®
and HUVEC EV controls. Additional controls included non-conditioned ECFC and HUVEC media subject
to the UF-SEC-UF protocol (XFM UF-SEC-UF and M200 UF-SEC-UF, respectively) as well as EVs
sample depleted of vesicles via overnight UC (EVs depleted) *P<0 05, **P<0.01, ***P<O 001,
**x%p<(0.0001, 1-way ANOVA with Tukey analysis; n=100 retinas for EVs" n=102 retinas for EVs n=10
retinas for HUVEC EVs, n=11 retinas for XFM UF-SEC-UF, n=5 retinas for M200 UF-SEC- UF, n=6 retinas
for EVs depleted (E) Pharmacologic exosome inhibition via treatment with GW4869 attenuated the effects
of CD44 ECFCs on OIR mice. GW4869 (20uM) dissolved in DMSO was added to the media of sorted
CD44 ECFCs (+GW4869, n=12 retinas) or an equivalent volume of DMSO was added to media sorted
CD44" ECFCs (-GW4869, n=12 retinas) for 1 hr prior to intravitreal injection of washed cells on P12.
*P<0.05, ****P<0.0001, two-tailed Student’s t-test. (F-G) CD44 knockdown ECFCs and their EVs have
reduced rescue effects in the OIR model. Quantification of NV and VO in OIR mice injected with (F) ECFCs-
sctRNA (n=10 retinas) versus ECFCs-shCD44 (n=11 retinas) and (G) EVs from ECFCs-scrRNA (n=10
retinas) versus EVs from ECFCs-shCD44 (n=11 retinas). *P<0 05, **P<0.01, two-tailed Student’s #-test. (H)
Dose-response curve for OIR mice injected P12 with EVs". Mice were treated with a starting dose of
1.25x10 " particles/0.5 pL/eye and serial 10-fold dilutions. *P<0.05, **P<0.01, Kruskal-Wallis test with
Dunn’s multiple comparison test; n=6-9 eyes per group. Error bars in all figures represent SEM.
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demonstrated a dose-dependent rescue effect on NV and VO, and these effects were significantly
reduced once samples were diluted 100-fold (Figure 3.3H).

The experiments described thus far were performed with P12 injections immediately
upon return from hyperoxia to room air, at the onset of the ischemic drive. To investigate the
impact of treatment timing on efficacy, EVs" were injected into OIR mice either immediately
before entering hyperoxia on P7 or two days after pups return to normoxia on P14. Injection with
EVsh on P7 rescued the OIR phenotype as compared to injections with EVs!® (Figure S3.4A).
EVsh failed to rescue the OIR phenotype when injected on P14 (Figure S3.4B). The successful
rescue of OIR following P7 injections informed our hypothesis that P7 injections of EVshi
promoted physiological angiogenesis in the context of vaso-obliteration. Injections were
performed at P7 and retinas were evaluated at time points within (P10 and P12) and near the end
(P14) of the vaso-obliterative phase of OIR. Decreased VO following EVsh suggested that EVs™
promoted vascular growth during the vaso-obliterative phase of OIR (Figure S3.5A).

Retinal vascularization is typically completed at birth in humans, but the retina of infants
born prematurely may be incompletely vascularized and, thus, carries increased risk of suffering
from retinopathy of pre-maturity (ROP).**° The murine OIR model is a well-established model
that mimics the hallmark features of human ROP — initial vaso-obliteration and subsequent
neovascularization — as well as other complications including vascular leakage.*° Following the
observation that EVsh rescue the OIR phenotype, we investigated the effects of EVsMi-treatment
on normal vascular development. These experiments may aid in our understanding of whether
EVshi can prevent pathological neovascularization while allowing normal vascularization in
premature infants at risk of ROP. Newborn mice are a useful developmental model of retinal

vasculature since the vascularization of the murine retina occurs postnatally. After birth,
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vasculature begins developing around the optic nerve head in mice and extends radially until
reaching the peripheral retina at P21.3*5 Wild-type pups were treated on P2 with EVshi, EVs'°,
PBS vehicle, or were untreated. Mice were sacrificed on P5 and the percent retinal coverage with
vasculature was quantified. No effect on retinal coverage with vasculature was observed
following treatment with EVs™ or EVs'®, suggesting EV treatment does not disturb normal retinal

vascular development (Figure S3.5B-C).

While OIR mice classically model retinal ischemic vasculopathy, neuroprotective effects
of EVs on the inner retina were also observed. Following P12 injections of EVs™, the thickness
of the INL and IPL on P30 was restored to 92% and 93% of INL and IPL thickness in normoxic
mice, respectively, and were significantly improved relative to EVs' (Figure S3.6A). In
agreement with published studies, the ONL thickness was not significantly affected in OIR
mice.?’ To assess treatment effects on retinal neural function, ERG was performed on P30 eyes
following P12 injection with EVsM versus PBS vehicle. Following injection of EVsh, the
scotopic B wave amplitude was unchanged, the photopic B wave was significantly improved,
and the flicker response trended towards improvement, but this was not statistically significant
(Figure S3.6B). These data demonstrated that EVs recapitulated the previously published
effects of CD44h ECFCs on improving the INL and IPL thickness as well as retinal function in
OIR mice.? The neuroprotective effects of EVsM were thoroughly evaluated in RD10 mice with
retinal neurodegeneration, exhibited by severe thinning of the neural retina, predominantly via

apoptosis in the ONL, as well as compromised retinal function on ERG.

127



3.4.4 EVs" homed to areas of retinal ischemia and
associated with perivascular microglia and macrophages in OIR mice

EVsh stained with lipophilic dye CM-Dil were intravitreally injected into OIR mice on
P12. Retinas were harvested at 2, 4, 6, and 12 hours after injection as well as on P13, P14, P15,
and P17. Immunohistochemistry of retinal flat-mounts harvested as early as 2 hours after
injection and as late as P17 showed that CM-dil labeled EVsh were observed within preretinal
neovascular tufts (Figure 3.4A) and superficial macrophages/microglia (Figure 3.4B). These
data were supported by immunohistochemistry of retinal cross-sections demonstrating the
colocalization of CM-dil labeled EVs™ with perivascular Ibal* macrophages/microglia in the

retinal ganglion cell layer, the INL, and the ONL (Figure 3.4C-E).

CM-dil

CM-dil CM-dil CM-dil

Figure 3.4: EVs' homed to areas of retinal ischemia and associated with perivascular
macrophages/microglia in OIR mice. CM-dil labeled EVs" (red) were intravitreally injected into OIR on
P12 and localized with immunohistochemistry. (A and B) Flat mounts of retinas harvested on P17 showed
colocalization of EVs™ with neovascularization in A and macrophages/microglia in ischemic regions in B.
(C-E) Cross sections of retinas harvested on P15 demonstrated accumulation of CM-dil labeled EVshi (red)
within perivascular Ibal+ microglia/macrophages (yellow) with Hochest3342 nuclear staining (blue) located
in the retinal ganglion cell layer in C, the inner nuclear layer in D, and the outer nuclear layer in E. Red
arrows indicate colocalization of EVsh and microglia. Scale bar: 20 pm.
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3.4.5 EVs" demonstrated neurovasculotrophic effects in RD10 mice
with inherited retinal degeneration

The neurovasculotrophic effects of EVs™ were rigorously evaluated in RD10 mice, a
model of inherited retinal degeneration that exhibits both vascular and neural defects. The RD10
model contains a missense mutation in the catalytic PDE6 B subunit typically responsible for
hydrolyzing cyclic GMP in photoreceptors’ response to light. As a result, photoreceptor cell
death begins concurrently with atrophy of the deep vascular plexus on P21. Between P20 and
P25, cells in the outer nuclear layer die primarily by apoptosis, resulting in an ONL that quickly
degenerates to 3 to 5 cell layers thick. By P45, the ONL is one cell layer thick.?3¢331-352 RD10
mice were treated on P14 and quantified outcome measurements in this model were the
degeneration of the deep and intermediate vascular plexus, apoptosis and layer thickness of the
ONL, neural function on ERG, and immunohistochemical analysis of photoreceptor cell density.

Z-stack images of retinal flat-mounts stained with GS-IB4 were used to investigate the
effects of EVs™ on the delay of vascular atrophy in RD10 mice. Vessels in the deep vascular
plexus demonstrated increased branching points, total area, and total length at multiple time
points (P21, P25, P32, P40, and P60) following P14 injection with EVs" in comparison to eyes
treated with EVs'°, PBS, or untreated controls (Figure 3.5A-B). Atrophy of the intermediate
plexus at these time points was also attenuated following treatment with EVs" (Figure 3.5C).

To evaluate neuroprotection, thickness and apoptosis in the ONL as well as neural
function on ERG were investigated following P14 treatment of RD10 mice. ONL thickness at
P21 (Figure S3.7A) and at P28 (Figure 3.6A) was more well preserved and apoptosis was
reduced in the ONL of retinas treated with EVsh. Function of the neural retina was measured by
full-field ERG, which assessed the integrity of photoreceptors as well as second- and third-order

neurons in both dark-adapted (scotopic, rod-driven) and light-adapted (photopic, cone-driven)
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Figure 3.5: EVs" provided vasculotrophic support to inherited retinal degeneration mice. (A)
Representative images of GS-IB4 lectin-stained ﬂat—mounted P25 and P60 retinas focused on the deep
vascular plexus of RD10 mice treated on P14 with EVs" or EVs° versus untreated mice. Scale bar: 100 pm.
(B-C) Treatment of RD10 mice with EVs' delayed vascular atrophy. Quantification of the branching points
(left), total vessel area (middle), and total vessel length (right) in the deep vascular plexus at P21, P25, P32,
P40, and P60 demonstrated EVs delayed atrophy of the deep vascular plexus in B and of the intermediate
plexus in C. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 1-way ANOVA with Tukey analysis; n=5-9
retinas in EV groups, n=8-14 retinas in untreated groups. Error bars represent SEM.

conditions. On ERG, injections of EVsh significantly improved both scotopic and photopic
signals at P42 compared to eyes injected with EVs!®, PBS, or untreated controls (Figure 3.6B).
In a second experiment, we assessed whether multiple treatments with EVsh! may further
augment retinal function on ERG. RD10 mice were injected once (at P14) or twice (at P14 and

P21) and ERG responses were measured at P28. Single injection rescued the scotopic B wave,
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photopic B wave, and flicker response of RD10 mice. Although repeated injection of EVsh
significantly improved scotopic B wave and photopic B wave relative to PBS controls, decreased
ERG recordings were measured in all groups injected twice when compared ERGs of mice
treated with single injection (Figure S3.7B-D). These data suggested that repeated injections
may have deleterious effects, which has also been observed in humans.?* 33 EVs from ECFCs-
shCD44 and ECFCs-scrRNA were injected into RD10 mice on P14 and ERG recordings were
measured on P28. Treatment with EVs from ECFCs-scrRNA significantly increased scotopic B
wave amplitude and trended towards improved photopic B wave amplitude and flicker response,
but the latter effect did not reach statistical significance (Figure S3.8). These findings further

supported a correlation between CD44 expression on ECFCs and the neuroprotective effects of

shed EVs.
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Figure 3.6: EVs" provided neurotrophic support to inherited retinal degeneration mice. (A)
Immunohistochemistry of retirlllial cross sections harvested on P28 from RD10 mice treated P14 demonstrated
a neuroprotective role of EVs . Quantification of the ONL thickness (left) and density of apoptosis in the
ONL Vla TUNEL staining (rlght) *P<0.05, ***P<0.01, 1-way ANOVA with Tukey analysis; n—13 retinas
for EVs , n=9 retinas for EVs ", n=10 retinas for PBS, n=8 retinas for untreated. B) EVs promoted
functional rescue of neural retina in RD10 mice. ERG measurements on P42 showed pronounced and lasting
improvement in both dark adapted (rod-driven scotopic B wave, lﬁft) and light-adapted (cone-driven flicker
response, right) retinal function following P14 treatment Wlth EVs . *P<0.05, **P<O 01, ***P<0.001, 1-way
ANOVA with Tukey analysis; n=12-14 retinas for EVs n=12-14 retinas for EVs n=12 retinas for PBS,
n=20-22 retinas for untreated. Error bars in all figures represent SEM.

Retinal cross-sections stained to assess for rod- and cone-specific markers qualitatively
suggested increased photoreceptor density in eyes treated with EVs". (Figure S3.9A-B).
Relative to untreated or EVs'°-treated RD10 retinas, flat-mounts of P28 retinas stained for

red/green opsin treated on P14 with EVsM exhibited significantly higher cone photoreceptor
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density, which measured 75.3% of that observed in normoxic BL6 mice retinas (Figure S3.9C-
D).

3.4.6 DICERI1 knockdown reduced rescue effects of EVs" in OIR mice
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Figure 3.7: DICER1 knockdown attenuated rescue effects of CD44" ECFCs and their EVs in OIR
mice. (A-B) Quantification of NV and VO in OIR mice injected with DICERl knockdown CD44™ ECFCs
and their EVs. Injection of CD44 'ECFCs transfected with shDICER 1 (CD44 'ECFCs- shDICER1) failed to
rescue NV and EVs from CD44" ECFCs (CD44 ' ECFCs-shDICER]1 EVs) failed to rescue both NV and VO
relative to mice treated with respective scrRNA transfected cell (CD44 ECFCs-scrRNA) or EV (CD44
ECFCs-scrRNA EVs) controls. Quantification of NV (left) and VO (right) in OIR mice treated with intact
cells are shown in A and quantification of EV treated mice are shown in B. *P<0.05, ****P<0 0001, two-
tailed Student’s #-test; n—lO retinas for CD44" ECFCs- scrRNA, n=9 retlnas for CD44" ECFCs- shDICERI1,
n=28 retinas for CD44" ECFCs-scrRNA EVs, n=18 retinas for CD44" ECFCs-DICER1 EV.

Small RNA sequencing of EVs from the general population of ECFCs has previously
demonstrated that 75% of all miR reads targeted functional categories including vascular
development and endothelial cell migration.!”® EVs from ECFCs were taken up by endothelial
cells in vitro and promoted an angiogenic program through the horizontal transfer of miR.?¢’
Based on these published findings, we hypothesized that the superior therapeutic effects of EVsM
relative to EVs®® may, at least in part, be attributable to neurovasculotrophic miRs within EVsh.
First, ECFCs-shDICER1 and ECFCs-scrRNA were sorted in CD44" populations and these cells
or their EVs were intravitreally injected in separate experiments into the eyes of OIR mice. In
comparison to eyes treated with CD44" ECFCs-scrRNA, eyes intravitreally injected with CD44"

ECFCs-shDICERI1 failed to rescue NV and VO in the OIR model (Figure 3.7A). Injection of
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CD44hi ECFCs-shDICER1 EVs more drastically failed to rescue these parameters in OIR mice

compared to eyes treated with CD44" ECFCs-scrRNA EVs (Figure 3.7B).

3.4.7 Small RNA sequencing identified candidate microRNAs with EVs™

To distinguish which candidate miRs may mediate rescue by EVsP, comparative small
RNA sequencing between EVs" and EVs'® was employed to identify differentially expressed
miRs in EVsP. ECFCs were sorted into CD44"/!° populations and EVs" (n=2) and EVs'® (n=3)

were isolated from CM and sent for small RNA sequencing. After filtering sequencing data to

require >10 reads in one sample for each group, EVs" and EVs!® on average contained similar

numbers of unique miRs (EVsh=243.5 miRs, EVs'°=235 miRs, P=0.19, two-tailed Student’s -

test). Principal component analysis (Figure S3.10A) and hierarchical clustering (Figure
S3.10B) revealed that EVs™ and EVs!® samples clustered more closely within each group than
between groups. A total of 41 miRs were upregulated and 43 miRs were downregulated in EVs"
compared to EVs'® when thresholding with p<0.05 and Bonferroni correction (Figure 3.10C). To
identify miRs possibly responsible for the therapeutic effects of EVs™, we elected to further
investigate differentially expressed microRNAs thresholding with q<0.05, which helps
circumvent the false positive rate inherent in thresholding large numbers of parameters with
p<0.05 and Bonferroni correction. A heat map of differentially expressed miRs with q<0.05 are
displayed in Figure 3.8A. A total of 9 miRs (miR-7-5p, miR-23a-3p, miR-30a-5p, miR-100-5p,
miR-181b-5p, miR-221-3p, miR-216a-3p, miR-381-3p, and miR-503-5p) were upregulated and
10 miRs were downregulated (miR-409-3p, miR-30d-5p, miR-191-5p, miR-26a-5p, miR-584-5p,
miR-26b-5p, miR-671-3p, miR-335-5p, miR-486-5p, miR-128-3p) in EVs" compared to EVs'®
(Table 3.1). All upregulated miRs validated well on RT-qPCR except miR-30a-5p and miR-381-

3p (Table S3.3).
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Table 3.1: Differentially expressed microRNA between EVs" and EVs' on small RNA

EVs- EVs©- Fold Bonferroni
MicroRNA MicroRNA Loci Normalized Normalized change ) value q value
mean counts mean counts (EVs"/EVs'") b value
MicroRNAs differentially expressed in EVs"
miR-503-5p chrX:134546371 258.83 78.02 3.32 3.22E-04 7.65E-04
miR-23a-3p chr19:013836595 6845.49 2775.63 247 1.22E-04 4.63E-04
miR-221-3p chrX:045746180 14958.35 7380.74 2.03 1.72E-04 5.45E-04
miR-100-5p chrl11:122152275 100201.01 52513.74 191 3.29E-05 3.12E-04
miR-30a-5p chr06:071403595 3234.32 1818.55 1.78 6.22E-04 1.18E-03
chr15:088611856
miR-7-5p chr19:4770700 3289.77 1860.59 1.77 9.51E-05 4.63E-04
chr09:83969812
miR-216a-3p chr02:055988981 522.53 308.84 1.69 2.20E-03 2.61E-03
chr01:198858925
miR-181b-5p chr09:124693725 2064.35 1349.09 1.53 2.55E-03 2.84E-03
miR-381-3p chr14:101045968 1234.65 826.82 1.49 8.57E-04 1.36E-03
MicroRNAs differentially expressed in EVs'"
miR-26b-5p chr02:218402657 5138.14 7125.52 0.72 6.81E-06 1.29E-04
miR-409-3p chr14:101065346 2114.88 3263.29 0.65 1.73E-03 2.19E-03
miR-191-5p chr03:049020672 5230.83 8207.58 0.64 3.26E-03 3.36E-03
. chr12:057824658
miR-26a-5p chr03:37969413 83953.92 142182.89 0.59 1.32E-03 1.94E-03
. chr08:041660484
miR-486-5p chr08:41660444 2488.25 4561.96 0.55 4.27E-04 9.02E-04
miR-30d-5p chr08:134804919 7837.81 14999.90 0.52 7.12E-04 1.23E-03
miR-584-5p chr05:149062373 820.50 1607.73 0.51 1.20E-04 4.63E-04
miR-128-3p chr03:035744527 3468.97 8575.92 0.40 3.36E-03 3.36E-03
miR-335-3p chr07:130496162 181.15 485.10 0.37 1.45E-03 1.97E-03
miR-671-3p chr07:151238488 62.38 214.41 0.29 2.30E-04 6.24E-04

MicroRNAs differentially upregulated within EVsh on small RNA sequencing were

functionally validated in the OIR model. OIR mice were treated with miR mimics to evaluate

whether miRs differentially upregulated in EVs™ innately offered vasculotrophic rescue.

Compared to eyes injected with negative control scramble miR, six miRs differentially

upregulated in EVs" (miR-7-5p, miR-23a-3p, miR-30a-5p, miR-216a-3p, miR-381-3p, miR-503-
5p) significantly reduced NV and 3 of those miRs (miR-30a-5p, miR-216a-3p, miR-503-5p) also
reduced VO (Figure 3.8B). Altogether, miR-7-5p, miR-23a-3p, miR-216a-3p, and miR-503-5p
were identified as “candidate miRs” since they were differentially expressed on small RNA
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sequencing, validated on RT-qPCR, and demonstrated functional rescue effects in OIR. To
evaluate the effect of combinatorial miR treatment in OIR, all candidate miR mimics as well as
the two most neurovasculotrophic miR mimics in OIR (miR-216a-3p, and miR-503-5p) were
injected into the model at various concentrations. Combinatorial injection of Injection of all
candidate miR mimics as well as combinatorial miR-216a-3p and miR-503-5p injections rescued

OIR mice in a dose-dependent manner (Figure 3.8C).

3.4.8 Knockdown of candidate miRs attenuated EVs" function in vivo

To obviate the contribution of these four ‘candidate miRs’ to the efficacy of EVs™, EVs
from CD44" ECFCs transfected with antisense oligonucleotides to reduce expression of these
miRs were injected into OIR mice along with another negative control line of EVs from ECFCs
transfected to KD expression of scrmiR. KD efficiency was 62.9% for miR-7-5p KD ECFCs,
9.0% for miR-23a-3p KD ECFCs, 25.3% for miR-216a-3p KD ECFCs, and 48.3% for miR-503-
5p KD ECFCs on RT-qPCR. Another cell line was generated with knocked down expression of
both miR-216a-3p and miR-503-5p at KD efficiencies of 11.7% and 19.1%, respectively. A final
cell line was generated with knocked down expression of all candidate miRs with a KD
efficiency of 33.7% for miR-7-5p, 35.9% for miR-23a-3p, 44.3% for miR-216a-3p, and 34.9%
for miR-503-5p.

EVs were isolated from sorted CD44" ECFCs with miR KD and injected into OIR mice.
Relative to mice treated with EVs from CD44" ECFCs transfected with scrmiR controls, OIR
mice treated with EVs from miR-7-5p KD CD44" ECFCs and miR-216a-3p KD CD44h ECFCs
demonstrated slightly reduced rescue effects that were not statistically significant. Mice treated
with EVs from miR-23a-3p KD CD44" ECFCs demonstrated significantly reduced rescue of VO

while EVs from miR-503-3p KD CD44h ECFCs no longer rescued both NV and VO. Relative to
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Figure 3.8: Differentially expressed miRs were neurovasculotrophic and contributed to the in vivo
rescue effects of EVs'i, (A) Heatmap of differentially expressed miRs on small RNA sequencing. (B)
Injection of particular miR mimics upregulated in EVs" in A rescued NV and/or VO compared to scrmiR.
n=12-16 retinas for miR mimics, n=72 retinas for scrmiR. n=12-16 retinas for miR mimics, n=72 retinas for
scrmiR. (C) Combinatorial injection of miR mimics rescued OIR mice dose-dependently. ‘Candidate miRs’
were defined to be miR-7-5p, miR-23a-3p, miR-216a-3p, and miR-503-5p because these miRs were
upregulated on small RNA sequencing in A, validated on RT-qPCR, and functional in rescuing OIR mice in
B. Combination injection of the two most effective miR mimics (miR-216a-3p and miR-503-5p) and,
separately, all ‘candidate miR’ mimics rescued OIR. n=9-14 retinas for miR-216a-3p and miR-503-5p, n=11-
16 retinas for all candidate miRs, n=24 retinas for scrmiR. (d) EVs from CD44" ECFCs with KD expression
of individual or combinatorial miRs no longer rescued OIR mice. Multiple cell lines of ECFCs were
generated with KD expression of both miR-216a-3p and miR-503-5p, all candidate miRs together, and each
candidate miR individually. EVs from CD44" ECFCs with KD expression of miR-23a-3p or miR-503-5p
individually, or KD expression of all candidate miRs failed to rescue OIR mice. n=11-20 retinas for
individual miR KD, n=7 retinas for miR-216a-3p and miR-503-5p KD, n=12 retinas for all candidate miR
KD, n=18 retinas for scrmiR KD EVs, n=20 retinas for PBS. *P<0.05, **P<0.01, ***P<0.001, ****P<(.001,
1-way ANOVA with Tukey analysis for all statistics and error bars represent SEM.
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EVs from scrmiR transfected CD44" ECFCs, EVs from CD44" ECFCs with KD of both
miR-216a-3p and miR-503-5p trended towards reduced rescue, but these effects were not
statistically significant. EVs from CD44" ECFCs with KD of all candidate miRs failed to rescue

both NV and VO (Figure 3.8D).
3.5 Discussion

An extension of the CNS, the neurosensory retina exhibits extreme metabolic demands
that are met by a highly organized vascular architecture consisting of three vascular plexi and the
choriocapillaris that are sandwiched between multiple layers of neurons interspersed with
various glial cell types. Endothelial and glial cells secrete factors that play critical roles in
regulating retinal homeostasis and maintaining a neurovascular stem cell niche characterized by
the potential for self-renewal and repair.>** Trophic neurovascular cross-talk between vascular
endothelial cells and other cells of the NVU lends merit to the concept of harnessing endothelial
cells and their progenitors to rescue surrounding neurons under stress due to hypoxia or
genetically encoded cell-specific mutations causing neurodegeneration. As true endothelial
progenitor cells, ECFCs function to both stabilize atrophying retinal vasculature under hypoxic
stress and protect retinal neurons from undergoing apoptosis and, thus, serve as a promising cell
source of therapy for ischemic/neurodegenerative CNS diseases.?”> *3° In models of ischemic and
neurodegenerative retinopathy, CD44" ECFCs are the functionally active cell subpopulation
with trophic effects on neurovasculature in OIR and RD10 mice; these effects are likely achieved

via a paracrine mechanism of action.?’

In this study, we hypothesized that extracellular vesicles shed by CD44" ECFCs, as
shuttles of neurovasculotrophic miRs, represent paracrine mediators responsible, at least in part,

for the therapeutic effects of this bioactive CD44" ECFC population. We present multiple lines
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of evidence in support of this hypothesis. First, we demonstrated that EVsh' are the bioactive
subset of EVs from ECFCs that provide potent neurovascular rescue effects in retinal models of
ischemia and neurodegeneration. EVs rescued vasculopathic and neurodegenerative diseases of
the CNS by attenuating pathological neovascularization, promoting physiologic vascular growth,
and rescuing neural cell loss in OIR and RD10 mice. When exosome shedding was
pharmacologically inhibited by GW4869, CD44" ECFCs no longer rescued the OIR model.
Second, our data corroborated previous reports demonstrating that EVs from ECFCs assume
perivascular positions and co-localize within macrophages and microglia.!”® We observed that
EVsM also accumulated within neovascular tufts in the OIR model. Third, we demonstrated that
neurovasculotrophic miRs differentially expressed within EVs" are required for their trophic
effects. When miR expression was knocked down in CD44" ECFCs via lentiviral transfection
with shDICERI, cells no longer rescued NV in OIR mice; EVs from CD44" ECFCs-shDICER1
failed to rescue both NV and VO. Small RNA sequencing and RT-qPCR validation identified
dysregulated miRs between EVsP to EVs'®. The bioactivity of upregulated miRs in EVs" was
tested by injecting miR mimics into OIR mice. Four ‘candidate’ intravesicular miRs (miR-7-5p,
miR-23a-3p, miR-216a-3p, and miR-503-5p) were upregulated in EVs" on small RNA
sequencing, validated on RT-qPCR, and neurovasculotrophic in the OIR model. When the
expression of miR-23a-3p or miR-503-5p was knocked down in CD44" ECFCs, EVs from these
cells failed to rescue the OIR phenotype. Similarly, EVs from ECFCs with combinatorial KD of
all candidate miR mimics failed to rescue OIR mice. Together, these data suggest that EVs™
represent a promising therapeutic agent for the treatment of ischemic and neurodegenerative

retinopathies through a mechanism partially dependent on intravesicular miR composition.
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ECFC-derived EVs have demonstrated potent therapeutic activity in a wide range of
angiogenesis-dependent animal disease models including diabetic wound healing,”? re-
endothelialization of vascular injury,?’® traumatic brain injury,?’® and osteogenesis.?’® In

addition, a mechanistic role for intravesicular miR has been demonstrated in ECFC EV-mediated

94, 268, 271, 273, 274 5

repair of ischemic animal models of acute kidney injury and hindlimb ischemia?’
as well as sepsis.?’’ In vitro, EVs from the general population of ECFCs facilitated their
proliferative and anti-apoptotic effects on human microvascular endothelial cells via miR-
dependent mechanisms that upregulated eNOS,?%” promoted the activation of both the
Erk1/Erk2%7? and the PI3K/Akt?%7 signaling pathways, and suppressed sepsis-induced expression
of high mobility group box 1 and vascular cell adhesion molecule 1.2”7 In the
ischemia/reperfusion model of acute kidney injury, the reno-protective effect of EVs from
ECFCs on the ischemic kidney is attenuated when EVs are depleted of miR-126, miR-296, or
miR-486-5p.?’!-273 Transplanted ECFC-derived exosomes horizontally transferred miR-486-5p
(which targets PTEN to lift its inhibition of secondary messengers within the Akt survival
pathway) into the proximal tubules, glomeruli, and endothelial cells through a homing
mechanism that requires the interaction of exosomal CXC4 with SDF-1a expressed by
endothelial cells.?’* Depletion of miR-126 from ECFC-derived EVs attenuated their rescue
effects in murine models of sepsis,?’” and global miR knockdown abrogated their rescue effects
in murine models of hindlimb ischemia.?’® In the only study to date investigating ECFC-derived
EVs in retinal ischemia, EVs from the general population of ECFCs were found to be highly
enriched in miRs that target functional categories including vascular development and

endothelial migration, and uptake of these EVs within human retinal microvascular cells in vitro

regulated their expression of angiogenesis-related genes and promoted wound healing. !
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In the current study, we add to this growing literature by demonstrating that EVshi are the
bioactive subset of vesicles that can rescue models of CNS ischemia and neurodegeneration
through a mechanism dependent on intravesicular miR-23a-3p, miR-503-5p, and a combination
of differentially expressed neurovasculotrophic miRs to confer the full extent of their therapeutic
effects. In various models of ischemic and/or traumatic brain injury, miR-23a-3p decreased
oxidative stress, neuron apoptosis, and neural inflammation to improve both vascular and
neuronal outcomes.*>* 33 The role of miR-503 as an anti-angiogenic agent is consistent in vitro
and in vivo across literature.>>® In a variety of cancer models, miR-503 inhibited tumor
angiogenesis by downregulating vascular growth factors, particularly VEGF-A.337-> In glioma
cells, miR-503 suppressed tumor angiogenesis by directly targeting and downregulating VEGF-
A as well as by targeting leucine-rich repeats and immunoglobulin-like domains protein 2
(LRIG2).%>7 LRIG2 positively regulates the endothelial growth factor receptor (EFGR)/VEGFA
pathway, and downregulating LRIG2 inhibited angiogenesis in glioma by decreasing expression
of VEGF-A and EGFR.%7-3% In colon cancer models, overexpression of miR-503-5p inhibited
tumorigenesis, lymphangiogenesis, and angiogenesis by directly targeting VEGF-A while
stimulating the AKT signaling pathways.**® In models hepatocellular carcinomas, miR-503
reduced tumor angiogenesis in vitro and in vivo by directly downregulating both VEGF-A and
fibroblast growth factor-p (FGF-2), another highly potent angiogenic factor. Interestingly,
hypoxia-induced expression of HIF1a decreased endogenous miR-503 expression in tumor cells
leading to increased expression of FGF-2 and VEGF-A, making miR-503 a promising
therapeutic target for regulating angiogenesis in response to hypoxia.>>* VEGF-A is

overexpressed in a variety of ischemic/neurodegenerative diseases of the CNS and modulation of
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this factor via therapeutic agents that restore miR-503-5p, such as transplantation of EVs" is a

promising treatment strategy.>®!

Since no FDA-approved EV-based therapeutics are currently clinically available,
practical considerations in the therapeutic development of EVs remain under consideration. An
EV isolation protocol capable of isolating ‘pure’ samples with a low soluble protein:EV ratio
must be scalable to meet clinical demands. Comparative reports have demonstrated that SEC-
based EV isolation protocols produce EV samples that are superior in purity, integrity, and
functionality relative to the majority of other methods.??!- 224227230 The UF-SEC-UF protocol
significantly improved the yield and bioactivity of EVs while effectively isolating pure EVs

225,242,243 and the final concentration of the

samples suitable for use in downstream applications,
EV sample can be controlled by the last UF step. Our observation that EVs" from any healthy
UCB donors rescued OIR mice supports the concept that EVsP-based therapy may be efficiently
derived from any healthy donor or banks of pooled UCB. EVs" also demonstrated a favorable
storage profile. While most EVs were prepared fresh before injection, samples frozen at -80°C
for as long as 1 year retained therapeutic function in OIR. EVshi-treatment prior to vaso-
obliteration and at the onset of the ischemic drive effectively rescued OIR mice while injection
of EVs" during neovascularization was ineffective. Ultimately, treatment timing must be
determined by human clinical trials. EVs" demonstrated a favorable safety profile; treatment

promoted physiologic vascular growth during the vaso-obliterative phase of OIR but did not

affect developing vasculature of newborn pups.

In conclusion, this study demonstrated that the bioactive subset of CD44" ECFCs shed
therapeutic EVs" loaded with miRs that, at least in part, mediate their neurovasculotrophic

effects in ischemia and neurodegeneration in brain tissue. Taken together, these results suggest
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that EVsh loaded with trophic miRs are a promising novel therapeutic agent for the treatment of

ischemic and neurodegenerative diseases of the CNS.
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3.6

Supplementary materials

Table S3.1: Reagents for flow cytometry and immunohistochemical staining.

Reagent Company Host species Catalog No. Dilution Factor
Flow cytometry on ECFCs
CD44 conjugated to APC BD PharMingen Mouse 559942 5 uL /test (1 x 10*6 cells in 100 pL buffer)
CD13 conjugated to APC BioLegend Mouse 301705 5 puL /test (1 x 10*6 cells in 100 pL buffer)
CD14 conjugated to FITC BD PharMingen Mouse 557153 5 uL /test (1 x 10*6 cells in 100 pL buffer)
CD31 conjugated to FITC BD PharMingen Mouse 560984 5 puL /test (1 x 10*6 cells in 100 pL buffer)
CD45 conjugated to FITC BD PharMingen Mouse 560976 5 puL /test (1 x 10*6 cells in 100 pL buffer)
CD90 conjugated to PE BD PharMingen Mouse 561970 5 puL /test (1 x 10*6 cells in 100 pL buffer)
CD105 conjugated to APC BD PharMingen Mouse 562408 5 puL /test (1 x 10*6 cells in 100 pL buffer)
VEGEFR-2 conjugated to PE R & D Systems Mouse FAB357P 5 uL /test (1 x 10*6 cells in 100 pL buffer)
HLA-A,B,C conjugated to PE BioLegend Mouse 311405 5 uL /test (1 x 10*6 cells in 100 pL buffer)
HLA-DR conjugated to APC BioLegend Mouse 307609 5 uL /test (1 x 10*6 cells in 100 pL buffer)
Flow cytometry on EVs
. 10 pL capture antibody / 100 pL beads /

CD9-Exo-Flow Capture Kit SBI EXOFLOW100A-1 10 pL detection antibody / test

. 10 pL capture antibody / 100 puL beads /
CD31-Exo-Flow Capture Kit SBI EXOFLOW200A-1 10 pL detection antibody / test

. SBI 10 pL capture antibody / 100 pL beads /
CD63-Exo-Flow Capture Kit EXOFLOW300A-1 10 pL detection antibody / test

. SBI 10 pL capture antibody / 100 pL beads /
CD81-Exo-Flow Capture Kit EXOFLOW400A-1 10 uL detection antibody / test

Immunohistochemistry

PECAM-1 BD PharMingen Rat 553370 1:200
MAP2 Sigma Mouse M4403 1:1000
Arrestin EMD Millipore Rabbit AB15282 1:200
Rhodopsin EMD Millipore Mouse MABNI15 1:1000
Opsin (Red/Green) EMD Millipore Rabbit AB5405 1:200
Isolectin GS IB-4 ThermoFisher N/A 121413 1:200
Ibal Wako Rabbit 019-19741 1:200
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Table S3.2: Reagents for RT-qPCR.

Product Line

Target

Company

Assay ID

Transduction efficiency measurements

TagMan Gene Expression Assay
TagMan Gene Expression Assay
TagMan Gene Expression Assay
TagMan MicroRNA Assay
TagqMan MicroRNA Assay
TagqMan MicroRNA Assay
TagMan MicroRNA Assay

CD44

DICERI
GAPDH
hsa-miR-7-5p
hsa-miR-216a-3p
hsa-miR-503-5p
U6 snRNA

ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher

ThermoFisher

Hs00229023 ml
Hs01075862_ml
Hs02758991 gls
005723_mat
475580 mat
001048
001973

RT-gPCR validation of small RNA sequencing results

TagMan Advanced miRNA Assay
TagMan Advanced miRNA Assay
Tagman Advanced miRNA Assay
Tagman Advanced miRNA Assay
TagMan Advanced miRNA Assay
Tagman Advanced miRNA Assay
TagMan Advanced miRNA Assay
Tagman Advanced miRNA Assay
TagMan Advanced miRNA Assay
Tagman Advanced miRNA Assay
TagMan Advanced miRNA Assay
TagMan Advanced miRNA Assay
Tagman Advanced miRNA Assay
TagMan Advanced miRNA Assay
Tagman Advanced miRNA Assay
Tagman Advanced miRNA Assay
TaqMan Advanced miRNA Assay
Tagman Advanced miRNA Assay
Tagman Advanced miRNA Assay

hsa-miR-7-5p
hsa-miR-23a-3p
hsa-miR-26a-5p
has-miR-26b-5p
hsa-miR-30a-5p
hsa-miR-30d-5p
hsa-miR-100-5p
hsa-miR-128-3p
hsa-miR-181b-5p
hsa-miR-191-5p
hsa-miR-216a-3p
hsa-miR-221-3p
hsa-miR-335-3p
has-miR-381-3p
hsa-miR-409-3p
hsa-miR-486-5p
hsa-miR-503-5p
hsa-miR-584-5p
has-miR-671-3p

ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher

ThermoFisher

483061 mir
478532 mir
477995 mir
478418 mir
479448 mir
478606 _mir
478224 mir
477892 mir
478583 _mir
477952 mir
478770 mir
477981 mir
478033 _mir
477816 _mir
478084 mir
478128 mir
478143 mir
478167 mir
478194 mir
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Table S3.3: RT-qPCR validation of differentially expressed miRs on RNA sequencing.

miRs upregulated in EVski

miR-7-5p miR-30a-5p miR-503-5p miR-221-3p miR-23a2-3p miR-100-5p miR-381-3p miR-216a-3p miR-181b-5p

5 | miR-409-3p 0.80 -1.70 5.08 -0.86 1.92 5.40 -5.24 12.37 2.14
E miR-30d-5p 7.49 -0.75 11.87 5.92 842 12.19 2.10 18.87 8.93
2] miR-191-5p 6.38 -1.92 10.67 4.72 7.68 10.99 0.15 18.13 7.73
g miR-26a-5p 5.11 -3.13 9.67 3.66 6.66 9.82 -0.69 18.62 6.65
'L; miR-584-5p 1.34 -6.05 5.83 -0.12 3.01 6.15 -4.52 13.46 2.89
E‘: miR-26b-5p 447 -4.12 8.74 2.79 5.68 9.06 -1.72 16.13 5.80
E miR-671-3p 23.44 -6.81 22.82 10.32 1531 17.50 -15.19 37.88 13.89
E miR-335-3p 4.63 -4.21 9.34 3.08 10.10 9.00 -4.10 25.10 6.20
% miR-486-5p 3.50 -4.64 8.03 2.10 5.40 833 -0.90 15.85 5.08
miR-128-3p 8.83 1.03 13.17 7.23 10.29 13.49 2.73 20.73 10.33
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Figure S3.1: Transfection efficiency of CD44 knockdown in ECFCs. (A) Scheme of the lentiviral

construct for CD44 KD. (B) Representative confocal images used to calculate transfection efficiency of
ECFCs-shCD44 and ECFCs-scrRNA.
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Figure S3.2: Cytometric confirmation of exosomes in protein-poor early SEC EFs. CD63-conjugated
9.1 um diameter magnetic beads were incubated with SEC EFs 5 (orange), 10 (green), 15 (blue) and 19 (red)
or PBS as negative control (black). After addition of exosome-targeting FITC detection antibodies, beads
were analyzed by flow cytometry to provide bioluminescent confirmation that CD63+ exosomes began
eluting between protein-poor EFs 5 and 10 and continued eluting in subsequent protein-contaminated

fractions.
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Figure S3.3: Characterization of size distribution and immunophenotype of EVs' and EVs". (A)
Representative nanoparticle tracking analysis measurement of EV sample. (B) Single particle flow analysis
of EV immunophenotype. Both EVs" and EVs"® positively expressed integrins as, o, 3;, and 3, but negatively

expressed of integrin o, and adhesion molecule ICAM-1.
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Figure S3.4: Pretreatment of OIR mice with EVs' rescued the model while treatment during the
neovascular phase fails. (A-B) Quantification of NV (left) and VO (right) in mice treated with EVshi, EVle,
or PBS on P7 prior to incubation hyperoxia in A and at P14 two days into the neovascular phase of the OIR
model in B. *P<0.05, **P<0.01, 1-way ANOVA with Tukey analysis; P7 injections: n=>5 for EVs" n=6 for
EVle, n=9 for PBS; P14 injections: n=17 for EVshi n=12 for EVle, n=15 for PBS. Error bars represent SEM.
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Figure S3.5: EVs" promoted vascular growth during the vaso-obliterative phase of the OIR model and
had no effect in models of vascular development. (A) Quantification of VO in retinal flat-mounts of OIR
mice during the vaso-obliterative phase following P7 injection with EVshi, EVslu, PBS, or untreated controls.
**#Pp<0.01, ***P<0.001, ****P<0.0001, 1-way ANOVA with Tukey analysis; n=11-13 retinas for EVshi,
n=14-15 retinas for EVle, n=13-16 retinas for PBS, n=16-21 retinas for untreated. (B-C) EV treatment does
not affect vascular development. (B) Representative images of GS-IB4 lectin-stained retinal flat-mounts at
P5 following P2 injection of wild type pups with EVshi, EVle, PBS, or untreated controls. (C) Quantification
of the percentage retinal area covered by vasculature showed no differences between treatment groups. 1-
way ANOVA; n=8 retinas for EVs", n=9 retinas for EVs'", n=8 retinas for PBS, n=10 retinas for untreated

mice. Error bars represent SEM.
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Figure S3.6: EVs' were neuroprotective in the OIR model. (A) Quantification of retinal thickness of the
outer nuclear layer (ONL), inner nuclear layer (INL), and inner plexiform layer (IPL) at P30 following P12
treatment with EVs" versus EVs" as compared to normoxic (NOX) mice. Thicknesses were measured on
retinal cross-sections and EVs" restored neural layer thickness comparable to that of normoxic mice.
#+P<(.01, *#¥P<0.001, ***¥p<0.0001, 1-way ANOVA with Tukey analysis; n=7 retinas for EVs", n=6
retinas for EVSIO, and n=10 retinas for normoxic mice. (B) ERG recordings of neural retinal function
measured on P30 following P12 treatment of OIR mice with EVshi versus PBS vehicle. *P<0.05, two-tailed

Student’s ¢ test; n=8-10 retinas for EVshi, n=15-18 retinas for PBS. Error bars represent SEM.
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Figure S3.7: EVs" ECFCs provided early neurotrophic support to inherited retinal degeneration mice.
(A) Quantification of outer nuclear layer (ONL) thickness (left) and TUNEL staining (right) on
immunohistochemistry of cross-sections from RD10 retinas treated P14 with EVs" or EVs® and harvested
on P21. *P<0.05, **P<0.01, Two-tailed Student’s ¢ test; n=7 retinas for both groups. (B) Representative
waveforms of the mean ERG readings on P28 of RD10 mice treated on P14 with EVshi, EVle, PBS, or
untreated. (C-D) Repeated injections are deleterious to retinal function of RD10 mice. ERG recordings of
mice treated once (on P14, left of dotted line) versus twice (on P14 and P21, right of dotted line) demonstrated
that repeated injections decreased retinal function in dark-adapted (scotopic) responses in C and light-adapted
(photopic and flicker) responses in D across all groups. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, 1-
way ANOVA with Tukey analysis; for experiments treating mice once at P14: n=28 retinas for EVshi, n=24
retinas for EVle, n=23-24 retinas for PBS, n=25-26 retinas for untreated; for experiments treating mice twice
at P14 and at P21: n=20 retinas for EVshi, n=21-22 retinas for EVle, n=21 retinas for PBS, n=22 retinas for

untreated. Error bars represent SEM.
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Figure S3.8: EVs from ECFCs with CD44 knockdown did not preserve neural retinal function in
inherited retinal degeneration mice. EVs isolated from ECFCs transfected with shRNA to CD44 (ECFCs-
shCD44 EVs) and from control ECFCs transfected with scramble RNA (ECFCs-scrRNA EVs) were injected
into RD10 mice on P14 along with PBS and untreated controls for ERG measurements on P28. ECFCs-
shCD44 EVs failed to rescue rod-driven dark-adapted responses (scotopic B wave), which were significantly
improved by treatment with ECFCs-scrRNA EVs. *P<(.05, **P<0.01, 1-way ANOVA with Tukey analysis;
n=18 retinas for ECFCs-scrRNA EVs, n=20 retinas for ECFCs-shCD44 EVs, n=16 retinas for PBS, n=14

retinas for untreated. Error bars represent SEM.
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Figure S3.9: EVs" increased photoreceptor density in inherited retinal degeneration mice. (A-B)
Immunohistochemistry for cone- and rod-specific markers on RD10 retinas treated P14 and harvested P28
demonstrate photoreceptor preservation by EVs". Retinal cross-sections were stained for recoverin (in red)
in A and for opsin red/green (in green) in B with Hoechst3342 nuclear staining (in blue). (C) Representative
images of opsin red/green stained retinal flat-mounts. (D) Quantification of cone photoreceptor density.

*P<0.05, ¥**P<0.01, ****P<0.0001. 1-way ANOVA with Tukey analysis; n=6 eyes for each group. Scale

bars: 50 pm.
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Figure S3.10: Preliminary analyses of small RNA sequencing. (A) Principal component analysis of small
RNA sequencing data of microRNAs (miRs) within EVs" samples (circles within triangles) and EVs®
samples (circles). Samples clustered more closely within each group than between the two groups. (B)
Unsupervised hierarchical clustering (HCL) of miRs reads from small RNA sequencing of EVs" and EVs®.
Rows represent unique miRs, columns represent individual EVs" samples (H) or EVs® samples (L), and the
HCL analysis separately clustered H and L samples. (C) Differential expression analysis thresholding for
p<0.05 with Bonferroni correction factor showing 41 miRs upregulated and 43 miRs downregulated in EVs"

I
as compared to EVs .
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Chapter 3, in part, has been submitted for publication of the material as it may appear in
Nature Medicine, 2021, Marra, KV; Aguilar, E; Usui-Ouchi A; Wei, G; Ideguchi, A; Sakimoto,
S; Friedlander, MF. “Bioactive extracellular vesicles from a subset of endothelial progenitor cells
rescue retinal ischemia and neurodegeneration.” The dissertation author was the primary

investigator and author of this material.
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TECHNICAL ADVANCE

Fully automated, deep learning
segmentation of oxygen-induced
retinopathy images

Sa Xiao,' Felicitas Bucher,>® Yue Wu," Ariel Rokem,* Cecilia S. Lee,’ Kyle V. Marra,?* Regis Fallon,®
Sophia Diaz-Aguilar,? Edith Aguilar,? Martin Friedlander,® and Aaron Y. Lee'*’

'Department of Ophthalmology, University of Washington, Seattle, Washington, USA. ?Department of Molecular
Medicine, The Scripps Research Institute, La Jolla, California, USA. *Eye Center, Faculty of Medicine, University of
Freiburg, Freiburg, Germany. “eScience Institute, University of Washington, Seattle, Washington, USA. *Department of
Bioengineering, University of California, San Diego, San Diego, California, USA. ®Lowy Medical Research Institute, La Jolla,
California, USA. ’Department of Ophthalmology, Puget Sound Veteran Affairs, Seattle, Washington, USA.

Oxygen-induced retinopathy (OIR) is a widely used model to study ischemia-driven
neovascularization (NV) in the retina and to serve in proof-of-concept studies in evaluating
antiangiogenic drugs for ocular, as well as nonocular, diseases. The primary parameters that are
analyzed in this mouse model include the percentage of retina with vaso-obliteration (VO) and NV
areas. However, quantification of these two key variables comes with a great challenge due to the
requirement of human experts to read the images. Human readers are costly, time-consuming, and
subject to bias. Using recent advances in machine learning and computer vision, we trained deep
learning neural networks using over a thousand segmentations to fully automate segmentation in
OIR images. While determining the percentage area of VO, our algorithm achieved a similar range
of correlation coefficients to that of expert inter-human correlation coefficients. In addition, our
algorithm achieved a higher range of correlation coefficients compared with inter-expert correlation
coefficients for quantification of the percentage area of neovascular tufts. In summary, we have
created an open-source, fully automated pipeline for the quantification of key values of OIR images
using deep learning neural networks.

Introduction

Over the past 30 years, advances in our understanding of basic mechanisms of normal and abnormal
angiogenesis have had a significant effect on the fields of cancer, cardiovascular, and ophthalmology
research. Novel therapeutics, such as antivascular endothelial growth factor agents that target neovessel
formation, play an important role in cancer therapy (1) and have revolutionized the therapeutic approach
for neovascular retinal diseases, such as age-related macular degeneration and diabetic retinopathy (2). Due
to its unique anatomical properties, the eye represents an ideal model system to study basic mechanisms in
angiogenic diseases and to test novel antiangiogenic therapeutics (3).

The mouse model of oxygen-induced retinopathy (OIR) is one of the most commonly used rodent
models to study ischemia-driven abnormal neovessel formation and retinal vasoproliferative disease (4). In
this model, young pups at P7 exposed to an atmosphere containing 75% oxygen, which induces regression
of the central capillary system, resulting in a centralized area of vaso-obliteration (VO). When pups are
then transferred to room air on P12, this area of VO becomes hypoxic and triggers neovascularization (NV),
resulting in the growth of abnormal vessels toward the vitreous (5). At P17, VO and NV areas represent
primary readout parameters in this model.

High variability due to a volatile vascular phenotype and a subjective manual quantification method
of assessing VO and NV represent the greatest challenges in this model. Controlling for body weight
gain in pups and comparison to control-treated groups greatly improve reproducibility of OIR results
(6). However, existing quantification protocols used to determine VO and NV areas still remain an
important source for variability of OIR data within and between research groups (5, 7, 8). VO and
NV quantification require expert knowledge, are prone to bias in the case of unmasked quantifiers,
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Figure 1. Overview of the fully automated analysis pipeline for oxygen-induced retinopathy images. The input image is fed through 3 separate fully automat-

ed methods: Segmentation of the vaso-obliteration region using deep learning, segmentation of the neovascular complexes using deep learning, and segmenta-
tion of the whole retina. These are combined to calculate quantitative ratios of the percentage of vaso-obliteration and percentage of neovascular complexes.
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and remain heavily time-consuming. Automating this process will further improve the reproducibil-
ity of OIR experiments within and among labs working with this model. Prior attempts have led to
partial automation of the segmentation tasks but still required several manual, subjective steps (8-10).
Full automation will ensure common standards for the detection of VO and NV, eliminate the risk for
user-dependent bias, and accelerate the quantification process, freeing valuable staff resources.

Using deep learning, the goal of our study was to create and validate a fully automated algorithm to
segment the VO and NV regions on OIR images. Machine learning is the general field of training predictive
models on large data sets with computers. The predictive models can be built implicitly or explicitly with
hand-crafted features that best extract signal from noise in the data. Deep learning is a subfield of machine
learning in which feature construction is automated and learned implicitly through a purely data-driven
approach using many layers of neural networks.

The development of deeper neural networks has been facilitated by the advent of graphics-pro-
cessing units suited for efficient evaluation of convolution as well as new neural network architec-
tures. Recently, deep learning has revolutionized computer vision tasks, such as classification, object
detection, and semantic segmentation (11-14), and is increasingly used in ophthalmic image-processing
applications (15-18).

Here, we present an end-to-end solution using deep learning to automatically quantify VO and NV as
primary readout parameters of the OIR retinal image.

Results

An overview of the fully automated pipeline is provided in Figure 1. As a standard machine learning prac-
tice, over a thousand images were used to develop and train the deep learning model and were divided into
three sets: training, validation, and test (19). There were 682, 171, and 214 images in each set, respectively,
for the two deep learning models (Figure 2).

For training the segmentation of the VO region, the model was trained with 14,000 iterations of
batch sizes of 32. The learning curve of the training iterations and the validation set are shown in Sup-
plemental Figure 1 (supplemental material available online with this article; https://doi.org/10.1172/
jei.insight.97585DS1). For the test set, the model achieved a median Dice coefficient of 0.870, with a
standard deviation of 0.135. Examples of model outputs are shown in Figure 3. A separate test set of
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Figure 2. Deep learning model architectures used for vaso-obliteration and ular seg tation. The U-net architecture for vaso-obliteration

(V0) segmentation (top) and neovascularization (NV) segmentation (bottom). For each convolutional layer, the filter size is 3 and the stride is 1. The
number of filters is labeled on top of its corresponding layer. ReLU was used as the activation function. The receptive fields were 140 = 140 and 318 ~
318 for VO and NV segmentation, respectively.

37 images was segmented by 4 human experts as well as the final trained deep learning model. Each
human expert was set as the gold standard, and the other 3 human experts as well the deep learning
model were compared with the gold standard (Figure 4).

For the training of the neovascular complexes, the model was trained with 60,000 iterations of batch
sizes of 8. The learning curve of the training iterations and the validation set are shown in Supplemental
Figure 2. The model achieved a median Dice coefficient of 0.750, with a standard deviation of 0.156, for
the test set. Examples of model outputs are shown in Figure 5. Similar to the inter-rater reliability results
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Figure 3. Example segmentations of vaso-obliteration region. The left column shows the original image, the middle column shows expert segmentations,
and the right column shows deep learning segmentation.

for VOR, the trained deep learning model was able to achieve similar median Dice coefficients as human
experts for a separate set of 37 images (Figure 6).

In order to fully automate the segmentation of the total retina, the k-means clustering algorithm
was able to segment and identify the total retina. For the 37 retina images segmented by humans, the
algorithm achieved a median Dice coefficient of 0.960, with a standard deviation of 0.013. Examples of
algorithm outputs are shown in Figure 7. The median Dice coefficients between the automated segmen-
tations were similar to the median Dice coefficients among the human experts (Figure 8).

For the 37 images that served as an independent test set, the deep learning-based algorithm generated
two percentages: VO relative to the total retina and NV complexes relative to the total retina. Tables 1 and 2
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Figure 4. Inter-rater reliability with 4 h expert seg tations compared with deep learning for vaso-obliteration region. Inter-rater reliabil-

ity with 37 images segmented by 4 human experts and the deep learning model for vaso-obliteration segmentation. Each set of box plots represents
a different human expert set as ground truth compared against the other 3 human experts and the deep learning model using Dice coefficients. The
middle bar represents the median, the box represents the interquartile range, and the whiskers extend to the most extreme data point, which is no
more than 1.5 times the interquartile range from the box.

show the linear correlation between each pairwise comparison of human experts and the deep learning
algorithm for the VO and NV percentages, respectively.

The code for this project has been published online as a free, public, open-source repository (https://
github.com/uw-biomedical-ml/oir/tree/bf75f9346064f1425b8b9408ab792b1531a86c64). This repository
contains setup instructions, the trained model architectures, the trained weights of all the models, software
code for running the fully automated pipeline, and generation of formatted results. Users will be able to
download this repository to further train the models if they wish. In addition, we have created an online web
application located at http://oirseg.org where users may upload images that need to be processed and down-
load the resulting segmentations and quantification results, without the need to setup any software locally.

Discussion

In this study, we have created a fully automated tool for the quantification of OIR images using a deep
learning approach. The mouse model of OIR represents one of the most commonly used in vivo models
to study basic mechanisms in ocular angiogenesis and test potential antiangiogenic therapeutics. In this
model, reproducibility of experimental results can represent a major challenge due to high variability in

insight.jci.org  https://doi.org/10.1172/jci.insight.97585

163



TECHNICAL ADVANCE

Figure 5. Example segmentations of neovascular tufts. The left column shows the original image, the middle column shows expert segmentations, and
the right column shows deep learning segmentation.

the vascular phenotype. In addition, manual analysis of the model’s readout parameters, area of VO and
NV, is a time-consuming process, requiring expert knowledge and thus significant costs. While monitor-
ing of confounders such as body weight can minimize the variability of the vascular phenotype, only
fully automated quantification tools can eliminate potential grader bias.

Our fully automated deep learning approach identified and segmented the areas of VO and NV in the
OIR images with high correlation to 4 separate expert human graders. After training with 682 images, the
model achieved a mean Dice coefficient that is similar to inter-rater Dice coefficients when comparing those
of human experts for the segmentation of VO area and NV regions. In addition, machine learning was used
to identify the area of total retina in a fully automated fashion. We noted that with VO segmentation, the deep
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Figure 6. Inter-rater reliability with4 h expert seg tations compared with deep learning for neovascular tufts. Inter-rater reliability with

37 images segmented by 4 human experts and the deep learning model for neovascular segmentation. Each set of box plots represents a different
human expert set as ground truth compared against the other 3 human experts and the deep learning model using Dice coefficients. The middle bar
represents the median, the box represents the interquartile range, and the whiskers extend to the most extreme data point, which is no more than
1.5 times the interquartile range from the box.

learning model generated smoother contours compared with expert graders (Figure 3). These differences did
not translate to a difference in Dice coefficients or to a difference between the correlation of percent VO area.
Our algorithm achieved a similar range of correlation coefficients (range 0.878-0.951) to expert inter-human
correlation coefficients (range: 0.889-0.951) for quantification of the percentage area of VO. On inspection,
deep learning appeared to generate segmentations that look very similar to human segmentations for neo-
vascular complexes (Figure 5), and machine learning generated much more precise segmentations of the
total retina and was able to ignore artifacts of the flat-mount preparation (Figure 7). Our algorithm achieved
a higher range of correlation coefficients (range: 0.943-0.987) compared with inter-expert correlation coef-
ficients (range: 0.925-0.972) for quantification of the percentage area of neovascular complexes. Because
the contrast was varied during training of the models, the resulting algorithm is resistant to varying levels of
contrast inherent in the OIR images (Figure 5, bottom row).

Prior attempts to automate this process have resulted in solutions that were partially automated but still
required subjective manual input. Doelemeyer et al. described a computer-aided system in which the user traced
the whole retina before the quantification of the VO region could be segmented, but the system could not quan-
tify the neovascular regions (9, 10). Stahl et al. achieved automated segmentation of the neovascular regions
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Table 1. Correlation coefficients of the percentage of total retina with VO regions for each pairwise comparison

Expert 1
Expert 2
Expert 3
Expert 4

VO, vaso-obliteration.

Expert 2 Expert 3 Expert4 Deep learning
0.951 0.926 0.922 0.951
0.907 0.945 0.914
0.889 0.892
0.878

but required manual segmentation of the VO region. Furthermore, automated quantification of the NV area
required manual thresholding of the intensity in each quadrant of the whole-mount retina image, which may
be subjectively biased (8). In contrast, we achieved a fully automated pipeline, which only takes the whole retina
image as input and provides automated segmentation of the VO region, neovascular complexes, and whole
retina. The algorithm also provides quantitative measures that can easily be incorporated into statistical analyses.

Key strengths of the study include the fully automated pipeline and the efficiency of the algorithm.
The segmentation of VO and NV regions in each OIR image took less than few seconds, which makes the
algorithm scalable to many hundreds or thousands of OIR images. In addition, the algorithm can run on a
standard desktop computer without the need for specialized hardware.

Limitations of our study are that our models were trained on images of the mouse model of OIR gen-
erated from a single laboratory. Our models are currently not trained to segment images from the rat model
of OIR. Furthermore, training on images generated from a single laboratory may also result in decreased
generalizability, if there are systematic biases in which these images were graded. In that case, the algo-
rithm may seem to perform poorly when compared with segmentations from a different laboratory. Future
studies to collect segmentations from several key research groups to further train the model will be critical
in improving the generalizability of the automated pipeline.

In general, automating the analysis of OIR images may not only improve the efficiency but also the
overall quality of OIR results. All labs using this tool will automatically apply the same standards for
the identification of VO and NV, thereby increasing the generalizability and reproducibility of study
results. Future extensions of the tool may also include estimates of model accuracy of the deep learning
segmentation and improved model accuracy as more images are used for training. This parameter would
substantially depend on the original image quality and hence represent an important parameter to esti-
mate the quality of flat-mount preparation and imaging.

The described pipeline may also open the door to simultaneously look at more readout parameters and
detect more subtle changes in this model. For example, Fruttiger and colleagues suggested using vascular
tortuosity as an early outcome measure in OIR (20). Other parameters affected by OIR include vascular
density, diameter, and branching points, which together provide important insight into the health of the
vascular bed (21). Currently, these parameters are not part of routine analyses because of the time and
effort that would be required for their quantification. However, similar approaches to those performed in
this study may provide a fully automated solution for an objective quantification of subtle vascular changes.

In summary, we present a fully automated analysis pipeline as a free and open-source analysis pack-
age for an objective quantification of the percentage area of VO and NV in OIR images. Our software

Table 2. Correlation coefficients of the percentage of total retina with NV regions for each pairwise comparison

Expert 1
Expert 2
Expert 3
Expert 4

NV, neovascularization.

Expert 2 Expert 3 Expert 4 Deep learning
0.952 0.972 0.971 0.986
0.972 0.925 0.943
0.959 0.970
0.987
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Figure 7. Examples of retina segmentation. The left column shows the input images, the middle column shows the human expert-labeled segmenta-
tions, and the right column shows the model prediction.

tool will allow OIR researchers to shift resources from the repetitive and time-consuming quantification
process that requires expert training to more important tasks, such as data analysis and experimental
planning. Future extensions of this tool could include a web-based segmentation system in which experts
can provide corrected feedback for online iterative training of the deep learning models.

Methods

In this study, flat-mount images of C57BL/6, C57BL/ScSnJ, and transgenic mice (CB57/10ScSnD-
md™¥, B6Ros.Cg-Dmd™***¢"/J B6.Cg-Dmd™¥3¢"/J The Jackson Laboratory) subjected to the model
of OIR were used. The OIR model was performed as previously described (4). In brief, pups (male and
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Figure 8. Inter-rater reliability with 4 human expert segmentations compared with deep learning for retina. Inter-rater reliability with 37 images
segmented by 4 human experts and the deep learning model for total retinal area. Each set of box plots represents a different human expert set
as ground truth compared against the other 3 human experts and the deep learning model using Dice coefficients. The middle bar represents the
median, the box represents the interquartile range, and the whiskers extend to the most extreme data point, which is no more than 1.5 times the

interquartile range from the box.

female) with their nursing mother were exposed to hyperoxia (75% oxygen) between P7 and P12 and
then transferred to room air. Pups were weighed (6) and euthanized at OIR P17. Retinas were dissect-
ed, fixed in 4% paraformaldehyde on ice for 1 hour, stained with Isolectin B4 568 (121412, Thermo
Fisher Scientific), and flat-mounted. Flat-mount images were acquired with a confocal laser-scanning
microscope (LSM710 Zeiss) using =10 magnification and tile scanning (6 ~ 6 tiles) to capture whole flat-
mount images. Manual quantification of the area of VO NV was performed according to an established
protocol using Photoshop (Adobe) (5, 7).

The quantification of the percentage of the VO region and the percentage of the NV regions on the
OIR images was broken down into 3 separate image analysis problems: the segmentation of the VO region,
the segmentation of NV region, and identification of the total retinal area. We divided the images into 64%,
16%, and 20% for training, validation, and test sets, respectively.

In order to train the neural network within the confines of current GPU architectures, the original
3,000 = 3,000 images were downsampled to 256 = 256 for the training of the VO automated algorithm.
The ground truth was created as a binary mask, with background set to false and the VO region set to true.
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A modified version of the U-net architecture was utilized (Figure 2, top) (22, 23). The final output layer
activation was set to a sigmoid function. Binary cross-entropy was used for the loss function during training
and back-propagation. Batch normalization was applied after each convolutional layer (22). Adam, an
adaptive learning optimizer, was set to an initial learning rate of 0.01 and was used for stochastic gradient
descent (11).

To allow more generalizability of the trained model, online data augmentation was utilized during
training by random rotation of 360 degrees and varying the contrast of the images by multiplying the imag-
es with a random value uniformly distributed between 0.7 and 1.3. Every 100 iterations, a random subset of
the validation set was used to assess the model performance. At the end of training, the parameters of the
model were frozen and the Dice coefficient was used to measure segmentation accuracy in the final held
out test set.

Finer delineation was required for segmentation due to finer details found in neovascular complexes
compared with VO regions; therefore the original 3,000 = 3,000 images were downsampled to 512 = 512.
A modified version of the U-net architecture was utilized due to the different input size (Figure 2, bottom).
All other hyperparameters were the same as the above described settings.

Segmentation of the whole retina was achieved as follows. Because the background brightness varies
from image to image, there was no single threshold that could always identify the background from the ret-
ina region. Empirically, we found that pixels with intensity greater than 100 were always retina pixels. For
the remaining pixels, we used k-means with k = 2 to cluster the pixels into background and retina regions
based on log intensity alone.

Statistics. In order to validate the trained models, a test set of 37 images were manually segmented
prospectively by 4 human experts. Each grader was set to the ground truth, and the other 3 graders as
well as the deep learning output were compared with the ground truth by Dice coefficients for both the
VO and NV regions. For each segmentation result, the percentage of VO and NV regions were calculated
and a linear correlation coefficient was calculated for each pairwise comparison. All training and vali-
dation of images were performed using Torch7 and trained on one computer containing two NVIDIA
Titan X Pascal GPU cards.

Study approval. C5TBL/6 and transgenic mice used in these studies were treated in adherence with the
National Institutes of Health Guide for the Care and Use of Laboratory Animals (National Academies Press,
2011). Animal studies were reviewed and approved by the Institutional Animal Care and Use Committee
of The Scripps Research Institute.
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SUPPLEMENTARY FIGURES

Supplementary Figure 1: Learning curves for segmentation of vaso-obliteration region.
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Upper left and upper right shows Dice coefficient of training set and validation sets, respectively.
Lower left and lower right shows loss function by pixel-wise binary cross entropy of training and

validation sets, respectively.

171



Supplementary Figure 2: Learning curves for segmentation of neovascular tufts.
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Chapter 4, in full, is a reprint of the materials as it appears in The Journal of Clinical
Investigation Insight, 2017. Xiao, S; Bucher, F; Wu, Y; Rokem, A; Lee, CS; Marra, KV; Fallon,
R; Diaz-Aguilar, S; Aguilar, E; Friedlander, M; Lee AY. The dissertation author was a co-

investigator and co-author of this material.
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Chapter 5

Reprint: Ciliary neurotrophic factor
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Purrosk. Ciliary neurotrophic factor (CNTF) is a well-characterized neurotrophic factor
currently in clinical trials for the treatment of macular telangiectasia type II. Our previ-
ous work showed that CNTF-induced STAT3 signaling is a potent inhibitor of pathologic
preretinal neovascular tuft formation in the mouse model of oxygen-induced retinopa-
thy. In this study, we investigated the effect of CNTF on outer retinal and choroidal
angiogenesis and the mechanisms that underpin the observed decrease in outer retinal
neovascularization following CNTF treatment.

MerHobs. In the Vidlr”~ and laser-CNV mouse models, mice received a one-time injection
(on postnatal day [P] 12 in the VIdlr”~ model and 1 day after laser in the Choroidal Neovas-
cularization (CNV) model) of recombinant CNTF or CxCl10, and the extent of neovascular
lesions was assessed 6 days posttreatment. STAT3 downstream targets affected by CNTF
treatment were identified using quantitative PCR analysis. A proteome array was used to
compare media conditioned by CNTF-treated and control-treated primary Miiller cells to
screen for CNTF-induced changes in secreted angiogenic factors.

Resurrs. Intravitreal treatment with recombinant CNTF led to significant reduction in
neovascularization in the VIdlr”~ and laser-CNV mouse models. Treatment effect in the
Vidlr”~ was long-lasting but time sensitive, requiring intravitreal treatment before P19.
Mechanistic workup in vitro as well as in vivo confirmed significant activation of the
STAT3-signaling pathway in Miiller cells in response to CNTF treatment and upregula-
tion of CxCI10. Intravitreal injections of recombinant CxCl10 significantly reduced outer
retinal neovascularization in vivo in both the Vidly”~ and laser-CNV mouse models.

Concrusions. CNTF treatment indirectly affects outer retinal and choroidal neovascular-
ization by inducing CxCl10 secretion from retinal Miiller cells.

Keywords: CNTF, STAT3, angiogenesis, Vidlr7~, Miiller cells

ge-related macular degeneration (AMD) and diabetic

retinopathy (DR) represent common causes of vision
loss in the Western world.! Anti-VEGF therapy has revolu-
tionized therapeutic options and visual outcomes of patients
with vasoproliferative retinopathy.” However, some patients
with AMD and DR do not benefit from anti-VEGF ther-
apy, and less common vasoproliferative retinopathies such
as macular telangiectasia type I or II (MacTel) are not
responsive to anti-VEGF therapy, suggesting that underlying
mechanisms of neovascularization in these diseases are not
completely understood.>~> Further research is necessary to
either uncover disease-specific mechanisms, as was recently
published for MacTel type IL° or to identify other common

Copyright 2020 The Authors
iovs.arvojournals.org | ISSN: 1552-5783

disease- and VEGF-independent angiomodulatory signaling
pathways.

The contributions of the neurovascular unit and chronic
inflammation to disease development have repeatedly
been stressed.”~® Neuroprotective as well as inflammation-
modulating therapeutic approaches have shown some
success in animal models of proliferative retinopathies and
small clinical case series but have not yet been success-
fully translated into clinical routine.'”"!! Ciliary neurotrophic
factor (CNTF) is one of the best-studied neurotrophic
agents.'” As a member of the interleukin 6 cytokine family,
CNTF is a strong activator of the JAK/STAT3 signaling
pathway that plays a crucial role in the mediation of

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License. BY _NC_NO
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inflammatory responses. CNTF binds to CNTF-receptor
a (CNTF-Rar), which in turn recruits leukemia inhibiting
factor receptor B (LifRB) and glycoprotein 130 (gp130) as
receptor subunits with intracellular signaling domains.'>-1%
Formation of this heterotrimeric receptor complex then
leads to activation of the JAK/STAT3 signaling pathway
and STAT3-dependent gene expression. While LifRf and
gp130 are receptor components expressed on a wide vari-
ety of cell types, CNTF-Re is selectively expressed on distinct
cell types, including neuroglial cells in the central nervous
system.!17

Multiple preclinical studies provided strong support for
the use of CNTF in the treatment of neurodegenerative
diseases such as retinitis pigmentosa (RP) or glaucoma.'®-2!
Encapsulated cell therapy (ECT) devices load cells into a
biocompatible polymer capsule to allow continuous release
of therapeutic agents into the vitreous upon implantation
within the eye. Implantation of ECT using cells transfected
to overexpress CNTF showed promise in reducing photore-
ceptor loss in mouse models of Retinitis pigmentosa (RP).*>
However, the clinical trial for use of this therapy in the treat-
ment of RP did not meet its primary endpoint.?® Clinical trial
phase II data for the treatment of MacTel type II provided
strong evidence that a CNTF-releasing device slows down
disease progression.”>! Despite the advanced stage of clin-
ical testing, the mechanism of CNTF action in the retina
remains elusive.

Preclinical data in the retina have shown that retinal
ganglion as well as photoreceptor cells express CNTF-Ra
in the retina. Miiller cells are also known to respond to
CNTF treatment.”> Rhee et al.*® showed that CNTF-associated
signaling in both photoreceptor and Miiller cells is neces-
sary to observe a neuroprotective effect in RP models. In a
previous study, we showed that CNTF possessed a strong
angiomodulatory effect reducing preretinal neovasculariza-
tion (NV) in the mouse model of oxygen-induced retinopa-
thy (OIR).”” This effect could be partially attributed to a
direct angiostatic effect of CNTF on vascular endothelial cells
in the presence of soluble CNTF-Re. In the current study,
we aimed to elucidate whether the observed angiomodula-
tory effects of CNTF in OIR were model specific or whether
CNTF exhibits a generalized angiostatic effect. The thera-
peutic effects of CNTF were analyzed in the murine Vidh7~
model of intraretinal neovascularization as well as the
laser-CNV model of choroidal NV. In this study, we demon-
strated that CNTF strongly improved the vascular pheno-
type of various in vivo angiogenesis models and investigated
indirect mechanisms that contribute to CNTF’s angiomod-
ulatory effects. Using gene expression assays of CNTF-
treated retinas in vivo and Miiller cells in vitro, we identified
important CNTF-induced STAT3 downstream targets with an
angiomodulatory effect.

MATERIAL AND METHODS
Animal Models

All animal work adhered to the National Institutes of Health
(NIH) Guide for the Care and Use of Laboratory Animals.
All animal protocols were approved by the Scripps Research
Institute JACUC (08-0045-4).

Vidl”~mice: B6;129S7-VIdly™ """/} were purchased from
The Jackson Laboratory, Bar Harbor, Maine, US. Mice
received intravitreal injections of recombinant protein at
different concentrations and time points as specified in the
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figure legends. To allow for within-animal control, contralat-
eral eyes were used for treatment and control (PBS/0.1%
BSA) groups. Recombinant proteins used rat recombi-
nant CNTF (CNTE, #557-NT-050; R&D Systems, Wiesbaden-
Nordenstadt, Germany) and recombinant murine CxCl10
(500 ng, #250-16; Peprotech, Hamburg, Germany). Intrav-
itreal injections were performed using a sharp 33-gauge
Hamilton needle. Eyes were harvested and prepared for
further analysis at time points specified. Retinas were
stained with Isolectin GS-B4 (#121412; ThermoFisher Scien-
tific, Waltham, MA, USA) according to the protocol speci-
fied on page 7, inversely flatmounted, and imaged using a
confocal laser-scanning microscope (LSM 700 or 710; Zeiss,
Oberkochen, Germany). The number of tufts was deter-
mined by manual selection of tufts on immunofluorescent
images of the inverted flatmounts using the Cell Counter
plugin provided by ImageJ (NIH, Bethesda, MD, USA).

The laser-CNV model was performed as previously
described.”® Adult C57BL/6 mice at the age of 6 to
8 weeks received three laser burns per eye using a green
Argon laser after anesthesia and pupil dilation. The pres-
ence of an air bubble was interpreted as a sign of success-
ful of laser impact. C57BL/6 mice received intravitreal injec-
tion of recombinant protein 1 day after laser treatment.
Mice received treatment in both eyes (CNTF, mrCxCl10,
or PBS/0.1% BSA). Eyes were harvested for choroidal flat-
mounts 7 days after laser. CNV lesion size was measured by
quantification of the CNV area.

For retinal development, C57BL/6 mice were treated with
intravitreal injections of CNTF (500 ng) or PBS/0.1% BSA
(control) at postnatal day (P) 7. Eyes were harvested 5 days
after treatment and prepared for retinal whole mounts. The
number of vessel junctions and total vessel length were
determined using the AngioTool Software.”

Cell Culture

Mouse primary Miiller cell cultures were isolated according
to a previously published protocol®® In brief, retinas
from P11 mouse pups were harvested and dissoci-
ated using the Papain Dissociation system (¥LK003150;
Worthington Biochemical Corporation, Lakewood, NJ, USA).
Primary Miiller cells were expanded in growth medium
containing recombinant human endothelial growth factor
(100 ng/mL, #PHGO0311; Thermo Fisher Scientific),
Neurobasal-A medium (#10888022; Thermo Fisher Scien-
tific), N2 Supplement (#17502048; Thermo Fisher Scientific),
10% FBS Superior (#S0615; Merck, Biochrome, Berlin,
Germany), L-Glutamine (2 mM, #25030081; Thermo Fisher
Scientific), and Pen/Strep (#15140122; Thermo Fisher Scien-
tific) and then transferred to differentiation media contain-
ing Neurobasal-A medium (#10888022; Thermo Fisher
Scientific), 1% FBS Superior (#S0615; Merck, Biochrome),
N2 Supplement (#¥17502048; Thermo Fisher Scientific),
L-Glutamine (2 mM, #25030081; Thermo Fisher Scientific),
Pen/Strep (#¥15140122; Thermo Fisher Scientific), and B27
Supplement (50, #17504044; Thermo Fisher Scientific) for
7 days. Miiller cells at passage P2 were used for immunohis-
tochemistry as well as stimulation experiments. To generate
Miiller cell-conditioned media, passage P2 primary Miiller
cells were stimulated with 100 ng/mL CNTF or PBS control
for 10 minutes. Cells were washed by PBS, and then fresh
differentiation media were added and conditioned for 96
hours after stimulation for use in experiment. Human
umbilical vein endothelial cells (HUVECs, #2519A; Lonza,
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Basel, Switzerland) were cultured in endothelial growth
medium 2 (EGM, #CC-3162; Lonza) and used up to passage
P6.

Endothelial Proliferation and Spheroid Sprouting
Assays

Cell proliferation was measured using an 3-(4,5-Dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazoliumbromid (MTT) assay
according to previously published protocols.?' In brief,
following overnight incubation of HUVECs seeded into a
96-well plate, cells were starved for 24 hours in endothelial
basal medium with 4% FBS (EBM, #CC-3121; Lonza, Basel,
Switzerland) before stimulation for 72 hours with the
following recombinant proteins: recombinant human vascu-
lar endothelial growth factor 165b (20 ng/mL, #3045-VE;
R&D Systems, Minneapolis, MN, USA), recombinant human
fibroblast growth factor-basic (bFGF, 50 ng/mL, #100-18B;
Peprotech, Hamburg, Germany), and recombinant human
CxCl10 (rhCxCl10, 625 nM, #200-12; Peprotech).

The endothelial spheroid sprouting assay was also
performed according to well-established techniques.’*%
Endothelial spheroids were formed in a hanging drop
consisting of 500 HUVECs resuspended in EGM with 10%
FBS and 0.25% carboxy-methylcellulose (¥M0512; Sigma-
Aldrich, Darmstadt, Germany). Spheroids were harvested the
following day and 30 spheroids were poured into a 0.5-mL
collagen I (1.5 mg/mL final concentration, #354236; Corning,
Wiesbaden, Germany) in 24-well plates. Spheroid-containing
gel solidified at 37°C for 30 minutes and was then stim-
ulated with 100 pL EBM containing recombinant proteins:
VEGF (25 ng/mL, #3045-VE; R&D Systems), bFGF (50 ng/mL,
#100-18B; Peprotech), and CxCI10 (537.5 ng/mL, #200-12;
Peprotech). Images of single spheroids were taken using
an inverted light microscope (Zeiss Axio Vert). Total sprout
length was determined by using a self-programmed Image]
macro where sprouts have to be manually labeled using the
“straight-line” tool.

Immunohistochemistry

Eyes were harvested and prepared for immunohistochem-
ical analysis as previously described.*® In brief, for reti-
nal and choroidal flatmount preparations, eyes were fixed
in 4% paraformaldehyde for 40 to 60 minutes on ice and
incubated overnight with Isolectin GS-1B4 1:200 (# 121412;
Thermo Fisher Scientific). For retinal cross sections, whole
eyes were harvested 6 hours after intravitreal treatment,
fixed in 2% PFA for 1 hour, and then incubated for 24 hours
in 20% sucrose. Sections were fixed with 100% ethanol for
10 minutes followed by permeabilization with 0.3% Triton
for 30 minutes and then blocked with 10% BSA for 1 hour.
Primary Miiller cells were fixed for 5 minutes in 100%
methanol at -20°C and permeabilized using 0.3% Triton
for 20 minutes. Cells were incubated overnight at 4°C with
following primary antibodies: pSTAT3 rabbit mAb (#9145;
Cell Signaling Technology, Danvers, MA, USA), chicken
anti-mouse Gfap Ab (#¥ab4674; Abcam, Cambridge, UK),
rabbit anti-Kir4.1 (KCNJ10) antibody (#APC-035; Alomone
Labs, Jerusalem, Israel), rabbit anti-glutaminsynthetase Ab
(#ab73593; Abcam), rabbit anti-mouse CRALBP Ab (¥MA1-
813; Thermo Fisher Scientific). The following secondary
antibodies were used: chicken anti-rabbit 568 (#¥A-21441;
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TasLe. qPCR Primers

Target Forward Primer 5 — 3’ Reverse Primer 3’ — 5’

mbActin GGC TGT ATT CCC CTC CCA GTT GGT AAC AAT
CAT CG GCC ATGT

mCebpd CGACTTCAGCGCCTACA GAAGAGGTCGGCGAAG
TTGA AGTT

mCxCl10 CCAAGTGCTGCCGTCA  GGCTCGCAGGGATGAT
TITTC TTCAA

mSocs3 AGCTGGTGGTGAACG GCGTGCTTCGGGGGT
CCGTG CACTC

mVEGF164 GCCAGCACATAGAGAGA CAAGGCTCACAGTGATT
ATGAGC TTCTGG

mMCNTF-Re  TGTCTACACGCAGAAA ~ CCCAGACGCTCATACT
CACAG GCAC

mLIF-R TACGTCGGCAGACTCG  TGGGCGTATCTCTCTC
ATATT TCCTT

mgp130 CCGTGTGGTTACATCTA CGTGGTTCTGTTGATGAC
CCCT AGTG

Thermo Fisher Scientific) and goat anti-chicken 488 (#A-
32931; Thermo Fisher Scientific).

Western Blot, Protein Array, and ELISA

For all protein assays, single retinas were lysed in T-
Per Buffer (#78519; Thermo Fisher Scientific) containing
Phosphatase and Proteinase Inhibitor (#78430 and #78427;
Thermo Fisher Scientific). Gel electrophoresis was run under
denaturing conditions. Proteins were transferred to a nitro-
cellulose membrane, blocked with 5% skim milk for 1 hour,
and incubated overnight at 4°C with the following antibod-
ies: pSTAT3 rabbit mAb (#9145; Cell Signaling Technology),
STAT3 (79D7) rabbit mAb (#4904; Cell Signaling), and anti-
bActin Ab (#¥A1978; Sigma, St. Louis, MO, USA).

Miiller cell-conditioned media were analyzed using the
Mouse Angiogenesis Array Kit Proteome Profiler (*ARY015;
R&D Systems). CxCl10 levels were determined using the
mouse IP-10 ELISA Kit (CxCI10) (ab214563; Abcam).

Quantitative PCR, mRNA Array

mRNA was isolated according to the manufacturer’s instruc-
tions using the miRNAeasy Kit (#¥217004; Qiagen, Hilden,
Germany) and transcribed into cDNA using the High Capac-
ity ¢cDNA Reverse Transcription Kit (#4368814; Thermo
Fisher Scientific). The following primers were used for quan-
titative PCR (qPCR) in the Table.

The RT? PCR Profiler PCR Array Mouse 116/STAT3 signal-
ing pathway (¥*PAMM-160Z; Qiagen) was used for mRNA
array analysis.

Statistics

All graphs are presented as scatterplots. For in vivo experi-
ments, graphs represent mean =+ SEM. Statistical tests were
applied as outlined in the figure legends. For qPCR analy-
ses, graphs are plotted as mean + 95% CI. Statistical tests
were performed on delta Cycle Threshold (dCT) values to
determine statistical significance.

For qPCR analysis, graphs plot mean =+ CI. Statistical
significance was determined using a two-tailed Student’s t-
test run on the dCT values. A P value <0.05 was considered
statistically significant.
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RESULTS

Our previous studies have shown that CNTF has a potent
effect in preventing the development of hypoxia-induced
preretinal neovascularization.”’ It remains unclear whether
this observed result represents a disease-specific effect of
CNTF modulating the inner vascular plexus or if CNTF exerts
a general antiangiogenic effect that also applies to the outer
retina. To address this question, we tested recombinant rat
CNTF in multiple angiogenesis models in the eye.

CNTF Prevents NV Development in the VIdlr7~
Model

In the VIdl¥’~ model, a well-established model for retinal
angiomatous proliferation, retinal neovascularization orig-
inates from the deep and intermediate vascular plexus
and dives down to the choroid to form retinal-choroidal
anastomoses most likely due to a metabolic defect.’>3¢
When Vidly”~ mice were treated with intravitreal injections
of 500 ng CNTF at P12 before the onset of NV forma-
tion, the amount of NV at P18 is decreased by 60% in
the CNTF-treated group compared to controls (Fig. 1A).
However, treatment with lower concentrations of CNTF
(5 ng) did not prevent intraretinal NV formation. Despite
the short half-life of the recombinant protein, the treatment
effect of CNTF injected at P12 was even more pronounced
22 days postinjection (P34), represented by a 75% decrease
in NV in CNTF-treated eyes compared to controls (Fig. 1B).
Delayed treatment with intravitreal CNTF at P19, a timepoint
when NV are fully established, did not induce a decrease in
intraretinal NV at P34.

CNTF Prevents CNV Development and Delays
Formation of the Vascular Deep Plexus

In the laser-CNV model, retinal photocoagulation with an
Argon laser induces choroidal neovascularization. Intravit-
real injections of 500 ng CNTF 1 day postlaser significantly
decreased CNV formation 7 days postlaser (Fig. 1C) while
5 ng CNTF again failed to provide a rescue effect. CNTF,
therefore, strongly interferes with the development of patho-
logic neovascularization originating from the superficial®’
and deep retinal vascular plexus as well as the choroidal
plexus in various retinal disease models. Given these data
suggesting that CNTF has generalized antiangiogenic effects
on vasculature throughout the retina, we hypothesized that
CNTF also affects the retinal vascular development. To test
this hypothesis, CNTF was injected intravitreally into wild-
type mice at P7 and deep plexus formation was analyzed
at P12. Figure 1D shows that injection of CNTF significantly
delayed the formation of the deep vascular plexus at P12,
confirming that CNTF affects angiogenesis during retinal
development as well as in retinal disease.

CNTF Treatment Induces Long-Term Activation of
the Jak/STAT3 Signaling Pathway in the VIdlr7~
Model

Considering the short half-life of CNTF when adminis-
tered as recombinant protein,”’?’ the long-lasting effect
of CNTF treatment on attenuating NV development in the
Vidl”~ model was unexpected. Since Jak/STAT3 signaling
is strongly activated through CNTF, we hypothesized this
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signaling axis to play a role in mediating the long-lasting
angiostatic effect of CNTF in vivo. In the Vidlr’~ model,
intravitreal CNTF injections significantly increased levels of
phosphorylated STAT3 (pSTAT3) in whole retinal lysates as
soon as 6 hours after treatment in comparison to PBS/BSA-
treated controls (Fig. 2A). Levels of STAT3 remained signifi-
cantly elevated at 6 days after intravitreal injection of CNTF.
The levels of pSTAT3 trended higher in CNTF-treated mice
relative to controls at 6 days, but this comparison did not
reach statistical significance as there was increased pSTAT3
expression in control-treated eyes. During retinal develop-
ment, increased protein levels of pSTAT3 were detected at
P32 but not P17 (Supplementary Fig. S1B), suggesting that
there is no endogenous activation of the STAT3 signaling
pathway before P18. On qPCR, expression levels of CNTF
and STAT3 increased over time while the JAK inhibitor
of STAT3, known as suppressor of cytokine signaling 3
(SOCS3), was downregulated (Supplementary Fig. S1A).

Next, we used a STAT3-target mRNA gene expression
array to screen for important downstream genes regulated
by CNTF treatments. Figure 2B shows all downstream genes
that were upregulated more than twofold following CNTF
treatment 24 hours and 6 days postinjection. Compared to
the control-treated group, the most strongly upregulated
genes in total retinal lysates 24 hours after CNTF injection
included C-X-C motif chemokine ligand 10 (CxCI10), SOCS3,
and CCAAT enhancer binding protein delta (Cebpd), a bZIP
transcription factor involved in inflammatory responses.®®
CxCl10 remained one of the most strongly upregulated
STAT3-target genes 6 days after CNTF treatment. qPCR anal-
ysis confirmed that CxCl10 and SOCS3 were both signifi-
cantly upregulated over time while VEGF levels remained
unaffected (Fig. 2C).

Miiller Cells Respond to CNTF Treatment

To identify CNTF-responsive cells in CNTF-treated VIdlr”~
mice, we used pSTAT3 as an immunohistochemical marker
in retinal cryosections. Figure 3A shows that pSTAT3 stain-
ing was detected in the superficial vascular plexus, as previ-
ously reported,”” as well as the inner nuclear layer (INL),
where Miiller cells are located.”® Next, we tested the effect
of CNTF on Miiller cells in vitro using primary murine
Miiller cell cultures. On immunohistochemistry, primary
murine Miiller cells were identified by positive glutamine
synthetase, inward rectifying potassium channel 4.1 (Kir4.1),
and cis-retinaldehyde binding protein (CRALBP) staining
(Supplementary Fig. S2A). These cells expressed gp130,
LifRB, and CNTF-Ra at the mRNA level in vitro (Supplemen-
tary Fig. S2B). CNTF treatment strongly activated pSTAT3
signaling in primary Miiller cell cultures (Fig. 3B). Simi-
lar to their expression levels in vivo, CxCI10 and SOCS3
were strongly upregulated in CNTF-treated Miiller cells on
qPCR, whereas VEGF164 levels were mildly altered (Fig. 3C).
To further investigate the CNTF-induced changes in the
Miiller cell secretome, conditioned media from CNTF- and
control-treated primary Miiller cells were screened using
the Mouse Angiogenesis Proteome Profiler (for a complete
list of analytes contained on this array, please refer to
Supplementary Table S1). As shown by the representative
Proteome arrays in Figure 3D, the protein level of CxCI10
was higher in media conditioned by CNTF-treated Miiller
cells than control-treated cells. Quantitative analysis using
ELISA confirmed that CxCI10 was significantly increased in
CNTF-treated Miiller cell-conditioned media. Taken together,
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Ficure 1. CNTF affects angiogenesis in the eye. (A) Representative flatmounts and quantification of NV tufts in VIdlr7~ mice at P18 following
intravitreal treatment with 500 ng CNTF or 5 ng CNTF at P12. # (500 ng) = 16 mice, 2 (5 ng) = 15 mice, two-sided Student’s t-test: *P < 0.05.
(B) Representative flatmounts and quantification of intraretinal NV in Vidl#”~ mice at P34 following intravitreal injections of 500 ng CNTF
at P12 or P19. n (P34 inj P12) = 21 mice, n (P34 inj P19) = 11 mice, two-sided Student’s r-test: *P < 0.05. (C) Representative images and
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quantified area of CNV lesions 7 days after laser injury following intravitreal injections of 500 ng or 5 ng CNTF 1 day after laser treatment. n
(500 ng) = 10 retinas, n (5 ng) = 13 retinas, two-sided Student’s t-test: *P < 0.05. (D) Representative flatmounts and quantification of deep
vascular plexus formation by the number of junctions at P12 following CNTF treatment (500 ng) at P7. n = 6 mice, two-sided Student’s t-test:

*P < 0.05.

these data suggest that Miiller cells increase secretion of
CxCI10 in response to CNTF treatment.

CxCl10 Has an Angiostatic Effect in
Vasoproliferative Disease Models of the Eye

CxCl10 is an interferon-inducible chemokine best known for
its chemoattractant effect on T cells and leukocytes. CxCI10
has previously been shown to have angiostatic properties as
well.">" Based on our results showing that CNTF increases
CxCl10 expression in retinal Miiller cells, we hypothesized
that Miller cell-secreted CxCl10 may be an important factor
mediating the CNTF-induced angiostatic effect in retinal
vasoproliferative disease models. In vitro, we confirmed that
CxCl10 significantly inhibits endothelial cell proliferation
and endothelial cell sprouting (Figs. 4A, 4B). This angiostatic
effect was not limited to VEGF-induced sprouting but was
also observed in bFGF-induced sprouting. In vivo, intrav-
itreal injections of CxCl10 into VIdl¥”~ mice at P12 led to
a significant decrease in intraretinal NV at P18 (Fig. 4C).
The angiostatic effect of CxCl10 was confirmed in the laser-
CNV model where CxCl10-injected eyes demonstrated signif-
icantly smaller CNV lesions in comparison to control-treated
eyes (Fig. 4D). These data show that CxCI10 has an angio-
static effect in the retina and support our hypothesis that
CxCI10 is one of the factors mediating the CNTF-induced
angiostatic effect in vasoproliferative retinal diseases.

DISCUSSION

CNTF showed a significant treatment effect in multiple
disease models of retinal angiogenesis (OIR, VIdlr”~ mice,
laser-CNV) originating from different vascular layers and
driven by distinct mechanisms. This observation suggests
that the antiangiogenic properties of CNTF are attributable
to a general effect rather than a disease-specific effect. To
our knowledge, no other reports on CNTF’s antiangiogenic
properties outside the eye have been published, although
Pasquin et al.*? have recently shown that cardiotrophin-
like cytokine factor 1, another CNTF-Ra ligand signaling
through STAT3, also exerts a strong angiomodulatory effect
in the OIR model. In comparison to our previously published
observation that 5 ng CNTF significantly reduced preretinal
NV in the OIR model, in our current study, higher CNTF
concentrations were necessary to induce significant treat-
ment effects in angiogenesis models of the outer retina and
choroid.?”” This may be explained by the short half-life of
the recombinant protein, which may lead to significantly
lower CNTF concentrations in the outer retina compared to
the vitreoretinal interface. Extensive dose-response experi-
ments and determination of CNTF levels in the outer retina
and choroid following intravitreal CNTF injections would be
necessary to further address this hypothesis, although the
variability of in vivo models may make the characterization
of dose-response effects cumbersome.

In the Vidlr”~ model, CNTF showed a long-term treatment
effect (Fig. 1B) that may be explained by its sustained acti-
vation of the Jak/STAT3 signaling pathway (Figs. 2A, 2B).

The therapeutic success seems, however, to be time sensi-
tive since significant reduction of NV was observed when
CNTF was injected at P12 but not at P19 (Fig. 1B). Consid-
ering the fact that intraretinal NV in the VIdlr¥”~ model starts
to develop around P14, CNTF prevented the development
of NV but was not able to induce regression of preex-
isting NV. While retinal neovascular abnormalities sponta-
neously regress in the OIR and CNV model, the Vidh7~
model is characterized by neovascular changes that persist
over the long term.*>3 Since the long-term effect of CNTF on
the vascular phenotype was observed solely in the Vidir"~
model in this study, our data cannot definitively conclude
whether these prolonged effects are transferrable to other
disease models of angiogenesis or are specific to the Vidlr"~
vasculopathy.

The short half-life of CNTF as recombinant protein has
been well characterized,’” whereas the long-lasting activa-
tion of that STAT3-signaling pathway in vivo is a novel obser-
vation. Rhee et al.* described a rapid decline in pSTAT3
levels in CNTF-treated dissociated PO retinal cells after 90
minutes of treatment. The difference between these data
and our results may lie in the difference between their ex
vivo experimental setup on retinal tissue versus our in vivo
design or the differences in time point of treatment (PO
versus P12), which greatly affects the status of retinal matu-
ration.

In our previous work, we identified SOCS3 as a CNTF-
induced endogenous inhibitor of cell proliferation in vascu-
lar endothelial cells.”’” Multiple studies have shown that
Miiller cells also respond to CNTF treatment with activa-
tion of the STAT3 signaling pathway, which corroborates
our current findings in vivo as well as in vitro (Figs. 3A,
3B).%20:%5 Immunohistochemical staining of pSTAT3 in reti-
nal cryosections following CNTF treatment suggests that
multiple retinal cell types, including Miuller cells, respond
to CNTF (Fig. 3A). While only a few bright nuclear pSTAT3
signals can be identified in the INL and ganglion cell layer
(GCL), direct comparison of the control and CNTF-treated
sample indicates a general shift in the pSTAT3 staining
pattern from a nonspecific cytoplasmic labelling pattern in
the control-treated sample to a more pronounced nuclear
staining pattern in a variety of cell types within the INL
and GCL in the CNTF-treated sample. We believe that this
widespread pronounced nuclear label represents a posi-
tive response of multiple cell types to CNTF treatment.
The difference between the clear increase in pSTAT3 signal
in CNTF-treated samples in Western blot analysis and the
moderate increase in nuclear pSTAT3 labeling in multi-
ple cell types by immunohistochemistry may be explained
by the technical challenges that come with immunohisto-
chemical detection of phosphorylated proteins. These chal-
lenges include a different detection threshold when using
immunohistochemistry as compared to Western blot anal-
ysis. In CNTF-treated samples, less pronounced nuclear
PSTAT3 labels could be found throughout different layers
of the INL, suggesting that multiple cell types in the INL
respond to CNTE. Since the immunohistochemical images
we have provided only allow for indirect identification of
CNTF-responsive cells based on the nuclear localization in
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Ficure 2. CNTF induces long-term activation of the Jak/STAT3 signaling pathway in VIdl©”~ mice. (A) pSTAT3, STAT3, and B-actin levels
of retinal lysate 6 hours or 6 days after intravitreal injections with 500 ng CNTF or PBS/BSA vehicle control. Each column represents one
biological replicate. n = 4 mice per group and time point. *P < 0.05, two-tailed Mann-Whitney test. (B) STAT3 targets upregulated more than
twofold following 24 hours and 6 days after CNTF treatment identified using a STAT3 mRNA array on whole retinal lysates. n = 3 mice per
group and per time point. (C) qPCR analysis of selected targets genes comparing expression levels between CNTF and control-treated eyes.
n = 4-5 mice per group and per time point. Two-sided Student’s t-test: *P < 0.05. All experiments were performed in the Vidl¥”/~ model.
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Fiure 3. CNTF activates the JAK/STAT3 signaling pathway in Miiller cells. (A) Immunohistochemical staining for pSTAT3 as a marker for
STAT3 activation in retinal cryosections following CNTF treatment compared to untreated controls. (B) Western blot analysis for pSTAT3
levels in primary Miiller cells 10 minutes after exposure to CNTF compared to untreated controls. (C) qPCR analysis shows gene expression
of selected STAT3 target genes in primary Miiller cells 1 hour post-CNTF treatment. Graphs show representative results of three independent
experiments. Two-sided Student’s t-test: *P < 0.05. (D) Proteome profiler Mouse Angiogenesis Array comparing Miiller cell-conditioned media
of CNTF-treated Miiller cells versus PBS control-treated cells. Opn, osteopontin; Thbs2, thrombospondin; 7 = 1 assay. (E) ELISA assay quan-
tifying CxCI10 levels in Miiller cell-conditioned media with and without CNTF treatment. n = 9 samples, two-sided Student’s t-test: *P < 0.05.

182



Investigative Ophthalmology & Visual Science

CNTF Inhibits Outer Retinal Neovascularization

IOVS | August 2020 | Vol.61 | No. 10 | Article 20 |

A B
S ]
_— - o
= RS s
£ S 7T e £
g M1k > 3 g
= o : T w
o O ’_‘ .*. &
s
EBM EBM VEGF bFGF EGM
cxCllo - + -+ CxCl10 -+ -+ -+ -+
C Control ” CxCl10 I analysis P18, inj. P12
o
2501
.
200 -,Jr._ LT
L] ..
2 150- g
3 5
3 1004
L]
50. .
N COn'troI
D Control [ CxCl10 | "
100000+
— L]
800001 o
3 o — ]
E 60000 [*Ea
£ ®eee '-:
s 40000- R =
< 20000 =
..
0 ’ —
Control CxCl10

Fiure 4. CxCl10 inhibits endothelial cell proliferation in vitro and in vivo. (A) MTT assay results of HUVECs after exposure to CxCI10
(537.5 ng/mL) under basal (EBM) and growth (EGM) stimulating conditions. n» = 3 independent experiments, two-way ANOVA, *P < 0.05.
(B) Endothelial cell sprouting of HUVECs in response to CxCI10 (537.5 ng/mL) under diverse proangiogenic stimuli (7 = 14-28 spheroids
per group, two-way ANOVA, *P < 0.05). (D) NV at P18 following intravitreal injection of CxCI10 (500 ng) in VIdl¥”~ at P12. n = 19 mice,
two-sided Student’s t-test: *P < 0.05. (E) CNV area 7 days postlaser following intravitreal injection of CxCI10 (500 ng) 1 day after laser

treatment. n = 13 eyes, two-sided Student’s /-test: *P < 0.05.

the INL that correspond to the nuclear localization of Miiller
cells and horizontal cells, in vitro experiments were neces-
sary to elucidate the role of Miiller cells in CNTF’s angiomod-
ulatory effect in the retina (Figs. 3B-3E, Supplementary
Fig. S§2). In this study, we chose to focus on the inter-
action of Miiller glia and endothelial cells in the context
of CNTF treatment; further studies will be necessary to
investigate the role of neuronal cells of the INL and GCL
(including ganglion cells) that are likely to contribute to
the overall angiomodulatory effect of CNTF on the retina
based on the observed widespread pSTAT3 signal in retina
cryosections.

To characterize the molecular mechanism by which
Miiller cells activated by CNTF act on vascular endothe-
lial cells, we ran an mRNA array on CNTF-treated whole
retina lysates and compared the results with the results of
a semiquantitative proteome profiler array of Miiller cell-
conditioned media following CNTF treatment. CxCI10 was
strongly upregulated in both assays. These data were consis-
tent with a study by Xue et al.,* who identified CxCI10
as one of multiple genes upregulated in sorted Miiller
cells following intravitreal treatment with CNTF. Interest-

ingly, results on VEGF levels following CNTF treatment
were inconsistent between in vivo and in vitro settings
showing unaltered VEGF levels in vivo (Fig. 2C) and a
1.5-fold increase in VEGF levels in vitro (Fig. 3C). Our
in vivo data are consistent with findings from previous
study results in the OIR model showing no increase in reti-
nal VEGF following CNTF treatment.”” The modest VEGF
increase in Miiller cells in response to CNTF treatment
may not be detectable in vivo since VEGF levels are
determined in whole retinal lysates, where Miiller cells
represent only a small fraction of the total cell popu-
lation. Taken together, these data support that CxCI10
may be an important mediator of CNTF’s indirect Miiller
cell-mediated angiostatic effect on vascular endothelial
cells.

While our mRNA array yielded results consistent with
STAT3 activation following CNTF treatment, this study was
limited to identifying established STAT3 targets like CxCI10.
Other techniques such as RNA-Seq analysis or liquid chro-
matography/mass spectrometry on Miiller cell-conditioned
media will be necessary to identify further CNTF-induced
STAT3 targets.
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CxCl10’s angiostatic effect has been well established,
but its role in the retina remains unclear.*" Increased
levels of CxCl10 were found in the aqueous humor of
patients with age-related macular degeneration.®® Nawaz
et al.,” however, found an association between levels
of CxCl10 and resolution of angiogenesis with induction
of fibrosis in patients with diabetic retinopathy. Ha et
al.>® suggested a role of CxCI10 in retinal inflammation
and oxidative stress in response to retinal ischemia. Gao
et al’' postulated an angiostatic effect of CxCl10 in
inflamed corneas. Our data show that CxCI10 is capable
of inhibiting retinal as well as choroidal neovascularization
(Figs. 4C, 4D). These data align with results from Fujimura
et al.,’> who showed that loss of the CxCl10 receptor CxCR3
leads to an increase in NV area in the laser-CNV model. Inter-
estingly, the observed CxCI10 treatment effect in the Vidh7~
model as well as the laser-CNV model was smaller than
the CNTF-induced treatment effects (Fig. 1A). In the Vidh~
model, the number of tufts was reduced to 42% (normal-
ized to the mean of the control group) in CNTF-treated
eyes compared to 68% in CxCl10-treated eyes. Normalized
to the mean CNV area of the control-treated group of the
laser-CNV model, the mean CNV area was reduced 85% in
the CNTF-treated group and reduced 32% in the CxCl10-
treated group. This clearly supports the hypothesis that
Miiller cell-secreted CxClI10 is one of the multiple factors
besides endothelial SOCS3 that mediate CNTF’s angiostatic
effect in retinal vasoproliferative disease.
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Supplemental Figure S1. Endogenous regulation of CNTF/STAT3 signaling during retinal maturation in
the VLDLR -/- model. (A) mRNA expression levels of CNTF, STAT3, and SOCS3 at multiple time points
during retinal development normalized to P5. N=4 mice per group and time-point. (B) Western blot
analysis of STAT3 and pSTAT3 levels at P12, P17and P32. Each column represents a biological replicate.
N = 3 mice per group and time-point. Kruskal-Wallis Test with Dunn’s multiple comparisons test, *

p<0.05.
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Supplemental Figure S2. Characterization of the primary Miiller cell culture. (A) Representative
immunohistochemical staining of primary Miiller cells with Miiller cell-specific markers Kir 4.1, GS, and

Cralbp. (B) PCR analysis on primary murine Miller cell lysates for CNTF-Ra, gp130 and LifR expression.
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Reference Spots
Cyr61

DLL4

DPPIV

EGF

Endoglin

Endostatin/Collag
en XVIII

Endothelin-1
FGF acidic
FGF basic
KGF
Fractalkine
GM-CSF
HB-EGF
HGF
IGFBP-1
IGFBP-2
IGFBP-3
IL-1a
IL-1B
IL-10
IP-10

KC

Leptin
MCP-1
MIP-1a
MMP-3
MMP-8
MMP-9
NOV

METH1
AR
ANG
Ang-1

Ang-3

Tissue Factor, TF

CCN1,

CD26

CD105

ET-1

FGF-1, ECGF, HBGF-1
FGF-2

FGF-7

CX3CL1

HepatopoietinA

IL-1F1

IL-1F2

CSIF

CXCL10, CRG-2
CXCL1, CINC-1,GROa
0B

CCL2/JE

ccL3

CCN3, IGFBP-9
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E3/4
ES5/6
E7/8
E9/10
E11/12
E13/14
E15/16
E17/18
E19/20
E21/22
F3/3
F5/6
F7/8
F8/10
F11/12
F13/14
F15/16
F17/18

F19/20

Osteopontin
PD-ECGF

PDGF-AA
PDGF-AB/PDGF-BB
Pentraxin-3
Platelet Factor 4
PIGF-2

Prolactin

Proliferin
Reference

SDF-1

Serpin E1

Serpin F1
Thrombospondin-2
TIMP-1

TIMP-4

VEGF

VEGF-B

Negative

OPN

PTX-3,T5G-14
CXCl4,PF4

PRL

CXCl12
PAI-1
PEDF

TSP-2

VPF

VRF



Supplemental Table 1: Analyte Index of the Mouse Angiogenesis Proteome Profiler.
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Chapter 5, in full, is a reprint of the materials as it appears in Investigative
Ophthalmology & Visual Science, 2020. Bucher, F; Aguilar, E; Marra, KV; Rapp, J; Arnold, J;
Diaz-Aguilar, S; Lange, C; Agostini, H; Schlunck, G; Stahl, A; Friedlander, M. The dissertation
author was a co-investigator and co-author of this material. Work completed by the dissertation

author contributed to generation of Figure 1 and Figure 4.
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