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ABSTRACT

Degenerative eye diseases, such as diabetic retinopathy, threaten the vision of millions of people
across the world. Current treatment strategies, such as small molecule therapy and laser
photocoagulation, attempt to slow the breakdown of diseased tissue, but fail to regenerate damaged
ocular tissue. Furthermore, these clinical interventions are often destructive, leaving patients with
few safe and viable treatment options. The use of adult mesenchymal stem cells (MSCs) in the
treatment of ocular diseases could be a novel approach to addressing these issues. Mesenchymal
stem cells are regarded as multipotent, pro-angiogenic, and immunomodulatory cells that, when
locally delivered, could potentially regenerate healthy ocular tissue through multiple modes of
action. However, questions remain about the origin and cellular function of MSCs due to
discrepancies across studies, which make it difficult to predict therapeutic efficacy. Also, recent
delivery of MSCs into the eyes of human patients has led to detrimental side-effects, including
vision loss, further demonstrating a poor understanding of the innate behavior of MSCs. To fully
appreciate a MSC-based therapy for ocular diseases, we need a refined understanding of both MSC
in vitro and in vivo cell behavior. Thus, the overall goal of this work was to (i) investigate the cell
fates of MSCs once delivered into eye diseases, and (ii) determine if these fates also correspond
with those found in the endogenous, perivascular MSC population that is activated in the wound
healing of ocular disease. Throughout this thesis, we develop and apply novel statistical models,
transgenic mice, and preclinical eye injury models to ascertain MSC bioactivity and cellular
differentiation into specific cell types. The work presented in this thesis highlights: (i) determining
the proclivity of adipose-derived mesenchymal stem cells to adopt a perivascular support position
in ischemic retinal neovascularization, (ii) evaluating adipose vascular smooth muscle cells and
pericytes as a newly defined source of mesenchymal stem cells that improve retinal vascular
growth, while (iii) also identifying retinal vascular smooth muscle cells and pericytes as a
contributor to retinal fibrosis, and (iv) demonstrating mesenchymal stem cells as a potential cell
source to replace damaged corneal endothelial cells in cornea injury. Taken together, this work
provides insight on the complexity of MSCs and promotes the strategic engineering of these cells

to provide both a safe and effective therapy for eye diseases.
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CHAPTER 1

INTRODUCTION



Diabetic Retinopathy

The United States is currently facing a health, societal, and financial crisis around diabetes
mellitus. As of now, there are over 35 million people in the United States with diabetes, and this
population is expected to increase by 54% to approximately 55 million people in the year 2030'.
The increasing prevalence of diabetes, and not increased patient costs?, is projected to cost the
United States $622 billion in 2030. Worldwide, the projected trends of diabetes prevalence are
similar to the United States, with 382 million people of the world’s population with diabetes is
expected to increase to approximately 600 million people in 20353, Unfortunately, the diabetes
epidemic is estimated to cost the world $2.2 trillion in medical and societal costs®.

The consequence of the hyperglycemia in both type 1 and type 2 diabetes results in chronic
neurological, macrovasculature, and microvasculature complications throughout the body>*.
Diabetic retinopathy (DR), a diabetic complication that leads to the breakdown of the retinal
microvasculature in the eye, is responsible for one of the leading causes of vision impairment and
blindness in working adults”®. The estimated global prevalence of DR among diabetic patients is
35.4%, with prevalence of DR higher in type 1 diabetes (77.3%) than type 2 diabetes (25.2%)°!1.

The exact pathological mechanisms in which hyperglycemia damages the retinal
microvasculature still remain elusive, however, the breakdown of blood vessels is largely due to
the biochemical and metabolic changes associated with the increase in blood glucose. In the
presence of high glucose, there is an increase in the activation of the hexosamine and protein kinase
C (PKC) pathway, as well as an increase in polyols, reactive oxygen species, and advanced
glycation end (AGE) products!>!'6, The accumulation of these changes produces cytokines,
chemokines, and growth factors that consequently contributes to retinal hypoxia, inflammation,

and the eventual destruction of the retinal microvasculature. At the early stage of this disease



progression, which is clinically diagnosed as non-proliferative DR (NPDR), the retina often
features soft exudates, venous beading, and microanneuryms, which can result in some vision loss
due to edema!’. As the disease worsens to the proliferative phase (PDR), retinal microvasculature
dysfunction increases, leading to the upregulation of vascular endothelial growth factor (VEGF).
In turn, retinal angiogenesis ensues, leading to the induction of preretinal or vitreous
hemorrhaging, macular edema, and fibrosis. If PDR is left untreated, diabetic patients can

experience retinal detachment resulting in blindness.

Current Clinical Treatments for DR

The pathophysiology of DR begins with chronic hyperglycemia, thus reducing blood glucose
levels in diabetic patients has traditionally been explored as a treatment option for DR. Although
results vary from different reports, multiple clinical trials demonstrate that controlling diabetic
patients blood glucose levels can potentially prevent the onset and progression of DR!® 23,
However, meta-analysis of observational studies has recently suggested through that that insulin
therapy is associated with the increased risk of macular edema?*. Also, there is evidence reported
by the Diabetes Control and Complications Trial that intensive blood glucose control results in
early worsening of DR?°, Similarly, other groups find that intensive insulin therapy may be

detrimental in increasing the severity of DR?6-28

. To somewhat explain these enigmatic findings
around intensive blood glucose control, one research group has suggested that exogenous insulin
acts synergistically with VEGF to promote neovascularization and the progression of DR?.
When DR does progress and diabetic patients become symptomatic, the gold-standard
clinical treatment of DR is laser photocoagulation. This paradoxical treatment focuses on burning,

killing, and scaring the peripheral retinal tissue in order to close leaky peripheral blood vessels,

increase oxygenation to the inner retina, and upregulate antiangiogenic factors released from the



retinal pigment epithelium*®!. Although laser photocoagulation decreases the chance of edema
and vision loss*>%3, this treatment results in the reduction of contrast sensitivity, peripheral vision,
and night vision3#3°,

As mentioned above, the breakdown of the retinal vasculature from chronic hyperglycemia
prompts the upregulation of VEGF within the retina. Within clinical trials, the intravitreal injection
of monoclonal anti-VEGF antibodies, including afibercept (EYLEA®), bevacizumab
(Avastin®)*, pegaptanib (Macugen®)*, and ranibizumab (Lucentis®)***°, has demonstrated
some improvement in reducing symptoms and visual outcomes over laser and sham treatment in
DR patients. However, there are some adverse risks associated with these injections, such as the
increase in intraocular pressure, hemorrhaging, and inflammation. Furthermore, while eliminating
VEGF limits neovascularization and leaky retinal blood vessels, there is concern that the constant
and chronic removal of VEGF may have a negative impact on neuronal*' and photoreceptor cell
physiology*!. Lastly, ocular anti-VEGF therapies are exceedingly expensive and inconvenient, as
DR patients need monthly or bimonthly intravitreal injections due to the relative short half-life of
anti-VEGF antibodies.

Laser photocoagulation technology is improving and new therapeutic agents to target other
molecules are currently being explored. Still, the current clinical treatments fail to target the
multiple molecular and pathophysiology pathways of DR, which neglects the repair of the retinal
microvasculature and regeneration of damaged tissue. The limitation of the current clinical
treatments warrants an investigation for a more systematic approach for treatment, where multiple
pathways negatively impacted by chronic hyperglycemia are targeted, particularly in regards to

restoring healthy retinal microvasculature.



Mesenchymal Stem Cells (MSCs) as a Treatment Option for DR

In the 1960s and 1970s, Friedenstein and colleagues discovered a subset of cells that existed within
the stroma of bone marrow that attached to plastic and formed distinct fibroblastic colonies (CFU-
Fs)*~#. The “stem cell” aspect of these bone marrow stromal cells would later be displayed after
the progeny of the bone marrow stromal cells generated bone, fibrous tissue, cartilage, and adipose
after in vivo transplantation®. In 1991, the term “mesenchymal stem cell” (MSCS) by Arnold
Caplan was given to the particular bone stromal cells first investigated by Friedenstein and his
coworkers*. In 2006, the International Society for Cellular Therapy (ISCT) met and defined the
criteria to define MSCs once harvested from a donor: 1) cells adhere to plastic, 2) cells are capable
of differentiating into chondrocytes, adipocytes, and osteocytes, 3) cells are CD105+, CD73+,
CD90+, and 4) cells are CD45-, CD34-, CD11b-, CD14-, CD79a-, HLA-, HLA-DR-*7. Additional
reports now suggest that other surface markers such as STRO-1, CD29, CD44, CD106, and CD146
also mark MSCs in vitro and in vivo, with some these surface markers differing across tissue*®-,
Furthermore, human MSCs are now implied to differentiate into mesoderm, endoderm, and
ectoderm lineages in vitro>®. However, the three-germ layer differentiation capability of MSCs has
not been adequately conferred in vivo, largely in part of the lack of fate-tracing technology and in-
depth protein and genetic analysis of in vivo delivered MSCs.

Expanding on the original work on MSCs, research groups have now demonstrated MSCs
can be isolated in adult tissues outside of bone mostly through the use of enzymatic digestion and
filtration of the stromal vascular fraction (SVF), specifically the SVF of adipose tissue, heart, liver,
dental tissue, Wharton’s jelly, skin, salivary glands, and the skin®'. The exact origin(s) of MSCs
still remains elusive, however, reports points to perivascular cells, such as PCs, fibroblasts,

macrophages, and adventitial cells, harboring the assumed identity of MSCs>27, It is even



suggested that in vivo, the perivascular source of MSCs are able to differentiate into a MSC-like
state and provide paracrine support or direct cell differentiation to repair wounded tissue®’-8,
however, this hypothesis is still debated in the scientific community>.

In recent years, the promise of MSC regenerative therapy has generated much interest and
even controversy around its safety and therapeutic efficacy. From a practical standpoint, MSCs are
an attractive cellular therapeutic due to their ability to expand abundantly in culture in a relatively
short amount of time throughout multiple passages. With MSCs being multipotent, low
immunogenic, and immunomodulatory cells, MSCs are often investigated as a biological therapy

59-63 " Shown through various work, MSCs are argued to repair tissue through

for chronic diseases
different mechanisms, including the secretion of paracrine activity that promotes wound healing,
direct cell replacement through cell differentiation, the release of extracellular vesicles (EVs), and
the transfer of molecules organelles such as mitochondria through tunneling nanotubes®*. Given
the amount of research conducted on MSCs, we summarize the potential MSC bioactivity that
could be therapeutically beneficial once MSCs are locally injected into DR patients (Figure 1.1).
It is still unclear on which MSC mechanisms are favored in the context of locally delivery into the

eye, however, we will discuss in more detail in the next section below the main MSC bioactivities

that would be successful in treating DR, as well as other eye diseases.
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Figure 1.1 Dynamics of mesenchymal stem cells (MSCs) in the wound healing process of
diabetic retinopathy (DR).

Within DR, delivered MSCs (purple) are able to integrate into different parts of the retina and
provide direct structural support through differentiation into specialized or specialized-like cells.
MSC:s are also able to remodel and heal tissue through trophic secretion of pro-angiogenic factors,
anti-inflammatory factors, and anti-apoptotic factors. Abbreviations: NFL: nerve fiber layer, GCL:
ganglion cell layer, INL: inner nuclear layer, ONL: outer nuclear layer.



Different Target Mechanisms of MSC Therapy

Restoring and Protecting the Retinal Vasculature

The degeneration of the retinal vasculature is a hallmark of DR, where the progression of the
disease is strongly correlated with the health of the retinal vasculature. In view of this, most of the
work presented in this thesis, particularly within Chapter 2 and Chapter 3, will focus on the MSC
therapy around restoring and remodeling the vasculature in preclinical DR models. As described
above, the molecular dysfunction caused by chronic hyperglycemia has a devastating impact on
the retinal microvasculature, and this is particularly true for retinal perivascular cells. In the 1960s,
Cogan discovered that during the progression of diabetes, the retinal pericytes—cells that ensheath
the microsvasculature by direct cell contact with endothelial cells—are decreased in number.®
Approximately forty years later, it was discovered that both the retinal pericytes and vascular
smooth muscle cells were also loss during diabetes®®$”. When vascular smooth muscle cell and
pericyte coverage decreases, the retinal vessels regress, resulting in ischemia within the retinal
tissue.

Chronic hyperglycemia also produces physiological changes within retinal endothelial
cells. The exposure to high glucose leads to mitochondrial fragmentation and the disruption of
connexin 43 and ZO-1 junctional binding, both of which trigger apoptosis in the retinal endothelial
cells®®. Unsurprisingly, the breakdown of the retinal vasculature has a downstream effect on the
surrounding neural retinal cell populations. In response to the ischemia, the retinal ganglion cells®
and Miieller glial cells’® secrete VEGF in an attempt to restore loss retinal vasculature coverage,
and thus, perfusion of oxygen and nutrients across the retinal tissue. However, this attempt to re-
perfuse the tissue results in leaky vessels, and in turn, edema and occasionally scarring can occur

in the retina. If these symptoms are left unchecked, patients most likely will lose their vision.



There is considerable evidence that advocates exogenously delivered MSCs can rescue the
ischemic retinal tissue, particularly found in NPDR patients, by stimulating a healthy

proangiogenic response. Injection of MSCs into the ischemic environments of hindlimb acute

71-74 75-78

ischemia and myocardial infarction preclinical models indicate that MSCs promote
neovascularization, and consequently, the preservation or rescue of tissue function. Most of
therapeutic benefit, particularly the blood vessel growth, is contributed to the paracrine response
of injected MSCs since there is low engraftment and cell viability of the transplanted MSCs”®.
March and colleagues have reported that injected human adipose-derived MSCs in hindlimb
ischemia murine models contribute to the formation of functional revascularization rather than
pathologic angiogenesis®’. The authors suggest this finding was largely due to the paracrine
response of the injected MSCs because of the significant detected in vitro levels of VEGEF,
hepatocyte growth factor (HGF), and transforming growth factor-beta (TGF-f). Kwon et al.
further expanded on this finding and demonstrated that the conditioned media of human MSCs
contains relatively high concentrations of VEGF, HGF, monocyte chemotactic protein-1 (MCP-
1), interleukin-6 (IL-6), and TGFB1%!. The conditioned media alone was able to increase
endothelial angiogenesis in vitro, as well as angiogenesis in acute hindlimb ischemia. Essentially,
the secretion of pro-angiogenic factors by MSCs is equated to their exposure to pathologic hypoxic
environments, as several groups demonstrate the upregulation of pro-angiognenic factors when
cultured in hypoxia. Some of these augmented pro-angiogenic factors include VEGF,
angiopoietin-1, hypoxia-inducible factor 1 (HIF-1), and matrix metalloproteinase-9 (MMP-9)82-85,
Given these observations, it is expected that MSCs delivered in DR patients would have a similar

trophic response given the ischemia retinal environment, thus prompting MSCs to release a

paracrine profile to promote healthy retinal blood vessel growth. All together, these pro-angiogenic



secreted factors are recognized to work in tandem to promote endothelial cell and perivascular cell
growth, migration, survival, and differentiation.

Similar to the release of cytokines and chemokines, MSCs are able to secrete pro-
angiogenic miRNA in extracellular vesicles (EVs)—specifically, miR-30b, miR-30c, miR-424 and
let-7f—that are transferred to endothelial cells to promote in vitro and in vivo angiogenesis®. In
fact, it is also suggested that hypoxic exposure is responsible for increasing the release of EVs in
MSCs and EV protein content that is associated with VEGF signaling®’. The exact cellular and
molecular mechanisms in which secreted EVs increase blood vessel growth is still misunderstood.
However, it was demonstrated that MSC secreted EVs were able to increase endothelial network
growth in vitro from the activation of gene expression of the wound healing Akt, ERK, and STAT
signaling pathways®®. Furthermore, it was observed that MSC secreted EVs activated endothelial
cell trophic signaling pathways of hepatocyte growth factor (HGF), insulin-like growth factor-1
(IGF1), nerve growth factor (NGF), and stromal-derived growth factor-1 (SDF1). This suggests
that the EVs contain protein and nucleotide content that serve as a positive feedback loop to
generate the production of pro-angiogenic growth factors, cytokines, and chemokines.

In addition to MSCs releasing a complex paracrine profile to promote vasculature growth
and integrity, MSCs also possess the ability to stabilize the aberrant retinal angiogenesis in DR
though differentiation to perivascular support cells. In the process of angiogenesis, endothelial
cells respond to angiogenic factors by migrating and proliferating to form tube networks, and
afterwards, perictyes are attracted to the network to form a stable mature blood vessel®. It has
been demonstrated that MSCs adopt a perivascular and smooth muscle phenotype when in contact

90-92

with endothelial cells , and the differentiation of MSCs into more of a smooth muscle

phenotype is enhanced with the pretreatment of TGFB°**4. Similarly, pretreatment of MSCs with

10



angiotensin-II seems to enhance the migration, recruitment, and adhesion pathways of MSCs in
relation to ECs, and thus increase EC tube network?¢. Because pericytes are often argued as the
in vivo cell source of MSCs, it is not too surprising that reintroducing MSCs into tissue after
transplantation or local delivery causes MSCs to readopt a perivascular position and stabilize blood
vessel networks. Considering vascular smooth muscle cells and pericytes are loss in DR, it is
expected that delivered MSCs could serve as a new reservoir of retinal perivascular cells,
particularly in cases of PDR where retinal neovessels are present without pericyte coverage. This
type of treatment strategy would ideally limit the microvascular dysfunction in DR patients by
controlling for abnormal angiogenesis and protecting the existing retinal vasculature from further

damage experienced by diabetes.

Neuronal Cell Protection

Chronic hyperglycemia also leads to the cell death of the neuronal cells, or the cells that are
responsible for receiving and transmitting visual signals in the eye and to the brain. Neuronal cell
apoptosis is caused by several pathways impacted by high blood glucose, including the
upregulation of crystallins, inflammatory apoptosis induced by AGE products, and oxidative stress
caused by the dependency on the polyol pathway®’. At the early onset of diabetes, changes in
neuronal cells are evident, as glial cell reactivity and metabolism are modified in the neuronal
retina®®. Later in the disease progression, PDR patients have a higher concentration of peripheral
blood mononuclear cell reaction oxygen species (ROS), and vitreous nitrite and nitrotyrosine when
compared between diabetic patients without DR and healthy patients®. Most notably, vitreous
glutamate concentrations are also found at increased levels in PDR patients®, and plasma

glutamate concentrations are at a higher level in diabetic patients and animals when compared to
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healthy controls'®. The excessive amounts of glutamate elicits glutamate excitotoxicity, or the

overstimulation of NMDA and AMPA receptors, which eventually evokes apoptosis to occur
within the neuronal cell®7-11,

There is evidence to support MSC therapy in DR potentially reducing the neuronal damage
caused by glutamate excitotoxicity. An in vitro model of murine neuronal cell death caused by
glutamate excitotoxicity was protected after 24 h pre-treatment with murine bone marrow-derived
MSCs!?2, The conditioned media derived from the MSCs was also found to be sufficient for in
vitro neuronal protection, which was associated with decreased mRNA expression of NMDA
receptor subunits. Lastly, this same report also demonstrated that exogenous MSCs protected
against glutamate excitotoxicity in vivo within a kainic acid epilepsy murine model. Another study
showed similar findings, where human adipose-derived MSCs and the conditioned media inhibited
cell death and promoted nerve growth of rat cortical neurons within an in vitro model of glutamate
excitotoxicity!'%. Interestingly, the authors of this study showed enhanced levels of ATP, NAD+,
NADH, and NAD+/NADH while mitochondrial membrane potential was relatively unchanged.
This result suggested that MSC conditioned media reduced cell apoptosis by regulating bioenergy
pathways of the neurons.

The neural retina will upregulate neuroprotective soluble factors in the attempt to
counteract the neural damage due to degenerative diseases. Ciliary neurotrophic factor (CNTF) is
cytokine of particular interest due to its neuroprotection of photoreceptor cells, and

neuroprotection and axogenesis of ganglion cells!%4-1%,

Similarly, glial cell-line-derived
neurotrophic factor (GDNF) signaling has been attributed to the neuroprotection of photoreceptor

cells and glial cells in retinal degeneration'®®. Within streptozotocin-induced diabetic rats, the

intraocular delivery of GDNF is able to rescue apoptosis in retinal neurons through the
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upregulation of GLAST, which is responsible for removing excess glutamate from the extracellular
space of the retina'®’. When compared to the vitreous of nondiabetic patients, the vitreous of DR
patients contain higher levels of brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-
3), and neurotrophin-4 (NT-4)!8, BDNF and NTs are both suggested to promote neuronal cell
survival through the TrkB signaling pathway!'%.

MSCs have also promoted the cell survival and growth of neuronal cells in different models
through the secretion of these neuroprotective factors. Human umbilical cord-derived MSCs
secrete BDNF, GDNF, as well as NT-3!''°,  Using the conditioned-media from these MSCs
increased the viability and proliferation of Schwann cells, as well as the neurite growth in dorsal
root ganglion explants. One group has demonstrated that MSCs derived from Wharton’s Jelly and
bone marrow exhibit paracrine profiles that also support neuroprotection and neurogenesis'!!. In
this same report, primary rat neuron and glial cells neurite growth and cell survival was increased
when co-cultured with either MSC population in a transmembrane system with either MSC
populations.

H2IS or optic nerve injury

When intravitreally injected in the rat glaucoma eyes
models!!*!1° there are similar neuroprotective and neurodegenerative effects observed when
MSCs are co-cultured with neuronal cells in vitro. In these models of retinal neuronal
degeneration, bone marrow derived MSCs increase the survival of retinal ganglion cells and
regenerate axon growth away from the cite of lesions. Interestingly, it was demonstrated that dental
pulp-derived MSCs when compared to bone marrow-derived MSCs were able to further increase
retinal ganglion cell survival and axon regeneration after intravitreal transplantation!!, suggesting

that neural crest-derived MSCs may be more applicable in CNS diseases'!¢. From these reports,

the authors concluded that the neuroprotective effects were most likely caused from the paracrine
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profile of the injected MSCs since there was no evidence of MSC differentiation into neuronal cell
types. Therefore, when delivered in DR, MSCs would most likely provide neuroprotection through

the release of soluble factors that promote neuronal cell growth and survival.

Immunomodulation

Inflammation is commonly involved in the wound healing process of most tissues, and there is
substantial evidence to suggest that chronic inflammation is a major contributor to the pathology
of DR!'7, Inflammation is largely induced by the oxidative stress, NF-kB activation, dysregulation
of nitric oxide synthase (NOS), and the formation of advanced glycation endpducts (AGEs) in the
retina!'®, which leads to a buildup of inflammatory molecules in the retinal tissue. From reports
examining the vitreous, serum and the retina of diabetic animal models and patients, there is an
increase in pro-inflammatory markers, namely TNF-o!!%-12! TL-1p!120:122.123 'MCP-1!24, MIP!%, IL-
626127 ICAM-1'28, and VCAM-112%12°, With the accumulation of these cytokines and
chemokines in the eye, blood vessels become leaky due to leukostasis, or the large recruitment and

accumulation of leukocytes within the retinal blood vessels!3°

. From the buildup of leukocytes
inside the vessel walls, there is subsequently increase in endothelial cell apoptosis'*! and
breakdown of the blood retinal barrier!32.

MSC:s by their nature express little to no MHC I and MHC II molecules and co-stimulatory
molecules, which protects them from natural killer cells!'3?. In fact, when MSCs are exposed to a
pro-inflammatory environment, MSCs typically respond by releasing or upregulating a series of
immunosuppressive factors, such as indoleamine 2,3-dioxygenase (IDO), HGF, IL-10, TGFp,

iNOS, CXCL9, CXCL10, and CXCL11'3*137, The secreted trophic response of MSC has an effect

on different inflammatory mediators, including T cells. From the secretion of IL-1p by CD14+
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monocytes!® or treatment with TNFo and IFNy!3®, MSCs secrete multiple soluble factors to limit
the proliferation of T cells. Similarly, in the presence of different populations of immune cells
MSCs secrete trophic factors to shift the T cell helper state to an anti-inflammatory Th2 position!*.
From the measurement of cytokines in the serum of healthy and DR patients, Thl cytokine
secretion was found to be higher than Th2 cytokine secretion, suggesting a more pro-inflammatory
state in the retina because of DR'!. Given the strong cross-talk between inflammatory cells and
MSCs, and the ability of MSCs shift the helper axis of T cells, the delivery of MSCs could
potentially bring the state of the retina to an anti-inflammatory state, and thus, a more tissue
regenerative environment.

The tissue-resident macrophages of the retina are microglial cells, and the activation of
these cells are associated with DR symptoms. In a healthy state, these cells are located in the
plexiform layer and are continually searching for and phagocytosing cell debris. Once the retina
contains leaky blood vessels and infiltrating inflammatory cells, the microglial cells become
activated and exhibit a “ramified” and “amoeboid” phenotype to increase phagocytosis'#?. In the
stage of NPDR, HLA-DR+, CDA45+, or CD68+ microglial cells congregate around the
microaneurysms, exudates, hemorrhagic lesions, and the optic nerve of the histological sections of
patients. In PDR patients, microglial presence is increased in the optic nerve region, as well as
around the neovascularized membrane in the vitreous of the eye, indicating microglial activation
plays a role in the progression of DR®. As with the T cell helper axis, MSC therapy could impact
the microglial cell polarization to an anti-inflammatory state to provide a more regenerative
condition in the retina. In the CNS, after injury, MSCs are shown to promote M2 polarization of

microglia and induce an anti-inflammatory state in the tissue'**!%*, A proposed mechanism of
Yy
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action for this process is the secretion of TSG-6 by MSCs, which inhibits pro-inflammatory gene
expression in microglial cells, including NF-kB and MAPK activation!*.

There is evidence to suggest that MSC therapy in DR could target and impede leukostasis,
and thus, deter the pro-inflammatory conditions in the retina. Luu and colleagues have
demonstrated within an in vitro flow chamber system, the co-culture of MSCs and ECs reduced
the adhesion and transendothelial migration of flowing neutrophils and lymphocytes!“S. In this
study, the co-culture of MSCs and ECs also suppressed the upregulation of ICAM-1 and VCAM-
1 after treatment with TNF-a and IFN-y. Based on antibody and siRNA experiments, the authors
proposed the crosstalk between ECs and MCs prompted MSCs to release IL-6, which
consequently, prompted ECs to inhibit the observed leukocyte recruitment.

In different in vivo models for eye inflammation, delivered MSCs show different mode of
actions when targeting inflammation. When compared to dexamethasone (DEX) efficacy in a
recurrent experimental autoimmune uveitis (rEAU) model of rats, MSC treatments were more
beneficial than tapering dexamethasone (DEX) therapy over the course of 50 days of the disease!*’.
MSCs were able to reduce retinal damage, photoreceptor loss, and the presence of Th1 and Th17
cells in the eye. Similarly, Oh et al., showed that intraperitoneal infusion of human MSCs in mice
experimental autoimmune uveitis (EAU) models decreased Th1 and Th17 cells in draining lymph
nodes after EAU immunization!®, The intraperitoneal injections of human MSCs resulted in a
decrease of IFN-y levels in the eye and protection of the photoreceptor layer. The work of Ko et
al. suggests intravenously administered MSCs suppress the immune responses in EAU through a
TNF-a-simulated gene/protein-6 (TSG) mechanism, where TSG-6 knockdown in MSCs failed to

decrease intraocular inflammation and retinal damage!'#.
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MSC Differentiation and Cell Replacement

Because MSCs have been shown to differentiate into multiple lineages in vitro, it is hypothesized
that the delivery of pre-differentiated or undifferentiated MSCs may replace the retinal
differentiated cell types loss from the progression of DR. Table 1.1 provides a reference on several
research reports suggesting the capability of MSCs to differentiate into specialized or specialized-
like cells that are found in the retina. However, there is some caveats with these same reports.
Within these studies there is limited in-depth analysis of the function of the injected MSCs, and
most analyses are based on limited marker expression. Some of the protein markers expressed by
the MSCs in the different models, are also found on multiple cell types other than MSCs, which
makes it difficult to conclude whether MSC differentiation actually occurred. A clinical study
involving three human patients demonstrated MSCs were able to suppress inflammatory activity
in advanced Behcet’s disease retinal vasculitis, however, there was no indication after one year of
intra-ocular transplantation that the delivered MSCs were able to create new blood vessels or
differentiate into cone cells!>®. Therefore, it is important that work rigorously investigates the
differentiation of MSCs engrafted into the retina, as well as their long-term viability in the chronic

disease state of diabetes.
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Table 1.1 MSC Replacement and Differentiation Capability to Specialized Cells in the

Retina

Differentiated Cell
Type

Source of MSCs

Model of Replacement/Differentiation

Reference

Retinal Pigment
Epithelium (RPE)

Mouse bone marrow

Retinal degeneration model using sodium
iodate (NalO3)

[151,152]

Rat bone marrow

Retinal degeneration model using NalO;

[153]

Human bone marrow

Co-culture with pig RPE in a transwell
system

[154]

Human adipose

Cultured with RPE-conditioned medium

[155]

Rat bone marrow

Co-cultured with RPE cells in RPE cell-
conditioned medium and photoreceptor
outer segments

[156]

Mouse bone marrow

Co-cultured with adult RPE cells and
retinal degeneration model using NalO3

[157]

Mouse bone marrow

Retinal degeneration model using sodium
iodate (NalO3) and retinal
neovascularization model by breaching
Bruch’s membrane

[158]

Mouse bone marrow

Rhodopsin knockout (Rho-/-) model

[159]

Rat bone marrow

Laser-injured rat retinas

[160]

Photoreceptor Cells:
Rods and Cones

Human bone marrow

Co-cultured with human RPE cell layer

[161]

Rat bone marrow

Retinal degeneration model using NalO;

[153]

Human trabecular
meshwork

Cultured on amniotic membrane

[162]

Rat bone marrow

Cultured and induced by activin A,
taurine, and epidermal growth factor in
vitro, Royal College of Surgeon rats

[163]

Human conjunctiva

Poly-L-lactic acid (PLLA) nanofibrous
scaffolds

[164]

Bipolar Cells

Human trabecular
meshwork

Cultured on amniotic membrane

[162]

Endothelial/Endothelial-
Like Cells

Human bone marrow

Cultivation in fetal calf serum and
vascular endothelial growth factor

[165]

Human bone marrow

Matrigel and polymeric constructs in
vitro and within NMRI-nude mice

[166]

Canine bone marrow

Canine Chronic Ischemia Model

[167]

Human bone marrow

Matrigel and collagen plugs in non-obese
diabetic-severe combined
immunodeficient (NOD-SCID) mice

[168]

Canine bone marrow

Cultivation under shear stress

[169]
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Human umbilical
cord

Cultivation on fibronectin and endothelial
differentiation medium and ischemic
hindlimb mouse model

[”]

Rat bone marrow

Vein grafting in a rat model

[170]

Amacrine Cells

Rat bone marrow

Laser-injured rat retinas

[160]

Bipolar Cells Rat bone marrow Laser-injured rat retinas [169]
Astrocyte differentiation medium and in
Human bone marrow | the rat model of Parkinson’s Disease, 6- [N
hydroxydopamine-lesioned rats
Ii)lidnan umbilical Lateral ventricles of neonatal mouse brain [172]
Astrocytes Mouse bone marrow | Lateral ventricle of neonatal mouse brains ['73]
Cultured with epidermal growth factor
Mouse bone marrow | (EGF) or brain-derived neurotrophic ['74
factor (BDNF)
Rat bone marrow Acute permanent brain ischemia model in [175]
rats
Cultivation on collagen with retinoic acid
Oligodendrocytes Human placenta and human brain-derived neurotrophic [176]

factor

MSC-Therapy in Pre-Clinical Models of DR

Researchers have developed several animal models to explore the basic science and treatment

options for DR. With animal models, the goal is to produce a comparable disease phenotype to

that of human DR patients, whether that is early stage or late stage in the disease. There are various

type 1 and type 2 DR animal models based on animals such as the zebrafish, mice, rats, rabbits,

dogs, and monkeys'”’. Different degrees of pathological severity can differ between these models,

and it is essential to choose the correct model and time point in which to study MSC therapy. For

instance, the two common murine DR models, Akita (Ins24@)178-180 and STZ-induced diabetes'®'~

184 exhibit pericyte loss, increased vascular permeability, neuronal cell apoptosis in the ganglion

cell layer (GCL), and amacrine cell loss in the inner nuclear layer (INL). The recently developed

Akimba mouse (Ins22%@VEGF ") recapitulates human severe NPDR/PDR with profound retinal
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ischemia, aberrant neovascularization, vascular leakage, retinal edema, neural retina loss, and
reactive gliosis'®>!36. This model is a cross between the Kimba (VEGF"- )!87:188 mouse, which
initiates chronic progressive retinal ischemia by transiently over-expressing human VEGF in
photoreceptors, and the diabetic Ins2Akita mouse, with hyperglycemia causing synergistic damage
to the retinal vasculature and neural retina. Because animal models differ in severity of DR, future
work on MSC therapy in DR needs to take account the disease state in which MSCs are delivered.

Still, studies show that there is promise of MSC therapy in both late- and early-stage DR.
Rajashekhar et al. demonstrated that intravitreal injection of adipose-derived MSCs in a STZ-
induced DR model adopted a perivascular location in the retinal vasculature, improving visual
function and decreasing inflammatory expression in the retina'®. Yang et al. showed that
intravenously injected human adipose-derived MSCs decreased blood glucose levels and
recovered BRB integrity!*’. The donated human adipose-derived MSCs were able to integrate in
the outer nuclear layer (ONL), INL, and GCL while expressing both rhodopsin and GFAP, markers
for photoreceptor cells and astrocytes, respectively. We have shown that in an oxygen-induced
retinopathy (OIR) model and the Akimba model that intravitreal injected human adipose-derived
MSCs and mouse adipose-derived MSCs are able to incorporate into the retinal vasculature and
adopt a pericyte morphology, ultimately protecting capillary dropout in both models®.
Supplementing the MSCs with TGF-f in vitro further enhanced their contractile capability and
improved their protection against capillary dropout. We later showed intravitreal injected ASCs
from a diabetic source have impaired vasoprotection of DR in the Akimba mouse model through
impaired integration into the retinal vasculature and a pro-angiogenic secretome!®l. A study
revealed that intravitreal administration of MSCs prevented retinal ganglion cell loss at least 12

weeks after administration in STZ-induced diabetes in C57B1/6 mice!®2. There was poor retinal
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integration of the delivered MSCs, yet intraocular levels of NGF, GDNF, and bFGF increased,

193,194

which are responsible for preventing RGC and photoreceptor loss . Johnson et al. suggests

195

that MSC low engraftment is caused by activated glial cells'”>, implying that reducing the

deactivation of neuronal cells may improve the efficacy of MSC tissue incorporation and therapy.

Potential for MSCs in Other Ocular Diseases

Besides DR, research supports that MSCs are a potential therapeutic for various ocular
pathologies. Similar to the approaches of MSC therapy in DR, MSCs can be used for cell
replacement and immune modulation in different eye disease models. A characteristic of age-
related macular degeneration (AMD) is the disruption and death of the retinal pigment epithelium
(RPE). Tt is suggested that MSCs are able to differentiate into functional RPE cells'>®, while
subretinal injected-MSCs are exhibit some form of differentiation into RPE cells within a sodium

iodate-damaged rat retina!>.

Glaucoma, a disease characterized by the loss of retinal ganglion
cells (RGCs) and alterations in the optic nerve, is also a prime target for MSC therapy. Through
secretion of neurotrophic factors!'?®, intravitreal injected-MSCs are able to protect RGCs and ocular

112,113,197

hypertension . In uveitis, or inflammation in the uvea, MSC therapy seems to be mostly

responsible for immunomodulatory affects in the disease, specifically through regulation of T cell
proliferation and cytokine production!?%1%°,

In Chapter 4, I will describe a study in which we investigate whether MSCs can serve as a
potential cell source for cornea endothelial cells, which when damaged by aging and injury, leads
to vision loss. Within corneal diseases, previous reports have examined the potential of MSCs to
treat the corneal epithelium layer and cornea stroma layer through similar mechanisms as described

above?”’. Human umbilical cord-derived MSCs delivered in the dysregulated corneas of Lum-/-

mice exhibited differentiation into a keratocyte morphology and function needed to maintain
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healthy cornea stromal homeostatis and collagen fibril structure??!-292,

Similarly, bone-marrow
derived MSCs were claimed to differentiate into surface corneal epithelial cells after transplant
into injured corneal tissue?°*2%, Also, when engrafted into the cornea after chemical injury to the
surface of the tissue, MSCs are contributed to decreasing the endogenous pro-inflammatory

cytokines, while increasing anti-inflammatory cytokine production?®3-206,

Taken together, these
reports demonstrate that locally delivered MSCs also represent another treatment option for ocular

diseases other than DR.

Controversy Around Clinical MSC Therapy for DR
Typically, transplanted or locally injected MSCs have been shown to be reasonably safe for human
patients as there is no reported indication of harmful side effects in approved clinical trials for

several different diseases2?’

. However, this same investigation has not been extended to eye
research.

Much of the current ocular stem cell basic science and clinical trial efforts focuses on
cellular replacement of a particular ocular cell, such as a retinal pigment epithelial cell for example,
reviewed well by Huang and colleagues?®®. 1In a preclinical model for retinitis pigmentosa, the
subretinal injection of human Wharton’s Jelly-derived MSCs into RCS rats resulted in no
detectable safety issues based on the lack of MSC systemic migration and no differences being
found in ERG analyses between groups®”. As of now, there are over 100 clinical trials registered
with the NIH that are exploring the use of stem cells for treatment of ocular diseases
(ClinicalTrials.gov; Search Terms: eye, stem cells), including various retinopathies, glaucoma, and
auto-immune neuropathies. There are currently two clinical trials that are focused on treating DR.

One of the trials is investigating bone-marrow MSC treatment in ischemic retinopathy and DR

(RetinaCell, ClinicalTrials.gov, NCT01518842), while the second trial is examining the treatment
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of autologous bone-marrow CD34+ endothelial progenitor cells in DR (ClinicalTrials.gov,
NCT01736059). These two trials highlight the “infancy” of MSC ocular therapy, particularly
around the establishment of safety data for future efficacy trials required for FDA approval.

Unfortunately, due to malpractice and unethical decision-making of several individuals,
the efficacy and safety of MSCs has been severely questioned. Notably, within a “stem-cell clinic”,
three patients received intravitreally injections of autologous adipose-derived SVF for treatment
of age-related macular degeneration?!®, In the span of days, the patients experienced proliferative
vitreoretinopathy, lens subluxation, retinal detachment, and loss of vision. Furthermore, the “stem-
cell clinic” that performed this procedure required the patients to pay under the false claim that the
procedure was FDA-approved and currently under clinical trial. Due to the lack of scientific
understanding on MSC ocular injections, it is unknown how the injected cells caused the
devastating complications. Interestingly, it was stated through personal communication (Nolta J,
Pugh E, Zawadzki R) that MSCs injected into the vitreous transformed into bony or fibrous cells
in the eyes of animals, which later lead to retinal detachment?!!.

Unfortunately, these types of clinics are all too common. The “stem cell” nature of MSCs
and the published therapeutic potential of these cells has steered walk-in clinics to advertise and
offer “MSC stem cell therapy” for a wide range of conditions, including chronic diseases, cosmetic

concerns, and sexual enhancements?!?

. A significant portion of these clinics lack advertisement
around the efficacy or inefficacy and regulatory status of their “stem cell therapies”, and,
disappointedly, are often supported by trained, medical professionals. These “unproven stem cell

therapies” are rampant and this multi-billion dollar global industry?!3

often capitalizes on the
desperation of patients to find a cure for their diseases. The Commissioner of the FDA has recently

announced new oversight and productive efforts to attempt to eliminate the dishonest hype and
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unethical actions of “unproven stem cell clinics?!4

. The most productive change will come from
understanding the science behind MSCs and their innate function, which is done by performing
meticulous and innovative testing in preclinical models. Thus, these gaps and controversies that

were presented in this chapter are a central component of this current thesis and has largely acted

as a motivation for the experiments described in the following chapters.

Overview of Thesis

For MSC therapy to become a feasible treatment for DR and other ocular diseases, we require
more refined understanding of the MSC “stem cell” behavior and function. Although there are
promising therapeutic results, there still is no consensus on the dynamic behavior and function of
MSCs, which is underlined by the different results found within different disease models and
research groups. Markedly, there is inconsistency in culturing MSCs across research groups,
particularly with media conditions, and combining this variation with the heterogeneity of MSC
populations?!s, it is difficult to study the cellular dynamics of what defines a MSC. Conditions
such as cell plating density, cell media, passage number, and cell culture substrates can change the
innate characteristics of MSCs and their wound healing capability?!®.

Once MSCs are delivered or transplanted, it is obvious that MSCs possess some ability to
regenerate or remodel diseased tissue, but some aspects of this process need to be elucidated before
a clinical therapy is fully appreciated. In regards to the integration with the vasculature, there are
some aspects that are currently unexplored. For one, the process of how MSCs migrate and
incorporate to a pericyte-like position in microvasculature is still unknown, however, it is likely
that this process involves some of the cellular mechanisms and pathways observed in
developmental and neonatal angiogenesis. Additionally, it is uncertain whether integrated

perivascular MSCs are prone to adopt a pericyte-like postion greater than random chance, meaning
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that there is a lack of statistical evidence to suggest that chemotaxis or chemokenesis causes
engrafted MSCs to position themselves on vascular endothelial cells. In-depth examination of
MSC retinal vasculature incorporation would grant insight on the proclivity of MSCs to a pericyte-
like state, which is a cell state needed to replace loss microvasculature smooth muscle cells and
pericytes in DR.

Further, there needs to be a definitive conclusion on the origin of MSCs. It is suggested
that MSCs come from a perivascular origin, but until a marker is found to differentiate these cells
from other cell-types it is unclear where these cells originate. Lineage-tracing technology is
beneficial in addressing this issue?!’?!¥, where labelling and isolating a particular population of
cells in vivo, and studying their MSC characteristics will lead to greater understanding of what
defines an MSC throughout its cell lifespan . There may be multiple sources of MSCs found in
the tissue, and during the appropriate circumstance, all or a subset of these cells activate stem cell
factors to aid in wound healing. Most of the literature points to the fact that vascular smooth muscle
cells, pericytes, a subset of pericytes, adventitial cells, or perhaps another perivascular cell type
are the source of MSCs.

It is even suggested that once these perivascular cells are exposed to a disease environment
in vivo, these cells become activated MSCs and regulate the wound healing process, orchestrated
through a paracrine immunosuppressive, angiogenic, and antifibrotic response?!®?2°, The retinal
pericytes themselves may indeed be tissue-resident MSCs, and controlling for retinal pericyte
MSC function may be a strategy to control DR disease progression. Pericytes seem to move away
from retinal microvessels in animal models of diabetes, however, it is still unknown if the pericytes
are loss due to cell death or differentiate into other cell types, such as fibroblast or glial cells, in

order to remodel the disease retinal tissue.
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The importance of the in vivo observation of the putative MSC perivascular population
cannot be understated. As these cells work in concert with other retinal and immune cells, removal
of them from their in vivo environment for assay on tissue culture plastic can be problematic
without elegant and direct in vivo validation. Especially considering that tissue culture itself is
reported to alter the marker expression and possibly differentiation capabilities of MSCs, in vivo
correlation is necessary to advance the field both scientifically and translationally. From these
approaches, we can adopt more of a safe and effective implementation of MSC therapy for DR
and other ocular diseases.

Our lab and collaborators have traditionally focused on angiogenesis in preclinical diabetic
retinopathy models, and using adipose-derived MSCs to facilitate angiogenesis and serve as a
source of perivascular support cells, namely pericytes. Our lab uses adipose-derived MSCs due to
several practical advantages. First, liposuction aspiration and fat grafting procedures are relatively
common clinical cosmetic and reconstructive procedures, thus obtaining the stromal vasculature
fraction (SVF) and MSCs from unwanted adipose tissue is relatively easier than other tissue, such
as dental pulp and bone marrow. In fact, harvesting MSCs from adipose has proven far more
efficient than harvesting them from bone marrow (5,000 MSCs per gram of adipose versus 100-
1000 MSCs per gram of bone marrow)??!. Also, adipose-derived MSCs are suggested to have a
greater pro-angiogenic potential for therapeutic angiogenesis in ischemia when compared to bone
marrow-derived MSCs??2, Lastly, adipose-derived MSCs are shown to have a higher proliferative
capacity than bone-marrow derived MSCs in vitro****?*, Combining our experience with adipose-
derived MSCs and DR preclinical models, statistical modeling, lineage-tracing,

immunofluorescent microscopy, and protein and genetic analysis, we will aim to provide valuable
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knowledge to the scientific community and push forward more rigorous studies to investigate their
therapeutic potential in DR and other ocular diseases.

In Chapter 2, I will describe the development of a statistical software program that tests
whether locally delivered MSCs associate greater than random chance with endothelial networks
in vitro and with angiogenic vessels in murine retinopathy. This project originated out of a Monte
Carlo study that explored the random association of diabetic and nondiabetic adipose-derived
MSCs to the retinal vasculature in the Akimba DR murine model®!. Using a Monte Carlo
simulation developed in MATLAB (MathWorks, Natick, MA, http://www.mathworks.com) we
determined a slightly higher preference of perivascular incorporation for healthy adipose-derived
MSCs when intravitreally delivered in the Akimba DR models. However, in this analysis, there
was no in-depth statistical validation to determine if there was a statistical difference between the
vascular incorporation of healthy and diabetic injected MSCs. Within Chapter 2, we demonstrate
a statistical test with higher power and type 1 error to predict if enhanced vascular incorporation
occurred within individual samples of biological datasets and between study groups. This
statistical software revealed that adipose-derived MSCs had enhanced colocalization with vascular
endothelial networks in vitro and with retinal blood vessels within ischemic conditions in a
preclinical model of DR.

The current work highlighted in Chapter 2 is currently published in Bioinformatics.

In Chapter 3, we investigated the bioactivity and cell fate of adipose MSCs derived from
vascular smooth muscle cells and pericytes (vSMCs-PCs) using the lineage-tracing murine model
Myhl1-CreER™ 225, This cell population and its lineage represents a subpopulation of the total
cultured SVF cells in vitro throughout multiple passages (Figure 1.3), and has been previously

assumed to be a putative MSC population. By measuring surface marker expression and tri-
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differentiation capability, we demonstrate for the first time that Myh11+ vSMCs-PCs are MSCs
according to the ISCT-defined criteria*’. Interestingly, we further demonstrate that Myh11 lineage
negative cells from the adipose SVF are also MSCs, indicating multiple cell sources in which
MSCs are derived. MSCs derived from vSMCs-PCs were also intravitreally injected into a
preclinical model of DR and shown to improve vascular recovery and re-associate with the retinal
vasculature. However, the intravitreal injection of MSCs also induced proliferative
vitreoretinopathy (PVR), forming pre-retinal scar through the differentiation of myofibroblast in
the vitreous gel. We replicated this finding through severe injury to the eye and demonstrated that
endogenous retinal Myhll+ vSMCs-PCs can also induce PVR through myofibroblast
differentiation. Remarkably, endogenous retinal vVSMCs-PCs remain quiescent for other type of
injuries used in this Chapter. Lastly, we used anti-TGFJ strategies to reduce PVR in response to
both exogenous delivery of MSCs and to endogenous differentiation of retinal vVSMCs-PCs. From
the downregulation of TGFf} signaling, we reveal that PVR secondary to exogenous MSC injection
is not reduced, while PVR secondary to endogenous vSMCs-PCs is inhibited. The work described
in Chapter 3 forms the basis of a paper planned to be submitted to

Journal of Experimental Medicine.
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Figure 1.2. Myh11-Lin+ cells are a subpopulation of the cultured SVF over serial passages

(A) The epididymal adipose tissue of MyhlI-CreERT2;ROSA STOP FLOX tdTomato+/+ mice
were enzymatically digested and the SVF was plated on tissue-treated plastic. The cultured cells
were passaged and imaged for tdTomato+ cells at multiple serial passages. (B) One-way ANOVA
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determined there was no significant difference in the amount of tdTomato+ cells from passage 1-
3. Scale bar in (A) represents 100 um.

In Chapter 4, we discovered in the presence of a Myhll+ subpopulation of cornea
endothelial cells in the Myhll-CreER™ murine model. To note, the cornea is in the anterior
segment of the eye, and the cornea serves as a barrier for protection for the eye. The cornea is
argued to control the homeostatic flow of fluid in the anterior chamber to allow for light to be
transmitted to the retina. We are the first to report the presence of Myh11 in this part of the cornea,
and within this chapter, we examine the fate of these cells with aging. Building off the work in
Chapter 3, we also determine if MSCs derived from Myh11+ vSMCs-PCs could differentiate into
cornea endothelial cells in vitro. We demonstrate that there is evidence to suggest these cells can
somewhat differentiate into an endothelial cell lineage and may represent another cell source to
replace damaged cornea endothelial cells. These findings in Chapter 4 are being prepared for
submission to the scientific journal Investigate Ophthalmology and Visual Science.

In Chapter 5, I will conclude with discussing the primary focus of the work, which is to
explore the fate of MSCs within the context of ocular disease, particularly DR. Within this chapter,
I will begin by discussing the key contributions that this work has provided to the field, and will

end the chapter by describing some future work that will expand on the findings of this thesis.
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Abstract

Motivation: Colocalization of structures in biomedical images can lead to insights into biological
behaviors. One class of colocalization problems is examining an annular structure (disk-shaped
such as a cell, vesicle, or molecule) interacting with a network structure (vascular, neuronal,
cytoskeletal, organellar). Examining colocalization events across conditions is often complicated
by changes in density of both structure types, confounding traditional statistical approaches since
colocalization cannot be normalized to the density of both structure types simultaneously. We have
developed a technique to measure colocalization independent of structure density and applied it to
characterizing intercellular colocation with blood vessel networks. This technique could be used
to analyze colocalization of any annular structure with an arbitrarily shaped network structure.
Results: We present the circular colocalization affinity with network structures test (CIRCOAST),
a novel statistical hypothesis test to probe for enriched network colocalization in 2D z-projected
multichannel images by using agent-based Monte Carlo modeling and image processing to
generate the pseudo-null distribution of random cell placement unique to each image. This
hypothesis test was validated by confirming that adipose-derived stem cells (ASCs) exhibit
enriched colocalization with endothelial cells forming arborized networks in culture and then
applied to show that locally-delivered ASCs have enriched colocalization with murine retinal
microvasculature in a model of diabetic retinopathy. We demonstrate that the CIRCOAST test
provides superior power and type I error rates in characterizing intercellular colocalization
compared to generic approaches that are confounded by changes in cell or vessel density.

Availability: CIRCOAST source code available at: https://github.com/uva-peirce-cottler-lab/ARCAS.

Supplementary information: Supplementary data are available at Bioinformatics online and within the

Appendix of this thesis.
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Key Abbreviations

ASC: Adipose-derived Mesenchymal Stem Cell

BMRP: Binomial Model of Random Placement

CDNEF: Cell-Dilated Network Fraction

COI: Cell-of-Interest

HMRP: Hypergeometric Model of Random Placement
CIRCOAST: Circular Colocalization Affinity with Structures Test
ICA: Intercellular Colocalization Affinity

ICF: Intercellular Colocalization Fraction

MCMRP: Monte Carlo Model of Random Placement
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Introduction

Interactions between vascular endothelial cells, which are arranged in arborized networks
throughout all tissues of the body, and other cell types are instrumental in the initiation and
perpetuation of a wide range of diseases, including diabetes mellitus??°. Interacting cell types with
vascular endothelial cells include immune cells*?’, perivascular cells??®??°, and stem cells?*’.
Modulating intercellular interactions associated with disease progression is seen as a therapeutic
target for preventing or ameliorating the associated pathology?3!.

A key imaging-based measure of cell-cell interactions is intercellular colocalization, the
frequency that two cell populations reside immediately adjacent to each other. Changes in
intercellular colocalization suggest changes in cell-cell interactions and cellular behaviors that
influence the interaction, including altered migrational capabilities, cytokine sensing, and other
chemotactic behaviors. Most research in cellular colocalization has focused on intracellular
interactions with point-based features, specifically whether two molecular probes codistribute
(dispersed in a spatially related fashion) or associate with a particular organelle?*?. The statistics
are often limited to a pixel-by-pixel analysis of correlation using Pearson’s Correlation Coefficient
or Mander’s Overlap Coefficient®**, or more advanced analysis techniques such as spatial point

234,235

pattern analysis or protein-protein interaction models®*®. By contrast, there is a lack of

statistical techniques to study cell-cell interactions?3” where point-based analysis is less pertinent.
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Cell populations are known to change dramatically in disease®*®, which can confound
metrics of colocalization. Intercellular colocalization events depend on the prevalence of the two
interacting cell populations, and generic statistics cannot ascertain changes in colocalization
because the data cannot be normalized to both cell populations simultaneously. This is especially
problematic when there are substantial changes in vascular or cellular density between study
groups or high variance between biological replicates. Here, we present an image analysis tool that
statistically assesses intercellular colocalization independent of cell and network density by testing
against a pseudo null distribution for random intercellular colocalization events unique to each
image. By comparing the intercellular colocalization fraction (ICF), the fraction of cells
colocalizing with network structures, between an experiment image compared to the distribution
of ICF values derived from modeling random cell placement in the same image, changes in
colocalization can be ascertained relative to random behavior. Using additional statistics to
combine data across images from a single biological replicate and compare between study groups
yields a process that can characterize changes in intercellular colocalization affinity (ICA), which
we define as the frequency of colocation events between two cell populations corrected for changes
in cell density, cell size, and network density across study groups.

An example where large changes in cellular density are observed is diabetic retinopathy, a

disease that is marked by progressive damage to the retina?*°. Decreases in the densities of both

238 240

blood vessels~® and pericytes=®, a cell type that colocalizes with and stabilizes the
microvasculature, have been observed in early diabetes and are thought to initiate the degradation
of the retina®*!. Toward cell-based therapies, previous work has shown that injecting adipose-
derived mesenchymal stem cells (ASCs) can ameliorate microvessel loss when ASCs colocalize

with blood vessels and adopt a pericyte-like morphology in the retina and other tissues®>-3°.

34



However, it was difficult to conclude whether or not ASC colocalization with the retinal
microvasculature occurred at a rate greater than random chance without a validated statistical
method.

We developed and validated CIRCOAST as a tool to measure intercellular colocalization
by testing for a known enriched colocalization between ASCs and the arborized networks that
endothelial cells form in culture. Then, we applied CIRCOAST to determine that locally delivered
ASCs significantly colocalize with the retinal microvasculature in a murine model of diabetic
retinopathy. By providing a robust method for evaluating the statistical significance of cell-cell
colocalization, CIRCOAST provides insight into putative mechanisms of and potential therapies
for a wide range of pathologies. This method naturally extends to the colocalization analysis of
any annular shaped structure (disk-shaped such as a cell, vesicle, or molecule) with any arbitrary
background network structure within tissues or cells.

Methods

2.1 Codebase

CIRCOAST was written in MATLAB 2016b using the image processing toolbox and can be run
either as source code or as compiled code with the MATLAB runtime environment version 9.1.
The source code and compiled executable are available as a part of the Automated Random Cell
Association Simulator (ARCAS) code repository (https://github.com/uva-peirce-cottler-
lab/ARCAS). The user interface is designed with MATLAB’s graphical user interface
development environment (guide), which allows the user to analyze a dataset of two or more color
images, one marking the vasculature, and the others marking one or more cell types to be examined
individually for enriched vascular colocalization. In this study, a confocal microscope was used to

acquire a z-stack at approximately Nyquist sampling. The 3D images were then flattened with a
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max projection in the z axis dimension to produce a 2D RGB image.

| CIRCOAST _ : e LN 064

Image Binary

Figure 2.1. CIRCOAST GUI for Analyzing Cellular Colocalization

(A) GUI for CIRCOAST that imports a thresholded vasculature and predicts the random cell
colocalization fraction (ICF) (B), through a series of trials from a Monte Carlo Model of Random
Placement (MCMRP).

2.2 Monte Carlo Model Development (MCMRP)

An initial Monte Carlo model of Random Placement (MCMRP) was created to simulate randomly
placed cells. An input image of the network is imported into the CIRCOAST GUI, and segmented
via an adjustable global threshold (Figure 2.1A). Image resolution, cell size, and number of cells
are set by the user, and a series of Monte Carlo simulations are performed with an agent-based
model that stochastically spawns cells in an image, in which under the random cell placement
paradigm, every location within the input image region has an equal chance of being selected as a
site of cell placement; and once placed, the fraction of cells overlapping with the vasculature

network is calculated (Figure 2.1A, intercellular colocalization fraction, ICF). A probability
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distribution for the ICF in a given image is approximated based on the thousands of Monte Carlo
simulation repetitions of the random cell placement process (Detailed outline of algorithm in
Appendix-Supplementary Note 1).

Probing of the key parameters that influence cellular colocalization with the vasculature
was undertaken via a simple program created to stochastically create a network structure
resembling blood vessels in a controlled manner (Appendix-Supplemental Figure 1). Dense
microvascular networks have been described as having structural characteristics of interconnected
wires 242, The stochastically-generated networks were created by defining a randomly seeded point
cloud with an enforced minimum distance between points, and using the watershed algorithm to
create a network of line segments bisecting all points. Line segments were then iteratively removed
until the desired vessel network was obtained, mimicking the range of vessel density found in
vascularized tissues (Extended explanation of algorithm in Appendix-Supplementary Note 2).

A set of parameters defining the network structure and the cell of interest (COI) were
identified (Appendix-Supplementary Figure 2), including: 1) network fraction: the fraction of
pixels in an image that comprise the network, 2) network length density: the length of the centerline
for all network structures divided by the area of the image, 3) network radius: thickness of network
orthogonal to the network centerline, 4) cell number, 5) cell diameter, 6) and cell dilated network
fraction (CDNF). CDNF defines the area of the image where if the center of a COI is within that
area, the COI overlaps with the network by at least one pixel and is counted as being a colocalized
cell, which is captured by morphologically dilating the segmented network with the length of the
radius of the COI. Therefore, with a fixed network structure, as cell diameter increases so will the
value for CDNF.

The relation between each system parameter and the ICF predicted by the MCMRP was
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examined over a wide range of parameter values (Appendix-Supplemental Figure 3). All
parameters correlated with the MCMRP derived mean ICF; except for cell number, suggesting
many variables influence mean of ICF distribution under the random cell placement paradigm, but

give little insight to what parameter(s) directly dictate network colocalization.
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Figure 2.2. Network area fraction dilated by cell radius determines the random cell
colocalization fraction.

The mean ICF was calculated with the MCMRP over 10,000 trials with randomly selected
parameters and displayed as a function of (A) cell diameter, (B) cell number, (C) network radius,
(D) network fraction, (E) network length density, and (F) cell dilated network fraction (CDNF,
N=2,500 images). Pearson correlation coefficient and associated 95% confidence interval and p-
value are provided at the top of each scatterplot.

To determine if any of the parameters can directly predict mean ICF under the random cell
placement paradigm, a dataset of 2500 simulated experiments were generated using the vessel
network generator with randomly assigned parameters. The means of ICF distributions derived

from the 2500 experiments were correlated with the individual parameters (Figure 2.2). While
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most parameters correlated with mean ICF, only CDNF had a correlation coefficient (r) of 1
(rounded to within 6 decimal places), suggesting that CDNF correlates almost perfectly with the
MCMRP derived mean ICF (Figure 2.2F). Note that in Fig. 2.2F; that for all intended purposes,
the relationship between the CDNF values and mean ICF values is deterministic (points fall on a
45° line).

To further examine if CDNF is a unique predictor of ICF, a multivariable linear regression
(MVLR) analysis was conducted with all input parameters as predictor variables and mean ICF as
the response variable. Input parameter values and mean ICF values were converted to z-scores so
that all of the multivariate regression model coefficients shared the same scale of measure while
still preserving the underlying multivariate relationships that exist on the non-z-score scale. All
predictors had insignificant p-values except for CDNF (Table 2.1). Furthermore, since the
regression coefficients of all predictors other than CDNF were essentially equal to zero, CDNF is
the only input parameter that was given any weight in the MVLR in terms of predicting the mean
ICF z-score. Given that the MVLR model multiple coefficient of determination (R?) was equal to
1, we conclude that CDNF is highly and uniquely correlated with the predicted mean ICF of the
MCMRP. Although the ICF in given MCMREP trial can differ from CDNF due stochasticity, and
the ICF from an acquired image may differ from CDNF from stochasticity or non-random cell

placement, the CDNF can be used to calculate the mean ICF from random behavior in both cases.
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Table 2.1. Multivariable regression of z-scored input parameters versus the z-score of the
ICF predicted by Monte Carlo Model of Random Placement (R2 =1.00).
Note that the z-score transformation preserves the underlying multivariate relationships.

Predictor Coefficient SE F- P-value
Intercept -9.54E-16 1.20E-05

Cell Diameter  -1.96E-05 2.56E-05 -0.76 0.444
Cell Number -5.57E-06 1.20E-05 -0.46 0.642
Network Rad.  -2.59E-05 4.34E-05 -0.60 0.551
Network Frac.  5.01E-06 5.74E-05 0.09 0.931

Network. Len.  -3.24E-05  4.67E-05 -0.69 0.489
CDNF 1.000 S.00E-05 2.00E4 <0.000
Model 1.16E9 <0.000

2.3 Binomial Model Development and Validation (BMRP)

Based on the aforementioned Monte Carlo findings, CDNF was used to develop a binomial model
of random placement (BMRP) for a more mechanistic and exact representation of cell
colocalization under the random placement paradigm. By defining CDNF as the probability of
success for a randomly placed cell colocalizing with the vasculature within an image, intercellular

colocation can be modeled as a binomial stochastic process using Eq. 1 2%;

flenp)=Cpcd-pmc ()
where p is the cell dilated network fraction (CDNF), c is the number of cells colocalizing, and 7 is
the total number of cells in the image. The mean (u) and standard deviation (o) of the distribution
can be directly calculated using the formulas listed in Eq. 2 2**, as opposed to approximating the

values based on successive MCMRP trials.

pu=nxp, o= nxpx1-p) (2)
To evaluate the BMRP, the predicted mean ICF from random cell placement was compared to the
MCMRP predicted mean ICF (10,000 trials/image) across the same dataset of 2500 simulated

experiments that were used to produce Figure 2. The discrepancies between the predicted mean
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ICFs of the BMRP and the MCMRP are shown as a function of the predicted mean ICF in Figure

2.3.
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Figure 2.3. Discrepancy between BMRP predicted mean ICF and MCMRP predicted mean
ICF.

Bland Altman plot of the 2500 pairs of BMRP and MCMRP predicted mean ICF values, with the
difference in paired values plotted against the average. Note that the blue horizontal line identifies
the mean discrepancy between the 2500 pairs of BMRP and MCMRP predicted mean ICF values
(mean: 1.05E-7), and the green horizontal lines identify the lower and upper 95% confidence limits
[-0.00025, 0.00026] for the discrepancy between any pair of BMRP and MCMRP mean ICF
values.

A paired two-tailed Student’s t-test revealed no difference between the predicted mean ICFs of the
BMRP and the MCMRP (p=0.850, 0=0.05). Furthermore, no systematic relationship could be
detected between the discrepancy between the predicted mean ICFs of the BMRP and the MCMRP
as a function the mean of predicted model ICFs (p=0.248, Pearson Correlation), nor were any of
the input parameters individually systematically related to the discrepancy between the predicted
mean ICFs of the BMPR and the MCMRP (Fig. 2.4 A-F). When the z-scores of the input
parameters were used as predictor variables in a MVLR model to predict the z-score scaled values

for the discrepancies between the predicted mean ICFs of BMPR and MCMRP, neither the MVLR
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model nor any of the input parameters individually were significant predictor(s) of the ICF
discrepancy z-score (Table 2).

With no significant difference seen between the mean ICF values predicted by the BMRP
and the MCMRP, and no systematic relationships seen in the discrepancies between the predicted
mean [CFs of the BMPR and the MCMPR across the input parameter space, we concluded that
the BMRP accurately represents the MCMRP, and that random cell placement can be modeled as

a binomial stochastic process using Equation 1-2.
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Figure 2.4. Discrepancy between BMRP predicted mean ICF and MCMRP predicted mean
ICF.

(A-F) Relationship between each input parameter and the discrepancy between the BMRP
predicted mean ICF values and the MCMRP predicted mean ICF values. Pearson correlation
coefficient and associated 95% confidence interval and p-value are provided at the top of each
scatterplot.
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Table 2.2. Multivariable linear regression of z-scored input parameters versus the z-score
of the difference in mean ICF predicted by MCMRP and BMRP (R2 <0.00).

Predictor Coeffici SE F- P-value
Intercept -0.013 0.017

Cell Diameter -0.023 0.036 0.40 0.526
Cell Number 0.017 0.017 1.05 0.305

Network Rad. -0.100 0.060 2.74 0.098
Network Frac. 0.100 0.799 1.55 0.213

Net. Len. 0.048 0.065 0.54 0.462
CDNF -0.004 0.070  0.00 0.968
Model 1.38  0.217

2.4 Hypergeometric model and Validation (HMRP)

The binomial model assumes that the random placement of cells are completely independent
events, that each successive COI placed in an image can be placed anywhere. However, in practice,
COIs cannot overlap because they would be counted as a single cell. Thus, at higher cell densities,
there are less locations for additional cells to be added and still counted as additional cells in the
image, suggesting that placement of cells are related events and there exists a maximum number
of placed cells, possibly suggesting that a hypergeometric model of random placement (HMRP)

could be more suitable to model this process:

O
Where k is the number of colocalizing cells, n is the total observed number of cells in the image,
N is the max number of cells that can exist in the image, K is number of colocalizing cells of the
max population of cells placed in the image. The mean (u) and standard deviation (o) of the

distribution can be directly calculated using the formulas listed in Equation 4243:
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_ nXxk __ |InxkxX(N—k)x(N-n)
u= o= \/ N2x(N-1) )

Theoretically, the max number of non-overlapping cells that can be found in an image is
defined by the hexagonal packing of circles, which previous research has shown to have a packing
ratio of 0.901 (fraction of image area covered by circles), demonstrated to be invariant to the size
of the circle and bounding area’**. Yet this packing assumes perfect placement of all circles.
Randomly placed non-overlapping pixelated cells may have a much lower packing ratio than this
scheme, and may not be invariant to cell size since the shape of a cell is approximated in a pixelated
fashion. Moreover, cells must be fully contained in the image area to contribute to the packing
ratio for possibly colocalizing cells; cells that exceed the border of the image are not counted
because their colocalization state with the network outside of the image cannot be determined.

We designed a Monte Carlo model of random cell placement without replacement that
iteratively places cells until no more can fit in the image and then calculates the final packing ratio.
Doing this for a range of cell pixel diameters reveals that the packing ratio of randomly placed
fully contained non-overlapping pixelated circles changes with cell size (p=0, Kruskal Wallis,
N=100 trials, Appendix-Supplemental Figure 4A) and image dimensions (p=0, Kruskal Wallis,
N=100 trials, Appendix-Supplemental Figure 4B). For cell diameters less than 5 pixels, distinct
cells cannot be discerned at the highest density, so experiment data with that low cellular resolution
is considered invalid. For cell diameters above 5 pixels in diameter, a look up table is provided
(Appendix-Supplemental Table 1) for 512 by 512 image dimensions and is used for calculating

the N parameter in a hypergeometric distribution:

_ A
N = r? (5)
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Where 4 is the pixel area of image, 1 is the packing ratio from the look up table, and r is the pixel
radius of the cell (Equation 5). The CDNF of each image is used to approximate the number of
cells colocalizing (k) from the max population of cells (N), since it represents the fraction of the

image where colocalization occurs:
k = Np (6)

Where p is the CDNF, used also in the binomial distribution from Equation 1.

The mean ICF from the BMRP was compared to HMRP with the same dataset in Figure 3.
No difference was seen in mean ICF values (p=0.194, paired t-test, N=2500, Appendix-
Supplemental Figure 5A). Multiple variable linear regression revealed a marginally significant
relationship between cell diameter and CDNF (Appendix-Supplemental Figure 5B-H), but the
magnitude of the discrepancy between the models was negligible (mean difference: 4.26E-6), on
par with difference between the MCMRP and BMRP models. The BMRP was selected for
experimental use since its discrepancy with the HMRP mean ICF was negligible. Furthermore,
with the HMRP, the parameter N changes with both cell size and image size: the computational
demand of running simulations to approximate the max cell number in a given image makes it
impractical to present as a general method until these parameters can be calculated in a more
efficient and parameter invariant fashion.

Related to the issue that placement of cells are dependent events is whether homotypic
interactions of the COI (cells migrating based on the position of other cells of the same type to
form clumps) would alter the ICF. Encouragingly, we found that there is no difference in mean
ICF from random placement of individually placed cells compared to cells placed in non-
overlapping or overlapping clumps, suggesting that colocalization with the network structure is

independent of self-colocalization with the COI (Appendix-Supplemental Figure 6).
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2.5 Statistical Pipeline
Statistical processes were created to test for: (1) enriched intercellular colocalization affinity (ICA)
of a cell type with the network structure within a single image, (2) enriched ICA for a study group
of images, and (3) unique ICA between two study groups. All three of these tests were conducted
by examining where the observed value of the random variable is located along the null probability
distribution (Appendix-Supplemental Figure 7).
2.5.1 CIRCOAST Test: Testing Colocalization for Single Image
To test for enriched colocalization affinity in a given image, the network structure in the image is
thresholded and segmented, dilated by the radius of the COI, and the fraction of white pixels
defines the cell dilated network fraction for that image. Under the binomial stochastic model, the
CDNF and cell number is used to calculate the probability of observing colocalization with the
network to an equal or greater extent than what is observed in the image if colocalization occurs
under random placement (Appendix-Supplemental Figure 7A). Equation 3 is utilized to derive the
p values for a one-tailed binomial hypothesis test:
CIRCOAST p = 1 - 32(M)p°(1 - p)" (3)

where c is the observed number of cells colocalizing in the image, # is the total number of cells in
the image and p the cell dilated network fraction (CDNF) for that image. The null hypothesis that
the image exhibits a degree of colocalization no greater than what would be expected by chance is
rejected if CIRCOAST p is less than or equal to 0.05.

Since intercellular colocalization is modeled as a binomial process, sufficient sampling is
determined by the quantity of each cell population sampled rather than fields of view imaged. In
order to ensure that sufficient sampling can be obtained for each biological replicate, the data from

multiple images is pooled together by calculating the combined CDNF across images and summing
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total COIs found in each image. This technique was validated by comparing the CDNF and
CIRCOAST p-value calculated from a test image compared to splitting it into four sub images. No
difference was seen between the test images and original image, confirming the validity of this
technique to join colocalization information across images (Appendix-Supplemental Figure 8).
Notably, while this process can probe for enriched colocalization affinity in an image, it fails to
directly test for enriched colocalization for a study group of multiple biological replicates (animals,
culture well plates, etc.).

2.5.2 One-sample CIRCOAST Test: Testing Colocalization for a Single Study Group

We asserted that a statistical test that probes for enriched colocalization within one or more study
groups requires a random variable that acts as a metric of colocalization and is scaled to reflect the
degree of colocalization beyond what would be expected purely by chance. The p-value from the
CIRCOAST calculated from the binomial hypothesis test in Equation 3 satisfied both of the
aforementioned criteria. P-values are known to be reliable random variables suitable for hypothesis
testing 24°. The mean CIRCOAST p-value is calculated across the joined images of each animal or
subject (Appendix-Supplemental Figure 7B). The null distribution of the mean CIRCOAST p-
value is simulated by assuming the null hypothesis is true and approximating what the distribution
of the mean CIRCOAST p-value would be under the random placement paradigm (i.e. the pseudo
null distribution). When the null hypothesis is true, the p-value of a hypothesis test is a uniform
(0, 1) random variable. Therefore, to generate a pseudo null distribution for the mean binomial p-
value, sets of N p-values are generated from a uniform (0, 1) distribution to match the N number
of biological replicates in the experiment data, and the mean of the distribution of generated p-
values is calculated. Repeating this process (10,000,000 trials) yielded the pseudo null distribution

of the mean CIRCOAST p-value under the random cell placement paradigm. The percentile at
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which the observed mean p-value falls along the distribution of simulated mean p-values yielded
a one-sample cellular colocalization affinity with network structures (1-sample CIRCOAST) p-
value for enriched colocalization across the entire study group by combining the information from
the unique binomial distributions found in each image.

2.5.3 Two-sample CIRCOAST Test: Testing Colocalization between 2 Study Groups

To determine if two study groups differ with respect to the frequency of cell-cell colocalization,
the CIRCOAST p-values are calculated for all the images from each group and subjected to a two-
sample parametric (e.g. Student’s t-test) or non-parametric (e.g. Wilcoxon Rank Sum test) test to
yield an “observed” p-value (Appendix-Supplemental Figure 7C). This p-value is then compared
to the pseudo null distribution of p-values that are generated under the null hypothesis scenario.
The pseudo null distribution is generated by way of a large number of permutations of the study
group identifications; i.e. the original study group identifications are randomly assigned to the
sample identification numbers and the same parametric or non-parametric two-sample test is
conducted using these random study group assignments. The fraction of the two-sample permuted
test p-values less than or equal to the “observed” two-sample test p-value yields the two-sample

cellular colocalization affinity with network structures p-value (2-sample CIRCOAST).

2.6 Experimental Validation

In Silico Validation: a dataset of images was created to represent healthy and diseased tissue, with
one study group with high injected cell and endothelial cell density to mimic healthy conditions,
and the another with low vascular and injected cell density for the dropout seen in diabetes
(Appendix-Supplemental Figure 9). Vessels were created with the vessel network generator

program and cells randomly placed with a single run of the Monte Carlo Model of Random
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Placement. Correct statistical analysis should reveal no changes between study groups since the
cells were randomly placed. While generic statistics revealed a change in intercellular
colocalization affinity (colocalization per field of view: p=2.46e-09; colocalization per 1 mm
vessel length: p=1.12e-02; fraction of injected cells colocalizing: p=6.68e-07; unpaired t-test),
CIRCOAST correctly revealed no changes in colocalization between study groups (p=0.494). This
dataset reveals that false a positive conclusion can be generated by generic statistics tests that
confound changes in vascular and cell density when examining intracellular colocalization.

Imaged cells have a range of phenotypes in both size and shape that depart from the
idealized uniform disk shape used in the MCMRP. We determined that a collection of cells with
heterogeneous diameters can be approximated as cells with diameter equal to the mean diameter,
yielding mean ICF values that are not identical, but have close agreement and negligible effect
sizes (Appendix-Supplemental Figure 10). While the shape used to represent a cell can alter the
ICF from random cell placement, representing cells as disk whose area is equal to the mean cell
area sampled from a collection of imaged cells minimizes inaccuracies from altered geometry
(Appendix-Supplemental Figure 11).

Errors in analyzing experimental images, such as failing to identify all cells in an image or
discerning individual cells from cell clumps, could potentially throw off results of the CIRCOAST
test. To examine the consequence of input error, we created a dataset of 2,000 simulated images,
split into 50 study groups with 20 images each, to see how errors in quantification alter mean ICF,
CIRCOAST 1-sample P, and statistical outcome. Simulated images had uniform vascular density
and elevated cell density to induce a high degree of cell overlap with randomly placed cells.

With highly erroneous quantification represented by cell count quantified by connected

components (any overlap between cells leads to them being counted as a single cell, roughly 20%
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of cells miscounted), CIRCOAST 1-sample p values were significantly reduced, leading to an
elevated false positive rate (Appendix-Supplemental Figure 12A-E). However, this effect was
mitigated by calculating the input cell area using the diameter approximated circle method.
Therefore, the error caused by incorrectly quantified cell clumps can be minimized by accounting
for how the cell clusters change the mean cell area, although high emphasis should be placed on
correct cell counting in experiment images. If cells are randomly missed and not counted in the
quantification process, mean ICF or CIRCOAST 1-samples p values do not change (Appendix-
Supplemental Figure 12 F-H), corroborated by the fact that cell density does not change mean ICF
with the MCMRP parameter sweeps in Appendix-Supplemental Figure 3.

Cell Sources: See Appendix-Supplemental Note 3.

In Vitro and In Vivo Validation: See Appendix-Supplemental Note 4.

Image Acquisition, Thresholding, and Quantification: See Appendix-Supplemental Note 5.

Results

A biologically relevant application of colocalization of annular cells with network structures is
cellular colocalization with microvascular networks, which are comprised of branched networks
of endothelial cells. ASCs are known to colocalize with vascular endothelial cells in vitro?*¢ and
can engraft when injected in vivo®. Active homing of ASCs to the vasculature is hypothesized to
play a role in this intercellular colocalization, but has not been established at a cell population
level. The CIRCOAST statistical pipeline is validated by testing for the enriched cellular
colocalization known for ASCs and ECs in vitro compared to fluorescent microspheres for a
negative control, and then used in vivo to determine if injected ASCs exhibit greater than random
colocalization with the vasculature to give insight to their possible mode of therapeutic action in

disease”.
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ASCs cultured with HUVECS were found to have enriched colocalization over random
behavior predicted by the BMRP (Figure 2.5 A, B; p<le-7 1-sample CIRCOAST, a=0.05, 1e7
trials, N=6 wells, 3 images/well). For a negative control, fluorescent microspheres cultured with
endothelial cells did not exhibit unique colocalization as expected (Figure 5 C, D; p=0.235 1-
sample CIRCOAST, a=0.05, 1e7 trials, N=6 wells, 3 images/well). There was a significant
difference in injected cell density (Figure 5 E, -18.7%, p=2.4E-2 two-sample t-test) and endothelial
cell density (Figure 4F, +74.5%, p=3.3E-3 two-sample t-test) between study groups, illustrating
the need for statistical tests that are not confounded by cell or vessel density. As demonstrated in
Appendix-Supplemental Figure 9, changes in vascular and cell density can confound generic
statistics that examine colocalization events, while the CIRCOAST takes into account these
changes between study groups and effectively standardizes for both changes in vascular and cell
density. Unique colocalization affinity between ASCs and microspheres with endothelial cells was

detected (Figure 5G, p=1.3e-6, 2-sample CIRCOAST, 0a=0.05, 1e7 permutations).
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Figure 2.5. ASCs exhibit enriched colocalization with HUVECS, while fluorescent
microspheres (uSpheres) do not.

(A) ASCs (red) co-cultured with HUVECS (green). (B) Distribution of simulated mean
CIRCOAST p values (blue) of random colocalization of ASC group compared to observed mean
CIRCOAST p value (red). (C) Fluorescent puSpheres seeded on a culture of HUVECs (scale bar
250 um). (D) Distribution of simulated mean CIRCOAST p values (blue) of random colocalization
from fluorescent uSpheres compared to actual mean p value (red). (E) Injected cell density and
(F) endothelial cell density between groups. (G) Distribution of p values (blue) derived from
permuting CIRCOAST p values in a Wilcox Sum Rank Test between ASCs and pSpheres, with
observed p value (red) (N=6 wells, 3 images/well).

For an in vivo validation of the CIRCOAST test, ASCs were injected into the eye in an in
vivo model of diabetic retinopathy and found to exhibit enriched colocalization with the retinal

vasculature (Figure 2.6 A-B, p<2.0e-7 1-sample CIRCOAST, 1e7 trials, N=6 wells). Surprisingly,
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injected dead cells also had enriched colocalization with the vasculature (Figure 6 C-D, p<5.2e-4
I-sample CIRCOAST, 1e7 trials, N=6 mice, 3 images/mouse), possibly due to immune cells
phagocytosing the injected dead cells while still retaining their fluorescent signal 247-*48, and then
chemotaxing to the vasculature and reentering the bloodstream 2. While there was no change in
EC density (Figure 6F, 2.24%, p=0.70 two-sample t-test), there was a trend of decreased injected
cell density in the dead cell group (Figure 6E, -48.2%, p=0.071 two-sample t-test), and a high
degree of variance between biological samples, illustrating the need for statistical tests to correct
for high variance with cell densities. No difference was discerned in colocalization affinity

between live and dead ASCs (Figure 6G, p=0.53 2-sample CIRCOAST, 1e7 permutations).
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Figure 2.6. Injected live and dead ASCs both exhibit enriched, but unique, intercellular
colocalization affinity with the vasculature.

(A) Confocal image of retinal vasculature (green, preprocessed and thresholded) and injected with
live Dil-labeled ASCs (red). (B) Distribution of simulated mean CIRCOAST p values (blue) of
random colocalization of ASC group compared to observed mean binomial p value (red). (C) Dead
Dil-labeled ASCs in the retinal vasculature (scale bars 150 um). (D) Distribution of simulated
mean CIRCOAST p values (blue) of random colocalization from dead cell group, compared to
actual mean p value (red). (E) Injected cell and (F) endothelial cell density between study groups.
(G) Distribution of permuted p vales of Wilcox sum rank test of CIRCOAST p values between
study groups, with observed p value (red) (N=6 mice, 3 images/mouse).

Discussion

In summary, we present CIRCOAST, a tool to characterize intercellular colocalization with

network structures independent of the changes in cell and vessel network density found across
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study groups from both in vitro and in vivo experiments. The tool was validated by probing for the
previously known colocalization events observed between ASCs and endothelial cells in vitro, and
used to test for enriched colocalization between these cells in vivo.

In the field of immunology, changes in cell density measured via flow cytometry or
fluorescence microscopy are used as key metrics to study cell behaviors in disease?’. These
measurements report cell numbers or densities and only indirectly allude to changes in cell-cell
interactions. In studies when cellular colocalization is examined more directly using microscopy,
changes to cell density of either cell population can confound colocalization metrics analyzed with
generic statistics: the method presented here does not have such drawbacks. Additionally, this
method could be used to test for changes in colocalization within subpopulations of a single cell
type denoted by unique marker expression to implicate marker expression with colocalization
behavior.

Although we focused on characterizing the frequency of interactions between cells and
microvessels, other static cellular network structures could be analyzed, such as neuron networks,
glial cells, and lymphatics. Furthermore, we think that CIRCOAST could be extended beyond cell-
vessel associations to study colocalization between two migrating cell populations so as to
interrogate putative chemotactic behaviors. Possible applications include the study of interactions
between T-cells and B-cells, which are known to be critical for T-cell activation and immune
responses to infection?>!. Additionally, T-cell interactions with antigen presenting cells (e.g.
macrophages, monocytes, and dendritic cells) play a significant role in homeostatic conditions and
in initiating the adaptive immune response during disease?>?. Furthermore, in vivo time lapses
indicate that macrophages may preferentially interact with pericytes in a juxtacrine fashion and

3

receive instructions for launching innate immune responses®> and play a role in vascular
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remodeling?*. Analysis of intercellular colocalization could confirm that macrophages are
preferentially migrating to pericytes as part of this process. This method could also be extended to
intracellular colocalization studies at high resolutions where imaged structures typically
approximated as a point cloud are better approximated as an annular shape. Possible intracellular
applications would include characterizing vesicle trafficking across cellular cytoskeletal
components 233®),

Although CIRCOAST serves as a new method for hypothesis testing, additional features
could enhance its capability. Future work, for example, could include extending the framework to
perform power analyses for experiments, along with measuring the effect sizes between groups.
Continued research in using a hypergeometric model of random cell placement could yield more
accurate results once the distribution’s parameters are better understood for this application.
CIRCOAST is also limited to approximating cells as circular shapes, but supporting elongated cell
morphologies could facilitate its use in analyzing a greater diversity of cell types and phenotypes.
Furthermore, using established methods in characterizing cell morphology?®, simulated cells
could be designed to directly represent the heterogeneity in cell size and morphology specific to
each image instead of using a single cell shape as an approximation. Currently, CIRCOAST
supports the analysis of 2D images that are maximum projections of 3D confocal z-stacks, leading
to the issue that cells may appear to colocalize with the projected image but may not be colocalized
in the z-dimension. Extending CIRCOAST so that it is capable of analyzing 3D image volumes
will allow for more accuracy in determining whether cells of interest are colocalizing in the z-
direction, in addition to the x- and y-directions. Usage of a nuclear dye would add greater certainty
quantifying structures that correspond to distinct cells, especially in the cases where cell clumps

form. Indeed, this test could be extended to characterize colocalization of a cell type with itself to
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study homotypic interactions.

Limitations in generic statistical approaches have been implicated as a contributing factor
in the crisis of reproducibility in the biomedical sciences 2°7. With the development and validation
of CIRCOAST, we aim to provide a novel statistical method that is superior to generic hypothesis
tests for studying intercellular colocalization, allowing for more robust and repeatable

characterization of cell-cell interactions in 2D images of tissues.
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CHAPTER 3

Myhl1 vascular smooth muscle cells and
pericytes give rise to mesenchymal stem cells that
precipitate proliferative vitreoretinopathy
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Abstract

Adult mesenchymal stem cells (MSCs) offer significant potential for treatment of systemic disease,
however multiple patients have been unexpectedly blinded after receiving intraocular injections of
adipose-derived MSCs. The cellular origin of harvested MSCs remains unclear, the cell fate of
exogenously applied MSCs is unknown, and their propensity to transform to alternate
differentiated cell types in vivo is controversial. Here we show that adipose-derived, lineage-
labeled myosin heavy chain-11 (Myhl1) vascular smooth muscles and pericytes (vSMCs-PCs)
give rise to definitive MSCs, confirming a perivascular source of MSCs. However, upon culturing
and intraocular injection, we find that these cells transform into collagen secreting myofibroblasts,
precipitating proliferative vitreoretinopathy. Similarly, in response to a specific type of ocular
injury, endogenous retinal Myhll+ vSMCs-PCs detach from the microvasculature and
differentiate into myofibroblasts. Inhibition of TGFBR attenuates endogenous retinal Myh11-
lineage vSMCs-PC myofibroblast differentiation, but surprisingly does not alter injected adipose
Myhl I-lineage MSC myofibroblast differentiation, suggesting exogenous MSC-induced fibrosis

is regulated by non-TGF[3 dependent processes.
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Introduction
The perivascular niche in multiple tissues, including bone-marrow?8, lung?>?, heart**°, and adipose
tissue?¢!, contains a population of mesenchymal stem cells (MSCs), classically defined by their in
vitro characteristics of being multi-potent, plastic adherent cells that express a specific surface
antigen profile*’. Much effort has been made towards using this adult stem cell population as a
potential therapy for regenerative medicine and wound healing. In particular, adipose-derived
MSCs have received significant attention given their ease of accessibility from liposuction
aspirates and the abundance of MSCs that can be harvested from this tissue source??. A definitive
source of cells for adipose-derived MSCs remains to be determined as they are derived from cell
culture of the stromal vascular fraction (SVF); a heterogeneous mixture of endothelial cells,
immune cells, fibroblasts, and smooth muscle cells and pericytes (vSMCs-PCs) obtained following
enzymatic digestion of adipose tissue.

Numerous pre-clinical and human clinical studies have demonstrated potential efficacy for
both SVF and MSCs cultured from the SVF for a panoply of conditions including wound healing,

bone replacement, inflammatory disease, and erectile dysfunction?63-264

. Despite therapeutic effect,
the mechanism is often unclear. The cell fate of these injected cells remains largely unexplored,
and at times, the delivered MSCs are not even found after the treated tissue is harvested for
analysis?®®. Our limited knowledge of exogenous MSC behavior following delivery in vivo has
likely contributed to the disastrous and unexpected blinding of multiple patients following
injection of autologous SVF into the vitreous as a treatment for age-related macular
degeneration?!®,  Within days following injection, patients developed proliferative

vitreoretinopathy (PVR), with lens subluxation, retinal detachment, and ultimately loss of vision.

The exact cause remains unknown.
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Within an in vivo injury, it is hypothesized that endogenous perivascular cells are activated
to a MSC state to replace damaged cells, or to release growth factors, chemokines, and cytokines
to remodel the injured tissue’’. Tracking cell fate with lineage tracing technology has

demonstrated that in some cases of injury and disease, perivascular cells appear to differentiate

266,267 268

into specialized cells in vivo, such as muscle , follicular dendritic cells*®®, osteoblasts 2%°, beige

270 271

adipocytes®’’, spinal cord scar-forming stromal cells?’!, and myofibroblasts?’2. However, these
findings were recently challenged by Guimaraes-Camboa ef al demonstrating Tbx 18+ perivascular
cells failed to exhibit in vivo multipotent behavior and were not able to differentiate into adipocytes
in aging, into myofibroblasts within trans-aortic constriction, or into neurons after brain injury?’>.
It remains unclear if these differences are due to the lineage marker used, the specific model tested,
or experimental technique. In addition, the field is further confounded by recent single cell
RNAseq data showing the existence of multiple subtypes of pericytes that appear to differ between
vascular beds®’.

Definitive lineage analysis has yet to be performed to elucidate the source cell(s) of MSCs
cultured in vitro, their cell fate once applied exogenously in vivo, or even the behavior of
endogenous retinal pericytes in the setting of ocular injury, all of which may offer significant
clarification of why patients were blinded from these intravitreal injections. To address these
outstanding questions, we used the tamoxifen inducible Cre-recombinase, lineage-tracing mouse
model, Myhl1-CreER™ 2% given Myhl1 specificity to only vascular smooth muscle cells and at

least a subset of pericytes®’>.
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Methods

Experimental Mouse Models

Myh11-CreER™ mice were crossed with ROSA26-STOPF9XeYFP+/+ (The Jackson Laboratory,
stock number 006148) and ROSA26-STOP™9XtdTomato+/+ (The Jackson Laboratory, stock
number 007914) to generate Myhl1-CreER"; ROSA26-STOP'LOXeYFP+/+ (Myhl1-eYFP+/+)
and MyhlI-CreER™;ROSA26-STOPOXtdTomato+/+ (MyhlI-tdTomato+/+) mice. To induce
cre-recombinase activity, 6-8-week-old mice were intraperitoneally injected daily over the course
of 10 days with 0.1 mg of tamoxifen (Sigma-Aldrich, Cat#T5648) diluted in 100 pL of peanut oil.
All adult male mice received a total of 1 mg of tamoxifen during the course of the 10-day injection
period. Adult mice were analyzed or used for experimentation 4 weeks after the last tamoxifen
injection to insure proper clearance and rule out the possibility that other unmarked cell types
transiently express Myhl1 in inflammation and acquire fluorophore expression without being of
vSMC-PC lineage.

For OIR experiments, late-stage pregnant C57Bl/6 females (gestational days 11-15) were
purchased from The Jackson Laboratory (stock number 00664). At postnatal day 1 (P1) to P3,
Myh11-tdTomato+/+ pups received intragastric injections of 50 pg tamoxifen in 50 pL peanut oil
using the previous protocol?’® to label Myhl1-lineage vSMCs-PCs before the start of the OIR
model. Once pups were at the age of P7, the mother and pups were both exposed to hyperoxia to

induce OIR injury as described below.

Primary Cell Cultures

All primary cells were isolated from white, epididymal adipose tissue and were seeded at an

original density of 1.5 x 10 cells/cm? on tissue, culture-treated plastic. Cells were cultured in
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DMEM media supplemented with 10% FBS and 1% antibiotic/antimycotic. Cells were passaged
using StemPro Accutase Cell Dissociation Reagent (ThermoFisher, A1110501) after reaching
70%-80% confluency and media was changed every 2-3 days. All cells analyzed throughout the

study were between passage 2 and passage 8.

Immunohistochemistry (IHC) and Immunocytochemistry (ICC)

Epididymal white adipose tissue was harvested from tamoxifen-induced male Myhll-eYFP+/+
mice and fixed by submersion in 4% paraformaldehyde (PFA) for at least 12 h in 4°C. After
fixation, tissue was permeabilized with 0.3% Triton X-100. Tissue was later blocked for 3 h at
room temperature with mouse, donkey or goat serum to prevent nonspecific secondary antibody.
Retinas, the retinal pigment epithelium layer, and sclera were harvested from enucleated eyes of
male MyhlI-tdTomato+/+ mice and C57B1/6J pups, and fixed in 4% PFA for 1 h at room
temperature. All ocular tissue was then permeabilized with 0.3% Triton X-100 for 1 h at room
temperature, and blocked with serum for 1 h at room temperature.

Cultured cells were washed and fixed with 4% PFA for 1 h at room temperature, and permeabilized
with 0.3% Triton X-100 for 5 min at room temperature. Following permeabilization, cells were
blocked with serum for 1 h at room temperature. After permeabilizaiton and blocking steps, all
tissue and cell samples were than washed, and labeled with isolectin GS-IB4 (ThermoFisher,
132450, 1:200 dilution) or phalloidin (ThermoFisher, A22287, 1:200 dilution) depending on the
experimental design. Tissues were stained with primary antibodies for GFP (ThermoFisher, A-
21311, 1:200 dilution), Myh11 (Kamiya Biomedical Company, MC-352 1:400 dilution), RFP
(Abcam, AB62341, 1:200 dilution), Col-III (Abcam, AB7778, 1:100), Col-IV (Bio-Rad, 134001,

1:200 dilution), CD31 (BioLegend, 102504, 1:200 dilution), and/or aSMA (Sigma-Aldirch, C6198

63



and F3777, 1:400 dilution). Non-conjugated primary antibodies were labeled with the appropriate
secondary antibodies: donkey anti-rabbit Alexa Fluor 546 (ThermoFisher, A10040, 1:650
dilution), anti-rat Alexa Fluor 568 (ThermoFisher, A-11077, 1:650 dilution), donkey anti-goat
Alexa Fluor 647 (ThermoFisher, A-21447, 1:650 dilution), and donkey-rabbit Alexa Fluor 647
(ThermoFisher, A-31573, 1:650 dilution). Tissues and cells were preserved and nuclei were
stained with VECTASHIELD Antifade Mounting Medium with DAPI (Vector Laboratories,
Burlingame, CA). Image acquisition was performed on whole mounted tissue and cultured cells

using a Zeiss LSM 880 confocal microscope, and images were processed using ImageJ] (NIH).

Flow Cytometry Characterization

White, epididymal adipose tissue from Myhll-eYFP+/+ mice was enzymatically digested in 4
units/mL Liberase (Sigma-Aldrich, 5401119001) and 0.74 units/mL of elastase (Worthington,
LS002279) within DMEM/F12 media for 1.5 h at 37°C. After enzymatic digestion, mature
adipocytes were removed by centrifuging the collected digested mixture at 1100 rpm for 5 min,
followed by the discardment of the supernatant. The remaining pellet, or SVF, was washed and
red blood cells were removed using red blood cell lysis buffer (ThermoFisher, 00-4333-57). Fc
receptors of remaining SVF cells were blocked with antibodies to CD16/CD32 (ThermoFisher,
14-0161-81, 1:500 dilution). After blocking, cells were stained with primary antibodies to CD11b
(BD Bioscience, 553309, 1:200 dilution), CD19 (BD Bioscience, 553784, 1:200 dilution), CD31
(eBioscience, 13-0311-811, 1:200 dilution), CD34 (BD Bioscience, 560518, 1:200 dilution),
CD45 (BD Bioscience, 553078, 1:200 dilution), CD73 (BD Bioscience, 561543, 1:2000 dilution),
CD90 (SouthernBiotech, Birmingham, AL, 1740-09, 1:400 dilution), CD105 (BD Bioscience,

564746, 1:400 dilution), and CD146 (BD Bioscience, 562232, 1:400 dilution). Biotin conjugated
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antibodies to mark hematopoietic cell and endothelial cell markers (CD11b, CD19, CD31, CD34,
and CD45) were labeled with streptavidin PE-Cy5.5 (ThermoFisher, SA1018, 1:1000 dilution) to
establish a “negative dump” and exclude hematopoietic cells and endothelial cells from gating
analysis. To determine cell viability, LIVE/DEAD Fixable Aqua Dead Cell Stain Kit
(ThermoFisher, L34957) was used according to the manufacturer’s protocol. Fluorescence minus
one (FMO) controls were used determine correct expression of CD73, CD90, CD105, and CD146.
Flow cytometry was performed on FAC-sorted, cultured primary cells, where the FAC-sorting
protocol is described in the next methods section. To perform flow cytometry characterization on
cultured cells, cells were uplifted with StemPro Accutase Cell Dissociation Reagent
(ThermoFisher, A1110501). Fc receptors were blocked with serum, and cells were stained with
the above primary antibodies to CD19, CD31, CD45, CD73, CD90, CD105, and CD146. Primary
antibodies to CD11b, CD19, CD31, CD34, and CD45 were labeled with goat anti-rat AlexaFluor
546 (ThermoFisher, A-11077, 1:400 dilution). Cells were labeled with DAPI (ThermoFisher,
D1306, 1:1000 dilution) to only include viable cells throughout the analysis. Cells were also
labeled with isotype control antibodies IgG2a (BioLegend, 400501, 1:200 dilution) IgG2b
(BioLegend, 400601, 1:200 dilution), and IgGce (BioLegend, 400701, 1:200 dilution) to serve as
negative controls and distinguish between positive and negative gating for CD11b, CD19, CD31,
CD34, and CD45. All flow cytometry characterization was performed on a BD LSRFortessa with

DIVA 6.0. Flow cytometry data was analyzed in FlowJo v10 and FCS Express 6.0.

Fluorescence Activated Cell Sorting

To extract Myh11+ vSMCs-PCs and lineage-negative (“Lin(-)”’) population for culturing, white,

epididymal adipose tissue from Myhll-eYFP+/+ and Myhll-tdTomatot/+ mice was
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enzymatically digested as previously described 377, Briefly, epididymal adipose tissue was
enzymatically digested at 37°C for 1 h in 1 mg/mL in collagenase type I (ThermoFisher,
17100017) digestion buffer consisting of 200 nM adenosine, 2.5% (w/v) bovine serum albumin,
20 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), 1.2 mM monopotassium
phosphate, 4.7 mM potassium chloride, 1.2 mM magnesium sulfate heptahydrate, 120 mM sodium
chloride, and 1.3 mM calcium chloride dehydrate. After 1 h digesting, mature adipocytes were
removed by centrifuging the collected mixture at 1100 rpm at 5 min and discarding the supernatant.
The pellet, or SVF, was suspended in red blood cell lysis buffer (ThermoFisher, 00-4333-57) for
5 minutes at room temperature. Next, cells were suspended and washed in DMEM, and filtered
through a 70-pm and 40-pm mesh. Collected cells were resupsended in FACS Buffer consisting
of DMEM, 50% BSA, 5mM EDTA, and DAPI (ThermoFisher, D1306, 1:1000 dilution). Myh11+
vSMC-PCs and Lin(-) cells were FAC-sorted using a BD Influx Cell Sorter. Cell populations were
immediately sorted into DMEM media supplemented 10% FBS, and 1% antiobiotic/antimycotic

and plated and cultured as described above.

In Vitro Tri-Differentiation Assay

For the tri-differentiation assay, cultured cells were introduced to standard low glucose media,
adipogenic, chondrogenic, or osteogenic media according to the manufacturer’s protocol (R&D
Systems, SC010). After 14 days cultured under the appropriate differentiation media, mRNA
expression was analyzed using qPCR. Immunocytochemistry was also performed following the
steps mentioned above to stain for primary antibodies to FAPB4, Col-II, osteopontin (1:200
dilution) following the manufacturer’s protocol (R&D Systems, SC010). Primary antibodies for

protein detection were labeled with secondary antibodies donkey anti-rabbit AlexaFluor 647
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(ThermoFisher, A31573, 1:400 dilution) and donkey anti-sheep AlexaFluor 647 (ThermoFisher,

A21448, 1:400 dilution).

Collection of RNA and qgPCR

Before and after tri-differentiation, RNA samples were collected from all cell populations to
measure gene expressions of transcription factors and proteins involved in differentiation. RNA
was isolated using an RNeasy MicroKit (Qiagen), and cDNA was synthesized using an iScript
cDNA Synthesis Kit (Bio-Rad) or Superscript® IV Reverse Transcriptase (ThermoFisher). iQ
SYBR Green Supermix (Bio-Rad) and SensiMix II Probe Kit (Bioline) was used as detection kits,
and samples were analyzed on a CFX96 Touch (Bio-Rad). GAPDH was used as the housekeeping

gene throughout analysis. Primer sequences can be found in Table S1.

Oxygen Induced Retinopathy (OIR)

The OIR model was adapted as previously described ** and followed the guidelines of the ARVO
Statement of the Use of Animals in Ophthalmology and Vision Research. C57Bl/6J mothers and
pups were immersed in a closed chamber supplied with 75% oxygen from postnatal day 7 (P7) to
postnatal day 12 (P12). Following OIR, eyes of the P12 mice were injected with 10,000 Myh11-
Lin(+) MSCs or Lin(-) MSCs in 1.5 pL of PBS. Contralateral eyes were injected with equal volume
of 1.5 uL PBS to serve as the appropriate control. To confirm signal in the retinal tissue, cultured
MSCs were labeled with Vybrant Dil Cell-Labeling Solution (ThermoFisher) to assist with
tracking injected cells. To analyze the retinal vasculature structure and the tissue integration of
injected cells, mice were euthanized at P14 and P17 and retinas were harvested and labeled with

isolectin GS-IBg4, and primary antibodies to aSMA, Myh11, and Collagen-1V as described earlier
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in the above methods section. Tile scan and z-stack confocal images were captured of entire retinas
to measure capillary dropout area and retina. Capillary dropout was defined as areas within the
retinal tissue lacking tertiary vasculature structures. Capillary dropout area and retina area was
calculated using ImageJ (NIH) tracing tool. The capillary dropout area was normalized by the
retina area for statistical analysis. To observe the scar formation of Myhl1+ MSCs above the
superficial vascular plexus, the vitreous gel was also harvested and wholemounted in tandem with
the retina and further processed for THC.

Myhl1-Lin(+) MSCs infected with adenovirus vectors as described below were washed with PBS
before injection into OIR pups. 10,000 infected Myh11+ MSCs were intravitreally injected into
P12 OIR pups in a volume of 1.5 pL of PBS. Five days after injection at P17, retinas and scar
tissue were harvested and stained for DAPI, Col-1V, and GFP as described above in the IHC and

ICC methods.

Laser Choroidal Neovascularization Model

A laser burn was applied to tamoxifen-induced MyhlI-tdTomato+/+ mice as previously detailed
278 Mice were anesthetized with ketamine/xylazine, and the eyes were dilated with tropicamide.
Proparacaine hydrochloride ophthalmic drops were applied to the eye as a topical anesthetic.
Ophthalmic gel was then applied along with a glass coverslip to serve as a contact lens. Laser
photocoagulation (532 nm, 200 mW, 100 pm size, 200 ms) was applied to the fundus where 4
shots were performed in each eye at the 12-, 3-, 6-, and 9-o-clock positions. A successful burn
injury was indicated by the formation of a bubble, thus confirming the rupturing of Bruch’s
membrane. Seven and twenty-one days post-laser injury, eyes were enucleated and the retinal

pigment epithelium (RPE) along with the choroid and sclera were separated from the retina to
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image the subretinal scar. All optical tissue was wholemounted and stained for DAPI, aSMA,

Col-1V, and RFP as described earlier in the IHC and ICC methods.

Sclera Chemical Injury Burn

Silver nitrate burns were applied to the sclera near the boundary of the cornea of anesthetized
tamoxifen-induced 12-14-week-old MyhI1-tdTomato+/+ mice. While mice were under isoflurane
anesthesia, proparacaine hydrochloride ophthalmic solution drops were applied to the eyes to serve
as a topical anesthetic. After applying the topical anesthetic, the eyes were proptosed, and two
silver nitrate burns were placed for approximately 2 seconds within a single 1-2 mm region of the
sclera, or the region of the eye directly under the limbal vessels. Buprenex was intraperitoneally
injected immediately after the burn injury to serve as an analgesic. Seven days and 21 days post-
injury, TGFBR inhibitor, SB431542 (Sigma-Aldrich, S4317), was intravitreally injected into the
eye at 100 uM in 1.5 pL of 0.3% (v/v) DMSO in PBS. Contralateral eyes received equal volume
of 1.5 pL of 0.3% (v/v) DMSO in PBS to serve as a control for eyes injected with 100 uM
SB431542. One month-post silver nitrate, eyes were enucleated, and stereoscope images were
captured to determine eye volume measurements. The retinas were harvested, and labelled with
phalloidin and stained with primary antibodies targeting aSMA, Col-III, Col-IV, CD31, and RFP
as described above in the earlier methods section. Confocal tile scans and z-stack images were
captured of the entire retina to calculate retina area and scar area, which was defined as the area of
retina that contained off-vessel Myh11+ myofibroblasts (marked by aSMA+ stress fibers) within

a Col-IV matrix. The scar area was normalized by retinal area for further statistical analysis.

Adenoviral shRNA Infection of Myhl1+ MSCs
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The shRNA adenovirus vector Ad-GFP-U6-mSMAD4-shRNA (Cat#ADV-272602) and a non-
specific scrambled shRNA adenovirus vector (Cat#1122) was purchased from Vector Biolabs.
Both adenovirus vectors contained a GFP reporter gene under control of the U6 promoter, thus we
used Myhl1-Lin(+) MSCs derived from Myhll-tdTomato+/+ male mice. Myh11-Lin(+) MSCs
were transfected at 50-3000 MOI for 48 h in standard media culture conditions described above.
Infected Myh11+ MSCs were also lysed for quantitative fluorescent immunoblotting as described

below.

Immunoblotting

Quantitative fluorescent immunoblotting was performed as previously described?’®. Protein was
collected from samples using RIPA lysis buffer and later prepared in 40 pL of dithiothreitol-
containing Laemmli sample buffer. Samples were electrophoresed in 10% polyacrcylamide gels
with tris-gylcine running buffer (25 mM tris base, 250 mM glycine, and 0.1% SDS) at 130V for 1
h. Proteins were transferred to a PVDF membrane (Millipore) in transfer buffer (25 mM tris, 192
mM glycine, 0.037% SDS, and 10-40% methanol) at 100 V for 1h on ice. PVDF membranes were
blocked with 0.5X Odyssey® blocking buffer (LI-COR)+TBS+0.1% Tween-20. Primary
antibodies were used to recognize the following proteins: Vinculin (Millipore, #05-386, 1:10,000
dilution), alpha-Tubulin (Abcam, #89884, 1:20,000 dilution), and SMAD4 (Cell Signaling
Technology, #46535, 1:10,000 dilution). After incubation in primary antibodies overnight at 4°C,
membranes were washed and probed with secondary antibodies diluted with 0.5x Odyssey®
blocking buffer. The following secondary antibodies were used to target the above primary
antibodies: IRDye® 680LT goat anti-mouse (LI-COR, #926-68020, 1:20,000 dilution), IRDye®

680LT donkey anti-chicken (LI-COR, #926-68028, 1:20,000 dilution), and IRDye® 800CW goat
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anti-rabbit (LI-COR #926-32211, 1:20,000 dilution). Membranes were scanned on an Odyssey®
infrared scanner (LI-COR) at 169-pm resolution and 0-mm focus offset. The ban intensities of the

scanned 16-bit images were quantified by densitometry in Imagel.

Luminex Analysis

Thirty days post-chemical injury burn described above, the eyes were enucleated from the mice,
and the neural retina was harvested and placed in 40 pL of RIPA lysis and extraction buffer
(ThermoFisher, 89900). The samples were kept on ice until ultrasonicated for 2 min.
Ultrasonicated samples were then centrifuged at 18000g at 4°C for 15 min. The supernatant was
collected and analyzed through a custom Luminex MAGPIX bead-based multiplex panel to

measure active TGFB1, CXCL10, IL-1a, IL-2, IL-4, and IL-17.

Statistical Analysis

All statistical tests were performed in GraphPad Prism (GraphPad Softwaree, La Jolla, California,
USA, www.graphpad.com). Multiple unpaired t tests were used to compare two mean values of
unpaired samples. A ratio paired t test was used to compare the two mean ratio values of paired
samples following normal distribution. A Wilcoxon test was used to compare to the two mean
values of paired samples that were not normally distributed which was determined by Shapiro-
Wilk normality test. Significance for all test was defined as p < 0.05. One asterisk represents p <
0.05, two asterisks represent p < 0.01, three asterisks represent p < 0.001, and four asterisks

represent p < 0.0001.

Results
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Myhl1 marks vascular smooth muscle cells (vSMCs) and pericytes (PCs) in epididymal, white
adipose tissue

MSCs are known to reside in the stromal vascular fraction (SVF) of adipose tissue, but a definitive
cell of origin remains elusive, with multiple candidate cells proposed >*>4. The MSC nature of PCs
has been extensively investigated 2%, but studies also show that vSMCs exhibit MSC-like in vivo
behavior, where vSMCs phenotypically switch to macrophage-like and Scal+ CD106+ cells
within atherosclerotic lesions 21-2%%, Definitive characterization of a potential MSC phenotype in
vitro for vSMCs and PCs has yet to be accomplished, as prior studies have not used lineage-tracing
analyses that allows cell fate of vSMCs and PCs to be followed.

Myhll is a contractile protein in the myosin heavy chain family that is classically
expressed by vSMCs ?2°, but we show for the first time that Myhl1 is also a marker for the
extensive network of PCs in the adipose microvasculature (Figure 3.1A). Immunohistochemical
(IHC) analyses of epididymal, white adipose tissue from tamoxifen-induced male Myhll-
CreER™?; ROSA26-STOP-OXeYFP+/+ (Myhll-eYFP+/+) mice revealed that eYFP marked
vSMCs (Figure 3.1B) and PCs (Figures 3.1C), demonstrating that vSMCs and PCs in the adipose
microvasculature transcribe Myhl1 in vivo. IHC similarly confirms that Myhl1 continues to be
expressed in both vSMCs and PCs (vSMC-PCs) (Figure S3.1A), while in contrast another
contractile protein, aSMA, is predominately expressed by vSMCs as compared to PCs (Figure
S3.1B). Importantly, we did not find labeling of non-perivascular cells with Myhl1 by either

immunostaining for Myh11 or expression of eYFP within the adipose tissue.
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Cultured Adipose-derived Myhl 1-Lin(+) vSMCs-PCs are MSCs

The International Society for Cellular Therapy (ISCT) requires an MSC derived in vitro 47 at a
minimum to be 1) adherent to plastic; 2) to have positive expression for CD73, CD90, CD105, and
to have negative expression for CD11b, CD19, CD3, CD34, and CD45; and 3) have the capability
to differentiate into adipocytes, chondrocytes, and osteocytes. We initially evaluated the MSC
potential of vSMCs-PCs by measuring MSC marker expression of uncultured Myhl 1-lineage
(Myhl11-Lin(+)) vSMCs-PCs. Using flow cytometry and gating out hematopoietic and endothelial
cells (Figure 3.S2), we found Myhll-Lin(+) vSMCs-PCs lacked expression for CD73
(0.92+0.40% of gated cells), CD90 (13.71£6.19%), and CD105 (3.69+2.25%) (Figure 3.1D). We
also measured the expression of CD146 since this marker is regarded by some studies as a potential
perivascular and MSC marker 284285, From flow cytometry analysis, we found that approximately
45.94+5.49% of Myhl1-Lin(+) vSMCs-PCs expressed CD146. Thus, by marker analysis alone,
freshly isolated vSMCs-PCs do not meet the ISCT criteria for an MSC phenotype in vivo, and
CD146 expression within the adipose Myh1 1+ population is variable.

To characterize the in vitro MSC profile of Myh11-Lin(+) vSMCs-PCs from epididymal
white adipose tissue, these cells were isolated using FACS (Figure S1C), and then cultured on
plastic. FAC-sorted Myhl1-Lin(+) vSMCs-PCs sill maintained eYFP expression in vitro, as well
as aSMA and Myhl1 expression measured by IHC (Figure S3.1D). Performing flow cytometry
on these serially passaged cells (of at least 2 passages), we find significantly increased expression
of the designated MSC markers CD73 (79.75+£6.09%), CD90 (82.21+£5.47%), CDI105
(97.35+0.63%), and CD146 (67.73+£2.55%) (Figure 3.1E). Cultured Myhl1-Lin(+) vSMCs-PCs
also lacked expression (<3%) for hematopoietic and endothelial cell markers, CD11b, CD19,

CD34, and CD45, and the endothelial cell maker CD31 (Figure 3.1F). In view of this surface
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antigen expression, it seems that vSMC-PCs only acquire a definitive MSC surface marker profile
following culture.

We next investigated the tri-differentiation capability of cultured Myh11-Lin(+) vSMCs-
PCs, by replacing standard media with adipogenic, chondrogenic, or osteogenic differentiation
media. Using immunocytochemistry (ICC) and qPCR, we show that the FAC-sorted, cultured
Myhl1-Lin(+) vSMCs-PCs undergo adipogenesis, chondrogenesis, and osteogenesis. ICC of
cultured cells demonstrated Myh11-Lin(+) vSMCs-PCs increased protein expression of FABP4,
Col-II, and Osteopontin after exposure to the adipogenic, chondrogenic, and osteogenic media,
respectively (Figures 3.1G-H). During adipogenesis, PPARy and FABP4 mRNA expression is
upregulated when compared to undifferentiated cells. During chondrogenesis, there is upregulation
of ColA1 and Sox9 mRNA expression, and during osteogenesis, Osteocalcin and Runx2 mRNA

expression levels are also increased. Thus, by ISCT criteria Myh1 1-Lin(+) vSMCs-PCs are MSCs.
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Figure 3.1.: Adipose derived, lineage-marked Myh11+ vascular smooth muscle cells and
pericytes (Myhl11-Lin(+) vSMCs-PCs) give rise to mesenchymal stem cells (MSCs) during
adaptation and growth in vitro.

(A-C) (A) eYFP (green) lineage marker induced by tamoxifen labels Myh1 1+ cells in epididymal
white adipose tissues demonstrating Myh11 is expressed in vascular smooth muscle cells (vVSMCs)
(arrowhead) and microvascular pericytes (PCs) (asterisk) along lectin+ blood vessels. Scale bar,
50 um. (B) vSMCs show characteristic “tire tread” pattern on larger arterioles. Scale bar, 25 pm.
(C) PCs show characteristic wrapping around adipose capillary microvasculature. Scale bar, 10
um. (D-F) (D) Assessment of markers via flow cytometry to confirm an MSC phenotype shows
adipose-derived Myhl1-Lin(+) vSMCs-PCs have very low endogenous expression of CD73,
CD90, CD105 when collected in the SVF. (E) However, these markers significantly increase once
these cells are cultured in vitro after isolation via fluorescence activated cell-sorting (FACS) (three
independent flow analyses per panel). (F) FAC-sorted and cultured Myhl1-Lin(+) vSMCs-PCs
lack expression of the hematopoetic, endothelial, and macrophage markers CD11b, CD19, CD34,
CD31, and CD45 (three independent flow analyses per panel).(G-H) Cultured Myhl1-Lin(+)
vSMCs-PCs demonstrate requisite tri-differentiation when cultured in adipogeneic, chondrogenic,
or osteogenic media for 14 days. (G) Increase in FABP4, Collagen II, and Osteopontin is observed
by IHC in Myhl1-Lin(+) vSMCs-PCs undergoing tri-differentiation. Scale bar, 50 pm. (H):
mRNA expression of protein markers and transcription factors involved in adipogenesis,
chondrogenesis, and osteogenesis are also significantly upregulated in Myh11-Lin(+) vSMCs-PCs
following tri-differentiation (n=3 biological replicates). Relative expression is normalized to
GAPDH expression in each sample. *p<0.05, **p<0.01. Results are represented as mean +
standard error of mean (SEM). Data were analyzed using multiple t unpaired t tests followed by
the Holm-Sidak post-hoc comparisons to correct for multiple comparisons (E), or a ratio paired t-
test (H).

Adipose-derived Lineage Negative Cells Also Meet ISCT Criteria as MSC

Having confirmed that Myh11-Lin(+) vSMCs-PCs give rise to MSCs in vitro, we next examined
whether this cell population is the sole contributing source of MSCs within adipose SVF. To do
so, we examined surface marker expression of adipose SVF that are eYFP-, which we refer to here
as the lineage-negative (“Lin(-)”") population. Similar to Myh11-Lin(+) vSMCs-PCs, we find that
the Lin(-) population of cells have low expression for CD73 (0.41+0.17%), CD90 (12.334+4.34%),
and CD105 (1.62+0.36%) before plating in culture (Figure S3.3A). Unlike the Myhl11-Lin(+)
vSMCs-PCs found in the SVF, Lin- cells also lacked expression of the perivascular marker CD146

(2.95%1.30%) (Figure S3.3A). However, once FAC-sorted Lin- cells are isolated and cultured on
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plastic they significantly increased expression of CD73 (66.29+4.70%), CD90 (83.98+1.32%)),
CD105 (90.1143.71%), and CD146 (59.33+£2.07%) (Figure S3B). As required by ISCT criteria,
this cultured Lin- cell population also lacked expression for hematopoietic and endothelial cell
markers CD11b, CD19, CD34, CD31 and CD45 (<3%) (Figure S3.3C).

FAC-sorted and cultured Lin(-) cells are also able to undergo tri-differentiation with
FABP4, Col-Il, and osteopontin protein expression increasing following exposure to adipogenic,
chondrogenic, and osteogenic media, respectively. mRNA differentiation markers are also
significantly upregulated in these cells after culture in tri-differentiation media (Figure S3.3D).
These results strongly suggest there is no single cellular source from the adipose SVF for MSCs,
and a MSC phenotype is a direct result of being cultured, given that isolated cells directly from the

adipose tissue do not appear to endogenously express MSC surface markers.

Myhll lineage-traced MSCs Derived from Adipose vSMCs-PCs Integrate with and Accelerate
Recovery of Retinal Vasculature in Oxygen-Induced Retinopathy

The injection of adipose-derived MSCs are considered a therapeutic for regenerative medicine due
to their pro-angiogenic paracrine profile and their ability to provide juxtacrine support for

endothelial cell angiogenic networks 85286,

We and others have demonstrated that locally-
delivered, adipose-derived MSCs are able to prevent capillary loss and remodel retinal vasculature
in murine models of retinal vascular disease **!18%287, We next sought to determine if intravitreally
delivered MSCs derived solely from adipose Myh11-Lin(+) vSMCs-PCs (“Myh11-Lin(+) MSCs”)
could accelerate retinal vasculature recovery following oxygen-induced retinopathy (OIR). In the

OIR model, the central retinal microvasculature is ablated by exposure to hyperoxia from post-

natal day 7 to 12 (P7 to P12) (Figure 3.2A) 2. After hyperoxic exposure, 10,000 cultured Myh11-
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Lin(+) MSCs were intravitreally injected into the eyes of P12 mice, and at P14 and P17, the retinas
were harvested and stained with lectin and Col-IV to quantify retinal capillary dropout and
examine the integration of Myhl1-Lin(+) MSCs into the retinal vasculature. At P14, eyes that
were injected with Myhl1-Lin(+) MSCs had a significant 18.4% reduction in avascular area
compared to PBS-injected contralateral eyes. By P17, there was a significant 22.6% reduction in
retinal capillary dropout compared to PBS-injected contralateral eyes (Figure 3.2B). Intravitreal
injection of the Lin(-) MSC population similarly accelerates retinal vasculature growth after
hyperoxia injury with no significant difference as compared to Myhl1-Lin(+) MSCs (Figure
S3.4A). These results indicate that adipose derived Myhl1-Lin(+) and Lin- MSCs are both
supportive for vascular regrowth in models of retinal vascular injury.

We next assessed the ability of injected Myhl11-Lin(+) MSCs to associate and integrate
with the recovering retinal vasculature. Confocal analysis demonstrates injected Myh11-Lin(+)
MSCs are found in perivascular positions, with a typical phenotypic appearance as endogenous
retinal pericytes (Figure 3.2C). At P14, 1.54+0.34% of Myh11-Lin(+) MSCs were integrated into
the retinal tissue, with 38.14+16.06% of these cells adopting a perivascular position. At P17, there
was an increase in both the number of integrated cells (2.91+0.96%) as well as their propensity to
adopt a perivascular position (58.2448.46%) (Figure 3.2C). These results suggest injected Myh11-
Lin(+) MSCs can re-adopt a perivascular position consistent with their vSMC-PC perivascular cell
origin. However, the majority of intravitreally injected Myh11-Lin(+) MSCs do not invest within

the retina tissue.
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Figure 3.2: Intravitreally injected Myh11-Lin(+) MSCs accelerate microvasculature
recovery and adopt a perivascular position during murine oxygen-induced retinopathy
(OIR).

(A) Diagram illustrating the timeline of the murine OIR model and intravitreal injection of Myh11-
Lin(+) MSCs. After hyperoxia injury from P7 to P12, pup eyes were intravitreally injected with
PBS-vehicle or 10,000 cultured Myh11-Lin(+) MSCs and analyzed at P14 and P17 post-injection.
(B) When compared to the contralateral PBS vehicle control eyes, eyes with intravitreally injected
lineage-traced vSMCs-PCs experienced a significant 18.4% reduction (n=7 paired eyes) in
capillary dropout area at P14, and, at P17 a significant 22.6% reduction (n=10 paired eyes) in
capillary dropout area between the eyes injected with the PBS vehicle control and Myh11-Lin(+)
MSCs. Retinal flatmounts are shown with outlined area (yellow) representing capillary dropout
region caused by OIR. Retinal blood vessels are immunostained with lectin (red). Scale bar, 1000
pm. (C) At P14 and P17, intravitreally injected cultured Myh11-Lin(+) vSMCs-PCs (Dil+/eYFP+)
were able to integrate into the retinal tissue and associate with Col-IV+ retinal vasculature Scale
bar, 10 pm. *,(p<0.05). All data were analyzed using a Wilcoxon test.
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Myhll-Lin(+) MSCs Derived from Adipose vSMCs-PCs Also Precipitate Proliferative
Vitreoretinopathy (PVR)

Although Myhl1-Lin(+) MSCs can successfully reintegrate with the retina as putative retinal
vSMCs-PCs, the question remains as to the cell fate of the remaining unincorporated cells. Prior
to intravitreal injection, cultured Myhl1-Lin(+) MSCs are positive for both Myhl1 and aSMA
stress fibers (Figure S3.1C), but low expression for Col-IV (Figure 3.3A). Unfortunately, after
injection Col-IV labeling reveals a substantial increase in extracellular matrix production of the
injected cells remaining in the vitreous, with formation of a fibrotic pre-retinal membrane
characteristic of PVR (Figure 3.3A-B). We also find that injected Myh11-Lin(+) MSCs remaining
in the vitreous exhibit aSMA stress fibers but have decreased Myhl1 expression as compared to
endogenous, retinal vSMCs-PCs (Figure 3.3C-D). Fibrotic pre-retinal membranes are similarly
observed in eyes injected with the Lin(-) population, where this cell population also expresses
aSMA+ stress fibers and substantial Col-IV staining (Figure S3.4B). The presence of aSMA+
stress fibers, disassociation from the retinal vasculature in a diseased environment, and Col-IV

289,290

expression suggests that MSCs adopt a default myofibroblast phenotype when injected

within the vitreous cavity.

Endogenous Retinal Myhl1-Lin(+) vSMCs-PCs Do Not Differentiate Into Myofibroblasts in OIR
Given that the intravitreal injection of Myhl1-Lin(+) MSCs precipitates differentiation to a
myofibroblast phenotype in the murine OIR model, we next examined if there were similar
differentiation of endogenous, retinal Myhl11-Lin(+) vSMCs-PCs following OIR injury. To
explore this hypothesis, we induced cre-recombinase in P1 to P3 Myhll-CreER";ROSA26-

STOP!LOXtdTomato+/+ (Myh1 1-tdTomato+/+) pups using intragastric tamoxifen injections. From
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P7 to P12, the induced MyhlI-tdTomato+/+ pups were introduced to hyperoxia, and at P12 these
mice were returned to normoxia and retinas analyzed at P17 (Figure 3.3E). As indicated by the
tdTomato expression, we find no endogenous, retinal Myhl11-Lin(+) vSMCs-PCs off-vessel with
Col-IV+ matrix production and/or an obvious myofibroblast morphological phenotype directly
above or within the retinal vascular plane (Figures 3.3F). In the area of central retinal capillary
dropout, Myh11-Lin(+) vSMCs-PCs remain directly in contact with CD31+ blood vessels and tip
cells extending towards the interstitial space of the retina (Figures 33.G-H). Taken together, the
data indicates that Myh11-Lin(+) MSCs can promote retinal vasculature growth and reintegrate
with the retinal vasculature to likely serve as functional vSMCs or PCs. However, Myh11-Lin(+)
MSCs remaining off vessel by default appear to differentiate into myofibroblasts with copious
production of Col-IV matrix characteristic of PVR. For endogenous vSMCs-PCs, this
differentiation is not observed within the same retinal injury model. It remains unclear the cause
of this distinct difference in behavior, though it is tempting to speculate that association with and
integration into the retinal vasculature may fundamentally modulate cell behavior away from

myofibroblast differentiation.
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Figure 3.3. Within the murine OIR model, intravitreal injected Myh11-Lin(+) MSCs in the
vitreous gel exhibit a myofibroblast phenotype, while endogenous, retinal Myh11-Lin(+)
vSMCs-PCs remain in a perivascular position.

(A-B) (A) Myhl1-Lin(+) MSCs lack expression of Col-IV in vitro, however, (B) intravitreal
injected Myh11-Lin(+) MSCs produce Col-IV in the vitreous gel, forming a dense, fibrotic pre-
retinal membrane in murine OIR eyes. Scale bars, 200 pm.

(C-D) (C) Intravitreal injected Myh11-Lin(+) MSCs demonstrate a myofibroblast phenotype with
expression of aSMA+ stress fibers and Col-IV. (D) However, they surprisingly lose their
expression of Myh11 following injection (arrow). Note retinal capillaries have Col-IV expression
but lack aSMA (asterisk), while arterioles maintain aSMA and Myh11 expression (arrow). DAPI
stains nuclei of underlying retinal ganglion cells in addition to injected MSCs. Scale bars, 25 um
(B), 100 pm (C).

(E) Experimental design where tamoxifen is delivered postnatal day 1 to 3 MyhlI-tdTomato+/+
mice to induce expression of tdTomato in Myh11+ vSMCs-PCs. Induced mice are then exposed
to hyperoxia from postnatal day 7 to 12 to cause OIR injury, with retinas harvested at P17 to
determine cell fate of endogenous, retinal Myh11-Lin(+) vSMCs-PCs.

(F-H) (F) At P17, endogenous, retinal Myh11-Lin(+) vSMCs-PCs still reside on Col-IV+/CD31+
vessels, with aSMA expression higher in vSMCs (arrow) than PCs (asterisk). Scale bar, 100 um.
(G) Myhl1-Lin(+) vSMCs-PCs remain on vessel with no vSMCs-PCs found off vessel. Scale bar,
100 um. (H) vSMCs-PCs do extend processes from CD31 tip cells (arrow) at the leading front of
the regenerating retinal microvasculature. Scale bar, 25 pm. All immunohistochemistry data
representative of at least three animals.

Endogenous Myhl 1-Lin(+) vSMCs-PCs Do Not Contribute to Fibrotic Scar Formation in Laser-
induced Choroidal Neovascularization

Given the observed myofibroblast differentiation of intravitreally injected Myh11-Lin(+) MSCs,
it raises the possibility that endogenous retinal vSMCs-PCs may similarly differentiate into
myofibroblasts to contribute to fibrosis associated with age-related macular degeneration. There
are no tissue-resident fibroblasts and no aSMA+/F-actin+ cells are found in the interstitial space
of healthy murine retina (Figure S3.6). It is unknown whether and to what extent endogenous
retinal or choroidal mural cells contribute to the scar region in sub-retinal fibrosis. To test this

hypothesis, laser induced rupture of Bruch’s membrane 2!

was performed in the lineage tracing
Myh11-tdTomato+/+ mouse model, generating a choroidal neovascular membrane with associated

subretinal fibrosis (Figure 3.4A). We specifically chose to use a tdTomato fluorescent protein
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lineage marker with this injury model to avoid confounding green wavelength autofluorescent
signals generated by the fibrotic scar and general ocular inflammation accompanying the laser
burn. Seven days post-rupture, laser treated eyes were harvested, and we found as expected laser-
induced Col-IV+ subretinal fibrosis (Figure 3.4B). Surprisingly, no Myh11-Lin(+) vSMCs-PCs
were found within or surrounding the induced scar, despite the presence of cells with clear
myofibroblast morphology and characteristic tSMA stress fibers (Figures 4B). Twenty-one days
post-rupture of Bruch’s membrane, we still observed that no Myhl1-Lin(+) vSMCs-PCs had
differentiated into myofibroblasts within the scar tissue itself (Figure 3.4C). However, we did find
Myhl1-Lin(+) vSMCs-PCs were by now fully associated with the induced neovessels that
traversed through this fibrotic scar tissue (Figure S3.4A). Myhl1-Lin(+) vSMCs-PCs were also
seen enveloping the retinal vasculature just above this scar region, but again with no labeled cells
off vessel (Figure S3.4B). These results unexpectedly indicate that Myh11-Lin(+) vSMCs-PCs do
not appear to contribute to the subretinal fibrotic tissue after laser photocoagulation of the choroid,
and by extension are likely not a major contributor to fibrotic scar associated with macular

degeneration.
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Figure 3.4. Myh11-Lin(+) vSMCs-PCs do not contribute to subretinal scar formation in a
murine laser-induced choroidal neovascularization (CNV) model.

(A) Laser injury is introduced to adult Myh11-Lin(+) mice, where vSMCs-PCs are lineage marked
with tdTomato. Laser burn ruptures Bruch’s membrane, inducing characteristic subretinal
neovascularization and fibrotic scar. Scale bars, 100 pm (top), 25 pm (bottom).

(B) Seven days post laser-injury, the subretinal scar labels for both aSMA and Col-IV. However,
no tdTomato lineage marked Myhl1-Lin(+) vSMCs-PCs are found within this neovascular
membrane. Myh11-Lin(+) vSMCs-PCs do not exhibit a myofibroblast phenotype in laser-induced
subretinal fibrosis. Scale bars, 100 pm (top), 25 um (bottom).

(C) Twenty-one days post-laser injury, there are again no observed Myhl1-Lin(+) vSMCs-PCs
(tdTomato+) myofibroblasts (aSMA+/Col-IV+) in the subretinal scar.

Animals were tested 10-12 weeks of age and immunohistochemistry is representative of three
animals per condition.

Chemical Burn Induces Myofibroblast Differentiation of Endogenous, Retinal Myhll+ vSMCs-
PCs

We next sought to determine whether endogenous, retinal Myhl1-Lin(+) vSMCs-PCs in adult
murine eyes contribute to proliferative vitreoretinopathy (PVR), often seen with ocular trauma,
retinal detachment, and diabetic retinopathy. We induced PVR using a chemical silver-nitrate burn
to the sclera (Figure 3.5A), resulting in formation of substantial pre-retinal fibrosis in retinas
harvested 1-month post-burn. We find in this model that Myh11-Lin(+) vSMCs-PCs dissociated
from their underlying CD31+ retinal vasculature and exhibit a myofibroblast morphology.
Dissociated Myhl1-Lin(+) vSMCs-PCs are found amidst pre-retinal fibrotic scar tissue with
upregulated expression of aSMA, Col-III, Col-IV, and F-actin (denoted by the staining of
phalloidin) (Figures 3.5D-F). No such differentiation is seen in the uninjured eye (Figure 3.5B) or
even in the injured eye at retinal locations far from the burn site (Figure S3.6). Myhl1-Lin(+)
vSMCs (Figure S3.6A) and PCs (Figure S3.6B) remain on CD31+/Col-IV+ retinal
microvasculature with seemingly normal vSMC and PC morphology. In these quiescent retinal

regions, Myhl1-Lin(+) vSMCs-PCs show no significant change in aSMA expression (Figure

S3.6A) as compared to the unburned eye. Quiescent vSMCs-PCs also express Myhl1, F-actin,
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and Col-III, with no indication of change in cellular morphology and no migration off the retinal
vasculature (Figures S3.6C-D). These observations demonstrate a traumatic ocular injury such as
a chemical burn is sufficient to induce endogenous Myh11-Lin(+) vSMCs-PCs local migration off
retinal vessels, with differentiation into myofibroblasts and subsequent profuse production of Col-

IV fibrotic pre-retinal scar tissue characteristic of PVR.
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Figure 3.5. Endogenous Myh11-Lin(+) vSMCs-PCs on the retinal vasculature exhibit a
myofibroblast phenotype after a chemical burn to the murine sclera.

(A) Model demonstrating that silver-nitrate-burn injury to the sclera induces retinal detachment
and formation of retinal fibrotic scar tissue. (B) Myh11-Lin(+) vSMCs-PCs, labeled by tdTomato,
are found only on the CD31+ retinal vasculature in a normal uninjured eye. Col-1V is expressed
but only in the basement membrane of the vasculature. Scale bar, 15 um. (C-E) (C) One-month
post-burn injury, fibrotic scar tissue is clearly evident within superficial retina overlying the burn
site. Within this induced fibrotic scar, multiple off-vessel Myh11-Lin(+) vSMCs-PCs (tdTomato+)
are seen as indicated by lack of overlap with CD31. (D-E) These cells display a myofibroblast
phenotype as indicated by aSMA stress fibers and positivity for Col-1V, Col-III, and F-actin as
shown by fluorescently labeled phalloidin. Scale bar, 15 pm. Animals were tested 10-12 weeks
of age. Immunohistochemistry images are representative of three uninjured and injured eyes.
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Chemical Burn Upregulates TGFf and CXCLI10, and Downregulates Multiple Interleukins in
Neural Retina

The sequence of molecular and cellular events that precipitate PVR remain very poorly understood
and there are currently no approved molecular therapies for treating this condition 22 . Thus, we
next sought to investigate the chemokines and cytokines that may initiate the molecular
environment leading to Myh11-Lin(+) vSMCs-PCs migration off vessel and differentiation into
myofibroblasts. Lysing the neural retina and using a Luminex Bead-based Multiplex Assay, we
find that there is a significant upregulation of TGFB1 and CXCL10, with a corresponding
significant reduction in the interleukins IL-1a, IL-2, [L-4, and IL-17 (Figure 3.6A). TGFf1 has a
well described role in activating profibrotic responses and initiating the pathways to promote the
increase of stress fibers and collagen secretion 2%, however, its role in limiting Myh11-Lin(+)
vSMCs-PCs myofibroblast differentiation has not been explored. To validate the potential
contribution of TGFP1 to our observed phenotype, we next inhibited the TGFBR pathway with the
small molecule, SB431542, which specifically inhibits the activin type 1 receptors ALK4, ALKS,
and ALK7 23, Following intravitreal delivery of 100 uM of SB431542 1-week and 3-weeks post-
injury (Figure 6B), we find that there is a significant reduction (~20%) in the area of retinal scar
when compared to burned eyes intravitreally injected with vehicle control (Figure 3.6C-D). Thus,
TGFp appears to play a direct role in formation of PVR by promoting off-vessel migration of

Myh11+ vSMCs-PCs and their subsequent differentiation into matrix producing myofibroblasts.
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Figure 3.6. Intravitreal injection of the TGFBR inhibitor, SB4315412, reduces retinal scar
formation in Myh11-tdTomato+/+ mice one-month post chemical burn injury.

(A) TGFBR and CXCL10 concentrations were significantly increased, while multiple interleukin
concentrations were significantly decreased in the neural retina of one-month-post chemical
burned eyes as compared to the contralateral uninjured eyes (n=4 paired eyes). Data are
represented as mean =+ standard error of mean (SEM).

(B) Experimental design for global inhibition of the TGF[ pathway in the eye after chemical-burn
injury with burned eyes receiving intravitreal injection of either SB4315412 or carrier control at
both 7 and 21 days post injury.

(C) Representative images of wholemount retinas harvested 30 days-post injury from eyes
intravitreally injected with vehicle control or 100 um SB4314212. Retinal scar formation as
revealed by the extent and pattern of Col-IV and aSMA IHC is notably diminished in eyes in which
TGEFpR is inhibited. Scale bar, 1000 um.

(D): Quantification of scar area (white outline in (C)) generated by the chemical burn shows
SB4314212 significantly decreases retinal fibrosis as compared to contralateral vehicle control
injected eyes (n=10 paired eyes). Animals were tested 10-12 weeks of age. *,p<0.05. Data were
analyzed using a ratio paired t test (A), or Wilcoxon test (D).
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Decreasing Smad4 in Myhl1+ MSCs Does Not Decrease Col-1V Secretion After Injection Into
OIR Pups

We next sought to determine if TGFf signaling pathway may also regulate differentiation of
intravitreally injected Myhl1+ MSCs into myofibroblasts. Initially, we measured active TGFp1
concentration in retina and vitreous samples of age-matched OIR pups and wildtype normoxia
C57B1/6] pups and surprisingly found no significant difference (Figure 3.7A). Despite equivalent
levels of TGFBI in the retinal microenvironment, it is known the TGF[ pathway can also

4, as well as positive feedback loops from other

potentially be activated via mechanotransduction 2
pathways, including the WNT signaling pathway 2°°. Thus, we attempted to directly block TGF
signaling in Myh11-Lin(+) MSCs by cell specific knockdown of Smad4 using shRNA-expressing
adenovirus vectors. Our hypothesis was that reduction of Smad4, would lead to a decrease in Col-
IV+ matrix production in these cells once intravitreally injected into the OIR model. Two days
pre-intravitreal injection, Myhl1-Lin(+) MSCs (derived from MyhlI-tdTomato+/+ mice) were
infected at 3000 MOI of Smad4-shRNA or scramble-shRNA adenovirus vectors, with co-
expression of GFP indicating successful infection (Figure S3.7A-B). Smad4 knockdown in
Myhl1-Lin(+) MSCs was confirmed through western blot before intravitreal injection (Figure
3.7B). After two days of culturing with adenovirus vectors, 10,000 Myhl11-Lin(+) MSCs were
injected in P12 OIR pups and retinas were harvested at P17 to investigate the Col-IV matrix
production (Figure 3.7D). Surprisingly, Col-I'V matrix expression level was unchanged by Smad4-
knockdown as compared to the scramble control (Figure 3.7E). Col-IV matrix area was not found
to be significantly affected, however, there was surprisingly a trending increase in the Col-IV

matrix area in eyes injected with Smad4-knockdown Myh11-Lin(+) MSCs (Figure 3.7F). These

results suggest that while TGFf signaling appears to be significantly involved in myofibroblast
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differentiation of endogenous, retinal Myh11+ vSMCs-PCs, non-TGFf dependent pathways may

be activated during myofibroblast differentiation of Myhl11-Lin(+) MSCs following intravitreal

injection.
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Figure 3.7. Smad4-knockdown within Myh11-Lin(+) MSCs does not abolish induction of
proliferative vitreoretinopathy following intravitreal injection of these cells within the
murine OIR model.

(A) In contrast to the scleral burn injury model, no significant difference was detected in TGFf1
protein concentration in neural retina and vitreous of P14 wildtype (WT) pups and pups that
underwent OIR (n=>5 unpaired eyes).

(B-C) Western blot (B) and densitometry quantification (C) demonstrates significant knockdown
of Smad4 in Myhl1-Lin(+) MSCs through mSmad4-shRNA adenovirus vectors (n=6 biological
replicates). Data are represented as mean =+ standard error of mean (SEM).

(D) Experimental design illustrating the intravitreal injection of Smad4-shRNA infected Myh11-
Lin(+) MSCs versus Scramble-shRNA infected Myh11-Lin(+) MSCs at P12 following OIR injury,
with subsequent harvest of injected retinas at P17.

(E) Representative images of Col-1V pre-retinal matrix production (white outline in Merge panels)
in eyes of P17 OIR pups intravitreally injected at P12 with Myhl11-Lin(+) MSCs infected with
either Ad-GFP-U6-mSmad4-shRNA or with Ad-GFP-U6-scramble. Fibrotic scar is evident in
both eyes regardless of Smad4 knockdown. Scale bar, 1000 pm.

(F) No significant difference is found in fibrotic scar Col-IV matrix expression of the eyes
intravitreally injected with Myh11-Lin(+) MSCs infected with Ad-GFP-U6-scramble adenovirus
vectors (GFP+) as compared to Myh11-Lin(+) MSCs infected with Ad-GFP-U6-mSmad4-shRNA
adenovirus vectors (GFP+) (n=6 paired eyes).

(G) Similarly, no significant difference is found in fibrotic scar Col-IV matrix area normalized by
the number of GFP+ cells found within this fibrotic scar. However, less GFP+ cells incorporate
within the fibrotic scar following Smad4 knockdown, resulting in a paradoxical trend towards
increased Col-IV expression per GFP+ cell despite Smad4 knockdown. *** p<(.001. Data were
analyzed using unpaired t test (A, C), or Wilcoxon test (F, G).

Discussion

The source cell or cells that comprise mesenchymal stem cells (MSCs) within the adipose stromal
vascular fraction (SVF) remains controversial?*®, FAC-sorting based on in vivo surface antigen
profiles has identified multiple sub-populations of perivascular cells as putative MSCs. The
markers used thus far, including NG2, PDGFRp, aSMA, and CD146 are indiscriminate for
pericytes, activated fibroblasts, glial cells, endothelial cells, nerve cells, and other adventitial
cells?73:280.297-300 " Unfortunately, sorting on surface marker expression does not eliminate the

possibility of a contaminating cell in the cultured SVF that may otherwise confound results when
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analyzing MSC behavior. Cell identity also cannot be definitively followed over serial passage in
culture given the apparent fluidity of cell surface markers we have shown in the present study.

Using lineage-tracing technology, we have for the first time isolated Myhl1-Lin(+)
vascular smooth muscle cells and pericytes (VSMCs-PCs) from the adipose microcirculation, and
demonstrated that this perivascular cell population meet all specified ISCT criteria required for
classification as a mesenchymal stem cell (MSC). Specifically, Myh11-Lin(+) vSMCs-PCs adhere
to plastic, upregulate the expression of classically-defined MSC surface markers, and possess the
ability to tri-differentiate in vitro. We show in adipose tissue that Myh11 expression is found only
on vSMCs and PCs, eliminating confounding cell types. We further show cultured Myh11-Lin(+)
vSMCs-PCs maintain expression of Myhl1 and aSMA, and are capable of being followed thru
multiple passages with continued expression of eYFP or tdTomato. Surprisingly, freshly isolated
Myhl1-Lin(+) vSMCs-PCs have very low expression of the requisite ISCT MSC surface markers.
This suggests that culturing itself may cause transformation to an MSC phenotype, or perhaps the
ISCT surface markers are only coincidentally induced in vitro as a result of the particular culture
conditions.

Our results show that the Lin(-) population of cells in adipose tissues also meet the ISCT
criteria for classification as an MSC, with demonstrated adherence to plastic, expression of
requisite MSC surface antigen markers, and ability to tri-differentiate. These findings would
suggest that Myh11+ perivascular cells do not comprise a sole source of MSCs within adipose
tissue. We cannot rule out the possibility that all mural cells are perhaps MSCs, as undoubtedly
there are other mural cells that are Myhl1-. Other cells types could similarly comprise MSCs,
given the Lin(-) population also includes tissue-resident fibroblasts, endothelial progenitors, and/or

adventitial cells in the adipose tissue 3°!. Surprisingly, the Lin(-) population is largely CD146- in
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vivo, revealing that these cells also do not express this perivascular and putative MSC surface
marker in vivo. Collectively, our findings indicate that the removal of Lin(-) cells and Myhl1-
Lin(+) vSMCs-PCs from their natural in vivo environment into an artificial culture largely drives
cells into an “MSC state”. Our results would suggest that the ability to acquire this “MSC state”
in culture may be an inherent characteristic of diverse range of cells within adipose SVF, rather
than a property limited to a select sub-population of cells.

While differentiation of adipose-derived MSCs to alternate cells types is well established
in vitro, there has been recent controversy about whether and to what extent this behavior occurs
in vivo; n multiple injury and aging models, there were no observed transformed or even off vessel
lineage-marked Tbx18+ cells 27, Yet, prior studies demonstrated Myh11+ vSMCs-PCs possess
the ability to differentiate in vivo into beige adipocytes under cold exposure 2’°, and into
macrophage-like proinflammatory foam cells in atherosclerosis 2822%3, Tt has been suggested, but
not yet demonstrated, that this discrepancy is perhaps the consequence of the chosen lineage
marker or injury model used in these studies 3.

Our present results lend direct support to the contention that generation of off-vessel
transdifferentiated cells is dependent on the injury model chosen, even within the same end-organ
and for the same lineage-marked population. In particular, we show a laser burn consistently
produces sub-retinal fibrosis that surprisingly has no contribution from endogenous Myh11-Lin(+)
perivascular cells. In fact, Myh11-Lin(+) vSMCs-PCs are directly adjacent to this induced fibrosis
surprisingly remain on vessel and with apparently normal cell morphology. In direct contrast, a
chemical silver nitrate scleral burn results in substantial transition of Myh11-Lin(+) cells off vessel
and differentiation into copious collagen-secreting myofibroblasts synonymous with proliferative

vitreoretinopathy (PVR)*®. Despite this transition, Myh11-Lin(+) cells distant from the injury site
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again appear to remain with normal cell morphology attached to their underlying vessel. The
fundamental cause for these observed differences remains unclear. One reasonable interpretation
is that the injury must be severe enough or the local molecular milieu must have a specific
composition to disrupt vSMC-PC connection with their underlying vascular basement membrane
and endothelial cells. This may perhaps serve as a protective brake to the end-organ to avoid
excessive fibrosis which might otherwise compromise function. We would suggest that presence
of a severe stressor is both key and rare in vivo for inducing MSC behavior of vSMCs-PCs. While
not specifically excluding the contribution to PVR from alternate cell types, these results argue
that off-vessel transformation of vSMCs-PCs is perhaps a key and underappreciated step in this
process.

We unfortunately demonstrate that a large majority of intravitreally injected adipose-
derived MSCs transform to myofibroblasts, with abundant production of Col-IV+ pre-retinal scar
tissue. This seems to occur despite their lacking of significant Col-IV expression in vitro. In view
of the evident PVR in the multiple patients injected with adipose SVF, we suggest this

transformation as a likely cause for their resulting blindness 21°.

We cannot of course rule out
additional contributing factors, including substantial induction of inflammation due to the injected
cells, presence of fibroblasts and other inflammatory cell types within the SVF, or digestion of
ocular structures from retained collagenase in the SVF. Nevertheless, it is clear that adipose SVF
and cultured MSCs appear primed for generating retinal fibrosis and are probably sufficient in of
themselves to account for the evident PVR in these patients.

We can only speculate as to the exact cause of this transformation in the eye, but prior

studies suggest that a 3D fibril matrix environment is sufficient to initiate myofibroblast activation

through mechanotransductive pathways, resulting in the increase of stress fibers and collagen
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production Therefore, the 3D collagen matrix of the vitreous body>"°, where most of the
injected cells reside, is likely a contributing factor in generating the myofibroblast phenotype of
the injected adipose-derived MSCs. Although sub-retinal injection of these stem cells is a viable
alternate approach for delivery, there remains similar concerns regarding the risk of fibrosis or
other adverse side effects®?’.

We predict that this fibrotic transition is likely evident in other tissues injected with
adipose-derived MSCs. While it may be tolerated, or perhaps even therapeutic in other tissues, it
is particularly devastating to the eye. Adipose-derived MSCs are commonly injected into diseased
cartilage and skin wounds to enhance repair, with improvements attributed primarily to their

paracrine activity 263,

However, our results suggest alternatively that the delivered MSCs
differentiate into myofibroblasts and remodel the surrounding connective tissue through the
secretion of collagen. In this instance, such transformation in cartilage or within wounds, may in
fact help further repair this tissue, rather than be deleterious to function. Our findings argue that
future clinical use of adipose-derived MSCs must pay particular attention to the differentiated
phenotype of injected adipose MSCs themselves, rather than principally focus on their secondary
effects on surrounding tissues.

Despite the aforementioned complications, the opportunity to replace damaged or lost
perivascular cells on the microvasculature, or perhaps even facilitate growth of new vessels, using
adipose derived MSCs remains an intriguing possibility. For Myh11-Lin(+) cultured cells, we are
essentially seeking a re-adoption of their prior in vivo function in the adipose tissue as vSMCs-
PCs. Our group has previously established that MSCs, cultured from the heterogeneous population

of adipose SVF, functionally reintegrate with the retinal vasculature and adopt standard mural cell

markers 23287, We now demonstrate functional reintegration, morphology, and marker expression
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using for the first time using definitive MSCs derived from adipose Myh11-Lin(+) vSMCs-PCs.
Our prior work suggests adoption of a perivascular position is an inherent rather than random

308 The key issue remains that functional vascular

chance behavior of these injected cells
integration occurs for only a small proportion of injected MSCs, and thus methods must be
developed that enhance this phenotype, perhaps by molecularly enhancing their migration to the
vasculature, while discouraging myofibroblast transformation of those MSCs remaining off-
vessel.

TGFpR appears to be integral in initiating this transition off-vessel, as the small molecule
inhibitor SB4315412, is seemingly sufficient to preserve the retinal vasculature and thus attenuate
this response. However, once off vessel, myofibroblast differentiation of vSMCs-PCs appears to
be their default phenotype. We are surprisingly not able to significantly attenuate myofibroblast
differentiation of injected adipose MSCs despite SMAD inhibition and this differentiation notably
occurs in an ocular injury environment having relative normal TGFf levels. Interestingly, SMAD
inhibition has produced similar failures in reducing systemic fibrosis, despite the presumed role of

309310 One possible unifying explanation is that TGFB may

TGFp in regulating this process
assume a larger role in initiating off vessel transition of vSMCs-PCs, while subsequent fibrotic
transformation of vSMCs-PCs once off vessel may be initiated through any number of additional
fibrotic regulatory pathways, including YAP/TAZ, BMP, MRTF, and WNT 311,

Although the therapeutic potential for MSCs has been well demonstrated, the present study
should serve as a cautionary note on our limited understanding on MSC identity, and more
importantly, their behavior once injected in vivo. We believe fully leveraging the safe and

therapeutic potential of MSCs in regenerative medicine requires a more refined understanding of

their response to both culture-related stimuli and injury-related environments. Our results
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demonstrate a myofibroblast phenotype is perhaps a common cell fate for injected adipose-derived
MSCs. Thus, future studies will require a more systematic approach to regulate the molecular
milieu and multiple potential fibrotic signaling pathways of injected MSCs. We believe insights
gained by such refined MSC studies can inform our understanding of systemic fibrosis found in

any number of disease states, as our results indicate these processes are inextricably intertwined.
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Supplemental Information

Epididymal White Adipose Tissue

vSMCs

PCs

Figure S3.1. In vivo and in vitro expression of aSMA and Myh11 in Myh11-Lin(+) vascular
smooth muscle cells and pericytes (vSMCs-PCs)

(A-B) (A) Representative images of epididymal, white adipose tissue from tamoxifen-induced
Myhl1-CreER™; ROSA26-STOPFLOXeYFP+/+ (Myhll-eYFP+/+) mice immunostained for
Myhll and aSMA. Myhl1 expression overlaps with but is not entirely coincident with eYFP
expression in both vSMCs and PCs. Scale bars, 50 um (top) and 25 pm (bottom). (B) In contrast,
aSMA expression is higher in vSMCs on arterioles. Scale bars, 50 um (top) and 25 pm (bottom).
(C) FAC-sorted and cultured Myh11-Lin(+) vSMCs-PCs remain fluorescent for the eYFP lineage
marker and express both aSMA and Myhl1 in vitro. Before culture, Myh11-Lin(+) vSMCs-PCs
were found to represent 3.28+0.32% (n=8 biological samples) of cells in the adipose stromal
vascular fraction (SVF). Scale bars, 100 um. Animals were tested 10-12 weeks of age, and

immunohistochemistry images are representative of three animals.
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Figure S3.2. Gating for flow cytometry characterization for Myh11-Lin(+) vSMCs-PCs
analysis and Lin(-) population.

The stromal vascular fraction (SVF) was enzymatically digested with liberase and elastase, and
red blood cells were removed using red blood cell lysis buffer. The remaining cells were strained
through 70 pm mesh filter and surface marker expression for this final cell population was
analyzed via flow cytometry. Cells were gated on size (FSC-A vs SSC-A), followed by singlets
(FSC vs Trigger Pulse Width), and viability (LIVE/DEAD Aqua vs SSC-A). Hematopoietic cells
(CD11b, CD19, CD45) and endothelial cells (CD31+) were eliminated using a “negative dump”
channel (PE-Cy5.5). The remaining population was used to gate on eYFP expression to separate
eYFP+ Myhl1-Lin(+) vSMCs-PCs from the eYFP- Lin(-) cell population.
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Figure S3. 3The Lin(-) population from the adipose stromal vascular fraction are also
mesenchymal stem cells.

(A-C) Flow cytometry reveals freshly isolated Lin(-) population, or eYFP- cells, derived from
white epididymal adipose tissue stromal vascular fraction lack expression of putative
mesenchymal stem cell markers CD73, CD90, CD105, and CD146, however these surface
antigens are markedly increased in this population once cultured in vitro. Cultured Lin(-)

population also lacks expression of hematopoetic and endothelial cell markers CD11b , CD19,

CD31, CD34, and CD45.

(D-E) Tridifferentiation analysis of Lin(-) population when introduced to adipogeneic,
chondrogenic, and osteogenic media for 14 days. (D) Representative images show significant
increases in FABP4, Collagen II, and Osteopontin expression in Lin(-) cells associated with

adipogenic, chondrogenic, and osteogenic differentiation respectively. Scale bar, 50 pm. (E)
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Genetic analysis shows significant increases in mRNA expression of protein markers and
transcription factors involved in adipogenesis, chondrogenesis, and osteogenesis following
differentiation of cultured Lin(-) cells. Experiments were completed in three biological replicates.
Relative expression values were generated by normalizing GAPDH expression within the
individual sample.*, (p<0.05), ** (p<0.01). Results are represented as mean + standard error of
mean (SEM). Data were analyzed using a multiple unpaired t test followed by the Holm-Sidak

post-hoc comparisons to correct for multiple comparisons (B), or a ratio paired t-test (H).
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Figure S3.4. Effects of intravitreal injection of of Lin(-) mesenchymal stem cells (MSCs) in
murine oxygen induced retinopathy (OIR) eyes are comparable with those following
injection of Myh11-Lin(+) MSCs.

(A) At P12, following OIR injury, MSCs derived from the Lin(-) population are injected into one
eye, with Myhll-Lin(+) vSMCs-PCs injected into the contralateral eye. At P14, retinal
wholemounts show no difference in the area of capillary dropout is observed between paired eyes,
suggesting both cell types induce similar acceleration of retinal vasculature recovery (n=5 paired
eyes). Retinal vasculature (red) is immunostained by lectin. Yellow outlines area of capillary
dropout.

(B) Intravitreal injection of Dil labeled Lin(-) MSC population in the OIR model induces pre-
retinal fibrotic scar tissue, with injected cells demonstrating a typical myofibroblast phenotype,
with substantial production of Col-IV and expression of aSMA stress fibers. Scale bar, 50 um.

Data are analyzed using a Wilcoxon test (A).
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Choroidal Vasculature

Retinal Vasculature

Figure S3.5. Myh11-Lin(+) vSMCs-PCs are fully associated with the vasculature in the area
of laser-induced subretinal fibrosis model

(A) A laser burn choroidal neovascularization (CNV) model was used to induce subretinal fibrosis
in tamoxifen-induced Myh11-CreER™;ROSA26-STOP!OXtdTomato+/+ (MyhlI-tdTomato+/+)
adult mice. Myhl1-Lin(+) vSMCs-PCs (tdTomato+) are found entirely on the CD31+ (green)
choroidal neovasculature in the Col-IV+ (orange) scar region 21-days post laser burn. There are
no tdTomato+ cells outside these vessels residing in the fibrotic scar. Inset (dashed lines)
represents higher magnification of Myh11-Lin(+) vSMCs-PCs on choroidal neovasculature. Scale
bars, 50 um (top) and 10 um (bottom).

(B) After laser-induced subretinal fibrosis, Myhl1-Lin(+) vSMCs-PCs (tdTomato+) similarly
continue to remain invested in the retinal microvasculature (CD31+/Col-IV+) that is directly

adjacent to the subretinal scar, with no off-vessel cells observed. Scale bars, 100 pm.
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Phalloidin

Figure S3.6. Mpyhll-Lin(+) vSMCs-PCs remain fully associated with retinal
microvasculature at retinal locations distant from the scleral burn

(A-D) Myhl1-Lin(+) vSMCs and PCs (tdTomato+) cells located in the hemi-retina opposite from
the scleral burn site remain fully invested on large retinal arteriolar blood vessels (A)
and capillaries (B) and are Myh11+. These quiescent lineage-traced vSMCs are Col-III, F-actin+
(Phalloidin+) and aSMA, while lineage-marked PCs do not express F-actin or aSMA (C-D). Scale
bars, 15 pm. Animals were 10-12 weeks of age, and immunohistochemistry images are

representative of three animals.
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Figure S3.7. Myh11-Lin(+) MSCs are efficiently infected with shRNA adenovirus vectors,
resulting in expression of GFP marker.

(A) GFP expression of Myhll-Lin(+) MSCs infected with 50-3000 MOI of Ad-GFP-U6-
mSmad4-shRNA. Percentage of GFP+ cells increased with MOI. Data is representative of three

independent biological replicates. Scale bar, 500 um
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(B) tdTomato and GFP expression are both maintained in intravitreally injected Myh11-Lin(+)
(TdTomato+) MSCs that were prior to injection infected with either Ad-GFP-U6-scramble-shRNA
or Ad-GFP-U6-mSmad4-shRNA. Scale bar, 1000 pm.
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Table 3.1. List of primers used for gPCR

Gene

Sequence

FABP4

F: AGCTTGTCTCCAGTGAAAACTTCG
R: CATTTACGCTGATGATCATGTTGG

PPARy

F: GGATAAAGCATCAGCCTTCCACT
R: TCCGGCAGTTAAGATCACACCTA

COLA1

F: AATGAAGAACTGGACTGTCCCAAC
R: GGTCCCTCGACTCCTACATCTTCT

SOX9

F: AAGAAAGACCACCCCGATTACAA
R: AGCGCCTTGAAGATAGCATTAGG

Osteocalcin

F: GACTCGGATGAATCTGACGAATCT
R: GACCTCAGTCCATAAGCCAAGCTA

Runx2

F: GAACCAAGAAGGCACAGACAGAA
R: AGGCGGGACACCTACTCTCATAC
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Abstract

Purpose: To establish Myhl1 as a marker of a subset of corneal endothelial cells (CECs), and to
demonstrate the feasibility of restoring the corneal endothelium with MyhlI-lineage (Myhll-
Lin(+)) adipose-derived mesenchymal stem cells (MSCs).

Methods: Intraperitoneal administration of tamoxifen and (Z)-4-Hydroxytamoxifen eyedrops
were used to trace the lineage of Myh11 expressing cells with the Myh11-Cre-ER™* flox-tdTomato
mouse model. Immunostaining and western blot characterized marker expression and spatial
distribution of Myh11-Lin(+) cells in the cornea, and administration of 5-ethynyl-2'-deoxyuridine
labeled proliferating cells. Adipose-derived MSCs were isolated from Myh11+ vSMCs-PCs and
treated with cornea differentiation media to evaluate corneal endothelial differentiation potential.
Myhl1-Lin(+) MSCs were injected into the anterior chamber to test for incorporation into the
cornea endothelium.

Results: A subset of CECs both express and are of Myhl11-Lin(+), a marker previously used to
trace pericyte, smooth muscle cells, and adipose-derived MSCs. Myhl11-Lin(+) CECs marked a
stable subpopulation of cells in the cornea endothelium. Myh11-Lin(+) MSCs are capable of some
degree of CEC differentiation and incorporation into the cornea endothelium.

Conclusion: Dystrophy and dysfunction of the corneal endothelium accounts for almost half of all
corneal transplants, the maintenance of the cornea endothelium is poorly understood, and there is
a lack of mouse models to study specific CEC populations. We establish a mouse model that can
trace the cell fate of a subpopulation of CECs based on Myhl1 expression. A subset of adipose-
derived MSCs that share this Myh11 lineage are capable of mimicking CEC phenotype and can
incorporate into the corneal endothelium when injected, revealing a potential alternative therapy

to corneal transplants.
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Introduction

The cornea endothelial cell (CEC) layer is the innermost layer of the cornea comprised of a single
layer of hexagonal cells connected by tight junctions®!'?. CECs serve a critical role in maintaining
hydration and exchanging nutrients between the anterior chamber to the outer layers of the cornea,
including the outermost epithelium and intermediate layer of stromal cells*!®. Active transport of
sodium and potassium ions across the corneal endothelium osmotically drain water from the
stromal layer of the cornea to the aqueous humor while maintaining a semipermeable barrier that

allows limited passive flow in the reverse direction®!'4

. This scheme, referred to as a “pump-leak”
mechanism?®!'?, leads to the constant cycling of fluid into the outer corneal cell layers that maintains
optical transparency for the tissue®!>, allowing light to pass through unimpeded to reach the retina,
the tissue layer responsible for sight. With the absence of a blood vessel network in the cornea to
provide metabolic support, as found in vascularized tissues, the constant fluid cycling directed by
the cornea endothelium is responsible for delivering necessary nutrients to the outer tissue
layers®!®. Additionally, CECs maintains the Descemet’s membrane®!'?, a collagen rich basement
membrane of the cornea implicated in supporting CEC phenotype and function through autocrine
extracellular matrix deposition signaling?>!®.

Taken together, proper function of the corneal endothelium is critical for the homeostatic
maintenance and function of the tissue, with too little fluid flux leading to insufficient tissue
hydration and improper nutrient supply, while too high fluid flux leading to edema and a reduction

in visual acuity’!?

. To prevent pathological malfunction, CEC cell populations must remain at
sufficient densities to maintain the basement membrane outer tissue layers. However, previous

research suggests that the CEC layer cannot be regenerated or repopulated in adult tissue, and
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CECs dropout with aging, injury, surgical trauma, and dysfunction®'’. If CEC density falls below
a 500 cells/mm? the cornea becomes hazy and cornea transplant surgery is often required?'®.
Disruption of this cell population can occur with various corneal diseases®!®, hypoxia

320 and cornea transplant surgery*?!. Paradoxically, corneal

caused by long term wear of contacts
transplants are often the only therapeutic option for a depleted cornea endothelium, but the trauma
from the surgical procedure can lead to further acute dropout of cornea endothelia cells®?2.
Furthermore, over the long term, transplant patients exhibit a 4-fold dropout of the corneal

endothelial cell layer compared to uninjured corneas®?

. Without an endogenous cell population to
repopulate this tissue layer that is required for basic homeostatic maintenance of the cornea and
critical for visual acuity, a clinically relevant exogenous cell population is needed to prevent
attrition of this cell layer and preserve its function. Adipose-derived mesenchymal stem cells
(MSCs) represent a cell population that can be efficiently harvested in the clinic from readily
available adipose tissue, cultured, and reintroduced back into the patient as an autologous stem
cell therapy that avoids immune responses associated with use of exogenous tissue sources®?.
We demonstrate that CECs share Myh11 lineage with a subpopulation of MSCs, a marker

325 and pericytes®”> (vSMCs-PCs), using

previously associated with vascular smooth muscle cells
a lineage tracing mouse model and confirmed with antibody immunofluorescence and western
blot. Informed by their shared lineage, we demonstrate that cultured MSCs can differentiate into a
phenotype associated with CECs and capable of adhering to the injured adult corneal endothelium
when exogenously injected into the anterior chamber after a scratch injury. Whole tissue image
analysis of corneas from Myhl1 lineage tracing mice indicates that Myh11 exclusively marks a

stable subpopulation of corneal endothelial cells and may serve some unknown function in

maintenance of the endothelium. We provide the first lineage tracing mouse model for selectively
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following a subset of endothelial cells in the cornea that can trace their cell fate in injury and
disease, and demonstrate the potential to supplement the corneal endothelium with a clinically

relevant and convenient cell source.

Methods

Animals

All experiments were approved by the University of Virginia Institutional Animal Care and Use
Committee. We generated Myhl1-CreER™ mice were crossed with ROSA26-STOPFLOXe YFP+/+
(The Jackson Laboratory, stock number 006148) and ROSA26-STOP-°*tdTomato+/+ (The
Jackson Laboratory, stock number 007914) to generate Myhll-CreER™; ROSA26-
STOPLOXeYFP+/+ (Myhl1-eYFP) and MyhlI-CreER™; ROSA26-STOP!LOXtdTomato+/+
(Myhl11-RFP) mice. Adult male MyhlI-RFP mice at 6-8 weeks or 16-18 weeks of age were
intraperitoneally injected with 0.1 mg tamoxifen (Sigma, T5648) diluted in 100 pL peanut oil.
Myhl1-eYFP mice between 6-8 weeks of age were intraperitoneally injected with 0.1 mg
tamoxifen in 100 uL peanut oil. All MyhlI-RFP and Myhll-eYFP male mice were delivered a
total of 10 mg in the span of two weeks regardless of age. For the 24-hour chase eyedrop tamoxifen
delivery experiment, MyhlI-RFP mice were given a single eyedrop of 5 mg/ml (Z)-4-
hydroxytamoxifen (Sigma, H7904) in peanut oil 3 times over a 12 hour period, and then imaged
24 hours later. For the day 2 and day 21 chase eyedrop tamoxifen delivery experiment, Myh11-
RFP mice were given a single eyedrop of 5 mg/mL tamoxifen in peanut oil 3 times daily for 3
days, and then imaged 2 days and 21 days later. Adult C57Bl/6J (stock number 00664) were

purchased from The Jackson Laboratories.
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Immunohistochemistry and Immunocytochemistry

Eyes were enucleated and corneas were harvested from the eyes and fixed in 1% PFA for 40
minutes. Afterwards, corneas were washed with PBS, and permeabilized with 0.3% Triton X-100
for 1 hour at room temperature. Eyes prepped for cyrosectioning were submerged in 1% PFA for
24 hrs at 4°C, and then placed in 30% (w/v) sucrose in PBS overnight at 4°C. Afterwards, eyes
were placed in OCT compound and cut in 8 um cryosections. The cryosections were permeabilized
with 0.3% Triton X-100 for 30 min at room temperature. After permeabilizaiton, all cornea tissue
samples were blocked with serum, and stained with primary antibodies to CD31 (Biolegend,
102504, 1:300), CD34 (Biolegend, 119301, 1:200), ZO-1 (ThermoFisher, 61-7300, 1:100), Myh11
(Kamiya Biomedical Company, MC-352, 1:300 dilution), N-Cadherin (Abcam, ab18203, 1:100),
aSMA (Invitrogen, 53-9760-82, 1:150), Anti-RFP (Abcam, ab62341, 1:200). Non-conjugated
antibodies were labeled with donkey anti-rat Alexa Fluor 568 (ThermoFisher, A-11077, 1:650
dilution), donkey anti-rat Alexa Flour 488 (Invitrogen, A-21208, 1:600), donkey anti-rabbit Alexa
Flour 546 (Invitrogen, A10040, 1:600), donkey anti-rabbit Alexa Flour 647 (ThermoFisher, A-
31573, 1:600), donkey anti-rat Alexa flour 647 (Abcam, Ab150155, 1:600). Tissues were stained
with DAPI (ThermoFisher, D1306, 1:1000) to label nuclei.

Primary cells were fixed with 1% PFA for 30 min at room temperature. Following
fixation, cells were washed with PBS and permeabilized with 0.3% Triton X-100 for 5 min at
room temperature. Cells were blocked with serum and stained with primary antibodies to N-
cadherin (Abcam, ab18203, 1:200 dilution) and eYFP (Abcam, ab6673, 1:200 dilution). All

fluorescent images were acquired via confocal microscopy using a Zeiss LSM 880.

S-ethynyl-2"-deoxyuridine (EdU) Assay
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5-ethynyl-2'-deoxyuridine (EdU) (ThermoFisher, A10044) and Click-iT® EdU AlexaFluor® 647
Imaging Kit (ThermoFisher, C10340) was used to label proliferating cells in the cornea.
Tamoxifen-induced MyhlI-RFP+/+ adult male mice were intraperitoneally injected with 100
mg/kg of tamoxifen daily at 6-8 weeks of age. 30 days post injection, corneas were harvested and
fixed in 3.7% PFA for 15 min at room temperature. Following fixation, corneas were washed with
3% BSA in PBS, and permeabilized with 0.5% Triton X-100 in PBS for 20 min at room
temperature. The permeabilization buffer was removed and tissue was washed in 3% BSA in PBS.
Next, corneas were incubated with Click-iT® reaction cocktail (containing reaction buffer,
CuSO4, Alexa Fluor® 647 Azide, and reaction buffer additive) for 30 minutes in room
temperature, protected from light. Lastly, tissues were washed with 3% BSA for 30 min twice, and

afterwards, stained for DAPI and whole-mounted for fluorescent confocal imaging.

Primary Cell Culture

Myhl1-Lin(+) vSMCs-PCs from the epididymal adipose tissue was harvested for collection and
culturing by previous a previous protocol®”’. Briefly, the eipididymal adipose pads were harvested
from tamoxifen-induced male Myhll-eYFP+/+ mice, and the adipose pads were enzymatically
digested in 1 mg/mL collagenase type 1 (ThermoFisher, 17100017) for 1 hr at 37°C. Next, the
digested fat pads were centrifuged at 400 g for 5 min and the pellet, or stromal vascular fraction
(SVF), was collected. Red blood cells were removed from the SVF by adding red blood cell lysis
buffer (ThermoFisher, 00-4333-57) for 5 min at room temperature. Next, cells were washed with
DMEM media and centrifuged to collect the remaining SVF pellet. The remaining SVF was
filtered through a 70-pm and 40-pm mesh, and later resuspended in FACS Buffer consisting of

DMEM, 50% BSA, 5 mM EDTA, and DAPI (ThermoFisher, D1306, 1:1,000 dilution). Myh11-
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Lin(+) vSMC-PCs were FAC-sorted using a BD Influx Cell Sorter, and immediately cultured into
wells at an initial density of 1.5e4 cells/cm?. Cells were cultured in DMEM supplemented with
10% FBS and 1% antibiotic-antimycotic. Once cells reached 70-80% confluency, cells were
passaged with 0.05% Trypsin-EDTA. Cells were cultured in 37°C, 5% CO., and 95% humidity.

All experiments consisted of cells between passages 6-8.

In Vitro Corneal Endothelial Cell Differentiation

Myhl1-Lin(+) MSCs were uplifted and cultured on FNC Coating Mix (ThermoFisher,
NC9971265). Once MyhlI-Lin(+) MSCs reached greater than 90% confluency, the standard
media was replaced by corneal endothelial differentiation media as previously described®26.
Briefly, MyhlI-Lin(+) MSCs were exposed for 3 days to dual Smad induction media, which
consisted of DMEM/F12 media supplemented with 20% KnockOut serum replacement
(ThermoFisher, 10828028), 1% non-essential amino acids (ThermoFisher, 11140076), 500 ng/mL
Noggin (Sigma, SRP3227) 10 uM SB431542 (Sigma, S4317), | mM L-glutamine (ThermoFisher,
25030081), 0.1 mM betamercaptoethanol (ThermoFisher, 21985023), and 8 ng/ml recombinant
murine FGF-2 (Peprotech, 450-33). On day 3, the dual Smad induction media was replaced with
dual Smad induction media now supplemented with 0.1X B27 supplement (ThermoFisher,
17504044), 10 ng/ml recombinant mouse Dkk-2 (R&D Systems, 2435-DKB/CF), and 10 ng/ml
recombinant murine PDGF-BB (Peprotech, 315-18). This media solution was changed every 3
days over the course of 14 days. After the course of 14 days, cells were fixed and stained using

methods described above.
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CEC In Vivo Injury Model

We adopted a previous animal procedure to introduce injury to the CEC layer, followed by local
delivery of Myhl1-Lin(+) MSCs cultured in CEC differentiated media for 14 days*?’. Briefly,
adult C57Bl/6J mice were placed under isoflurane anesthesia, and proparacaine hydrochloride
ophthalmic solution was applied to the eyes as a topical anesthetic. Next, a small entry in the
peripheral cornea was caused by a 33-gauge needle. To cause the injury and removal of CECs, a
36-gauge needle was used to scrape along the bottom most layer of the cornea, while taking great
care to avoid the iris and lens. 5,000 Myhl1-Lin(+) cells cultured in CEC differentiation media
were delivered in 3 pL of DMEM media supplemented with 100 uM Rho Kinase (ROCK) inhibitor
Y-27632 (Sigma, Y0503) and 100 uM TGFBR inhibitor SB4314542 (Sigma, S4317). After the
local delivery of cells into the aqueous humor, the mice were immediately overturned on their
backs to allow the injected cells to fall down toward the CEC layer and adhere. The mice were
kept in isoflurane anesthesia for 3 h to allow for cells to potentially adhere to the CEC layer. Seven
days post-delivery of MyhlI-CEC differentiated cells, eyes were enucleated and stained for

confocal microscopy as described above.

Immunoblotting

Quantitative fluorescent immunoblotting was performed as previously described?”. Protein was
collected from the cornea and sclera using RIPA lysis buffer (Sigma, R0278) supplemented with
proteinase inhibitor (Sigma, 11836170001). Sample were kept on ice until ultrasonication. After
ultrasonication, the samples were centrifuged at 18000g for 15 min at 4°C. Similarly, protein from
cultured primary cells was collected using RIPA lysis buffer supplemented with proteinase

inhibitor. Next, samples were centrifuged at 16,000 g for 15 min at 4°C. All sample protein
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concentration was measured using a BCA assay for equal loading in gels. Protein was later
prepared in 40 pL of dithiothreitol-containing Laemmli sample buffer. Samples were
electrophoresed in 10% polyacrcylamide gels with tris-gylcine running buffer (25 mM tris base,
250 mM glycine, and 0.1% SDS) at 130V for 1 h. Proteins were transferred to a PVDF membrane
(Millipore) in transfer buffer (25 mM tris, 192 mM glycine, 0.037% SDS, and 10-40% methanol)
at 100 V for 1h on ice. PVDF membranes were blocked with 0.5X Odyssey® blocking buffer (LI-
COR)+TBS+0.1% Tween-20. Primary antibodies were used to recognize the following proteins:
Myhl1l (Kamiya Biomedical, MC-352, 1:10,000 dilution), CD31 (Cell Signaling Technology,
#77699, 1:10,000 dilution), Vinculin (Millipore, #05-386, 1:10,000 dilution), HSP90 (Santa Cruz,
sc-7947, 1:10,000 dilution), and aSMA (Cell Signaling Technology, #19245, 1:10,000 dilution).
After incubation in primary antibodies overnight at 4°C, membranes were washed and probed with
secondary antibodies diluted with 0.5x Odyssey® blocking buffer. The following secondary
antibodies were used to target the above primary antibodies: IRDye® 680LT goat anti-mouse (LI-
COR #926-68020, 1:20,000 dilution), IRDye® 680LT goat anti-rat (LI-COR #926-68029,
1:20,000 dilution), and IRDye® 800CW goat anti-rabbit (LI-COR #926-32211, 1:20,000 dilution).
Membranes were scanned on an Odyssey® infrared scanner (LI-COR) at 169-um resolution and
0-mm focus offset. The ban intensities of the scanned 16-bit images were quantified by

densitometry in ImagelJ.

Whole Cornea Endothelium Image Processing
Confocal tiles of up to 1.5 GB in size were imported into MATLAB with two channels, one for
DAPI and one for RFP. The goal for the analysis was to capture all of the DAPI cell nuclei from

the cornea endothelial cell layer, and quantify the total RFP+ nuclei cell count and the fraction of
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RFP+ nuclei as a function of binned radial distance from the edge of the cornea to the center. To
accomplish this, a surface z projection was performed on the image, where a z-max projection was
computed on the z-stack that only captures the bottommost layer of the cornea. The resulting 2D
image was segmented for individual nuclei and each nuclei’s RFP expression state determined in
a binary fashion. The ROI of the corneal endothelial cell layer was manually defined, and
thresholded Euclidean distance was used to separate the cornea radially into five bins. The fraction
of RFP+ DAPI nuclei was calculated for each bin.

For the surface z-projection of the cornea, (Supplementary Figure 2A, B), the DAPI
channel tile underwent a first pass local adaptive segmentation in 3D, where the images were
blurred and processed with a min and max filter with the approximate dimension of a cell nuclei
(xx um, xx pix). Foreground was segmented based on where the max filtered image was at least
25 grey values above the background min filtered image. Each of the layers were segmented, and
then the bottommost layer was found by finding the bottommost z-slice index of each positive
thresholded pixel to create a 2D elevation image, where the pixel value denoted the bottommost z
index for that pixel (Supplementary Figure 2C, D). After passing the elevation image through a
max filter (xx um, xx pix) to find the local surface height of the tissue, an initial surface z
projection was performed that projected the maximum intensity pixel value (in this case from the
binary 3D threshold of the tissue) in the z-direction that included the slices above the tissue all the
way through the bottom of the tissue represent an initial surface z-projection. This yielded a
reasonable accurate surface projection of the segmented cell nuclei in the lateral dimensions (x
and y), but the highly sensitive threshold was not accurate in z: often the nuclei were segmented
in the z-slices above where the nuclei were located in the z-stack. To find a more accurate z-index

for the surface projection, the local z slice height from the 2D initial surface z projection image
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was refined by finding the z-slice with the max local contrast between segmented nuclei and
background existed, with the assumption that the z-slice with this max contrast was at the center
of the nucleus in the z-dimension (Supplementary Figure 2D). These new z-coordinates were again
used as a second 2D elevation image to calculate a refined surface z-projection (Supplementary
Figure 2E, F). The nuclei were then thresholded and a watershed algorithm applied to split
touching nuclei that were above minimum the area of (300 pixels, um?) - Some nuclei were split
incorrectly into many small components, these were reunited base on the components being below
100 pixels in area (Supplementary Figure 2G-I). The red RFP channels were thresholded based on
a global threshold (Supplementary Figure 2J) and the state of every DAPI nuclei was determined
if it had at least 65% of its area segmented as positive for RFP (Supplementary Figure 2K).
Comparing automated cell counts to manually results in a sample dataset of 12 images
demonstrated high accuracy and agreement between the counting methods (Supplementary Figure
2L-0).

To examine the radial distribution of RFP labeled cell nuclei, ROIs were manually
defined in a blinded fashion encompassing the lateral border of the CEC layer. Within the
circular ROI the, radial distance was calculated with a Euclidean distance transform of the ROI
and divided by the max distance so that radial distance was normalized from 0 to 1. Pixels were
split into 5 bins based on radial distance. Cell nuclei were separated into each of the bins based
on their center of mass, and the fraction of RFP+ cell nuclei in each bin was calculated.

Image Analysis and Statistical Analysis
All data was processed using MATLAB and Imagel. Please see Supplementary Methods 2 for
details. For plots, one star denotes p<0.05, two stars p<0.01, and three stars p<0.001. Source

code and data available at: https://github.com/bacorliss/public_cornea_endothelial.git
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Results

Myhl1-Lin(+) Cells are Exclusively Detected in the Cornea Endothelial Cell Layer

In the male corneas of the Myhl1-RFP lineage tracing mouse model, a subset of cells was RFP+
throughout the cornea endothelium after 2 weeks of intraperitoneal administration of tamoxifen
and 4 weeks of chase (Figure 4.1A). Male mice administered with vehicle control did not have any
RFP expressing cells in the cornea, demonstrating that the RFP expression was not due to leaky
cre-recombinase with the mouse model, but from tamoxifen treatment (Figure S4.1A). The same
RFP+ cells, albeit at a lower concentration, were observed in the cornea with 2 days of local of
administration of eyedrops containing 4-hydroxytamoxifen with 21 days of chase, suggesting these
RFP+ cells were labeled locally and did not originate from the circulatory system (Figure S4.1B,
O).

Confocal imaging of the sagittal sectioned layers of the cornea revealed that RFP expressing cells
localized with the bottommost cell layer of the cornea, the cornea endothelium (Figure 4.1B). A
high-resolution confocal z-stack visualized with a lateral projection (Figure 4.1C), 3D
segmentation (Fig. 4.1D-G), and tissue layer specific z-projections confirmed that RFP expression
was exclusively found at the base of the cornea. The RFP expression was found within a
homogeneously spaced and highly organized cobblestone arrangement of cell nuclei at the base of

the tissue consistent with previous characterizations of the cornea endothelium.
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Figure 4.1. Myh11 lineage tracing marks a subpopulation of cells on the basal surface of the
cornea.

(A) Confocal tile of the cornea of MyhlI-RFP+ male mice treated with 2 weeks of tamoxifen
intraperitoneal injections with a four-week chase, with RFP (red) and DAPI (blue) (scale bar 1
mm). (B) Cryo-sectioned fluorescent image with epithelial cell layer, stroma, and endothelial layer
annotated from cell nuclei structure, with lineage cells restricted to base endothelial layer (scale
bar 50 pm). (C) Lateral maximum intensity projection of high-resolution confocal z-stack through
cornea (scale bar 25 um). (D) 3D reconstruction of cell nuclei, with clear separation of (E, F)
epithelial, (G, H) stromal, and (I, J) endothelial cell layers delineated by cell nuclei structure and
morphology (scale bar 25 um).

Myhl1-Lin(+) Cells in the Cornea Express Myhl1 and Known CEC Markers

After establishing the existence of Myhl1-lineage cells (Myh11-Lin(+)) in the CEC layer of adult
Myh11-RFP mice, immunofluorescence and immunoblotting was used to characterize the marker
expression of Myh11-Lin(+) CECs and determine if the Myh11 protein was actively produced and
not merely the Myhl] transcript. Immunofluorescence revealed Myhl11 staining not only marked
the smooth muscle cells and pericytes in the corneal limbal vessels as expected, but also cells in
the avascular CEC layer (Fig 4.2A, B). Expression of Myh11 protein in the cornea was confirmed
with surgical isolation of avascular cornea from the vascularized limbal vessels and sclera through
immunoblotting for Myh11 and CD31, an endothelial cell adhesion receptor marker. As expected
from a vascularized tissue, the samples from the sclera had detectable levels of Myh11 and CD31
(Figure 4.2C). Isolated cornea samples lacked CD31 expression since, no blood vessels exist in
the tissue (Figure 4.2D, t-test, p = 0.0062), but expressed Myh11 at comparable levels to the sclera
when normalized to Viniculin expression (Figure 4.2E, t-test, p= 0.357). Corneal MyhlI-Lin(+)
cells, labeled with RFP, were confirmed to exhibit the same marker expression as corneal
endothelial cells*?®, being positively marked with the junctional proteins N-cadherin and ZO-1,

while lacking expression in CD31, CD34, and aSMA (Figure 4.2F-H). The lack of vascular

(CD31, CD34) and perivascular (a¢SMA) markers lend further evidence that these corneal Myh11-
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Figure 4.2. Myh11 protein is found in the avascular cornea, and Myhl1 lineage cells of the
cornea express markers for corneal endothelial cells

Immunostaining of anti-Myhll antibody in the (A) sclera limbal vessels and (B) cornea
endothelium (scale bar 100 um). (C, D) Confirmation of Myhl11 protein expression with western
blot of surgically isolated sclera and avascular cornea. (E) Immunostained fluorescent images of
MyhlI1-Lin(+) cells in basal layer of cornea with anti-CD31 (green), anti-N-cadherin (yellow),
anti-RFP (red), and DAPI (blue). (F) Myhl1-RFP cells labeled with CD34 (green), Zo-1 (yellow).
(G) MyhlI-Lin(+) cells immunostained with anti-aSMA (green) and anti-Myhl11 (yellow) (scale
bar 15 pm).

There is no Evidence for Peripheral Migration of Myhl 1-Lin(+) CECs Into the Central CEC
Layer

While these Myh11-Lin(+) cells in the corneal endothelial cell layer express the Myh11 transcript
and protein, and exhibit a cornea endothelial cell phenotype, there remains the possibility that a
portion of these cells are perivascular in origin and migrating from the peripheral vascular
networks in the limbal vessels and the sclera. If the cells are indeed migrating from the peripheral
cornea, then cell migration densities should be skewed with radial position relative to the center of
the cornea, with outer portions of the cornea having higher Myh11-Lin(+) cell densities at earlier
timepoints. We examine multiple timepoints with both acute tamoxifen treatment from eyedrops
to more sustained induction with intraperitoneal injections. Entire corneas were imaged with high
resolution tiles and the nuclei of the cornea endothelial cell layer were automatically detected along
with their expression for RFP (Figure S4.2).

After a triple dose of tamoxifen eyedrops over a 12-hour period, followed by a short term
12-hour chase to represent an early timepoint, the fraction of RFP positive cells over the radial
distance to the center of the cornea had did not have a negative slope, indicating that Myh11-Lin(+)
cells were not migrating from the edge of the cornea (radial value of 0) to the center (radial, 1)
(Figure S4.2A-C, 95% confidence interval of slope with best fit of linear model). Eye drop
induction of three times a day for three days with a 2 day or 21 day chase revealed no difference

in the total number of Myhll-Lin(+) cells (Figure 4.3A, t-test, p=0.411), and both timepoints
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showed a slightly positive relation between radial distance of fraction of cornea endothelial cells
marked (Figure 4.3B, C) processed from whole cornea tiles (Figure 4.3D, E).

The same trends were seen with lineage tracing mice treated with 2 weeks of intraperitoneal
injections of tamoxifen for 2 weeks at 6 weeks of age and 16 weeks of age, both with 4 weeks of
chase time after induction. There was no change in total Myh11-Lin(+) cells, and both timepoints
had a positive relation between fraction of marked cells and radial distance to center of the cornea
(Figure 4.4A-F), suggesting the age of mouse for these two timepoints did not alter what subsets
of CECs were marked for Myhl1 lineage. There was roughly a 10-fold difference between RFP+
cell density between eyedrop of 4-hydroxytamoxifen and intraperitoneal injection of tamoxifen,

which we attribute to differences of tamoxifen delivery to the cornea and duration of treatment.
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Figure 4.3. Myh11 lineage tracing through eyedrop delivery and differing chase times reveals
no change in cell labeling and a positive relationship with radial distribution.

(A) Cell count of MylI-Lin(+) RFP expressing cells in cornea with 2 and 21 days chase post-
tamoxifen induction. (B) Radial distribution of density of MyhlI-Lin(+) cells to center of cornea
with 2 days of chase with fitted line (95% confidence interval of slope in brackets). (C) Radial
distribution of density of MyhlI-Lin(+) cells to center of cornea with fitted linear model with 95%
confidence interval (solid and hyphened gray line, 95% confidence interval of slope in brackets)
for (B) 2 days and (C) 21 days post-tamoxifen induction. Representative images from (D) 2 days
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and (E) 21 days of chase post-tamoxifen induction with RFP (red) and DAPI (blue) (sale bar 1
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Figure 4.4. Myh11 lineage tracing through intraperitoneal administration of tamoxifen with
differing induction start times reveals no change in RFP+ cell density and a positive
relationship with radial density towards center

(A) Cell count of RFP+ cell nuclei in cornea endothelium with induction starting at 6 and 16
weeks. Radial distribution of density of Myh11 lineage cells to center of cornea with tamoxifen
induction starting at (B) 6 weeks and (C) 16 weeks with fitted linear model with 95% confidence
interval (solid and hyphened gray line, 95% confidence interval of slope in brackets).
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Representative images from mice with tamoxifen induction starting at (D) 6 weeks and (E) 16
weeks (scale bar 1 mm).

Myhl1-Lin(+) CECs are Non-proliferative

There is little evidence to suggest that CECs proliferate in vivo, however one report has suggested
that human adult corneas may contain proliferating CECs in the extreme periphery, or the
transition zone, of the cornea’”. We next determined if Myhll-Lin(+) CECs exhibited
proliferation by detecting the incorporation of the thymidine analogue 5—ethynyl-2'-deoxyuridine
(EdU). Adult tamoxifen-induced MyhI1-RFP mice were intraperitoneally injected with 200 mg/kg
of EdU, and after 30 days, we harvested the cornea tissue to investigate the proliferation of Myh11-
Lin(+) CECs. As expected, EQU was detected in the proliferating cornea epithelial cells®*,
however, we did not find positive expression of EQU in Myhl1-Lin(+) CECs or any other CECs
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(Fig S4.1). Unlike what has been observed in other preclinical models’’, our work suggests that

in adult murine tissue CECs are non-proliferating cells.

Cultured Adipose-derived Myhl 1-Lin(+) MSCs Differentiate into CEC-like Cells

Restoration of the cornea endothelium have been supplied by exogenous cell sources. We explored
the potential of using adipose-derived mesenchymal stem cells (MSCs), a readily available in vitro
multipotent cell source for autologous procedures. In fact, adipose Myhl1+ vSMCs-PCs are
suggested to be putative MSCs, thus, the shared Myhl1 lineage may be favorable in restoring the
corneal endothelium. Myhl1-Lin(+) cells from the epididymal fat pad were isolated with
enzymatic digestion and cultured using a previously established protocol for CEC differentiation
of human embryonic stem cells using Smad inhibitors 32, After 3 days of differentiation media

treatment, western blots (Figure 4.5A) revealed a reduction in expression of the fibroblast marker
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HSP903*? in cultured Myh11-Lin(+) cells (Figure 4.5B, unpaired t-test, p=0.0396), along with a
trend of lower a SMA expression (Figure 4.5C, paired t-test, p=0.298). Myhl1-Lin(+) MSCs do
not initially express N-cadherin prior to treatment with CEC differentiation media (Figure 4.5D),
but acquire expression after 14 days of treatment (Figure 4.5B, E). Myhl1-Lin(+) MSCs
underwent morphological changes from an elongated, spindle-shaped fibroblast shape to a smaller,

more round shape.

Local Delivery of Differentiated Myhl 1-Lin(+) MSCs into Injured CEC Layer

We next tested whether differentiated Myh11-Lin(+) CECs in vitro could be delivered into the
CEC layer and exhibit a CEC phenotype. After introducing mechanical injury to the CEC layer
of C57B1/6] mice using a previous protocol’*?, we injected 5,000 CEC differentiated Myh11-
Lin(+) MSCs to anterior chamber with the addition of 100 uM of Rho Kinase (ROCK) inhibitor,
Y-27632, and 100 uM TGFR inhibitor, SB4314542. Immediately after injection, mice were
overturned with anterior segment of the eye facing downwards to promote the adherence of
injected cells to the CEC layer. One week after local delivery to the CEC layer,
immunofluorescence showed that there was a low percentage (<1% of total delivered cells) of
CEC differentiated Myh11+ MSCs that adhered to the CEC layer and acquired expression of N-
cadherin. However morphological structure was not fully consistent with the endogenous CECs

(Figure 4.5G, H).
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Myh11 isolated ASCs can differentiate into a cornea endothelial cell phenotype and adhere
to the corneal endothelium after delivery into the anterior chamber

(A-C) Western blot from cells treated with endothelial differentiation media compared to untreated
cells, with comparison of (B) HSP90 and (C) aSMA normalized to viniculin. (D-E)
Undifferentiated MyhlI-Lin(+) MSCs stained with anti-eYFP (green), anti-N-cadherin (red), and
DAPI (blue), and (D) after 14 days treatment with cornea endothelial differentiation media (E)
(scale bar 100 pm). Data is representative of three biological replicates. (F) Representative image
(n=3) of exogenous Myh11 lineage ASC adhering to corneal endothelial basal surface 14 days post
injection to anterior chamber following a scratch wound (scale bar 25 pum).

Discussion

The cornea endothelium is responsible for maintaining optical transparency and nutrient transport
for the entire cornea®**. Compared to the epithelial and stromal layers, it is the cell layer with the
least demonstrated regenerative capacity, with substantial evidence pointing to a complete lack of
cell turnover, even in the case of acute injury’®. Accelerated degeneration of the cornea
endothelium remains a substantial risk for any of the annual worldwide 185,000 corneal

transplants®3°

, although cornea transplantation remains the only successful option to partially
restore the cornea endothelium. Transplant procedures involve either the replacement of all cornea
layers or just the cornea endothelial cell layer and the adjacent basement membrane®?!. These
partial transplants use donor CECs in DMEK/DSEAK grafts to replace loss and damaged CECs**’.
However, exogenous cell sources are known to illicit a host immune response, possibly leading to
graft rejection or impaired recovery, or lack of visual acuity improvement®*®, With only 1 in 70
patients in need of corneal transplants actually receiving a graft’*®, there is a chronic shortage of
donor tissue to meet global demands. The use of autologous cell sources for these procedures have
the possibility of providing superior clinical outcomes than exogenous transplants independent of
a donor tissue supply**°. Mesenchymal stem cells (MSCs) have the potential to differentiate into a

variety of cell types in vitro, and previous work has shown that human umbilical cord-derived stem

cells can differentiate into corneal endothelial cells in vitro using differentiation media that alter
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TGFp and BMP signaling#%-34!, Yet this stem cell source cannot be harvested from adult patients,
limiting its utility for large scale use in the clinic. MSCs can be harvested from adult adipose tissue,
a readily available adult tissue source**>. MSCs have been shown to have similar in vitro
differentiation capability as umbilical cord-stem cells, and there is evidence to suggest that MSCs

have the ability to differentiate into endothelial cells**3.

However, adipose-derived MSCs are suggested to have diverse cell lineages®~*,
presenting a confounding factor that could lead to inconsistent therapeutic efficacy. We investigate
a specific subpopulation of MSCs, those that express Myh11, that we demonstrate is shared with
a subpopulation of CECs. The adherence of Myhl1-Lin(+) MSCs to the corneal endothelium
surface demonstrates the concept of using an autologous stem cell therapy to regenerate the corneal
endothelium in contrast to current therapies that depend on donor tissue allografts. While Myh11-
Lin(+) MSCs were able to adhere to the CEC layer after local delivery, these cells did not exhibit
a complete CEC phenotype after 14 day differentiation, in contrast with cultured and in vivo CECs
exhibiting a hexagonal shape connected by tight junctions such as ZO-1. Future work needs to
address how to successfully differentiate this population into a more differentiated CEC cell.

Myhll is considered a lineage marker of vascular smooth muscle cells and pericytes
(VSMC-PCs), cells that enwrap and regulate the macro and microvasculature through contraction,
juxtracrine, and paracrine signaling. However, My11-Lin(+) CECs exhibited a unique phenotype
marker expression compare to vSMCs-PCs with their expression of N-cadherin, ZO-1, and lack of
aSMA, along with no association with blood vessels. Cytoskeletal complexes and other
actomyosin proteins, primarily actomyosin 2, are heavily concentrated at the apical tight junctions
and adherent junctions that form CEC barrier**4, and are implicated in the maintenance of CEC

barrier integrity***. Myh11 may also play a role with in maintaining CEC permeability that are
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critical for corneal homeostasis. While our results corroborate previous studies that show lack of
cell proliferation, the cell fate of CECs in disease is unknown, and the possibility that this cell
layer can endogenously be partially restored from another tissue layer has not been ruled out. The
Myhl1 lineage tracing mouse model can be used to not only examine cell fate of CECs in disease
and injury, but also probe for any signs of contributions from other tissues. We anticipate that
using Myhll lineage tracing will provide a novel model for investigating future corneal
endothelium research and have provided proof of concept for autologous adipose-derived MSC

restoration of the corneal endothelium.
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Supplemental Information

Supplemental Methods 1: Primary Cell Culture

Briefly, the eipididymal adipose pads were harvested from tamoxifen-induced male Myhll-
eYFP+/+ mice, and the adipose pads were enzymatically digested in 1 mg/mL collagenase type 1
(ThermoFisher, 17100017) for 1 hr at 37°C. Next, the digested fat pads were centrifuged at 400 g
for 5 min and the pellet, or stromal vascular fraction (SVF), was collected. Red blood cells were
removed from the SVF by adding red blood cell lysis buffer (ThermoFisher, 00-4333-57) for 5
min at room temperature. Next, cells were washed with DMEM media and centrifuged to collect
the remaining SVF pellet. The remaining SVF was filtered through a 70-um and 40-pm mesh, and
later resuspended in FACS Buffer consisting of DMEM, 50% BSA, 5 mM EDTA, and DAPI
(ThermoFisher, D1306, 1:1,000 dilution). Myh11-Lin(+) vSMC-PCs were FAC-sorted using a BD
Influx Cell Sorter, and immediately cultured into wells at an initial density of 1.5e4 cells/cm?.
Cells were cultured in DMEM supplemented with 10% FBS and 1% antibiotic-antimycotic. Once
cells reached 70-80% confluency, cells were passaged with 0.05% Trypsin-EDTA. Cells were
cultured in 37°C, 5% CO,, and 95% humidity. All experiments consisted of cells between passages
6-8.

Supplemental Methods 2: Whole Cornea Endothelium Image Processing

Confocal tiles of up to 1.5 GB in size were imported into MATLAB with two channels, one for
DAPI and one for RFP. The goal for the analysis was to capture all of the DAPI cell nuclei from
the cornea endothelial cell layer, and quantify the total RFP+ nuclei cell count and the fraction of
RFP+ nuclei as a function of binned radial distance from the edge of the cornea to the center. To
accomplish this, a surface z projection was performed on the image, where a z-max projection was

computed on the z-stack that only captures the bottommost layer of the cornea. The resulting 2D
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image was segmented for individual nuclei and each nuclei’s RFP expression state determined in
a binary fashion. The ROI of the corneal endothelial cell layer was manually defined, and
thresholded Euclidean distance was used to separate the cornea radially into five bins. The fraction
of RFP+ DAPI nuclei was calculated for each bin.

For the surface z-projection of the cornea, (Supplementary Figure 2A, B), the DAPI
channel tile underwent a first pass local adaptive segmentation in 3D, where the images were
blurred and processed with a min and max filter with the approximate dimension of a cell nuclei
(xx um, xx pix). Foreground was segmented based on where the max filtered image was at least
25 grey values above the background min filtered image. Each of the layers were segmented, and
then the bottommost layer was found by finding the bottommost z-slice index of each positive
thresholded pixel to create a 2D elevation image, where the pixel value denoted the bottommost z
index for that pixel (Supplementary Figure 2C, D). After passing the elevation image through a
max filter (xx um, xx pix) to find the local surface height of the tissue, an initial surface z
projection was performed that projected the maximum intensity pixel value (in this case from the
binary 3D threshold of the tissue) in the z-direction that included the slices above the tissue all the
way through the bottom of the tissue represent an initial surface z-projection. This yielded a
reasonable accurate surface projection of the segmented cell nuclei in the lateral dimensions (x
and y), but the highly sensitive threshold was not accurate in z: often the nuclei were segmented
in the z-slices above where the nuclei were located in the z-stack. To find a more accurate z-index
for the surface projection, the local z slice height from the 2D initial surface z projection image
was refined by finding the z-slice with the max local contrast between segmented nuclei and
background existed, with the assumption that the z-slice with this max contrast was at the center

of the nucleus in the z-dimension (Supplementary Figure 2E). These new z-coordinates were again
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used as a second 2D elevation image to calculate a refined surface z-projection (Supplementary
Figure 2F, G). The nuclei were then thresholded and a watershed algorithm applied to split
touching nuclei that were above minimum the area of (300 pixels, um?). Some nuclei were split
incorrectly into many small components, these were reunited base on the components being below
100 pixels in area (Supplementary Figure 2H-J). The red RFP channels were thresholded based on
a global threshold (Supplementary Figure 2K) and the state of every DAPI nuclei was determined
if it had at least 65% of its area segmented as positive for RFP (Supplementary Figure 2L).
Comparing automated cell counts to manually results in a sample dataset of 12 images
demonstrated in a pairwise fashion and through Bland-Altman plots reveal high accuracy and
agreement between the counting methods (Supplementary Figure 2M-P).

To examine the radial distribution of RFP labeled cell nuclei, ROIs were manually defined
in a blinded fashion encompassing the lateral border of the CEC layer. Within the circular ROI
the, radial distance was calculated with a Euclidean distance transform of the ROI and divided by
the max distance so that radial distance was normalized from 0 to 1. Pixels were split into 5 bins
based on radial distance. Cell nuclei were separated into each of the bins based on their center of

mass, and the fraction of RFP+ cell nuclei in each bin was calculated.
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Figure S4.1. Eyedrop induction also yields Myh11-Lin (+) cells, while no cells are marked

with vehicle

(A) Confocal tile of mouse treated with IP injection of peanut oil as vehicle with RFP (red) and
DAPI cell nuclei (blue). Representative image of cornea of Myhll-RFP mouse treated with
activated (B) tamoxifen eye drops (4-hydroxytomaxifen) for 2 days with 3-week chase, compared
with (C) vehicle (scale bar 1mm).

Eyedrop

+Veh

139



Initial Grayscale Surface

Initial Segmentation 7 Proiection

Initial Elevation Image

00 N O U B W N P

Refined Grayscale Surface
Z Projection

Signal Ratio

0 N OO s W N

Nuclei Segmentation

® Y9V

Z Slice
Refined Z Surface Projection

4

.
[ ] .'.. .‘

022 0

A X0 XY ‘
P‘..':‘ "
t 0'0 09 0% o - *
AR A ol e
»® ®6%0..%

RFP Threshold Nuclei Classification

L M N 0.
80

- = — 3

=
3 e o € 50 3 =
O 300 3 5 O g0 3

[0} ]

E 8 oD ts i oo——54 E O gluwo o
z ; Z 40 T+
= 250 a 0 -13 = a e - =-0.93
o ) w S, W o .
a 4 -50 & o——p q a 33
L 200 o
4 o———38 &8

2 o 5

Manual Auto 200 250 300 Manual Auto 0 20 40 60 80
Mean RFP- Cellcount Mean RFP+ Cellcount

140



Figure S4.2. Whole-mounted cornea endothelial image processing pipeline

Whole-mounted cornea labeled with DAPI and RFP was tiled with confocal microscopy, and the
z-projection of the surface cells that comprise the endothelial was obtained and analyzed. (A)
Representative image of a z-projection through an entire z-stack, which was acquired from
imaging cells from the stroma and endothelium. (B) Initial segmentation of DAPI nuclei, (C, D)
with an initial attempt to locate where in Z the surface of the tissue is located that did not always
capture the topmost layer of cells. The surface project was refined by (D) finding the z slice with
the max contrast between foreground and background, yielding a (E, F) refined z projection of the
surface cell layer. (G) The refined surface z projection was then obtained from the original image
from both channels, and both (H, I) DAPI (blue) and (J) RFP labeling was segmented. (K) The
marked state of each DAPI cell was determine based on the thresholded overlap with RFP. (L, M)
Paired and Bland-Altman plots comparing manual and automated counting of RFP- cells show
close agreement. (N, O) Paired and Bland-Altman plots comparing manual and automated
counting of RFP+ cells show close agreement.
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Figure S4.3. Single day treatment of tamoxifen eyedrops with 1 day of chase reveals no sign
of Myh11-Lin(+) cells migrating in from peripheral cornea

(A) Schematic of how the cornea was radially partitioned between regions. (B) Radial distribution
of density of Myhll-Lin(+) cells to center of cornea with fitted line shows small positive
relationship between cell density and radial distribution. A negative slope of the fitted line would
indicate a sign of migration from periphery (95% confidence interval of slope in brackets). (C)
Representative image with RFP (red) and DAPI (blue) (sale bar 1 mm).

142



9
[}
<
et
o
°
c
L

Epithelial

Figure S4.4. Myh11 lineage corneal endothelial cells are non-proliferative
Myhl1 lineage cells in the cornea after injection of Edu, with RFP (red), EAU (green), and DAPI
(blue) in the (A) endothelial cell layer, and (B) epithelial cell layer of the cornea (scale bar 100
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Overview

The unifying goal of this thesis was to reestablish a healthy ocular tissue environment within ocular
disease through the local delivery of mesenchymal stem cells (MSCs). MSCs are derived from
the perivascular region of tissue, and thus we also investigated whether the endogenous population
of perivascular cells, namely the retinal vascular smooth muscle cells and pericytes (vSMCs-PCs)
were able to differentiate into MSCs and contribute to restoring the ocular tissue in disease.

In diabetic retinopathy (DR), this ocular disease is underlined by retinal vasculature
destruction caused by chronic diabetes and inflammation in the retinal tissue. Past studies show
MSCs can remodel vasculature through paracrine and juxtacrine methods, thus we examined if
intraviteally delivered MSCs could incorporate into the retinal vasculature at a greater than random
chance (Chapter 2) and promote retinal vasculature growth (Chapter 3) in a preclinical model of
ischemic DR. We also explored within the context of ischemic retinopathy and other ocular injury
if the resident vSMCs-PCs could display an MSC phenotype and differentiate into another cell
type to participate in the retinal wound healing process (Chapter 3). Lastly, we investigated the
ability of MSCs derived from vSMCs-PCs to differentiate into endothelial cells to replace damaged
corneal endothelial cells in a cornea injury model (Chapter 4). Taken together, our meticulously
investigation of the in vitro and in vivo bioactivity of MSCs provides insight into the potential
therapeutic mechanisms of MSCs once delivered in clinical ocular diseases.

In this final chapter, I will discuss the main outcomes of the data presented in the preceding
chapters and discuss future experimental work. The discussion will largely consist of topics of how
MSC research should be conducted to reassure safe and comprehensive scientific work for future

research studying MSC therapy for ocular diseases.
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Key Contributions and Extended Applications

Statistical Analysis on MSC Incorporation to the Retinal Vasculature

Past reports have only demonstrated the ability of adipose-derived MSCs to become pericyte-like
cells in neovascularization®>23%2%_ but have not systematically measured the frequency at which
MSCs incorporate into the endothelial networks or in vivo microvasculature. Here, we examine
the proclivity of adipose-derived MSCs to become pericyte-like cells in endothelial network
formation in vitro and murine ischemia retinopathy. The publicly available MatLab® statistical
tool described in Chapter 2 measures the enriched colocalization of adipose-derived MSCs with in
vitro endothelial cell networks and retinal vasculature in ischemic retinopathy. Using novel
statistical testing, we are the first group to demonstrate adipose-derived MSCs colocalize with in
vitro endothelial cell networks and the in vivo retinal microvasculature greater than random
chance. This confirms MSCs engrafted within the retinal tissue have a predisposition to migrate
towards the retinal vasculature, however, it is still unclear on what molecular signaling
mechanisms are driving MSCs toward the vasculature endothelium. Regardless, this type of
analysis is beneficial to compare the colocalization of a variety of biological structures within
individual data sets and multiple sample groups, which benefits multiple research groups that

explore strategies to enhance colocalization between cells, proteins, and other organelles.

MSCs Are Derived From Multiple Origins From Adipose Tissue

No other study has used lineage-tracing to perform a thorough investigation of the MSC
characterization and behavior of perivascular cells. Because of this, there has been no definitive
proof of a specific cell population or populations being a possible source of MSCs. Other reports

have commonly used surface marker expression to isolate and derive presumed MSCs from the
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stromal vascular fraction of tissue. However, this method does not guarantee the extraction of a
specific putative MSC population since the surface marker profiles overlap between different
perivascular cells. With the use of a lineage-tracing model in Chapter 3, adipose Myh11+ vSMCs-
PCs were isolated, cultured, and analyzed for surface marker expression and tri-differentiation
ability. We show that this cell population does meet the criteria to for a MSC in vitro defined by
the International Society for Cellular Therapy (ISCT)*. Furthermore, extracting the lineage-
negative population, it was shown that cells not of Myh11+ vSMCs-PCs were also MSCs in vitro.
Together, this convergence of adipose stromal cells to an in vitro MSC phenotype may suggest
that there are no particular source of MSC, and the MSC phenotype may be fundamentally
dependent on the artificial culture conditions. However, it is still essential that future work use
lineage-tracing to study a specific cell population as a MSC, which may reveal that certain putative
MSCs may have different cell behaviors and characteristics that are outside of the criteria defined
by ISCT. Establishing rigor with lineage-tracing promotes consistency when studying the basic
science behind MSC function and therapy, as examining a designated cell population most likely

limits biological variation across studies.

MSCs Not Incorporated to Retinal Vasculature Adopt Myofibroblast Phenotype

Considering we desired to develop a MSC therapy for DR, we intravitreally injected the MSCs
derived from Myhll+ vSMCs-PCs into a model of retinopathy and showed that from the
intravitreal injections blood vessel growth was accelerated. Similar to our previous reports®!°!,
the injected MSCs from Myhl 1-lineaged vSMCs-PCs incorporated to retinal blood vessels at a

low percentage, which indicates the paracrine profile of the MSCs essentially induced retinal

vasculature growth. Most notably, the delivered MSCs that were located in the vitreous body of
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the injected eyes exhibited a myofibroblast phenotype. This was exhibited by the expression of
aSMA stress fibers and the presence of Col-IV secretion. The prominent collagen matrix is
identical to the epiretinal membrane formed in proliferative vitreoretinopathy, and this vision-
deterring membrane formation is occasionally found in PDR and retinal detachment surgeries.
This collagen matrix was also present in the vitreous gel after the delivery of MSCs not derived
from the lineage of Myh11+ vSMCs-PCs; we demonstrate that the lineage-negative cells (termed
“Lin(-)” in Chapter 3) are able to comparably accelerate the retinal vasculature growth in a
preclinical retinopathy model, and adopt a myofibroblast phenotype contributing to epiretinal
membrane formation.

Because of the myofibroblast differentiation of injected MSCs derived from Myhl1+
vSMCs-PCs, the in vivo MSC behavior of retinal Myh11+ vSMCs-PCs was also investigated. We
analyzed three different models of injury, and only from a severe chemical burn injury to the sclera
of the eye, the retinal Myhl1+ vSMCs-PCs were able to detach from the vasculature and
differentiate into myofibroblasts.

Both the exogenous and endogenous phenotype of Myhl1+ vSMCs-PCs displayed a
myofibroblast phenotype after complete detachment from the vasculature endothelium, which
suggests that Myhll+ vSMCs-PCs may have a preferred propensity to differentiate into
myofibroblasts. There is some evidence to suggest that vSMCs-PCs can perhaps differentiate into
other cell types after injury to replace damaged cells*’®, however, the data presented in this thesis
indicates that myofibroblast differentiation is perhaps favored. Given this observation of scar
formation, MSC therapy for the eye appears to be an arduous feat, but, the results presented in this
thesis still elucidate a fibrotic source of cells in the eye, which had not been previously reported.

Targeting retinal Myh11+ vSMCs-PCs and preventing their myofibroblast differentiation may lead
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to a novel therapy for proliferative vitreoretinopathy, which currently is only clinically treated

through surgery.

MSC Myofibroblast Differentiation is Controlled by Complex Cellular Signaling

As discussed, myofibroblast differentiation can occur in the cell population of Myhl1+ vSMCs-
PCs. In Chapter 3, we attempted to regulate the myofibroblast differentiation of both exogenous
and endogenous Myh1 1+ vSMCs-PCs by inhibiting the TGFf} signaling pathway. From the global
inhibition of TGFp after chemical injury to the eye, we see a reduction in myofibroblast
differentiation and retinal scar formation. In contrast, myofibroblast differentiation of MSCs
derived from Myhl1 + vSMCs-PCs delivered in ischemic retinopathy is not changed from the
inhibition of TGFp signaling pathway. This suggests that other signaling pathways are sufficient
and perhaps necessary to induce myofibroblast differentiation in exogenous MSCs. This is
important to consider in future work that attempts to use MSCs as a therapy, as there is risk of
unwanted collagen and scar production from the delivery or engraftment of MSCs.

The strategy of reducing MSC myofibroblast differentiation was further explored in
Chapter 4. We investigated whether MSCs derived from adipose Myhl1+ vSMCs-PCs could
serve as a replacement cell source of cornea endothelial cells. Previous studies have used human
embryonic stem cells to differentiate into cornea endothelial cells, but we are the first group to
investigate this differentiation using MSCs derived from Myhll+ vSMCs-PCs. Corneal
endothelial cell in vitro differentiation largely is dependent on inhibiting both TGF3 and BMP
signaling pathways through inactivation of Smad proteins. From the inhibition of these
morphogenetic pathways, we observe a drastic morphological change in MSCs and the typical

fibroblast-like culture morphology found in standard culture conditions. This change was not able
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to result in a successful differentiation into mature endothelial cells, but there was no observed
myofibroblast phenotype of the delivered MSCs into the aqueous humor below the cornea.
Notably, inhibition of Smad proteins resulted in a decrease in HSP90, which is an important
chaperone molecule in regulating fibrosis**234°-35! This suggests that simultaneously targeting
TGFB and BMP signaling, and inhibiting HSP90 activation, may be an alternate strategy in
limiting the myofibroblast differentiation of Myhl1+ MSCs. Overall, research should avoid a
reductionist approach in altering the potential myofibroblast behavior of MSCs, and perhaps by

targeting multiple signaling pathways, MSC differentiation into other cell types may be possible.

Future Directions
Stimulating a Pericyte Phenotype of Delivered Adipose-derived MSCs
In Chapter 2 and Chapter 3, we demonstrate that adipose-derived MSCs are able to migrate and
towards the retinal vasculature and adopt a pericyte-like position. However, there is still a
considerable amount of delivered MSCs (>90% of total injected cells) that do not reach the retinal
tissue. The low retinal integration and vasculature incorporation of the total delivered MSCs could
be contributed to the MSCs being trapped in the vitreous gel of the eye, the loss of MSCs from the
efflux of the injection, or even cell death of the injected MSCs.

There are several practical strategies to consider to determine if vascular integration of
MSCs can be improved in preclinical models of DR. First, future work could inject lineage-traced
vSMCs-PCs immediately following enzymetic digestion and fluorescent activated cell-sorting
(FACS) of the adipose stromal vascular fraction. This approach would ultimately avoid the
artificial conditions in culturing, which may preserve the in vivo “vSMC-PC cell memory” to the
vasculature endothelium. Furthermore, vSMCs or PCs alone could be isolated and sorted based

on CD146 expression to further explore if intravitreally injected vSMCs or PCs leads to an increase
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in retinal vasculature integration, as the morphology of cell may be a factor in migration to the
retinal tissue and vasculature. There is some concern of the difficulty of this strategy, however, as
this type of approach is dependent on time constraints on scheduling the use of FACS equipment
with the experimentation on preclinical models of a certain age. Also, sorting enough cells for
direct intravitreal injection would be challenging, as vSMCs-PCs represent approximately 3% of
the estimated 1 million total cells isolated from the stromal vasculature fraction of one murine
adipose tissue pad. Dividing this subpopulation even further may not provide an adequate number
of cells for experiments. Lastly, another approach could be to lower the total number of MSCs
delivered into the vitreous gel of murine preclinical models. Currently, we inject 10,000 cells per
1.5 pL of vehicle solution, and decreasing the number of cells delivered may reduce cell
aggregation, which in turn, would increase greater migration to the retinal tissue.

Future experiments should also explore the role of molecular and cellular pathways that
are potentially involved in MSCs migrating and attaching to the retinal vasculature. As
demonstrated in development and postnatal angiogenesis studies, the recruitment of PCs to
vascular endothelium is dependent on several ligand-receptor complexes’, including the sonic
hedgehog (Shh)/Shh receptor Patched (Ptc); stromal-derived factor 1-a (SDF-1a)/CXCR4;
heparin-binding epidermal growth factor (HB-EGF)/ErbB; PDGF-B/PDGFRJ ; Angiopoietin-1
(Ang-1)/Tie-2. In regards to neovascularization found in DR, most of the ligands that are
responsible for pericyte migration and recruitment are also upregulated in the vitreous and retinal
tissue3>2733¢, Therefore, the molecular environment is somewhat conditioned for delivered MSCs
to adopt a perivascular position on the newly formed retinal vasculature.

Because the retinal molecular environment seems to favor MSC adoption into PCs, or

perhaps even vSMCs, future work should analyze the expression levels of the above-mentioned
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ligand-receptor complexes on the injected MSCs within the ischemic retinal tissue. To accomplish
this, a multitude of protein and genetic markers of injected MSCs, both on- and off retinal blood
vessels, need be measured. This analysis can be conducted by harvesting the retinal tissue and
using a combination of immunohistochemistry and fluorescent in sifu hybridization (FISH) to
detect several targets in the delivered MSCs. These targets should include receptors and
downstream signaling complexes of PC migratory and recruitment ligand-receptor pathways, as
well as other vSMC-PC markers, such as aMyhl1, aSMA, Vinculin, NG2, CD146, PDGFR}3,
RGSS, and angiopoietin-1. Furthermore, it would be critical to detect the presence of integrin
connections, such a5p1, a3B1, a6Bf1, and alPl’’, to determine successfully connection with the
basal lamina and vascular endothelium.

Comparably, another technique to use in detecting the mentioned targets is imaging mass
cytometry®>’, which is an imaging extension of mass cytometry and allows for the detection of
approximately 30 markers within one biological sample. This state-of-the-art technique is
advantageous over traditional fluorescent microscopy as it performs high-throughput
measurements of multiple tissue samples, and the collected can also be analyzed statistically with
clustering algorithms. Currently, this imaging technique is limited to a few institutions, and would
most likely serve as a tool for investigations several years later.

Lastly, another option would be to enzymatically digest the vitreous and retinal tissue,
inhibit DNA replication through dactinomycin or other agents, and sort the lineage-labeled injected
MSC:s for single-cell sequencing, such as RNAseq and TAGseq. This experimental technique
would probably be the most technically challenging of the three options presented due to the
relatively low number of MSCs that may be collected from the digested tissue. To avoid this

dilemma, an in vitro high-throughput system could be developed to more efficiently examine the
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protein and genetic profile of MSCs within the presence of proliferating and tube-forming
endothelial cells.

Performing these probing experiments may reveal that certain molecular and cellular
pathways are upregulated or downregulated in MSCs within the retinal tissue. Genetic engineering
through retroviral, lentiviral, or CRISPR/Cas9 techniques could be used to promote the
overexpression or the suppression of select pathways in the attempt to promote a more vSMC/PC
phenotype after delivery into the vitreous. For instance, the notch signaling pathway is also
suggested to play a role in MSC migration and adhesion to retinal vasculature, as it was recently
demonstrated that the juxtacrine connection of adipose-derived MSCs to endothelial cells in
ischemic retina, and consequently, endothelial network formation was dependent on NOTCH2

357, By engineering an overexpression of NOTCH receptors in MSCs, there may be an

expression
improved level of MSC retinal vasculature integration, which could be verified using the statistical
software of CIRCOAST, as explained in Chapter 2.

Finally, intravitreally delivered MSCs may gradually migrate towards the retinal
vasculature and upregulate a pericyte-like phenotype in a time-dependent manner. Surprisingly,
we did not find significant expression of Myhll—a marker that only marks vSMCs-PCs in
vasculature tissue—on injected MSCs that were engrafted into the retinal tissue, however, this was
only analyzed in the retinal tissue samples 2 days and 5 days post-injection. The expression of this
defined smooth muscle cell and pericyte marker may increase as the injected MSCs are fully in
contact through integrin connections with endothelial cells and the vascular basement membrane.
Thus, future work should explore analyzing preclinical models throughout different time points,

to determine if MSCs have an improved incorporation with the retinal vasculature compared to a

few days post-injection.
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Engraftment of Isolated vSMCs-PCs and MSCs into Retinal Grafts
MSC delivery into diseased tissue results in the repair of blood vessels through paracrine and
juxtacrine mechanisms. However, the ability of MSCs to reach the retinal tissue and the retinal
vasculature after intravitreal injection may not be the best clinical procedure for a potential MSC-
based DR therapy. Some researchers are using cell transplantation or retinal graft implants to
restore damaged retinal tissue in end-stage retinitis pigmentosa—a genetic disorder where
photoreceptor cells break down in the retina, causing vision loss. This type of approach could be
adopted to repair the healthy retinal vasculature, as the engineered microvasculature grafts could
be inserted subretinally to perhaps replace damaged tissue in end-stage DR patients.

Currently, human embryonic stem cells and induced pluripotent stem cells are
differentiated in vitro into self-organized 3D neural retina and optic cups through defined

protocols®383%

After differentiation, these cell structures are transplanted subretinally in
preclinical models of retinal degeneration with the expectation to regenerate damaged neural
retina. Several weeks after transplantation, these cells integrate into the damaged retinal space and
express mature photoreceptor markers*®=3%3 however, the functional capacity of these grafts still
remain unexplored.

A similar approach could be taken in restoring the damaged retinal area where MSCs or
isolated vSMCs-PCs are cultured with other parenchymal cells to engineer vasculature grafts in
vitro. 3D-printing techniques could also be adopted within this approach to leverage the control of
engineering the vasculature grafts, in which endothelial cells, extracellular matrix networks, and
MSCs/vSMCs-PCs are printed in the same 3D patterns that resemble the microvasculature retinal

structure. Once grafts are optimized for stability and differentiation in vitro, the grafts could be

delivered subretinally in ischemic retinal areas of DR to add a healthy vasculature network within
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the tissue. Transplanting the vasculature grafts in the peripheral space of end-stage DR patients
would perhaps be the most suitable, as this is least likely to interfere with the macula and
potentially cause vision loss. The surgical procedure must be carried out with great care as there
have been reports of pre-retinal membrane formation and retinal wrinkling after cellular
transplantation in the subretinal space¢*3%5, With successful surgery and graft acceptance, it is
expected that vasculature grafts may integrate with the surrounding retinal vasculature and form a
healthy retinal microvasculature complex, as demonstrated in microvasculature engineered grafts
delivered to other tissue’®93%8, As with previous graft studies, it is important to provide appropriate
characteristic and functional tests before and after transplantation. Fluorescent angiography,
optical coherence tomography, and electroretinograms would assess maturation and biological
activity of the retina microvasculature and surrounding tissue to determine if the inserted grafts
improved the overall health of the diseased tissue. By supplying the DR retina with a healthy
vasculature construct, there may be a decrease in peripheral vision loss, and the decrease risk of
leaky blood vessels due to the replacement with healthy and mature blood vessels in the tissue.
Furthermore, future experiments could implement the idea of engineered vascular grafts
into the current versions of the neural retina and optic cups 3D implants. The current neural
engineered grafts were developed without the presence of vasculature structures, and it is unknown
if these engineered cells are optimally healthy without any surrounding blood vessels to supply
nutrients and oxygen. Complementing neural grafts with vasculature grafts or perivascular cells
may be the most optimal design in replacing the entirety of damaged retinal tissue in DR. This
type of complex graft may not only enhance vasculature function after transplantation, but also
supply the retina with functional photoreceptor cells, which may lead to the restoration of vision

in DR patients.
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Using MSC-Derived Microvesicles and Exosomes to Repair Retinal Vasculature in DR
Non-cell based MSC therapy is becoming of more interest in clinical investigations because of
potential safety issues, low engraftment of MSCs, and the theory that most of the therapeutic
benefit is due to the paracrine factors of the engrafted MSCs3%. For the eye, a non-cell-based
therapy is even more meaningful because of our results showing myofibroblast differentiation of
intravitreally injected MSCs, which results in vision-impairing scar above the retina. However,
the intravitreal injection of MSCs still accelerates retinal vasculature growth in ischemic
retinopathy, creating a conundrum around MSC cell-based or non-cell based therapeutic efficacy.
This warrants future work to compare MSC delivery to the delivery of MSC secreted microvesicles
(MVs) and exosomes (EVs) to repair the state of the retinal vasculature in DR.

MVs (>200 pum) and EVs (40-100 nm) are both phospholipid membrane-bound vesicles
that contain proteins, DNA fragments, mRNA, and miRNA. MVs/EVs are mediators of
intracellular communication in both physiology and pathophysiology environments, controlling a
multitude of signaling cascades around cell proliferation, differentiation, and survival. Because of
the phospholipid membrane, the macromolecule contents within MVs/EVs are protected from
degradation. Once the MVs/EVs are created and loaded within the cytoplasm of the cell, binding
of MVs/EVs to the target cell is thought to occur through juxtacrine signaling, fusion, or

0

endocytosis®’’. MVs/EVs derived from MSCs are considered a potential therapy for DR since it

has been demonstrated that MVs/EVs regulate inflammation, apoptosis, and are considered both
pro- and anti-angiogenesis®’!-375,
There are a few reports to examine the bioactivity and therapeutic potential of MVs/EVs

derived from MSCs in eye disease. After laser-induced retinal injury, the intravitreal delivery of

EVs from murine adipose-derived MSCs reduced damage in rod and cone bioelectrical signaling,
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apoptosis measured by TUNEL staining, and inflammation measured by the downregulation MCP-
1, TNF-a, and ICAM-137¢, Mead and colleagues have demonstrated that the neuroprotective effect
from the intravitreal delivery of EVs derived from bone marrow MSCs in a rat optic nerve crush
model, a model that results in significant retinal ganglion cell death and axon degeneration®”’.
Twenty-one days after intravitreal injection of EVs, the thickness of the nerve fiber layer of optic
nerve crushed was significantly preserved when compared to the untreated control. The injection
of EVs was also found to reduce the loss of retinal ganglion cells by 30%, as well as preserve the
bioelectrical function (measured by ERG) of retinal ganglion cells. Lastly, the work of Mead and
colleagues suggested that miRNA were most likely the active component in mediating the retinal
ganglion cell neuroprotection since the knockdown of miRNA quantity in exosomes through the
siRNA silencing of Ago?2 resulted in the suppression of therapeutic effects.

There are currently no reports that have examined the effect of MSC-derived MVs/EVs on
restoring the health of the retinal vasculature in DR. Our research group has previously reported
that the intravitreal injection of conditioned media derived from MSCs (which contains MVs/EVs
and the non-membrane bound macromolecules secreted by MSCs) is not sufficient to provide
retinal vasoprotection seen from the injection of adipose-derived MSCs in the ischemic retina of
Akimba mice?®’. This result may be explained by the insufficient concentration of pro-angiogenic
molecules, or the paracrine profile of the cultured MSCs was not adequate in composition to induce
a retinal vasoproliferative response. Exploring the use of MSC-derived MVs/EVs as a therapy for
DR may reveal that the contents within the MVs/EVs may be more favorable than MSC-
conditioned media in restoring the health of the diabetic retinal vasculature and surrounding tissue.

Therapeutic studies mostly show that MVs/EVs carry macromolecule contents, particularly

miRNA, that regulate the transcription of immunosuppressive and anti-inflammatory genes®78-38!,
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The advantage of MVs/EVs as a therapeutic agent is that there is that there is a phospholipid
membrane surrounding the macromolecules, specifically the nucleotides, from degradation.
Isolating MVs/EVs can be achieved through a variety of different techniques: 1) differential
centrifugation (200-100,00 x g centrifugal force), 2) flotation density gradient centrifugation, 3)
monoclonal antibody detection, 4) ultrafiltration, and 5) high performance liquid
chromatography?®2. To properly examine MSC-derived MV/EV therapy for DR, the
macromolecule contents of MV/EV should be meticulously examined through high-throughput
screening kits and traditional laboratory techniques, such as miRNA PCR profiling Kkits,
immunofluorescence antibody detection, western blots. If the macromolecule content of MVs/EVs
is found not to be ideal, the macromolecule content could be theoretically altered through
pretreatment or genetic engineering of MSCs, which may lead to a more desirable MV/EV profile
for targeting specific pathways and damaged cells in ocular disease. For instance, culturing MSCs
in hypoxia may change their MV/EV macromolecule contents to a more pro-angiogenic profile,
which may benefit the restoration of healthy retinal vasculature in an ischemic DR environment.
However, attempting to formulate a correct macromolecule content may be too difficult because
of the many interacting variables of transcribing, packing, and loading proteins and nucleotides
within membrane-bounded vesicles.

When planning for the injection of MVs/EVs it is important to consider both the tracking
and binding specificity of these vesicles. MVs/EVs can be labeled with lyophilic dyes before
injection, where fluorescent imaging can be used to detect the location of the MVs/EVs within the
retina. Future work should also explore if some sort of transgene or genetic construct can be loaded
into the MVs/EVs to test whether the loading contents were successfully integrated into the

targeted cells. For instance, similar to how viral transfections occur in host cells, the MVs/EVs
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could be loading with a nucleotide construct that could transcribe a fluorescent reporter molecule.
Regardless, it is suspected without any sort of manipulation pre-delivery that intravitreally
delivered MVs/EVs would have a random dispersion across the retina after delivery. The
statistical software CIRCOAST described in Chapter 2 could address whether MVs/EVs
associated with certain cell types greater than random chance or between other experimental
variables. This would open up further investigation to explore if MV/EV surface protein
composition could be modified to improve the biodistribution within the retina or so that binding
could occur to a specific retinal cell type. Considering that we have focused on restoring healthy
retinal vasculature in DR, target specificity could be enhanced by modifying the MV/EV surface

expression to selectively bind to retinal endothelial cells or vSMCs-PCs surface protein receptors.

Computational Modeling of MSCs
Our understanding of MSCs and their therapeutic potential can be advanced through multi-scale
computational modeling, or the use of a variety of in silico methods to study complex behaviors
and systems. Previous studies have been dependent on experiments that only are capable of
examining limited MSC behaviors, such as a few selected protein or genetic markers, after the
manipulation of a single variable. These types of experiments have been valuable to establishing
a fundamental understanding of MSCs, however, there are still aspects of MSCs that are not
explored that are very difficult and time-consuming to understand with traditional laboratory
techniques.

With computational modeling, thousands of simulations can be conducted in order to
predict the complex cell behavior of MSCs. These computational models are based on a variety

of omics data, and when appropriately designed can provide substantial insight into behaviors that
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are difficult to capture with current experimental methods. Thus, there first needs to be a
coordination between labs to collect and share bioinformatics on MSCs to construct effective
models. This type of shared data includes data collected from high-throughput assays such as 1)
Luminex Multiplex Bead Assays that measures cytokines, chemokines, and growth factors; 2)
sequencing technology such as single-cell RNAseq and DNAseq that detects genomic information
of individual cells; and 3) flow cytometry and mass cytof that detects the protein expression of
individual cells. Realistically, with any model, there is likely to be bioinformatics data missing to
build an ideal model, thus, accurate assumptions can be made based on sensitivity analysis and
parameter estimation models to compensate for missing data.

In the context of DR and MSC therapy, a multi-scale computational model could be built
that explore MSC bioactivity impacted from both mechanical and chemical cues in the diseased
retinal tissue environment. To start, a signaling or gene regulatory network model could be
developed to model how mechanical and chemical cues in a DR environment impacts the single
MSC that is delivered into a replicated DR environment. The signaling network could be based
on ODES, a decision tree model, or mixed-effects model systems that simulate multiple molecular
signaling pathways that are upregulated, downregulated, or unchanged by local cues found in a
typical DR environment. Theoretically, the input of cues in the model would be based on diversity
of reports accumulated from DR patients!2%:125383384 - Implementing this type of collected patient
data in a signaling network pathway model, we can explore the expression of molecules, proteins,
and genes that control for MSC differentiation, metabolism, survival, and proliferation.

Next, an agent-based model (ABM) could be developed to predict the emergent micro and
macro behavior of multiple MSCs that are modeled from the described, theoretical signaling

network model. An ABM would be designed similar to the signaling network model, with a set
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of rules governing the MSCs (agents) and their interaction with one another and the simulated DR
tissue environment that includes damaged retinal neural and/or vascular cells. By creating simple
rules, it is expected that future ABM simulations would provide simulations to predict micro MSC
behaviors such as the migration, apoptosis, blood vessel attachment, collagen secretion, and
paracrine secretion. In turn, macro behaviors could also be observed in the ABM simulations,
including those that explain the degree of inflammation, the total neuronal function, and blood
vessel complex within the simulated retinal tissue.

Using these multi-scale models will ultimately conserve resources, particularly time, to
explain the complex behaviors of MSCs. Furthermore, computational modeling could explain
other potential detrimental or unwanted MSC bioactivity, as the case of myofibroblast
differentiation explained in Chapter 3. Therefore, computational modeling could possibly prevent
additional harm to preclinical and clinical patients, as the in silico predicted dangerous MSC
bioactivity could be perturbed prior to delivery and engraftment. Also, with further experimental
validation, these purposed multi-scale models can be further improved for accuracy and perhaps
expanded to other research groups that examine MSC bioactivity and therapeutic potential for

other diseased tissue.

Is There a Difference Between vSMCs-PCs, MSCs, and (Myo)Fibroblasts?

Historical Classification of vSMCs-PCs, MSCs, and (Myo)Fibroblasts

The first observations of vSMCs-PCs, MSCs, and (myo)fibroblasts were based on microscopy and
chemical analysis of animal tissue (including human) and cultured cells. The anatomical positions
of these cell populations have been somewhat distinct, however, reviewing the classical studies

reveals overlap in cellular phenotype in these different cell populations, particularly when analyzed
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in vitro. In the late nineteenth century, vSMCs were described as muscular fibre cells in the tunica
media of human arteries®®, and were later identified in 1957 by electron microscopy enseathed
and connected to the vascular endothelium of extending arterioles®®. Relatedly, PCs, were first
described in 1871 by Eberth and Rouget as contractile cells surrounding the endothelial
capillaries’®”3%, Approximately 60 years later, in 1923, these contractile and perivascular cells
were officially termed “pericyte” by Zimmermann3®®. In 1906, fibroblasts were identified in the
connective tissue of animals, and in the 1970s, myofibroblasts were first described in as “wound

390

fibroblast” in skin wound healing of parabiotic rats>”°, which was later conferred through electron

1

microscopy’®!. Interestingly, the time period at which the function of fibroblasts was described,

corresponds around the same date as the discovery of the “MSC” by Friedenstein and colleagues**~
4 1In fact, within the first described in vitro cultured conditions, fibroblasts were described as
structurally and functionally similar to smooth muscle cells**!. When defining MSCs, reports
largely describe these cells as being perivascular cells, and once cultured these perivascular cells
form CFU-Fs under several passages. Under distinct media conditions, these same cells exhibit
some form of mulitpotency in vitro. Similarly, cultured “fibroblasts” also display multipotent

392393 and paracrine bioactivity that is similar to in vitro “MSCs™3%4-3%,

differentiation

As reported in Chapter 3, there is strong evidence to suggest a significant overlap in the
cell types of vSMCs-PCs, MSCs, and fibroblasts/myofibroblasts in the case of culturing and in
vivo wound healing. When harvested from adipose stromal vascular fraction, these cell
populations seem to all converge a “MSC” phenotype that is defined by the ISCT. In addition,
these cells appear to exhibit a similar in vitro paracrine profile when cultured, as the cultured

Myhl1-Lin(-) population and cultured Myhl1+ vSMCs-PCs exhibit similar concentrations of

proteins in their respected conditioned media (Figure 5.1).
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Figure 5.1. Conditioned media from MSCs derived from Myh11+ vSMCs-PCs (“Myhl1-
Lin(+)”) and Myh11- stromal vascular cells (“Myh11-Lin(-)”)

MSCs were cultured for 24 hrs without the addition of FBS in standard media and culture
conditions. After 24 hrs, media was collected and analyzed through Luminex Bead-based
Multiplex Assay. No significance was detected between detected growth factors, chemokines, and
cytokines.The data presented here is representative of three biological replicates. A Holm-Sidak t-
test was used to determine statistical significance.

Taking into account the phenotype of a MSC in vitro, the “MSC” state most likely
represents a cell-state in which vSMCs-PCs and other perivascular cells, are readily inclined to be
pushed towards a myofibroblast state. In wound healing and tissue injury repair, there is a
coordination of communication between epithelial cells, fibroblasts, vVSMCs-PCs, and leukocytes
to prompt the repair of the surrounding environment. The inflammatory cells are largely
responsible for releasing cytokines and chemokines to successively induce the differentiation of
the surrounding fibroblasts, perivascular, and epithelial cells into myofibroblasts?**-**’, We show

under traumatic injury in Chapter 3, that vVSMCs-PCs migrate off-vessel and differentiate to a

myofibroblast. Collectitvely, the cell lineage of a vSMC-PC, MSC, and (myo)fibroblast seems to
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be connected to the health of the adult tissue, where these cell populations can display a

convergence to a myofibroblast or wound-healing cell in certain types of injury.

Vasoconstriction and the Activation of vSMCs-PCs Toward a Myofibroblast State

It is currently unclear the time point at which microvascular vSMCs-PCs are required to migrate
off-vessel and contribute to the myofibroblast pool in the wound healing process, especially
considering that tissue-resident fibroblasts are present in most tissue to aid in the remodeling of
connective tissue. The work in this thesis suggests that the vSMCs-PCs differentiate into
myofibroblasts only in severe injury of the eye, in which there is extreme inflammation and blood
vessel damage. In our models of eye injury in Chapter 3, we measured the amount of TGFf1
expression levels in the models of oxygen-induced retinopathy, laser-induced chorodial
neovascularization, and sclera chemical burn injury. We observed that the TGFB1 expression
levels were significantly higher than the control tissues only in the chemical injury burn model.
TGFp1 has different mechanisms of action depending on the cell type and the tissue environment,
but has been demonstrated to increase the activation of contractile pathways in vSMCs-PCs3%83%,
Dunfield and colleagues have suggested that the increased and sustained levels of vasoconstriction
cause microvasculature vSMCs-PCs to differentiate into myofibroblasts and contribute to the
fibrotic cell pool. In a recent report, this group revealed Fibroblast growth factor-inducible 14
(Fnl14) is increased on PCs in chronic kidney disease*®. The authors suggest the ligand for Fn14,
TNF-related weak-inducer of apoptosis (TWEAK) maintains the fibrosis process through pericyte
contraction to their subsequent activation and persistence myofibroblast persistence. In the kidney

disease environment, it is implied that TWEAK is secreted by the surrounding macrophages
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and fibrogenic activation is induced by canonical and noncanonical NF-kB, IFN regulatory factors
(IRF), and ERK signaling.

This finding alludes that chronic and consistent activation of vasoconstrictive pathways are
perhaps sufficient to provoke retinal vSMCs-PCs to migrate off-vessel and differentiate into
myofibroblasts. Interestingly, TGFB1 and TGFB2 are upregulated in the vitreous and contractile

401

pretinal fibrous membranes of PDR and PVR patients™'. Other vasoconstrictive molecules, such

384 and is

as Angiotensin-II is also found in higher levels in the vitreous samples of PDR patients
suspected to contribute to retinal vasculature dysfunction by increasing inflammation and VEGF
signaling*2,

As there is no current small molecule therapy for fibrosis in the eye, we show in Chapter 3
a global knockdown of TGFf signaling after chemical injury burn does indeed downregulate
vSMC-PC myofibroblast differentiation and the succeeding retinal fibrosis. Although
differentiation was impeded, we did not explore the specific knockdown of TGFf signaling in
retinal vSMCs-PCs. To follow-up on this finding, impending experiments should use
immunohistochemistry to measure if TGFBR1 is upregulated in retinal vSMCs-PCs, or a subset of
vSMCs-PCs, shortly after the onset of the chemical burn injury. By detecting which vSMCs-PCs
are highly expressive of TGFBR1, we may reveal the state at which vSMCs-PCs are positioned to
differentiate into myofibroblasts. The literature currently hints to functionally different classes of
vSMCs-PCs?74403 " and there is a possibility that only specific vSMCs-PCs are required or primed
to contribute to the fibrotic pool in injury. Given enough samples of chemically injured retinal
tissue, vSMCs-PCs with supposedly high expression TGFBR1 could be isolated, sorted, and
analyzed through genomic sequencing techniques. By analyzing the genetic data of these isolated

cells novel molecular pathways could be further investigated to target the downregulation of
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fibrosis in PVR and PDR. Furthermore, genetic models of conditional knockdown of TGF could
be developed and crossed with the Myh11-CreER™ model to further demonstrate the cell-specific
knockdown of TGF downregulates vSMC-PC myofibroblast differention after chemical injury

burn.

Impact of Diabetic Environment on Delivered MSCs

One limitation of the presented work is the use of nondiabetic animal models to phenotypically
replicate the retinal vasculature dysfunction of DR. We have conducted preliminary work to show
that injecting MSCs derived from Myhll+ vSMCs-PCs leads to a slight decrease in retinal
vasculature dropout of Akimba mice!®® (Figure 5.2), a murine model that phenotypically replicates
PDR in the presence of hyperglycemia. Although the preliminary results are based on a small
sample size, it seems that MSCs may possess some ability to improve the health of the retinal
vasculature in the long-term exposure of a diabetic environment. However, there is still concern
about how chronic hyperglycemia will impact the state of the long-term health of the injected
MSCs, and consequently, the effectiveness of MSC therapy. Thus, it is critical for future work to
explore the cell behavior and viability of MSCs, particularly those derived from Myh11+ vSMCs-
PCs, in diabetic preclinical models, including adult DR preclinical mouse models such as the non-
obese diabetic (NOD) mice*?*, leptin receptor-deficient (db/db) mice**®, Akita mice'’®, and the

mentioned Akimba mice.
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Figure 5.2. Local deliver of MSCs derived from Myh11+ vSMCs-PCs in Akimba model

(A) Intravitreal injection (5,000 cells/1.5 uL PBS) of MSCs derived from vSMCs-PCs in postnatal
day 9 Akimba pups slightly diminishes retinal capillary dropout 4 weeks post injection (n=5,
p>0.05). Wilcoxon rank sum test was used to test statistical significance. (B,C) MSCs (green) were
able to adopt a pericyte-like position on the lectint retinal vasculature (red). Scale bar represents
10 pm.

Previous work suggests that chronic hyperglycemia and exposure to short-term high
glucose levels is detrimental to the cell survival, differentiation, and pro-angiogenic function of
MSCs. This observation is particularly important to consider when exploring autologous MSC
treatment of diabetic patients. We have already shown that adipose-derived MSCs harvested from
diabetic mice have impaired pro-angiogenic paracrine signaling and slightly lower vasculature

191 "Others show similar

integration when compared to MSCs harvested from non-diabetic mice
results, where MSCs derived from type 2 diabetic mice exhibit decreased adhesion and migration
in vitro through the suppression of the PI3K-Akt pathway*’®, and transplanted MSCs fail to
increase neovascularization in hindlimb ischemia due to hyperinsulinemia-induced, Nox4-
generated oxidant stress**®. Outside of the direct context of glucose, Yang et al. found that rat

bone-marrow MSCs were also impacted negatively by AGEs*"’

, which is abnormally increased in
retinal diabetic conditions. Within this study, AGEs inhibited the proliferation and migration via
the ROS-p38 MAPK-mediated pathway of MSCs, which also led to the release of pro-

inflammatory factors.
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Given that diabetes impairs the therapeutic potential of MSCs, there is some evidence to
suggest that MSC viability and therapeutic function may be protected through a combined
treatment of small molecules and organic compounds. It was reported that AGE mediated-
apoptosis in adipose-derived MSCs was inhibited by antioxidants N-acetylcysteine (NAC) and
ascorbic acid 2-phosphate (AAP)*. Also, within this follow-up study, miR-223 upregulation was
found in NAC and AAP treated adipose-derived MSCs, and miR-223 inhibition combined with
the presence of antioxidants amplified the protection of AGE-mediated apoptosis. Other reports
have shown that antioxidants melatonin, polyphenols, epigallocatechin-3-gallate, curcumin, and
17B-estradiol protect MSCs from reactive oxidative stress-induced apoptosis*®®#!!. To counteract
the negative impacts of a diabetic environment on MSCs, using these types of approaches in future
studies may help prevent and amplify the therapeutic benefits of MSCs once delivered in the

diseased environment of DR.

Utilizing Lineage-Tracing of MSCs in Human Clinical Studies

One of the advantages of the work described in Chapter 3 and Chapter 4 is the use of the Myhl1-
CreER™ mouse model** to continuous fluorescent lineage-tracing of Myh11+ vSMCs-PCs. With
this technology, we followed the Myhl1+ vSMCs-PCs population and its progeny in all the
environments of experimental preclinical analyses. In Chapter 2 of this thesis and other work®*°!,
we have used lipophilic dyes to label MSCs for cell-tracing in injected eyes, however, this
technique is less inadequate when compared to lineage-tracing using an endogenous reporter.
Lipophilic dye is reported to transfer between cells, particularly macrophages*!2, which makes it
difficult for MSCs to be accurately followed. Likewise, for in vivo detection of delivered MSCs

in clinical trials, MSCs are labeled after isolation and cultured in vitro with fluorescent reporter
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genes, radiotracers, and nanoparticles. Throughout clinical testing, the labeled MSCs are then
detected using ultrasound, MRI, and nuclear medicine (SPECT, PET)*!2:413,

Although MSCs can be traced in vivo within human patients, there is no report that has
labelled a select population of putative MSCs (i.e. Myh11+ vSMCs-PCs) from the stromal vascular
fraction before culture or delivery into the desired tissue. To establish rigor in human MSC basic
science and therapy, future work should use methods similar to what we present in this thesis to
study a specific subset of putative MSCs. Using technology to label only Myh11+ vSMCs-PCs
would establish a scientific control on MSC clinical therapy by standardizing the desired MSC
population harvested across several human patients. If this type of technology was developed,
there would be an exact putative MSC population that was injected across multiple studies,
allowing for a more significant cross-comparison between clinical reports. Lastly, when
considering a MSC therapy to replace loss vSMCs-PCs in DR, selecting for only Myh11+ vSMCs-
PCs in patient tissue may be beneficial, as we previously mention that this cell population may be
more inclined to readopt a vSMC-PC position than the other putative MSCs found throughout the
stromal vascular fraction of harvested tissue.

Traditionally, cell populations that are regarded as putative MSCs are harvested, isolated,
and sorted based on surface marker expression, which makes it difficult to solely select for any
cell population due to the overlap of surface markers with other cell types in the stromal vascular
fraction. To address this issue, Millipore, Inc. has aided in the development of a product to label
cell populations based on mRNA expression without damage of the cell. This technology, coined
“SmartFlare™ Live Cell RNA Detection™*!* | is based on NanoFlare detection published by Mirkin
and collegaues*'>#17. This system works by having antisense DNA for a specific recognition

sequence adsorbed to the surface of a gold nanoparticle, and with the binding of the target mRNA,
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the “reporter flare” is released and a fluorescent signal is scattered throughout the cell cytoplasm.
The original work of this technology was developed for the detection of cancer cells in whole
blood, but this type of technology would also be well-suited for isolating vSMCs-PCs based on
Myhll mRNA expression. Interestingly, the efficacy of NanoFlare has been questioned by the

48 and the SmartFlare™ product line was recently discontinued. Still, by

science community
using this described method or another similar approach, specific cell populations could be studied
in future preclinical and clinical work, thus strengthening the rigor of MSC clinical therapy
investigation. A follow-up study for the work presented in Chapter 3 would be to use Myhl1
SmartFlare probes to isolate human vSMCs-PCs and explore the MSC behavior and bioactivity of

this isolated cell population after delivery into preclinical models of DR. The results of this study

could be further compared to the preclinical results described in this thesis.

Using MSCs Effectively and Safely in Other Ocular Diseases

Chapter 3 results underline the possible danger of MSC-cell based therapies for retinal diseases
such as DR. According to our work in this chapter, intravitreally injected MSCs have the
propensity to differentiate into a fibrotic phenotype within the vitreous gel of the eye. Also, in
Chapter 4, we demonstrate the difficulty of differentiating and delivering MSCs into a non-
myofibroblast cell within the cornea endothelial cell layer. Because of these results, it is
imperative that future work explore injecting MSCs into ocular tissue that could benefit from the
production and remodeling of connective tissue.

For instance, the cornea stroma intrinsically contains fibroblasts (also referred to as
keratocytes) and a dense collagen network. This layer is located in the middle of the cornea
between the epithelial and endothelial layer, and the stroma fibroblasts secrete collagen fibers and

other extracellular components to maintain corneal transparency. In disease and injury, these
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fibroblasts activate into myofibroblasts to remodel the connective tissue, and these cells eventually
undergo apoptosis after the completion of the wound healing process*!®. The resident fibroblasts
are eventually replaced through mitosis, but in some cornea diseases, including keratoconus, the
resident fibroblasts are impaired by mechanisms largely unknown*?’. In the case of keratoconus,
the cornea stroma layer is abnormally thinner and apoptosis is upregulated in the fibroblast
population*?!#22, Within diseased cornea stroma, a MSC cell-based therapy could serve to replace
damaged fibroblasts, and perhaps increase or restore the extracellular matrix to preserve the health
of the cornea stroma.

In a preliminary study, MSCs derived from Myhl1+ vSMCs-PCS were injected into the
cornea stroma of healthy mice, and the MSCs were found to exhibit a myofibroblast phenotype 7
days post-injection (Figure 5.3). This myofibroblast phenotype was equivalent to the
myofibroblast phenotype of delivered MSCs in the vitreous, as both engrafted MSC populations
exhibited a myofibroblast morphology with expression of aSMA stress fibers and Col-IV. It is
unclear how long the MSC myofibroblast phenotype will persist post-injection, however,

myofibroblast activation of the resident fibroblasts can be inhibited through IL-lo and the

reduction of TGFB2 following the conclusion of wound healing*!®.
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Figure 5.3. Injection of MSCs derived from Myhl1+ vSMCs-PCs into the cornea stroma
results in myofibroblast differentiation
A cornea pocket was performed in adult C57Bl/6J mice to locally deliver 5,000 cells per 3 puL in
PBS to the cornea stroma. Locally delivered MSCs (red) were found to exhibit a myofibroblast
phenotype that includes the presence of aSMA stress fibers and copious Col-IV production. Scale
bar represents 100 pm.
Unfortunately, there is a caveat with injecting MSCs as a cell source of myofibroblasts; opaque
collagen can potentially be secreted from myofibroblasts that can lead to haziness in the cornea,
and consequently, the impairment of vision*?®. Therefore, research work that investigates MSC
delivery in the cornea should be cautious around the production of the levels and types of collagen
secreted by the engrafted MSCs. As mentioned throughout this current chapter in the above
sections, genetic engineering of MSCs may be ideal to control for prolonged myofibroblast
activation and the secretion of dense collagen. In fact, crystallins are suggested to control for the
level of haziness in the cornea. Specifically, crystallins transketolase (TKT) and aldehyde
dehydrogenase class 1 (ALDH]1) are higher in healthy, transparent corneas*?*. This suggests that
MSCs could be engineered to express constant water-soluble, crystallins to reduce the possibility
of haze formation after delivery and engraftment into the stroma.

Another strategy for a MSC cell-based therapy for the cornea would be to integrate MSCs
into decellularized 3D-engineered grafts developed for clinical cornea replacement surgery.

Combining synthetic grafts and 3D-printing technology would further control more for the

construction of a more organized cornea stroma structure. Notably, using aspects of 3D-printing
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would allow for the direct placement of MSCs within the grafts, and would be more advantageous
to the design of the artificial tissue to match the natural formation of the cornea stroma. Simply
locally delivering MSCs would most likely result in the random assortment of MSCs in the cornea
stroma and may lead to unwanted collage formation in certain areas of the stroma. Currently,
human corneal stromal cells are isolated for integration into engineered stromal grafts**?, however,
these cells are perhaps more difficult to isolate from patients when compared to MSCs harvested
from larger tissue such as adipose tissue. Also, considering the abundance of MSCs that are
harvested from adipose tissue and expanded in vitro, MSCs are more practical to use as a potential
cornea stroma fibroblast cell source than isolated human stromal cells. As with most of the future
work discussed in this chapter, investigating MSC differentiation and viability after placement into
3D-grafts, and subsequently, after the placement in preclinical models, can be investigated by
analyzing surface and intercellular markers with several imaging and protein and genetic screening
techniques mentioned above. The engrafted engineered constructs could also be imaged in vivo

by corneal topography and tomography.

The Future of MSCs — Name Change, Policy, and Therapy

With the current work that I have presented in this thesis, I recommend a referendum to remove
the “stem cell” term from “mesenchymal stem cells”, especially in regards to adipose-derived
MSCs. Some researchers have used and suggested the name “mesenchymal stromal cells”, which
may be more appropriate given the lack of the “stem cell” aspect these cells display in vivo.
Throughout the years, Arnold Caplan, who is regarded as the “father of MSCs” has also suggested
a name change to MSCs, where he has recommended the term “medicinal signaling cells” to
describe MSCs*?. T argue that both the term “stem cell” and “medicinal signaling cells” introduces

bias into the scientific community, as both terms suggest that these cells are assumed to grant a
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therapeutic outcome in all types of experimentation. This is especially true when considering how
MSCs have been advertised to the public, as it is suspected that patients would assume “medicinal
signaling cells” and “stem cell” presents a somewhat miraculous treatment for their illnesses.

The work of this thesis and others demonstrate that in vitro MSCs somewhat meets the
classical definition of a stem cell, which is as a population of unspecialized cells that can self-
renew and potentially give rise to specialized cell types under certain conditions. The
differentiation of MSCs is particularly questioned because several of the differentiation
observations captured in vitro has not been able to be replicated in vivo. We show in this thesis,
as well as others, the ability of the putative MSC in vivo, lacks the ability to directly differentiate
into another tissue or organ specific cell after injury, other than a myofibroblast. Only through the
introduction of a particular media conditions in vitro, these cells are able to display differentiation
towards multiple cell types. As with induced pluripotent stem cells, there seems to be a need to
completely reprogram the cell in order for MSCs to adopt a more traditional stem cell phenotype.
This reprogramming does not seem to occur under physiological and pathophysiological
conditions, which again warrants an elimination of the term “stem cell”. Furthermore, it is unclear
the degree MSCs are “unspecialized”, as the stem cell genetic profile has not been fully explored,
particularly the pluripotent stem cell factors and Yamanaka factors Oct4, Sox2, KLF4, c-Myc,
Lin28, and Nanog. With lab technical variation across research groups, including the isolation and
culture of MSCs, it is difficult to conclude the true “stem cell” behavior of MSCs. Because of this,
I recommend the scientific community and governing agency make a proposal to culture and
analyze putative MSCs in consistent, agreed-upon established conditions.

Given that MSCs are more likely more of a fibroblast in nature in vitro, and our lack of

cell-engineering of MSCs, the introduction of these cells for diseases is perhaps best for skin and
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cartilage-based injury. This eliminates the risk of developing unwanted extracellular matrix in
unwanted tissue spaces, such as the eye. Therefore, delivering MSCs into dense intrinsic collagen
tissue that is damaged would provide both extracellular matrix support with a smaller risk in losing
organ function. Also, there may be the additional therapeutic benefit from MSCs adopting
pericyte-like vascular coverage for damaged vessels and immunomodulation to induce an anti-

inflammatory environment.

Concluding Remarks

DR and other ocular diseases are expected to continue impacting the vision of millions of
individuals around the world, and a MSC-based therapy represents an opportunity to regenerate
healthy tissue in a systematic fashion. Regardless of the thousands of publications on MSCs, the
work around MSC therapy is still nascent, as there are still elements of MSC behavior that are still
unknown. As with the recent injections of the stromal vascular cells and “adipose-derived stem
cells” into patients, it is imperative that the scientific community takes the initiative to not only
establish scientific rigor and innovation, but also establish safety around any element of MSC
therapy. There is still much to learn about this cell population and using their biological activity
for therapeutic use is still promising. In closing, there needs to be a synchronized effort from stem
cell biologists, statisticians, geneticists, engineers, physicians, and other healthcare professionals

to generate fruitful outcomes in MSC basic science research and clinical studies.
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Supplemental Figure 1: The intercellular colocalization fraction (ICF) with vessel networks
due to random chance can be used on a wide range of vessel densities. (A, B) Mean of cell
colocation fraction mean versus network length density and network fraction from agent-based
Monte Carlo model of random placement (MCMRP) from simulated blood vessel networks (blue)
and retinal blood vessels (red, error bars standard deviation). Example images of (C) simulated
networks (green: vessel) and ones acquired (D) in adult murine retina (green: lectin 1B4) with
simulated cells (red, scale bar 100 pm).
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Parameters of Vessel Network Generator and Monte Carlo ' Green: Blood Vessel
Model of Random Placement Red: Injected Cells

A B C
. Network Radius
Network Fraction Network Length Density Orthogonal Distance

Vessel Area/Image Area Vessel Length/Img FOV from centerline to
edge

D E F ,
V. cellpilated
® Cell Number Cell Diameter Network Fraction
[ Fraction of area of
Vessel Expanded by
Radius of Cell

Supplemental Figure 2. Key Parameters of vessel networks and injected cells. (A) Network
fraction, the fraction of pixels of segmented vessel out of image pixel area. (B) Network length
density: the length of the centerline of all vessels. (C) Network radius: average orthogonal distance
from centerline to edge of vessel. (D) Cell number. (E) Cell diameter. (F) Cell dilated network
fraction (CDNF): area in which the center of a cell could land and still be colocalized with network
(at least 1 pixel overlapping between cell and vessel).
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Supplemental Figure 3: Monte Carlo Model of random placement (MCMRP) reveals all
parameters correlate with intercellular colocalization fraction except for cell number. Mean
and standard deviation of mean ICF over sets of images with a single parameter varied, with
Pearson correlation of mean ICF (N=8 generated image sets, 10,000 trials/image; red: cells, green:
blood vessels). (A, B) Mean and standard deviation of mean ICF with varied network radius
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(network length density 25 mm/mm?, cell diameter 15 um, 20 cells per image), (C) with example
images labeled by network radius. (D, E) Mean and standard deviation of mean ICF with varied
network length density (network radius 2.5, cell diameter 15 pm, 20 cells per image), (F) with
example images labeled by network length density. (G, H) Mean and standard deviation of mean
ICF with varied cell diameter (network length density 20 mm/mm?, network radius 2.5 um, 20
cells per image), (I) with example images labeled by cell diameter. (J, K) Mean and standard
deviation of mean ICF with varied network fraction (network radius 2.5 pm, cell diameter 15 um,
20 cells per image), (L) with example images labeled by network fraction. (M, N) Mean and
standard deviation of mean ICF with varied cell number (network length density 20 mm/mm?,
network radius 2.5 pm, cell diameter 15 pm), with example images labeled by cell number (scale
bar 100 pm, error bars are standard deviation).
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Supplemental Figure 4: Packing ratio of randomly placed cells changes with cell size and
image dimension. (A) Packing ratio for non-overlapping fully contained randomly placed cells as
a function of cell diameter, with example output images and kernel used to represent cells (p=0,
Kruskal Wallis, N=100 trials, 512x512 simulated image). Kruskal Wallis used for unequal
variances (p=0, Barlett’s Test). For table of packing ratio by cell pixel diameter, see Supplementary
Table 1. (B) Packing ratio as a function of image pixel dimension (p=0, Kruskal Wallis, N=100
trials, cell diameter 9 pixels). Kruskal Wallis used for unequal variances (p=0, Barlett’s Test).
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Supplemental Figure 6: Cells randomly placed in clusters yields no difference in ICF as
randomly placed individual cells. (A) Plot of mean ICF from random cell placement (BMRP)
over a range of cell diameters with either random placement of a single cell (Single Cell), random
placement of a non-overlapping cluster of three cells (Distinct Cluster), or random placement of a
cluster of three overlapping cells (Overlapping Cluster) (p=0.996 for cell placement method, 2-
way ANOVA, error bars are 95% confidence interval of the mean, N=10 simulated vessel images
with network length density of 15 mm/mm?, 1000 simulations per data point). Each study group
had the same total number of cells per trial in simulations ran, whether placed individually or in
clusters. (B) Example images of cell kernels for each of the cell placement methods (21 cells placed
in an image with pixel dimensions of 512 by 512, single vessel image used across all data points).
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Colocalization of image versus random behavior. Observed
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Supplemental Figure 7: CIRCOAST process pipeline for testing for non-random and unique
colocalization between study groups. (A) The process to determine if a single image exhibits
enriched colocalization, where the observed number of colocalizing cells is compared against a
PDF generated by a model of random placement (MRP) to obtain a p value (either MCMRP,
BMRP, or HMRP). (B) Process to determine if images from a study group exhibits enriched
colocation over random behavior, where the mean of all the CIRCOAST p values from the images
is compared to a PDF generated by p values assuming random behavior (sampled from a uniform
PDF) to generate a 1-sample CIRCOAST p value. (C) Process to determine if colocation behavior
using two study groups differs by comparing Wilcox Sum Rank Test of CIRCOAST p values
compared to a PDF of WSRT of permuted samples to generate a 2-sample CIRCOAST p value.
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Supplemental Figure 8: Calculating the combined CDVF and summing injected cells across
images yields the same CDVF and CIRCOAST p from an image before and after splitting.
(A) A dataset of simulated vasculature and injected cells were generated, and the CDVF and
CIRCOAST p value calculated for each image split into fourths (white line) compared to the
original image, (B) revealing a small discrepancy in CDVF (p=6.60e-155, paired t-test) and (C)
CIRCOAST p (p=4.75e-223, paired t-test) in split images versus whole. This disagreement was
hypothesized to be from border effects of the split images, meaning the cell dilated vessel area
from one split image could land across the image border to the adjacent image (an artifact of this
validation test). (D) When the vasculature was removed one cell distance from the image border
(white line) between sub images, the discrepancy no longer existed with (E) CDVF (p=NaN,
paired t-test, values exactly the same) and (F) CIRCOAST p (p=NaN, paired t-test, values exactly
the same) in the split images versus whole, indicating that this method is valid for combining
information between images from a single biological replicate. N=500 images generated with
vessel length density 29.4 + 5.1 mm/mm? and 80 injected cells per field of view, with 8 um cell
size, scale bar 100 pm.
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Supplemental Figure 9: Generic statistics leads to incorrect conclusions with ICF when
confounded with cell and vascular density changes. A dataset of two study groups were
generated, (A) one with high vascular and circular cell density (Group 1), (B) and one with lower
vascular and circular cell density (Group 2) to represent the dropout seen in diabetes. Using the
vessel network generator and Monte Carlo model (N=10 samples per group, n = 4 images per
sample), cells were randomly placed in vascular images with a uniform distribution. A valid
statistical method should reveal no changes in cellular colocalization behavior between groups.
(C) Vessel length density decreased 33% (p=2.05e-14, 2 sample t-test) from group 1 (30.13+£1.04
mm/mm?2) to group 2 (20.244+0.98 mm/mm?2). (D) Total cell density per field of view decreased
16% (p=2.07e-12) from group 1 (29.80+0.77cells) to group 2 (24.95+0.50 cells). (E) Examining
the data by measuring colocalizing cells per FOV led to an erroneous conclusion that there was a
41% decrease in colocalization behavior (p=2.46e-09, 2 sample t-test) from group 1
(18.27+1.71cells) to group 2 (10.83+1.33 cells). (F) Examining the data by measuring colocalizing
cells per vessel length (mm) led to an erroneous conclusion that there was a 12% decrease in
colocalization behavior (p=1.12e-02, 2 sample t-test) from group 1 (0.61£0.06 cells per 1 mm
vessel) to group 2 (0.54+0.05 cells per 1 mm vessel). (G) Examining the data by measuring the
fraction of colocalizing cells led to the erroneous conclusion that there was a 30% decrease in
colocalization behavior (p=6.68e-07, 2 sample t-test) from group 1 (0.61%0.05 cell fraction) to
group 2 (0.43+0.05 cell fraction). (H) However, using the permuted binomial model of random
placement for the cellular colocalization affinity with vasculature test, no change in colocalization
behavior was correctly observed between groups (p=0.494 2-sample CIRCOAST, permuted
WSRT, le7 permutations).
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Supplemental Figure 10: Randomly placed cell populations of heterogeneous diameter yields
similar ICF as cells with uniform mean diameter. (A) Comparison of mean ICF between
random placement with the BMRP of homogenous cell size (blue) versus a heterogeneous mix of
cell diameters (brown) around the homogenous value, showing a difference in mean ICF (p=0.038,
paired t-test), but (B) very small effect size between groups (cell diameter sampled with uniform
distribution from 90%, 95%, 100%, 105%, and 110% from mean, N=10 simulated vascular images
with vessel length density of 15 mm/mm?, 1000 simulations run per data point, error bars are 95%
confidence error of the mean). (C) Since the mean of the sampled heterogeneous diameters do not
exactly correspond to the homogenous cell diameter, ICF of heterogeneous group is normalized
by mean of the sampled diameters (from the simulations run for each data point) compared to ICF
of homogenous group normalized by diameter, with a fitted line whose 95% confidence interval
(brackets) includes a value of one, suggesting a one to one correspondence between axes. (D)
Example cell kernels used, with shades of gray in the heterogeneous diameter group denoting
different size kernels. (E) Example vascular network image (green) with CDNF from a single set
of cell kernels from the heterogeneous group (shades of grey, scale bar 25 um).
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Supplemental Figure 11: Randomly placed geometric shapes have closer agreement with
ICF when characterized by diameter-approximated circles (DAC) compared to cell height.
(A) Library of kernels used to characterize how cell shape influences ICF from random kernel
placement, with numeric values denoting the ratio between width and height. Kernels were
characterized by either their height or the mean of their diameter-approximated circle (DAC),
defined as the diameter of a circle whose area is equal to the area of the evaluated shape. The mean
ICF from random placement was calculated using the BMRP for all shapes across a range of kernel
sizes and plotted by both (B) Height and (C) DAC, with a smoothing spline fitted across all points
(smoothing parameter 0.005 in MATLAB fit() function, N=10 simulated vascular images with
vessel length density of 15 mm/mm?, 1000 simulation runs per datapoint). The residuals of all
shapes relative to the fitted smoothing spline by (D) Height and (E) DCA. (F) Sum of squared
residuals (SSR) for the ICF from each of the shape groups compared to fitted smoothing spline,
with an 82% reduction in mean SSR of DAC compared to Height (p= 0.0469, paired Wilcoxon
signed rank test, N=7 shape types), and a 99.3% reduction in the variance of SSR of the DAC
compared to Height (p=0.0157, paired permuted F-test, 1e6 permutations). (Data in (F) determined
non-normal by One-sample Kolmogorov-Smirnov test: Height p=5.9E-13, DCA p=1.16E-8).
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Supplement Figure 12: Variability in image analysis can change p values of CIRCOAST test.
In order to investigate the effect of flawed input data on falsely altering the outcome of the
CIRCOAST test, (A) a dataset of 2000 images were created with homogenous vessel length
density (19.6 + 0.12 mm/mm?) and randomly seeded elevated total cell counts (60.4 + 2.0 cells) to
cause very significant overlap events to mimic a worst-case scenario of heavily flawed input data
quantification (21.2% =+ 1.1 cells part of multicellular clusters and misrepresented) (scale bar 100
um). Images were split randomly into 50 study groups with 20 images/ study group. (B) Four
methods of analyzing the input data were used, with example output from a single image shown
with the table: (Method 1: idealized) counting cells based on their coordinate (so all cells are
counted correctly regardless of degree of overlap) and actual cell diameter using the MCMRP,
(Method 2: idealized) counting cells based on their coordinate and actual cell diameter using the
BMRP, (Method 3: flawed) cell counting based purely on connected components (worse case for
cell counting, if cells touch they are considered one cell) and actual cell diameter using the BMRP,
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(Method 4: flawed with mitigation) cell counting based purely on connected components and cell
diameter calculated using the diameter approximated circle method (DAC) from mean connected
components area using BMRP. (C) The mean ICF across all images in a study group was compared
between methods (p=5.95¢-54, 1 way ANOVA), along with (D) 1-sampe CIRCOAST p value for
each study group (p=1.31e-07, 1 way ANOVA), and (E) false positive rate across study groups (#
denotes significance from Method 1, § significance from Method 3). To model the effect of cell
counting with missing cells in input images, (F) a portion of the cells in the input images were
counted (100, 90%, 80%, 70%, 60%, 50%), and (G) mean ICF predicted by BMRP (p=1.0, 1 way
ANOVA, N=2000 images/ study group) and (H) 1S CIRCOAST p values compared between
groups (p=0.540, 1 way ANOVA, N=2000 images/ study group, tukey-kramer multiple
comparisons) (scale bar 100 um).
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Supplementary Table 1: Packing ratios of randomly placed non overlapping cells as a
function of cell pixel diameter.

Cell Diam.
(Pix)

Mean Pack.
Ratio

STD Pack.
Ratio

0.69325592

0.000914904

0.520709251

0.001339616

N | |W

0.514762058

0.0019614

9

0.50140456

0.002446035

11

0.515966206

0.003274793

13

0.515891399

0.003867109

15

0.487618847

0.00450094

17

0.493858704

0.005078989

19

0.498641937

0.005734494

21

0.499130131

0.006595696

23

0.48872485

0.007417942

25

0.480217346

0.007926075

27

0.483155647

0.008468317

29

0.481239983

0.009415811

Cell Diam.
(Pix)

Mean Pack.
Ratio

STD Pack.
Ratio

31

0.48027837

0.010227747

33

0.47099324

0.011287194

35

0.46812859

0.010955898

37

0.465189861

0.012521895

39

0.463105167

0.013354375

41

0.460029854

0.013564348

43

0.452998238

0.014227795

45

0.451910263

0.015901951

47

0.448864563

0.015581893

49

0.442819237

0.016561947

51

0.441543674

0.017762362

53

0.437041992

0.01872689

55

0.434697292

0.019495479

Note: Image dimension: [512 512], N=100 trials per cell diameter.
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Supplementary Note 1: Monte Carlo Algorithm

The Monte Carlo simulation requires a binary image with vasculature in the image foreground
(white pixels). For images that have high signal-to-noise ratio (SNR) for the vasculature, simple
thresholding controls are provided within the GUI so the user can produce a binary vasculature
image with minimal effort. Alternatively, for images that are more difficult to analyze due to low
SNR, uneven background signal, or low contrast, the user can process these images with
specialized image processing routines using an external program such as ImageJ, Photoshop,
MATLAB, or Python, export the binary, and import it into CIRCOAST.

When the user first imports an image, the program displays the image data and determines
whether it is a binary. If the image is not binary, it is converted into an 8-bit RGB and the user has
the option to activate thresholding on one or multiple of the three channels with the controls on
the right side of the program window. The vertical slide bars are used by the user to select a relative
threshold for that channel that is scaled to the image’s maximum pixel value. The threshold is
computed and displayed in real time as the settings are adjusted. With the default behavior, any
pixel greater than the threshold will become a white foreground pixel, but this can be inverted for
each channel independently. If thresholding is completed on multiple channels, the resulting binary
image is the union of the results from each channel.

Once a proper binary image of the vasculature is produced, the user sets the resolution of
the image, the average diameter of the injected cell, the total number of injected cells found in that
particular field of view, and the total number of trials run for the simulation. To initialize the Monte
Carlo simulation, the user runs a single trial and examines the simulated cell size in the output
image to verify that it qualitatively resembles those observed experimentally. This first trial also
allows the program to provide a rough conservative estimation of the execution time for the entire

simulation, and also calculate how many trials can be calculated concurrently based on the amount
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of memory that is available to MATLAB for that system. When the full simulation is run, the
program runs trials in batches, trading system RAM for accelerated execution speed, and provides
updates with progress and time to completion.

The segmented vasculature undergoes a Euclidean distance transform to yield an image
where each black pixel contains the distance to the closest white foreground pixel (vasculature).
Sets of pixel coordinates that represent the locations of cells from a single trial are used to calculate
the distance of each cell to the vasculature by sampling pixel values of the Euclidean distance
transformed image of the vasculature. The distance values obtained from each cell are thresholded
by the radius of the injected cell: cell distances less than or equal to the injected cell radius are
considered colocalizing with the vasculature. The fraction of cells colocalizing is calculated for
each trial, and the process is repeated until all of requested trials for the simulation is complete.
The mean and standard deviation of the intercellular colocalization fraction is calculated across all

trials and displayed as output.

Supplementary Note 2: Algorithm for Vessel Network Generator

The vessel network generator can create vessel networks with finely tuned parameters in a
stochastic fashion. A point cloud is generated that marks the location of avascular areas in the
network, and vessel segments are generated by applying a watershed, bisecting all points and
creating a fully connected network with a honeycomb appearance. Points are iteratively added
until a fully connected target vessel length density (VLD) or vessel area fraction (VAF) is reached,
and then vessel segments are stochastically removed until a target final VLD or VAF is reached.
Segments are removed according to a set of rules to reduce the density and interconnectedness of
the network while maintaining the appearance of a vascular bed found in vivo.

To generate the point cloud used to seed the watershed segmentation, locations in a binary
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image are marked iteratively with a uniform probability distribution. To avoid populating points
too closely, the image indices around each point added are removed from the list of possible spawn
locations for future points. After each point is added, a watershed is computed on the image and
the VLD and VAF is calculated. If these values exceed the target values for the initial fully
connected network, then the process of adding spawn point ceases, otherwise it continues until this
condition is satisfied or no available spawn points are left in the image.

Once the vascular network has been populated, line segments are then iteratively removed
and VLD and VAF is calculated until the final target value is reached. Line segments are prioritized
with a scoring system that factors in segment orientation, line segment length, hole area that
segments border, and whether the segment connects to an endpoint in the network. Additionally,
the score is influenced with random probability to provide a stochastic element to the regression
of vessel networks. The segments with the highest score is removed, and then all segments are

rescored for each iterative round.

Supplementary Note 3: Cell Sources

Cell Sources: Human umbilical vein endothelial cells (HUVECS) were generously donated by Dr.
Brian P. Helmke (University of Virginia). Mouse adipose-derived stem cells (mASCs) were
obtained by adapting the previously described protocol (Mendel et al. 2013; Cronk et al. 2015 Mar
13). Briefly, epididymal fat pads of male mice were digested in type I collagenase digestion buffer
for 1 h at 37°C. Digested tissue was filtered through a 200-pm mesh to discard undigested tissue,
and excess collagenase was removed through centrifugation. Collected cells from centrifugation
were incubated in red blood cell lysis buffer (eBioscience) for 5 min to remove red blood cells.

The remaining cells were filtered through a 70-um filter, and plated on tissue cultured treated
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plastic.

Isolated HUVECs were cultured on tissue culture treated plastic (Corning) in Endothelial
Basal Medium-2 (Cat. no. CC-3156, Lonza supplemented with Endothelial Cell Growth Medium-
2 SingleQuot Kit Supplements and Growth Factors (Cat. no. CC-4176, Lonza, Walkersville, MD).
mASCs were cultured on tissue culture treated plastic (Corning) in Gibco DMEM/F12
supplemented with 10% FBS and 1% Antibiotic-Antimycotic. Cells were passaged once they were
80% confluent using Stempro® Accutase® (Thermo). HUVECS were used from passage 7 to 10
in all studies, and mASCs were used from passage 4 to passage 6 in all studies. All cells were

incubated at 37°C, 5% CO2, and 95% humidity.

Supplementary Note 4: In Vitro and In Vivo Validation

In Vitro validation: 200 pL of Cultrex® Basement Membrane Extract (BME) Reduced Growth
Factor (Cat. no. 3433-005-01, Trevigen, Gaithersburg, MD) was added to the single wells of 8-
well Nunc™ Lab-Tek® II Chamber slides (Cat. no.154534, Thermo Scientific, Waltham, MA),
and the chamber slides were incubated at 37°C to solidify the BME. Prior to seeding in BME,
HUVECs were labeled with Vybrant® DiO Cell-Labeling Solution (Cat. no. V22886, Thermo
Scientific), and mASCs were labeled with Vybrant® Dil Cell-Labeling Solution (Cat. no. V22885,
Thermo). A total 0f 40,000 HUVECs were added to each individual well in the chamber slides that
contained BME. Immediately after seeding the HUVECs, 400 Dil-labeled mASCs, and/or
FluoSpheres® Polystyrene Microspheres (Cat. no. F21012/F8843, Thermo) were immediately
added to each individual well. 24 h after seeding the appropriate cells and microspheres in the
BME, the network assays were imaged using a Leica TCS SP2 confocal with a DMIRE?2 inverted

micro-scope to determine the colocalization of microspheres and mASCs to the HUVEC network.

223



In Vivo Validation: All procedures performed with mice conformed to the guidelines within the
ARVO Statement for the Use of Animals in Ophthalmology and Vision Research and were
approved by the University of Virginia’s Animal Care and Use Committee. Using previous
techniques (Mendel et al. 2013), C57BI1/6] mice were immersed in 75% O2 from postnatal day 7
(P7) to postnatal day 12 (P12). At postnatal day 12, mice were returned to normoxia and 10,000
viable mASCs in 1.5 pL of PBS were injected into the vitreous gel of the eye. In the contralateral
eye, 10,000 dead mASCs were injected in 1.5 pL of PBS. Dead cells were exposed to 4% PFA for
10 minutes and then washed with PBS. All cells were labeled with Vybrant® Dil Cell-Labeling
Solution (Thermo) prior to intravitreal injections. Mice were euthanized 4 weeks post-intravitreal
injections, and the eyes were harvested and fixed in 4% PFA for 10 min. Retinas were then
dissected from each eye, flat-mounted on coverslip glass, and permeabilized with 1 mg/mL
digitonin. Retinas were stained with isolectin GS-IB4 Alexa Fluor 647 Conjugate (Cat. no. 132450,
Thermo) and SYTOX® Green Nucleic Acid Stain (Cat. No. S7020, Thermo). Retinas were
imaged using a Leica TCS SP2 confocal with a DMIRE?2 inverted microscope to determine the

colocalization of micro-spheres and mASCs to the HUVEC network.

Supplementary Note 5: Image Acquisition, Thresholding, and Quantification

Image Acquisition: All biological samples were imaged on a Leica TCS SP2 confocal with
Nyquist sampling. Retina samples were imaged with a 20X (0.7 NA, air, HC PL APO) objective
lens and a confocal pin size of 2.38 AU, where a 20 um z-directional volume was obtained at a
sampling rate of 2 pm per optical z-slice. Frame-averaging was set at 2 and images were collected
at a scan speed of 400 Hz. Pixel Resolution was set at 1024x1024 resulting in an image resolution
of 0.791 um/pix. Sytox Green and isolectin IB4 was imaged sequentially by laser excitation of 458

nm and 633 nm, respectively. For this laser excitation, emission bandpass filters were set at 470-

224



55 nm and 650-750 nm to collect the fluorescent signal. Dil was imaged at a laser excitation at
561 nm and the fluorescent signal was collected at an emission bandwidth of 575-625 nm.
Similarly, cell and bead cultures were imaged using a 10X (0.3 NA, air, HC PL
FLUOTAR) objective lens with a confocal pin size of 2.38 AU, where a 300 um z-directional
volume was obtained at a sampling rate of 16 um per optical z-slice. Frame-averaging was set at
2 and images were collected at a scan speed of 400 Hz. Pixel resolution was set at 1024x1024
resulting in an image resolution of 1.56 pum/pix. DiO and FluoSpheres™ Polystyrene Microspheres
645/680 (Thermo) were imaged concurrently by laser excitation of 488 nm and 633 nm,
respectively. Emission bandpass filters were set at 500-550 nm and 650-750 nm to collect the
fluorescent signals. Dil was imaged at a laser excitation at 561 nm and the fluorescent signal was

collected at an emission bandwidth of 575-625 nm.

Image Acquisition Rationale: It is recommended that z stack sampling be as close to Nyquist
sampling as is practical to capture all cell structures that could define colocalization events. Image
acquisition parameters and z-stack volume should be kept constant between study groups to
minimize any bias that the imaging could introduce. In terms of how much volume should be
covered in a z-stack, it should large enough to capture the vessel network and enough COlIs, but
the larger the volume the greater chance for false positives from overlap between objects that are

not actually colcoalized in the z axis.

Image Thresholding: The DiO channel that labeled endothelial cells in the in co-culture

experiment was processed by thresholding with an adaptive median-filtered background

subtraction. In short, the DII channel was blurred with a median filter kernel 200 pixels in size,
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which was subtracted from the original image to create the foreground image. The foreground
image was thresholded for values greater than 40 to be considered to be pixels marking endothelial

cells. The segmented image was saved to disk and used for the CIRCOAST test.

For the in vivo images, IB4 lection was used to label the vessels, but lectin can also label activated
microglia, macrophages, and the injected ASCs. However, vessel structures were differentiated
from other lectin-positive cell types based on thickness, continuity of the network, and uniform
edge. The images were preprocessed in an unbiased manner by loading the lectin channel in
isolation into Photoshop and removing non-vessel lectin+ structures manually with the eraser tool.
The images were then thresholded with a global value that was manually set for each image to
capture the vascular network based on visual inspection. The binary images saved for input for the

CIRCOAST test.

Image Quantification: colocalization was manually quantified in a blinded manner with the
thresholded network channel overlaid with the channel for the cell of interest using ImagelJ
CellCounter Plugin (Rueden et al. 2017). Cells of interest were approximated with a circular shape
based on mean area of twenty cells sampled per study group. For the in vitro experiment, live ASC
cell diameter was 28.8 + 6.0 um and microspheres were 35.4 + 1.2 um. For the in vivo experiment,

live ASC cell diameter was 14.7 + 3.3 um and dead ASC diameter was 12.1 + 1.1 pm.
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