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ABSTRACT

Adult angiogenesis offers the potential for functional recovery following injury, whether due to
cutaneous wounds, peripheral ischemia, or myocardial infarction. However, clinical interventions
to harness this capability have largely failed in their inability to create stable perfused vasculatures.
More efficacious therapies require a deeper understanding of vessel stabilization, which is believed
to be dependent on recruitment and investment of perivascular cells, including smooth muscle cells
and pericytes. Explorations into vessel stabilization have been challenged by the following: First,
existing in vitro models of angiogenesis cannot fully recapitulate the in vivo cross-talk between
multiple cells types. Second, in vivo angiogenesis models do not permit serial time-lapse analysis
at the single-cell resolution needed to understand angiogeneic recruitment. Similarly, current
studies are unable to relate cellular biochemical responses to the biomechanical cues from blood
flow velocity in vivo. Third, both endothelial and perivascular cells are highly heterogeneous
populations. Recent evidence suggests that pericytes exhibit pluripotency, which may undermine
their stable investment, yet the genetic programs underpinning their differentiation remain unclear.
Thus, this thesis makes three primary contributions. First, I have developed a novel dual-modality,
high-resolution intravital imaging technique that, when applied to fluorescent-reporting and
lineage-tracing mice, is able to uniquely observe angiogenesis at over time in a single network.
Using intravital confocal microscopy, I dynamically tracked the maturity of individual endothelial
states in a cornea angiogenesis model; then, these images were co-registered with photoacoustic
microscopy images to non-invasively quantify shear stress through the vessels. Second, I used
intravital confocal imaging in a Myhl1-pericyte lineage tracing method to quantify pericyte
migration and investment during angiogenesis, with and without pluripotent Oct4 expression.
Finally, prior work in our lab demonstrated that adipose-derived stem cells are able to invest the
perivascular niche in the diabetic retina to prevent microvascular drop out. In order to extend my
considerations of vascular heterogeneity into potential therapies, I studied how diabetes effects the
therapeutic potential (in vitro) and efficacy (in vivo) of adipose-derived stem cells to stabilize the
retinal microvessels of diabetic mice. In short, this dissertation provides a deeper understanding
of endothelial and pericyte heterogeneity, how these heterogeneities may lead to pathologic

angiogenic capabilities and microvascular instability during diabetes.
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CHAPTER 1

Introduction



Background

Angiogenesis is the growth of new blood vessels from a pre-existing vasculature. In the
adult, this process can happen physiologically, to provide oxygen and nutrients to a growing tissue.
Angiogenesis may also happen pathologically, such as in disorganized tumor growth. Often, there
is a therapeutic need to stimulate angiogenesis into a tissue, such as after injury or ischemia. To
date, clinical interventions to harness angiogenesis — either by controlled regression or stable
expansion — have largely failed. In order to improve these therapies, ongoing research has focused
on understanding the primary components of the vasculature, endothelial cells and their supportive
perivascular cells, including pericytes and smooth muscle cells. Given the complex biochemical
and biomechanical environment of each cell in the microvasculature, recent research has aimed to
understand the complex heterogeneity of both endothelial and perivascular cells. The overarching
goal of this thesis was to better understand this heterogeneity of the microvasculature, and how it

may be used therapeutically to control angiogenesis.

The second main goal of this thesis was organically inspired while reading the literature
and examining images of angiogenic networks. Time and time again, I kept asking myself, “How?
How did these vessels get here? How does this actually happen?” In the majority of studies on
angiogenesis, including many of those presented here, we are presented a series of endpoints. Yet,
the microvasculature is highly dynamic, and I wished for a closer study. This curiosity became the
foundation of the second goal of this work: to design a confocal imaging protocol to observe an
angiogenic network in vivo, over time, as it undergoes new vessel growth and vascular remodeling.
Indeed, better knowledge of the spatial and temporal dynamics of the vascular networks during

angiogenesis may lead to greater success of therapies aimed at the microvasculature.



Anatomy and cellular composition of the blood vasculature

The blood vessels of the cardiovascular system are organized along a hierarchy that dictates
their structure and function'. The aorta and large arteries transport oxygenated blood away from
the heart. Blood then passes through smaller resistance arterioles and into capillaries, where the
exchange of nutrients, oxygen, and other gases occurs'. Deoxygenated blood exits the tissues
through post-capillary venules, which drain into the larger veins. The larger veins convey blood to
the inferior and superior vena cava, which return deoxygenated blood to the heart. The expansion
of branched capillary networks deep into nearly every tissue of the body occurs in order to permit
organismic growth, satisfy the local metabolic demands of tissue during homeostasis, and enable
wound healing and regeneration following injury to the tissue.

The vasculature is comprised of many heterogeneous cell types that vary based on their
radial location within the vessel wall, as well as their location in the hierarchical network of the
blood circulatory system. However, all blood vessels are composed of an inner lining of
endothelial cells (or so called “endothelium”) surrounding the blood vessel lumen:. The
endothelium plays an important role in the sensing of mechanical signals, such as blood flow-
induced shear stress, due to the fact that the endothelial cells’ apical surfaces face the blood stream
flowing through the vessel lumen *. In addition to blood flow-induced shear stress, blood pressure
and hydrostatic pressure also represent mechanical stimuli that act on endotheliumr.

Situated in the inner layer of the vessel wall, the vascular endothelium is uniquely
positioned to participate in mechanosensing and to transfer mechanical signals to other cells in the
vasculature, such as the smooth muscle cells (SMCs) that enwrap the endothelium. In arteries,
arterioles, and larger veins, vascular SMCs are responsible for vasodilation (widening of the vessel

lumen) and vasoconstriction (narrowing of the vessel lumen). This functionality in the resistance



arterioles (which range from 15-200 microns in diameter) makes vascular SMCs the primary
regulators of vascular resistance and major controllers of systemic blood pressure’. The
endothelium of capillaries is enwrapped by cells, termed ‘pericytes’, which provide stability and
support to capillaries, help to regulate capillary permeability, modulate immune cell trafficking,

and, in tissues such as the brain, regulate blood flow via vasoconstriction and vasodilation*".

Microvascular Remodeling

Microvascular remodeling occurs in three different modes throughout an organism’s lifespan:
vasculogenesis, angiogenesis, and arteriogenesis. In the embryo, the de novo formation of a
primary vascular plexus occurs during the process of vasculogenesis via mesoderm differentiation
of angioblasts>. Primitive vasculature is generated from the non- luminal endothelial networks
during network maturation. Quiescent microvasculature is then formed through interactions
between endothelial cells and with extracellular matrix, other cells such as smooth muscle cells
and pericytes, and other signals such as shear stress and hyperoxia“. Interestingly, vasculogenesis
— the creation of a new vascular network de novo, without the expansion of a previous network —
was suggested to rarely occur in the adult:. While the source of cells and their role in adult
vascularization are poorly defined, bone marrow derived circulating endothelial progenitor cells

have been shown to actively contribute to postnatal vasculogenesis®.

In vivo blood vessel formation also occurs in the adult through angiogenesis. Angiogenesis is the
creation of new blood vessels form a pre-existing network. This process can occur by two different
processes — capillary sprouting and capillary splitting — that are discussed in detail below. Finally,
as the vasculature begins to stabilize, nascent vessels increase in diameter and obtain a viscoelastic
and vasomotor coat of smooth muscle cellse. This process is known as arteriogenesis and is

important for the consistent perfusion of a tissue. Together, these three processes are required for
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healthy tissue function. Understanding the mechanisms and dynamic interplay of the three

processes is imperative to the development of angiogenic and anti-angiogenic therapies.

Angiogenesis in the Adult

Sprouting Angiogenesis

Sprouting angiogenesis begins notably early in embryo development and persists throughout adult
life. Initially, sprouting angiogenesis is characterized by vasodilation via nitric oxide, in part to
increase vascular permeability to vascular endothelial growth factor (VEGF)”. VEGF is known to
both stimulate and provide direction for sprouting angiogenesis, though much of the other
mechanism regarding sprouting directionality and location remains unknown. This process is led
by an endothelial tip cell that extends filopodia to guide the direction of sprouting*. Degradation
of the basement membrane, also termed basal lamina, is mediated by activated endothelial cells
after exposure to VEGF and further allows for extension of endothelial cells into extracellular
space. Proliferating and migrating endothelial cells then undergo intercalation and fusion to
subsequently acquire a lumen». Through this process, new capillary segments are able to grow and

mature across their surrounding tissue space until they reach quiescence.

Pericyte recruitment during sprouting angiogenesis

Pericyte recruitment to neovessels is thought to involve chemotactic signals that are secreted from
activated endothelial cells, such as platelet derived growth factor-BB (PDGF-BB) and
Angiopoietin-1 (Angl)+. Endothelial PDGF-BB binds to PC PDGFR- f to induce PC migration
and proliferation through the Ras/Rho/Rac pathway *»; elevated Angl expression has been shown
to enhance PC migration, recruitment, and viability »». Although these and other chemotactic

signals have been studied over the past twenty-plus years in the context of pericyte recruitment>,



the important question of where new pericytes originate from remains unresolved. It has been
speculated that new pericytes may arise from one or more of the following sources: pre-existing
smooth muscle cells, pre-existing pericytes, circulating progenitor cells, and/or interstitial tissue-
resident cells>. Although a few studies have examined pericyte origin in tumor angiogenesis*, no
studies of adult angiogenesis have ruled in or out any endogenous pericyte source. Further, until
the work provided in this dissertation, no study has conducted a SMC- or PC-specific genetic

knockout during adult angiogenesis.

Intussusceptive Angiogenesis

Intussusceptive angiogenesis, known also as splitting angiogenesis, involves the separation of a
whole capillary into two by the extension of a luminal column. Endothelial cells within a vessel
will proliferate to produce a lumen wide enough to allow the fusion of the splitting capillary. This
“pinching off” of one vessel into two is traditionally only seen in thick-walled vasculature, like
that seen in the lung or heart:. Intussusception is frequently described in three phases:
microvascular growth, arborization, and branch remodeling”. During microvascular growth, pillar
creation and expansion increases the capillary surface area begins longitudinal division via a
central perforation, often aided by local fibroblasts. Arborization encompasses the delineation of
generations of feeding and draining vessels to maintain network hierarchy. Merging of septa and
horizontal pillar folds create definitive vessel entities that are separated by collagen fibrils. Finally,
branch remodeling involves any vascular architectural changes that are done to meet local blood
flow demands». Modifications include branch angle adjustment, bifurcation relation, and vessel
dilation or pruning. Overall, this process is mediated by VEGF promotion of vessel dilation and
expansion. Tie-2 is also implicated with inducing endothelial cell narrowing to begin

intussusception®.



Heterogeneity in the Vasculature

Heterogeneity in Endothelial Cells

In seeking to understand how the endothelium continues to defy therapeutic drug development,
studies have long focused on the heterogeneity of the endothelium. Indeed, as stated by Lord
Florey in his 1966 publication*, “Now it is recognized that there are many kinds of endothelial
cells which differ from one another substantially in structure, and to some extent in function.”
While this quote refers to the varying shapes of endothelial cells observed along the vascular
lumen, a finding that has been successfully repeated>, a substantial body of research has added to

our understanding of this heterogeneity=.

One of the most common phenotypes demonstrating endothelial heterogeneity is observed
in vessel specification. The endothelium of arteries, veins, and capillaries are all distinct from one
another at many levels, including gene expression and cell morphology. During development,
varied expression in gene encode differences between arterial and venous endothelium at an early
stage. For example, Eph receptor B4, Neuropilin-2, Flt4, and COUP-TFII were shown to be
expressed by veins, while ephrin B2, Neuropilin-1, Flt1, and Notch-1, Notch-4, and Notch-5 were
shown to be expressed by arteries ». Indeed, prior studies have shown that in the absence of one
of these vessel specific-factors, COUP-TFII, venous endothelium express genes indicative of
arterial endothelial cells, including enphrin B2 and Neuropilin-1, and Notch-1. Further, the
endothelium of different vessels is exposed to different biomechanical signaling cues. Arterial
endothelial cells observe shear stress levels 10-40 dynes/cmr, while veins observe shear stress
levels 1-4 dynes/cnr. It is perhaps unsurprising, then, that arterial endothelial cells have increased
tight junctions and adherens junctions compared to veins *. Though, when compared to arterial

and venous endothelial cells, which both retain tight junctions, capillary endothelium can
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additionally be highly fenestrated or discontinuous — as in the kidney glomeruli or liver,

respectively*” — to permit a higher exchange of gas, nutrients, waste, and circulating cells.

Due to the advent of high-throughput genomic sequencing, recent studies have begun
deeply examining the genetic and epigenetic differences between vessel bed-specific endothelial
cells. One seminal study pointed to the importance of both the cellular epigenetics and tissue
environment in regulating endothelial heterogeneity upon showing that endothelial cells removed
from human tonsils lost 50% of their vascular bed-specific genes upon being cultured in vitro ».
Since then, highly detailed genome-wide expression analyses have uncovered unique genetic
motifs for capillary endothelial cells in different tissues, including the liver, spleen, brain, heart,
muscle, lung, testis, and kidney. These studies have also demonstrated tissue-specific angiocrine
responses to injury and irradiation. This further supports the idea that endothelial cells of different
vascular beds may require different therapeutic approaches, and that when being isolated for tissue
grafting or tissue engineering applications, different endothelial cells may have different

therapeutic potential ».

Finally, in light of our complex understanding of the endothelium, significant research has
focused on how to analyze and appreciate these new, rich datasets. Thus, endothelial heterogeneity
has seen growing attention from the field of computational modeling. While some studies use a
systems engineering approach to grapple with the immense agonist-mediated signaling pathways
and their crosstalk®, others analyze the endothelial phenotypic drift observed in culture”, mentioned
above. Still others use agent-based modeling to tackle the heterogeneity of tip-cell versus phalanx
cell specification during the onset of sprouting angiogenesis»*. Finally, complex computational
fluid dynamics analysis, linked with growth and remodeling algorithms, are being used to predict

the site of abdominal aneurysm by modeling wall shear stress from blood flow, and predicting the
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endothelial growth and remodeling response *. While this field may still be nascent, by building
these models of physiologic endothelial heterogeneity, there exists the ability to leverage complex

models to predict endothelial aberrancies and responses during disease.

Heterogeneity in Pericytes

Similar to their neighboring endothelial cells, pericytes vary widely depending on their
embryologic origin, location, and disease state. Perhaps the most compelling sign of pericyte
heterogeneity is that there does not exist any known cellular marker that can exclusively identity
all pericytes*. While pericyte heterogeneity, including marker expression, is reviewed in depth in
Chapter 4, one can immediately appreciate that this may originate from their stem cell-like
character. Indeed, perivascular cells isolated from tissue, including adipose, are able to undergo
adipogenesis, osteogenesis, and chondrogenesis in culture, and can elicit substantial regenerative
capabilities when injected back in vivo«. Further, disturbance in endothelial-pericyte interactions

has been reported to stimulate osteogenic and adipogenic differentiation of pericytes®.

This “steminess” that has, in part, motivated extensive studies analyzing the heterogeneity
of pericytes. Recent genetic studies have analyzed the transcriptome using RNA-Seq on individual
pericytes in the brain”. Using this technique, exciting and highly detailed zonation maps have been
created for the brain vasculature that show the individual cellular genetic heterogeneity. Further,
upon comparing the genomes of individual pericytes in the brain to those in the lung, the authors
of this study identified pericyte organotypicity®. Specifically, while brain pericytes expressed
aminopeptidase N and ATP transporters, lung pericytes did not. This organotypicity is consistent
with past research that demonstrates the varied function of pericytes, including phosphate transport
in the blood-brain barrier*~ and vitamin A metabolism in the liver'. However, these findings aren’t
without their own limitations. The authors did not genetically halt perivascular genetic response

9



during mechanical and enzymatic digestion. By using an agent to interfere with mRNA synthesis,
such as Actinomycin D, the authors could have better-captured the in vivo pericyte transcriptome.
Indeed, their data suggests that their isolated pericytes were activated in response to being sorted.
That said, their work provides great evidence of perivascular organ-specific characteristics and

thus echo the idea that vascular therapies may require tissue- or subpopulation-specific targeting.

Biomechanical Signaling as a Source of Heterogeneity

While there exists a plethora of biochemical cues that provide heterogeneity, it is worth
briefly mentioning the role of biomechanical forces on cell heterogeneity, which is further
reviewed at length in Chapter 2. Previous studies have suggested that endothelial maturity, as
indicated by Tie2 expression, is affected by changes in blood flow-induced shear =*. Kurniati et
al”, showed that increasing shear stress caused elevations in Tie2 expression in cultured human
umbilical vein endothelial cells (HUVECS); also, that HUVECs decreased Tie2 gene expression
after being placed in no flow or low flow conditions. They also showed that decreases in blood
flow in a murine model of hemorrhagic shock caused a decrease in Tie2 mRNA expression across
multiple organs. Moreover, in addition to Tie2, Obi et al.* demonstrated a direct relationship
between the magnitude of shear stress and the expression of multiple EC markers in vitro,
including VEGF-R1, VEGF-R2, and VE-Cadherin.

Additionally, few studies have investigated how the onset of (or changes in) blood flow in
a neovessel affects pericyte maturity. One study by Naylor et al, demonstrated via muscle overload
that shear stress-induced sprouting angiogenesis in skeletal muscle is dependent on pericyte-
specific Endosialin and PDGFR-} signaling, but that intussusception, was not>. Another study
showed that following cessation of blood flow, pericytes maintain their expression of PDGFR-f3

but decrease their expression of a-SMA, although reinstating blood flow caused pericyte a-SMA
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expression levels to recover within 48 hours~*. These studies support the idea that change in blood

flow also contributes to pericyte-specific vascular heterogeneity.

Vascular Heterogeneity during Disease

Aberrant angiogenesis has been implicated as a common denominator in over 70 diseases,
including heart failure and cancer. For example, hyperactive angiogenesis is observed in tumor
metastasis and formation, dysregulated immune-driven angiogenesis is observed in
endometriosis©, inflammation-driven activation of the endothelium leads to thromboembolism®,
and hypoactive angiogenesis leads to ischemic tissues, such as in peripheral arterial disease or
cardiac tissue after a myocardial infarction'. As of this dissertation, there are over 5,200 studies on
angiogenesis reported by the U.S. National Library of Medicine, demonstrating its paramount

importance to improving clinical outcomes.

Since Judah Folkman’s seminal insight that tumors could not grow beyond 2 mm* without
microvascular investment*, many strategies have been developed to curb tumor angiogenesis.
These most famously include anti-VEGF agents, such as bevacizumab and aflibercept, as well as
mural cell inhibitors##, stromal cell inhibitors#, leukocyte inhibitors®, and cytotoxic anti-
angiogenic agents*. Despite the wide-spread clinical use of these agents, the benefits to date have
been considered modest with little-to-moderate improvement in overall survival of various
cancers®. Underpinning the failure of these therapeutics to work is the innate heterogeneity of the
aberrant vascular network. Compared to physiologic vessels, tumorigenic vessels are more dilated,
tortuous, permeable, fenestrated, lack a hierarchy, and have chaotic flow patterns and high
interstitial fluid pressures». Tumor vascular abnormalities also are present in both the endothelial

and perivascular cell populations®*. Tumor endothelial cells are reported to be resistant to serum
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starvation, demonstrate aneuploidy, are more proliferative, have increased VEGFR-1, VEGFR-2,
and autocrine VEGF expression, and have higher angiogenic Akt phosphorylation levels at
baseline”. Tumor endothelial cells are also highly mutable depending on their environment; when
implanted in different parts of the body, identical tumor types displayed different tumor endothelial
phenotypes*~. Similarly, tumor pericytes vary widely in coverage and phenotype. In glioblastoma,
pericytes have been shown to upregulate PDGFR-f with increased tumor stage, while also
increasing contact-dependent interaction with tumor cells*. Another study demonstrated that
cancer stem cells can reside in the perivascular niche, assuming a pericyte morphology and
location*. Similarly, pericytes isolated from human infantile hemangioma, are reported to have
decreased contractility, downregulated Angl, increased proliferation, and increased secretion of
pro-angiogenic factors-, including VEGF-A. These data suggest that pericytes are dynamic and
active in tumorigenesis®. Indeed, in part due to this heterogeneity, tumors have been able to adapt
in the face of anti-angiogenic therapies®. Thus, understanding the fundamental mechanisms behind

this heterogeneity is believed to be important in furthering anti-angiogenic therapies.

Additionally, in 1963, David Cogan observed that pericytes were absent from capillaries in the
diabetic retina“~. The loss of pericytes, as well as smooth muscle cells#, and later endothelial cells,
leads to the formation of microaneurysms and eventually sight-compromising disease.
Intriguingly, no study has putatively demonstrated the fate of pericytes during diabetic
retinopathy+#. While hyperglycemia is known to cause increased oxidative stress and loss of
insulin-mediated pro-survival signaling via glycated collagen, the question of which pericytes are
susceptible to ‘drop out” — and where these pericytes go after vessel dissociation — still remains®.
This elusivity is reflected in clinical outcomes. Approximately 40% of patients are non-responders

to anti-VEGF treatment; even in responsive patients, injections only serve to delay laser
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photocoagulation-, a procedure that compromises peripheral and night vision to spare central
vision. Consequently, patients are currently left with treatments that only manage the
complications of diabetic retinopathy in the short term». In order to address these limitations, new
studies, including those discussed in Chapter 4 and conducted in Chapter 6, are aimed at repairing
the damaged tissue via administration of mesenchymal stem cells (MSC) to replace the
perivascular niche””. Indeed, the multipotency of MSCs may be permissive to replacing the

heterogeneous perivascular niche in the diabetic retina.

Primary Methods Used to Study Angiogenesis
Angiogenesis and neovessel stabilization are inherently dynamic processes. Consequently, in order
to address the multitude of questions that remain, there exist many experimental models that are

each uniquely able to test different hypotheses™.

In vitro

Although in vitro techniques do not have immediately applicable physiological relevance, they
provide a controlled environment in which to test specific hypotheses. When probing specific
molecular and genetic interactions in vivo is too laborious or technically challenging, in vitro
models of angiogenesis are able to test multiple hypotheses quickly for subsequent in vivo
validation. In vitro models also permit high-throughput drug testing, gene candidate searches in
response to therapeutic agents, and relatively simple time course imaging and assessment of

cellular behavior~.

In static culture, endothelial cell behavior is tested either alone or in co-culture with multiple other
cell types, including fibroblasts, pericytes, tumor cells, monocytes and other immune cells .

These cultures exist as two-dimensional systems, as well as three-dimensional systems that permit

13



time course analysis of network and tube formation *=. While in vitro assays can readily investigate
the proliferative, apoptotic, metabolic, molecular and genetic response to stimuli or environmental
changes, they also permit functional analysis of cellular behavior<s. This includes the use of scratch
assays and Boyden chambers to assess cell migration and transendothelial transport, respectively*
». Further, ex vivo systems, such as the aortic ring assay and mesenteric culture model permit

analysis of angiogenic sprouting with a higher degree of physiologic relevance”.

Additional in vitro systems also permit extensive study on the role of biomechanics in
angiogenesis. The role of static strain, as experienced during circumferential stretch in in vivo
vascular remodeling, can be tested via tunable stretch chambers; these studies have revealed a role
for stretch in endothelial cell proliferation and sprouting-like behavior==. Further, multiple systems
exist in which to study the role of shear stress on endothelial cells and pericyte*. These systems
are highly customizable across a wide range of shear stress ranges, direction”, and wave profiles®,
in order to test physiologic shear stress experienced across the vasculature and during disease",
such as the turbulent flow observed in atherosclerosis. Additional systems also allow for analysis
of the role of interstitial flow on endothelial sprouting behavior=. Truly, in vitro systems permit

highly specific conditions to answer physiologic questions.

In vivo

In addition to in vitro models of angiogenesis, there exist a wide range of in vivo models of
angiogenesis. Invaluable mechanistic insights on developmental angiogenesis have been gained
from non-mammalian systems, such as the chick embryo model and zebrafish assay . Other
developmental insights on VEGFR-1 coordination in mammalian developmental angiogenesis

have made use of the mouse embryoid model. While these insights have been invaluable for the
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progression of the angiogenesis field, they are limited in application to adult models of
angiogenesis, where a pre-existing and quiescent vasculature exists. Likewise, while zebrafish
have been used to study angiogenesis in tumorigenic settings, as well as in non-mammalian

regeneration, their applicability to human disease is uncertain.

Adult, mammalian angiogenesis has also been observed through a number of model systems™.
Rodent mesentery angiogenesis assays™ and hydrogel implant assays"* both permit analysis of
sprouting angiogenesis at a single time-point after treatment. The backpack window chamber
model has provided insight in angiogenesis and arterialization of microvascular networks over
time™, yet is not permissive for intravital imaging at a single-cellular level. Finally, the cornea
angiogenesis assay allows for observation of neovascularization into a previously-avascular tissue
over time at a high resolution. Corneal angiogenesis may be stimulated via numerous cytokines
or tumor placement into a micropocket, placement of sutures, or application of silver nitrate .
Due, in part, to the accessibility of the cornea, much of the work in this thesis leverages the corneal

angiogenesis assay, as presented in Chapter 3 and Chapter 5.

Finally, there exist a number of useful clinical tools that permit study of patient microvascular
health. Magnetic resonance angiography of lower extremities is used to quantify collateral vessel
health in patients with peripheral artery disease to predict femoral artery plaque area and lowerlimb
ischemic risk>. Additionally, indocyanine green angiography can detect choroidal
neovascularization in patients being treated with anti-VEGF bevacizumab for age-related macular
degeneration»~. Recent work has used this angiography to predict whether patients are likely to
experience recurrent exudation and hemorrhaging during continued “treat-and-extend” protocols
of bevacizumab. These studies, while limited in scope, provide insight into how quantitative

assessment of angiogenesis during diseases can be used to predict clinical outcomes.
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Overview of Thesis

The remaining chapters of this dissertation consider endothelial heterogeneity, perivascular
heterogeneity, and one potential therapeutic implication, in that order. Chapter 2 delves into the
role of biomechanics in endothelial heterogeneity. Here, the complex mechanisms by which the
endothelium senses, responds to, and modifies its environment are outlined. While the chapter
focuses healthy physiology, it concludes with clinical considerations for atherosclerosis.

Chapter 3 is the first primary research chapter, in which we present a novel method of
intravital confocal microscopy. While developing this technique, we were surprised to observe that
the angiogenic endothelium, while perfusion-competent, did not express Tie2. This observation
stemmed a collaboration in which we were able to overlay the confocal images with those taken
via non-invasive photoacoustic microscopy, which elucidated the blood flow velocity. By
combining both techniques, we were able to correlate endothelial Tie2 expression with capillary
shear stress in a remodeling network, at the level of a single capillary.

Chapter 4 transitions from the endothelium to pericytes. Here, we discuss the heterogeneity
innate to pericytes, including their diverse phenotypic lineage and origin. This chapter also
discusses two major questions within the field: (1) are pericytes mesenchymal stem cells? and (2)
can we use mesenchymal stem cells to stabilize aberrantly angiogenic vasculature? These
questions become foundational for the remaining two primarily research chapters.

Chapter 5 aims to uncover the underpinning mechanism of a pluripotent stem cell gene,
Oct4, in pericytes. While the loss of Oct4 exclusively in pericytes seemed to play no role at
baseline, it lead to aberrant, leaky angiogenesis in response to corneal alkali burn and hindlimb
ischemia. We found significant impairment in perivascular and endothelial cell migration and a

substantially decreased pericyte population. Further, RNA-seq and qRT-PCR analysis of cultured
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SMC showed that Oct4-KO was associated with dysregulated expression of the migratory
signaling cue family, Slit-Robo, including Slit3 downregulation and Slit2 upregulation. Together,
these data implied that pericytes to use pluripotent stem cell gene regulation during angiogenesis.

Chapter 6 addresses the second question posed in Chapter 4. Transitioning away from the
cornea, we used diabetic Akimba mice in a model of diabetic retinopathy. We built on previous
studies that demonstrated that adipose-derived stem cells (ASCs) injected into the vitreous of
diabetic mice had a protective effect on the retinal microvasculature. While past studies used stem
cells from a healthy source, we investigated the effect of diabetes on the angiogenic potential of
ASCs invitro, as well as the vascular protective effect in vivo. Indeed, we found that diabetic ASCs
have a less active angiogenic secretome and a reduced therapeutic effect.

Chapter 7 provides deeper reflection on the contributions from this thesis. Finally, as no
work in science is ever truly complete, I will share some of the exciting new questions we are

exploring, as a consequence of this work.
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CHAPTER 2

Endothelial Mechanosensitivity as a Source

of Heterogeneity
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Abstract

The blood and lymphatic vasculatures are hierarchical networks of vessels, which constantly
transport fluids and, therefore, are exposed to a variety of mechanical forces. Considering the role
of mechanotransduction is key for fully understanding how these vascular systems develop,
function, and how vascular pathologies evolve. During embryonic development, for example,
initiation of blood flow is essential for early vascular remodeling, and increased interstitial fluid
pressure, as well as initiation of lymph flow, is needed for proper development and maturation of
the lymphatic vasculature. In this review, we introduce specific mechanical forces that affect both
the blood and lymphatic vasculatures, including longitudinal and circumferential stretch, as well
as shear stress. In addition, we provide an overview of the role of mechanotransduction during

atherosclerosis and secondary lymphedema, which both trigger tissue fibrosis.
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Introduction

Two vascular systems exist in the vertebrate body: the blood and the lymphatic vasculatures. The
blood vasculature is a closed circulatory system, which transports blood through the body, and is
required for exchange of oxygen, nutrients, water, salts, hormones, and waste products between
blood and tissues (Figure 2.1). In contrast, the lymphatic vasculature is a blind-ended system
responsible for the uptake of interstitial fluid leaking out of the blood vasculature into extracellular
spaces (Figure 2.2). The lymphatic vasculature transports this fluid, referred to as lymph, back to
the blood circulatory system, thereby maintaining fluid homeostasis in the body. Further, the
lymphatic vasculature is involved in the uptake of dietary lipids and in immune surveillance. Both
vessel types are found in nearly every tissue in the body, except avascular tissues such as cartilage
or the cornea. Strikingly, recent studies discovered functional lymphatic vessels in the brain,
previously believed to be lacking lymphatic vasculature*. Dysfunctions of the blood or lymphatic
vasculature are implicated in numerous pathological conditions, including atherosclerosis,
myocardial infarction, stroke, lymphedema, chronic inflammation, tumor growth, and diabetic
nephropathy and retinopathy.

Biomechanical forces play a critical role during developmental, physiological, and pathological
processes, and therefore have gained increasing attention in vascular research . In the
vasculature, constant fluid transport creates both shear stress by flow along the inner lumen of the
vessels and endothelial stretch by exerting pressure on the endothelial cell layer. Several studies
demonstrate that these mechanical stimulations critically regulate growth of blood and lymphatic
vessels, known as angiogenesis and lymphangiogenesis, respectively. Moreover, extracellular
matrix (ECM) receptors, such as those containing the $1 integrin subunit, significantly contribute

to mechanotransduction in endothelial cells by translating mechanical stimuli into activation of
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Vascular Endothelial Growth Factor Receptor (VEGFR)-2 and -3 . These subsequently promote
endothelial cell survival, proliferation, and migration *.

In this review, we aim to discuss the mechanical forces that influence the blood vasculature and
introduce relevant molecular players that contribute to responding to these forces. While the
lymphatic vasculature was considered in great depth in the initial publication of this review, these
sections were removed for the sake of brevity. Here, we further summarize key events of
mechanotransduction during the development of the vasculature network. Finally, we briefly
describe how mechanotransduction is changed in vascular endothelial cells, and how these changes

contribute to atherosclerosis.
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Figure 2.1 Hierarchy of the blood vasculature and physiological role of mechanical forces.

The blood vasculature can be classified into arteries, arterioles, capillaries, venules, and veins. Arteries consist of vascular endothelial
cells, which are connected via adherens and/or tight junctions, and are covered by a continuous basement membrane, vascular smooth
muscle cells (SMCs), and a layer of fibroblasts and collagen. The apical surface further is covered by a glycocalyx. The main driving
force of blood transport through the arteries is the pumping of the heart as well as the arteriolar SMC contraction and relaxation. Blood
capillaries allow the exchange of gases and nutrients, and consist of vascular endothelial cells that are covered by a basement membrane
and pericytes. The endothelial cells are also connected via adherens and/or tight junctions, and face a glycocalyx on the apical surface.
The arterial part of a capillary bed allows fluid to escape from the capillaries, while the venous part allows uptake of fluid back into the
blood circulation. Veins show a similar morphology to arteries, but generally exhibit a thinner vascular SMC layer, and additionally can
contain venous valves. Blood transport through veins is mainly driven by phasic contractions of vascular SMCs that act as an intrinsic
pump, opening and closing of venous valves, and contractions created by other tissues that serve as an extrinsic pump. In general,
vascular endothelial cells of the blood vasculature experience circumferential stretch created by systolic and diastolic blood pressure (1)
and hydrostatic pressure (2) as well as shear stress created by blood flow (3). Several molecules are involved in the transient endothelial

response to increased shear stress.
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Figure 2.2 Hierarchy of the lymphatic vasculature and physiological role of mechanical forces.

The lymphatic vasculature can be classified into lymphatic capillaries, and pre-collecting and collecting lymphatic vessels. The
lymphatic capillaries are responsible for the uptake of interstitial fluid. The main driving force for fluid uptake is a pressure gradient
between the high interstitial fluid pressure and low intraluminal pressure within lymphatic capillaries. The special morphology of
lymphatic capillaries contributes to the uptake of fluid, as they are covered by a discontinuous basement membrane. Moreover, they are
tightly connected to the extracellular matrix (ECM) via anchoring filaments and focal adhesions, and lymphatic endothelial cells (LECs)
are connected via discontinuous button-like junctions. In contrast, collecting lymphatic vessels are responsible for the lymph transport.
They exhibit a continuous basement membrane, are surrounded by lymphatic smooth muscle cells (SMCs), and their LECs are connected
via zipper-like junctions. Lymph propulsion is mainly driven by phasic contractions of lymphatic SMCs that act as an intrinsic pump,
opening and closing of lymphatic valves, as well as by contractions created by surrounding tissues that serve as an extrinsic pump. The
LECs in lymphatic valves that are exposed to linear lymph flow are elongated, whereas the LECs exposed to the recirculating lymph
flow are cuboidal shaped but can also be elongated. In general, LECs experience circumferential stretch created by lymph pressure (1)
and hydrostatic pressure (2) as well as shear stress created by lymph flow (3). The expression of different mechanoresponsive molecules

like VEGFR3, FOXC2, or GATA?2 by LECs varies depending on the hierarchical lymphatic vessel type.

25



Mechanical forces in blood vessels and molecular players essential for
mechanotransduction

Since the 1890s, studies of the vascular endothelium have demonstrated that blood flow is actively
controlled by vascular responses throughout the circulatory tree *, and recent decades of research
have demonstrated how mechanical forces imparted by blood flow dynamically affect the
vasculature. The most widely studied mechanical influences on vascular responses in the blood
circulation are circumferential stretch (or stress), longitudinal stretch, hydrostatic pressure, and
blood flow-induced shear stress ' (Figure 1). For example, in response to increased or decreased
blood flow, the inner diameter of an arteriole will expand or narrow, respectively, to normalize the
amount of shear stress to which the endothelium is exposed . Likewise, in response to increased
or decreased blood pressure, the vessel wall will thicken or thin, respectively, in order to
accommodate the mechanical force applied in the direction perpendicular to the vessel wall by
circumferential stretch. In these examples, the temporary changes in vessel wall thickness are
imparted via vascular SMC contraction or dilation. Alternatively, larger, more permanent increases
in vessel wall thickness (for example, resulting from long-term hypertension) require SMC
hypertrophy and/or hyperplasia, as well as endothelial cell remodeling and/or proliferation .
Furthermore, changes in hydrostatic pressure can lead to new capillary growth (angiogenesis),
possibly caused by increases in local inflammatory signaling molecules, such as interleukin-1£3
(IL-1P) and tumor necrotic factor-o. (TNF-q) .

In the following sub-sections, we will briefly discuss the biomechanics of the cardiovascular
system as a whole, including the propulsion of blood from the heart to the systemic circulation,
pre-capillary regulation of the blood flow in the resistance arterioles, and post-capillary regulation

of blood flow via the venous valves. Then, we will summarize the most well-studied molecular



components that are known to participate in sensing of and transduction of mechanical forces,
emphasizing how these molecular components differ as a result of cell heterogeneities across the

blood circulation.

Mechanical forces during blood propulsion and transport

Two opposing forces control the movement of blood through the vasculature: the propulsion of
blood from the left ventricle via pumping of the heart versus regulation of blood flow in the
resistance arterioles of the peripheral circulation via SMC contraction (resulting in vessel
constriction) and relaxation (resulting in vessel dilation) (Figure 2.1). Hence, arterial blood
pressure is related to both cardiac output (defined as heart rate times stroke volume) and total
peripheral vascular resistance . This balance between arterial relaxation and arterial constriction
is dynamically maintained through a number of biochemical pathways, including peroxisome
proliferator-activated receptor-y (PPARY), chloride (Cl) channels, nitric oxide (NO) synthase,
arginase, and the renin-angiotensin system, all of which are known to enact their effects in both
endothelial and smooth muscle cells »=. Imbalance in these signals can lead to pathologically

increased blood pressure, which, in turn, can cause inflammation-inducing turbulent flow .

Mechanosensors of blood flow-induced shear stress

“Mechanosensors”, or molecular signals that are responsive to changes in mechanical forces, have
been identified in both the developing and adult endothelium. However, to date, a comprehensive
understanding of the molecular mechanisms that relate mechanosensation (i.e. sensing of
mechanical signals), mechanotransduction (i.e. conversion of mechanical signals to downstream
effectors), and downstream cellular accommodation (i.e. alterations in cell morphology, size, or
behaviors) has remained elusive. Nonetheless, numerous prior studies have described multiple

mechanisms by which endothelial cells can sense a change in shear stress, as reflected by
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alterations in vascular architecture and endothelial cell gene expression. Some of these studies are

reviewed below.

Cell-Cell Junctions: When considering shear stress across a confluent layer of vascular endothelial

cells (such as endothelial cells on a culture plate or along the wall of a blood vessel segment),
endothelial cells will redistribute the force experienced along the cell wall to minimize the tension
in the membrane. Classic biomechanics studies have used mathematical modeling approaches to
demonstrate that the location of highest membrane tension is at the upstream cell-cell junction
(i.e., the cell-cell junction nearest to the aorta, on the arterial side of the cell), while the lowest
membrane tension is on the downstream cell-cell junction (i.e., closest to the venous side of the
vascular network) . Recent empirical studies have identified that the gradient in membrane
tension is maintained by cytoskeletal remodeling dependent on a mechanosensory complex that is
primarily located at the endothelial junction upstream the direction of flow =«. This complex
consists of three subunits: platelet endothelial cell adhesion molecule 1 (PECAM-1, also referred
to as CD31), VE-Cadherin, and VEGFR2. PECAM-1 serves as the transmitter of the force across
the cellular membrane; VE-Cadherin recruits VEGFR?2 and serves as its adaptor to PECAM-1;
VEGFR?2 is then phosphorylated to activate various downstream intracellular signaling pathways,
such as Akt, mitogen-activated protein (MAP) kinases, NO production, and actin polymerization
ww Together, they translate mechanical force into biochemical activity. Live fluorescence
resonance energy transfer (FRET) imaging of endothelial cells has demonstrated that flow induces
PECAM-1 attachment to vimentin at endothelial-endothelial cell junctions upstream to the
direction of flow 7. Additionally, VE-Cadherin was shown in vitro to mediate the transfer of
actomyosin bundles from endothelial-endothelial junctions to focal adhesion junctions . In vivo,

this might suggest that VE-Cadherin responds to healthy, physiologic shear stress by decreasing
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vascular permeability and leukocyte extravasation by increasing the endothelial actin cytoskeleton
around cell-cell junctions . Consistent with this hypothesis, studies using ex vivo imaging of
human vascular segments found a distinct upregulation of F-actin cytoskeleton in arteries
compared to veins. Likewise, HUVECs cultured on coverslips coated with arterial ECM (versus

venous) had more positive immunostaining for VE-Cadherin and F-actin bundles 7.

G-Proteins: Fluid shear stress has also been shown to activate G-protein coupled receptors (GPCR)
in a ligand independent manner. Specifically, endothelial cells exposed to shear stress conditions
revealed ligand-independent activation of the bradykinin B2 GPCR using a combination of
fluorescence and FRET microscopy . In addition, shear-induced GPCR signaling has also been
suggested to increase platelet-derived growth factor (PDGF) gene expression by triggering protein
kinase C (PKC) activation . Additional studies demonstrated that small G protein Ras is rapidly
activated in response to fluid flow in dose-dependent manner . Additional historic reviews have
thoroughly outlined challenges in the field to de-couple the many hypothesized G-protein linked
signaling mechanisms to understand their relative contributions to mechanosensing and

mechanotransduction in vascular endothelial cells ==,

Primary Cilia: Primary cilia are organelles that extrude from the cell membrane into the interstitial
space, composed of microtubules that communicate with the extracellular environment ™. As
demonstrated in renal epithelia, apical fluid flow bends primary cilia and induces an intracellular
signaling cascade, including opening of calcium (Ca*) channels as a shear stress-induced response
s Prior work done in vitro demonstrated that endothelial cells with genes knocked out for the
proteins polycystin-1 and polycystin-2, which strongly localize in primary cilia, were unable to

generate NO and had lower intracellular Ca» .

29



Caveolae: Caveolae are flask-shaped invaginations (~50-100 nm) in the cell surface that are rich
in glycosphingolipids and have recently been implicated in endothelial mechanosensing . They
are locally enriched with the membrane protein caveolin-1 (Cav-1), which has been demonstrated
to be necessary for vascular stability in vivo . Cav-1 knockout mice demonstrated an impaired
vasomotor response to ligation of the left external carotid artery; compared to arteries in wild type
and caveolin-1 reconstituted mice, decreased blood flow in KO mice did not lead to a decrease in
lumen diameter . However, the authors did report an increased vessel wall thickness and cellular
proliferation. This, along with dual endothelial NO synthase (eNOS) and Cav-1 knockout studies,
suggests that eNOS vasoreacitivity (i.e. flow-mediated dilation) requires Cav-1 localization to

sense changes in shear stress .

Integrins: Integrins significantly contribute to mechanosensing by translating stresses within the
intracellular cytoskeleton and ECM to receptor tyrosine kinase (RTK) or ion channels **. Previous
studies have rigorously demonstrated the role of multiple integrins that integrate with both ECM
and cytoplasmic kinases . Integrins assist in translating various mechanical stimuli into
signaling events, including shear stress, ECM stiffness, and compression of the cell membrane
wiemae [ the vasculature, these integrin-mediated responses are not limited to the endothelium,
as they also include sensing of shear stress and cyclic stretch by vascular SMCs and fibroblasts in
the adventitia of large blood vessels . Integrin sensing of mechanical forces primarily occurs
through focal adhesion kinase (FAK), although multiple other pathways have been reported,
including Rho small GTPase family signaling (RhoA, Cdc42, and Rac), focal adhesion kinase, c-

Src PI3K, myosin light chain kinase, Akt kinase, IxB kinases, nd receptor tyrosine kinase Flk-1

204216219
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Glycocalyx: The endothelial glycocalyx is a 500 nm thick, gel-like mesh of membrane-bound
glycoproteins and proteoglycans on the apical or luminal surface of the endothelium (Figure 1). It
serves as a nest for soluble molecules sourced from both the endothelium and plasma = Initial
studies observed that the glycocalyx bends in the direction of blood flow, influencing the direction
of cytoskeletal remodeling through the direct connection between syndecans and actin filaments
= Specifically, the heparin sulfate fraction of the glycocalyx is responsible for short-term
responses to change in endothelial shear stress, as its movement will either expose or hide the
membrane-bound syndecans »*. Additional in vivo studies have further described the role of the
apical glycocalyx in regulating endothelial NO production through modulation of heparin sulfate
=2 While the exact mechanism is unclear, ongoing fluorescence imaging studies suggest that the

movement of the glycocalyx might lead to mechanical disruption of eNOS-loaded caveolae .

Ion Channels: Flow-activated ion channels mediate fast-acting responses to changes in endothelial
shear stress that have been thoroughly reviewed in prior works »'. Briefly, inwardly-rectifying
potassium (IRK) channels primarily govern endothelial resting membrane potential >». Endothelial
Cl channels are opened at low levels of shear stress (0.3 dyne/cm — 3.5 dyne/cny’), remain open
during nonreversing pulsatile flow, and directly correlate with Akt phosphorylation. However,
oscillatory flow fails to either open Cl channels or induce subsequent Akt phosphorylation .
Flow-responsive Ca* channels are also activated through two primary mechanisms. Transient
Receptor Potential Cation Channels (TRPV4) open directly in response to shear stress, while P2X4
ATP-operated channels open after shear stress-induced increase in intracellular ATP =.
Additionally, endothelial cells are mechanosensitive to stretch-activated Ca» channels, a finding

that has also been reported in vascular SMCs =2,
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Intermediate Filaments: In addition to signaling induced by integrins, G-protein coupled receptors,

and ion channels, membrane signal transduction through intermediate filaments modulates
intracellular responses to shear stress. Live imaging studies performed on endothelial cells in vitro
have demonstrated significant remodeling of vimentin intermediate filaments only three minutes
after a change in shear stress, suggesting that the dynamics of intermediate filament shear stress
sensing are relatively rapid »»*. However, greater mechanistic studies analyzing the signaling that

causes this change are required.

Actin Cytoskeleton: While the actin cytoskeleton polymerization responds to changes in shear

stress within minutes, it has been reported that endothelial cells require 24 hours of exposure to
fluid flow to obtain full alignment >. Prior work also has demonstrated that after flow stimulation,
the initial response to shear stress is cytoskeletal depolymerization in order to permit enhanced
cellular remodeling. However, this change in cytoskeletal remodeling is translated into changes in

endothelial cell shape to improve barrier integrity, rather than migration >.

Nucleus: In addition to cytoskeletal remodeling, cell nuclei are purported to participate in
mechanosensing and signaling. In vitro work has reported elongated nuclei after exposure to
physiologic shear stress, most likely due to a change in compression of the nucleus along the
direction of flow. Interestingly, this change in nucleus length was preserved after they were
isolated from the cells, suggesting an inherent increase in nuclei stiffness and elastic modulus *.
Additional work in vitro suggests that this change in nucleus shape following shear stress allows

the cell to determine the direction of flow .
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Time Scale of Blood Flow-Induced Shear Stress Responses

Given the varied molecular mediators described above that are capable of sensing alterations in
shear stress, it is not surprising that there exists a range of timescales during which sensing and
transduction by each of these types of mediators occurs. Many signaling pathways are activated in
seconds in response to blood flow-induced shear stress. For example, changes in ion signaling
through Cl and potassium (K-) channels are widely observed *»*. Phosphorylation events, such as
phosphorylation of PECAM-1, are also seen as early as 30 seconds, as well as release of NO from
endothelial cells 7. On the time scale of minutes, in response to activation of eNOS, endothelial
VEGFR?2 phosphorylation is upregulated *. Additionally, the Src protein family kinases (SFKs)
are activated within 1-10 minutes of shear stress exposure **. Many endothelial intracellular
signaling pathways are also upregulated on the order of minutes, including MAP Kinases, Rho/Rac
GTPases, nuclear factor-vB (NF-#B) and c-Jun N-terminal kinase (JNK) phosphorylation ==.
Integrins, cytoskeletal remodeling, and focal adhesion remodeling are also activated in this
timeframe »=. On the scale of hours to days, much more comprehensive changes in intracellular
signaling and cellular structures have been measured. For example, in vitro studies found that the
Tie2-Angiopoietin signaling complex, which is required for the maturation of endothelial
progenitor cells, has a ~48 hour delay when responding to changes in shear stress *. Tie2 is a
receptor tyrosine kinase whose phosphorylation during quiescence is induced by pericyte-derived
angiopoietin-1>; this interaction is destabilized in response to stimuli, including hypoxia and

inflammation, by the endothelial-dervied competitive antagonist, angiopoietin-2='.
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Endothelial Heterogeneity in Blood Flow-Induced Shear Stress Responses

Spatial and temporal endothelial cell heterogeneities have long been observed in vascular biology.
Given the vast number of chemical and mechanical cues happening in the microenvironment of
each cell, this heterogeneity might be a reason for the difficulty in designing therapies that target
the vascular endothelium *. In light of these difficulties, perhaps it is not surprising that even well-
established vascular endothelial markers, such as Tie2 and PECAM-1, demonstrate great

heterogeneity in the face of mechanotransduction =,

Given the vast heterogeneity in the magnitude of fluid-induced shear stress throughout the
circulatory tree (from 70 dyn/cny in arteries to 1 dyn/cm?2 in venules), it is important to consider
how these mechanical signals promote and sustain endothelial cell heterogeneities across the
variety of vessel sizes in the systemic circulation. Indeed, expression of VEGFR1, VEGFR2, VE-
Cadherin, Tie2, vascular cell adhesion molecule 1 (VCAM-1), Integrin a./p,, and E-Selectin
increase in a dose-dependent manner when HUVECS are exposed to increasing shear stress in vitro
= (Figure 1). Additional work demonstrated the inverse relationship by placing endothelial cells in
static conditions after being exposed to flow **. Moreover, increased PECAM-1 signaling under
shear stress has been linked to downstream increased ERK signaling, B1 integrin activation, eNOS
activation, VE-Cadherin and VEGFR2 phosphorylation ==27. These examples highlight the fact
that the proteins that have long been used to study the endothelium are tightly and transiently

regulated by fluid-induced shear stress.

One significant limitation in the field, however, is that the majority of studies that have examined
how temporal changes in flow-induced shear stress affect vascular genotype and phenotype have

been performed in vitro. To date, few if any studies have been able to measure subtle changes in
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blood flow-induced shear stress in small vessels; fewer still have paired these measurements with
biochemical read-outs of gene expression, such as those gathered via gene-driven green fluorescent
protein (GFP) expression in individual cells. In order to address this limitation in the field, current
studies exist to probe vessel hemodynamics and Tie2-driven GFP-expression in the same vessel
segments dynamically over time. By coupling photoacoustic microscopy with intravital confocal
microscopy to image the same vessel segments across angiogenic microvascular beds in the murine
cornea, some of us have reported spatial and temporal data on endothelial Tie2 expression in
capillary segments, as well as shear stress measurements at multiple time points during both

angiogenesis and microvascular network hemodynamic remodeling.

Mechanical forces at venous valves

Due to their pivotal role in mediating peripheral vascular resistance, the arterioles have received
the most attention for their ability to sense and respond to mechanical cues. However, the venous
endothelium also experiences dynamic mechanical cues that affect their function. While the blood
velocity in large, central veins (e.g., jugular vein) is thought to be sufficient to provide
unidirectional flow, small veins that act against gravity (e.g., saphenous vein and its tributaries in
the calf), require valves and skeletal muscle pumping to prevent blood stasis or turbulent flow
(Figure 2.1). Interestingly, recent reports have also observed venous valves in central veins,
including the jugular vein and jugular lymph sac during development, implying their role in the
regulating venous fluid mechanics may be more extensive than originally thought». The
anatomical and geometric complexities of venous valves, in particular, create spatially
heterogeneous levels of mechanical shear stress, to which the venous endothelium has been shown

to be highly sensitive.
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Venous valves begin developing as ridges on endothelial cells; these ridges protrude from the
endothelium and extend as long, thin flaps, termed ‘cusps’ (Figure 2.1). These cusps consist of
two layers of endothelial cells that surround a core rich with laminin-a5 and fibronectin .
Venous valves are typically bicuspid, though unicuspid and tricuspid veins are also rarely
observed. These valves ensure directional flow through a four-step valve-cycle ». The cycle begins
with an opening phase, during which the two previously-closed valve cusps separate to permit
blood flow. Once they open, they reach the second phase: the equilibrium phase. During the
equilibrium phase, blood flows through the opening created by cusps of the valve. Then, while the
primary stream of blood flow continues along the vessel, smaller streams of the blood flow
circulate along and around the valve cusps, into pockets created between the cusps and the vessel
wall. This creates a vortex between the vessel wall and the cusp that acts as a pressure to begin the
third closing phase, during which the valve cusps close. Finally, the valve reaches the fourth phase,

the closed phase, where there is no observed flow through the vein.

The endothelium in veins and venules is hypothesized to possess many of the same
mechanosensitive signaling mechanisms that are present in arteriolar endothelial cells, including
ion channels, GPCRs, the glyocalyx, and integrins **. Additionally, multiple integrins known to
participate in mechanical force-sensing in arterioles, such as a., a,, [3,, and a.f3,, have also been
identified in saphenous vein SMCs »». These (and other) biochemical signaling molecules that are
known to be involved in mechanotransduction will be described in more detail in the subsequent
sections. Finally, longitudinal stretch, or mechanical stretch along the length of vessel wall in the
direction of blood flow, is another type of mechanical stimuli in large veins, (e.g., human
saphenous vein) that triggers matrix metalloproteinase (MMP)-driven vessel wall thickening via

integrin o, .
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Blood vascular development, cardiac development, and role of mechanotransduction

The development of the vascular circulation has been described in depth by multiple reviews =77,
In brief, vasculogenesis begins by the creation of a primary plexus of precursors to endothelial
cells in the yolk sac as well as formation of two dorsal aortae in the embryo . After the formation
of the primary plexus or dorsal aortae, mechanisms of angiogenesis (including endothelial
sprouting, intussusception, regression, and fusion, as well as mural cell recruitment) remodel the
network to obtain the endothelial and blood vessel heterogeneity that characterizes the hierarchical

circulatory network.

Recent, sophisticated experimental methods have permitted time-lapse movies of mammalian
blood vessel development to further probe the relationship between vascular morphogenesis and
endothelial VEGFRI1 signaling . Live imaging has also been leveraged to demonstrate the
sensitivity of endothelial cells to changes in blood flow during vascular remodeling >». These, as
well as other studies, have shown that blood flow regulates endothelial cell migration, vessel

segment fusion, and branch formation ».

Notably, changes in shear stress appear to be relatively unimportant in driving the initial stages of
angiogenesis. Studies in zebrafish have successfully monitored morphologically normal vessel
formation in the absence of a heart beat and blood flow until 14 days post-fertilization >. Thus,
while tissues still require oxygen to be viable, the initial stages of angiogenesis do not necessitate
blood flow-induced shear stress *. However, in mammalian development, tissues require blood
flow during plexus remodeling at a much earlier time point in order to prevent hypoxia ».
Additionally, multiple genes in both zebrafish and mammalian vascular development require shear

stress, including activin receptor-like kinase 1(alkl) and endoglin 1 (ednl), which are predicted to
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limit arterial diameter at the onset of flow during development . Interestingly, while
arteriogenesis does not traditionally occur during embryonic development, vascular endothelium
in the developing embryo is capable of undergoing NO-mediated vessel dilation, endothelial
activation, and increased proliferation due to either changes in embryonic hemodynamic forces or
alkl expression in zebrafish =»». Finally, valvulogenesis is yet another process in the vascular tree
that is hemodynamically-dependent, as demonstrated by studies on flow-through-induced

expression of miR-21 .

Perhaps the most well-described transcription factor in fluid shear stress activation is Kriippel-like
Factor (KIf) 2, an essential regulator of cardiovascular responses to fluid shear stress »». Other
detailed studies showed that endothelial expression of K/f2 mirrors the rise and fall of fluid shear
stress during murine development ». Embryonically lethal, KIf2 knockout mice die without any
structural vascular defects, despite experiencing cardiac defects indicative of heart failure caused
by increased cardiac output in response to decreased vessel tone. Moreover, heart failure was
rescued by phenylephrine, which targets the al adrenergic receptor on vascular SMCs and

increased vessel tone without improving myocardial performance .

The development of both the heart’s endocardium and vascular endothelium are reliant on many
overlapping biomolecular responses to similar mechanical stimuli. Much like the vasculature,
endocardial development occurs in response to mechanical cues sensed by primary cilia *»'. Also,
KIf2 signaling is reported to be important in cardiac valve development »»*. During cardiac
development, retrograde blood flow is reported to act through Klf2a in order to ensure normal
valvulogenesis in the developing heart =. As reviewed previously, cardiac development also

involves numerous wall shear stress-mediated steps, including cardiac ‘looping,” chamber
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ballooning, trabeculation, valve formation, and conduction through hemodynamically-driven

differentiation of cardiomyocytes .

Mechanotransduction in blood vessels during atherosclerosis
The leading cause of death worldwide is atherosclerotic cardiovascular disease *”. Therefore, there
exists a critical need to better understand the underlying molecular mechanisms behind

inflammatory endothelial activation, ischemia, and systemic atherosclerosis.

Mechanistic studies of atherosclerosis have long focused on the role of mechanotransduction
during the onset of disease. For nearly fifty years, atherosclerotic plaques have been reported to
develop at points of low or disturbed wall shear stress = (Figure 2.3). Later studies reported that
lesions under low shear stress were larger, contained fewer SMCs and lipid deposits, and showed
more regions of outward vascular remodeling . Additionally, lesions in regions of lower shear
stress exhibited increased inflammatory mediators (VCAM-1, intercellular adhesion molecule 1
(ICAM-1), C-reactive protein, IL-6, and VEGF), angiotensin-II-induced hemorrhaging, and MMP
activity * (Figure 3). Studies employing a partial carotid ligation to disturb blood flow in vivo
replicated these results, while also showing a decrease in the expression of K/f2 and eNOS, which
are reported to be anti-atherogenic **»*. Recent studies have also reported that endothelial gene
expression, including KIf3, is regulated by flow-dependent DNA methylation in atherosclerosis .
More recently, mechanistic studies have begun to focus on the integrin-YAP/TAZ cascade as a
mediator of endothelial responses to changes in blood flow-induced shear stress . Specifically,
normal physiologic, unidirectional shear stress might activate integrin to suppress YAP and down-

regulate pro-inflammatory gene expression, as well as monocyte attachment and infiltration.
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Consistent with these results, YAP/TAZ overexpression increases plaque formation, while its

inhibition decreases formation, in ApoE knockout mice »s*.

As plaque rupture is the leading cause of myocardial infarction and stroke, many studies have also
examined the role of ECM remodeling in atherosclerosis ***. For example, several studies showed
that a reduction in arterial fibronectin causes a decrease in atherosclerotic plaque size and fibrous
cap formation . As a potentially mechanism, PECAM-1 was recently purported to induce
fibronectin assembly via B1 integrin and RhoA activation in response to disturbed shear stress .
Additionally, studies focused on SMC collagen deposition in response to stretch magnitude,
frequency, and duration . Multiple studies have shown that cyclic stretch of vascular SMCs in
culture causes a strain-dependent increase in collagen I, collagen III, and elastin, as well as an
increase in angiotensin IT and transforming growth factor-f§ (TGF-f) signaling »=. Thus, increased
strain during cyclic stretch increases ECM stiffness and expression of inflammatory signaling

molecules involved in atherogenesis as well as atherosclerotic plaque composition and stability.
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Figure 2.3 Role of mechanical forces during atherosclerosis progression.

In contrast to the unidirectional blood flow and laminar shear stress found at linear parts of the arterial tree, branching points and regions
of high curvature are characterized by reciprocating blood flow, reduced blood flow velocity, and decreased shear stress, as well as
decreased circumferential stretch. This goes along with changes in vascular endothelial cell alignment and shape as well as leukocyte
recruitment. The molecular response in regions with reciprocating blood flow differs from regions with laminar flow. On the long term,
disturbed flow patterns can contribute to plaque formation. Plaques are surrounded by turbulent blood flow and characterized by smooth
muscle cell migration, accumulation of lipids, foam cells, leukocytes, and cholesterol crystals. Eventually, calcification and development

of a necrotic core follow. On the molecular level, changes like increased production of inflammatory cytokines can be observed.
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Conclusion

Irrespective of the type and location of the vessels, mechanical cues constantly affect the blood
and lymphatic vasculature. Endothelial and mural cells of any given tissue are uniquely affected
by fluid flow, hydrostatic pressure, and longitudinal and circumferential stretch. These mechanical
stimuli differ depending on the stage of development, disease, and diurnal and hormonal cycles as
well as physical activities. Consequently, as presented in this review, a vast number of
heterogeneous components of mechanotransduction have been identified in both the blood and
lymphatic vasculatures. These signaling domains are extracellular or transmembrane (i.e.,
glycocalyx, integrins, ion channels or primary cilia) and intracellular (i.e., cytoskeletal remodeling,
nuclear stiffness), and induce a variety of biochemical responses in the cell, such as transcription
factor expression, kinase activation or NO production).

In addition to the many ways the vasculature detects qualitative and quantitative changes in
mechanical stimuli, both blood and lymphatic vessels have an armamentarium of mechanisms
ready to react to these stimuli. Vascular growth and expansion, vessel wall thickening, valve
formation, plaque formation, vessel pruning, and angiogenesis are only a few of the mechanisms
by which vessels react. Continuous cycle of mechanical stimulation and biochemical signaling on
the one hand, and vascular adaptation on the other hand, add to the incredible complexity of this
system. Better understanding the mechanotransduction pathways operating in the cells of the
vasculature in health and disease will likely assist in developing effective therapies to treat many

different human diseases, including lymphedema, atherosclerosis, and myocardial infarction.
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Abstract

Microvascular endothelial cell heterogeneity and its relationship to hemodynamics remains poorly
understood due to a lack of sufficient methods to examine these parameters in vivo at high
resolution throughout an angiogenic network. The availability of surrogate markers for functional
vascular proteins, such as green fluorescent protein, enables expression in individual cells to be
followed over time using confocal microscopy, while photoacoustic microscopy enables dynamic
measurement of blood flow across the network with capillary-level resolution. We combined these
two non-invasive imaging modalities in order to spatially and temporally analyze biochemical and
biomechanical drivers of angiogenesis in murine corneal neovessels. By stimulating corneal
angiogenesis with an alkali burn in Tie2-GFP fluorescent-reporter mice, we evaluated how onset
of blood flow and surgically-altered blood flow affects Tie2-GFP expression. Our study establishes
a novel platform for analyzing heterogeneous blood flow and fluorescent reporter protein

expression across a dynamic microvascular network in an adult mammal.
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Introduction

Angiogenesis involves network level coordination of individual cellular behaviors accomplished
through alterations in biochemical and biomechanical signals in the local environment>*=. These
signaling mechanisms are driven by the initial onset of, and subsequent changes in, blood flow and
oxygenation throughout the angiogenic vascular network>. At any point in time, the combination
of biomechanical and biochemical signals varies across the vasculature, and may potentially give
rise to endothelial heterogeneities>»»>». While these combined inputs have been evaluated in both
cultured endothelial cells and in large vessels, they have not yet been studied in the context of cell
heterogeneity in small blood vessels. We developed a novel in vivo platform to quantify changes
in blood flow across individual capillaries throughout a microvascular network and in the same
microvessels where changes in endothelial gene expression were also recorded non-invasively
over time. Our platform makes use of photoacoustic microscopy (PAM) and intravital confocal
microscopy (ICM) to image the well-established murine cornea angiogenesis assay”, wherein
networks of neovessels can be dynamically observed.

Using this platform, we found that endothelial Tie2 expression is heterogeneous across the newly-
established microvascular network of the cornea. Tie2 is a receptor tyrosine kinase whose
phosphorylation is induced by angiopoietin-1, which activates the Ras/MAP kinase pathway and
has been shown to affect endothelial cell adhesion, differentiation, and/or survival, as well as
pericyte-endothelial interactions and neovessel maturation™=. There is a substantial body of
literature that describes hemodynamic control over endothelial cell protein expression in large
vessel endothleium= === and compelling data from in vitro studies on cultured endothelial cells
has suggested that shear stress is a regulator of Tie2 signaling and vascular quiescence®=.

However, this relationship has never before been corroborated by in vivo studies, despite the
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ongoing clinical evaluation of a drug, VE-PTP, intended to constitutively block this pathway’s
inhibitor. Additionally, multiple groups have leveraged complicated computational modeling
techniques to investigate endothelial heterogeneity, without the detailed spatial and temporal data
on Tie2 gene modulation in tandem with hemodynamic readouts»»+==-_Given that blood flow is
dynamic and highly variable from vessel to vessel*, we hypothesized that heterogeneity in
endothelial cell Tie2-driven green fluorescent protein (GFP) expression during growth and
remodeling of the microvascular network may, in part, result from changes in blood flow-induced
wall shear stress (WSS) during angiogenesis».

To test this hypothesis, we employed ICM to visualize GFP expression in adult transgenic Tie2-
GFP fluorescent reporter mice and PAM to quantify blood flow and WSS in the angiogenic
network over time, as well as before and after surgically redistributing blood flow in the network.
Our experimental platform enables the first in vivo investigation into correlated heterogeneities in
endothelial protein expression and microvessel hemodynamics throughout a microvascular
network. As we executed our study in the murine cornea, Table 3.1 conveys the advantages of our
platform over other experimental approaches and demonstrates how broadly generalizable our
method is to other model systems of angiogenesis, such as tumor vascularization and hydrogel
scaffold compatibility assays=+~. Further, our platform has broader applicability to elucidate the
pathogenesis of microvascular disease, such as that associated with diabetes and obesity, where
the interplay between hemodynamics and gene expression heterogeneities during pathologic

vascular processes may also underlie the success or failure of potential therapeutic treatments.
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Table 3.1 In vivo models of cornea angiogenesis. (*Used at the highest resolution)
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Methods

Experimental Animals

All surgical procedures were approved by the Institutional Animal Care and Use Committee at the
University of Virginia. We used transgenic Tie2-GFP mice from The Jackson Laboratory (Stock
Tg(TIE2GFP)287Sato/J, Stock Number 003658, Bar Harbor, ME). The number of mice per figure
is reported in each figure caption. All mice were 8-24 weeks of age at time of manipulation, with

treatment and control groups age-matched within each experiment.

Cornea Alkali Burn

The corneal alkali burn model was adapted from Suvarnamani C et al*. Briefly, animals were
anesthetized with an intraperitoneal injection of ketamine/xylazine/atropine (60/4/0.2 mg/kg body
weight). A drop of sterile 0.5% Proparacaine Hydrochloride Ophthalmic Solution (Henry Schein
Inc; Melville, NY) was added as a topical anesthetic to numb the eye before treatment. The right
eye was chemically cauterized by pressing applicator sticks coated with 75% AgNO./25% KNO,
to the cornea (SnyptStix by Grafco; Atlanta, GA) for five seconds while the animals were
anesthetized. Excess silver nitrate was removed by rinsing corneas with 0.9% NaCl saline solution
(Healthmark Services, Montreal, Quebec, Canada). An additional drop of Proparacaine was
applied to each cornea post-treatment as a topical anesthesia. All treatments were conducted while
the mouse was on a heat source to maintain constant body temperature. At the terminal end point,

mice were humanely euthanized by carbon dioxide asphyxiation.

49



Blood Flow Intervention

Blood flow was dynamically altered throughout the corneal neovascular networks by cauterizing
of a primary feeder arteriole, thus preventing flow through this vessel. Cauterization was
accomplished using a Bovie Fine Tip Cautery knife (Aaron Medical, Clearwater, FL), with one or

more of the multiple small, feeder arterioles being sealed with diathermy.

Intravital Cornea Imaging

Intravital corneal microscopy was accomplished through modification of the technique described
by Di Girolamo et al*. Briefly, animals were anesthetized with an intraperitoneal injection of
ketamine/xylazine/atropine (60/4/0.2 mg/kg body weight)(Zoetis; Kalamazoo, MI / West-Ward;
Eatontown, NJ / Lloyd Laboratories; Shenandoah, IA). A drop of sterile 0.5% Proparacaine
Hydrochloride Ophthalmic Solution was added as a topical anesthetic to numb the eye before
imaging. To allow visualization of vascular endothelium, anesthetized mice were administered a
retro-orbital injection of labeled isolectin® (IB4-Alexa647; Life Technologies, Carlsbad, CA) 10
minutes before imaging began. Digital images of the corneal neovasculature were acquired using
confocal microscopy (Nikon Instruments Incorporated, Melville, NY; Model TE200-E2; 10X,
20X ,and 60X objectives). Three to four fields of view per cornea were imaged at each time point,
and full-thickness Z-stack (2-5 um step cells) volume renders were used to capture the entire
thickness of the corneal neovascular network in each field of view. Genteal gel was applied to the
eye during imaging to prevent drying. Mice were placed on a microscope stage that contained a
warming pad to maintain a constant body temperature of 37°C, eyelashes and whiskers were gently

pushed back with ophthalmic lubricant Genteal gel (Alcon; Forth Worth, TX), and the snout was
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gently restrained with a nosecone. During imaging, the eye was placed against a coverslip that
rested on the stage of the inverted confocal microscope.

Corneas were imaged prior to the burn injury, 2 days after the burn injury, and 7 days after the
burn injury. In the subset of mice that received a subsequent cautery-induced blood flow
redistribution, fine needle tip diathermy was performed 7 days after initial burn injury and corneas
were imaged 48 hours and also 4 days following cauterization. Validation of GFP signal and
separation from background autofluorescence was determined by imaging both uninjured
contralateral cornea, as well as imaging of corneal burns performed in C57B16 WT non-GFP

expressing mice (not shown).

Bright Field Imaging

Bright field images of corneas under 4X magnification were obtained using a Nikon Digital Sight
DS-L2 Camera Controller (Nikon Instruments Inc, Melville, NY; Model 214602) to assess the
network-wide hierarchy of neovessels and determine the presence or absence of blood flow in
individual vessel segments. For each mouse, multiple fields of view were taken encompassing the

entire circumference of the eye.

Photoacoustic Microscopy

Optical-resolution, multi-parametric photoacoustic microscopic (PAM) images of the angiogenic
corneal networks were acquired as thoroughly described in our previous literature«>. This
technique enabled simultaneous quantification of microvascular diameter, oxygen saturation of
hemoglobin (s0O.), and blood flow within individual vessel segments*. In particular, a temporal

decorrelation approach has been developed and optimized for quantifying blood flow by both our
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group and others«. Prior work establishing PAM has demonstrated that we can correctly
measures blood flow speeds within the range of 0.18-21 mm/s*, which well covers the reported
murine physiologic capillary flow velocity of 0.75-6.75 mm/s*.

Consistent with prior work, in this study we acquired images using two laser wavelengths, 532 nm
and 559 nm. The applied laser pulse energies at the corneal surface were 50 nJ and 30 nJ at 532
nm and 559 nm, respectively. The laser beams were through a doublet onto the cornea with a beam
diameter of 2.7 ym. Two-dimensional raster scans were performed over the regions of interest;
scans of the entire cornea took approximately 30 minutes. It is worth noting that the temporal
decorrelation method is primarily sensitive to the blood flow in capillaries that are perpendicular
to the optical axis (i.e. transverse blood flow). Fortunately, the corneal vascular network is a very
planar structure that has few penetrating capillaries. Therefore, the approximate angle between the
measured capillaries and the optical axis of the PAM system was 90 degrees. To ensure the correct
orientation of the vessel bed, the network was carefully pre-imaged and aligned to be perpendicular
to the optical axis before we conducted obtained measurements for quantification. Throughout the
experiment, the mouse was maintained under anesthesia with 2.0% vaporized isoflurane and the
body temperature was kept at 37 °C.

After obtaining the measurements using a single scan, our system could provide the same spatial
resolution for all the measurements, which is ~2.7 um, as tested in our previous study outlining
the PAM system=. After we acquired the measured value in each pixels, a 10 pm x 10 um
averaging window, which is close to the average diameter of the capillaries, was used to suppress
the fluctuation in the measurements. No additional image processing or repeated measurements

were utilized.
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For corneas undergoing burn injury, PAM and ICM was performed 2 days, and 5-7 days after burn
injury. For corneas that underwent burn injury and subsequent vessel cauterization, PAM and
ICM were performed prior to the cautery-induced blood flow redistribution, one hour after

intervention, and 48 hours after intervention.

RT-PCR

In order to determine if regulation of Tie2 is observed at the gene level, we enucleated the eyes to
harvest the cornea for RT-PCR analysis (n = 5 mice). We harvested corneas for analysis prior to
cautery-induced blood flow redistribution and two days after performing cautery-induced blood
flow redistribution. In an attempt to maximize the extent of blood flow redistribution, we
cauterized every major arteriole feeding the corneal neovascular network. RNA extraction was
conducted with the PureLink RNA Micro Scale Kit, followed by CDNA generation with a
SuperScript cDNA Synthesis Kit and RT-PCR using SensiMix II Probe (Bioline; Taunton, MA).
PCR was run on a Bio-Rad CFX96 Detection System. We measured Tie2 gene expression [Primer
1 - 5’-GCCTCCTAAGCTAACAATCTCC-3; Primer 2 - 5’-
GATGGCAATCGAATCACTGAAC-3’] normalized to constitutively-expressed Flk1 [Primer 1
- 5’-GGATCTTGAGTTCAGACATGAGG-3’; Primer 2 - 5’-
GGAATTGACAAGACAGCGACT-3’] to control to the number of endothelial cells within the
tissue and also assess the general health of the network in the event that cauterization induced
excessive endothelial cell dysfunction. We also utilized the housekeeping gene, PPIA [Primer 1
—5-TTCACCTTCCCAAAGACCAC-3’; Primer 2 - 5’-CAAACACAAACGGTTCCCAG-3’] as

control* (all primers and probe were purchased from Integrated DNA Technologies, Coralville,
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IA) Calculations for comparing the expression levels of two genes from the same cell samples

were performed as previously described.

Quantification of Microvascular Outgrowth, Tie2-GFP Expression, and Shear Stress

Image] (NIH, Bethesda, MD) imaging software was used to quantify vessel lengths, vessel
segment area, vascular network areas, and mean pixel intensities in both confocal and bright field
images. PT Gui (New House Internet Services BV; Rotterdam, The Netherlands) software was
used to overlay the ICM image onto PAM image, providing good alignment between Tie2
fluorescence and corresponding flow velocity maps in the same vessel segment through use of
manually specified control points. When analyzing vessel segments imaged via ICM and PAM,
we analyzed at least two fields of view with at least ten candidate vessels per cornea at 2 days after
burn injury, 7 days after burn injury, 2 days after cautery-induced blood flow redistribution, and 7
days after cautery-induced blood flow redistribution.

GFP was imaged using an excitation wavelength of 488 nm, and perfused lectin was imaged using
an excitation wavelength of 647 nm. Gain settings on the confocal microscope were held constant
throughout the experiment. Vessel segments were outlined using the draw tool in ImageJ, and both
the mean and raw GFP fluorescence intensity were measured, as well as the vessel area and vessel
length. Background auto fluorescence of the cornea was determined by measuring and averaging
fluorescence intensity in three regions absent of vessels. Then, this value was subtracted from the
fluorescence intensity density for each vessel segment.

Neocapillary segments chosen for analysis were in focus in both imaging modalities, aligned with
the PAM image plane (i.e., ran perpendicular to the optical axis), exhibited blood flow in PAM

and lectin perfusion in ICM, and were fully contained in regions of interest for both imaging
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modalities. Ten vessel segments per cornea, sampled from different locations throughout the
corneal neovascular networks, from 4 different mice were identified in both PAM and ICM images
and analyzed using a custom analysis algorithm run within Matlab based on previously established

algorithms to calculate WSS+. Briefly WSS within each vessel segment was calculated according

to the measured diameter and flow from PAM using the general formula shear stress = 8- u - 2

(Equation 1), where v indicates the blood velocity, d indicates the vessel diameter, and u indicates
the blood viscosity (assumed to be 10 cP)».

Average GFP expression intensity density over the vessel segment versus WSS in the same vessel
segment was plotted for each analyzed vessel segment. Plots indicate at which time point the data
were collected. In networks where measurements of blood flow were obtained pre- and post
intervention, the change in Tie2-GFP expression was plotted against the change in WSS, and the

R: value was reported.

Statistical Analysis

Correlation between WSS and Tie2 gene expression was calculated by a goodness-of-fit linear
regression and reported as the co-efficient of determination (R?). RT-PCR data was compared using
Student’s t-test. Significance was asserted at p < 0.05, and data are presented as mean +/- standard

€Iror.
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Results

Imaging of capillary hemodynamics and endothelial cell protein expression

By combining PAM and ICM, we can obtain concurrent information about hemodynamics in
capillary segments and protein expression at the cellular level throughout an in vivo, mammalian
angiogenic network. To demonstrate this, we applied a focal silver nitrate alkali burn to the central
cornea to stimulate angiogenesis from the limbal vessels of 8-week-old Tie2-GFP mice (Figure
3.1A). Angiogenesis occurred over seven days, and the new vascular network was imaged using
multiple imaging modalities. Standard bright field microscopy (BFM) enabled macroscopic
analysis of the developing vascular network. ICM enabled us to visualize GFP expression in
endothelial cells (Figure 3.1B). PAM provided structural details of the developing vasculature with
higher spatial resolution than BFM, as well as functional details of blood flow including relative
hemoglobin concentration (C,,), oxygen saturation (sO.,), and blood velocity.

Further, PAM enables visualization of individual capillaries throughout both the corneal and iris
vasculatures due to its ability to image with high-resolution in the x, y, and z directions (Figure
3.1C). By analyzing individual cross-sectional images (Figure 3.1C, right panel), we separated the
iris (green) and corneal (red) vessels to distinguish between the two vascular beds (Figure 1C, left
panel). Using an image processing algorithm developed in MATLAB, we pseudo-colored iris
vessels in grey and corneal vessels using a colormetric scale to indicate hemodynamic parameters
(Figure 3.1D). Specifically, hemoglobin content, oxygen saturation, and blood velocity in
individual vessel segments throughout the entire neovascular network were plotted using a
colormetric scale (Figure 3.1D). PAM provided numerous advantages over BFM (Figure 3.1D,
right panel), including improved contrast, removal of surface reflections, and the ability to

delineate corneal neovessels from iris vessels.
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Using ICM, we imaged Tie2-GFP fluorescence intensity in the same corneal neovessel segments
that were also imaged using PAM (Figure 1E, first and second panels from left). The ICM image
was manually overlayed onto the blood flow velocity map provided by PAM by visually aligning
vessel segments (Figure 1E, third panel from the left). Additionally, automated projection of PAM
onto ICM images using PT Gui software (see Methods) was achieved by generating overlapping
alignment pair control points in the two images at locations where vessels branched, in a manner
that permitted adjustment of the orientation (roll, pitch, and yaw) and the field of view in the two
imaging modalities (Figure 3.1E, right-most panel). Individual neovessel segments were manually
selected in the PAM image (Figure 3.1F), and the fluorescence intensity of Tie2-GFP (indicative
of endothelial cell Tie2 expression levels*) within those neovessel segments was then quantified.
Blood flow velocity in the selected neovessel segments, as measured with PAM, was converted to
blood flow-induced WSS according to Eq. 1 (Methods). Plotting Tie2-GFP fluorescence intensity
versus blood flow-induced WSS for individual corneal neo-vessel segments revealed a direct linear
correlation between Tie2-GFP and WSS (Figure 1G, R*= 0.73, n = 15 individual neovessel
segments from 4 mice). In order to consider the variance across segments, we calculated the ratio
of Tie2-GFP expression to WSS at each data point to determine that the overall variance in this

ratio was 8.5% across the network (Tie2-GFP/WSS = 336.9 + 28.78 a.u., mean + standard error).
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Figure 3.1 Functional imaging of vascular and cellular activity.
(A) Schematic of corneal angiogenesis assay in which blood vessels grow from the limbus (“L”)
into the avascular cornea, creating an angiogenic front (“F”’) as they develop toward an angiogenic

stimulus (gray oval). (B) Fluorescence intensity of Tie2-GFP (green) along vessels (perfused with
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IB4-lectin-647, blue) throughout the network (day 7 shown). (C) PAM distinguishes between the
iris (green) and corneal (red) vasculatures, due to their different depths. Green arrow points toward
iris vessels; red arrow toward corneal neovessels in the Z-slice. (D) Unlike BFM, PAM permits
functional imaging of relative hemoglobin content (“C..”), sO, saturation, and blood velocity in the
angiogenic corneal network (day 7 shown). The iris vasculature, pseudo-colored in gray based on
vessel depth, is visible in the background of each image. (E) Overlayed images of the same field
of view acquired at day 7 using PAM (blood flow velocity) and ICM (GFP fluorescence intensity),
done both manually and with automated software (PT Gui) enables correlation between blood
flow-induced wall shear stress (WSS) and GFP fluorescence intensity. (F) Grayscale image of
same PAM field of view as shown in “d” to facilitate vessel identification. Pseudo-coloring of
vessels (white, dark blue, light blue, pink, purple, fuchsia) to exemplify those that were quantified
for evaluation in the study. (G) Tie2-GFP fluorescence intensity in individual vessels versus
average WSS in those vessels calculated using blood velocity maps obtained with PAM, such as
those shown in “d”. R> = 0.73 for comparison of 18 vessel segments from four mice. Small
schematics next to each microscopy image indicate the direction of the objective relative to the

cornea during imaging. Scale bars indicate (c, d) 1 mm, (b, e, f) 50 ym.

59



Imaging of capillary hemodynamics and endothelial cell protein expression after surgical
redistribution of blood flow

Previous studies of corneal angiogenesis, using a variety of techniques to induce neovessel growth,
have measured either protein expression or capillary hemodynamics (Table 3.1). However, no
study to date has measured changes in capillary hemodynamics alongside changes in protein
expression at the level of a single vessel segment or over time. To fill this void, we modified an
established vessel ligation technique™* to alter blood flow in limbal vessels, and we applied this
technique to the corneal neovasculature to demonstrate the ability to measure changes in capillary
hemodynamics and endothelial cell protein expression in individual neovessel segments across
sequential time points (Figure 3.2A).

By applying a surgical cautery knife to one of the arterioles feeding into the corneal network, we
were able to surgically induce a redistribution of blood flow throughout the neovessel network
(Figure 3.2a, light blue ‘x”). Blood flow redistribution was evidenced by the change in hemoglobin
content in the neovessels (Figure 3.2B, vessels with higher hemoglobin content (“-C|Hb”’) are
depicted by lighter colors, according to the scale beneath each image). For example, one hour after
intervention, corneal capillaries at the angiogenic front (below the “F”) demonstrated an increase
in oxygenated hemoglobin, consistent with redistribution of blood flow through collateral
arterioles in the network.

Over the first four days following cauterization, changes in blood flow occurred throughout the
neovessel network (Figure 2C). For example, in the vessel indicated in the inset (Figure 2C, white
arrow), the flow speed was diminished 48 hours after cauterization but returned to pre-intervention
levels by 96 hours after cauterization. Over this time course, endothelial cell Tie2-GFP

fluorescence intensity increased in some vessel segments (Figure 3.2D, white arrow and vessel
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outlined in white in zoomed image below) following blood flow redistribution but decreased in
other segments (Figure 3.2D, orange arrow and vessel outlined in orange in zoomed image below).
A comparison of Tie2-GFP fluorescence intensity with WSS in individual neovessel segments
(acquired by ICM and PAM, respectively), both prior to the surgically-induced blood flow
redistribution (“Pre-intervention”, circles) and four days later (“Post-intervention”, squares)
revealed a significant linear correlation between Tie2-GFP fluorescence intensity and WSS (R> =

0.74), as confirmed by a parallel lines statistical test (Figure 3.2E).
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Figure 3.2 Surgical intervention caused a redistribution in blood flow that resulted in a quantifiable change in blood velocity, flow

distribution, and Tie2-GFP fluorescence intensity over time throughout the network.

(A) Schematic represents the corneal angiogenesis assay in which blood vessels grow from the limbus (“L”) into the avascular cornea,
creating an angiogenic front (“F”’). Surgical “intervention” (blue “x”) was performed by applying thermal cautery to an arteriole that
feeds into from the limbus. (B) PAM images showing relative hemoglobin content (“C,,”) of corneal vessels pre-intervention and one
hour post-intervention. (C) Dynamic changes in blood flow were visible using PAM in single capillary segments. Bottom row shows a
magnified view of the regions boxed in red above. Changes in blood flow velocity (mm/s) are evident in individual vessel segments;
white arrow indicates to one segment where flow speed was initially reduced and then returned to pre-intervention levels by 96 hours
post-intervention. (D) Tie2-GFP fluorescence captured with ICM in single capillary segments over time. Bottom row shows a magnified
view of the regions boxed in red above. Changes in Tie2-GFP fluorescence intensity within individual vessel segments are evident
between time points. Arrows indicate the same vessel at each time point. Orange arrow indicates a vessel with decreased GFP
fluorescence intensity at 96 hours post-intervention; white arrow indicates vessel with increased GFP fluorescence intensity 96 hours
post intervention. In the bottom row, Tie2-GFP is green, and perfused 1B4-isolectin is blue. (E) Vessels with higher WSS exhibited
increased Tie2-GFP fluorescence intensity post-intervention. Data in graph on left are from vessels from two mice post-ligation (slope
and R indicated); data in the graph on the right are from vessels assessed both pre- and post-ligation (slope and R’ indicated) from

multiple mice. White scale bar indicates (B) 1 mm, (C,D) 50 ym. = 4.
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Imaging of capillary hemodynamics and endothelial cell protein expression in individual
neovessel segments before and after surgical redistribution of blood flow

After confirming that the linear correlation between Tie2-GFP fluorescence intensity and WSS in
neovessel segments throughout the corneal network was preserved following surgical
redistribution of blood flow, we sought to determine if the change in WSS in a given individual
neovessel segment (resulting from the surgical redistribution of blood flow) was correlated with
the change in Tie2-GFP fluorescence intensity in that same neovessel segment. Using the
experimental protocol outlined in Figure 2A and described above, we imaged the neovascular
network of a stimulated (chemically burned) cornea in the Tie2-GFP mouse using BFM, ICM, and
PAM seven days after applying the chemical burn. We then induced a surgical redistribution of
blood flow (“intervention”) by cauterizing an arteriole feeding into the neovascular network. Two
days after intervention, we re-imaged (using BFM, ICM, and PAM) the same field of view in order
to visualize the same vessel segments.

As highlighted by colored arrows (first and third panels in Figure 3.3A) and vessel outlines (second
panel in Figure 3A), the same individual vessel segments could be identified with both ICM and
PAM before (“Pre-intervention”, top) and two days after (“Post-intervention”, bottom) surgical
redistribution of blood flow (Figure 3.3A, blood velocity is shown in first panel, with gray scale
images of blood velocity shown in second panel). Tie2-GFP fluorescence intensity in individual
neovessel segments within this corneal network correlated linearly with WSS, both before and two
days after surgical redistribution of blood flow (Figure 3.3B top, R’ = 0.79). Moreover, the change
in blood flow-induced WSS in individual corneal neovessels after two days was directly
proportional to the change in Tie2-GFP expression levels in those same neovessels (Figure 3.3B

bottom, R> = 0.92). Specifically, when WSS in a given vessel segment decreased as a result of the
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surgical redistribution of blood flow, Tie2-GFP expression also decreased in that segment (e.g.
blue square in Figure 3.3B bottom). Conversely, when WSS in a vessel segment increased as a
result of the surgical redistribution of blood flow, Tie2-GFP expression also increased in that
segment (e.g. red square in Figure 3B bottom). Data points in the upper-right quadrant indicate
vessels that experienced a decrease in both WSS and Tie2-GFP fluorescence intensity. Data points
in the bottom-left quadrant indicate vessels that experienced an increase in both WSS and Tie2-
GFP fluorescence intensity.

Further confirmation of the correlation between Tie2-GFP expression and blood flow/WSS was
obtained by more extensively reducing blood flow via cauterization of all visible feeder arterioles
within the corneal angiogenic network. BFM images confirmed significantly diminished blood
flow immediately following surgical intervention (Figure 3C left). A network-wide decrease in
Tie2-GFP fluorescence intensity was observed by ICM 48 hours later (p < 0.01, n =5 corneas),
and Tie2 mRNA levels in harvested corneas as measured by RT-PCR were also significantly
diminished (p < 0.02, n =5 corneas) at this time-point (Figure 3.3C middle). The maintenance of
constitutive Flk1 expression following this intervention implies that the reduction in Tie2-GFP
was not due to loss of or general poor health of endothelial cells (Figure 3.3C right). PPIA was

used as housekeeping gene.
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Figure 3.3 Representative example murine cornea analyzed using the dual imaging method demonstrates that endothelial cell Tie2-GFP

fluorescence intensity was directly correlated with blood flow-induced WSS.

(A) Changes in average WSS were correlated with changes in Tie2-GFP fluorescence intensity. Arrows indicate the color-matched vessel
segments between PAM (center) and ICM (right). (B) The top graph shows the quantification of Tie2-GFP fluorescence intensity (mean
intensity/pixel’) obtained using ICM versus blood flow-induced WSS (dynes per cmr’) obtained using PAM. Measurements obtained pre-
intervention are plotted as circles, measurements obtained post-intervention are plotted as squares, and each vessel segment that was
analyzed is represented by the color that corresponds to the vessel segment highlighted in (A). The bottom graph reports the change in
Tie2-GFP fluorescence intensity obtained using ICM versus the change in WSS obtained using PAM (both measurements are pre-ligated
minus post-ligated values). (C) Bright field images of a representative cornea pre-intervention (top left) and 48 hours post-intervention
(bottom left) show that blood flow is decreased throughout the network following an extensive surgical intervention. Right panel shows
ICM images of the magnified vascular networks that are outlined by the white, dashed line boxes in the bright field images to the left,
both pre- and 48 hours post-intervention. White arrow indicates the location of an arteriole branching off the limbus that was cauterized.
Tie2 mRNA normalized to Flk1+ mRNA (left graph, n = 5 mice, p < 0.01) demonstrates a significant decrease in corneal Tie2 gene
expression 48 hours after network-wide decrease in blood flow. In the same corneas, however, endothelial cell Flk1 mRNA (right graph,

n =15, p =0.4) was unchanged. White scale bar indicates (A,C) 50 pm. Black scale bar indicates (C) 500 ym.
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Discussion

Heterogeneities in endothelial gene and protein expression have been observed at multiple levels
of spatial scale throughout the blood circulation. These cell-to-cell” and vessel-to-vessel
differences have profound implications for the design of therapeutics that target the vasculature«
and for drugs that aim to ameliorate pathological vascular adaptations™. Although the topic of
endothelial heterogeneity is an emerging focus of research™, the control systems that establish and
maintain endothelial heterogeneities in vivo, and particularly in the microcirculation, have not yet
been determined. Studies conducted in large vessels and in cultured monolayers of endothelial
cells have demonstrated that endothelial cells are highly mechanosensitive, with fluid flow-
induced shear stress serving as a regulator of endothelial cell gene expression™. Our novel
observation of heterogeneous endothelial cell Tie2-GFP expression in murine corneal
microvessels during angiogenesis motivated us to determine whether vessel-to-vessel differences
in Tie2-GFP expression were dynamically coupled with differences in blood flow-induced shear
stress. This required us to develop a new experimental platform for quantifying both vascular
hemodynamics and endothelial cell protein expression in the same individual vessel segments
throughout an in vivo microvascular network and across sequential time points. Employing dual-
modality PAM and ICM imaging in an in vivo model of adult mammalian angiogenesis yielded
two novel findings: 1) endothelial cell Tie2-GFP expression in an angiogenic network is linearly
correlated with shear stress, and 2) local changes in shear stress are directly proportional to changes
in endothelial cell Tie2-GFP expression in individual neovessel segments. To our knowledge, our
study is the first to relate changes in endothelial cell protein expression within individual

microvessel segments to changes in blood flow in vivo. Together, these findings implicate variable
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blood flow-induced shear stress levels throughout an angiogenic microvascular network as a
dynamic driver of endothelial cell heterogeneity.

To our knowledge, our study is the first to use PAM to analyze functional hemodynamic changes
in microvessels over time during adult corneal angiogenesis. The cornea permits detailed study of
mechanisms of adult angiogenesis because it provides an avascular space that generates a
reproducible angiogenic response in which each neovessel segment is formed de novo and easily
visualized using optical imaging approaches™ . The superficial location and largely planar growth
of this angiogenic network makes it highly amenable to multi-modality imaging. In particular, the
shallow depth of field allows high resolution imaging of dynamic changes in vessel structure at
cellular resolution. In contrast, high resolution study of angiogenesis in other end-organ systems,
such as the heart, can be particularly challenging given tissue depth and complex three-
dimensional structure rendering them less amenable to ICM and PAM, which has a penetration
depth of 1.2 mm™. Furthermore, PAM provides functional measurements of the microvasculature
that supplement traditional metrics of vascular architecture, including blood flow velocity,
hemoglobin content, and sO.. The use of PAM has allowed us to demonstrate that blood flow and
hemoglobin content throughout the corneal angiogenic network is altered following limbal vessel
cauterization. Vascular occlusions in the retina induce similar shunting of flow from the superior
to inferior retinal circulation through pre-existing, but normally unperfused, collaterals™». We
believe this to be the first report of shunting of blood flow through collateral vessels within a
corneal angiogenic network, a finding that should enable further study of the mechanisms that
drive collateral recruitment. In addition to these acute flow changes, we also report for the first
time secondary transitory flow changes seen over larger time courses, with alterations in flow

occurring by 48 hours and taking up to 7 days to return to baseline. The prolonged timeline for
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these events should allow high resolution in vivo study of the compensatory response of endothelial
cell and mural support cells to alterations in flow, also providing insight into how these
accumulated changes can restore flow to baseline levels over time.

Prior studies of angiogenesis or vasculogenesis using intravital imaging have focused primarily on
embryological development, predominantly using BFM and ICM. In the embryoid body model*
and in the zebra fish™, for example, studies have elucidated events occurring a few hours or days
after the initiation of blood flow**. Our combined imaging technique should, in principle, be well
suited for studying these early events because ICM and PAM are both compatible with the tissue
thickness and required depth of field in these model systems. We further anticipate that the
combination of ICM and PAM will be useful in studying microvascular adaptations that occur
throughout adulthood and during the aging process, potentially providing time-lapse images of the
same vessel or set of vessel segments within an expansive whole network over long time durations.
While our study employed a GFP reporter mouse, additional applications could include
fluorescently-tagged beads, therapeutic = microspheres, Dil (1,1'-dioctadecyl-3,3,3'3'-
tetramethylindocarbocyanine perchlorate) lipophilic membrane stain-labeled cells, and other
lineage-tracing or reporter mice.

By demonstrating a dynamic and linear relationship between endothelial protein expression and
blood flow-induced shear stress in vivo, our study serves as critical validation for published in vitro
observations in cultured Human Umbilical Vascular Endothelial Cells (HUVECs) that link
endothelial cell Tie2 expression to blood flow-induced WSS levels==+_ Further, our findings are
consistent with the notion that endothelial cells throughout the circulation exhibit a spectrum of
maturation states* since endothelial cell Tie2 expression signifies phenotypic maturity. Beyond

validating previous in vitro observations, the data and imaging tools we present in this study may
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be leveraged by researchers who seek to build quantitative computational models of microvascular
adaptations. Previous studies have demonstrated the dynamic, spatially-heterogeneous remodeling
of collateral vessels after acute vessel ligation*. However, these data have not yet been coupled
with genetic reporting, and our study provides unique and potentially valuable approach for
parameterizing and validating computational models that are focused on evaluating mechanisms
linking hemodynamics with gene expression in the microvasculature:»=,

One caveat of our study is that we used relative GFP expression under the control of the Tie2-
promoter as a surrogate for endothelial cell Tie2 expression. This assumption has been previously
validated using an inducible GFP reporter in single cells where GFP fluorescence was shown to
be directly proportional to GFP gene copy number and GFP mRNA expression. ICM can provide
a sensitive and quantitative measure of endothelial cell protein expression over at least a 1,000
fold range». However, it should be noted a lack of GFP signal may potentially reflect a
fluorescence signal below the limits of ICM detection or a bias in photomultiplier threshold
calibrated to higher expression levels, rather than a complete absence of Tie2 expression®.
Furthermore, the strong positive correlation that we observed between endothelial cell Tie2-GFP
and WSS in vessel segments does not prove that changes in WSS are sufficient to induce changes
in endothelial cell Tie2-GFP expression. Indeed, there are likely a multitude of spatially and
temporally altered regulators of Tie2 during angiogenesis, such as growth factors and the presence
of hypoxia or inflammation in the tissue, that dynamically affect Tie2 expression™*. Therefore,
future work is needed to determine whether changes in WSS cause changes in endothelial cell Tie2
expression, and if so, via what molecular mechanisms.

Tie2 has a known functional role in mural cell recruitment via Angiopoietin 1 (Angl)

signaling====, Therefore, one implication of our study is that changes in WSS during angiogenesis
g g p y g g angiog
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are correlated with the dynamics of mural cell recruitment through Tie2 expression and activation.
However, it remains to be determined to what extent endothelial cell Tie2 expression levels relate
to other structural and functional indicators of endothelial cell maturity, such as mural cell
recruitment and vessel permeability alterations»+»=, and to what extent those characteristics
correlate with WSS levels. Moreover, studies performed on cultured endothelial cells have
demonstrated that other signaling molecules implicated in angiogenesis and vessel maturation,
including VEGF-R1, VEGF-R2, and VE-Cadherin, are also affected by WSS levels==. Therefore,
it would be interesting to apply the combination of PAM and ICM to other in vivo model systems
where it is possible to visualize endothelial cell expression of these (and other) relevant genes and
proteins. Nonetheless, the study of Tie2-Ang signaling in endothelial cells has inspired both pre-
clinical and clinical studies* designed to evaluate a drug, VE-PTP, which increases
phosphorylation of Tie2 even in the presence of high Angiopoetin 2 (Ang2) levels. However, the
impact of this drug on the endothelium’s ability to respond to signals associated with injury and
disease, including blood flow shunting or hemodynamic alterations during angiogenesis, has not
yet been examined. Indeed, no study to date has attempted to ascertain the efficacy of VE-PTP
given the endothelial heterogeneity that we have demonstrated with respect to Tie2 expression and
its relationship to biomechanical cues. Our experimental platform would enable this and other
similarly informative studies to be completed in in vivo disease models.

In conclusion, we have presented a new experimental platform that uniquely combines PAM and
ICM to obtain quantitative, high-resolution information about both hemodynamic parameters and
protein expression levels in individual capillary segments during adult mammalian angiogenesis.
Understanding how biomechanical and biochemical stimuli integrate with one another to drive the

dynamic, multi-cell process of angiogenesis and vessel maturation is key to developing effective
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therapies for controlling these processes, which are essential to tissue function, healing, and
regeneration. We envision that this approach will be most useful for placing cell-level changes in
the context of local hemodynamic alterations, which will facilitate discoveries of how spatial and
temporal phenotypic heterogeneities arise and persist in vivo during vascular remodeling and

disease.
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Abstract

In pathological scenarios, such as tumor growth, and diabetic retinopathy, blocking angiogenesis
would be beneficial. In others, such as myocardial infarction and hypertension, promoting
angiogenesis might be desirable. Due to their putative influence on endothelial cells, vascular
pericytes have become a topic of growing interest and are increasingly being evaluated as a
potential target for angioregulatory therapies. For example, the strategy of manipulating pericyte
recruitment of endothelial cells to influence capillary stability could result in anti- or pro-
angiogenic effects. However, our current understanding of pericytes is limited by knowledge gaps
regarding pericyte identity and lineage. To use a music analogy, this review is a “mash-up” that
attempts to integrate what we know about pericyte functionality and expression with what is
beginning to be elucidated regarding pericyte phenotypic plasticity and regenerative potential. In
this review, we explore the lingering questions regarding pericyte phenotypic identity and lineage
that both complicate and add to our understanding of this apparently plastic cell type. The
expression of different pericyte markers (e.g., SMA, Desmin, NG2 and PDGFR-f3) varies for
different pericyte subpopulations and tissues. Previous use of these markers to identify pericytes
has suggested potential phenotypic overlaps and possible plasticity toward other cell phenotypes.
Our review chronicles the state of the literature, identifies critical unanswered questions, and
motivates future research aimed at understanding this intriguing cell type and harnessing its

therapeutic potential.
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Introduction

Pericytes are elongated mural support cells that extend along endothelial cells®. First
identified by French physiologist and anatomist Charles—Marie-Benjamin Rouget in 1873 and
termed “Rouget cells,” pericytes are present in every vascularized tissue in the body*. Although it
has been suggested that pericytes may reside in large vessels”, pericytes are most commonly
associated with the microvasculature. At the capillary level, pericytes regulate vessel permeability,
vessel diameter, and endothelial cell proliferation through both paracrine signaling* and direct
contact with endothelial cells*«'. Through cell-matrix and cell-cell interactions, pericytes play an
essential role in contractile force transmission+, vessel diameter regulation*, vessel
stabilization*, and endothelial cell survival=. Pericytes can even directly control capillary diameter,
as their presence has been shown to be necessary for constriction*. The functional effects of
pericyte-endothelial cell signaling have previously been highlighted by comprehensive reviews .
Pericytes are considered “angioregulators” in that they can both stabilize and promote
angiogenesis. Their importance in angiogenesis is evident when considering the case of diabetic
retinopathy and tumor growth, in which pericyte loosening from the endothelium is associated
with uncontrollable angiogenesis. But importantly, their function can be dependent on the type
of stimulus. For example, angiogenesis in skeletal muscle has been correlated with both the
withdrawal of pericytes and an increase in pericyte number*+. In recent years, new and intriguing
roles have emerged for the pericyte. These include mediating leukocyte trafficking*+, contributing
to fibrosis*, and functioning as a tissue-resident stem or progenitor cell**<. The multi-faceted role
for pericytes emphasizes the need to both carefully identify their structural alterations during
different pathological scenarios and better understand how their specific phenotypes relate to their

functions. Meanwhile, pericytes have been convincingly established as critical players in
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angiogenesis and as potential therapeutic targets in inflammation and tissue regeneration. In
addition to serving as putative drug targets, pericytes have been implicated as tools for cell-based
therapies due to their angioregulatory capabilities.

As pericytes receive increasing attention from a wider array of research domains, it has
become even more apparent that advancing our knowledge about pericytes and our ability to
therapeutically manipulate their function will require answering fundamental questions about
pericyte ancestry, progeny, and phenotypic differentiation capacity that have confounded studies
since Rouget’s time. Even within the field of pericyte biology, varying terminology has created
confusions. The perplexity of pericyte identity can be attributed to pericyte phenotypes being cell
and tissue specific and is best exemplified by considering Ito cells in the liver. Ito cells, also known
as hepatic stellate cells, are thought to be mesenchymally derived and display smooth muscle-like,
pericyte-like characteristics*. Ito cells, like pericytes, can exist in a quiescent or activated state
depending on the local environment*+. Ito cells interact with the sinusoid endothelium and control
blood flow. They also can express multiple pericyte markers and participate in fibrogenesis. Based
on the similarities to pericytes, Ito cells are, unsurprisingly, classified as the pericytes of the liver.
In this review we further identify sources of potential confusion regarding pericyte phenotypes
based on their overlaps with other cell types. Then, we focus on the plastic relationships between
pericytes and mesenchymal stem cells and the potential for therapeutically using stem cells to play
the roles of pericytes. Pericytes represent a scientifically intriguing and therapeutically exciting
cell type, but there are far more questions than answers. We approach some of these questions by
convolving some of the basic science understanding about pericyte form and function with
emerging evidence that suggest multipotency and points to their application as a cell-based

therapy.
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Pericyte Dynamics

Much of what constitutes our understanding about a cell population, and more importantly,
the “identity” of a given cell population, are the behaviors and functionality that cells and their
environment impart on one another. This is particularly true for pericytes, for which no cell type-
specific expression markers exist. Even more informative than their behaviors during homeostasis
is their behavior during dynamic processes. In the case of pericytes, the dynamic process of
reference is angiogenesis, defined as the sprouting of new capillaries off of existing vessels. The
role of pericytes in regulating angiogenesis has been reviewed extensively*, so we briefly
summarize some of the landmark findings that have shaped the field’s understanding about
pericyte function during this dynamic process.

Pericyte dynamics during angiogenesis have been shown to include alterations in cell-to-
cell contacts with endothelial cells, migration, growth factor presentation, proliferation, and
extracellular matrix modulation (Figure 4.1)*=. Pericytes are present along capillary sprouts and
have been shown to both lag and lead endothelial cells at the sprout tip=. In some cases, pericytes
can even bridge the gaps between two sprouting endothelial cell segments=. Subsequently, the
integration of pericyte dynamics during capillary sprouting logically can be linked to endothelial
cell guidance. While the full scope of communication between pericytes and endothelial cells
remains to be elucidated, work in this area has established that the pericyte-endothelial cell
interactions during angiogenesis are regulated in part by Ang-1/Tie2, TGF-p and

PDGFB/PDGFR-f signaling®.
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Pericyte Dynamics Involved In Angiogenesis
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Figure 4.1 Pericyte dynamics involved in angiogenesis.

The main dynamics include cell-to-cell contacts with endothelial cells, migration, growth factor
presentation, and extracellular matrix modulation. In some cases, pericyte proliferation has also

been implicated. Each cellular interaction represents a target to manipulate capillary sprouting.

Perhaps the most convincing evidence for a requirement of endothelial cell-pericyte
dynamic interaction during angiogenesis has been shown through work with PDGFB and PDGFR-
[+, Manipulating proper pericyte investment by altering recruitment to the endothelium through

PDGFB-PDGFR-f} signaling can cause lethal microvascular dysfunction, affect vascular
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patterning during development, and affect the formation of new vessels during physiological and
pathological angiogenesis®. Indeed, tremendous research efforts using transgenic mice and co-
culture in vitro assays have generated a molecularly detailed picture of the proteins that regulate
pericyte dynamics during angiogenesis*.

These and other landmark studies are foundational to the field’s current understanding of
what pericytes are and the how they function during angiogenesis. Advancing our knowledge
requires identifying how and when pericyte behaviors change during the transition from quiescent
to angiogenic states. This entails not only a description of their spatial and temporal dynamics, but
also a prospective method for identifying pericytes and potential specific subpopulation cell types.
As we explore in the next section, this has proven to be a challenge that has created insights, as
well as some degree of confusion, about pericyte lineage and plasticity. Indeed, the scope of
pericyte dynamics broadened upon considering the potential of transdifferentiation of pericytes
into or from other cell types=+. The putative links between interstitial cell populations (including
macrophages, fibroblasts, and progenitor cells), pericytes, and SMCs necessitates discussion of

how cell phenotypes, rather than cell nomenclature per se, relate to specific functions.
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A case of mistaken identity?

As researchers recognize the importance and therapeutic potential for vascular pericytes,
more questions than answers have been generated. Reflection on the literature reveals some
historical confusion about pericytes — confusion propagated by a lack of cell type-specific markers,
potential for transdifferentiation, and visualization in histological cross-sectional views that may

obscure their true identity.

Pericyte Morphology

Cell types by are typically identified by their morphology and expression of certain genes
and/or proteins. A quintessential hallmark of pericyte identity has long been the characteristic
wrapping of cell processes, or filopodia, around capillary endothelium. Another morphological
trait is the sharing of a common basal lamina with the endothelium=+. Pericytes are most
convincingly identified by their morphology when using electron microscopy of sectioned tissues*
or confocal microscopy of whole-mounted tissues=+. However, in most cases pericytes are
identified using lower resolution techniques, which limits the classification to their general
localization next to an endothelial cell. At low magnification (e.g., 20x or lower), it is impossible
to determine where the ablumenal membrane of the endothelium ends and where the pericyte
membrane starts, creating the possibility for one to mistake an extravasating monocyte, a
proliferating endothelial cell, or any number of other cell types in the niche for a pericyte.
Moreover, other cell types that can occupy space in the perivascular niche (e.g. macrophages,
fibroblasts) may also express the same cell surface marker(s) being used to denote a pericyte

phenotype. While morphology alone may be insufficient for ascribing a pericyte identity to an
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observed cell, marker expression is similarly inadequate for distinguishing pericytes from other

cell types.

Pericyte Phenotypic Markers

Unlike some cell types, such as the endothelial cell, that are classically and specifically
identified by their expression of cell type-specific genes or proteins (e.g. VE-cadherin and
PECAM-1), a cell-type specific marker for pericytes has yet to be identified. Pericytes are known
to express a battery of different proteins that can be visualized using off-the-shelf antibodies, but
expression is shared by other cells, many of which occupy similar locations in tissues, further
exacerbating the challenge of distinguishing pericytes from non-pericytes. Although this has the
potential to create uncertainty, this challenge is an opportunity to gain new insights into pericyte
lineage and identity.

Commonly used pericyte markers include SMA, Desmin, NG2 and PDGFR-f*; however,
their expression patterns are not pericyte-specific and differ depending on species, tissue, and even
developmental stage*+. The question remains: How do we unequivocally identify a pericyte? The
use of the above-mentioned markers and morphological characteristics provide a partial solution,
but as Table 4.1 highlights, the “marker equals phenotype” approach can create confusion. Table
4.1, which lists the various pericyte markers that have been used by investigators interested in
identifying pericytes, also raises the question whether the combination of different pericyte
markers can be used to identify different pericyte subpopulations. As seen in Figure 4.2, the
expression of known markers (NG2, Desmin, SMA) can identify two neighboring cells.
Expression differences highlight what we still do not know regarding how local cues might

regulate pericyte phenotypes. We postulate that observations like these implicate a possibility of
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pericyte phenotype specialization and motivate a new area of research that might be analogous to

tip-cell versus stalk-cell sub-classifications for endothelial cells along a capillary sprout.

Cell Surface Markers Physiological Location Detection Method Citation
Aminopeptidace,\l;l a:t‘:‘n inopeptidase A, Adult Mouse Brain IHC Alliot, et al. J. Neurosci Res. 1999. (1)
Endosialin, Mayer's Hemalaun Human Primary Pericytes IHC, RT-PCR, Western Biot Chistan,eta, P14 Pathol, 2008
NG2 Rat Mesentery IHC Murfee, et al. Mk(:g:;irculation. 2006.
NG2 Mouse Retina IHC Taylor, et al. Mt(:;g\;asc Res. 2010.
NG2, Akaline Phosphatase Human Skeletal Muscle IHC, RT-PCR Dellavalle, et al.(;lﬁa)t Cell Bio. 2007.
NG2, Class Ill B-Tubulin Rat Mesentery IHC Stapor, Murfee. h:iacgvasc Res. 2012.
NG2, PDGFR@, CD29, CD90, CD146 Mouse Femoral Artery IHC Tigges, Stallcupi :s \)/asc Res. 2012.
NG2, PDGFRR, RGS5 Mouse Brt\-;el;yu'%e?‘m, Kidney, IHC, RN:y:ci;zo:Tﬁ;y, in situ Bondjers, et {d“cgiz.:))Pathol 2003.
NG2, SMA Rat Mesentery, Spinotrapezius, Dorsal IHC Taylor, et al. Microciruation. 2007. (94)
Subcutaneous Tissue
NG2, SMA, 3G5 Bovine Retina IHC Kutcher, et al. Am J Pathol. 2007. (56)
NG2, SMA, Desmin Mouse Choroid IHC Condren, et al. PLOS ONE. 2013. (22)
NG2, SMA, PDGFRB Mouse Kidney Interstitium IHC Scmgym'czgfarmd
NG2, SMA, Zgﬁﬁ' Calponin |, Murine Infantile Hemangioma IHC, QRT-PCR, Western Biot B°s°°"\’,'a‘;‘ca'éa’.‘§(’;ﬁfngh’°"‘b
NG2, SMA, PDGFRB, Nestin Rat Aorta IHC, RT-PCR Hmm :.% P(t;y:;nl Cell
NG?NSF%.'TNLL?';; ng:h:-':m Human Placental Pericytes IHC, RT-PCR Stark, et al. Nat Immunol. 2012. (89)
SMA, 3G5 Liman T snratal Eoreskhs IHm&;zt{sasd;mfo::g, Helmbold, et al. I\(ﬁ:;;wasc Res. 2001.

Table 4.1 Expression markers used for pericyte identification. Citations listed from publication.
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Pericyte Marker Subpopulation Heterogeneity

Figure 4.2 Pericyte marker subpopulation heterogeneity between neighboring cells in adult rat

mesenteric microvascular networks.

(A) Example of Desmin-positive cells wrapping around a SMA covered capillary in a quiescent
scenario. (B) Example of NG2-positive pericytes along capillaries that co-localize to a sub-
population of Desmin-positive cells during a wound healing response. (C) Example of an NG2-

positive pericyte apparently along a capillary sprout off a SMA-covered venule. Scale bar=10 pm.
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Figure 4.3 Pericyte marker expression by other cell types.

Il B-tubulin/

(A) Example of NG2 identification of interstitial fibroblasts in remodeling adult rat mesenteric
networks. The fibroblasts apparently interact with NG2-positive pericytes along capillaries. (B)
Example of NG2 identification of tightly wrapped SMCs along an arteriole and a nerve in
unstimulated mouse spinotrapezius muscle. (C) Example of class III 3-tubulin identification of

MSC:s in vitro. Scale bars = 50 ym (A), 20 ym (B), and 10 ym (C).
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Pericyte Marker Overlap with Other Cell Types

As mentioned above, a pericyte-specific marker has not been identified by current research.
Consequently, we must resort to identifying pericytes using a combination of markers, each of
which is expressed by a multitude of other cell types that can occupy the perivascular niche (Figure
4.3). Recognition of labeling overlaps offers a potential opportunity to gain fundamental insight
into both the lineage and plasticity of pericytes. Although the shared expression of one or more
markers does not confirm that two different cells share the same lineage, it may suggest the
possibility of a common lineage and should not be ruled out without further investigation. The idea
that pericytes and other cell types resident in the perivascular-niche share a common lineage, which
is evidenced by overlapping marker expression, is provocative.

For example, SMA is expressed by pericytes, immature SMCs, which express SMA but
not smMHC, and mature SMCs, which express both contractile proteins*+. Myofibroblasts,
which can also reside in the perivascular niche, also can express SMA. For example, SMA
expression identifies myofibroblasts in scenarios of wound healing and fibrosis. Recent studies
have further suggested that SMA-positive myofibroblasts in the kidney originate from pericytes,
lending support to the idea that coincident expression of the same marker in pericytes and other
cell types may, in fact, signify a common lineage. Desmin and PDGFR- 3 are also expressed by
mature SMCs and interstitial fibroblasts*.

Perhaps the most common marker used to identify pericytes in recent years has been
neuron-glia antigen 2, or, more commonly, NG2=+. We have demonstrated that NG2 is
dramatically upregulated along venules during capillary sprouting, implicating its involvement and
potential as an angiogenic specific marker~. But like other pericyte markers, NG2 is not pericyte

specific. During development, NG2 is expressed by oligodendrocyte progenitor cells, immature
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chondroblasts, skeletal myoblasts, and cardiomyocytes. NG2-positive cells in the CNS have been
referred to as O2A cells because they can be differentiated into either oligodendrocytes or another
type of glial cell in vitro. In the adult, NG2-positive cell populations increase following CNS
injury, in part due to upregulation of NG2 by glial cells and macrophages+. NG2 expressing cells
also include Schwann cells, at least in mouse, and can be found near the nodes of Ranvier in the
peripheral nervous system. This suggests a role for NG2-positive cells in regulation of
myelination*. NG2 was also found to be the same as HMP, previously associated with tumor cells,
further confirming the concept that NG2 is expressed by highly active cell types+. As mentioned
above, NG2 is expressed by pericytes throughout the microvasculature in most, if not all, quiescent
tissues. This above evidence suggests that pericyte NG2 expression pattern in the microvasculature
mimics that in the nervous system, wherein NG2 expression contributes to both homeostasis and
regeneration. Indeed, NG2-positive pericytes acquired from the central nervous system and
exposed to bFGF in culture can acquire phenotypes that overlap with glial cell lineages«. The
common use of NG2 as a pericyte marker and its analogous expression pattern — and possibly
function -- in neural and vascular support cells raises the question of whether other neural
phenotypic markers also identify pericytes during angiogenesis.

Class III B-tubulin, which like NG2 has been identified as a marker of neural progenitor
cells in the CNS and peripheral nerves in the adult, is another candidate pericyte marker. In contrast
to other markers, class III B-tubulin might offer a temporal and spatial marker of angiogenic
pericytes in vivo. In unstimulated adult rat mesenteric networks, class IIT [-tubulin is nerve
specific and absent along arterioles, venules, and capillaries. After the networks are stimulated to
undergo angiogenesis, class III 3-tubulin is upregulated by pericytes along these vessel types and

is subsequently down regulated to unstimulated levels after capillary sprouting=. Class III 3
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tubulin is one of seven [-tubulin isotypes that forms o/f-tubulin heterodimers with six B-tubulin
isotypes during microtubule assembly and is most commonly used as a marker of neural
phenotypes*. Much like NG2, during development in the central nervous system class III 3 -
tubulin is transiently expressed by glial precursor cells; in the adult it is expressed by peripheral
nerves. Outside the nervous system, class III 3 -tubulin expression by tumor cells correlates with
increased metastasis and resistance to tubulin binding agents«+. The positive expression of class
III § -tubulin by tumor cells and human pericytes in vitro (unpublished data) highlights a potential
issue with using class III 8 -tubulin expression to indicate a neural phenotype. For example, stem
cell differentiation into nerves has been confirmed, in part, based on class III [ -tubulin
expression“+. However, data from our laboratories, suggests that class III  -tubulin can be
expressed by pericytes and is not nerve specific. We have also confirmed that human placenta-
derived pericytes, human mesenchymal stem cells (Figure 4.3), and mouse embryonic stem cells
also express class III 3 -tubulin in vitro (data not shown). Since mesenchymal stem cells might be
a source of vascular pericytes in adult tissues and, vice versa, vascular pericytes can be induced
to exhibit multipotent stem cell activity*:, we speculate that the transient class III 3-tubulin in vivo
identifies a precursor cell population.

Both NG2 and class III 3 -tubulin expression by pericytes and neural cells highlight an
emerging area of microvascular research focused on the link between neural and vascular
patterning=. This link is supported at the molecular level when considering growth inhibitors in
the CNS such as ephrins, semaphorins, NG2, and Nogo*, and is commonly presented in the context
of either endothelial cell tip cells or arterial/venous identity. The overlap between neural and

vascular patterning offers an exciting new perspective on the study of adult microvascular
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remodeling. The shared expression of NG2 and class III 3 -tubulin by pericytes and neural cells
motivates the need to understand if and how perineural cells and pericytes are related.

Indeed, these findings motivate an even broader question: are pericytes able to differentiate
into other cell types? Emerging evidence suggests the answer is “yes,” and a putative mechanism
is via a bridging cell type that has well known multipotent differentiation capabilities: the MSC.
For example, G. Paul et al.~, recently isolated, purified and characterized a progenitor cell
population from the ventricular wall and the neocortex in the adult human brain. They confirmed
that these cells co-express markers for MSCs and pericytes in vivo and in vitro and have
multilineage potential towards both mesodermal and neuroectodermal phenotypes. As discussed
above, it is intriguing that the brain harbors a cell population with the ability to both modulate
angiogenesis as pericytes and regenerate neural tissues as neural progenitor cells. Evidence from
other tissues corroborates this interesting finding in the brain, and in the following section we use

recent reports to conceptualize the putative linkage between pericytes and MSCs (Figure 4.4).
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Pericyte - MSC Plasticity?

ECM Composition
Chemokines
Mechanotransduction

Angioregulation

Figure 4.4 Pericyte and MSC phenotypic plasticity.

Recent studies have suggested that pericytes (or a subset therein) and MSCs share a common
lineage and possess phenotypic plasticity that can be modulated by different environmental factors
(large arrow). A functional intersection between the different phenotypes is their potential to
participate in angioregulation by either stimulating angiogenesis or stabilizing new vessel

formation.
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Pericytes or Mesenchymal Stem Cells (or Both)?

Within the past ten years, a number of studies have demonstrated that MSCs and pericytes
co-localize within the perivascular niche and express many of the same cell surface markers.
Implying that the perivascular niche may serve as a systemic reservoir of tissue-resident stem
cells=+, these findings have generated a number of provocative questions around the topic of MSC
and pericyte identity and lineage, and their possible overlap (Figure 4.4). In this section we will
briefly review the literature in this area with respect to two fundamental questions that have yet to

be completely answered: 1) are pericytes MSCs? and 2) do MSCs give rise to pericytes?

Are pericytes MSCs?

Initially isolated from the bone marrow, MSCs have been defined by the International
Society for Cellular Therapy as a population of cells that, upon removal from tissue depots, is
adherent to plastic, expresses a panel of defined surface markers (CD73, CD90, and CD105, and
lack of CD11b or CD14,CD19 or CD79,CD45, and HLA-DR), and have the ability to differentiate
into adipocytes, chondrocytes, and osteoblasts*’. Emerging evidence confirms the presence of
MSC:s within the perivascular niche in a wide array of tissues throughout the body, including fat,
muscle, bone, and brain=+. Indeed, several studies have suggested that blood vessels throughout
the circulation contain multi-lineage precursors and contribute to tissue repair/regeneration+. Dr.
Bruno Péault and colleagues* were the first to identify, purify, and characterize distinct populations
of MSCs from the vasculature of multiple human organs=«. MSCs in the perivascular niche have
been classified into subsets that include pericytes*, adventitial cells*+, and myogenic endothelial
cells*. Each subset is able undergo adipogenesis, osteogenesis, and chondrogenesis in culture, and

can elicit substantial regenerative capabilities when injected back in vivo. The regenerative
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capacity of multipotent pericytes, isolated by flow cytometry selection of CD34—/CD146+/CD45—
/CD56— cells from adipose and other tissues, has been evaluated in skeletal muscle«, lung™,
dermal~, and nervous tissues™. The lack of CD34 expression (CD34-) is thought to be a hallmark
of multipotent pericytes in most tissues*, but a rare CD34+/CD146+/CD45—/CD31- population of
adipose-derived pericytes has also been identified in adipose tissue”** using stringent rare-event
strategies for its detection and isolation by flow cytometry . So in many ways, detection of a
multipotent subpopulation of pericytes, as is the case for pericyte identification in general, is still
invariably elusive using the currently available techniques, such as flow cytometry and
immunohistochemistry::.

The extent to which pericytes share a common identity or lineage with MSCs may differ
from tissue to tissue and depend on how quiescent or stimulated the tissue may be*. There are
likely a number of different mechanisms that control the endogenous phenotype of a pericyte at
any given point in time (Figure 4.4). An alteration in chemical cues—either diffusible or matrix
bound, is likely a key contributor to pericyte-MSC differentiation in situ. The source of these
chemical cues is likely variable but attributable to cells in and around the perivascular niche, like
endothelial cells, fibroblasts, and macrophages. Lee et al found that IL-1p -activated
macrophages promote differentiation of perivascular-resident MSCs in adipose tissue to vascular
SMC:s through a prostaglandin F2o. —mediated paracrine mechanism. It is also likely that changes
in the extracellular matrix composition itself are candidates for regulators of MSC and pericyte
differentiation. Mechanical stiffness of the underlying substrate has also been shown to influence
de-activation of stem cells and myofibroblasts*, so there are likely mechanical cues, in addition to
chemical cues, that guide pericyte differentiation in situ. A disturbance in the endothelial-pericyte

interaction has also been proposed as a driver for osteogenic and adipogenic differentiation of
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pericytes. In settings where endothelial-pericyte interactions are disrupted, like heterotopic
ossification and atherosclerosis, pathological bone mineralization and adipogenesis has been
observed, suggesting that disruption of endothelial-pericyte interactions may be another key driver

of pericyte/MSC differentiation=+.

Do MSCs differentiate into pericytes?

The relevance of this perivascular stem cell niche to tissue homeostasis and regeneration
is only beginning to be explored, but one of its more obvious implications is as a sustainable source
for new pericytes in vivo. As an example, MSCs derived from excised bone marrow and co-
cultured with endothelial cells have been shown to differentiate into pericytes that can support
engineered vessels in three-dimensional collagen gels implanted in vivo for more than 130 days*.
In another study where MSCs derived from the bone marrow of GFP transgenic mice were
intravenously injected into mice that had received cutaneous wounds, GFP-positive bone marrow
cells in the wound expressed pericyte markers+.

Support for MSC differentiation into vascular pericytes is also provided by bone marrow
lineage studies. Ozerdem et al. showed that NG2-expressing pericytes were recruited from the
bone marrow when the mouse cornea was treated with bFGF to induce angiogenesis*. Over ninety
percent of these pericytes expressed CD45 or CD11b, indicating their hematopoietic origin and
mesenchymal lineage overlap. Similar findings were presented by Rajnate et al. during tumor and
VEGF induced angiogenesis. Song et al., also demonstrated that PDGFR-[3 expressing pericyte
progenitors from the bone marrow reside in the tumor interstitium and are capable of

differentiating into NG2, Desmin, and SMA-positive pericytes. Jung et al. identified what they
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termed “multipotent pericyte-like cells” +in the circulating blood based on fluorescence or
magnetic activated cell sorting with anti-PDGFR-[3 antibody.

While compelling evidence seems to support that pericytes can be derived from MSCs and
contribute to vascular growth and remodeling, the dynamics of this process remain an open avenue
for discovery. Whether or not MSCs are derived from the bone marrow and circulate systemically
to tissues throughout the body, or if they self-renew within tissue-resident perivascular niches, or
both, have yet to be determined and will likely require some of the tools presented in the final

section of this review.
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Stem Cell Applications for Pericyte-targeted Angiogenic Therapies

Clearly, confusion remains: do pericytes and MSCs belong in the same pool, or are they
distinct populations that share no such common lineage? Regardless of the answer, the fields of
tissue engineering and regenerative medicine have continued to move forward, focusing on
isolating and injecting these cells, despite their uncertain lineage, for therapeutic gain. While the
mechanisms influencing their recruitment out of the circulation, differentiation, and dominant
function are undefined, their application and our developing ability to manipulate their
multifaceted role during angiogenesis offers promising potential for future therapies. This section
will overview just a small sampling of the many studies (pre-clinical and clinical) that have
explored cell-based angioregulation therapies where a pericyte-like role has either been explicitly
mentioned or indirectly implicated (Figure 4.5; Table 4.2).

As mentioned above, it has been suggested that MSCs can be derived from multiple tissue
sources, including circulating blood. Our group was among the first to attribute a pericyte-like role
to MSCs harvested from adipose tissue (Figure 4.6). Passaged MSCs from adipose tissue (also
known as hASCs) were injected I.P. into Nude mice that had been stimulated by Compound 48/80
to invoke angiogenesis in the mesenteric tissues®. Ten days later, the injected cells exhibited
pericyte-like morphologies, expressed NG2 and SMA, and significantly increased vascular
density. These effects persisted out to sixty days, suggesting that the injected MSCs may have
differentiated into vessel-stabilizing pericytes. In the setting of diabetic retinopathy, Mendel el al .»
also very recently demonstrated that MSCs obtained from human and mouse adipose tissue,
operating in a pericyte-like capacity, stabilized the compromised vasculature in different murine
models of retinal vasculopathies, including oxygen-induced retinopathy and Akimba diabetic

mice. The authors showed that injected MSCs integrated alongside host endothelial cells in a
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vasculoprotective mechanism that was strengthened with TGF-f31 treatment, across all three
murine models of disease.

Cardiac and peripheral ischemic diseases also represent potential uses for MSC-pericytes.
Katare et al.» evaluated the effects of BMSC pericyte progenitor cells in an infarcted heart model
and concluded that the delivered cells worked through a paracrine mechanism to reduce
myocardial scaring, apoptosis, and fibrosis, while increasing vascular stability and attenuating
permeability. In the setting of peripheral ischemic disease, Rehman et al.* reported that MSCs
from adipose tissue increased endothelial cell growth and reduced endothelial apoptosis in a
pericyte-like manner. In a model of hindlimb ischemia, perfusion recovery was accelerated when
MSCs from adipose tissue were injected.

Another promising application of MSCs is in cutaneous wound healing. Kim et al.»
demonstrated that topical transplantation of allogeneic MSCs in canine cutaneous wounds
increased the rate of wound closure and degree of collagen production, cell proliferation, and
angiogenesis primarily through paracrine effects on the local cell population. Using a model of
delayed diabetic wound healing, Amos et al.» demonstrated that topically applied MSCs from
adipose tissue also increased rate of wound closure through the production of extracellular matrix
proteins and soluble factors. Similar results were obtained in a clinical trial by Vojtassak et al.=
using autologous MSCs derived from bone marrow. In this study, a chronic non-healing diabetic
ulcer was treated with BMSCs and autologous skin fibroblasts delivered in a collagen membrane.
The ulcer experienced increased vascularity and dermis thickness, as well as significant wound
closure over the 29 days of treatment. While pericytes were not explicitly monitored in any of
these wound healing studies, each reported increases in vascularity, which is consistent with

pericyte contributions.
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Future studies like the examples detailed above will serve to transcend our understanding
of MSC and pericyte functionality, especially in a therapeutic context. Whether or not MSCs and
pericytes share a common lineage, the ease of culture expansion and transplantation make MSCs

an attractive cell source for therapeutic angioregulation in different disease settings.

Stem Cell Applications and Dynamics
for Angiogenic Therapies
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Figure 4.5 The application of MSCs in cell-based therapies to manipulate angiogenesis.

The integrated schematic highlights the wide range of disease scenarios that can be targeted and
the approaches to influence MSC fate and function for capillary sprouting. We hypothesize that
optimal therapies will result from a combination of chemical, mechanical, and genetic
preconditioning modalities. The embedded Table 2 details the pathology and delivery method for
recent examples of stem cell therapeutic use.
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Table 4.2: MSC / Pericyte Therapeutic Uses

Pathology

Delivery Method

Fate / Function

Citation

Infantile Hemangioma

Subcutaneous Matrigel

Pervascular Niche 7 Endothelial

Cell Contact Mediated Vessel
Farmation

Boscolo, et al. Arterioscler Thromb
Vasc Biol. 2011. (15)

Diabetic Retinopathy

Intravitreal Injection

Perivascular Niche /
Vessel Stabilization

Mendel, et al. PLOS ONE. 2013.
(61)

Myocardial Infarction

Intracardiac Injection

Perivascular Niche /
Paracrine Signaling

Katare, et al. Circ Res. 2011. (49)

Bone Defects

Ectopic Intramusclar Implant

Osteoblast /
Vascularized Bone
Reaeneration

Multiple Sclerosis

Intravenous Injection

Askarinam, et al. Tissue Eng Part
A. 2013. (7)

Undetermined /
CNS Inflammation Reduction

Cohen. Neurology. 2012. (21)

Malignant Gliomas

Intravenous Injection

Perivascular Niche /
Tumor-Directed Migration

Bexell. Mol Ther. 2009. (13)

Bronchopulmonary Dysplasia

Intratracheal Injection

Perivascular Niche /
Paracrine Signaling

Pierro, et al. Thorax. 2013. (75)

Table 4.2 Therapeutic uses for mesenchymal stem cells and pericytes. Citations from publication.

Stem Cell Acquisition of Pericyte Morpholoqy

Dil/Lectin

Figure 4.6 MSCs from adipose tissue adopt a pericyte fate in vivo after therapeutic delivery.

Dil-labeled MSCs from human adipose tissue were injected intraperitoneally and identified in the

inflamed Nude rat mesentery (A; (4)) or injected intravenously and identified in the ischemic

spinotrapezius muscle of NOD-SCID mice (B). In both tissues, injected MSCs (arrows) were

observed aligning along BSI-Lectin-positive capillaries in a manner similar to native pericytes and

exhibited morphologies similar to that of native pericytes. NG2 labeling in (B) also identifies

nerves. Scale bar = 10 ym.
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Future Perspective

Pericytes have recently attracted a lot of attention from the research community at large.
Moving forward, new model systems and imaging approaches will greatly advance our
understanding of their dynamics, functionality, and phenotypic flexibility. The ability to monitor
and track endogenously-labeled pericytes in vivo using confocal imaging and other high-resolution
intravital imaging approaches enables us to observe the dynamic behaviors of cells in tissues, such
as the ear”. Ex vivo explant systems where pericytes can be labeled and dynamically visualized
will also help us learn how they interact with the microvasculature and other cell types throughout
the tissue space and over time”. Using these and other new tools will help us learn more about
pericyte identity and lineage, which in turn will help us leverage our understanding of this unique
cell population for therapeutic means. Meanwhile, fundamental questions remain to be answered

regarding where pericytes come from, where they go, what they do, and what they can become.
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CHAPTER 5

THE L.OSS OF PERICYTE-SPECIFIC STEM CELL

PLURIPOTENCY GENE OCT4 INHIBITS

ANGIOGENESIS
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Abstract

Angiogenesis requires coordinated migration of endothelial cells and perivascular cells, including
smooth muscle cells and pericytes (together, SMC-P). EC-specific loss-of-function studies have
provided key insights into mechanisms whereby EC form nascent vascular tubes and recruit SMC-
P. However, far less is known regarding SMC-P specific mechanisms that are critical for stable
vascular network formation. Therefore, we used Myh11-CreER" eYFP lineage-tracing, combined
with SMC-P specific knockout of the pluripotency gene Oct4, to test the hypothesis that SMC-P
specific Oct4 regulates perivascular cell migration and recruitment necessary for angiogenesis.
SMC-P-specific tamoxifen-inducible Oct4 wildtype and knockout Myhl11-CreER»eYFP mice
were subjected to corneal alkali burn or hindlimb ischemia (HLI). SMC-P Oct4 knockout mice
had decreased eYFP+ SMC-P cell density, impaired eYFP+ and CD31+ EC migration, and
increased vascular leak following corneal alkali burn. SMC-P Oct4 knockout mice had impaired
perfusion recovery and decreased eYFP+ and EC density following HLI. SLIT3 was expressed in
eYFP+ vessels in cornea and hindlimb muscle and was decreased in vivo following SMC-P Oct4
knockout. RNA-seq and qRT-PCR analysis of cultured SMC showed that loss of Oct4 was
associated with dysregulated expression of multiple Slit-Robo family members, including
downregulation of Sl/it3, but upregulation of S/i#2. SLIT3 increased, whereas SLIT2 decreased, EC
migration in vitro suggesting that the impaired EC migration in SMC-P Oct4 KO mice may be due
in part to decreased Slit3 and increased Slit2 expression by perivascular cells. Thus, we believe
SMC-P specific Oct4 is essential for angiogenesis following both corneal alkali burn and HLI.
SMC-P Oct4 knockout was associated with impaired migration of both SMC and EC, which we

postulate was due in part to dysregulation of Slit-Robo signaling and EC-SMC-P crosstalk.
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Introduction

Angiogenesis, the growth of new blood vessels from a pre-existing vasculature, is critical
for supply of blood and nutrients to tissues during development and throughout adult life, both
under physiologic and pathophysiologic conditions. Lack of a robust angiogenic response in the
setting of ischemic diseases such as peripheral arterial disease (PAD) contributes to worse patient
outcomes. Conversely, excessive or aberrant (e.g. inadequate perivascular cell investment)
angiogenesis is a hallmark of numerous pathologies, including cancer and ocular diseases, such as
wet macular degeneration and diabetic retinopathy.* Angiogenesis requires coordinated
movement of the two major cell types of the blood vessel wall: 1) endothelial cells (EC), which
line the inner lumen, and 2) perivascular cells [smooth muscle cells (SMC) and pericytes], which
enwrap EC. In general, SMC concentrically wrap arteries, arterioles, veins, and venules which
have diameters >10um, while pericytes extend longitudinally along capillaries <10um in diameter.
Despite these distinct anatomical differences, SMC and pericytes often express many common
proteins including ACTA2, MYHI11, and PDGFR-3, which vary in expression across different
vascular beds under both normal and pathologic conditions.> Indeed, no marker or set of markers
known to date is able to unequivocally distinguish between SMC and pericytes.”

During angiogenesis, EC and SMC-pericyte (SMC-P) communication is essential for new
blood vessel formation.s Global genetic knockout (KO) studies have identified a number of
pathways critical in EC-SMC-P cross-talk, including PDGF-B/PDGF-R3, ANG/TIE2, TGFp,
S1P, and Notch, among others»++. In general, knockout of genes in these pathways results in
improper EC and SMC-P function, including their decreased association with one another,*** often
leading to increased vascular leak and hemorrhaging == Therefore, perivascular cell investment of

EC tubes is critical for normal function and stability of vascular networks. < ** However, to
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determine which cell type(s) and gene(s) drive specific phenotypes, cell-specific loss-of-function
studies involving candidate genes are required.

EC-specific deletion of genes, such as Pdgfb~, Notch***, and others™+ result in impaired
angiogenesis, demonstrating that EC play a critical role in regulating angiogenesis. Extensive
insight into VEGF-induced EC filopodia guidance* and DLL4-NOTCH specification of EC tip
cell migration and stalk cell proliferation= provide further evidence that EC can drive
angiogenesis, and in turn recruit SMC-P to invest newly formed EC tubes.** However, to our
knowledge, comparable SMC-P specific conditional loss-of-function studies have not been
performed. Several studies have shown that genetic loss or mutations of PDGF-Rp* or Pdgfrb-
Cre mediated knockout of genes such as Ephrin-B2*> or CD146* resulted in impaired angiogenesis,
including defective SMC-P investment of EC tubes and increased vascular leak. However, PDGF-
Rp was deleted throughout development and is expressed in multiple cell types, including
fibroblasts, myofibroblasts, macrophages, and neurons.” A recent study demonstrated that
inducible Pdgfrb-Cre mediated ablation of pericytes or deletion of fI¢/ results in impaired retinal
angiogenesis, including defective endothelial cell sprouting. These studies suggest that PDGF-
RB+ SMC-P play a critical role during normal developmental and postnatal angiogenesis.
However, to our knowledge, no studies to date have examined whether SMC-P play a direct role
during angiogenesis following injury. Indeed, a widely held belief in the field is that, although
SMC-P are critical for angiogenesis, they play a more passive role, mostly responding to signaling
initiated by EC and subject to modulation by factors secreted by macrophages as well as other
mesenchymal cells.»»* Taken together, studies underscore the fact that, in spite of overwhelming

evidence that investment of nascent endothelial tubes with perivascular cells is critical in formation
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of stable and functional vascular networks, there is as yet little evidence that perivascular cells
play a direct regulatory role in this process.

Recently, our lab demonstrated that the stem cell pluripotency gene Oct4 (also known as
POUS5F 1), previously thought to be permanently epigenetically silenced in all somatic cells, is
reactivated in SMC in the setting of atherosclerotic disease.”> Moreover, we showed that SMC-
specific conditional knockout of Oct4 resulted in marked exacerbation of atherosclerosis due to
impaired migration and investment of SMC-derived cells into the lesion and the failure to form a
SMC-rich protective fibrous cap. However, Oct4-dependent migration clearly did not evolve as a
response to atherosclerosis, a disease whose clinical manifestations occur well after our
reproductive years. Rather, herein we hypothesize that SMC-P derived Oct4 is essential for SMC-
P migration and investment of blood vessels during angiogenesis following injury. We
demonstrate that SMC-P specific conditional deletion of the stem cell pluripotency factor Oct4
results in markedly impaired angiogenesis in both corneal burn and hindlimb ischemia (HLI)
models. We also present evidence showing that knockout of Oct4 results in numerous downstream
changes including dysregulated expression of multiple members of the Slit-Robo pathway, which
may have contributed to impaired SMC-P and EC migration and cell-cell communication. To our
knowledge, this is the first direct evidence that conditional loss of a single gene in SMC-P can

impact angiogenesis following injury.
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Material and Methods

Mice

Myh11-CreER» ROSA floxed STOP eYFP Oct4~* mice were generated as previously described.:
Briefly, we first bred Oct4= (PouSfl=s+) mice with Myhl1-CreER» (Tg(Myhll-
cre/ERT2)1Soff) mice to generate Oct4**"Myh11-CreER” mice. The Myh11-CreER® transgene is
on the Y chromosome, precluding the use of Cre-negative mice as controls. We then bred Myh11-
CreER» Oct4™ males with Oct4™ females to generate Myhl1-CreER” Oct4~ and Myhl1-
CreER"” Oct4 male littermates. We then crossed ROSA26-STOP»YFP+ mice (B6.129X1-
Gt(ROSA)26Sortm1(eYFP);Cos/J) with Myh11-CreER” mice to yield Myh11-CreER” ROSA26-
STOP*YFP+ mice using the same strategy described above. We then crossed Oct4~*;Myhl1-
CreER” male mice with Myhl1-CreERT2 ROSA26-STOP*YFP+ mice to generate Oct4
Myh11-CreER” ROSA floxed STOP eYFP males and Oct4**"ROSA floxed STOP eYFP female
mice. To generate mice on a congenic C57BL/6 background, we backcrossed these mice to
C57BL/6 mice (Jackson Labs; Bar Harbor, ME) for nine generations. We then used these mice as
breeders to generate Myhl1-CreER» ROSA floxed STOP eYFP Oct4*»and Myhll-
CreER"» ROSA floxed STOP eYFP Oct4~male littermate mice which were genetically identical
other than containing WT versus floxed Oct4 alleles. We achieved Cre-mediated recombination
via ten daily intraperitoneal injections of tamoxifen (Sigma-Aldrich; St. Louis, MO) (1mg in 100
pl of peanut oil (Sigma-Aldrich; St. Louis, MO)) between 6-8 weeks of age. All experimental mice
received identical amounts of tamoxifen. We only used male progeny for experiments, since the
Myh11-CreER® transgene is located on the Y chromosome. Upon tamoxifen treatment, there is
simultaneous activation of eYFP and excision of the floxed Oct4 alleles, generating Myh11-

CreER» ROSA eYFP Oct4*and Myh11-CreER» ROSA eYFP Oct4++ mice. Henceforth, we refer
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to them as Oct4»<rv and Oct4er», for simplicity. At 12-16 weeks of age, mice were used for
experiments. We also crossed our Myh11-CreER» ROSA floxed STOP eYFP mice with NG2-
DsRED (Tg(Cspg4-DsRed.T1)1Akik/J) (Jackson Labs; Bar Harbor, ME) mice to
generate NG2-DsRED Myhl11-CreER” ROSA floxed STOP eYFP mice. We treated these mice
with the same tamoxifen protocol outlined above to generate NG2-DsRED Myh11-CreER» ROSA
eYFP mice. Protocols for experiments involving mice were approved by and done in accordance

with the University of Virginia Animal Care and Use Committee.

Blood pressure telemetry

Blood pressure and heart rate were measured using radiotelemetry units (Data Sciences
International; St. Paul, MN). The catheter of a radiotelemetry unit was inserted into the left carotid
artery and the radiotransmitter was placed in a subcutaneous pouch on the right flank. Blood
pressure was recorded for 5 minutes per hour for 2 days on, then five days off, for a total of 10
days of recording. Recordings were limited to weekend days to minimize noise and stress-related

fluctuations in blood pressure.

Corneal alkali burn model

Corneal alkali burn surgery was performed as previously described.”” At 12-16 weeks of age,
mice were anesthetized with isofluorane (2% isofluorane, 200 ml/min flow rate). A drop of sterile
0.5% Proparacaine Hydrochloride Ophthalmic Solution was added as a topical anesthetic to numb
the eye two minutes prior to burn and another drop applied immediately prior to burn. Corneal
alkali burn was induced by applying applicator sticks coated with 75% AgNO./25% KNO.

(SnypStix by Grafco; Atlanta, GA) to the center of the right cornea for 10 seconds. An additional
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drop of Proparacaine was applied to the right cornea immediately post-burn, and mice received
post-operative analgesic (buprenorphine 0.1-0.2 mg/kg subcutaneous). For each experimental

mouse, the contralateral eye remained unburned and untreated.

Intravital confocal microscopy

Intravital confocal microscopy of the cornea was performed as previously described.: Briefly,
animals were anesthetized with an intraperitoneal injection of ketamine/xylazine/atropine
(60/4/0.2 mg/kg body weight) (Zoetis; Kalamazoo, MI/West-Ward; Eatontown, NJ/Lloyd
Laboratories; Shenandoah, IA). A drop of sterile 0.5% Proparacaine Hydrochloride Ophthalmic
Solution was added as a topical anesthetic to numb the eye before imaging. Ophthalmic lubricant
Genteal gel (Alcon; Fort Worth, TX) was applied to the eye during imaging to prevent drying.
Mice were placed on a microscope stage that contained a warming pad to maintain a constant body
temperature of 37°C, eyelashes and whiskers were gently pushed back with ophthalmic lubricant
Genteal gel, and the snout was gently restrained with a nosecone. Mice were imaged immediately
(within ten minutes) prior to injury (day 0), and then at days 3, 7, and 21 post-injury on a confocal
microscope (Nikon Instruments Incorporated, Melville, NY; Model TE200-E2; 10X, 20X, and
60X objectives optimized for 3 channels-laser excitation wavelengths at 488, 543, and 632).
Immediately prior to each round of imaging, mice were perfused with isolectin GS-IB4 (lectin) or
rhodamine-dextran (MW 70 kDa, Sigma-Aldrich) via retro-orbital injection into the contralateral
eye to visualize perfusion-competent vasculature. During imaging, the right eye was placed against
a coverslip that rested on the stage of the inverted confocal microscope. The entire portion of the
eye that rested on the stage, or approximately one quarter of the entire corneal circumference, was

imaged on 20x or 60x magnification by taking multiple fields of view (FOV) using Z-stack
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imaging through the entire cornea thickness. Each FOV was then compressed into a maximum
intensity projection. All FOV from each eye were stitched together into montages using Adobe
Illustrator and then analyzed as described below. Researchers were blinded to the genotype of the

animals until the end of analysis.

Quantification of intravital confocal microscopy images

To rigorously quantify the number of eYFP+ cells within each montage, the corneal vascular
networks were divided into distinct regions, numbers of eYFP+ cells counted within each of those
regions, and then that number divided by the area of the respective region to account for differences
in area between each mouse. The number of cells on the arteriole-venule (A-V) pair was counted
to determine the number of eYFP+ cells per A-V pair. To quantify number of eYFP+ cells beyond
the A-V pair in the direction of the center of the cornea, we divided the vascular network into 50
pm regions, where 50 um was measured from the A-V pair towards the cornea center along the
entire length of the montaged image. The number of eYFP+ cells in each of these regions was
counted and normalized as described above. Following corneal burn, the total vascular area
extending beyond the A-V pair is referred to as the neovascular area. The neovascular area plus
the A-V pair is referred to as the network area. Researchers were blinded to the genotype of the

animals until the end of analysis.

Bright Field Microscopy

Bright field images of corneas under 4X magnification were obtained using a Nikon Digital Sight

DS-L2 Camera Controller (Nikon Instruments Inc, Melville, NY; Model 214602) to assess the
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network-wide hierarchy of neovessels and determine the macrostructural health of the tissue. For

each mouse, multiple fields of view were taken encompassing the entire circumference of the eye.

Quantification of hemorrhaging in bright field microscopy images

Corneal hemorrhaging in bright field montages was graded on a scaled score from 0-7, adapted
from Kisucka et al* In our scoring system, 0 = no hemorrhages; 1 = 1 hemorrhage; 2 = 2-3
hemorrhages, healthy corneal tissue; 3 = 2-3 hemorrhages, disrupted corneal tissue; 4 = continuous
hemorrhage, healthy corneal tissue; 5 = 3 — 4 hemorrhages, torn corneal tissue; 6 = continuous
hemorrhaging, torn corneal tissue; 7 = completely ruptured cornea, lens ruptured from tissue.

Researchers were blinded to the genotype of the animals until the end of analysis.

Rhodamine dextran injections and quantification

Following anesthetization with ketamine/xylazine/atropine, mice were administered a retro-orbital
injection of 70kDa rhodamine-dextran (Sigma-Aldrich) immediately prior to imaging, such that
movie recording started < 5 minutes post-injection. Digital images of the vascular networks were
acquired using a NikonTE200-E2 confocal microscope, as described above. One field of view per
cornea was imaged with full-thickness Z-stacks (25-30 slices at 3 um between each slice) on
repetition for 90 minutes. Volume renders of z-stacks, using the maximum intensity projection,
were used to capture the entire corneal vascular network in the field of view. Movie files were
analyzed in ImageJ, where we measured the mean pixel intensity in three equal-size regions of
interest (ROIs) that were evenly distributed across three different areas in the field of view (above
limbus, in vascular loops within the limbus, and below the A-V pair defining the start of the

limbus), for a total of nine ROIs being analyzed per frame. The three ROIs within a given area
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were then averaged for each frame and recorded as a single value. These values were then plotted
against time. Finally, we quantified the Area Under the Curve to capture the total leak of dextran

from the mouse over time. Mice were imaged at day 3 post corneal-burn.

Whole Mount Cornea Immunostaining and Quantification

Mice were euthanized by CO. asphyxiation and then whole corneas, including the limbus, were
removed and washed 3x10 min in phosphate-buffered saline (PBS; Life Technologies; Carlsbad,
CA) in 0.5 ml Eppendorf tubes. Corneas were then fixed in 1% paraformaldehyde (PFA; Electron
Microscopy Sciences; Hatfield, PA) for 45 min, followed by blocking for 1 hour in blocking buffer
containing 2% Bovine serum albumin (BSA; Roche; Indianapolis, IN), 10% horse serum, and
0.2% saponin in PBS. Primary anti-GFP antibody (Abcam ab6673, 1:100) was added overnight at
4°C in blocking buffer. Corneas were then washed in PBS+0.2% saponin and stained for 1.5 hours
in blocking buffer with CD31 (Dianova 310, 1:250) and/or Slit3 (Sigma SAB2104337, 1:50).
Corneas were then washed in PBS+0.2% saponin, followed by staining with appropriate secondary
antibodies (Alexafluor, 1:250) for 1.5 hours in blocking buffer. Corneas were washed in
PBS+0.2% saponin, stained with DAPI (1:100) for 10 min, washed with PBS, and then flat-
mounted on slides using 50/50 PBS/Glycerol. Images were acquired at 10x magnification on a
Zeiss LSM700 scanning confocal microscope using full-thickness Z stacks (approximately 15-20
slices at Sum between each slice). For each cornea, 2-3 FOV from different leaflets were used for
analysis. Individual slices were then collapsed into maximum intensity projections for pixel
analysis using Image-Pro Plus. Researchers were blinded to the genotype of the animals until the

end of analysis.
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Whole Mount Retina Imaging

Thirty minutes prior to sacrifice, isolectin (IB4-Alexa647; Life Technologies; Carlsbad, CA) was
injected into the mouse tail vein. Mice were euthanized by CO.asphyxiation and then whole retinas
were removed and flat-mounted on slides to image isolectin plus endogenous NG2-dsRED and
eYFP fluorescence. Images were taken on a Zeiss LSM700 scanning confocal microscope on 20x

magnification.

Hindlimb ischemia model

Hindlimb ischemia surgery was performed as previously described . At 12-16 weeks of age, mice
were anesthetized with ketamine (90 mg/kg) and xylazine (10 mg/kg) and then subjected to
unilateral femoral artery ligation and resection. Blood flow in the plantar soles was monitored with
a laser Doppler perfusion imaging system (Perimed, Inc, Ardmore, PA) immediately after surgery
(day 0) and then at days 3,7, 14, and 21 post-surgery. Mice were placed on a warming pad during
surgery and during laser doppler image acquisition to maintain a constant body temperature of
37°C. Perfusion was expressed as the ratio of the left (ischemic) to right (nonischemic) hindlimb.
The right hindlimb served as an internal control for each mouse. Animals received buprenorphine
(intraperitoneal) immediately after surgery and every 8-12 hours thereafter until 48 hours post-

surgery.

Harvesting of hindlimb tissue
Mice were euthanized by CO. asphyxiation and then perfused through the left ventricle with 5 ml
of PBS, followed by 10 ml of 4% Periodate-Lysine-Paraformaldehyde (PLP), followed by 5 ml of

PBS. Calf muscle (containing gastrocnemius and soleus muscles) and medial thigh muscle
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(containing adductor magnus semimembranosus, semitendinosus, and gracilis muscles) were
harvested and fixed for an additional 2 hours in 4% PLP. Tissues were then transferred to 7.5%
sucrose in PBS overnight, followed by 15% sucrose in PBS for 4 hours, followed by 30% sucrose

in PBS for 2 hours. Tissues were then embedded in OCT compound, frozen in liquid nitrogen, and

stored at -80°C until sectioning.

Analysis of hindlimb tissue

Hindlimb muscles were serially sectioned at 5 (calf) or 10 (thigh) um thickness on a cryostat. For
immunohistochemical staining, slides were blocked for 1 hour in blocking buffer containing 10%
horse serum + 0.6% fish skin gelatin in PBS. Primary antibodies were added overnight in blocking
buffer at 4°C and then washed 2x with PBS-Tween (0.1%). Secondary antibodies were added for
1 hour at room temperature in blocking buffer, washed 2x with PBS-Tween (0.1%), counterstained
with DAPI, and cover slipped using Prolong Gold mounting medium. Slides were stained using
combinations of the following primary antibodies: GFP (Abcam ab6673, 1:250), CD31 (Dianova
310; 1:250), NG2 Chondroitin Sulfate Proteoglycan (Millipore AB5320, 1:500), PDGFRf} (abcam
ab32570, 1:500), and Slit3 (Sigma SAB2104337, 1:50). DAPI (1:100) was used to label nuclei
and Alexafluor 555 Phalloidin (1:1000) was used to label muscle fibers. Isotype-matched 1gG
antibodies were used as a negative control in all instances. All secondary antibodies were
Alexafluor and used at 1:250 concentration. Images were acquired using a Zeiss LSM700 scanning
confocal microscope. Depending on specific analysis, 3-6 fields of view (FOV) on 10-20x
magnification from 1-2 sections/muscle were used for analysis. High-resolution Z-stack analysis
was performed using Zen 2009 Light Edition Software to ensure staining was limited to a single

cell. For pixelation analysis, Z-stack slices were collapsed into maximum intensity projections and
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analyzed using Image-Pro Plus. Researchers were blinded to the genotype of the animals until the

end of analysis.

Cell Culture

Oct4+ and Oct4** mouse aortic SMC were isolated and cultured as previously described. Cells
were maintained in 10% serum-containing media (DMEM/F12 (Gibco), Fetal bovine serum (FBS;
GE Healthcare Bio-Sciences; Pittsburgh, PA), 100 U/ml penicillin/streptomycin (Gibco), 1.6
mM/L L-glutamine (Gibco)). For experiments, cells were grown to 80-90% confluency and then
switched to serum-free media (SFM). After culturing in SFM for 2 days, passages 5-13 of mouse
aortic SMCs were harvested for QRT-PCR analysis. Mouse aortic EC were purchased from Cell
Biologics (C57-6052) and maintained in complete mouse endothelial cell medium plus kit

(M1168).

RNA isolation, cDNA preparation, and gRT-PCR

Total RNA was harvested using phenol-chloroform extraction (TRIzol, Life Technologies, Grand
Island, NY). 0.5-1 pg of RNA was reverse-transcribed with iScript cDNA synthesis kit (Bio-Rad).
Real-time qRT-PCR was performed on a C1000 Thermal Cycler CFX96 (Bio-Rad) using
SensiFAST SYBR NO-ROX mix (Bioline) and primers specific for mouse Robol, Robo2, Slit2,

Slit3, and B2M. Expression of genes was normalized to B2M.

Scratch wound assays
Scratch wound assays were performed in 6 well plates. Once cells were 100% confluent, cells were

washed 2x with 1xPBS and placed in SFM for 24 hours. A scratch down the middle of each well
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was made using a p200 pipet tip and then media was immediately replaced with SFM containing
Inmol/L. SLIT2 (MyBioSource.com, MBS2031306), Inmol/L SLIT3 (MyBioSource.com,
MBS2010323), or Vehicle (PBS). Images were taken immediately after scratch and every 24 hours
thereafter for up to 72 hours post-scratch on 4x magnification using an inverted microscope. Prior
to cell plating, horizontal lines were made on the underside of each well at 12 mm, 20 mm, and 28
mm from the bottom of each well to ensure the same FOV was imaged at each time point. Numbers
of cells that migrated into the scratch were counted in each FOV using ImageJ analysis software.

Counts were then averaged together across 9 FOV per condition (3 wells with 3 FOV each).

Statistical Analysis

Statistical analysis was performed using GraphPad Prism Version 7 software. Normality of the
data was determined using a Kolmogorov-Smirnov test. For comparison of two groups with
normal distribution, an unpaired two-tailed #-test was used. For comparison of two groups with
non-normal distribution, a Mann-Whitney test was used. For analysis of three or more groups with
normal distribution, a two-way ANOVA was used. All results are presented as mean = SEM. p <
0.05 was considered significant. Specific statistical tests and number of mice used for each in vivo

analysis are reported in the figure legends.
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Results

Myhl1-CreER"eYFP efficiently labeled SMC and pericytes in multiple tissues, thus allowing for
perivascular cell-specific gene knockout studies

We previously developed a Myh11-CreER» ROSA floxed STOP eYFP inducible lineage
tracing mouse that specifically labels >95% of SMC within large conduit arteries with eYFP
following two weeks of tamoxifen injection.” Recently, using this mouse, we demonstrated that a
subset of eYFP+ cells in the pre-metastatic lungs express the pericyte markers NG2 and PDGFR-
B To determine whether Myhl1l efficiently labels pericytes in a number of different
microvascular beds, we crossed our Myh11-CreER” ROSA floxed STOP eYFP mice to NG2-
DsRED reporter mice and injected with tamoxifen to generate Myh11-CreER» ROSA eYFP NG2-
DsRED mice (Figure 5.1A). We examined whole mounts of the retina, which has the highest
pericyte density in the body,” and observed eYFP+ cells surrounding isolectin+ EC tubes,
including those of capillary size diameter (Figure 5.1B). There was near complete co-localization
of eYFP and NG2-DsRed in pericytes surrounding isolectin+ EC tubes, demonstrating eYFP
efficiently labels NG2+ pericytes in the retina (Figure 5.1C). We then examined the limbal
vasculature of the cornea and again observed labeling of NG2-DsRED+ cells with eYFP (Figure
5.1D). We next used our Myhl1-CreER” ROSA eYFP lineage-tracing mice (Figure 5.1E) to
quantify efficiency of eYFP labeling of pericytes in calf muscle vasculature. We found that
approximately 80% of eYFP+ cells surrounding CD31+ capillaries express multiple pericyte
markers, including NG2 and PDGFR-3 (Figure 5.1F through 1H). Over 90% of NG2+ cells
express eYFP and 80% of PDGFR-B+ cells express eYFP (Figure 5.11), consistent with the fact
that other cells in muscle e.g. interstitial fibroblasts can also express PDGFR-f.» Taken together,

our results demonstrate that Myhl1 labels both SMC= and a large subset of pericytes within
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multiple tissues. Using Myhl1-driven CreER”, we can therefore conditionally delete genes of

interest in both SMC and pericytes to test their functional role in these cell types.
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Figure 5.1 Myh11-CreER” ROSA eYFP efficiently labeled SMC and a large subset of pericytes

in multiple microvascular tissue beds.
(A) Schematic showing crossing of Myh11-CreER» ROSA floxed STOP eYFP mice with NG2-

DsRED mice plus tamoxifen injection to generate NG2-DsRED Myhl1-CreER” ROSA eYFP
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mice. (B-C), Imaging of retina whole mounts for eYFP, NG2-DsRED, and isolectin. Scale bar in
B = 100 pm. Scale bar in C = 2 um. (D), Intravital microscopy of cornea limbal vasculature for

eYFP and NG2-DsRED. (E), Schematic showing Myh11-CreER» ROSA eYFP mice. (F-G), Co-

staining of uninjured calf muscle cross sections from Oct4=<*»mice for DAPI, eYFP, and NG2
(F) or PDGFR-f3 (G). Scale bars = 50pum (H-I), Quantification of percentages of dual positive cells

within calf muscle (n=4 mice).
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SMC-P specific knockout of the stem cell pluripotency gene Octd resulted in impaired
angiogenesis following corneal burn, including impaired migration of SMC-P and EC and
increased vascular leakage

To knock out Oct4 and determine its role in Myhl1-expressing SMC-P, we injected
Myh11-CreER» ROSA floxed STOP eYFP Oct4*»and Myhl1-CreER” ROSA floxed STOP
eYFP Oct4™ male littermate mice with tamoxifen from 6-8 weeks of age, as previously
described.”s This induces lineage tagging of Myhll-expressing cells, without and with Oct4
knockout respectively, to generate Myhl1-CreER” ROSA eYFP Oct4*»and Myhll-
CreER” ROSA eYFP Oct4** mice (Figure 5.2A through 2B). Henceforth, for simplicity, we refer
to them as Oct4»<»» and Octd»++ respectively. We previously showed that Oct4 is reactivated

in diseased blood vessels and that, following tamoxifen injection, Oct4 knockout recombination

efficiency is greater than 95% in SMC-P

chr 17 y
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chr Y=Myh11 promoter —_—//

Tamoxifen
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Figure 5.2: Mice with zero or two Oct4 floxed alleles were injected with tamoxifen to allow

simultaneous SMC-P lineage tagging and Oct4 KO.
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(A), Myh11-CreER" ROSA floxed STOP eYFP Oct4 " and Myh11-CreER” ROSA floxed STOP
eYFP Oct4~~male littermate mice were injected with tamoxifen (10 intraperitoneal injections)
from 6-8 weeks of age to induce simultaneous lineage tagging, without or with Oct4 KO,
respectively. For simplicity, we refer to them henceforth as Oct4s»» and Oct4sr+, respectively.

(B), At 12-16 weeks of age, mice were used for the start of experiments.
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Figure 5.3 There were no baseline differences in weight, blood pressure, or heart rate following

SMC-P specific Oct4 KO.

(A), Weight of mice (g) immediately prior to surgery (n=8WT, 8 KO). (B-D), A catheter-based
radiotelemetry system was used to monitor systolic blood pressure (B), diastolic blood pressure
(C), and heart rate (D) (N=4 WT, 5 KO). Values = mean + SEM. P = NS using unpaired #-test (A)

or Mann-Whitney (B-D).
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We first determined whether loss of Oct4 in Myhl1-expressing SMC-P results in any
effects prior to injury. Twelve-sixteen week old Oct4><++ mice did not show any significant
changes in total body weight, blood pressure, or heart rate, compared to littermate controls (Figure
5.3A through 3D). To test whether SMC-P-specific Oct4 plays a functional role during
angiogenesis, we subjected 12-16 week old Oct4»<rv» and Oct4><*»» mice to corneal alkali burn
injury (Figure 5.4A), as previously described . Prior to burn, there is limbal vasculature encircling
the cornea circumference, including an arteriole-venule (A-V) pair as well as a vascular network
that extends approximately 200 um away from the main A-V pair towards the center of the cornea
(Figure 5.5). Following corneal burn, the limbal vasculature gives rise to angiogenic sprouts that
extend towards the alkali burn in the center of the cornea (Figure 5.6) We used intravital confocal
microscopy to visualize e YFP+ cells prior to corneal burn (day 0) and during angiogenesis towards
the burn site at days 3, 7, and 21 post-corneal burn. We administered Alexaflour-647-labeled
isolectin GS-IB4 (lectin) via retro-orbital injection ten minutes prior to imaging in order to label

EC and to visualize perfusion-competent vasculature.

Figure 5.4 (Next page) SMC-P specific conditional knockout of Oct4 resulted in reduced density

and impaired migration of SMC-P eYFP+ cells throughout the network following corneal burn.

(A), Schematic outlining experimental design. (B), Representative intravital confocal microscopy
images for eYFP (green) and isolectin GS-1B4 (lectin, blue) at days 0, 3, 7, and 21 post-corneal
burn. Scale bar = 50 um (C-F), Quantification of the number of eYFP+ cells per area at days 0, 3,
7, and 21 post-burn [n = 8 (C, D); 6 (E); 4 (F) per genotype]. Areas quantified are described in
Supplemental Figures 4 and 5. Values = mean + SEM. ****P <(.0001 using two-way ANOVA.
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_Arteriole-
Venule (A-V)
Pair

Figure 5.5 Intravital microscopy of baseline limbal vasculature, which consists of an arteriole-

venule (A-V) pair and a vascular network that extends approximately 200 xzm beyond.

At baseline (prior to injury), there is limbal vasculature consisting of a main arteriole-venule (A-
V) pair at the base of the vascular network as well as vessels extending approximately 200 um
away from the A-V pair toward the center of the cornea. To more rigorously quantify number of
cells in the limbal vasculature, we divided this region in to 50 ym regions, where 50 ym was
measured from the edge of the A-V pair towards the center of the cornea along the total width of

the montaged image. eYFP is in green and perfused isolectin is in blue. Scale bar = 50 um.
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Figure 5.6 Intravital microscopy following corneal burn captures a robust angiogenic response as

lectin+ and e YFP+ cells form new vasculature.

The area of new growth is further divided into 50 ym regions for rigorous quantification of eYFP+
cell density. The vasculature beyond the A-V pair is now termed the neovascular area. The
neovascular area plus the A-V pair is referred to as the network area. Shown is a representative

image of a Oct4»<»rcornea at day 7 post-corneal burn. Scale bar = 50 ym.
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Consistent with the lack of a detectable cardiovascular phenotype at baseline, there was
no difference in eYFP+ cell density or distribution throughout the limbal vasculature between
Oct4svervmand Octders» corneas at day O (Figure 5.4B through 5.4C; Figure 5.5). At days 3,7, and
21 post-corneal burn, however, there were dramatic reductions in e YFP+ cell density in Oct4ses»»
corneas as compared to Oct4<rr controls (Figure 5.4B through 5.4F), consistent with increased
eYFP+ apoptosis (and phagocytic clearance) and/or shedding of these cells into tears following
SMC-P Oct4 knockout.

In addition to decreased eYFP+ cell density throughout the network, Oct4s<*»+corneas also
had remarkable changes in the distribution of eYFP+ cells throughout the network. Specifically,
in Oct4=<r»~corneas at day 7 post-burn, eYFP+ cells migrated away from the limbal vasculature
to form a dense neovascular area extending approximately 600 um away from the limbal A-V pair
(Figure 5 4E; Figure 5.6). In Oct4+<r»corneas, however, there were very few eYFP+ cells >350
pm away from the limbal A-V pair, indicative of impaired eYFP+ migration following SMC-P
Oct4 knockout. Similarly, in Oct4s»~ corneas at day 21 post-corneal burn, numerous eYFP+
cells migrated out to 900 um away from the A-V pair. In contrast, in Oct4=<r*2corneas at day 21
post-corneal burn, there were very few eYFP+ cells that had migrated >450 pm away from the
limbus, indicative of impaired migration. Therefore, following corneal burn, SMC-P specific
knockout of Oc#4 resulted in reduced eYFP+ cell density, impaired eYFP+ cell migration, and
diminished eYFP+ cell participation in angiogenesis.

We then tested if these changes due to SMC-P specific knockout of Oct4 were associated
with increased vascular leakage and incidence of hemorrhage. To assess vascular leakage, we
administered a retro-orbital injection of 70 kDa rhodamine-dextran into the mouse’s contralateral

eye immediately prior to live confocal imaging at day 3 post-corneal burn. We observed very little
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dextran leak in Oct4+<v corneas (Figure 5.7A, video not shown). However, in Oct4s<*»» corneas,
there was extensive accumulation of 70 kDa rhodamine-dextran in the tissue parenchyma,
indicative of marked vascular leakage (Figure 2A, video not shown). Indeed, when we quantified
fluorescence intensity of dextran in regions outside the vasculature, vascular leak was increased
more than four-fold in Oct4s<*»»corneas compared to Oct4=*~corneas (Figure 5.7B).

To evaluate the extent of hemorrhaging in Oct4><*»corneas, we took bright field images
of Oct4=<» and Octd4r» corneas at days 0, 3, 7, and 21 post-corneal burn and quantified the
number of hemorrhages, or areas of blood not confined to the vasculature, using a semi-
quantitative scoring system (Figure 5.7C). The scoring also took into consideration the health of
the corneal tissue, i.e. whether it was healthy, torn, or ruptured, which directly correlated with the
extent of hemorrhaging. We observed increased hemorrhaging in Oct4><*+» mice, indicative of

increased vascular leak, consistent with reduced eYFP+ cell density and migration (Figure 5.7D).
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Figure 5.7 SMC-P specific conditional knockout of Oct4 resulted in increased vascular leak and

hemorrhaging following corneal burn.

(A), Representative still-frame images of Octds<r »» and Oct4s<r » corneas pre-injection,
immediately post-injection, and 90 minutes post-injection of 70kDa rhodamine-dextran (red). (B),
Quantification of dextran mean pixel intensity of defined regions throughout the vascular network
(n=3 WT, 5 KO). (C), Representative bright field images of corneas at days 0, 3, 7, and 21 post-

corneal burn. Scale bar = 500 um (D), Quantification, using a scaled score, of hemorrhaging and
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cornea integrity at each time point post-corneal burn (n=4 WT, 4 KO). Values = mean + SEM. *P
< 0.05 and **P < 0.01 using two-way ANOVA.

Although we specifically deleted Oct4 in MyhlI-expressing SMC-P, we asked whether
SMC-P Oct4 knockout results in downstream changes in EC, possibly due to disruption of Oct4-
dependent signaling networks. To assess changes in EC, we performed whole mount
immunostaining of post-burn corneas for the EC marker CD31. In Oct4s<r++ corneas, there was a
significant decrease in CD31+ neovascular area, defined as the CD31+ pixel area extending
beyond the A-V pair (Figure 5.8A; Figure 5.6). There was also a decrease in the distance that
CD31+ vessels extended away from the limbal A-V pair, indicative of impaired EC migration
(Figure 5.8B). However, there was no significant change in CD31+ vascular density, as measured
by dividing the CD31+ pixelation by the CD31+ neovascular area (Figure 5.8C through 5.8D).
Therefore, following SMC-P Oct4 knockout, EC migrate a shorter distance away from the limbus
and spread out over a smaller area, but CD31+ vascular density within that area is preserved. These
results indicate that loss of Oct4 within perivascular cells is associated with impaired EC

migration.
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Figure 5.8 SMC-P Oct4 knockout resulted in decreased CD31+ neovascular area and distance

away from limbus, but preserved CD31+ vascular density, following corneal burn.

(A), Quantification, at day 3 post-corneal burn, of the CD31+ neovascular area, defined as the
CD31+ area (in unr) beyond the A-V pair of the corneal limbus. (B), Quantification of the distance
of the three furthest EC away (in pm) from the A-V pair of the corneal limbus. (C), Quantification
of CD31+ vascular density, defined as CD31+ pixelation per neovascular area (n=6 WT, 6 KO).
(D), Representative CD31 (magenta) staining of whole mount corneas from Oct4s<*v and Oct4
»»» mice. Dashed lines delineate the end of the limbal A-V pair. Scale bar = 100 um Values = mean

+ SEM. *P < 0.05 or using Mann-Whitney (A and B) or unpaired two-tailed 7-test (C).
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SMC-P Oct4 knockout resulted in impaired angiogenesis and decreased perfusion recovery
following hindlimb ischemia

Next, we sought to determine whether the dramatically impaired angiogenesis resulting
from SMC-P specific Oct4 knockout extended to other models of angiogenesis in addition to
corneal alkali burn. We performed femoral artery ligation and resection (hindlimb ischemia (HLI))
surgery, a well-established mouse model of PAD, on Oct4s<»» and Oct4*»* mice and monitored
blood flow recovery over the course of 21 days post-HLI (Figure 5.9A), as previously described.
There was no significant difference in perfusion recovery as assessed by Laser Doppler imaging
at days O (immediately post-injury), 3, and 7 post-HLI. However, Oct4><*» mice had significantly
impaired perfusion recovery at days 14 and 21 post-HLI, compared to Oct4serv littermate
controls (Figure 5.9B through C). We then measured vascular density in the calf muscle via
immunostaining. At days 0 and 7 post-HLI, there was no significant difference in capillary density,
measured by counting the number of CD31+ cells per muscle fiber, between Oct4sv™ and Oct4s
»»» mice (Figure 59D, Figure 5.10A). At day 21 post-HLI, there was significantly impaired
capillary density in SMC-P Oct4 KO calf muscle compared to control muscle, mirroring the
perfusion deficit detected by Laser Doppler (Figure 59D through 5.9E). There was also a
significant decrease in both CD31+ and eYFP+ pixelation but no change in the ratio of eYFP to
CD31 following SMC-P Oct4 KO (Figure 5.9F through H). Decreases in arteriogenesis, or
collateral vessel remodeling, could potentially contribute to the impaired perfusion recovery we
observed following HLI. Therefore, we measured arteriogenesis by staining thigh muscle for eYFP
and counting the number of vessels with a diameter >10xm. We did not detect any significant

differences in arteriogenesis between Oct4s<*» and Oct4+<r~+ mice at baseline (Figure 5.10B) or
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following HLI (Figure 5.11). Therefore, SMC-P derived Oct4 plays a major role in angiogenesis,
but not arteriogenesis, in mouse hindlimb muscle.

Taken together, our results demonstrate that loss of the stem cell pluripotency gene Oct4
specifically in SMC-P results in marked impairment of angiogenesis in two distinct mouse models,
corneal alkali burn and hindlimb ischemia. Results show that impaired angiogenesis is at least
partially due to altered migration of both eYFP+ cells and CD31+ cells following SMC-P Oct4

knockout.

Figure 5.9 (Next page) SMC-P specific conditional knockout of Oct4 resulted in impaired

perfusion recovery and angiogenesis at day 21 post-HLI.

(A), Schematic outlining experimental design. (B), Perfusion recovery of Oct4s<» and Oct4scra»
mice as assessed by Laser Doppler perfusion and expressed as left (ligated) over right (unligated)
perfusion ratio of the plantar sole (n=11 WT, 10 KO). (C), Representative images of perfusion to
the plantar soles at days 0, 7, and 21 post-HLI. (D), Quantification of number of CD31+ cells per
muscle fiber at days 0, 7, and 21 post-HLI. For each mouse, data was normalized to the number of
CD31+ cells per muscle fiber of the corresponding unligated muscle [n = 14 WT, 14 KO (DO0); 8
WT,7KO (D7); 6 WT,7 KO (D21)]. (E), Representative images of calf muscle cross-sections at
day 21 post-HLI stained for DAPI, eYFP, CD31, and Phalloidin. Scale bar = 50 pm. (F-G),
Quantification of pixelation in calf muscle for CD31 (F) or eYFP (G) (n=6 WT, 6 KO). (H),
Percentage of eYFP to CD31 pixelation as measured in F-G (n=6 WT, 6 KO). Values = mean +
SEM. *P < 0.05 and ****P < 0.0001 using two-way ANOV A with Sidak’s multiple comparisons
test (B) and unpaired two-tailed ¢-test (D, F-H).
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Figure 5.10 There were no baseline differences in hindlimb vasculature resulting from SMC-P

specific conditional KO of Oct4.

(A), Quantification of number of CD31+ cells per muscle fiber in unligated calf muscle (n=14 WT,
14 KO). (B), Quantification of the number of eYFP+ vessels >10 ym in diameter in unligated thigh

muscle (n=5 WT, 7 KO). Values = mean + SEM. P = NS, unpaired two-tailed #-test.
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Figure 5.11 SMC-P specific conditional KO of Oct4 did not affect arteriogenesis following HLI.

(A), Quantification of the number of eYFP+ vessels >10 ym in diameter in ligated (left) thigh
muscle at day 21 post-HLI normalized to the same parameter in the corresponding unligated (right)

thigh muscle (n=5 WT, 7 KO). (B), Representative images of thigh muscle cross-sections stained
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for DAPI, CD31, eYFP, and Phalloidin. Scale bar = 100 gm. Values = mean + SEM. P = NS using

unpaired two-tailed #-test.

SMC-P Oct4 knockout was associated with altered expression of multiple members of the Slit-
Robo pathway

We previously identified a number of Oct4-dependent genes implicated in regulation of
cell migration and homing.* Of these, Slit3 was particularly interesting given its previously
reported role in regulating EC migration in vitro and angiogenesis in several in vivo models. = To
determine whether Slit3 is expressed by SMC-P derived eYFP+ cells within the microvasculature,
we performed Slit3 immunostaining and detected SLIT3+eYFP+ cells following both corneal burn
and HLI (Figure 5.12A through B). SLIT3 protein was expressed in eYFP+ cells of corneal blood
vessels measuring approximately 10-20 um in diameter (Figure 5.12A). In ischemic hindlimb,
SLIT3 was expressed by many eYFP+ vessels, including small arterioles, venules, and capillaries
(Figure 5.12B). Total SLIT3 levels were decreased in Oct4<»muscle compared to Octdscrvmv
muscle following HLI (Figure 5.12C through 5.12D). However, since SLIT3 is produced and
secreted by a number of different cell types in vivo, it is not possible to measure SLIT3 production
exclusively by SMC-P in vivo. Therefore, to determine whether SLIT3 expression is altered
specifically in SMC-P, we compared Slit3 expression in Oct4+ versus Oct4*2 cultured SMC by
gRT-PCR. Results showed that S/it3 was decreased in Oct4 knockout SMC relative to WT, thus
providing additional evidence that expression of S/it3 within SMC-P is Oct4-dependent (Figure

5.13A).
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Figure 5.12 SLIT3 was expressed in SMC-P e YFP+ cells within injured cornea and gastrocnemius
muscle and was decreased following SMC-P Oct4 knockout.

(A), Immunostaining of whole mount cornea at day 3 post-corneal burn for CD31, eYFP, and
SLIT3. Scale bar = 50 ym. (B), Immunostaining of ischemic calf muscle at day 7 post-HLI for
DAPI, CD31, eYFP, and SLIT3. Scale bar=100 ym. Zoom scale bar=10 pm. (C), Quantification
of SLIT3 pixelation in ischemic calf muscle at day 21 post-HLI (n=6 WT ,KO). (D), Representative
images of staining for DAPI, SLIT3, eYFP, and CD31 in Oct4s<*»» and Oct4s< +*ischemic
hindlimb muscle. Scale bar=50 pm. Values = mean + SEM. *P < 0.05, unpaired two-tailed #-test.
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Figure 5.13 Oct4 knockout led to dysregulation of the Slit-Robo family of guidance genes, which
affected both SMC-P and EC migration.
(A-D), qRT-PCR of Oct4+ and Oct4~* cultured aortic SMC for expression of Slit3 (A), Slit2 (B),

Robol (C), and Robo2 (D). Data is expressed as fold change relative to wild type (WT).
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Experiments were performed in triplicate. (E-F), In vitro scratch wound assays showing effects of
SLIT2 and SLIT3 on SMC (E) and EC (F) wound closure. Data shown is representative of three
independent experiments. Values = mean + SEM. ‘P < 0.05, **P <001, ***P < 0.001, ****P <
0.0001 versus vehicle analyzed by unpaired two-tailed z-test (A-D) or two-way ANOVA with

Dunnett’s multiple comparisons test (E-F).

Log2 Fold Change
(KO/WT)

Slit1 0.34

Gene

Robo3 -0.35

Robo4 -0.09

Table 5.1 RNA-seq analysis showed downregulation of Slit3, Robol, and Robo2 and upregulation
of Slit2.

Table showing Log, Fold Change (KO vs. WT) of all 7 members of the Slit-Robo family. Asterisks
indicate expression of that member of the family is significantly changed with Oct4 KO. Positive
numbers in blue indicate upregulation with Oct4 KO. Negative numbers in red indicate
downregulation with Oct4 KO. Numbers in black indicate those genes were not significantly

changed with Oct4 KO.
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We then determined whether other members of Slit-Robo were altered with Oct4 knockout.
Slit3 is one of seven members of the Slit-Robo family of guidance genes, which consists of the
secreted ligands Slit1-3 and their receptors Robol-4.7 We found that S/iz2 (Figure 5.13B) was
upregulated, and the receptors Robol and Robo2 were downregulated (Figure 5.13C, D), in
cultured Oct4** SMC relative to Oct4*SMC via gRT-PCR. Our comparative RNA-seq data sets
also showed that Oct4** SMC had decreased expression of Slit3, Robol, and Robo2 and increased
expression of Slit2 but no significant change in Slit/, Robo3, or Robo4 (Table 5.1).

Slit-Robo signaling is known to affect migration of various cell types including EC s
and SMC-P > with both pro- and anti-migratory effects reported. Therefore, we tested the effects
of SLIT2 and SLIT3 on migration of EC and SMC-P using in vitro scratch wound assays. SLIT2
or SLIT3 treatment of SMC resulted in increased migration (Figure 5.13E). In contrast, SLIT3
increased, whereas SLIT?2 decreased, EC migration (Figure 5.13F). Taken together, results suggest
that knockout of Oct4 within SMC-P results in alterations in Slit-Robo signaling important in

regulating angiogenesis (Figure 5.14).
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Figure 5.14 We postulate that SMC-P specific knockout of Oct4 results in dysregulated expression
of Slit2, Slit3, Robol, and Robo2 in SMC-P, leading to impaired SMC-P-EC communication,

migration, and angiogenesis.

(A), 1. Following vascular injury, Oct4 is activated in SMC-P, leading to a number of downstream
changes. 2. This includes SLIT3 production and release into the tissue parenchyma. 3. SLIT3 acts
on nearby EC, resulting in EC migration. 4. SLIT3 also acts on nearby SMC-P expressing ROBO1
and ROBO2 receptors, resulting in SMC-P migration. 5. EC and SMC-P migration leads to the
formation of SMC-P invested blood vessels with high perfusion capacity and appropriate EC
barrier functions. (B), 1. The preceding processes appear to be dependent on expression of Oct4
in SMC-P in that its knockout results in impaired migration of both SMC-P and EC in response to
angiogenic stimuli, likely due to loss of multiple Oct4-dependent downstream changes including
numerous genes important for SMC-P and EC migration and/or guidance. 2. This includes
decreased SLIT3 and increased SLIT2 production and release into tissue parenchyma. 3. SLIT2
acts on nearby EC, resulting in impaired EC migration. 4. In addition, in the absence of Oct4,
SMC-P have reduced levels of ROBO1 and ROBO2, leading to impaired SMC-P migration. 5.
Importantly, these defects compound one another with the net effect that loss of Oct4 in SMC-P

results in profound overall impairment of angiogenesis.
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Discussion

In the present study, we addressed whether Oct4 in Myh11-expressing perivascular cells is
required for angiogenesis following injury. We found that SMC-P KO of Oct4 resulted in impaired
angiogenesis in two models: corneal alkali burn and HLI. Prior to this study, the long-standing
hypothesis in the angiogenesis field was that EC tip and stalk cells drive angiogenesis** and once
new endothelial tubes form, SMC-P are recruited via EC and SMC-P derived cytokines such as
PDGF-B and ANG1 .#** This endothelial-centric view arose primarily due to numerous EC-specific
loss-of-function studies that showed impaired angiogenesis.”* However, similar SMC-P specific
loss-of-function studies had not been performed. In this study, we specifically knocked out a single
gene in perivascular cells and show that this, too, profoundly impairs angiogenesis. While it has
been well-appreciated that proper communication between EC and SMC-P is critical for the
formation of stable networks,* herein we provide the first direct evidence that SMC-P dependent
signaling plays a key role in regulating angiogenesis following injury, including having a major
influence on migration and distribution of SMC-P and EC. Prior to our study, there was evidence
demonstrating that SMC-P number correlated with EC number and function. Specifically, global
Pdgfr[- mice show reduced pericyte coverage, which correlates with decreased CD31+ and lectin+
microvessel density and length in the adult central nervous system.™ Pdgfrb-Cre mediated cell
ablation and/or deletion of VEGFRI1 leads to altered EC sprouting during postnatal retinal
angiogenesis.” Further, perivascular cell investment of EC tubes has been shown to regulate EC
proliferation rates, basement membrane deposition, and tube diameter.~=s» However, through
conditional SMC-P specific deletion of a single gene, Oct4, we now definitively and directly
demonstrate that changes in SMC-P can drive changes in SMC-P and EC that are required for

angiogenesis following injury. Taken together, we posit a revised model of angiogenesis in which
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gene networks activated in both EC as well as SMC-P initiate signaling cascades that act on both
cell types in a manner that is critical for angiogenesis and formation of non-leaky functional
vascular networks.

One of these signaling cascades is initiated in SMC-P by Oct4, a stem cell pluripotency
transcription factor that was, until last year, believed to be permanently epigenetically silenced in
all somatic cells.*>» In Cherepanova et al, Nature Medicine, 2016, we demonstrated that Oct4 is
reactivated in SMC through hydroxymethylation of the Oct4 promoter-enhancer via HIF-1a and
KLF4-dependent mechanisms. For the first time, we showed Oct4 played a functional role in
somatic cells, specifically in regulating migration of SMC during atherosclerosis development .
However, a functional role for Oct4 in SMC did not evolve during the development of
atherosclerosis, a disease with no selective pressure, as it typically manifests in individuals well
after their reproductive years. Herein, we present evidence that Oct4 reactivation likely evolved to
play a normal, physiologic role in perivascular cells to enable them to participate in angiogenesis
following injury. This raises the possibility that Oct4 reactivation might participate in other
processes including tumor growth and metastasis as well as microvascular dysfunction associated
with metabolic disease.

Reactivation of the pluripotency factor Oct4 might be expected to lead to a multitude of
downstream changes, similar to its role as a master transcription factor in embryonic stem (ES)
cells.» Indeed, our previous in vitro and in vivo RNA-seq analyses identified thousands of Oct4-
dependent genes in SMC.* In addition, we previously showed that Oct4 knockout resulted in
impaired migration of SMC in culture and ex vivo in aortic medial explants.”> Moreover we
presented evidence suggesting that this occurs through Oct4-dependent regulation of numerous

genes critical for cell migration including matrix metalloproteinases 3 and 13, multiple collagens,
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and osteopontin.= In the present study, we showed that loss of Oct4 in perivascular cells resulted
in a dramatically altered distribution of SMC-P and EC, demonstrating impaired migration of both
cell types during angiogenesis. We also showed reduced numbers of eYFP+ cells throughout the
vascular network, indicative of increased cell death and/or decreased cell proliferation. The
mechanisms responsible for relatively rapid loss of perivascular cells in SMC-P Oct4 knockout
mice following corneal burn injury are unclear. However, one possibility is that eYFP+ cells
attempt to leave the vessel wall but are incapable of migrating due to the loss of Oct4, and
subsequently undergo cell death. Consistent with this possibility, eYFP+ cells of Oct4s<*+»corneas
at day 3 post-burn appeared unhealthy, often with retracted processes (data not shown). A second
possibility is that Oct4 plays an anti-apoptotic role in SMC-P, similar to what has previously been
reported in ES cells. === A third possibility is that SMC-P Oct4 knockout results in increased
sloughing off of these cells from the corneal surface and removal in tears. Consistent with this
idea, our genomic analyses identified multiple Oct4-dependent genes associated with cell adhesion
and cytoskeletal remodeling. *

The role of Oct4 in SMC-P is clearly complex and is likely a product of the combinatorial
effects of a multitude of Oct4-dependent genes that in aggregate result in the observed phenotype.
However, of major interest, our previous genomic analyses identified the Slit-Robo family of
guidance-migration cues as putative Oct4 regulated genes, thus raising the possibility that impaired
SMC-P and EC migration in our studies may be due in part to dysregulation of Slit-Robo signaling
and SMC-P-EC cross talk. = Consistent with this possibility we showed that the receptors Robol
and Robo2 were downregulated in SMC-P following Oct4 KO, which may have contributed to
impaired SMC-P migration.” We also demonstrated that Oct4 KO resulted in decreased expression

of Slit3 and increased expression of Slit2 (Figure 5.14). Since Slits are secreted glycoproteins, they
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participate in autocrine and paracrine signaling and can modulate migration of any nearby cell
expressing ROBO receptors.” Indeed, numerous studies have previously shown that cell types
critical for angiogenesis, including SMC-P=#» and EC s express ROBO receptors. Moreover,
a variety of other cell types that are known to impact angiogenesis, including macrophages** and
nerve cells, have also been shown to express members of the Slit-Robo family.

Taken together, our results suggest that dysregulation of both Robo and Slit expression in
SMC-P following Oct4 KO likely contributed to the impaired migration of both SMC-P and EC
observed in our studies. Because SMC-P and EC communicate extensively during angiogenesis,
and both cell types are critical for stable network formation, altered migration of one cell type will
likely affect downstream function of the other cell type, leading to further dysregulation of
angiogenesis including not only failed SMC-P investment of nascent EC tubes but also impaired
outgrowth and migration of EC in a reciprocal fashion. This ultimately contributes to profoundly
impaired angiogenesis including decreased vascular density, decreased perfusion, and increased
vascular leak. The complexity of the Slit-Robo family, the numerous cell types that express them,
and observations that decreases in expression of one Slit member is associated with compensatory
changes in other family members,"* highlight how extraordinarily difficult it will be to clearly
resolve exact mechanisms as to how these factors work. However, our data indicate that Oct4-
dependent regulation of this gene family in perivascular cells is critical for a normal angiogenic
response following injury.

In conclusion, this study provides multiple lines of evidence that SMC-P Oct4 is critical
for angiogenesis following either corneal alkali burn or HLI. We present a revised model of
angiogenesis that considers a more active role for SMC-P through Oct4-dependent changes in

SMC-P and EC, including Slit-Robo. The vast majority of clinical trials for diseases such as PAD,
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heart failure, and stroke have sought to augment angiogenesis through administration of growth
factors to promote EC proliferation and migration (e.g. VEGF and bFGF).=+ However, these
studies have failed to meet primary endpoints, which appears at least partially due to uncontrolled
EC growth without coordinated SMC-P migration and investment. Our study suggests that future
trials could benefit from targeting both SMC-P and EC in order to enhance the angiogenic
response, not only through direct effects on investment and migration but also through promoting

appropriate SMC-P and EC communication.
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Abstract

Diabetic retinopathy is characterized by progressive vascular drop-out with subsequent
vision loss. We have recently shown that an intra-vitreal injection of adipose-derived stem cells
(ASCs) can stabilize the retinal microvasculature, enabling repair and regeneration of damaged
capillary beds in vivo (ref). Because an understanding of ASC status from healthy vs. diseased
donors will be important as autologous cellular therapies are developed for unmet clinical needs,
we took advantage of the hyperglycemic Akimba mouse as a pre-clinical in vivo model of diabetic
retinopathy in an effort aimed at evaluating therapeutic efficacy of adipose-derived stem cells
(mASCs) derived from either healthy, non-diabetic or diabetic mice. To these ends, Akimba mice
received intra-vitreal injections of medias conditioned (conditioned media, CM) by mASCs or
mASCs, themselves, subsequent to development of substantial retinal capillary drop-out. mASCs
from healthy mice were more effective than diabetic mASCs in protecting the diabetic retina from
further vascular drop-out. Engrafted ASCs were found to preferentially associate with the retinal
vasculature. CM was unable to recapitulate the vasoprotection seen with injected ASCs. In vitro
diabetic ASCs showed decreased proliferation and increased apoptosis compared to healthy
mASCs. Diabetic ASCs also secreted less vasoprotective factors than healthy mASCs, as
determined by high-throughput ELISA. Our findings suggest that diabetic ASCs are functionally
impaired compared to healthy ASCs and support the utility of an allogeneic injection of ASCs

versus autologous or conditioned media approaches in the treatment of diabetic retinopathy.
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Introduction

The therapeutic potential of adipose-derived stem cells (ASCs) has been demonstrated with
success in several applications, including myocardial infarction, diabetic wound healing, and
neurodegenerative disorders . Studies comparing the efficacy of ASCs from diabetic and non-
diabetic sources have focused on their application in diabetic ulcers *» and hindlimb ischemia Koci,
et al. ==. Both of these studies found that mASCs derived from diabetic sources have impaired
treatment efficacy relative to their non-diabetic counterparts. Stem cells from different sources,
such as bone marrow (BMSCs), have also shown functional impairment when derived from
diabetic mice in the treatment of cardiovascular disease .

We have recently shown that intra-vitreal injection of ASCs stabilizes the retinal
microvasculature and encourages regeneration of damaged capillary beds in several mouse models
of retinal vasculopathy . ASCs are desirable due to their relative ease of harvest from accessible
fat depots, as well as their potential for allogeneic or even autologous treatment <. However, only
a few studies have examined whether ASCs obtained from diabetic donors are negatively impacted
by the disease; in turn, negative outcomes here would have implications for the feasibility of
autologous cell-based therapies «. To date, no studies have assessed the functional impact of
diabetes on ASCs for the treatment of diabetic retinopathy.

Diabetes profoundly impacts the microvasculature in nearly every tissue. Diabetic
retinopathy results in retinal capillary drop-out, vessel leakage, and pathological
neovascularization, leading to severe and irreversible vision loss. Current surgical and
pharmacologic treatments are only effective at managing complications of diabetic retinopathy,
but do not repair existing damage ». Laser photocoagulation is the current treatment standard for

proliferative diabetic retinopathy, and operates on the principle of cauterizing hypoxic retinal
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tissue . While effective at stemming the progression of retinopathy, this procedure damages
peripheral and night vision, often requires repeated treatments, and only prevents visual
deterioration in half of cases »»**. Anti-VEGF therapy has been increasingly used alone or in
combination with laser therapy, with improvements in vision loss due to diabetic macular edema
=. However, anti-VEGF therapy requires frequent intra-vitreal injections for several years with
potential complications, and does not reverse the underlying pathology ». A lasting, non-
destructive treatment for diabetic retinopathy is clearly needed.

Using the Akimba mouse model of diabetic retinopathy, we have probed the differences in
treatment efficacy and function of mASCs derived from healthy versus diabetic mice. The Akimba
is a cross between the hyperglycemic Akita mouse, which carries a dominant negative mutation in
its insulin-2 gene, and the Kimba mouse, which transiently overexpresses human VEGF in retinal
photoreceptor cells . The combination of these modifications creates a mouse whose retina
exhibits hallmarks of proliferative diabetic retinopathy in humans with retinal edema, aberrant
neovascularization, and progressive vascular drop-out over time *.

The primary goal of this study was to determine whether mASCs from healthy, non-
diabetic mice are more effective than diabetic mASCs from Akimba mice in preventing
progressive vascular damage and drop-out in the diabetic retina. We also sought to investigate
potential functional differences between healthy and diabetic mASCs, both in vivo with respect to
their abilities to associate with and affect the retinal vasculature, and in vitro with respect to their
proliferative capacities, apoptosis rates, metabolic functions, and abilities to secrete soluble factors
that promote vascular stability. We were subsequently interested in determining whether a single
intra-vitreal injection of healthy or diabetic ASC-conditioned media was equivalent to injecting

either healthy or diabetic hASCs in terms of preventing vascular drop-out in the diseased Akimba
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retina. Our functional analysis of healthy versus diabetic mASCs in an established in vivo model
of retinal vascular damage may have implications for the future ocular use of autologous ASCs
from diabetic patients. By evaluating different mechanisms and cellular behaviors in both healthy
and diabetic mASCs, our study contributes to understanding how ASCs might confer a
vasoprotective effect in settings of progressive vascular damage and suggests strategies for

enhancing their therapeutic capabilities.
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Methods

mASC Harvest and Culture

Isolation of the stromal vascular fraction from the epididymal fat pad and culture of mASCs was
performed as detailed in Zuk et al 2001 =. Briefly, fat pads were harvested from nine-week old
Akimba (Ins2*+VEGF~) mice and non-diabetic Kimba (VEGF+~) littermates, then digested in
collagenase-containing digestion buffer (Sigma, St. Louis, MO) for one hour at 37°C. The
resulting mixture was filtered through 200-um mesh (Corning, Corning, NY) to exclude any
undigested tissue. The filtrate was centrifuged, and the pellet was resuspended in phosphoate
buffered saline (PBS) and incubated with red blood cell lysis buffer (Sigma, St. Louis, MO) for
five minutes at room temperature. The cell suspension was then sterile-filtered through 40-um
mesh and plated on sterile culture plates (Corning, Corning, NY). Cells harvested from Akimba
mice are referred to as “diabetic mASCs”, while cells harvested from Kimba mice are referred to
as “healthy mASCs”. All mice were maintained on a C57BL/6 background. The Kimba hVEGF
transgene is expressed only in retinal photoreceptors from postnatal day 9 to postnatal day 28 =,
thus we assumed that mASCs procured from fat pads harvested from Kimba mice at nine weeks
are unlikely to be affected by the short-term hVEGF pulse in the retina that terminated five weeks
prior to mASC harvest. mASCs were maintained at 37°C and 5% CO., and cultured and passaged
as previously reported*. Briefly, growth media consisted of 10% fetal bovine serum (Hyclone,
Logan, UT) and 1% penicillin/streptomycin (Fisher Scientific, Waltham MA) in Dulbecco’s
Modified Eagle Medium (DMEM-F12) with added glutamate and sodium bicarbonate (Life
Technologies). Cells were passaged at roughly 80% confluence, and culture media was changed

every other day.
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Vital Labeling mASCs for Intra-vitreal Injection

All animal studies were approved by the University of Virginia’s Animal Care and Use Committee.
Presence of the Akita genotype was detected by RT-PCR * and hyperglycemia was confirmed by
taking blood glucose measurements at five weeks of age using a OneTouch UltraMini blood
glucose meter (LifeScan, Milpitas CA). At passage 4 (P4), mASCs were fluorescently labeled with
Vybrant Dil Cell-Labeling Solution (Life Technologies, Grand Island, NY) as per manufacturer’s
instructions, and re-suspended in PBS at the appropriate concentration determined by
hemocytometer. Each cell injection consisted of 10,000 mASCs suspended in 1.5 microliters of
PBS. Control vehicle injections consisted of 1.5 microliters of PBS. Cells were re-suspended by
pipette immediately before injection to minimize cell clumping. Five week-old, male Akimba mice
were anesthetized with ketamine/xylazine injected intraperitoneally, and proparacaine was applied
topically to the eyes just prior to injection. mASCs were injected through the pars plana into the
vitreous using a 33-gauge Hamilton syringe. A total of twelve Akimba mice were injected in this
manner, with mASCs injected into one eye (with six randomized mice receiving healthy mASCs

and six mice receiving diabetic mASCs) and PBS control injected into the other eye.

Retinal Whole-Mounting and Immunostaining

Treated mice were maintained in a controlled vivarium for four weeks post-injection before
harvesting retinae. At the harvest time point, mice were euthanized with carbon dioxide, followed
immediately by cardiac perfusion-fixation by cutting the right atrium and injecting the left
ventricle with 10 mL of 4% paraformaldehyde (PFA). Intact eyes were then removed and fixed
by submersion in 4% PFA for 10 minutes. After rinsing the eyes with PBS, retinae were isolated

and whole-mounted on gel-coated slides. Retinae were then permeabilized with 1 mg/mL
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digitonin (MP Biomedical, Solon, OH) for 1 hour, stained with 1:100 IB4 lectin AlexaFluor-647
(Life Technologies, Carlsbad, CA) to visualize blood vessels, and counterstained with 1:500 DAPI

(Sigma, St. Louis, MO) to visualize cell nuclei.

Imaging & Image Analysis

10x, 20x, and 60x image stacks were taken of retinal whole mounts on a Nikon Ti Eclipse confocal
laser scanning microscope. 10x stacks were flattened and tiled into whole-retina montages using
ImageJ. Vessel length density was measured by a blinded observer in six random representative
fields of view (FOV) (10x magnification) in each retina by manually tracing and measuring the
length of all vessels within the FOV using Image J. This number was normalized to the total tissue
area in each FOV by dividing the total vessel length by the total tissue area within the FOV. In the
same 10x images, the number of vessel branch points were counted and similarly normalized by
the total tissue area within the FOV. The normalized vascular length density (vessel length/tissue
area) and the normalized number of branch points (branch points/tissue area) were averaged across
all six FOVs so that each retina was described by an average vascular length density and an average
number of branch points (n=6 FOVs per retina). For both the vascular length density and the
number of branch points, we calculated the percent change between the mASC-injected retina and
contralateral PBS-injected retina in the same mouse. Dil-labeled mASCs were counted in three
representative 20x image stacks per retina by a blinded observer. Each FOV was taken at the same

distance from the optic nerve.

Monte Carlo Simulation
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A Monte Carlo simulation was created in MATLAB to determine the distribution of randomly
placed mASCs that would be expected to be associated with the retinal vasculature by chance. The
simulation used binary images of fluorescent retinal vasculature micrographs (20X magnification)
to generate a matrix of coordinates for the retinal vasculature. For each micrograph, a random
matrix of mASC coordinates was generated. Identical retinal vasculature coordinates and mASC
coordinates were counted to determine the probability of mASCs randomly contacting retinal
vasculature after random distribution. The simulation was looped 1000 times for more accurate
probability calculations. Utilizing Delaunay triangulation, the simulation also created a histogram
to visualize the probability distribution of the distance of randomly simulated mASCs from retinal
vasculature. These simulated predicted distributions and associations with the retinal vasculature
were then compared with the actual observed association of mASCs with the retinal vasculature.
This allowed us to determine if mASCs were associated with the retinal vasculature at a rate greater

than that expected by chance.

Acquisition of mASC Conditioned Media and Angiogenesis Secretome Analysis

Healthy, wildtype mASCs and diabetic mASCs were raised to passage 4 in 10% FBS, as
specified above, and they were plated at densities to ensure approximately equivalent cell numbers
in order to collect cell conditioned media from equal sized passage 4 populations. The media was
removed from culture plates, and plates were then washed with PBS twice. Defined media lacking
serum was then added to mASC culture plates for 24 hours as cells incubated at 37°C. ASC
conditioned media samples were collected for analysis from four age-matched populations each of
healthy Kimba and diabetic Akimba mASCs, taken from mice of equal age. These fresh media

samples were run on a Mouse Proteome Profiler Angiogenesis Array (RnD Systems ARYO015),
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which tested for 53 factors. X-ray film captured chemiluminescence from each dot, which was
proportional to the amount of factor bound. Relative expression levels were obtained from
densitometry analysis (ImageJ) of x-ray film spots. Raw intensity values were normalized to blot
area, cell number, the positive control value, and then the background value was subtracted from

the normalized intensity.

mASC Conditioned Media Injections in Akimba Mice

Male, five-week old Akimba mice were anesthetized with ketamine/xylazine injected
intraperitoneally and proparacaine applied topically to the eyes just prior to injection. Cell
conditioned media (CM) was obtained from healthy and diabetic mASCs according to the
procedure described in the main Methods section. Cell CM was concentrated so that the
concentration of the cell secretome was equal to that produced by the number of ASCs injected in
other experiments (10,000 ASCs / 1.5 microliters) using an Amicon Ultra-15 Centrifugal Filter
(EMD-Millipore, Germany). 1.5 microliters of media conditioned by diabetic mASCs was injected
into the left eye, while CM from healthy mASCs was injected into the right. Injections went
through the pars plana, into the vitreous using a 33-gauge Hamilton syringe (n=6 Akimba mice).
Four weeks post-injection, mice were anesthetized and euthanized as described in the main
Methods section, and retaine were removed, immunostained, and imaged according to the

procedures described in the main Methods section.

Cell Proliferation & Apoptosis Assays
mASCs from three 9-week old healthy Kimba and three 9-week old diabetic Akimba animals were

plated on glass coverslips in 12-well dishes at a density of 4000 cells/cmy and allowed to adhere
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for 24 hours (Cold Spring Harbor proceedings). Three coverslips were cultured per animal. To
measure cell proliferation in each population of mASCs, mASCs were incubated with 5-ethynyl-
2'-deoxyuridine (EdU) for 12 hours, then stained following the manufacturer’s instructions. To
measure apoptosis, the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
method was used. Fluorescence intensity from both EAU and TUNEL assays was measured for
each coverslip using confocal microscopy, taking image stacks with a 3-micron spacing and

measuring total fluorescence intensity for each coverslip in ImagelJ.

Measurements of oxygen consumption and mitochondrial function

Oxygen consumption rate (OCR) was measured using a Seahorse XF-24 Flux Analyzer (Seahorse
Biosciences, Billerica, MA), as previously described 1. mASCs were seeded in a Seahorse 24-well
tissue culture plate at a density of 3.0x104 cells/well in normal growth media for 24 hours prior to
the assay. On the day of the assay the media was changed to unbuffered DMEM and equilibrated
at 37°C. Oligomycin (2 uM), FCCP (1 uM), and Rotenone and Antimycin A (1 pM and 10 uM)
were injected sequentially during the assay as indicated. Each OCR measurement represents the
average of a 3 minute reading every 10 min, with 3 min of mixing and 4 min of wait time per

cycle. 3-4 wells were used for each experimental group.

Statistical Analyses

The vascular length density and branch point analysis in PBS-injected vs. ASC-injected retinae
were statistically analyzed using a Mann-Whitney Rank Sum test (reported in Figure 2). The
statistical difference between the average ratios of ASCs residing in perivascular locations relative

to the total number of ASCs in the retina in healthy versus diabetic ASC-injected retinae was
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assessed using a Wilcoxon Signed-Rank test (reported in Figure 3). The in vitro cell proliferation
and apoptosis mASC experiments were statistically analyzed using a Student’s t-test (reported in
Figure 5). The in vitro angiocrine secretome data was statistically assessed by comparing healthy
ASC secretome levels to diabetic ASC secretome levels for each factor using a Mann-Whitney
Rank Sum test (reported in Figure 6). Statistical tests were performed in SigmaStat (Systat

Software Inc, San Jose, CA), with statistical significance asserted as p<0.05.
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Results

Incorporation of injected mASCs into the retina

10,000 Dil-labeled, P4 mASCs derived from either healthy or diabetic mice were injected
in 1.5 microliters of PBS into the vitreous of five-week old male Akimba mice. 1.5 microliters of
PBS was injected into the contralateral eye as vehicle control. Four weeks post-injection of cells,
retinae were harvested demonstrating Dil-positive cells that had engrafted into the retina and had
DAPI+ nuclei, some of which were associated with the retinal vasculature residing in perivascular
locations (Figure 6.1). The number of mASCs that incorporated into the retina per 1,250 mm* FOV
did not significantly differ between retinae injected with healthy and diabetic mASCs (6.77 healthy

mASCs/FOV, 6.73 diabetic mASCs/FOV).
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Figure 6.1 Injected ASCs incorporate into the retina and some reside in perivascular locations

along the vasculature (green; IB4 lectin staining).
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(A) Healthy ASC-treated and (B) diabetic ASC-treated retinae had similar numbers of engrafted
Dil+ mASCs (red). DAPI staining (grey) confirmed intact nuclei of the Dil+ ASCs one month
after treatment (yellow arrows). Cells are found in both the interstitial space and along IB4 lectin

stained vessels (green). The scale in (A) and (B) are the same, and the scale bar = 50 micrometers.

Protection against vascular drop-out

The Akimba retina demonstrates several hallmarks of proliferative diabetic retinopathy
seen in humans, including retinal thinning, retinal edema, aberrant neovascularization, retinal
capillary drop-out, and nonperfusion *. When healthy mASCs were injected, the average vascular
density of the superficial vascular plexus in the Akimba retinae (n=6) was significantly increased
by 10.3% compared the contralateral PBS-injected retinae (p=0.015) (Figure 6.2A). However,
when diabetic mASCs were injected, the average vascular density was decreased by 5.7%
compared to the contralateral PBS-injected retinae, but this decrease was not statistically
significant (n=6, p=0.82) (Figure 6.2C). Similarly, there were 20.2% more branch points in the
retinal vasculature in eyes injected with healthy mASCs relative to the number of branch points in
the contralateral PBS-injected controls (p=0.029) (Figure 6.2B). Finally, there were 13.8% fewer
branch points in the retinal vasculature of eyes that were injected with diabetic mASCs relative to
the number of branch points in the contralateral PBS-injected controls (p=0.71) (Figure 6.2D). No
differences were seen in the development of subretinal neovascularization in either healthy or

diabetic ASC injected eyes as compared to PBS-injected controls.
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Figure 6.2 Treatment with healthy vs. diabetic mASCs have differential effects on the Akimba

mouse retinal microvasculature.

The percent difference in vascular length density for each mouse between ASC-injected retinae
and contralateral PBS-injected retinae showed a significant (p=0.015; Mann-Whitney Rank Sum
test) increase in healthy ASC-injected retinae (A: 10.28% increase), yet no significant change in
diabetic ASC-injected retinae (C: 5.71% decrease) relative to contralateral PBS-injected retinae
(p=0.82; Mann-Whitney Rank Sum test). Healthy ASC-injected retinae also showed a statistically
significant (p=0.029; Mann-Whitney Rank Sum test) increase in vessel branch points (B: 20.17%
increase) relative to PBS-injected retinae, while diabetic ASC-injected retinae had no significant

change in branch points compared to PBS-injected retinae (D: 13.77% decrease) (p=0.71; Mann-
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Whitney Rank Sum test). Dashed line indicates mean percent change between ASC-injected and
PBS-injected contralateral control eye.
Incorporation of injected mASCs into perivascular locations

We and others have previously shown that when ASCs are injected into different tissues in
vivo "=+ including the retina *, they exhibit pericyte-like behaviors and archetypical pericyte-like
morphology. In these previously published studies, injected ASCs have been observed to reside in
perivascular locations, enwrap capillaries, and modulate vascular length density in settings of
injury and disease. In our study, approximately 60% of injected healthy mASCs were observed in
perivascular locations (Figure 6.3), whereas a significantly smaller percentage of diabetic mASCs
were observed in perivascular locations (n=16 healthy, n=19 diabetic, p<0.05). To determine
whether the injected mASCs preferentially resided in perivascular positions, or were localized
there by chance, we carried out a Monte Carlo simulation on each 20x FOV. This stochastic
simulation provided an estimate of the number of cells for each given field that one would expect
to find in contact with a vessel by chance alone based on the observed vascular density and a
random distribution of mASCs (Figure 6.4). A larger number of data points were found on the
upper left side of the diagonal for both healthy and diabetic mASCs, indicating that the number of
mASCs found in contact with the retinal vasculature was greater than what was expected due to
chance alone for both healthy and diabetic mASCs. However, a slightly greater number of healthy
cell-treated points were found above the line (62%) than diabetic cell-treated points (57%),

suggesting a marginally higher preference of healthy cells for perivascular incorporation.
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Figure 6.3 Injected healthy mASCs that have engrafted into the retina assume perivascular

positions more often than diabetic mASCs.

Engrafted mASCs occupying perivascular and non-perivascular positions were counted in
representative 20x confocal image stacks of whole mount Akimba retina. The average ratio of
perivascular cells to total engrafted cells in each field is shown for both healthy and diabetic

mASCs. n = 16 fields (healthy), n = 19 fields (diabetic), *p < 0.05, Wilcoxon Signed Rank test.
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Figure 6.4: Stochastic analysis of mASC spatial distribution in the retina reveals a preference of

mASC:s to incorporate near retinal vessels.

Each analyzed 20x confocal image of the retinal whole mount is represented as a dot, with the
model-predicted percentage of perivascular cells for each image on the x-axis, and the percentage
actually observed on the y-axis. At the dashed line (y = x), the observed percentage of perivascular
cells is exactly what would be expected due to chance. Above this line, a greater number of
perivascular cells were observed than expected by chance, and below the line, fewer were observed
than expected by chance, with overall both diabetic and healthy mASCs observed in greater

frequency on vessels than would be predicted from a random distribution.
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Healthy and diabetic mASC viability and apoptosis

Relative rates of proliferation and apoptosis between healthy and diabetic mASCs were
quantified in vitro using P4 cultured mASCs. Proliferation frequencies were measured using an
EdU-incorporation assay (Life Technologies, Inc.). Diabetic mASC proliferation activity was
77+5% that of healthy mASCs (Figure 6.5A). Diabetic mASC apoptosis was 121+3% that of
healthy mASCs, as determined by a TUNEL assay (Figure 6.5B) (n=3 healthy and 3 diabetic

animals with 3 cell plates per animal; +SEM; p<0.05).
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Figure 6.5 Healthy mASCs exhibit higher rates of proliferation and lower rates of apoptosis than

diabetic mASCs.

(A). Relative number of mASCs in S phase determined by EdU incorporation assay. (B). mASCs
undergoing apoptosis determined by TUNEL assay. mASCs from 3 healthy and 3 diabetic animals
were used for each condition, with three cell plates per animal. Values were normalized to the

healthy value in each case. *p < 0.001, Student’s t-test.
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Healthy and diabetic mASC cellular bioenergetics

An analysis of the bioenergetic profiles of healthy mASCs and diabetic mASCs was then
performed using the Seahorse instrument to determine whether differences in cellular metabolism
may account for their differing treatment efficacy and function in vivo. Specifically, mitochondrial
bioenergetics in whole cells was evaluated by measuring oxygen consumption over time following
the sequential addition of the ATP synthase inhibitor oligomycin, the mitochondrial uncoupler
FCCP, and the complexes I and III inhibitors rotenone and Antimycin A*. These data revealed
that diabetic and non-diabetic mASCs had comparable rates of basal cellular respiration, ATP-
dependent respiration, spare respiratory capacity, uncoupled respiration, non-mitochondrial

respiration, and extracellular acidification (Figure 6.6).
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Figure 6.6 Healthy and diabetic mASCs show no difference in metabolic activity.

Healthy and diabetic mASCs were isolated from three diabetic mice and three healthy mice,
passaged to P4, and subjected to mitochondrial stress tests on the Seahorse XF Bioanalyzer.
Individual profiles (A) and combined profiles (B) show no difference in baseline cellular
respiration, spare respiratory capacity, ATP-linked respiration, uncoupled respiration, or non-
mitochondrial respiration. (C) Likewise, extracellular acidification rate (ECAR, mpH/min/30,000

cells) analysis showed no difference between healthy and diabetic cell activity.
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Angiogenesis factor secretome of healthy and diabetic mASCs

Levels of angiogenic factors secreted by ASCs were measured by analyzing conditioned
media samples that collected from P4 healthy and diabetic mASCs (n=4 independent samples per
group, each group was analyzed in duplicate, and each sample was obtained from ASCs sourced
from a different mouse) using high-throughput ELISA. Each sample was run on a separate array
under identical conditions, which enabled us to calculate a relative abundance of each angiogenesis
factor by comparing arrays after normalizing to the number of cells that produced the sample. Four
angiogenic factors were secreted at significantly higher levels by healthy mASCs than diabetic
mASCs, namely IGFBP-3, MCP-1, osteopontin, and SDF-1 (n=4, p<0.01) (Figure 6.7).

To determine if the angiogenesis factor secretomes of the healthy and diabetic mASCs
were capable of affecting the retinal vasculature in the Akimba disease model, healthy mASC
conditioned media (CM) was injected into one eye and diabetic mASC CM was injected into the
contralateral eye in five-week old Akimba mice (n=6 mice; all mASCs cultured in high glucose,
under standard culture conditions). Four weeks later, retinae were harvested and lectin labeling of
blood vessels revealed that a single injection of CM did not protect retinal vessels against drop-
out in the Akimba model to the same extent that a single injection of healthy or diabetic mASCs

did, regardless of ASC origin (Figure 6.8).
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Figure 6.7 Diabetic mASCs secrete lower levels of four factors that have been shown to promote
vascular stability.

Relative expression levels of secreted angiogenesis factors by healthy versus diabetic mASCs were
obtained using high-throughput ELISA arrays. mASCs were isolated from “healthy” Kimba
(black bars) and “diabetic” Akimba (gray bars) mice and maintained to passage 4. Samples
consisted of conditioned media obtained by incubating cells immediately after passage in fresh,
serum-free media, and collecting media after 24 hours. Relative expression levels were obtained
from densitometry analysis (ImageJ) of x-ray film spots. Raw intensity values were normalized
to blot area, cell number, the positive control value, and then the background value was subtracted
from the normalized intensity. n = 4 mASC populations from 4 mice per group, *p < 0.01 Mann-

Whitney rank sum test, value are presented as mean +/- SEM.
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Figure 6.8 Neither healthy nor diabetic cell conditioned media is sufficient for protecting or
restoring retinal vasculature in the Akimba mouse model.

Retinal whole-mounts from mice treated with either diabetic or healthy conditioned media
demonstrate significant avascular area and loss of capillaries. ASC-treated or conditioned media
(CM)-treated five week-old Akimba mice received a single intra-vitreal injection, and retinae were
harvested for analysis 4 weeks later. WIldtype shows vascular pattern in an 8 week-old untreated
C57Bl1/6 control. All mice were perfused with lectin to visualize the retinal vasculature. Whole

mount images were taken at 10x magnification and stitched together as a montage.
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Discussion

ASC therapy holds promise for many debilitating and increasingly common vascular
disorders due to their stabilizing effects on the microvasculature. This has been attributed to the
ability of ASCs and other stem cells to release vasoprotective cytokines and to differentiate into
vascular and vascular support cells, such as pericytes "»+. Furthermore, isolation of ASCs has
several advantages over other cell types due to the relative abundance of adipose tissue and
relatively painless extraction procedure **. The fact that ASCs can be rapidly isolated at high
enough quantities for treatment without culture and expansion holds great implications for
autologous treatment options. Thus, it is important to assess whether or to what extent ASCs
isolated from a diabetic source have compromised treatment efficacy.

In this study, we have demonstrated that intraocularly injected mASCs harvested from
diabetic mice have an impaired ability to protect retinal vasculature against progressive
pathological vessel drop-out as compared to ASCs harvested from non-diabetic mice. In addition
to highlighting the effect of diabetes on mASCs treatment efficacy in vivo, this experiment
corroborated our group’s previous findings that healthy ASCs can both protect and accelerate
regeneration of damaged retinal microvasculature *. In an effort to explain the observed decreased
treatment efficacy when using ASCs from diabetic sources, we carried out an analysis of mASC
incorporation in vivo, and an in vitro functional analysis. We found that mASCs from diabetic
sources were less likely to reside in perivascular locations along vessels in the retina compared to
mASCs derived from healthy sources. When cultured in vitro, mASCs from diabetic donors
underwent decreased proliferation and increased apoptosis, in accordance with other studies that
have compared diabetic to healthy ASCs =s». However, a statistically similar number of diabetic

ASCs and healthy ASCs engrafted in the retina one month after injection, underscoring the fact
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that cells growing in well-controlled culture conditions can behave quite differently than cells
injected in vivo, especially if pathological conditions are present . Hence, we cannot rule out the
possibility that the diabetic and non-diabetic ASCs that engraft into the retina may have similar
proliferation rates and it is also possible that the engraftment process either normalizes
proliferation rates between diabetic and non-diabetic ASCs (i.e. by slowing down non-diabetic
ASC proliferation or speeding up diabetic ASC proliferation) or selects for a subpopulation of
ASCs with a certain proliferation capacity. Analysis of mASC bioenergetics revealed no
differences between healthy and diabetic mASCs, but analysis of their secretome profiles differed
with respect to four factors that have been implicated in vascular stability, as discussed in more
detail below.

The mechanisms by which mASCs protect the retinal vasculature and the underlying the
failure of diabetic mASCs to perform this function as well as non-diabetic mASCs remain unclear.
Pericytes belong to the vascular smooth muscle cell lineage , and are known to communicate with
endothelial cells through paracrine, juxtacrine, and direct cell-cell contact. ASCs have been found
to have many similarities with pericytes, such as expressing pericyte surface markers, taking up a
perivascular location, and stabilizing endothelial networks ***». An absence of pericytes, such as
in the pathogenesis of diabetic retinopathy, leads to loss of endothelial cells, dysfunction of
endothelial cell junctions and abnormal vessel morphology ». MSCs are thought to be closely
connected with perivascular cells #+», and ASCs have been shown to originate from perivascular
MSCs which reside in great numbers in adipose tissue . This would suggest that ASCs might
exert their vascular-stabilizing effects in the retina by effectively substituting for decreased native
pericyte activity either through replacing their paracrine functions or directly taking up retinal

perivascular positions, as we have observed in this and our prior study.
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Several studies have found that the regenerative effects of mesenchymal stem cells (MSCs)
are at least in part due to the release of paracrine factors =, which act on the microvasculature by
facilitating endothelial progenitor cell homing and restructuring vascular networks . A
comparison of diabetic and healthy embryonic stem cell function using a hindlimb ischemia model
also determined that the loss of function and treatment efficacy was due to lower angiogenic factor
secretion by diabetic ESCs . Consistent with these prior studies we find that mASCs from diabetic
mice secrete a milieu of growth factors and chemokines in vitro that differ markedly from that
secreted by ASCs harvested from non-diabetic mice. In particular, mASCs from diabetic sources
secreted lower levels of known retinal vasoprotective and neuro-protective factors including
IGFBP-3, MCP-1, osteopontin, and SDF-1 >+, Each of these factors has been associated with
increased stability and preservation of the vasculature in retina and other tissues. Notably,
secretome differences persist whether the mASCs are raised in high or physiologic glucose, except
for osteopontin, which under physiologic glucose conditions has similar levels in diabetic and non-
diabetic mASCs (data not shown). For all of the studies we report here, we cultured mASCs in
conventional (high) glucose conditions because mASCs were subsequently injected into the
chronic hyperglycemic environment of the Akimba eye and remained there for the duration of the
month prior to harvest.

While we observed vasoprotective effects of mASCs on the superficial vasculature,
importantly we do not find increases in aberrant neovascularization, which characteristically
develops in the outer nuclear layer in the Akimba mouse *. The primary vasoprotective effect of
mASCs on the superficial retinal vasculature may be secondary to decreased inflammation, or a
rebalancing between pro-angiogenic and anti-angiogenic factors in the Akimba retina. Both

mechanisms have been demonstrated to control vascular stability during development and vascular
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network formation, and appear to be characteristic of ASC function "»==. The current results
suggest that diabetic mASCs are less effective at restoring stability to the highly unstable Akimba
retinal vasculature, though whether this is due to reduced sensing of versus response to the
microenvironment associated with this progressive retinopathy remains unclear.

Surprisingly, we were unable to recapitulate the vasoprotective effects of injected healthy
mASCs through use of concentrated media conditioned by these cells. This runs counter to
previous studies that found ASC conditioned media was neuro-protective against light induced
retinal toxicity *. The reason for this discrepancy remains unclear, but could be explained by the
fact that in Tsuruma et al. the conditioned media injection was performed prior to retinal insult,
retinal neural cells rather than the vasculature were assessed, and an earlier time point (five days)
than what was evaluated in our study (one month) was assessed. It is possible that the levels of
growth factors and cytokines that can be achieved with injection of concentrated conditioned
media are sub-threshold compared to that achieved with direct ASC injection, or that ASCs are
responding to the microenvironment of the Akimba retina in a manner markedly different than
they do in culture. It is also possible that direct injection of ASCs has more anti-inflammatory
effects than injection of conditioned media does on the retina, which would be expected to improve
retinal vascular protection *. Regardless, our present findings would argue that direct ASC
injection into the eye, including autologous diabetic ASCs, may have higher therapeutic potential
than injection of derivative cell conditioned products for the treatment of diabetic retinopathy.

It is interesting to note that while diabetic mASCs showed decreased secretion of these
vasoprotective factors, diminished ability to home to and reside in perivascular locations, and an
inability to protect the retinal vasculature from drop-out, impairments were not universally seen in

all aspects of cell function. Specifically, metabolic capacity and mitochondrial function were
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identical in healthy and diabetic cells, under both oxidative respiration and glycolysis conditions,
suggesting diabetes-associated hyperglycemia had no lasting effect on these particular cellular
functions (Supplementary Figure 1). While others have reported significant hyperglycemia-
induced changes in metabolism in other cell types such as bovine retinal pericytes, these studies
were performed using high-glucose media *. The fact that we saw no metabolic differences after
culturing cells to passage 4 indicates that these differences were likely transient, in contrast to
changes in the secretome, which was persistent.

Recent evidence implicates epigenetic modification as a driving force in diabetic
microvascular complications, which are thought to lead to dysregulation of oxidant and pro-
inflammatory factors, and promote vascular inflammation *+*. MSCs are well known for their anti-
inflammatory role *, and have been hypothesized to transition between multiple states in response
to local cues during infection and wound healing »'. The mechanism of epigenetic modifications in
MSCs or ASCs in response to hyperglycemia is as of yet unknown, but it is possible that these
modifications cause similar pro-inflammatory changes in ASCs, and are responsible for the
observed differences in cell survival and cytokine secretion.

The observed therapeutic differences in mASCs isolated from healthy and diabetic sources,
as well as their cell conditioned media, have implications for the use and study of stem cells beyond
the model disease in this study. Cell conditioned media, at least for our model system, appears to
lack the full complement of regenerative factors needed to protect the retinal vasculature. Based
on the fact that diabetic mASCs are impaired in their regenerative ability to the point that their use
did not elicit a predictable and positive response in vivo, an autologous approach to ASC therapy
in diabetic patients requires careful consideration of the need to correct for these differences. The

apparent dysfunction of diabetic perivascular ASCs in the fat may be reflective of the known
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dysfunction of retinal pericytes in the diabetic retina *». Furthermore, the greater levels of
vasoprotective factor secretion in healthy mASCs and concomitant increase in retinal
microvascular regeneration supports the notion that allogeneic approaches may ultimately be more

effective for treating diabetic retinopathy.
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Conclusion

In summary, we have shown that ASCs taken from diabetic sources have an impaired
ability to stabilize the microvasculature in diabetic retinopathy, and that use of autologously-
derived ASCs from diabetic patients may not be as effective in protecting against vascular drop-
out in the retina. Furthermore, hyperglycemia causes distinct changes in ASC function, but only
to certain aspects related to regulation of inflammation and vasoprotection. To improve ASC
therapy for diabetic retinopathy as well as other diabetic complications, it is critical to better
understand their mechanism of action in vivo. Future work may focus on describing the means by
which ASCs migrate towards and incorporate into the retina and their activity in vivo, as well as

the mode of diabetes-induced changes in ASC function.
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CHAPTER 7

DISCUSSION AND FUTURE DIRECTIONS
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Synthesis

The body of work presented in this thesis is motivated by the incredible diversity of endothelial
and perivascular cells, as well as the potential for diabetes to undermine the therapeutic capability
of perivascular mesenchymal stem cells. So long as the microvasculature remains elusive to
therapy, there exists a need for biomedical engineers to develop new tools with which to study the
vasculature, and within those tools, the ability to consider the cellular mechanics and environment,
in addition to the physiology. Previous studies were limited to either single terminal time-point
histological analyses, high-resolution imaging systems (typically in non-mammalian organisms),
or low-resolution assessments of vessel perfusion. Here, I leveraged pre-existing microscopy
systems to conduct novel imaging of angiogenesis and vascular remodeling in the murine cornea;
further, this imaging method enabled quantitative assessment of vascular hierarchy, vessel
phenotype, blood flow velocity, vessel permeability, and cellular migration.

Through this technique, I observed heterogeneous endothelial Tie2 expression, which was
manipulated by changes in microvascular hemodynamics. Additionally, I observed that the
pluripotent stem cell gene Oct4 is required for stable angiogenesis, including pericyte and
endothelial migration. While pericyte “steminess” is believed to contribute to their wide
heterogeneity, pericyte stem cell character had been predominantly explored ex vivo. We used the
first pericyte-specific knockout of a gene to demonstrate (1) pluripotent Oct4 is not somatically
silenced in perivascular cells and is required for angiogenesis, and (2) the loss of a gene exclusively
in pericytes compromises endothelial behavior during adult angiogenesis. Finally, previous studies
leveraged adipose-derived stem cells for potential therapeutic use in the diabetic retina,
demonstrating that ASCs injected into the retina may assume a perivascular location and

morphology, concurrent with the protection of vascular drop out. Yet, these studies were
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predominantly conducted with healthy ASCs being injected into diabetic organisms. Given the
known heterogeneity of pericytes, the active role of stem cell gene Oct4 in pericytes, and the ability
for aberrant perivascular signaling to impede healthy endothelial function, I conducted analysis on
the different angiogenic capability and therapeutic potential of healthy versus diabetic ASCs. In
all these studies provide a deeper understanding for microvascular heterogeneity, in both health
and disease. In addition, they provide new tools with which to study angiogenesis and
microvascular remodeling, and, ideally, the basis for more robust therapies aimed at harnessing

the microvasculature.
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Contributions

Creation of a novel intravital imaging technique

In this dissertation, I developed an intravital imaging technique (Chapter 3) in order to analyze
cellular behavior during angiogenesis. When imaging the corneal neovascularization, I was
interested in quantifying the vascular network architecture, vessel hierarchy via sO., blood flow
velocity, as well as protein expression, and cell population at a single-cell resolution, serially over
time. Previous studies were unable to capture the complete scope of the vasculature, presented
here. As microvascular remodeling is highly dynamic and heterogeneous, I hope this new approach
will open the door to novel microvascular studies. Further, this technique is compatible with any
fluorescently-labeled mouse, including gene-knockout mice, lineage tracing, and constitutive
expression. Thus, it may be applied to any physiologic study in the cornea, including angiogenesis,
lymphangiogenesis, and wound healing. Even more, independent of PAM, the intravital confocal

analysis may be applied to serial imaging of nerve or epithelial growth and immune cell behavior.

Assessment of Tie2 heterogeneity in the living microvasculature

This work demonstrated the dynamic expression of Tie2 along capillaries during hemodynamic
remodeling. While previous studies had addressed Tie2 remodeling in vitro, or after a single
hemorrhagic chock, no study had putatively shown that Tie2 is heterogeneous and dynamic in the
adult vasculature. Further, previous studies had posited that Tie2 is expressed early in the
angiogenic vasculature. However, my initial findings demonstrated that Tie2 expression is indeed
a marker of endothelial maturity and would not be compatible for early-angiogenic or vascular
sprouting studies. Further, Tie2 is a widely-used promoter for genetic knockout studies;
considering this data, I would caution against the use of Tie2, as it may not capture all endothelial

cells. Finally, there currently exist a number of clinical trials analyzing a small molecule, VE-PTP,
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and its therapeutic benefit from constitutively expressing Tie2 along the retinal and kidney
microvasculature to prevent hemorrhagic events. The evidence presented here serves as a
cautionary tale for systemic circulation of such a molecule, as the vasculature may require down-
regulation of Tie2 in order to undergo physiologic angiogenesis, say during wound healing. It is
my hope that the method outlined above could be married with studies on VE-PTP to ensure

prolonged Tie2 up-regulation is not detrimental to physiologic neovascular growth.

Formation of an in vivo murine model of microvascular hemodynamic remodeling in the cornea

At the time of this dissertation, I had not observed any technique in the cornea that was intended
to modulate microvascular hemodynamics. In order to study the endothelial phenotypic response
to changes in blood flow, I adopted a study that had recently been published as a small clinical
trial in ophthalmology. One fairly common complication in the eye is the growth of excessive
tissue on top of and across the cornea, termed a pterygium. Sometimes, these growths become
vascularized and obstruct patient vision. In one study, a clinician ligated the neovessels of a tissue
growth, in tandem with anti-VEGF therapy, to prevent corneal neovascularization. This inspired
the technique I developed, in which a thermal cautery knife was used to ligate a single vessel. This
approach allows for observable hemodynamic remodeling, without compromising global tissue

oxygenation.

Separation of vascular beds in PAM for quantitative analysis of functionality

Upon the start of my collaboration with the Hu lab, there existed imaging processing techniques
capable of isolating different tissue beds. Yet, upon discussion with one of the post-docs with
whom I worked most closely, Bo Ning, I realized they had not yet developed the MATLAB code
to analyze capillary segments from different tissue beds. Therefore, I developed a protocol that

permitted the analysis (and subsequent image generation) of either the corneal or the iris blood
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vessels, rather than both of them combined. Previously, it was difficult for a novice to the field of
PAM, such as myself, to determine which vessels were within the cornea or iris later for analysis
of single vascular segments. With this addition, I was certain that the vessels I analyzed were
within the tissue layer I imaged with the intravital confocal microscopy. Finally, this technique

permitted higher-fidelity layovers of the confocal and photoacoustic images.

Pericyte-specific genetic knockout study of adult angiogenesis

In this thesis (Chapter 5), we presented the first perivascular cell-specific genetic knockout study
of adult angiogenesis. Previous studies had indeed assessed the use of global genetic knockout,
endothelial-specific knockouts, and pericyte-gene knockouts during development. All of these
studies have contributed invaluable information of the role of pericytes in vascular biology.
However, no study had previously demonstrated either the effect of losing gene expression
exclusively in a subset of perivascular cells (including a large subset of pericytes), or the
subsequent response during angiogenesis. Through this, we uniquely determined that the loss of
Oct4, specifically in perivascular cells, was a detriment in overall vascular health, including vessel

leakiness, as well as endothelial migration and expansion into the cornea.

Oct4 is not somatically silenced in microvascular pericytes

Previous work by my collaborators were able to demonstrate, for the first time, that
pluripotent Oct4 is not silenced in all somatic cells, but rather, played a role in smooth muscle cell
investment into atherosclerotic plaques. Inspired by their work, this dissertation was the first to
demonstrate the pericytes not only have a multipotent capacity in vitro, they are actively using
pluripotent genetic pathways during angiogenesis in the adult. This conclusion opens the door to

future studies in pericyte multipotency in vivo, and underscores their plasticity observed in the
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vasculature. Consequential to this data, future studies will be able to explore the underpinning

genetic mechanisms of pericyte plasticity and the consequential heterogeneity.

Assessment of pericyte migration and location in vascular networks over time

As discussed in the introduction, there exists a growing and active computational modeling field.
In this study, I provided two data-rich quantifications that will be able to inform future
computational studies. First, previous studies have conducted rigorous analysis of computational
fluid dynamics on the vasculature. I hope that the data presented in Chapter 2 will further inform
the cellular phenotype predictions made by these models. Second, within our own lab, there exists
agent-based modeling of sprouting angiogenesis that are newly considering pericyte biology. The
data presented in Chapter 5 present a rigorous quantification of pericyte quantity and location
throughout angiogenesis, with and without Oct4 gene expression. I hope this data is useful to my

peers as they seek quantitative assessment of pericyte investment into neovascular beds over time.

Comparison of angiogenic potential of healthy versus diabetic stem cells

Adipose-derived stem cells are an exciting potential therapy for the microvascular
complications caused by diabetes. While previous studies indicated that ASCs from a diabetic
source have decrease proliferative and wound-healing capabilities, I was specifically interested in
how diabetes effects their angiogenic output. Here, we analyzed over 50 factors important in
angiogenesis and demonstrated that diabetic ASCs have a decreased angiogenic secretome.
Further, while not discussed in depth in this dissertation, we demonstrated that ASCs culture in a
“diabetic” high glucose environment — which is the generally-accepted culture condition — have a
far lower angiogenic potential than those cultured in a “healthy,” low glucose environment.
Through this, we uncovered a potential avenue of study to optimize ASC culture conditions to

prime them for a robust angiogenic response before their use in treatment.
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Extended Applications
No science is truly complete. Each of the studies discussed above brought forth countless
follow-up questions and hypotheses, waiting to be tested. Here, I will discuss a few of the exciting

future directions that have been inspired from this work.

Role of shear stress versus static stretch in endothelial Tie2 expression

Prior work has demonstrated that the re-distribution of blood flow is sufficient to cause a
change in circumferential stretch, in addition to our reported change in shear stress. Upon
reviewing the literature, I was unable to find any discussion on the role of static stretch in Tie2
expression. Thus, in collaboration with my colleagues at the Hienrich Hiene University in
Diisseldorf, Germany, I leveraged in vitro methods to test the response of endothelial cells to both
static stretch and shear stress (Figure 7.1). For brevity, the following figure includes both
experimental design and data considerations. Through this study, we have preliminarily observed
that stretch is not sufficient to cause a change in the presence of phosphorylated Tie2 on HUVECs
yet changes in shear stress was sufficient in a time-dependent manner. This result is consistent
both with our observations reported in Chapter 2, as well as those made regarding shear stress in
the literature. Without static stretch as a confounding variable, further studies may be done to
uncover the mechanism behind endothelial cell responses to shear stress, and how those relate to

Tie2 phenotypic expression.
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Figure 7.1 Mechanical stimulation of HUVECs by stretch or shear stress

The change in stretch was not sufficient to induce a change of Tie2 expression. Increased low shear
stress for 48 and 96 hours was sufficient to cause a significant increase in the expression of Tie2.

n=4,p <0.05, compared to [ * ] static; [ + ] flow 48 hours, static 48 hours; [ # ] flow 48 hours.
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Role of Oct4 in the endothelial vasculature

Currently, my ongoing collaboration with the Owens lab continues to grow. Recently, they
repeated their studies analyzing the role of Oct4 in the progression of atherosclerotic plaques.
However, rather than studying the loss of Oct4 in pericytes, they have conducted very preliminary
experiments in which they knock out Oct4 exclusively in the endothelium in a model of murine
atherosclerosis. Surprisingly, preliminary data seem to indicate that the endothelium-specific
knockout leads to a very similar phenotype as the perivascular cell knock-out. Consequently,
exciting new experiments are being conducted to observe whether a loss of Oct4 in the
endothelium leads to aberrant angiogenesis. Herein would exist the first evidence that Oct4 is not
somatically silenced in endothelial cells. Further, this result could elucidate some of the

underpinning mechanism behind endothelial-to-mesenchymal transition in fibrotic disease*.

Role of Klf4 in perivascular cells during angiogenesis

In Chapter 5, we uncovered that a loss of Oct4 in pericytes leads to increased vascular
leakiness by Day 3 post-stimulus. When these studies were repeated at Day 0, before any stimulus,
we did not observe a statistically significant increase in vascular leak, but we did observe a slight
increase in the knockout. Concurrently, the Owens lab had ongoing studies in the role of another
pluripotent gene, Klf4, in perivascular biology. They observed that the loss of Klf4 in pericytes
lead to the creation of gaps along the small arterioles and capillaries. This has inspired a new
collaboration, examining whether perivascular KlIf4 is required for vessel patency during both

baseline and angiogenic conditions.

Fate of MyhlI-lineage pericytes at the onset of angiogenesis.
One of the major unresolved questions within the Oct4-knock out study is the fate of the

Myhl1-lineage tracing cells between the onset of angiogenesis and Day 3. In both the wild type
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and the knockout, there is a significant decrease in pericyte population, indicating the loss of
hundreds of cells. Therefore, there exist a number of studies that could be leveraged to answer

both the fate of these cells, and the identity of the perivascular population that replaces them.

First, there exists a strong effort to capture the potential apoptosis of these cells by isolating
corneas at multiple time points after angiogenic stimulus for TUNEL staining. Additionally, we
have conducted pilot studies injecting Clodronate liposomes into the subconjunctival tissue of the
mouse. These liposomes deplete macrophages within a tissue, thus reducing their ability to
phagocytose cells within the cornea. Upon doing so, we have observed increased Myh11-lineage
populations within the cornea, and even a greater extension of the neovasculature into the cornea.
These studies merit follow-up as they may indicate that Myh11-lineage cells are being cleared,

and create an explanation for their dramatic population decrease.

Next, in addition to the Myh11-lineage tracing mouse model that was leveraged in Chapter
5, we also have a mouse bred to the Myh11-lineage tracing mouse to an NG2 constitutive reporter
mouse. Through this, we have observed that there exists a large NG2-positive, Myh11-lineage-
negative population of pericytes that extend along the vasculature. This indicates that even in the
wild type, there may be selective subpopulations of perivascular cells (or cells of another origin)
that are homing to neovessels. Further, our initial observations seem to indicate that Myhl1-
lineage cells may have preferential migration to small venules. By using PAM to uncover vessel
identity along the microvascular hierarchy, future studies could identify is there is a preference for
the vessel type to which Myh11-lineage cells are migrating. Indeed, there exists many fundamental
questions on the origin of pericytes, as well as their requisite signaling for migration and

investment, in neovascular networks.
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Clinical applications of intravital imaging approach.

In addition to answering important questions on basic vascular biology, the methods
presented in this thesis are being used to forge new clinical collaborations. First, in collaboration
with Dr. Shruti Aggarwal in the Department of Ophthalmology, we are testing the efficacy in a
novel therapeutic VEGF-C trap in preventing corneal lymphangiogenesis. In her surface ocular
diseases clinic, patients suffer from the complications of increased lymphangiogenesis, most
commonly after corneal transplant or during aniridia associated keratopathy. Here, we will
leverage a proposed drug dosing technique in our murine corneal angiogenesis assay in an exciting

pre-clinical experiment.

Second, in collaboration with the Departments of Electrical and Computer Engineering and
Transplant Surgery, we are using the cornea micropocket assay and intravital imaging techniques
to test the ability of pancreatic islets sorted with a novel microfluidic device to connect to a
patient’s vasculature. One major limiting factor in pancreatic islet transplant success is their ability
to connect with the host microvasculature to permit islet oxygenation and nutrient delivery, as well
as delivery of the islet insulin. We have conducted preliminary studies demonstrating that both
sorted and unsorted, “pristine” islets are perfusion competent and able to interact with the host
vasculature (Figure 7.2). Now, there exists multiple potential studies testing the efficacy of these

implanted islets at protecting their host from hyperglycemia.

Finally, these studies have opened the door to opportunities with the new Center for
Biomanufacturing. Already, we have conducted exiting studies using a contact lens to deliver
ASCs to angiogenic vessels in the mouse eye (Figure 7.3). Now, new studies are using the cornea

assay in order to test the physiologic relevance and efficacy of new biomanufactured, 3D-printed
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constructs. Indeed, the cornea is proving to be a highly usable model system for testing construct
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Figure 7.2 Intravital image of implanted pancreatic islets sorted with a novel microfluidic device.

(i) Percent viability of pristine (unsorted) islets versus microfluidic-sorted islets based on % pixels
with 2-fold intensity above background (non-viable tissue) after PI staining; (ii) islet
vascularization based on angiogenesis assay. (A, E) Sorted and pristine pancreatic islets were
placed into the mouse cornea using the corneal micropocket assay, (B, F) where they remained
viable for at least seven days. (C, D, G,H) Both sorted and pristine islets incorporated their
vasculature into the nearby capillary network, as indicated by (C,G) capillaries labelled with the
endothelial cell marker CD31, and (D,H) were observed going from the limbus vessels (red-
orange) into the pancreatic islet (blue-cyan) in the corneal epithelium 28 days after transplantation

with the respective islet.
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From 3D Design to Cell Delivery
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ﬁ-

Figure 7.3 Pipeline for biomanufactured construct design and validation in the mouse cornea.

Constructs designed in SolidWorks were used to inform a RegenHu Bioprinter and print ASCs
throughout a contact lens (left panels). Intravital imaging was completed 7 days after
transplantation. Here we observed ASCs successfully associated with the native vasculature (right
panels). Red indicates Dil-Labeled ASCs, blue indicates perfused lectin, and green are Myhl1-

lineage Scale bar = 0.1 mm
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Existing Limitations

While there has been great progress in vascular biology, angiogenic therapeutics, and stem
cell therapeutics, there exists a number of limitations within the field. Indeed, both negative
findings and major technical hurdles limit the extent to which we can both treat and study the
microvasculature. Here, I will briefly consider some of these challenges.

Perhaps the greatest challenge we face in targeting the microvasculature is understanding
the multi-faceted identity of the pericyte. Without a universal genetic marker for pericytes,
conventional mouse models are unable to leverage fluorescent reporter, lineage tracing, or genetic
knockout approaches to their full potential. As discussed in Chapter 4, no genetic mouse model is
yet able to capture every pericyte, nor does any current genetic mouse model uniquely isolate
pericytes. Even Myhl11, often used in this dissertation, captures only a subset of pericytes, and also
is expressed by larger smooth muscle cells. Further, given the innate heterogeneity of pericytes,
understanding the frequency and type of transcriptional changes they undergo at baseline — or in
response to disease — presents a monumental technical challenge. While dual lineage tracing
permits fluorescent reporting of a single change in cell expression (e.g., upon the transcript of a
gene of interest, a lineage-tracing fluorescent marker for another gene expresses TdTomato, red,
instead of the original eGFP, green), more robust methods are required to better grasp the
multiplicity of pericyte gene expression patterns during both health and disease. Finally, if the
ultimate goal is to either recruit or repel a specific subset of pericytes, targeting them during
treatment is yet unfeasible Indeed, the organotypicity of pericytes, as well as their varied subsets
along a vessel, underscore the need for targeted or localized therapies. Combined, the highly plastic

and heterogeneous nature of pericytes provide technical challenges we cannot yet overcome.
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Further, treatments aimed at modulating angiogenesis face a bevy of obstacles. To date,
both pro- and anti-angiogenic therapies have limited clinical success. Pro-angiogenic treatments
often stimulate the creation of disorganized, leaky vessels that lead to edemas+. In the VIVA ftrial,
178 patients received placebo, low dose thVEGF, or high dose thVEGF. At the end of the trial,
neither of the treatment groups saw an improvement in cardiac perfusion*. This is consistent with
preclinical porcine data that showed no new vessel growth after VEGF treatment~. I posit the
underpinning mechanism of failure is the inattention to the recruitment of pericytes. While there
exists a limited number of therapies delivering a dual antagonist of both endothelial (VEGF) and
perivascular (PDGF) cells, they, too, result in edema; pre-clinical data for one such trial includes
of images of limbal vessels stripped of their supportive pericytes*. Conversely, anti-angiogenic
therapies are widely used in the clinic. Intravitral injection of anti-VEGF treatments (e.g.,
aflibercept, bevacizumab, and ranibizumab), is the most widely-used drug therapy for proliferative
diabetic retinopathy>. While these treatments are viewed as a therapeutic success, they only serve
to delay vision-compromising laser coagulation, typically only for 6-24 months*". Indeed, the
current fate of therapies aimed at angiogenesis remain uncertain. While there has been marginal
success, a greater understanding of pericyte migration to angiogenic endothelium and subsequent
vascular stabilization is required.

Lastly, stem cell therapeutics remain highly controversial, with a large population of
clinical trials failing, despite significant financial and patient investment. A recent review of cell
therapy for heart disease underscored the 17 years of struggle to find an FDA-approved treatment
using stem cell therapy for heart failure*. Citing numerous failures, including the PreSERVE-AMI
trial demonstrating no improvement in 161 patients with acute myocardial infarction, the authors

ask for other alternatives”. However, it seems the “cat has been let out of the bag” for stem cell
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therapy. Horrifyingly, a recent analysis identified nearly 600 direct-to-patient businesses
marketing stem cell interventions*, just for cardiac repair alone. Likewise, in ophthalmology,
private businesses are using stem cell interventions. One such instance includes the autologous use
of ASCs in three women with macular degeneration, which lead to the complete loss of their
vision*'. This trial underscores a major challenge: stem cells isolated for therapy are considered to
be a homogeneous population. However, given their innate heterogeneity and highly plastic nature,
little is known regarding what cell phenotypes exist in a given bolus for treatment. Further, current
treatments are largely autologous. Yet, as discussed in Chapter 6, these patients often have a
number of co-morbidities, including diabetes and metabolic syndrome, which dramatically
impacts the therapeutic potential of the cells. Thus, it is important to determine how to select for
therapeutically-capable cells, either from an autologous or donor source. Finally, pre-clinical trials
on the use of stem cells in stroke demonstrate two sources of risk: tumor formation at site of
injection and collection of stem cells in the lung+. Indeed, these challenges may be too great to
overcome. While solutions exist, such as cell-mimicking microparticles and the use of bioactive
components (i.e., mRNA-filled exosomes), they too are far from being clinically relevant. Thus,
further studies on stem cell reaction to pathologic conditions, as well as how to better select and

prime cells for injection, are required for clinical success.
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Final Remarks

The field of biomedical engineering is diverse. At its core, though, exists the desire to use
engineering principles and design to better biomedical outcomes. The microvasculature, with all
its mysteries, embodies considerations in biomechanics and biochemical signaling. Further still,
its deep complexities demand increasingly refined and informative imaging approaches, and in
light of the data collected from those, invites the fields of multiscale modeling to sift through and
clarify our findings. In this thesis, I was inspired by the diverse opportunities afforded by the study
biomedical engineering to approach the questions provided by the plastic, heterogeneous
microvasculature.

In this dissertation, I used a novel intravital imaging approach to analyze the heterogeneity
of endothelial and perivascular populations. Further, from this imaging approach, I considered the
role of biomechanics in phenotypic presentations of cellular maturity and stability. These
considerations revealed new relationships between shear stress and the endothelium in a living
vascular network. Additionally, inspired by what I observed in the microscope, I wrote a review
of the role of mechanosensing in vascular development, homeostasis, and disease, also presented
in this dissertation.

Employing the imaging approach again, I sought to study the role of plasticity in
perivascular biology. Through this, I presented new substantial evidence on the role of stem cell
gene signaling in the adult microvasculature. In turn, I presented considerations for the effect of
diabetes on the angiogenic potential of stem cells isolated to replace this pericyte population.
These considerations are especially relevant to studies in tissue engineering, such as the
Biomanufacturing Center within our department, when seeking to therapeutically isolate or replace

pericyte populations.
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In a narrow sense, I hope these studies present greater understanding of the
microvasculature and its heterogeneities. Even further, I hope that my efforts to develop new tools
and new mechanistic insights will help unravel the incredible complexity of vascular disease. And,
finally, I hope that these studies are viewed in their greater context. In the incredible scope of
human health, and the innumerable ways it finds to fail, I hope the work here is considered a small,

but useful, step forward.
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