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CHAPTERI

INTRODUCTION

Diabetic retinopathy background

Diabetes mellitus (DM) is a chronic, systemic metabolic disease commonly
characterized by elevated blood glucose, aberrant insulin signaling, and altered blood
lipid levels. There are numerous subtypes of diabetes, but the two most common
classifications are type 1 and type 2 DM. Type 1 DM is an auto-immune disease in
which T-cells destroy pancreatic B-cells resulting in an inability to produce insulin. Type
2 DM, often referred to as adult-onset, is characterized by insulin resistance and a
subsequent decline in insulin production.’ Globally, the prevalence of diabetes is
predicted to grow from 382 million people in 2013 to 592 million by 2035, with the
prevalence of both Type 1 and Type 2 increasing.? Indeed, Type 2 diabetes is now
considered a global epidemic.?

Diabetes has a number of associated complications, including three
microvascular complications: diabetic nephropathy, diabetic neuropathy, and diabetic
retinopathy. Diabetic retinopathy (DR) is the leading cause of new cases of blindness in
working age Americans.* Among US adults with diabetes aged 40 and older, 28.5%
have DR (4.2 million people). It is estimated that worldwide, this prevalence increases to
34.6% or 93 million people.>’” Therefore, DR represents a significant clinical burden in
society, which will only increase as the diabetes epidemic worsens. DR can be broken

into two clinically distinct stages: non-proliferative DR (NPDR) and proliferative DR



(PDR). NPDR is characterized by several retinal features, including basement
membrane thickening, pericyte dropout, acellular capillaries, vascular
hyperpermeability, and leukostasis, which give rise to the appearance of characteristic
fundus abnormalities, including microaneurysms, hemorrhages, and lipid exudates.
Collectively, these events are believed to cause local ischemia leading to focal hypoxia.
A subsequent upregulation of vasoproliferative factors stimulates pre-retinal
neovascularization in the affected retinal regions, the characteristic pathology of PDR.
Diabetic macular edema (DME), swelling of the retinal region responsible for central
vision, is the clinical feature most closely associated with patient vision loss and
primarily results from leakage of retinal vessels.® DME can arise at any stage of DR
progression; however, with treatment, it is a reversible form of vision loss in some
patients, as discussed below.

One of the most effective ways to prevent or slow DR progression is tight
glycemic control, as demonstrated by two large-scale clinical trials: the Diabetes Control
and Complications Trial (DCCT), and its observational follow-up the Epidemiology of
Diabetes Interventions and Complications (EDIC), for Type 1 diabetes® and the United
Kingdom Prospective Diabetes Trial (UKPDS) for Type 2 diabetes.'® Both studies
demonstrated that intensive glycemic control reduces the incidence and progression of
DR. For instance, in the DCCT, intensive glycemic control reduced the risk for the
development of DR by 76% and slowed progression of DR by 54%."" However,
intensive glycemic control can be difficult for patients to achieve, is associated with
significantly higher levels of weight gain, and comes with a threefold increased risk of

hypoglycemia.® Furthermore, although glycated-hemoglobin level is the strongest risk



factor identified thus far for DR development and progression, it only accounted for 11%
of the risk of DR in the DCCT."? These data suggest that other, as yet unidentified,
factors exist with critical contributions to the risk of DR development and progression.

Since tight glycemic control is difficult to achieve and DR continues to develop in
some patients, development of additional therapeutic strategies was paramount. There
are currently two standard therapeutic strategies for treatment of DR: laser
photocoagulation and anti-vascular endothelial growth factor (VEGF). Laser
photocoagulation involves the creation of thermal burns in the retinal periphery or in a
focal/grid pattern in the central retina.'® Laser photocoagulation proved to be efficacious
in reducing severe vision loss in PDR'* and moderate vision loss in DME."> However,
this approach, by its very nature, is highly destructive; as such, side effects occur and
include loss of both peripheral and night vision.

Due to the destructive nature and harmful side effects of laser photocoagulation,
it was desirable to develop alternative therapeutic approaches. Anti-VEGF therapies
were developed in the early 2000’s and have since demonstrated superior efficacy for
attenuating vision loss and improving visual gain in both DME and PDR in multiple
phase 3 clinical trials."®-?2 Three anti-VEGF therapies are currently used in the clinic to
treat DME or PDR: ranibizumab, an affinity-enhanced Fab fragment; bevacizumab, a
humanized full length murine monoclonal antibody against VEGF; and aflibercept, a
VEGF-trap created by fusing the VEGF-binding extracellular domains of VEGFR1 and
VEGFR2 to the Fc portion of human IgG1.2® Anti-VEGF therapy is administered
intravitreally with the goal of reducing VEGF signaling in the retina. All three therapies

target all VEGF isoforms, with aflibercept also binding placental growth factor. In



addition to superior efficacy, anti-VEGF therapies are also associated with less
peripheral vision loss and decreased rates of DME onset and vitrectomies compared to
laser photocoagulation.’® Despite anti-VEGF representing a major advancement in DR
treatment, this therapeutic approach still has significant drawbacks. First, anti-VEGF is
not efficacious in all patients. Indeed, a recent meta-analysis comparing the efficacies of
aflibercept, ranibizumab, and bevacizumab predicted that only 3-4 out of every 10 DME
patients will experience improvement after one year of anti-VEGF therapy.?* Second,
since intraocular injections are a highly invasive and unpleasant procedure for patients
and are required near-monthly over a significant time period, compliance issues often
arise, decreasing therapeutic efficacy. Overall, both of the current therapeutic strategies
focus on treating DR at an advanced stage, where irreparable damage to the retina has
already occurred. Therefore, there is a great clinical need for therapeutic strategies
against DR that are noninvasive, nondestructive, and, preferably, slow or halt disease

progression before retinal damage has occurred.

Diabetic retinopathy pathology
The retina has a diverse range of cells, including neuronal, vascular, and glial
subtypes, and evidence has demonstrated that each are affected by the diabetic
environment (Figure 1). Pathogenic changes in retinal cells occur first on the cellular
and molecular levels, eventually leading to the appearance of lesions on a fundus
examination and diagnosable disease. The causes of pathogenic changes in retinal
cells are highly interrelated, as each cell responds to the diabetic environment to further

potentiate disease in both autocrine and paracrine mechanisms.
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Figure 1: Overview of retinal cells and their pathogenic changes in diabetic retinopathy.
Adapted from Antonetti et al. (2012).2 This diagram demonstrates the laminar structure of the
retina and the relative location of all retinal cells. For orientation, the vitreous and front of the
eye are above the top of the image and sclera and back of the eye are below. Retinal cells and
structures are labeled in black on the left. On the right, in red, are the pathogenic alterations
observed in these cells during diabetic retinopathy and discussed in the introduction.
Reproduced with permission from Antonetti et al. (2012),% Copyright Massachusetts Medical
Society.

There are numerous neuronal cell types in the retina, including photoreceptors,
bipolar cells, horizontal cells, amacrine cells, and retinal ganglion cells. Although DR is
typically thought of as a vasodegenerative disease, increasing evidence demonstrates a

significant neurodegenerative component that likely develops before observable



microvascular changes.?>?® Apoptosis has been observed in a variety of retinal
neurons, including retinal ganglion cells, amacrine cells, and photoreceptors, in animal
models of diabetes and diabetic eyes.?’-?° Additionally, studies have demonstrated that
neurons likely secrete growth factors, cytokines, and other inflammatory molecules
which promote other events in DR progression, including retinal inflammation and blood
retina barrier dysfunction.®%3! These pathogenic changes in retinal neurons also drive
measurable functional changes, including alterations in color vision and contrast
sensitivity, reduced electroretinogram (ERG) responses, and retinal thinning.3244
Another component of diabetes-induced retinal neurodegeneration is glial cell
activation and dysfunction. The retina contains multiple glial cell types, specifically
astrocytes, microglia, and macroglia. Alterations have been observed in all glial cell
types; however, as Muller glia are an important component of two chapters in this
dissertation, only their diabetes-induced changes are summarized here. Muller cells are
retina-specific macroglia cell that span the length of the retina, providing structural
support and playing a central role in regulating retinal metabolism and homeostasis.
Madaller cell activation has been identified in both patients and animals models and is
associated with both increased glial fibrillary acidic protein (GFAP) levels,
demonstrating a retinal gliotic state, and increased pro-inflammatory cytokine
secretion.*>48 Although gliosis is beneficial in an acute manner, as it facilitates the
phagocytosis of apoptotic cells and debris, chronic gliosis is damaging to the retina.
Activated glia lose functionality in regulating blood flow and maintaining the blood retina
barrier and secrete inflammatory mediators thereby propagating retinal inflammation,

vascular dysfunction, and neurodegeneration.>4® Increasingly, Mdller cells are thought



to serve as a primary source of the retinal VEGF and inflammatory mediators driving DR
pathology.>%%-53 Importantly, Muller-cell specific knockout of VEGF in diabetic mice
attenuated virtually all known pathogenic events in NPDR, demonstrating that Muller
cell inflammation is a major driver of retinal inflammation and an important target for DR
therapeutics.>*

As vasodegeneration is the clinically defining pathology of NPDR, it is not
surprising that significant damage and dysfunction occurs in retinal vascular cells on the
molecular level. Both retinal vascular cell types, pericytes and endothelial cells,
demonstrate pathogenic changes in DR. It is well-established that pericyte loss, via
apoptosis, is one of the earliest pathogenic changes in a diabetic retina; it has been
observed in both animal models of diabetes and human diabetic retinas.>%5 Pericyte
loss has a number of downstream consequences, including weakening of the vessel
wall which contributes to both microaneurysm and hemorrhage development.
Additionally, as pericytes are an essential microvascular support cell, pericyte loss is
also associated with decreased trophic support for vascular endothelial cells leading to
endothelial cell apoptosis and further potentiating weakened vessel walls. Indeed,
pericyte loss, induced by genetic deletion of platelet-derived growth factor, was seen to
recapitulate in mice the microvascular damage observed in human diabetic retinas,
suggesting that pericyte dropout is a key event in driving DR pathology.®’

Retinal microvascular endothelial cell dysfunction underlies the development of
all pathogenic DR lesions. Retinal endothelial cells demonstrate numerous pathogenic
behaviors in both humans and animal models including: increased apoptosis, leading to

the development of acellular capillaries;>® vascular hyperpermeability, leading to retinal



edema, hemorrhages and lipid exudates;>8°° and increased leukocyte adhesion or
leukostasis, leading to further propagation of local apoptotic and inflammatory factors as
well as vessel occlusion.?%-67 Additionally, endothelial cells, similar to glial cells, become
activated by the diabetic environment and show increased secretion of inflammatory
cytokines.®® Vascular hyperpermeability is a particularly important component of
endothelial dysfunction as it leads to DME, the most common cause of vision loss in DR
patients.58 Highly organized junctional complexes form the barrier of the retinal
endothelium. Various elements of the diabetic environment, including hyperglycemia,
growth factors, and inflammatory mediators, cause junctional complex disorganization
and a subsequent deficit of barrier function leading to retinal hyperpermeability.58-5°

Ultimately, as retinal capillaries become non-patent due to vascular cell
dysfunction, areas of focal ischemia develop throughout the retina. It is hypothesized
that these ischemic areas drive retinal hypoxia, which in turn increases retinal cell
production of VEGF. Increased levels of VEGF then signal to retinal endothelial cells to
initiate angiogenesis. The development of visible retinal neovascular tufts clinically
defines the transition to PDR. Despite significant hypoxia and proangiogenic growth
signals, these new blood vessels are aberrantly formed and often not patent.
Neovascular tufts can grow into the preretinal space, causing vitreous hemorrhage or
tractional retinal detachment and associated severe vision loss.

Due to the highly complex and interdependent changes at the hemodynamic,
metabolic, and cytokine levels, the mechanisms by which the diabetic milieu cause the
development of DR remain to be fully understood.® After tight glycemic control was

shown to slow DR progression, hyperglycemia has remained the primary focus of DR



mechanistic studies.'®’® However, recent evidence has shifted focus to the significant
contributions made by diabetic dyslipidemia and chronic retinal inflammation. Diabetic
dyslipidemia involves the elevation of serum triglycerides and/or cholesterol and a
variety of evidence suggests that dyslipidemia is an important DR risk factor. For
instance, studies have shown increased levels of circulating free fatty acids in diabetics,
as well as correlations between DR severity and serum lipid levels in type 1 diabetics.”"
S Furthermore, in the Fenofibrate Intervention and Event Lowering in Diabetes (FIELD)
and the Action to Control Cardiovascular Risk in Diabetes (ACCORD) studies, DR
progression was delayed and need for laser treatment was reduced in patients treated
with the lipid-lowering agents, fenofibrate and simvastatin.”’-"6-7° Of particular note,
these lipid-lowering drugs were able to slow DR progression independent of glycemic
control. Hyperglycemia and dyslipidemia also contribute to the development of chronic,
progressive inflammation in the retina. Increasing evidence suggests that chronic retinal

inflammation is a major driver of DR pathogenesis.®

Inflammation in diabetic retinopathy
Inflammation is the body’s response to stress, injury, or pathogens; it is a critical
response to tissue damage and essential to healing. It involves a variety of mediators,
including inflammatory cytokines and chemokines, and a diverse range of cells,
including leukocytes, monocytes, and the endothelium. During an inflammatory event,
pro-inflammatory cytokines lead to the activation of the endothelium and subsequent
attraction, via chemo-attractants such as CCL2, and binding, via endothelial and

leukocyte adhesion proteins, of circulating immune cells such as leukocytes. These



immune cells can then extravasate through the tissue and work to resolve local
damage. Inflammation is typically resolved over a short time frame utilizing anti-
inflammatory cytokines and other coordinate proteins. When activated and resolved
acutely, inflammation is highly beneficial, as in the case of wound healing or infection.
However, increasing evidence demonstrates that many diseases involve and are
potentiated by a state of sustained inflammation leading to tissue damage.

Chronic low-grade inflammation is a component of early NPDR and, in recent
years, its potential as a therapeutic target has received considerable attention (Figure
2). Elevated retinal or vitreous levels of cytokines, including IL-13, TNFa, IL-8, IL-6,
CCL2, and CCL5, have been observed early in DR in both animal models 8%-84 and
patients.580.81.85-92 |ncreased levels of IL-1B are observed in the serum and vitreous of

diabetics and, unlike VEGF, correlate closely with DR severity and progression.%3-95
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Figure 2: The role of inflammation in diabetic retinopathy pathogenesis. Adapted from
Zhang et al. 2011.2" This model depicts the hypothesized propagation of retinal inflammation
and its downstream consequences in the development of vision-threatening pathology in late
stage DR.

10



Meanwhile, Doganay and colleagues demonstrated a correlation between the stage of
DR and serum IL-8 and TNFa levels.

In numerous cell culture and animal models, cytokine treatment has been shown
to drive every type of pathogenic NPDR event, including glial activation,®”-1%? cell
death,'%3 vascular permeability,?81%4 leukocyte adhesion,%:99.105-108 gnd
vasoregression.'% Of particular importance to this dissertation, inflammation is a key
driver of the increased leukocyte adhesion, or leukostasis, seen early in DR in both
animal models®%-63 and patients.54-%7 Leukostasis is a result of increased endothelial
levels of the leukocyte adhesion proteins VCAM-1, ICAM-1, and E-selectin (Figure 3).
Adherent leukocytes can occlude capillaries leading to downstream ischemia as well as

further amplify local inflammation and release of pro-apoptotic factors.560-62.64.94
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Figure 3: Leukocyte adhesion cascade. Leukocytes flowing through capillaries become
adhered through the following cascade. First, endothelial selectins capture the leukocyte,
causing it to begin to roll along the capillary wall. As the leukocyte rolls, it becomes further
activated by local chemokines, causing the upregulation of adhesion molecules responsible
for the arrest and firm adhesion of the leukocyte. Finally, leukocytes seek preferred sites of
transmigration and then migrate into the inflamed tissue. Adapted from Ley et al, 2007.2%
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As a result of the increased scrutiny of the role of inflammation in driving DR
pathogenesis, a number of anti-inflammatory reagents are under development, are
being tested in pre-clinical and clinical trials, and/or have demonstrated efficacy. In one
clinical trial, treatment with anti-inflammatory drugs lowered incidence of DR."%° A small
clinical trial using the anti-inflammatory reagent minocycline demonstrated efficacy in
improving visual function and reducing macular edema and vascular leakage.''® COX-2
inhibition has demonstrated efficacy in both rodent and dog models for attenuating
leukocyte adhesion and vessel degeneration,’"'-'4 although aspirin has not
demonstrated substantial benefit for patients in the clinic.''%1"7 Anti-inflammatory
steroids, such as dexamethasone, have demonstrated efficacy in reducing ICAM-1
levels, leukocyte adhesion, and vascular leakage in DR."'51'® However, long-term
steroid treatment comes with increased risk of both glaucoma and cataracts.'® Finally,
a number of combination therapies, in which anti-inflammatory reagents are combined
with anti-VEGF therapy, are currently in development.'20.121

Of the numerous inflammatory cytokines that have been identified in the diabetic
retina, evidence suggests that TNFa and IL-1 are particularly important contributors to
the initiation and propagation of retinal inflammation. TNFa inhibitors have been shown
to prevent a wide range of NPDR events in diabetic animals,''"122-124 while genetic
depletion of TNFa signaling similarly attenuated NPDR pathogenic events in multiple
animal models of diabetes.'?2125 |nhibition of the IL-1B-activating enzyme caspase 1
reduced retinal IL-1 levels and retinal capillary regression in both STZ and galactose-

fed mice. Furthermore, deletion of the IL-13 receptor IL-1R1 also protected against

12



capillary loss in both models.'?® These data suggest that among inflammatory cytokines,

TNFa and IL-13 are important drivers and regulators of retinal inflammation.

Vascular basement membrane

Vascular basement membrane (BM) is a thin, electron dense sheet of
extracellular matrix (ECM) proteins that surrounds the endothelium (Figure 4A). The
vascular BM structure and composition varies with the type of vasculature enveloped as
well as with the tissue type. The BM functions as a structural support, a substratum for
cell attachment and communication, and a selective permeability barrier.'>” BM plays
essential roles in both development and mature tissue function, with mutations in key
BM constituents causing a large variety of human diseases.’?®12° Depending on the
tissue and vasculature type, a variety of cells are in direct contact with the vascular BM
and have been identified as contributors to its initial development and sustained
homeostasis. In the capillary BM, pericytes and endothelial cells are thought to be the
primary ECM depositing cells in direct contact with the BM (Figure 4A).

Regardless of the tissue or organism, basement membranes are comprised of a

common set of proteins: laminin, collagen 1V, nidogen, and heparan sulfate

A. B.

s Collagen IV

c)(‘ Laminins

e o

__ Perlecan

Basement so—o Nidogen-1

membrane

Figure 4: Capillary basement membrane structure. (A) The capillary basement membrane
surrounds the endothelium, with pericytes embedded within the matrix. (B) The common set of
basement membrane proteins, laminin, collagen IV, nidogen, and heparan sulfate proteoglycans
(perlecan, here), form extensive covalent and non-covalent bonds to create a mature vascular
basement rgt;;mbrane. (A) Adapted from Bilous, Donnelly, 2010.3%° (B) Adapted from Thomsen
et al. 2017.
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proteoglycans (HSPG) (Figure 4B)."* In addition to this core network, a diverse range
of other minor constituents, such as fibronectin, tenascin-C, and thrombospondin, are
present depending on the development stage, physiological state, or tissue type of the
vascular BM."®" Numerous ECM proteins form key elements of a vascular BM, however
five specific ECM proteins were the focus of this dissertation and thus only their
background is summarized here.

Collagen IV is a network-forming collagen found exclusively in BM. It is
composed of three a-helix chains rich in hydroxyproline and hydroxylysine. In humans,
six unique chains have been identified (a1-6) with only three unique heterotrimeric
isoforms: ala1a2, a3adad, and ad5adSab. Levels of each heterotrimer vary based on
tissue and developmental stage; a1a1a2 is the primary heterotrimer found in retinal
vascular BM. The collagen IV network is covalently linked through numerous
interactions, including disulfide and sulfilimine bonds, which form dimers of the carboxy
NC1 domain, tetramers of the amino terminal 7S domain, and lateral associations along
the length of the molecule.'?®'3! This extensive linkage between collagen IV
heterotrimers provides tensile strength to the network. Collagen IV’s primary function is
to provide the scaffold on which the vascular BM is built, providing important tensile
strength to the interconnected networks. Indeed, collagen IV forms one of two essential
networks that serves as the backbone of the vascular BM; the other primary BM
network is formed by laminin. Finally, evidence also suggests that collagen IV can
regulate cellular behavior, including proliferation, migration, and polarity.'?®

Laminin is a cross-shaped heterotrimeric protein formed by an a, 3, and y chain.

Five a chains, four B chains, and three y chains are found in humans, with 16
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heterotrimer combinations having been identified to date. Laminin 411 and 511 are
considered the typical vascular BM laminins, however this can vary with tissue type,
developmental stage, and disease.'3? The laminin network interacts with both cell
surface integrins and dystroglycan receptors through laminin globular-like domains in
the o chain, serving as an important platform for cell binding and adhesion. 128132
Through these receptors, laminin is also involved in activating and regulating cell
polarity, survival, migration, and differentiation.'?® The independent laminin and collagen
networks are intricately bound together via network-bridging BM constituents;
particularly important among these connections, the dumbbell-shaped glycoprotein
nidogen (two isoforms: nidogen 1 and nidogen 2) facilitates noncovalent connection of
the laminin and collagen IV networks.

Heparan sulfate proteoglycans (HSPG) are glycoproteins composed of a core
protein with one or more covalently attached heparan sulfate chains. There are three
subfamilies of HSPG: membrane, secretory vesicle, and secreted ECM HSPG. The two
most prominent members of the secreted ECM HSPG subfamily found in vascular BM
are agrin and perlecan (also referred to as HSPG2).12° HSPG serve a number of key
functions in vascular BM, including providing significant structural contributions to BM
integrity. Importantly, HSPG also serve as depots of regulatory factors such as
cytokines and growth factors, thereby facilitating and regulating the formation of
chemokine gradients for leukocyte recruitment and homing in tissues.'3%132 By binding
chemokines, HSPG create local chemokine gradients in the vascular BM, which
spatially restricts the activation of vascular endothelial cells and therefore the site of

leukocyte recruitment. Additionally, once leukocytes have transmigrated through the
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endothelial cell layer, these HSPG-created chemokine gradients control the direction of
leukocyte movement within a tissue. 34135

Fibronectin is a multidomain glycoprotein composed of multiple repeated modular
domains, which give the molecule functional flexibility depending on the splicing and
modular domains present. Fibronectin has a diverse array of splice variants and
isoforms, with at least 20 distinct isoforms identified in humans, which are differentially
expressed based on developmental stage, tissue type, and disease state.'36.137 It is
typically found as a dimer connected by two disulfide bonds at the C termini. There are
two types of fibronectin; plasma fibronectin is the soluble and compact form which is an
important component in fibrin clot formation. Meanwhile, cellular fibronectin is secreted
into the ECM where it is involved in cellular adhesion, tissue organization, scaffolding,
and facilitation of specific binding between other BM constituents. 36137

Basement membrane homeostasis and turnover are regulated through a
complex interplay of proteases and protease inhibitors, including plasminogen activators
(uPA and tPA), plasminogen activator inhibitors (PAI-1 and -2), matrix
metalloproteinases (MMP), tissue inhibitor of metalloproteinases (TIMP), and
adamalysins (includes ADAM and ADAMTS). PA and PAI balance the selective
cleaving of MMP pro-forms by plasmin, thus regulating MMP activation.'3813° MMP are
the primary proteases in ECM, with the ability to digest all ECM components with a wide
range of substrate specificity.’#? As their name suggests, TIMP are important mediators
of MMP activity. TIMP can inhibit MMP, ADAM, and ADAMTS, with each of the four
members (TIMP1-4) demonstrating preferential specificity for different ECM

proteases.'® ADAM cleave the ectodomains of transmembrane proteins, allowing for
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the release of cytokines, growth factors, and signaling molecules. Finally, ADAMTS are
involved in the control of the structure and function of vascular ECM, including cleavage
of pro-collagen molecules, von Willebrand factor, and proteoglycans.'' Within a healthy
BM, degradation enzymes and their inhibitors exist in a delicate balance, working to
ensure BM turnover and homeostasis as well as contributing to controlled tissue
responses through the cleavage and/or release of cytokines, growth factors, and
signaling molecules. Dysregulation of this balance can significantly alter the structure
and function of a vascular BM and, as such, has been identified as a contributor to
numerous diseases. 40142

Aberrant remodeling of tissue ECM or BM, through irregular ECM deposition,
dysregulation of degradation, or both, has been observed and linked to disease
progression across a wide range of injury and disease types, including diabetes
complications, cancer, atherosclerosis, and osteoarthritis.'40.143.144 \/ascular BM
thickening has been identified in all diabetic microangiopathies, including retinopathy,
nephropathy, and neuropathy.44-146 |ts role in diabetic nephropathy has been
extensively studied due to the important contributions of the glomerular BM to
glomerular filtration. Glomerular BM thickening is one of the earliest detectable features
of diabetic nephropathy, developing before any albuminuria is clinically evident.'4’
Glomerular BM thickening is thought to arise from a combination of increased ECM
deposition and dysregulation of ECM degradation by podocytes.'” Additionally,
mesangial matrix expansion and tubular basement membrane thickening are also

observed.'#7:148 Although glomerular BM thickening is considered an important
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component of diabetic nephropathy, in the diabetic retina, BM thickening was long

neglected as an active contributor to disease progression.

Vascular basement membrane thickening in diabetic retinopathy

Retinal vascular BM thickening is one of the earliest structural abnormalities in
DR pathogenesis (Figure 5).'4° These structural abnormalities in the retinal vascular
BM were first noted by Norman Ashton in 1949."% Studies have since shown that
diabetic exposure causes morphological, biomechanical, and compositional changes in
ocular BM,151:152.153 gnd vascular BM thickening has become accepted as a classic
pathogenic change in NPDR.83.145

As discussed above, numerous events occur on the molecular and cellular levels

that give rise to the characteristic lesions in NPDR. The roles of many of these events,

Diabetic Non-diabetic

Figure 5: Vascular basement membrane thickening in DR. Representative electron
micrographs of retinal capillaries from a 62-year-old diabetic (A) and a 74-year-old non-diabetic
patient (B). The diameters of the blood vessel lumens (L) are similar, while the vascular BM is
significantly thicker in the diabetic eye (A; orange bar) than in the non-diabetic eye (B; orange
bar). This figure is adapted from To et al. 2013."%2
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including pericyte apoptosis, increased vascular permeability, leukostasis, and capillary
dropout, in driving the pathogenic cascade have been extensively studied.5813.94
Conversely, although capillary BM thickening has long been considered a characteristic
event in NPDR, ' relatively little is known about its contributions to DR pathogenesis.'*
Indeed, for decades after its discovery, BM thickening was believed to be a
consequence, not a cause, of retinal pathology in DR. However, the therapeutic promise
of targeting BM thickening was demonstrated when intravitreal injections of antisense
oligonucleotides targeting collagen |V, fibronectin, and laminin in diabetic rats prevented
not only retinal vascular BM thickening but also led to a decrease in acellular capillaries,
pericyte loss, and retinal vascular leakage.%%1%

Current understanding of how retinal BM constituency is altered in DR is primarily
based on immunohistochemistry or mRNA studies of whole retina.®2.157-181 These
studies have demonstrated increased expression of key BM components including
collagen 1V, fibronectin, laminin, and tenascin C in both diabetic animal models and
human diabetic retinal tissue.'45149.152,157-160,162,163 Additionally, in vitro studies have
demonstrated that conditions mimicking the diabetic environment, particularly high
glucose, caused altered expression or deposition of ECM constituents by retinal
endothelial cells.4%149.163-169 However, these studies have a number of drawbacks
including their qualitative nature and contamination from other retinal ECM such as the
inner limiting and outer limiting membranes. Recent advances in proteomic techniques
and ECM isolation methods have made studies of whole ECM proteomes increasingly
feasible, including two studies that established the proteome of the retinal vascular BM

and subsequently compared the constituency of the retinal vascular BM in non-diabetics
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and diabetics with DR.'53170 These two studies provided the first comprehensive insight
into the unique constituency of the retinal vascular BM and how it might be altered in
DR.

The specific mechanisms by which a thicker BM might contribute to DR
pathology remains to be fully understood. However, in other tissues, alterations in ECM
constituency are known to contribute to a range of pathogenic cell behaviors with
similarities to NPDR pathology, including impaired EC-pericyte communication, changes
in microvascular permeability, inappropriate cell-matrix adhesions, and alterations in
leukocyte extravasation.'43:145.149.171-179 Recently, studies have begun to elucidate the
ways in which cell-matrix interactions might drive pathogenic behaviors in the retina. For
instance, evidence suggests that high glucose-induced changes in ECM composition
can affect the integrity of endothelial junctional complexes, providing one hypothesis for
how thicker BM could drive vascular hyperpermeability.'® ECM grown under high
glucose conditions has also been shown to promote apoptosis.’#> Additionally,
alterations in the ratio and constituency of the BM could alter its architecture and
therefore its functionality; two studies using retinal endothelial cells have demonstrated
that high glucose-induced changes in ECM stiffness cause increased monocyte
adhesion.'”817° Despite these advances in understanding retinal cell-matrix dynamics,
much remains to be understood about how diabetes affects retinal cells to cause BM
thickening and how these events contribute to DR progression.

In the following chapters, | sought to expand our understanding of retinal
inflammation and its role in driving pathogenic events in NPDR, including BM

thickening. In Chapter lll, | provided further support for the role of IL-1 in driving a
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range of DR pathologies, including Muller cell auto-amplification of IL-18, and identified
a small molecule inhibitor with significant efficacy in attenuating multiple IL-1B3-induced
pathogenic behaviors in both Muller cells and endothelial cells. In Chapter IV, |
identified a novel role for inflammatory cytokines and retinal pericytes in driving
alterations in ECM expression and established a connection between cytokine-induced
ECM changes and retinal leukostasis. Finally, in Chapter V, | utilized quantitative mass
spectrometry to identify the endothelial cell-specific constituency of retinal ECM and
interrogate how TNFa and IL-13 change this constituency. Overall, in this dissertation, |
worked to build an experimental platform that lends itself to the discovery of the
molecular mechanisms that underlie BM thickening, thereby enabling the rapid, facile
assessment of the roles of retinal cells, elements of the diabetic environment, and/or the

relevant transcription factors and signaling molecules controlling these processes.

21



CHAPTERII

METHODS

Human retinal cell culture
Human Miiller cell (hMC) isolation, culture, and treatment

Primary hMC were isolated from human donor tissue (NDRI) within 24 hours post-
mortem, using an adapted protocol from previously developed methods.'®® Briefly, the
retina was dissected from the eye cup and dissociated in Dulbecco’s Modified Eagle
Medium (DMEM; Gibco; Carlsbad, CA) supplemented with trypsin and collagenase. After
incubation in dissociation medium, hMC were cultured in DMEM supplemented with 10%
FBS (R&D Systems; Minneapolis, MN) and 1x antibiotic/antimycotic solution (Gibco).
Passages 4-6 were used for all experiments. Cultures were incubated at 37 °C, 5% COo,
and 20.9% O2 and 95% relative humidity.

For experiments in Chapter lll, hMC were cultured in 6-well plates until 70%
confluence, then cultured in serum-reduced conditions (DMEM supplemented with 2%
FBS and 1x antibiotic/antimycotic solution) for 12 hours before treatment. hMC were
treated in serum-reduced media containing 50pg/mL IL-1f3 (Sino Biological, Wayne, PA)
with or without 1 or 2.5uM INCA-6 (Tocris; Minneapolis, MN) for 8 hours. After
treatment, cultures were collected for mMRNA expression analysis.

For experiments in Chapter IV, at 70% confluency, hMC were treated in serum-
reduced conditions for 24 hours with diabetes-relevant stimuli (DRS): inflammatory

cytokines (10 ng/mL TNFa, IL-13, or 0.1% BSA in H20 vehicle) or high glucose conditions
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(5 mM or 25 mM D-glucose, with L-glucose used as an osmotic control). After treatment,
cultures were collected for mMRNA expression analysis.
Human retinal microvascular endothelial cell (hRMEC) culture and treatment

Primary hRMEC (Cell Systems; Kirkland, WA) were cultured in phenol red-free
endothelial basal medium (EBM; Cell Systems) supplemented with 10% FBS (R&D
Systems) and SingleQuots (Lonza, Inc.; Allendale, NJ) and grown on attachment factor-
(Cell Systems) coated culture dishes. Passages 5-8 were used for all experiments.

For experiments in Chapter lll, hARMEC were plated in 6-well plates and grown in
10% EBM to 75-85% confluency before treatment. Cells were treated for 2 hours with
1ng/mL IL-1B in the presence or absence of 1, 2.5, or 5uM INCA-6 in serum-reduced
media (EBM supplemented with 2% FBS and 1x antibiotic/antimycotic solution). After
treatment, cultures were collected for mMRNA expression analysis.

For experiments in Chapter IV, hRMEC were allowed to grow for 24-36 hours in
EBM supplemented with 10% FBS and SingleQuots until a confluent monolayer was
reached. The media was then switched to serum-reduced media for 48 hours to allow
sufficient time for cells to deposit ECM. In 2% FBS EBM, hRMEC were then treated with
a variety of DRS for 48 hours. Included were inflammatory cytokines (10 ng/mL TNFa.,
IL-1B, IL-6, IL-8, or 0.1% BSA in H2O vehicle), free fatty acids (250 uM palmitic acid,
100 uM oleic acid, 60 uM linoleic acid, or fatty acid-free BSA as vehicle), and high
glucose conditions (5 mM or 25 mM D-glucose, with L-glucose used as an osmotic
control). Free fatty acid concentrations were chosen for their physiological relevance.
Total circulating levels of free fatty acids can be as high as 600 uM in diabetics; 181-183

more specifically, plasma palmitic acid levels were determined to be 234.9 +/-
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58.1 umol/l in obese diabetic individuals fasted overnight.'® Furthermore, these
concentrations fall within ranges used in studies of retinal cell behaviors'8® and in vitro
studies of diabetes.'86:187 |ikewise, my chosen cytokine concentrations fall within the
range of concentrations tested in a variety of in vitro models of DR.100.102.167,188,189 After
treatment, cultures were collected for mMRNA expression analysis.

For experiments in Chapter V, 150mm plates were coated with 2% (w/v) gelatin
from porcine skin (G1890 Sigma; St. Louis, MO) for 2 hours at room temperature.
hRMEC were allowed to grow for 72 hours in endothelial basal medium (EBM; Cell
Systems) supplemented with 10% FBS and SingleQuots until a confluent monolayer
was reached. Media was then changed to EBM supplemented with 5% FBS and
SingleQuots for 24 hours before 48 hour treatment with 10ng/mL IL-13, TNFa (Sigma),
or respective vehicles in 5% EBM. After treatment, cultures were collected for

quantitative mass spectrometry analysis.

Human retinal pericyte (hRP) culture and treatment

Primary human retinal pericytes (hRP) were purchased from Cell Systems and
maintained in normal glucose (5.5mM) DMEM supplemented with 10% FBS and
SingleQuots on attachment factor-coated plates. Passages 6-8 were used for all
experiments. In Chapter IV, at 75% confluency, hRP were treated with DRS at the
same concentrations as hRMEC (see above) in serum-reduced media (2% FBS DMEM
with 1x antibiotic/antimycotic solution) for 24 hours. After treatment, cultures were

collected for mMRNA expression analysis.
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Conditioned media (CM) experiments

hMC were cultured in 6-well plates until 70% confluency, then cultured in serum-
reduced conditions for 12 hours before treatment. h(MC were treated with TNFa (5
ng/mL or 10 ng/mL), IL-1B (1, 5, or 10 ng/mL), or corresponding vehicles for 2 hours in
serum-reduced media. Stimuli were removed and fresh 2% EBM media was placed
onto hMC; CM was allowed to generate for 6 hours before collection for treatment of
hRMEC. Once cultures reached confluence, hRMEC media was changed to 5% FBS
EBM (plus SingleQuots) for 24 hours prior to treatment with hMC CM. hRMEC were

treated with hMC CM for 48 hours prior to collection for mMRNA expression analysis.

Quantitative real time RT-PCR

Total RNA was collected using an RNeasy Mini kit (Qiagen; Valencia, CA),
according to the manufacturer’s protocol. The High-Capacity cDNA Archive Kit (Applied
Biosystems; Waltham, MA) was used to reverse transcribe the total RNA. Quantitative
RT-PCR was performed using gene-specific TagMan Gene Expression Assays (Table
1; Applied Biosystems). Using technical duplicates, the co-amplification of the gene of
interest was compared with TBP (TATA-binding protein) (endogenous normalization
control). Data were analyzed using the comparative Ct method. Experiments were
performed using a minimum of 3 biologically independent samples as well as technical

replicates for each sample.
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Target Primer Species Chapter
TBP Hs00427620_m1 Human 3,4,5
IL1B Hs01555410_m1 Human 3
TNFA Hs00174128 m1 Human 3
VEGF Hs00900055_m1 Human 3
CCL2 Hs00234140_m1 Human 3
CCL5 Hs00982282_mA1 Human 3
IL8 Hs00174103_m1 Human 3
IL6 Hs00174131_m1 Human 3
VCAM1 Hs1003372_m1 Human 3,4
ICAM1 Hs00164932_m1 Human 3,4,5
SELE Hs00174057_m1 Human 3,4,5
COL4A1 Hs00266237_m1 Human 3,4,5
FN1 Hs00365052_m1 Human 4
LAMB1 Hs01055967_m1 Human 4
AGRN Hs00394748 m1 Human 4
HSPG2 Hs01078536_m1 Human 4
MMP2 Hs01548727 _m1 Human Appendix
MMP9 Hs00957562_m1 Human Appendix

Table 1: Gene expression assays used in studies

Parallel plate flow chamber assay (PPFC)

blood mononuclear cells

26

(PBMC; Precision for Medicine;

Slides were used to assemble the PPFC (GlycoTech; Gaithersburg, MD) and
leukocyte adhesion was assayed as previously described.'®® Briefly, human peripheral
Fredrick, MD) were
resuspended at a concentration of 5x 10°cells/mL in Hank’s Buffered Salt Solution
(HBSS; Gibco). PBMC were flowed at a shear stress of 1 dyn/cm? over treated
monolayers for 7 minutes. Non-adherent cells were then washed away by flowing HBSS
over the monolayers at 2 dyn/cm? for 2 minutes. Eight fields per slide were randomly

selected prior to PBMC flow and images were captured before and after flow. A masked




observer compared the two sets of images to count adherent leukocytes in the after
images. Each data point represents the average number of adherent leukocytes across
the eight captured fields per slide divided by the count area (mm?).

In Chapter lll, hRMEC were plated onto attachment factor-coated glass slides
(Thermo Fisher; Waltham, MA). Once cells formed a complete monolayer, slides were
treated with 1ng/mL IL-18 with or without 5uM INCA-6 in serum-reduced media for 4
hours.

In Chapter IV, hRMEC were plated onto attachment factor-coated glass slides. A
pap pen was used to create standard growth area borders on each slide, to ensure that
naive hRMEC only plated where conditioned ECM had been deposited. Once cells
formed a complete monolayer (~24 hours), media was changed to 5% FBS EBM for 24
hours before 48 hour treatment with 10ng/mL TNFa or IL-13. To decellularize, slides were
washed once with PBS and then submerged in decellularization buffer (20 mM NH4sOH
and 0.5% Triton-X (vol/vol) in PBS (with Ca and Mg)) at 37°C. Slides were then
submerged three times in fresh PBS. Naive hRMEC were plated onto the slides with the
decellularized ECM and allowed to settle for 16 hours. In these experiments, PBMC were
stained with NucBlue (Thermo Fisher) for 20 minutes at 37°C at the manufacturer’s

suggested concentration before being spun down and resuspended for use in the PPFC.

Retinal leukostasis
All experiments were approved by the Vanderbilt University Institutional Animal
Care and Use Committee and were performed in accordance with the ARVO Statement

for the Use of Animals in Ophthalmic and Vision Research. Six- to eight-week-old
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C57BL/6J mice (Charles River; Wilmington, MA) received intravitreal injections of vehicle,
IL-1B (50pg), INCA-6 (150ng), or IL-13 (50pg) + INCA-6 (150ng). Retinal leukostasis was
performed as described previously.'97:198 Briefly, 12 hours after treatment mice were
anesthetized with ketamine/xylazine and then perfused with 0.9% saline for 2.5 minutes
followed by FITC-conjugated concanavalin-A (40ug/mL in 5.0mL PBS; Vector
Laboratories; Burlingame, CA). Saline was then perfused for 2.5 minutes to remove any
non-adherent leukocytes. Retinas were immediately dissected into 4%
paraformaldehyde, flat-mounted, and images were captured with a Zeiss LSM710
Confocal Microscope (Zeiss; Pleasanton, CA) at 20x magnification. Using ImagedJ (NIH;
Bethesda, MD), a masked observer selected 4 regions per retina and adherent leukocytes
in the superficial plexus of the retinal vasculature were counted. Each data point
represents the average number of adherent leukocytes across the 4 regions divided by

the count area (mm?). This method was used in Chapter .

Transendothelial electrical resistance (TEER) measurements
hRMEC were plated at a density of 40,000 cells/well in 96W10idf plates (Applied
Biophysics; Troy, NY) in 10% FBS EBM. Per the manufacturer’s instructions, hRMEC
were allowed to settle onto plates for 15 minutes at room temperature before insertion
into the Electric Cell-substrate Impedance Sensing (ECIS) Z-Theta instrument (Applied
Biophysics). After resistance plateaued between 24 and 48 hours, monolayers were
treated with 1Tng/mL IL-1B with or without 5uM INCA-6. Resistance was monitored for 24

hours after treatment and normalized resistance was calculated using Applied Biophysics

28



software.'%%.19" Each well was normalized to its resistance 1 hour prior to treatment. This

method was used in Chapter lll.

Quantitative fluorescein angiography (qFA)

Six- to eight-week-old C57BL/6J mice (Charles River) received intravitreal
injections of vehicle, IL-1B3 (50pg), INCA-6 (150ng), or IL-1B3 (50pg) + INCA-6 (150ng).
Eight hours after treatment, vascular permeability was assessed using gFA. Mice were
anesthetized with an intraperitoneal injection of ketamine/xylazine and their pupils were
dilated with tropicamide and phenylephrine before receiving an intraperitoneal injection
of sodium fluorescein (NDC 17478-250-20; Akorn; Lake Forest, IL) at 10uL/g body weight.
At 2 and 4 minutes after injection, fluorescent fundus images were captured with the
Micron IV retinal imaging system (Phoenix Research Labs; Pleasanton, CA). A masked
observer checked all images for quality, ensuring proper visualization of the vasculature
was achieved in each. ImageJ software was then used to quantify the fluorescence
intensity of the images using the integrated density function, an algorithm that measures
the mean gray value in a selected area of the image and then multiplies it by the selected
area. The integrated density was measured for both the 2 minute and 4 minute images.
The integrated density at 2 minutes (baseline) was then subtracted from the integrated
density at 4 minutes, with the difference in integrated density between 2 and 4 minutes

employed as a readout of vascular leakage. This method was used in Chapter lll.
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Decellularization experiments

For experiments with hRMEC-derived matrices, media was changed to EBM
supplemented with 5% FBS and SingleQuots for 24 hours once cultures reached 100%
confluency. hRMEC were then treated for 48 hours with 10 ng/mL TNFa or IL-18 in 5%
EBM. For experiments with hRP-derived matrices, hRP were treated at 75% confluency
with 10 ng/mL TNFa or IL-1( for 48 hours in serum-reduced media. Subsequently,
hRMEC or hRP cultures were decellularized using methods adapted from published
protocols.'9?-194 Briefly, cultures were washed once with PBS before treatment with
decellularization buffer (20 mM NH4OH and 0.5% Triton-X (vol/vol) in PBS (with Ca and
Mg)) at 37°C; cultures were monitored visually for complete decellularization (5-10

minutes). Decellularized ECM was washed three times by adding PBS in equal volume

Vehicle Cytokine

Vehicle-conditioned Cytokine-conditioned
ECM ECM
o = [ L N |
= =® “ = -® “

l
=

@B -Treated cells (hRP or ARMEC) ®®-Untreated, naive hRMEC

Figure 6: Experimental design of decellularization experiments. hRMEC or hRP were
treated with cytokines, either TNFa or IL-13, and allowed to deposit ECM before cultures were
decellularized. Naive hRMEC were then plated onto the cytokine-conditioned ECM and
subsequently collected for gqRT-PCR analysis or utilized in static adhesion assays or PPFC.
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to the dish to dilute cellular debris and then removing half of the volume.'®* Naive
hRMEC were plated to settle at a density of 85% confluency onto the hRMEC- or hRP-
derived matrices and allowed to settle onto the decellularized ECM for 16 hours before

collection for gqRT-PCR analysis (Figure 6). This method was used in Chapter IV.

Immunocytochemistry

Complete decellularization of cultures was confirmed by immunocytochemistry,
using methods adapted from published protocols (Figure 7).1% Cultures were
decellularized and washed as described above. Decellularized ECM was then fixed in
4% PFA (Electron Microscopy Sciences; Hatfield, PA) for 30 minutes at 37°C. Slides
were blocked in 1.5% BSA in PBST for 1 hour at room temperature and then incubated
with the following primary antibodies for 1 hour at room temperature: anti-collagen 1V
(Abcam; Waltham, MA) and anti-fibronectin (Santa Cruz Biotechnology; Dallas, TX).
Slides were then incubated with Alexa Fluor-labeled secondary antibodies (Invitrogen;

Waltham, MA) for 1 hour at room temperature. F-actin and nuclei were subsequently
DAPI F-actin Collagen IV Fibronectin

Figure 7: Representative images of successful decellularization of hREC culture.
hRMEC were stained for DAPI, F-actin, collagen 1V, and fibronectin. The top row is a normal

hRMEC culture and the bottom row demonstrates the ECM left after the complete removal of
cells using decellularization buffer.

Initial culture

Decellularized
culture




labeled, following the manufacturer’s instructions, using 555 Fluorescent Phalloidin

(Cytoskeleton, Inc; Denver, CO) and DAPI (Tocris), respectively.

Static adhesion assay (SAA)

hRMEC or hRP were plated onto attachment factor-coated 24-well plates and
allowed to settle at room temperature for 15 minutes (to ensure proper monolayer
formation). Cells were treated as indicated above for decellularization experiments.
After treatment, cultures were decellularized, decellularized ECM was washed three
times as above, and naive hRMEC were plated to settle as a confluent monolayer and
allowed to settle for 8 hours before SAA was performed. The SAA protocol was adapted
from published protocols;'”®17° briefly, human PBMC were stained with NucBlue for 20
minutes at 37°C at the manufacturer’s suggested concentration and then spun down
and resuspended. PBMC were added to each well at a concentration of 125,000
cells/cm? and allowed to settle onto monolayers for 30 minutes at 37°C. Subsequently,
PBMC were removed and cultures were gently washed three times with warm PBS to
remove non-adherent cells. Cultures were then fixed in 1% PFA for 10 minutes at 37°C.
Cultures were washed once with warm PBS. Three fields were randomly selected per
well and adherent PBMC were counted. Each data point represents the average
number of adherent leukocytes for the three captured fields per well and is reported as

adherent cells per mm?2. This method was used in Chapter IV.
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Decellularization and sample solubilization for mass spectrometry
After treatment (see “hRMEC culture and treatment”), cultures were

decellularized and ECM was solubilized using methods adapted from published
protocols.®%-194 Cultures were washed once with PBS and treated with decellularization
buffer (20 mM NH4OH and 0.5% Triton-X (vol/vol) in PBS (with calcium and
magnesium)) for 5 minutes at 37°C. To wash decellularized ECM, PBS was added in
equal volume to the dish to dilute cellular debris and then half of the volume was
removed.'% This washing was repeated three times. Decellularized ECM was then
treated with 10ug/mL DNase | (Roche; Basel, Switzerland) for 30 minutes at 37°C.
Decellularized ECM was washed twice with PBS. Warm solubilization buffer (62.5mM
TrisHCI, pH 6.8 25% glycerol, 5% BME, 5% SDS, and 0.01% bromophenol blue) was
added and decellularized ECM was physically removed using cell scrapers. Samples
were then heat denatured for 20 minutes at 70°C and subsequently spun down at
14,000 rpm for 5 min at 4°C. Protein concentration was measured using the Pierce
660nm Protein Assay (Thermo Fisher), according to the manufacturer’s instructions
including use of the ionic detergent compatibility reagent to account for the high SDS

concentration. This method was used in Chapter V.

Mass spectrometry (MS), quantification, and analysis
S-Trap micro spin column digestion was performed on ECM extracts according to
the manufacturer's recommendations. Briefly, protein samples (10ug) in solubilization
buffer (see above) were reduced with 20 mM DTT and alkylated with iodoacetamide at

a final concentration of 40 mM. Aqueous phosphoric acid was added to the sample to
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obtain a final concentration of 1.2% phosphoric acid. A volume of 600 puL of S-Trap
binding buffer was added to each sample. The mixture was placed on S-Trap micro
columns and centrifuged (4000 x g) until all the volume was passed through the column.
Columns were washed five times with 150 ul of S-Trap binding buffer, and proteins were
digested with 20 uL of 50ng/uL trypsin (Promega; Madison, WI) in 50mM ammonium
bicarbonate for 1 hours at 47C. Peptides were then eluted with 40 ul of 50 mM
ammonium bicarbonate followed by 40 pl of 0.2% aqueous formic acid and 35 pl of
0.2% formic acid in 50% acetonitrile. Peptides were dried by speed vac centrifugation.
Peptides were then analyzed by LC-coupled tandem mass spectrometry (LC-
MS/MS). First, an analytical column was packed with 20cm of C18 reverse phase
material (Jupiter, 3 um beads, 300A, Phenomenox) directly into a laser-pulled emitter
tip. Peptides were loaded on the capillary reverse phase analytical column (360 um
O.D. x 100 um 1.D.) using a Dionex Ultimate 3000 nanoLC and autosampler. The mobile
phase solvents consisted of 0.1% formic acid, 99.9% water (solvent A) and 0.1% formic
acid, 99.9% acetonitrile (solvent B). Peptides were gradient-eluted at a flow rate of 350
nL/min, using a 90-minute gradient. The gradient consisted of the following: 1-73 min, 2-
50% B; 73-78 min, 50-95% B; 78-79 min, 95% B; 79-80 min, 95-2% B; 80-90 min
(column re-equilibration), 2% B. Upon gradient elution, peptides were analyzed using a
data-dependent method on a Q Exactive Plus mass spectrometer (Thermo Scientific),
equipped with a nanoelectrospray ionization source. The instrument method consisted
of MS1 using an MS AGC target value of 3e6, followed by up to 15 MS/MS scans of the

most abundant ions detected in the preceding MS scan. The MS2 AGC target was set
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to 5e4, dynamic exclusion was set to 10s, HCD collision energy was set to 28 nce, and

peptide match and isotope exclusion were enabled.

To determine the matrisome proteins identified in each sample, each protein list
was annotated using the Matrisome Project’s Matrisome Annotator tool.'®¢ MS/MS of
peptide fragmentation were searched within the Skyline program

(https://skyline.ms/project/home/software/Skyline) using the MSAmanda search engine

(http://pubs.acs.org/articlesonrequest/AOR-6DyVQ3j4YTcGXyaskdvi), collated to

protein level and filtered to require a minimum of two unique peptides. Peak selection
and integration were performed within Skyline requiring the peak to be selected within 5
minutes of an identified MS/MS spectrum. Data were normalized using the “equalize
medians” with the summary method of “Tukey’s median polish” implemented from the

MSStats package (Bioconductor - MSstats) directly in Skyline. This method was used in

Chapter V.

Statistical analysis

All data were analyzed with Prism software (GraphPad; La Jolla, CA); values of
p <0.05 were considered statistically significant.

For Chapter lll, analysis of variance (ANOVA) with Tukey’s multiple comparisons
post hoc analysis was used. Grubbs’ test was utilized to identify outliers. For ECIS, two-
way ANOVA with Tukey’s multiple comparisons post hoc analysis was used.

For Chapter IV, student’s t-test and ANOVA with Tukey’s multiple comparisons

post hoc analysis was used. The ROUT method was utilized to identify outliers.
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CHAPTERIII

Nuclear factor of activated T-cells (NFAT) regulation of IL-1B-induced retinal

vascular inflammation

From: Giblin, M.J., Smith, T.E., Winkler, G., Pendergrass, H., Kim, M.J., Capozzi, M.E.,
McCollum, G.W., Yang, R., Penn, J.S. Nuclear factor of activated T-cells (NFAT)
regulation of IL-1B-induced retinal vascular inflammation. Biochim Biophys Acta Mol

Basis Dis. 2021 Dec 1;1867(12):166238. Epub 2021 Jul 31. PMC8565496.

Overview

Chronic low-grade retinal inflammation is an essential contributor to the
pathogenesis of DR. It is characterized by increased retinal cell expression and
secretion of a variety of inflammatory cytokines; among these, IL-1 has the reputation
of being a major driver of cytokine-induced inflammation. Cytokines not only initiate
retinal vascular damage but also activate autocrine and paracrine signaling cascades
that promote chronic retinal inflammation, all of which contributes to the development of
vision-threatening pathology.>% Numerous studies have identified IL-1B as a primary
driver of inflammation in a wide-range of pathological conditions, including neuro-
inflammatory diseases, diabetes, and DR.%4102.197-200 Ahundant data suggest that IL-13
plays a causative role in several hallmark DR pathologies, including glial activation,®”
cell death,'93 vascular permeability,'® leukocyte adhesion,'%%1% and vasoregression.'%3
| became particularly interested in IL-13 as a driver of retinal inflammation after RNA

sequencing experiments from our lab comparing human Mdller cell (hMC) responses to
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treatment with IL-13, TNFa, IL-8, and IL-6 demonstrated that IL-1 caused the greatest
and longest lasting inflammatory response in hMC. Interestingly, these data also
identified IL-18 itself as one of the most highly upregulated genes in IL-13-treated hMC,
supporting existing evidence that increased IL-1( levels via auto-amplification may
exacerbate and sustain retinal inflammation in DR.'%? In aggregate, this evidence
suggests that IL-1B acts as a “master regulator” of inflammation in the pathological
cascade of DR, and that preventing its downstream effects in retinal cells may therefore
significantly slow inflammation-induced damage.02:197201

IL-18 mediates downstream inflammatory signaling via the activation of several
transcription factors, including nuclear factor of activated T-cells (NFAT).202203 The NFAT
family consists of five proteins, four of which (c1-c4) are regulated by the calcium-
dependent phosphatase calcineurin (CN).2%4-26 |n quiescent cells, NFAT exists in the
cytosol in a hyperphosphorylated state. Upon challenge with an inflammatory stimulus,
CN dephosphorylates NFAT, causing it to shuttle to the nucleus where it increases the
transcription of inflammatory genes.?%7-209 The small molecule inhibitor, Inhibitor of NFAT-
Calcineurin Association-6 (INCA-6), blocks CN-NFAT association, thereby preventing the
dephosphorylation/activation of the four CN-dependent NFAT isoforms.2'921"  NFAT is
known to play a role in the regulation of inflammatory mediators, extracellular matrix
proteins, vascular permeability, and adhesion molecules,08:204.207.212-222 gnd as such may
control multiple pathogenic steps early in DR. Additionally, published evidence
demonstrates that NFAT inhibition is a successful strategy in preventing pathogenic
retinal cell behaviors downstream of both hyperglycemia and TNFa.'%2'® Combined,

these data demonstrate that NFAT mediates a variety of characteristic pathogenic
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changes that arise in response to multiple components of the diabetic environment;
therefore, | hypothesized that NFAT may likewise influence the response of retinal cells
to elevated IL-1pB in the diabetic milieu.

The diabetic retina is a complex environment of multiple cell types, including
endothelial cells, pericytes, astrocytes, and Miiller cells.® Pathogenic behaviors by each
of these cell types do not exist in isolation, rather they can produce both autocrine and
paracrine factors that potentiate disease progression in surrounding cells. For instance,
VEGF, a major target of DR therapeutics, is secreted predominantly by Muller cells and
subsequently causes downstream pathogenic responses in endothelial cells.®525* Since
multiple retinal cell types are involved in the DR cascade and cell-specific targeting is
difficult in vivo, it would be ideal to identify a therapeutic target with the capacity to inhibit
pathological responses in more than one retinal cell type. Therefore, in this study, | sought
to investigate the role of NFAT in regulating key cell-specific responses to IL-18,
specifically Mdaller cell auto-amplification of IL-18 and endothelial cell inflammation,
leukocyte adhesion, and permeability. | found that inhibition of NFAT not only attenuates
Muller cell amplification of inflammation but also inhibits the downstream pathologic
response of human retinal microvascular endothelial cells (nRMEC) to IL-13 challenge.
These results suggest that targeting NFAT has significant therapeutic potential for slowing

early inflammation and subsequent endothelial cell dysfunction in DR.
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Figure 8: NFAT inhibition attenuates cytokine expression in hMC. hMC were treated for
8hrs with 50pg/mL IL-1B with or without INCA-6. Cells were collected and assayed for

expression of (A) IL-18, (B) TNFa, (C) VEGF, (D) CCL2, or (E) CCL5. Expression data are
reported as fold induction over vehicle with bars representing mean +/- SD (n=3).

Results

INCA-6 decreases IL-1B-induced inflammatory cytokine expression in hMC

Based on Muller cells’ known role as major propagators of retinal
inflammation,50:52.53.223 | first sought to determine if NFAT is involved in the regulation of
hMC inflammatory responses in an autocrine and paracrine manner. IL-1[3 increased the
expression of IL-18 (152-fold, p<0.0001), TNFa (86-fold, p<0.0001), VEGF (1.3-fold,
p=0.0132), CCL2 (15-fold, p<0.0001), and CCL5 (31-fold, p<0.0001) in hMC. IL-13 and
TNFa expression levels were decreased 34% (p=0.0367) and 36% (p=0.0303),
respectively, in hMC co-treated with IL-13 and 2.5 uM INCA-6, compared to IL-13 alone
(Figure 8A-B). INCA-6 had no effect on the IL-1B-induced expression of VEGF, CCL2,

or CCL5 at either of the concentrations tested (Figure 8C-E).
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Figure 9: INCA-6 inhibits IL-1B induced cytokine expression in hRMEC. hRMEC were
treated for 2hrs with 1ng/mL IL-1B with or without 5uM INCA-6. Cells were collected and
assayed for expression of (A) IL-13, (B) TNFa, (C) IL-8, (D) IL-6, (E) CCL2, or (F) CCLS5.
(Enxngission data are reported as fold induction over vehicle with bars representing mean +/- SD
INCA-6 decreases IL-1B-induced inflammatory cytokine expression in hRMEC

Similar to hMC, hRMEC respond to cytokine treatment by increasing expression
and secretion of inflammatory cytokines, thereby propagating and sustaining local
inflammation.>'%2 Therefore, | examined the NFAT-dependency of the hRMEC
inflammatory response to IL-1B. IL-1B increased the expression of IL-13 (80-fold,
p<0.0001), TNFa (3479-fold, p<0.0001), IL-8 (179-fold, p<0.0001), and IL-6 (66-fold,
p=0.0001) in hARMEC. IL-1B, TNFa, and IL-6 expression decreased 81% (p<0.0001), 83%
(p<0.0001), and 59% (p=0.0051), respectively, in hRMEC co-treated with IL-13 and 5uM
INCA-6 compared to IL-13 alone. However, INCA-6 had no significant effect on IL-1(3-

induced IL-8 expression (Figure 9A-D). Additionally, | examined the chemokines, CCL2
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Figure 10: INCA-6 inhibits IL-1B-induced expression of leukocyte adhesion molecules in
hRMEC. hRMEC were treated for 2hr with 1ng/mL IL-1B with or without INCA-6. Cells were
collected and assayed for expression of (A) VCAM-1, (B) ICAM-1, or (C) E-selectin (gene name:

SELE). Expression data are reported as fold induction over vehicle with bars representing mean
+/- SD (n=3).

and CCLS5. IL-1B increased the expression of CCL2 (53-fold, p<0.0001) and CCL5 (122-
fold, p<0.0001) in hARMEC. CCL2 and CCLS5 expression decreased 60% (p=0.0003) and
87% (p<0.0001), respectively, in hRMEC co-treated with IL-18 and 5uM INCA-6,
compared to IL-18 alone (Figure 9E-F).
INCA-6 mitigates IL-1B-induced leukocyte adhesion to hRMEC

| sought to investigate the efficacy of INCA-6 in preventing inflammation-induced
leukocyte-endothelial cell adhesion, a characteristic pathogenic event in NPDR.°> For
these experiments, | selected the optimal treatment times based previous data wherein |
performed a time course of hRMEC adhesion molecule expression in response to IL-13
and TNFa treatment (Appendix A). | performed a brief dose response experiment to
determine the optimal concentration of INCA-6 to mitigate IL-1B-induced adhesion
molecule expression in hRMEC. IL-1B3 increased VCAM-1, ICAM-1, and E-selectin
expression 920-(p=0.0003), 229-(p<0.0001), and 1417-fold (p<0.0001), respectively, in

hRMEC. Statistically significant decreases in ICAM-1 (51%; p=0.0002) and E-selectin
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(32%, p=0.0103) expression were achieved in hRMEC co-treated with IL-13 and 5uM
INCA-6 (highest dose) compared to IL-1p alone (Figure 10A-C).
Next, | sought to determine if these changes in adhesion molecule expression

translated into similar trends in PBMC adhesion to hRMEC monolayers using the parallel

plate flow chamber (PPFC)
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Figure 12: INCA-6 prevents IL-1B-induced
PBMC adhesion to hRMEC. hRMEC were
grown on slides until a confluent monolayer
formed and then treated for 4hr with 1ng/mL
IL-1B with or without 5uM INCA-6. Slides
were placed in a PPFC, PBMC were flowed
over the monolayers, and non-adherent cells
were washed away. Adherent PBMC were
counted in 8 fields per slide and averaged.
Average counts were then divided by field
area. Data are reported as fold induction
over vehicle with bars representing mean +/-
SD (vehicle: n=5; IL-1B: n=4; INCA-6: n=4;
IL-1B+INCA-6: n=4).
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Figure 11: INCA-6 prevents IL-1B-induced
retinal leukostasis in an acute model of
retinal inflammation. Mice received
intravitreal injections of IL-1p +/- INCA-6.
12hr-post injection, leukostasis analysis was
performed. Adherent leukocytes were
counted in 4 fields per retina and averaged.
Average counts were then divided by field
area. Data are reported as fold induction
over vehicle with bars representing mean +/-
SD (vehicle: n=8; IL-1B: n=4; INCA-6: n=9;
IL-1B+INCA-6: n=7).

assay. IL-1B caused an 11-fold (p<0.0001) increase in PBMC adhesion to hRMEC

monolayers. When monolayers were co-treated with IL-13 and 5uM INCA-6, the optimal
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dose identified in Figure 10, PBMC adhesion to hRMEC monolayers decreased 41%
(p=0.0485) compared to monolayers treated with IL-13 alone (Figure 11).
INCA-6 attenuates IL-1B-induced leukostasis in mice

Next, | investigated whether the efficacy of INCA-6 for inhibiting leukocyte
adhesion in vitro could be translated in vivo. | used a mouse model of acute cytokine-
induced retinal inflammation to test the efficacy of INCA-6 against retinal leukostasis.
Retinal leukostasis increased 3.72-fold (p<0.0001) in C57BL/6J mice receiving intravitreal
injections of IL-18 compared to vehicle. When mice received intravitreal injections of an
IL-1B/INCA-6 cocktail, retinal leukostasis decreased to near vehicle levels (p<0.0001)
(Figure 12).
INCA-6 rescues IL-1B-induced permeability

Finally, | was interested in determining whether INCA-6 was similarly efficacious
in attenuating inflammation-induced vascular hyperpermeability, another characteristic
pathology of NPDR.® Transendothelial electrical resistance (TEER) measurements were
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Figure 13: NFAT inhibition prevents IL-1B-induced hRMEC monolayer hyperpermeability.
hRMEC were allowed to settle and form a monolayer on 96-well ECIS plates. Once resistance
plateaued, monolayers were treated with 1ng/mL IL-1B with or without 5uM INCA-6 and
changes in resistance were monitored over 24hr. Resistance was normalized to plateaued
resistance directly prior to treatment (timepoint 0). Data represent mean +/- SD (vehicle, IL-1(,
and IL-1B+INCA-6: n=12; INCA-6: n=6).
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performed to assess whether INCA-6 has the capacity to correct IL-13-induced defects in
hRMEC barrier function. IL-13 decreased the normalized resistance of hRMEC
monolayers 40% (t=2-23 hours, p<0.0001) compared to vehicle. This decreased barrier
function was essentially reversed in hRMEC monolayers co-treated with IL-13 and INCA-
6 (t=2-23 hours, p<0.0001) (Figure 13). This is clearly demonstrated during the last 6
hours of monitoring, during which there were no significant differences between the
normalized resistance measures of hRMEC monolayers treated with vehicle compared
to those co-treated with IL-13 and INCA-6; control phenotype was completely restored.
Interestingly, INCA-6 alone caused an increase in resistance over vehicle (t=2-23 hours,
p<0.0001).

| also tested the capacity of INCA-6 to rescue retinal vascular hyperpermeability in
vivo, assessed by fluorescein angiography, in our acute model of retinal inflammation.
The fluorescein intensity in retinal fundus images nearly doubled (p=0.0296) in mice

receiving intravitreal injections of IL-1B, indicating pronounced leakage from retinal
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Figure 14: INCA-6 prevents IL-1B-induced vascular hyperpermeability in an acute model
of retinal inflammation. Mice received intravitreal injections of IL-13 +/- INCA-6. 8hr post-
injection, fluorescein was injected and fluorescent fundus images were captured at 2 and 4min
post-fluorescein injection. (A) The difference in integrated density between images was
calculated and recorded as a readout of vascular leakage. Bars represent mean +/- SD (vehicle:
n=5; IL-1B: n=9; INCA-6: n=5; IL-1B+INCA-6: n=8). (B) Representative images of fluorescent
fundus images obtained 2min (top row) and 4min (bottom row) after fluorescein injection.
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capillaries. The fluorescein intensity decreased 84% (p=0.0351) in mice receiving

intravitreal injections of an IL-1B/INCA-6 cocktail (Figure 14A-B).

Conclusions

My findings demonstrate for the first time that NFAT controls multiple IL-1[3-
induced inflammatory responses in both Muller cells and retinal microvascular endothelial
cells. We had previously demonstrated that NFAT inhibition prevents TNFa-induced
retinal leukostasis.’® However, since the diabetic retinal environment contains a complex
mix of inflammatory cytokines, it is desirable to identify a therapeutic target that can
universally slow pathogenic responses to multiple stimuli. Additionally, mounting
evidence indicates that IL-13 acts as a master regulator of the retinal inflammation
consequent to diabetes. Therefore, | tested the potential of INCA-6 to inhibit IL-13-
induced Muller cell and endothelial cell inflammation, leukocyte-endothelial cell adhesion,
and vascular hyperpermeability in order to investigate the importance of CN/NFAT
signaling in multiple pathogenic events of relevance to DR.

The current clinical approach to targeting the CN/NFAT signaling axis utilizes
drugs (cyclosporin A and Tacrolimus) that block CN’s ability to phosphorylate any
substrate.208209211 Therefore, they indiscriminately prevent downstream signaling,
including important signaling hubs like MAP-K, contributing to severe side effects. Recent
efforts have focused on identifying small molecule inhibitors that can specifically inhibit
NFAT activation with minimal effects on CN’s other substrates.?%® INCA-6 prevents the
protein-protein interaction between CN and NFAT at the NFAT docking site and was

identified based on its ability to compete out the high affinity VIVIT peptide. INCA-6 not
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only inhibited NFAT activation — as measured by phospho-NFAT Western blot, NFAT
nuclear translocation staining, and expression levels of known NFAT target mRNA — but
also showed no inhibition of CN phosphatase activity, no changes in MAP-K activation,
and no changes in non-NFAT controlled mRNA expression.?'" Based on this favorable
specificity profile, | chose to utilize INCA-6 for my studies, selecting dose ranges in the
lowest concentrations conventionally used in vitro.108.224-228

Muller cells are retina-specific macroglia that act as sensors of the local
environment, and it is well established that Muller cells become activated in the diabetic
milieu.5322° We have previously demonstrated that, among non-neuronal retinal cells,
Mauller cells have the most potent inflammatory response to a variety of diabetes-relevant
stimuli.5? Furthermore, we have also observed that IL-1B potently induces its own
expression in hMC, supporting published findings that suggest IL-1 auto-amplification
propagates and sustains retinal inflammation.'? Although NFAT has been previously
implicated in the control of inflammatory responses in other glial cell types,??1230-232 g
potential role in Muller cell inflammation has not been established. To determine whether
NFAT inhibition could attenuate Muller cell inflammatory responses, | examined hMC
expression of key representative inflammatory mediators: IL-13, TNFa, VEGF, CCL2
(also MCP-1), and CCLS5 (also RANTES). Analogous to findings in other investigations of
glial cell responses,??'230-232 my data demonstrated that INCA-6 effectively inhibits the
potent IL-1B-induced expression of IL-18 and TNFa in hMC. Recent evidence, in
microglia, has indicated that NFAT can signal not only via calcium-dependent nuclear
translocation but also via a calcium-independent mechanism involving mitochondrial

translocation.?3® However, since INCA-6 acts by blocking the binding of CN and NFAT, |
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believe that, here, NFAT is acting in hMC via its canonical calcium-dependent
mechanism, not this novel calcium-independent mechanism. INCA-6 was not efficacious
in preventing the modest IL-1B-induced increases in VEGF, CCL2, or CCL5 expression
in hMC. | believe it is likely an advantage that this therapeutic approach acts
independently of VEGF regulation. Despite diabetic macular edema (DME) being the
leading cause of vision loss in DR patients, a recent meta-analysis comparing the
efficacies of aflibercept, ranibizumab, and bevacizumab predicted that only 3-4 out of
every 10 DME patients will experience improvement after one year of anti-VEGF
therapy.?* Consequently, numerous combination therapies in which anti-VEGF therapy is
combined with an additional target are currently in development with the goal of achieving
greater efficacy in a wider patient population than anti-VEGF alone.'?%'2' Therefore, my
data suggest that NFAT inhibition may be a potent and effective complement to anti-
VEGF, though further study is certainly needed. Overall, these data suggest that NFAT
inhibition can block the effects of both autocrine and paracrine sources of inflammation in
hMC and represent the first report of the role of NFAT in regulating Muller cell expression
of inflammatory genes.

Retinal microvascular endothelial cells demonstrate a wide range of molecular
responses to the diabetic environment that contribute to the development of characteristic
DR lesions.®® Therefore, the identification of therapeutic targets whose inhibition could
halt these endothelial responses would be highly beneficial in slowing DR pathogenesis.
Although endothelial cell inflammatory responses to primary metabolic stimuli are lower
in magnitude compared to those seen in Midiller cells,>? endothelial cells still become

activated in response to cytokines and contribute to autocrine and paracrine inflammatory
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signaling.® Indeed, it is likely that the potent response of Miiller cells to primary metabolic
stimuli in the diabetic environment contributes heavily to the initiation and subsequent
propagation of inflammation by endothelial cells. NFAT inhibition has been shown to
mitigate vascular inflammation in a variety of disease contexts.2'5217:219 |mportantly,
previous findings demonstrated that NFAT inhibition attenuated TNFa-induced
chemokine expression in hRMEC'%8:212 and prevented diabetes-induced IL-10 reduction
in STZ mice.?'® Therefore, | investigated whether INCA-6 could inhibit hRMEC expression
of an array of inflammatory cytokines and chemokines, in a manner similar to the results
| saw in hMC. When hRMEC were treated with IL-1B in the presence of INCA-6, NFAT
inhibition caused a significant decrease in the expression of IL-13, TNFa, IL-6, CCL2, and
CCLS5. Interestingly, NFAT showed differential regulation of inflammatory genes in
hRMEC compared to hMC. Given the capacity of each of these cytokines to induce
downstream pathological behaviors in endothelial cells, including leukostasis and
vascular hyperpermeability,-84.92.126.234 | find it highly encouraging that INCA-6 attenuates
cytokine expression across a range of genes in hRMEC. Particularly in the case of CCL2
and CCL5, whose primary function is chemotaxis of leukocytes, inhibition in hRMEC is
significant owing to the immediate proximity of the endothelium to the circulation. Overall,
these results demonstrate that NFAT regulates IL-1B3-dependent inflammatory responses
in both Muller cells and microvascular endothelial cells, suggesting that targeting NFAT
might significantly inhibit retinal inflammation at multiple points along the pathogenic
cascade of DR.

Increased leukocyte adhesion, or leukostasis, is considered a landmark event of

NPDR and has been observed in both diabetic animals®-63 and patients.®*-%” Adherent
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leukocytes contribute to DR pathogenesis in multiple ways, including eliciting and
propagating local inflammation as well as occluding capillaries, leading to focal retinal
ischemia.>® The diabetic milieu induces the expression of several endothelial cell
adhesion proteins leading to increased leukocyte adherence. Specifically, E-selectin is
responsible for the initial tethering and rolling of leukocytes on the endothelium, while
VCAM-1 and ICAM-1 are responsible for the arrest and firm anchoring of leukocytes.?35236
Our previous studies demonstrated that targeting NFAT using INCA-6 or NFAT isoform-
specific siRNA inhibited TNFa-induced expression and presentation of adhesion proteins
in ARMEC and decreased leukocyte adherence to both hRMEC monolayers in vitro and
blood vessel walls in vivo.'%® Consistent with these data, NFAT inhibition has also proven
efficacious in preventing inflammation-induced increases in adhesion molecule levels in
a variety of disease contexts.2'421521° Therefore, | advanced the hypothesis that INCA-6
would mitigate IL-1B-induced leukocyte adherence owing to decreased NFAT-dependent
leukocyte adhesion molecule expression; my results suggest that this is indeed the case.
Furthermore, | confirmed that these changes had beneficial functional outcomes by
demonstrating the efficacy of INCA-6 against leukocyte adhesion in vitro using the PPFC.
Finally, | chose to utilize an acute inflammation model to confirm the therapeutic potential
of my NFAT inhibitory strategy in vivo. Using intraocular injections of IL-18 and an
intraocular dose of INCA-6 that had proven efficacious in our hands,'%®228 | modeled the
increased leukostasis characteristic of early DR in a high throughput approach with a
short experimental timeline and demonstrated that INCA-6 significantly attenuates this IL-
1B-induced increase in retinal leukostasis. It is important to note that all my in vitro data

are exclusively focused on endothelial cells’ role in endothelial cell-leukocyte adhesion.
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However, NFAT was initially characterized in T-lymphocytes and extensive evidence
exists supporting its role in leukocyte biology.?*"-2%° Therefore, it is possible that in the in
vivo setting INCA-6 is acting not only on endothelial cells, as characterized by my PPFC
experiments, but also on circulating immune cells. Further characterization of these
effects will be sought in future studies.

The barrier function of the retinal endothelium depends on highly-organized
junctional complexes that occlude the paracellular cleft between adjacent endothelial
cells.®® Metabolic dysfunction and increased retinal levels of inflammatory cytokines
occurring in DR activate molecular signals that lead to junctional complex disorganization
and the associated deficit of barrier function. The changes result in vascular
hyperpermeability leading to the development of characteristic fundus lesions of NPDR
and/or DME, the most common cause of vision loss in DR patients.?8 It is well established
that IL-1B promotes retinal vascular hyperpermeability,>194240 and evidence in other
disease models suggests that NFAT is involved in control of vascular permeability. For
instance, NFAT inhibition attenuated lung vascular permeability in an animal model of
sepsis?'® and completely abrogated the retinal vascular hyperpermeability observed in
Akita mice.2'® Therefore, | utilized ECIS to measure TEER across hRMEC monolayers
and demonstrated that INCA-6 had significant efficacy in attenuating the decreased
resistance seen in IL-1B-treated monolayers. | further supported these findings by using
gFA to demonstrate that INCA-6 similarly rescued IL-1B-induced hyperpermeability in our
model of acute retinal inflammation. Interestingly, in my ECIS experiments, treatment with

INCA-6 alone caused an increase in resistance over vehicle, suggesting that INCA-6 can

50



improve barrier function of even healthy hRMEC monolayers. Taken together, my findings
demonstrate that NFAT inhibition mitigates multiple inflammatory responses in hRMEC.
Our studies utilized an acute model of retinal inflammation to allow for the rapid
assessment of efficacy of my NFAT inhibitory strategy, and it will be important to expand
investigations of NFAT inhibition to diabetic animals with retinopathy. Furthermore,
because a number of characteristic NPDR events, such as pericyte dropout or acellular
capillaries, are not recapitulated by our acute inflammation model, | did not directly
investigate the role of NFAT in their regulation. However, since chronic retinal
inflammation is ultimately responsible for driving all types of NPDR lesions, | believe that
by attenuating the propagation of early inflammation in DR, NFAT inhibition will likewise
attenuate downstream events. For instance, in Chapters IV and V, | demonstrate a novel
role for TNFa and IL-1 in driving the increased retinal expression of ECM constituents
that underlies retinal capillary BM thickening. Thus, if INCA-6 can slow Muller and
endothelial cell-derived inflammation, it would also have the indirect, downstream benefit
of slowing cytokine-induced BM thickening development. Moreover, though my primary
focus here was prevention of damage early in DR pathology, significant evidence from
our lab and others suggests that NFAT inhibition could also be efficacious against the
angiogenesis and neovascularization characteristic of late stage DR.215228.241-246 (f
particular relevance, our previous work demonstrated that INCA-6 inhibits VEGF-induced
hRMEC proliferation and tube formation and that both INCA-6 and the CN inhibitor, FK-
506, significantly reduced pathologic neovascularization in a rat model of oxygen-induced
retinopathy.??® These findings further support the therapeutic potential of NFAT inhibition

to slow or prevent DR progression at any stage.
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There is an urgent need for therapies targeting early DR that prevent disease
progression to the irreparable damage caused by PDR. Since early DR pathology
involves a variety of altered behaviors in several retinal cells, identifying a therapy that
can target multiple pathogenic events in multiple cell types is ideal. To this end, | have
demonstrated that NFAT inhibition can attenuate multiple IL-1B-induced pathogenic cell
behaviors in both hMC and hRMEC. Combined with our previous findings that NFAT
inhibition can similarly prevent TNFa-induced retinal leukostasis,'® | have significant
evidence that NFAT is a target with substantial therapeutic potential for slowing retinal
inflammation under DR-relevant conditions. Furthermore, previous studies have
demonstrated that NFAT inhibition is similarly efficacious against hyperglycemia-induced
retinal changes.?'® When considered in combination with our previous TNFa and my
current IL-1B findings, it appears that NFAT inhibition can block retinal pathogenic
responses elicited by a range of diabetes-relevant stimuli, suggesting NFAT is an
excellent target to globally slow the downstream inflammatory effects of the complex
diabetic milieu. Overall, | have identified a multi-faceted therapeutic target to inhibit not
only Mdller cell amplification of diabetic inflammation but also endothelial pathogenic
responses, including increased inflammation, leukocyte adhesion, and vascular

hyperpermeability.
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CHAPTER IV

Effect of cytokine-induced alterations in extracellular matrix composition on

diabetic retinopathy-relevant endothelial cell behaviors

From: Giblin, M.J., Penn, J.S. Effect of cytokine-induced alterations in extracellular
matrix composition on diabetic retinopathy-relevant endothelial cell behaviors. Scientific

Reports (Under review)

Overview

Compared to the other molecular events known to give rise to NPDR lesions,
including pericyte apoptosis, increased vascular permeability, leukostasis, and capillary
dropout, BM thickening has been vastly understudied for its potential to contribute to DR
pathology. However, a few pivotal studies have since demonstrated that BM thickening
plays a role in driving other events in NPDR, including pericyte loss, acellular capillaries,
and vascular hyperpermeability.®%1%¢ Additionally, a number of studies have expanded
our understanding of how BM thickening progresses, demonstrating in in vitro and in
vivo models that increased expression and deposition of key ECM constituents, such as
collagen 1V, fibronectin, and laminin, are likely to advance the development of a thicker
BM. 145149,152,157-160,162-169 However, much remains to be understood about both the
development of BM thickening and how BM thickening may contribute to the DR

pathological cascade.
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Among the limited studies of BM thickening in DR, the focus has been almost
exclusively on the role of high glucose in stimulating changes in ECM expression and
protein secretion by endothelial cells (EC). Although an important aspect of BM
thickening, this approach ignores the potential contributions of other elements of the
diabetic environment as well as other retinal cell types. First, while hyperglycemia is an
important element, the diabetic environment is a complex mix of metabolic and
inflammatory signals.>?4” In recent years, the roles of dyslipidemia and chronic
inflammation in DR pathogenesis have come under increased
scrutiny.551,52,62,98,99,107,108,247,.248 However, few studies have explored the potential roles
of lipid metabolites?*° or inflammatory cytokines'”:2%0 in promoting retinal BM
thickening. Second, pericytes, Muller glia, and astrocytes are also key components of
the neurovascular unit in addition to EC, and therefore could be involved in
dysregulation of BM deposition.?5'-2%5 |n particular, both pericytes and EC are
considered important sources of microvascular BM constituents, and pericyte ECM
deposition is known to be altered in other disease states.'74.177,254.256-259 The retina has
the highest pericyte coverage of any vascular bed in the body, with pericytes present in
a 1:1 ratio with EC, suggesting that pericytes could contribute significantly to retinal BM
thickening.

Since cell-matrix interactions in the vascular unit represent complex mechanical
and trophic signals, diabetes-induced changes in retinal BM could significantly alter the
behavior of surrounding cells.’# In other tissues, alterations in ECM constituency are
known to contribute to impaired EC-pericyte communication, changes in microvascular

permeability, inappropriate cell-matrix adhesions, and alterations in leukocyte
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extravasation.43.145.149.171-179 Yt despite this significant evidence from other tissues
and disease states that cell-matrix interactions contribute to pathogenic cell behaviors,
little is known about how changes in retinal BM might accelerate characteristic NPDR
events. For instance, it is well established that cell-matrix interactions and alterations in
ECM constituency affect the leukocyte adhesion cascade.'”":174.176.260 Evidence has
shown that both EC- and pericyte-derived ECM alterations can promote changes in
expression of adhesion molecules and subsequent leukocyte behavior.74.178.179 Qverall,
substantial evidence exists that changes in both EC- and pericyte-derived ECM can
directly affect EC-leukocyte adherence, suggesting that diabetes-induced BM
alterations might contribute to leukostasis in NPDR.

Therefore, in this chapter, | sought to better understand how BM thickening might
develop in response to the diabetic environment, and the potential of diabetes-related
BM changes to promote the increased leukocyte adherence characteristic of NPDR.
First, | undertook a systematic analysis to determine how multiple retinal cell types
change their expression patterns of ECM constituents under a variety of diabetes-
relevant conditions. In this initial assessment, | chose to examine five ECM constituents:
collagen 1V, fibronectin, laminin 31, and the core proteins of the heparan sulfate
proteoglycans agrin and perlecan. These proteins were selected based on their
upregulation in diabetic animal models and human tissue and/or their central roles in
BM function.30.133.152,153,155-161,261 | tjlized diabetes-relevant stimuli (DRS) which
modeled the three major insults of the diabetic environment: hyperglycemia,
dyslipidemia, and chronic retinal inflammation.>8247 After surveying changes in the

expression of key ECM constituents by hRMEC and human retinal pericytes (hRP) in
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response to DRS, | identified the inflammatory cytokines TNFa and IL-1(3 as having the
most consistent and potent effects on ECM expression in retinal cells. Both TNFo and
IL-1B are known to be elevated in the ocular fluids and retinal tissues of humans with
DR and diabetic animals.581-83.8588,89,93,262-264 Erthermore, inhibition of TNFao or IL-1B
signaling has been shown to attenuate retinal vascular pathologies in diabetic
rodents,11.122.124-126 gnd the nonsteroidal anti-inflammatory drug, Sulindac, prevented
retinal capillary BM thickening in diabetic dogs.?%° | then utilized decellularized matrices
derived from hRMEC or hRP under inflammatory conditions to investigate how changes
in ECM might contribute to pathogenic behaviors in hRMEC. | demonstrated that
inflammation-induced changes in ECM alone are sufficient to drive increased leukocyte
adhesion molecule expression in, as well as increased leukocyte adherence to, naive

hRMEC.

Results

Inflammatory cytokines TNFa and IL-18 cause significant changes in expression of key
ECM constituents in hRMEC

The limited focus of previous studies on high glucose in driving BM thickening
ignores the potential contributions that chronic inflammation or diabetic dyslipidemia
may also make. Therefore, | utilized a number of DRS to model different elements of the
diabetic environment, specifically: TNFa, IL-1[3, IL-6, and IL-8 to model chronic retinal
inflammation;5-80-83.85-89,93,262-266 ha|mitic, oleic, and linoleic acid to model diabetic
dyslipidemia;’3181-184.247.267 gnd high glucose to model diabetic hyperglycemia.'” Using

these DRS, | undertook a systematic assessment using qRT-PCR to determine how
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Fibronectin | Laminin 1

Collagen IV Perlecan

PIELEERGEEREIUINIE Fold change|  P-value | Foldchange| P-value | Foldchange| P-value |Foldchange| P-value |Fold change| P-value
High glucose 1.04 ns 0.86 ns 0.88 ns 1.07 ns 1.20 .0203
Palmitic acid 0.94 ns 0.74 0.0101 0.82 ns 0.97 ns 0.99 ns

Oleic acid 1.08 ns 0.55 0.0045 0.76 ns 0.67 ns 0.81 ns
Linoleic acid 0.99 ns 0.69 0.003 1.01 ns 0.99 ns 1.17 0.0348
TNFa 213 0.0002 0.68 0.0032 0.97 ns 2.31 <0.0001 0.56 0.0075
IL-1B 2.03 <0.0001 1.07 ns 1.08 ns 1.44 0.0036 0.83 ns
IL-6 0.80 0.0354 1.01 ns 0.99 ns 1.16 ns 0.89 ns
IL-8 0.89 0.0244 0.86 ns 0.86 0.0148 0.90 ns 0.85 ns

Table 2: Diabetes-relevant stimuli cause significant effects in ECM expression by
hRMEC. ECM gene expression was measured using gRT-PCR. All statistical comparisons used
t-tests between the DRS-treated group and its respective vehicle, except for the case where
normal glucose, L-glucose (osmotic control), and high glucose were compared. In that case
ANOVA with Tukey post-hoc was used. For simplicity, only L-glucose vs high glucose is
reported here. Expression data are reported as fold induction over vehicle. Red cells highlight
statistically significant decreases in expression; green cells highlight statistically significant
increases in expression.

different elements of the diabetic environment alter ARMEC expression of key ECM
constituents: collagen 1V, fibronectin, laminin 31, and the core proteins of the heparan
sulfate proteoglycans agrin and perlecan. Under my experimental conditions, | did not
observe any significant changes in the expression of four of the five ECM constituents
under high glucose conditions (Table 2); high glucose only caused a modest significant
increase in perlecan expression (1.20-fold, p=0.0203). All three free fatty acids caused
significant decreases in fibronectin, while linoleic acid caused a small but significant
increase in perlecan expression. No other significant changes were observed with free
fatty acid treatment. Interestingly, | found that the cytokines TNFa and IL-13 were most
consistent in causing alterations in ECM expression across multiple genes. TNFa
caused 2.13- (p=.0002), 0.68- (p=0.0032), 2.31- (p<0.0001), and 0.56-fold (p=.0075)
changes in the expression of collagen IV, fibronectin, agrin, and perlecan, respectively.
Similarly, IL-18 caused 2.03- (p<0.0001) and 1.44-fold (p=.0036) changes in the

expression of collagen IV and agrin, respectively.
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B

ollage brone Ag Perleca
D es-releva Fold change| P-value |[Foldchange| P-value [Foldchange| P-value |Foldchange| P-value [Foldchange| P-value
High glucose 0.88 ns 1.05 ns 1.01 ns 1.10 ns 1.06 ns
Palmitic acid 0.71 0.0151 0.84 0.0078 0.58 0.0016 0.58 0.0037 0.50 0.0041
Oleic acid 0.92 ns 0.75 0.0215 0.77 0.0189 0.86 ns 0.77 0.001
Linoleic acid 0.83 ns 0.80 ns 0.76 0.029 0.86 ns 0.88 ns
TNFa 2.76 <0.0001 0.97 ns 0.65 0.0027 3.27 <0.0001 1.32 0.0012
IL-1B 1.83 0.002 0.81 0.0311 0.59 0.0025 1.18 0.0166 1.18 0.0099
IL-6 1.45 ns 1.16 ns 1.24 ns 0.93 ns 0.95 ns
IL-8 1.06 ns 1.07 ns 1.08 ns 1.00 ns 1.06 ns

Table 3: Diabetes-relevant stimuli cause significant effects in ECM expression by hRP.
ECM gene expression was measured using qRT-PCR. All statistical comparisons used t-tests
between the DRS-treated group and its respective vehicle, except for the case where normal
glucose, L-glucose (osmotic control), and high glucose were compared. In that case ANOVA
with Tukey post-hoc was used. For simplicity, only L-glucose vs high glucose is reported here.
Expression data are reported as fold induction over vehicle. Red cells highlight statistically
significant decreases in expression; green cells highlight statistically significant increases in
expression.

Inflammatory cytokines are also the most potent inducers of changes in ECM
expression in hRP

Pericytes are known contributors to both normal and pathogenic deposition of
vascular BM, and yet their role in BM thickening in DR has been previously
ignored.174.177,256-259 Therefore, | also completed a systematic assessment, using qRT-
PCR, of how hRP alter expression of key ECM constituents under DRS treatment.
Interestingly, similar trends were observed in the types of DRS that caused significant
alterations in expression of ECM constituents by hRP. Specifically, high glucose, IL-6,
and IL-8 did not cause any significant changes, while TNFa and IL-13 caused potent
alterations in hRP expression of most ECM constituents (Table 3). TNFa caused 2.76-
(p<0.0001), 0.65- (p=0.0027), 3.27- (p<0.0001), and 1.32-fold (p=0.0012) changes in
the expression of collagen 1V, laminin 31, agrin, and perlecan, respectively. Similarly, IL-
1B caused alterations in the expression of all five constituents under study, specifically:
1.83- (p=0.002), 0.81- (p=0.0311), 0.59- (p=0.0025), 1.18- (p=0.0166), and 1.18-fold
(p=0.0099) changes in the expression of collagen IV, fibronectin, laminin 31, agrin, and

perlecan, respectively. Interestingly, palmitic acid caused significant decreases in the
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expression of all five constituents. Oleic acid caused significant decreases in both
fibronectin and laminin 1, while linoleic acid only caused a significant decrease in
laminin 31 expression. | noted many interesting findings in this survey, which will
provide the basis for future studies. However, based on the increasing importance of
inflammation in DR and the lack of investigations into its role in BM thickening, | chose

to narrow my focus to TNFa and IL-1 in subsequent experiments.

hMC cause only minor alterations in ECM expression but hMC-derived inflammation
can influence hRMEC ECM expression

| performed a small pilot study utilizing key DRS (high glucose, TNFa, and IL-1[3)
to investigate if hAMC similarly altered their expression of ECM constituents under DRS.
No significant changes in collagen IV expression were observed and only TNFa caused
a significant decrease in fibronectin expression (Figure 15A). All three DRS caused
changes in laminin 31 expression with high glucose causing a slight increase (1.23-fold,
p=0.0056) and both TNFa and IL-1f causing a 0.71-fold decrease (p=0.0014 and
p=0.0139, respectively) (Figure 15A). Overall, the expression changes observed were
smaller compared to changes observed in hRMEC and hRP and thus | did not pursue
hMC in subsequent decellularization experiments. However, evidence suggests that
Muller cells are a primary driver of retinal inflammation,50.52:53.99.223,268,269 Gonditioned
media (CM) from TNFa-treated hMC caused no significant changes in collagen IV or
agrin expression in hRMEC (Figure 15B-C). Conversely, when hRMEC were treated

with CM from IL-1B-treated hMC, expression of both collagen IV and agrin increased in
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A- ollage brone 3 3
Diabetes-releva Fold change| P-value |Foldchange| P-value |Foldchange| P-value
High glucose 1.05 ns 1.03 ns 1.23 0.0056
TNFa 0.96 ns 0.75 0.0152 0.71 0.0014
IL-1B 0.83 ns 0.84 ns 0.71 0.0139
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Figure 15: hMC-derived inflammation can influence hRRMEC ECM expression. (A) ECM
gene expression was measured using gRT-PCR. All statistics are t-tests between the DRS-
treated group and its respective vehicle. Expression data are reported as fold induction over
vehicle. Red cells highlight statistically significant decreases in expression; green cells highlight
statistically significant increases in expression. (B) and (C) Conditioned media (CM) was
collected from IL-1B- or TNFa-treated hMC. hRMEC were treated with CM from hMC and then
collected and assayed for expression of collagen IV or agrin. Expression data are reported as
fold induction over vehicle with bars representing mean +/- SD (n=3 for all groups).

a dose-dependent manner. At the highest dose, CM from IL-13-treated hMC caused a
3.14-(p<0.0001) and 1.48-fold (p=0.0023) increase in collagen IV and agrin expression,

respectively (Figure 15B-C).

ECM conditioned by cytokine-treated hRMEC causes induction of adhesion molecules
in naive hRMEC

Numerous studies have demonstrated that changes in the constituency and/or
biomechanics of vascular BM drive increased leukocyte adhesion to vascular

endothelium,71.174-176.178,179,260 Therefore, based on my finding that DR-relevant
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cytokines significantly alter the expression of ECM constituents in retinal cells, |
hypothesized that this inflammation-conditioned ECM contributes to the development of
retinal leukostasis. To investigate how inflammation-induced changes in ECM could
alter the behavior of naive EC, | adopted previously described decellularization
techniques. In these experiments (Figure 6), hRMEC are first treated with cytokines
TNFa or IL-1B. Cultures are then decellularized, and naive hRMEC are plated on the
vehicle- or cytokine-conditioned ECM. Naive hRMEC are subsequently collected to
analyze expression of key leukocyte adhesion mo, E-selectin (gene name SELE),
ICAM-1, and VCAM-1, in naive EC. The naive hRMEC receive no treatment; the only
difference between the control and experimental cultures is the conditioned ECM upon
which they attach. When naive hRMEC were grown on ECM derived from TNFo-treated
hRMEC, 2.08- and 1.24-fold increases in E-selectin and VCAM-1 expression were
observed, respectively; however, results did not reach statistical significance. When
naive hRMEC were plated on ECM derived from IL-1B-treated hRMEC, 4.30-
(p<0.0001), 2.26- (p<0.0001), and 1.62-fold (p<0.0001) increases in E-selectin, ICAM-1,
and VCAM-1 expression were observed, respectively, relative to hRMEC plated on

ECM derived from non-treated hRMEC (Figure 16A-C).
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Figure 16: ECM conditioned by cytokine-treated hRMEC causes induction of adhesion
molecules in naive hRMEC. Naive hRMEC were plated onto ECM derived from TNFa- or IL-
1B-treated hRMEC. Cells were collected and assayed for expression of (A) E-selectin (gene
name: SELE), (B) ICAM-1, or (C) VCAM-1. Expression data are reported as fold induction over
vehicle with bars representing mean +/- SD (vehicle: n=6; TNFo: n=9; IL-13: n=9).
Cytokine-conditioned matrix derived from hRMEC is sufficient to drive increased PBMC
adhesion to naive hRMEC

| next sought to determine if the changes seen in adhesion molecule expression
resulted in corresponding changes in leukocyte adhesion behavior. To answer this
question, | utilized static adhesion assays to test PBMC adhesion to monolayers grown

on cytokine-conditioned ECM. When hRMEC monolayers were grown on TNFa-

conditioned ECM, there was a 1.44-fold (p=0.0408) increase in PBMC adhesion to the
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naive hRMEC. Likewise, when monolayers were grown on IL-1B-conditioned ECM,

there was a 1.89-fold (p<0.0001) increase in PBMC adhesion (Figure 17).
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Figure 17: ECM derived from TNFa- or IL-13-treated hRMEC causes increased PBMC
adhesion. Naive hRMEC monolayers were plated onto ECM derived from TNFa- or IL-1[3-
treated hRMEC. PBMC were added to naive hRMEC, allowed to adhere, and washed to
remove non-adherent cells. Adherent PBMC were counted in 3 regions per well and averaged.
Average counts were then divided by count area. Data are reported as fold induction over
vehicle with bars representing mean +/- SD (vehicle: n=11; TNFa: n=6; IL-1B: n=11).
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| additionally sought to investigate changes in leukocyte behavior in the PPFC,
as it is a more physiologically relevant assay than static adhesion. | measured adherent
PBMC both before and after washing away lightly adherent cells. When hRMEC
monolayers were grown on TNFa-conditioned ECM, there was a 2.76-fold (p=0.0310)
increase in PBMC adhesion to the naive hRMEC prior to wash. Likewise, when
monolayers were grown on IL-1B3-conditioned ECM, there was a 2.36-fold increase in
PBMC adhesion (Figure 18A). After washing the monolayers, there was a 2.7-fold
(p=0.0089) and 2.25-fold (p=0.0408) increase in PBMC adhesion to monolayers grown

on TNFa-conditioned ECM and IL-1B-conditioned ECM, respectively (Figure 18B).
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Figure 18: ECM derived from TNFa- or IL-13-treated hRMEC causes increased PBMC
adhesion in PPFC. Naive hRMEC monolayers were plated onto ECM derived from TNFa- or
IL-1B-treated hRMEC. Slides were placed in a PPFC, PBMC were flowed over the monolayers,
and non-adherent cells were washed away. Adherent PBMC were counted in 8 fields per slide
before (A) and after (B) wash and counts were averaged. Average counts were then divided by
field area. Data are reported as fold induction over vehicle with bars representing mean +/- SD
(n=3-4).
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ECM derived from cytokine-treated hRP causes induction of hRMEC adhesion
molecules

Based on my findings that hRP, similar to hRMEC, alter expression of ECM
constituents under TNFa or IL-18 treatment, | investigated whether hRP-derived ECM
could also alter EC-leukocyte behaviors (see experimental design in Figure 6). Naive
hRMEC were plated onto TNFa- or IL-1B-conditioned ECM deposited by hRP, and
expression of E-selectin, ICAM-1, and VCAM-1 was measured. When naive hRMEC
were plated on ECM derived from TNFo-treated hRP, 3.57- (p=0.0181) and 1.79-fold
(p=0.0317) increases in E-selectin and ICAM-1 expression were observed, respectively
(Figure 19A-C). Likewise, when naive hRMEC were plated on ECM derived from IL-1(3-
treated hRP, 20.08- (p<0.0001), 2.29- (p=0.0022), and 2.01-fold (p=0.0038) increases in

E-selectin, ICAM-1, and VCAM-1 expression were observed, respectively.
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Figure 19: ECM derived from cytokine-treated hRP causes induction of hRMEC adhesion
molecules. Naive hRMEC were plated onto ECM derived from TNFa- or IL-13-treated hRP.
Cells were collected and assayed for expression of (A) E-selectin (gene name: SELE), (B)
ICAM-1, or (C) VCAM-1. Expression data are reported as fold induction over vehicle with bars
representing mean +/- SD (vehicle: n=4; TNFa: n=5; IL-13: n=4).
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Cytokine-conditioned matrix derived from hRP is sufficient to drive increased PBMC
adhesion to naive hRMEC

Finally, | sought to again investigate if the changes seen in adhesion molecule
expression resulted in corresponding changes in leukocyte adhesion behavior utilizing
static adhesion assays. When hRMEC monolayers were grown on TNFa-conditioned
ECM derived from hRP, there was a 1.60-fold (p=0.0418) increase in PBMC adhesion
to the naive hRMEC (Figure 20). Likewise, when monolayers were grown on IL-1(3-

conditioned ECM derived from hRP, there was a 1.83-fold (p=0.0055) increase in PBMC

adhesion.
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Figure 20: ECM derived from TNFa- or IL-1B-treated hRP causes increased PBMC
adhesion. Naive hRMEC monolayers were plated onto ECM derived from TNFa- or IL-1[3-
treated hRP. PBMC were added to naive hRMEC, allowed to adhere, and washed to remove
non-adherent cells. Adherent PBMC were counted in 3 regions per well and averaged. Average
counts were then divided by count area. Data are reported as fold induction over vehicle with
bars representing mean +/- SD (vehicle: n=6; TNFa: n=6; IL-1B: n=6).
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Conclusions

In this chapter, | offer several new contributions to our understanding of BM
thickening in DR. First, | demonstrate that conditions designed to mimic chronic
inflammation (direct stimulation with inflammatory cytokines) caused larger alterations in
expression of key ECM constituents by both hRMEC and hRP than did conditions that
mimic hyperglycemia and dyslipidemia. Second, | demonstrate that the alterations in
ECM that occur under these inflammatory conditions were alone sufficient to drive
pathogenic behaviors in naive EC. Third, | demonstrate that, similar to EC, pericytes
both altered their expression of ECM constituents under inflammatory conditions and
also deposited conditioned ECM that caused increased leukocyte adhesion to naive
EC, suggesting that pericytes may play a significant role in BM thickening.

To my knowledge, mine is the first systematic survey defining how different DRS
affect retinal cell expression of ECM constituents. My gRT-PCR results demonstrate
that, in both hRMEC and hRP, cytokines TNFa and IL-13 caused the largest changes in
expression of key ECM constituents. The DRS designed to model diabetic
hyperglycemia and dyslipidemia were either ineffective or far less effective in eliciting
significant alterations than were TNFa or IL-13. These findings are consistent with
studies from our lab and others suggesting that chronic inflammation, particularly
manifested via the cytokines TNFo and IL-18, is a primary force behind the early
pathogenic events in DR. 98.99.102,107,108,111,122,124-126 Thegrefore, in subsequent
experiments, | focused my efforts on the role of inflammatory cytokines in driving ECM
alterations. However, it is worth noting that the free fatty acids caused significant

decreases in expression of fibronectin in ARMEC and both fibronectin and perlecan in
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hRP. In particular, palmitic acid caused significant decreases in the expression of all five
ECM constituents under study in hRP. Changes in the ratios of these constituents could
represent major shifts in overall constituency, affecting stiffness of the vascular BM,
thereby significantly contributing to altered cell-matrix interactions in DR. Although |
chose to focus on cytokine-induced changes in the remainder of this study, future
studies will focus on the potential contributions of these dyslipidemia-induced changes
in ECM to DR pathology. Finally, | am aware that the failure of high glucose to stimulate
altered expression of most ECM constituents in my experiments contradicts previously
published studies.62-166.168.169 However, previous studies had a number of limitations,
including lack of an osmotic control for D-glucose treatment, ignoring the significant
osmotic effects of high glucose, or use of rodent or non-retinal EC, despite hRMEC
being known to be phenotypically unique from other common EC lines.?%-?72_ In my
studies, | was careful to utilize osmotic controls and primary human retinal
microvascular cells. Furthermore, previous studies often treated EC with high glucose
for long exposures (days or weeks); | chose relatively short exposure times (48 hours)
to investigate more immediate expression changes in response to these stimuli.
Although I did not find high glucose to cause notable changes in ECM expression during
this time window, | do not mean to suggest that hyperglycemia plays no role in
promoting retinal BM thickening. The diabetic environment offers a complex mixture of
stimuli, with no single stimulus acting at one time. We have previously demonstrated
that human Mdller cells exhibit higher inflammatory responsivity to palmitic acid

treatment when pre-treated with high glucose, suggesting an interplay between multiple
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DRS.5" High glucose could play a similar role in promoting BM thickening and future
studies will investigate combinations of high glucose and free fatty acids.

Existing data have focused almost exclusively on the role of EC in the
development of BM thickening, ignoring the potential contributions of other retinal cell
types in the neurovascular unit. Since pericytes are highly abundant in the retina and
contribute to both normal and pathogenic deposition of BM in other systems,74:177:256-259
| hypothesized that pericytes might also be critical contributors to BM thickening in DR.
Only one other study has specifically addressed the potential of pericytes to contribute
to retinal BM thickening, and it found that pericyte-derived matrices had ten-fold higher
levels of fibronectin than EC-derived matrices.®® Furthermore, a recent report utilizing
RNA sequencing to study pericytes isolated from diabetic mice identified “Enhancers of
ECM synthesis” as one of the top hits in a gene set enrichment analysis.?”® This study
was the first to provide a detailed analysis of the pericyte transcriptome in diabetic
animals and further supports my hypothesis that pericytes play a major role in retinal
BM thickening. My results demonstrate that both TNFa and IL-13 caused increased
expression of collagen IV, agrin, and perlecan and decreased expression of laminin 31
in hRP. Interestingly, TNFa-treated hRP demonstrated higher relative fold changes in
both collagen IV and agrin expression than hRMEC. These data are the first evidence
that retinal pericyte expression of ECM constituents is altered under DRS and suggest
that pericytes contribute to the development of BM thickening. In addition to pericytes, |
considered the potential contributions of hMC since Muller cells are also in direct
contact with the vascular BM and limited evidence points to their role in depositing

ECM.?%" | performed a brief survey with hMC utilizing a limited set of DRS. Although |
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did note significant changes in the expression of laminin 31, | chose not to pursue hMC
further in this study since, overall, the changes were minor compared to those seen in
hRMEC and hRP. However, we and others have evidence that Muller cells act as a
primary driver of chronic retinal inflammation and serve as the major source of retinal
TNFa and IL-1B in diabetes.50:52:53.99,102,223,268,269 |nterestingly, when hRMEC were
treated with conditioned media from hMC treated with IL-18, significant increases in
collagen IV and agrin expression were observed in a clear dose-dependent manner.
These results suggest that although Muller cells may not directly contribute to BM
thickening, Muller cell-dependent inflammation may contribute to the initiation and
progression of retinal BM thickening in surrounding cells. Future studies will include
more detailed investigations into this cellular interplay. Additionally, in Chapter I, |
demonstrated that INCA-6 has significant efficacy in reducing hMC-derived
inflammation. My conditioned media results here further support the therapeutic
potential of NFAT inhibition by demonstrating one of numerous pathogenic events
downstream of hMC inflammation that would be mitigated by INCA-6.

Despite an increasing focus on inflammation in DR progression,62.248 few
studies have assessed the effects of inflammation on retinal matrix deposition. My
systematic analysis of DRS raises many questions but here | chose to focus on the
implications of my results with cytokine stimulation. First, in my studies, both hRRMEC
and hRP demonstrated significantly increased expression of collagen IV in response to
treatment with TNFo and IL-18, results directly in line with multiple studies that have
demonstrated increased collagen IV synthesis in in vitro and in vivo models of

DR.145:149,158-160,164-167 Second, the decreased perlecan expression seen in TNFa-treated
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hRMEC is in line with the results of a mass spectrometry study comparing the
constituencies of retinal vascular BM isolated from non-diabetic and diabetic donors,
wherein perlecan was identified as a constituent that was more abundant in the non-
diabetic BM than the diabetic BM."% | noted significant changes in agrin and perlecan
expression under TNFa and IL-18 in both hRMEC and hRP. These findings have
important implications for retinal cell-matrix interactions; indeed, | specifically chose to
include agrin and perlecan in this study because heparan sulfate proteoglycans play
such key roles in the structure and function of BM. Heparan sulfate proteoglycans
provide important structural contributions to BM integrity, serve as depots of regulatory
factors such as cytokines and growth factors, and facilitate the establishment of
chemokine gradients for leukocyte recruitment and homing in tissues, 39133 yet their role
in retinal BM thickening has been largely overlooked. Finally, my findings that
fibronectin expression either decreased (hRRMEC) or remained unchanged (hRP) under
DRS were surprising as multiple studies have identified increases in fibronectin in
diabetic rodents and humans.'52.153.157.159.161.261 However, my studies only capture
expression changes at a single time point, highlighting an important limitation of qRT-
PCR studies. For this reason, in the next chapter, | have completed studies utilizing
quantitative mass spectrometry to investigate changes in ECM deposition under both
TNFao and IL-1B treatment. It is interesting to note that for both hRMEC and hRP, TNFa
caused more potent changes in ECM expression than IL-13. However, in the
decellularization experiments, IL-1B3-conditioned ECM caused more potent changes in
adhesion molecule expression and leukocyte adhesion. These results suggested that

important ECM properties are governed by more than my five key ECM constituents,
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and further necessitates the quantitative mass spectrometry approach described in
Chapter V.

Although vascular BM thickening has long been considered a characteristic event
in early DR,'%* it has been overlooked for its potential to advance other events in the
pathologic cascade. However, a series of in vivo studies in rodent models of diabetes
demonstrated that antisense oligonucleotides targeting key BM constituents not only
reduced capillary BM thickening but also reduced other early NPDR events, including
pericyte loss, acellular capillaries, and vascular hyperpermeability.'%51% Additionally, in
vitro studies have demonstrated that high glucose-induced changes in ECM can alter
EC permeability and apoptosis as well as pericyte apoptosis.'96:166.274.275 Thege studies
provided clear evidence that BM thickening is an active participant in the DR pathologic
cascade and invited further exploration into the ways in which BM alterations could elicit
pathogenic vascular cell behavior. Leukostasis is an important and well-studied event in
NPDR and is a consequence of increased endothelial expression of the leukocyte
adhesion proteins E-selectin, ICAM-1, and VCAM-1. Adherent leukocytes can occlude
capillaries leading to downstream ischemia or amplify local inflammation and release of
pro-apoptotic factors.560-62.64.94 Numerous studies have demonstrated that cell-matrix
interactions can produce changes in leukocyte adhesion,'”"174.176.260 jncluding two
studies in retinal EC demonstrating that changes in ECM stiffness associated with high
glucose treatment were sufficient to increase monocyte adhesion to EC.17817° Here, |
demonstrated that when naive hRMEC are grown on ECM deposited by IL-1B-treated
hRMEC, they increase expression of leukocyte adhesion molecules, and this increased

expression is sufficient to cause increased PBMC adhesion. My results from TNFa-
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conditioned ECM showed increased trends in adhesion molecule expression that did
not reach significance. Yet, increased PBMC adhesion was observed, suggesting that
TNFa can also drive ECM alterations sufficient to promote pathogenic cell behavior.
Furthermore, in the PPFC, both TNFa- and IL-1B-conditioned ECM caused increased
PBMC adhesion to naive hRMEC monolayers. | am the first to examine chronic retinal
inflammation as a contributor to altered cell-matrix dynamics in retinal cells. Coupled
with what is known about the effects of glucose on cell-matrix interactions,’”®'7® these
data suggest that the diabetic environment promotes significant alterations in cell-matrix
dynamics that subsequently contribute to pathogenic cell behaviors.

Like EC-derived ECM, pericyte-derived ECM is known to alter cell behavior in a
number of other systems.174.177.256-259 Of particular relevance, alterations in ECM
deposition by placental microvascular pericytes under pro-inflammatory conditions
caused increased EC expression of ICAM-1 and neutrophil transmigration.'”* However,
the potential role of pericyte-derived ECM in pathogenic retinal cell behavior has not
previously been considered. When naive hRMEC were grown on ECM deposited by
TNFa- or IL-1B-treated hRP, significant increases in E-selectin, ICAM-1, and VCAM-1
expression were observed. Furthermore, naive hRMEC monolayers showed increased
PBMC adherence when grown on the TNFa- or IL-1B-conditioned hRP-derived ECM.
These data demonstrate that, similar to EC, inflammation-induced changes in ECM
derived from hRP alone are sufficient to elicit pathogenic leukocyte adhesion behavior.
These studies are the first to demonstrate that hRP-derived matrices cause alterations
in hRMEC behavior relevant to DR. These results are particularly exciting since there is

increasing focus on the role of pericytes in vascular inflammation and leukocyte
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extravasation.?’® Pericytes release leukocyte chemoattractants, express adhesion
molecules, and control the direction of leukocyte motility through the vascular
BM.177:254.276-279 Therefore, it is of interest to explore how diabetes-relevant changes in
ECM alter the path, timing, and success of leukocyte extravasation along pericytes
processes and through the vascular BM. Understanding these complicated dynamics
between pericytes, EC, vascular BM, and leukocytes will be key to fully elucidating the
molecular mechanisms of early DR.

It is important to acknowledge the challenge of modeling a chronic disease that
develops over decades using in vitro methods that take only hours or days, and the
limitations inherent in the extrapolation of these methods to disease events. However,
BM is a particularly difficult structure to study in vivo, particularly when multiple cells
contribute to its construction and maintenance, and | believe that my in vitro
environment offers a reasonable first step to identifying important cell-matrix
relationships. | also recognize that the changes in expression of ECM constituents,
expression of adhesion molecules, and leukocyte adhesion observed here are relatively
modest. However, it is important to note that these changes were observed after short
treatment times. DR is a disease that develops over years, allowing BM alterations
ample time to develop, grow, and influence the behavior of the vascular endothelium.
When these changes are extrapolated over time, one can appreciate how even slight
changes can accumulate to create larger, clinically relevant problems. In summary, in
this chapter, | provide evidence of a number of novel conclusions including the
following: inflammation plays a key role in stimulating altered ECM constituent

expression by hRMEC and hRP; inflammation-conditioned ECM alters hRMEC-

74



leukocyte interactions, and pericytes contribute significantly to the development of BM

thickening and the subsequent altered cell-matrix dynamics.
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Chapter V

Proteomic profiling of inflammation-related changes in the matrisome of retinal

microvascular endothelial cells

Overview

Current understanding of the composition of normal retinal BM and thickened
retinal BM in DR is primarily based in immunohistochemistry or mRNA studies of whole
retina.%2157-181 These studies have a number of drawbacks including their qualitative
nature and/or contamination from other retinal ECM such as the inner limiting
membrane. The insolubility of the ECM has historically made its study intractable;
however, recent advances in proteomic techniques have made studies of whole ECM
proteomes increasingly feasible. These techniques and studies have led to a greater
understanding of the constituency of ECM, termed the matrisome, in a variety of organ
and disease contexts, enabling the identification of cell type-specific roles in BM
assembly, disease- and age-related shifts in constituency, and organ-specific
information.192.193.280-286 |mportantly, a recent study established the proteome of the
retinal vascular BM and subsequently compared the constituency of the retinal vascular
BM in non-diabetics and diabetics with DR."%3170 These two studies provided the first
insight into the unique constituency of the retinal vascular BM and how it might be
altered in DR. Although in vivo studies such as these provide the best insight into

disease pathogenesis, utilizing in vitro methods to establish ECM transcriptomes or

proteomes can provide a number of advantages over the in vivo preparations, including
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eliminating the complexities of extracting intact ECM from tissues and allowing for the
assignment of ECM production to specific cell types. Furthermore, in vitro ECM
provides a tractable three-dimensional system in which to answer mechanistic
questions while still maintaining features relevant to tissue physiology and cell behavior
in vivo.192:287.288 For instance, proteomic analysis of cell-derived ECM in vitro enabled
the identification and characterization of two novel fibrotic liver components that were
later validated in vivo.®3 However, similar in vitro analyses have not yet been performed
in retinal vascular cells.

In Chapter IV, | identified the inflammatory cytokines TNFa and IL-18 as having
the most consistent and potent effect on ECM expression by retinal cells. Therefore, in
this chapter, | undertook studies to investigate the matrisome derived from hRMEC
under normal and diabetes-relevant inflammatory conditions. Utilizing quantitative mass
spectrometry (qMS), | investigated how the matrisome of hARMEC is altered under the
influence of TNFa and IL-1B. | had four goals in undertaking the experiments discussed
in this chapter: first, to validate whether expression changes seen in gqRT-PCR results
translated to changes in protein deposition; second, to identify the cell-specific
matrisome deposited by hRMEGC,; third, to understand how the composition of the ECM
was changing under cytokine treatment; and finally, to determine, based on published

studies, whether this system represented an effective model of the retinal vascular BM.
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Results

Identification of new growth substrate compatible with MS of matrisome

| sought to utilize gMS to compare the constituencies of the matrisomes
deposited by hRMEC under normal growth conditions and cytokine treatment. However,
the attachment factor on which we typically grow hRMEC contains human ECM proteins
and therefore had the potential to confound the gMS analysis. Therefore, | identified a
porcine gelatin with a mix of porcine ECM proteins similar to the constituency of
attachment factor. | confirmed that hARMEC behaved in a similar manner on this new cell
substrate in two experimental contexts: (1) long exposure to TNFa or IL-18 with a gRT-
PCR readout for ECM proteins and (2) short exposure to TNFa or IL-13 with a qRT-

PCR readout for adhesion proteins (Figure 21).
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Figure 21: hRMEC behave similarly in multiple inflammatory contexts on both cell
substrates. ARMEC were grown on attachment factor- or gelatin-coated dishes and then
treated for (A) 48hrs with 10ng/mL TNFa or IL-10 to assay expression of ECM proteins or (B)(C)
2hrs with 1ng/mL TNFa or IL-13 to assay expression of adhesion proteins. Expression data are
reported as fold induction over vehicle with bars representing mean +/- SD (n=4).
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Quantitative MS identifies key differences in hRMEC matrisome under inflammatory
conditions

To investigate how diabetes-relevant inflammatory conditions alter the
constituency of the hRMEC matrisome, | treated hRMEC with either TNFa or IL-13 for
48 hours, decellularized and solubilized the underlying ECM, and submitted these
samples for qMS analysis. Prior to submission, | measured the total protein
concentration of the ECM samples and noted a significant increase in total protein
deposited under both inflammatory conditions (Figure 22), supporting my hypothesis
that inflammatory conditions drive increased ECM deposition. After MS data were
collected, the online resources available through the Matrisome Project were used to
annotate the identified list of proteins with matrisome labels.'®® 95 matrisome proteins
were identified, including 14 collagens, 37 ECM glycoproteins, 24 ECM regulators, 10

ECM-affiliated proteins, 2 proteoglycans, and 8 secreted factors. 53 of these proteins
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Figure 22: Cytokine-induced changes in total protein deposition by hRMEC. hRMEC were
treated for 48hrs with 10ng/mL TNFa or IL-13 before collection for gMS analysis. Prior to qMS
analysis, total protein concentration was assayed. Data are presented as total protein quantified
(ug/mL) (n=3-4).
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are considered core matrisome proteins and 42 are considered matrisome-associated
(Figure 23). The full list of matrisome proteins identified in the hRMEC-derived samples
can be found in Appendix B.

Overall, both TNFa and IL-1B caused significant alterations in the constituency of
hRMEC-derived ECM (Figure 24). Label-free quantification was performed in Skyline

(https://skyline.ms/project/home/software/Skyline) to compare the constituencies of the

TNFa-conditioned ECM relative to vehicle. 23 matrisome proteins of interest were
identified as significantly changed between the vehicle and TNFa-conditioned ECM,
with 16 proteins meeting both the p-value and fold change thresholds (Figure 25).
Within the significant changes in the TNFa-conditioned ECM, 11 proteins demonstrated
increased deposition when compared with the vehicle-conditioned ECM, while 12
proteins demonstrated decreased deposition when compared with the vehicle-

conditioned ECM. Of particular note, TNFa caused a 2-fold increase (p=0.023) in agrin

Matrisome Category Counts Matrisome Division Counts

m Collagens m ECM Glycoproteins = ECM Regulators
ECM-affiliated Proteins m Proteoglycans m Secreted Factors u Core matrisome  m Matrisome-associated
Figure 23: Matrisome proteins identified in MS results. |dentified proteins were annotated
based on (A) matrisome categories or (B) matrisome divisions determined by the Matrisome
Project (Characterization of the extracellular matrix of normal and diseased tissues using
proteomics. Naba et al. 2017).
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Vehicle TNFa Vehicle IL-1B

Figure 24: Cytokine treatment causes significant alterations in hRRMEC-derived ECM. (A)
Heat map of hierarchical clustering analysis of the TNFa- and vehicle-conditioned ECM. (B)
Heat map of hierarchical clustering analysis of the IL-13- and vehicle-conditioned ECM. HCA
analysis was performed in Skyline; data were hierarchically clustered on the basis of Pearson
correlation.

deposition. TNFa also caused increased expression in laminin y2 (2.98-fold, p=0.0209)
and laminin B3 (3.28-fold, p=0.0086). Interestingly, two of the greatest increases in
deposition seen in the TNFa-conditioned ECM were degradation enzymes: urokinase
deposition increased 3.41-fold (p=0.0352) and cathepsin S deposition increased 5.31-
fold (p=0.0289).

Label-free quantification was also used to compare the constituencies of the IL-
1B-conditioned ECM relative to vehicle. 30 matrisome proteins were identified as
significantly changed between the vehicle- and IL-1B-conditioned ECM, with 21 proteins
meeting both the p-value and fold change thresholds (Figure 26). Within the significant

changes in the IL-1B-conditioned ECM, 16 proteins demonstrated increased deposition
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when compared with the vehicle-conditioned ECM, while 14 proteins demonstrated

decreased deposition when compared with the vehicle-conditioned ECM.
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Gene name (gene symbol) accession log2 (FC)
number
C1q and tumor necrosis factor related protein 5(C1QTNF5) Q9BXJO -1.47 0.0458
microfibrillar associated protein 2(MFAP2) P55001 -1.32 0.0086
netrin 4(NTN4) Q9HB63 -1.25 0.031
HtrA serine peptidase 3(HTRA3) P83110 -1.18 0.0209
EGF containing fibulin like extracellular matrix protein 1(EFEMP1) Q12805 -1.12 0.023
fibrillin 2(FBN2) P35556 -1.06 0.0086
C-type lectin domain family 14 member A(CLEC14A) Q86T13 -1.00 0.0377
multimerin 1(MMRN1) Q13201 -0.86 0.031
connective tissue growth factor(CTGF) P29279 -0.74 0.023
bone morphogenetic protein 6(BMP6) P22004 -0.69 0.0272
fibrillin 1(FBN1) P35555 -0.42 0.0404
sushi repeat containing protein, X-linked(SRPX) P78539 -0.32 0.0327
insulin like growth factor binding protein 7(IGFBP7) Q16270 0.66 0.0327
galectin 8(LGALS8) 000214 0.68 0.0327
agrin(AGRN) 000468 1.00 0.023
peroxidasin(PXDN) Q92626 1.04 0.0086
bone morphogenetic protein 1(BMP1) P13497 1.29 0.0352
laminin subunit gamma 2(LAMC2) Q13753 1.58 0.0209
laminin subunit beta 3(LAMB3) Q13751 1.71 0.0086
galectin 9(LGALS9) 000182 1.73 0.031
plasminogen activator, urokinase(PLAU) P00749 1.77 0.0352
C1q and tumor necrosis factor related protein 1(C1QTNF1) Q9BXJ1 2.33 0.0458
cathepsin S(CTSS) P25774 2.41 0.0289

Figure 25: Matrisome proteins with significant differences between TNFa- and vehicle-
conditioned ECM. (A) Volcano plot comparing TNFa- and vehicle-conditioned ECM. Red and
green dots indicate proteins that met both the fold change and p-value thresholds. (B)
Matrisome proteins with significant differences (p<0.05) between TNFa- and vehicle-conditioned
ECM. Bold lines indicate log2(FC) thresholds.
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netrin 4(NTN4) Q9HB63 -2.40 0.0095
C-type lectin domain family 14 member A(CLEC14A) Q86T13 -1.84 0.014
EGF containing fibulin like extracellular matrix protein 1(EFEMP1) Q12805 -1.69 0.0049
von Willebrand factor(VWF) P04275 -1.40 0.0432
HtrA serine peptidase 3(HTRA3) P83110 -1.36 0.0177
microfibrillar associated protein 2(MFAP2) P55001 -1.18 0.014
‘ tubulointerstitial nephritis antigen like 1(TINAGL1) Q9GZM7 -1.00 0.0368
fibrillin 2(FBN2) P35556 -0.89 0.0113
fibulin 1(FBLN1) P23142 -0.89 0.0246
multimerin 1(MMRN1) Q13201 -0.86 0.0368
lysyl oxidase like 2(LOXL2) Q9Y4K0 -0.79 0.0301
fibrillin 1(FBN1) P35555 -0.64 0.014
bone morphogenetic protein 6(BMP6) P22004 -0.60 0.0457
collagen type V alpha 2 chain(COL5A2) P05997 -0.34 0.0277
laminin subunit gamma 1(LAMC1) P11047 0.50 0.0465
agrin(AGRN) 000468 0.77 0.0465
laminin subunit beta 2(LAMB2) P55268 0.97 0.0285
peroxidasin(PXDN) Q92626 1.06 0.0231
galectin 9(LGALS9) 000182 1.11 0.0359
sushi repeat containing protein, X-linked 2(SRPX2) 060687 1.21 0.0285
bone morphogenetic protein 1(BMP1) P13497 1.38 0.0231
insulin like growth factor binding protein 7(IGFBP7) Q16270 1.53 0.0054
laminin subunit gamma 2(LAMC2) Q13753 1.54 0.0099
serpin family H member 1(SERPINH1) P50454 1.72 0.0465
collagen type VIl alpha 1 chain(COL8A1) P27658 1.97 0.0223
hyaluronan and proteoglycan link protein 3(HAPLN3) Q96S86 2.02 0.0432
laminin subunit beta 3(LAMB3) Q13751 2.06 0.0049
C1q and tumor necrosis factor related protein 1(C1QTNF1) Q9BXJ1 2.88 0.0457
cathepsin S(CTSS) P25774 3.17 0.0113
inter-alpha-trypsin inhibitor heavy chain 2(ITIH2) P19823 4.95 0.0049

Figure 26: Matrisome proteins with significant differences between IL-1B- and vehicle-
conditioned ECM. (A) Volcano plot comparing IL-13- and vehicle-conditioned ECM. Red and
green dots indicate proteins that met both the fold change and p-value thresholds. (B)
Matrisome proteins with significant differences (p<0.05) between IL-13- and vehicle-conditioned
ECM. Bold lines indicate log2(FC) thresholds.
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IL-18 caused a 1.7-fold increase (p=0.0465) in agrin deposition. IL-1f also caused
increased expression in four laminin chains, laminin y1 (1.41-fold, p=0.0465), laminin 32
(1.96-fold, p=0.0285), laminin y2 (2.9-fold, p=0.0099), and laminin B3 (4.17-fold,
p=0.0049). Changes in degradation enzymes were also observed in IL-13-conditioned
ECM: IL-1B caused a 9.01-fold (p=0.0113) increase in cathepsin S deposition and a
0.39-fold decrease (p=0.0177) in HtrA serine peptidase 3 deposition.

Label-free quantification was also used to compare the IL-13-conditioned and
TNFa-conditioned ECM; only 2 proteins were identified as significantly changed
between the two cytokine-conditioned matrices (Table 4). Inter-alpha-trypsin inhibitor
heavy chain 2 deposition increased 19.1-fold (p=0.0122) in the IL-1B3-conditioned ECM
when compared with the TNFa-conditioned ECM, while lysyl oxidase like 2 (LOXL2)

showed a 0.7-fold decrease (p=0.0541).

Gene name (gene symbol) UnitProt Accession Number log2 (FC) Adjusted P-value
inter-alpha-trypsin inhibitor heavy chain 2(ITIH2) P19823 4.26 0.0122
lysyl oxidase like 2(LOXL2) Q9Y4KO0 -0.51 0.0541

Table 4: Matrisome proteins with significant differences between TNFa- and IL-1B-
conditioned ECM.

Conclusions
Here | present for the first time the cell-specific composition of the ECM
deposited by human retinal microvascular endothelial cells. | examined how this
constituency changes under inflammatory stimuli, identifying a number of proteins
worthy of further study into their contributions to disease pathogenesis. By comparing

these data to my previous expression studies in Chapter IV and to other published
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matrisome datasets, | am also able to demonstrate that this system represents an
effective model of the retinal vascular BM.

In recent years there has been an increasing focus on the role chronic
inflammation plays in driving DR pathogenesis, representing a shift away from
hyperglycemia as the singular, driving force of DR pathology.562:98,99.107,108,248 |n
Chapter IV, | provided further support of this shift by demonstrating that cytokines were
more potent inducers of ECM expression changes than conditions designed to mimic
diabetic hyperglycemia or dyslipidemia. Therefore, here | endeavored to identify
cytokine-induced changes in the constituency of the hRMEC-derived matrisome. My
results clearly demonstrate that both TNFa and IL-13 cause major alterations in the
constituency of hnRMEC-derived ECM. | noted many interesting findings in this survey
which will provide the basis for future studies, but here | chose to narrow my focus to
the implications of a few particularly compelling findings. First, and most broadly, |
observed both increased and decreased deposition of ECM proteins under cytokine
treatment, similar to the contrasting expression changes observed in my qRT-PCR
results. Contrasting changes in the deposition of ECM constituents would further amplify
differences in the ratios of constituents in diabetic retinal BM. Evidence in other systems
has demonstrated that pathogenic cell behavior is initiated by variations in the ratios of
ECM constituents, either through altered cell-matrix binding influencing cell signaling or
through altered biophysical properties.'”8.179.289.2%0 Second, | also observed increased
deposition of laminin y2 and laminin B3 in TNFa-conditioned ECM and laminin y1,
laminin B2, laminin y2, and laminin B3 in IL-1B3-conditioned ECM. Shifts in or complete

loss of specific laminin subunits have been shown to alter cell behavior,175291-294
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including vascular permeability and leukostasis, two behaviors known to be involved in
DR. Therefore, these shifts in the laminin chains deposited in the retinal ECM could
contribute to pathogenic behavior in DR. Third, significant increases in agrin deposition
were observed in both the TNFa- and IL-1B-conditioned ECM. Heparan sulfate
proteoglycans such as agrin have a number of essential roles in vascular BM, including
providing structural support and serving as depots of regulatory factors such as
cytokines and growth factors. Through its role as a depot of cell signaling molecules,
agrin facilitates the establishment of chemokine gradients for leukocyte recruitment and
homing in tissues. 30133295 Degpite these essential roles in BM function and
inflammatory responses, agrin’s role in retinal BM thickening has not been previously
studied; however, these results suggest that it likely plays an important role in diabetes-
induced alterations in cell-matrix interactions. Finally, | previously identified that collagen
IV expression was increased under cytokine treatment. Both collagen IV o1 and
collagen IV a2, the two predominant retinal vascular collagen 1V isoforms, demonstrated
increased fold change in the gMS results. However, neither met the threshold for
significance, likely due to variability in identification at the peptide level. This variability is
likely due to the fact that collagen IV has high levels of post-translational modifications
that increase the difficulty of detecting various fragments using MS. Indeed, in these
data, SERPINH1, a collagen chaperone protein involved in regulation of collagen
biosynthesis, showed increased deposition in the IL-1B3-conditioned ECM. This increase
suggests that cytokine treatment could alter collagen IV biosynthesis, further
complicating the identification and subsequent quantification of this protein via MS.

Therefore, although collagen |V increases did not meet the threshold for significance, |
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am encouraged that these positive trends reflect meaningful increases in collagen IV
deposition. Since collagen family members provide significant structural and tensile
strength to any ECM, this shift could represent changes in the stiffness of cytokine-
conditioned ECM. Future studies will investigate how collagen IV post-translational
modifications shift under cytokine treatment and interrogate collagen IV deposition at a
more detailed, peptide level of assessment. Overall, both the TNFa- and IL-1[3-
conditioned ECM demonstrated significant changes not only in the deposition of
individual constituents but also in the global constituency. These data suggests that in
the diabetic environment, retinal endothelial cells are exposed to significantly altered
cell-matrix interactions that could be driving pathogenic behavior.

There are two studies that served as important comparators to assess the
efficacy of my gqMS studies and the validity of this model system: my previous study
utilizing gRT-PCR to examine cytokine-induced changes in expression of five key ECM
constituents (Chapter IV) and one published study wherein MS was utilized to analyze
retinal vascular BM isolated from non-diabetic and diabetic human eyes.® There were
several key similarities between my qRT-PCR results and qMS results. First, agrin
showed both significantly increased expression and deposition under TNFa and IL-1f3
treatment. Laminin 31 deposition also matched the expression studies, showing no
significant changes in the qMS results. For the other proteins of interest, the trends in
the qMS results were generally consistent with the patterns of expression found in my
gRT-PCR study, though results did not reach significance. In the study of human retinal
vascular BM, 28 proteins were identified as the common matrisome in all three of the

control human eyes; the hRMEC-derived ECM identified 20 of those 28 proteins,
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suggesting that this experimental platform serves as a good model for in vivo BM
constituency. Furthermore, there were also key similarities in the trends seen in the
diabetic vs non-diabetic eyes compared to my vehicle vs cytokine-conditioned ECM.
The ECM glycoprotein, tubulointerstitial nephritis antigen (TINAG), was identified as
more abundant in the non-diabetic BM than in the diabetic BM, suggesting a decreased
deposition. This finding was similar to my gMS results, where | observed that TINAG
content was significantly decreased in the IL-1B-conditioned ECM. Similar to my results,
the in vivo study did not see statistically significant changes in collagen IV but identified
an overall increase in the relative abundance of collagen IV. The human diabetic BM
also showed decreased perlecan content, a trend | also observed in my gMS results.
However, in my qRT-PCR studies, | observed significant decreases in fibronectin
expression in response to cytokine treatment, and although the results did not reach
significance here, fibronectin showed decreased trends in deposition in both cytokine-
treated ECMSs. This is in direct contrast to the human diabetic BM study, and several
other published studies, which have found increased fibronectin in the diabetic retinal
vascular BM.152.153,157,159,161,261 Thege results suggest that some other element of the
diabetic environment is driving increased fibronectin deposition and thus represent a
drawback to my model. A number of issues may explain why my results do not exactly
match those seen from the human proteomic studies. First, the methods required for
isolating ECM from an in vitro system vary significantly from those required to isolate
vascular BM from a complex tissue like the retina. Vascular BM extraction from human
eyes requires additional steps and more stringent and aggressive purification and

solubilization, offering more opportunities for alterations in BM constituency. Second,
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the in vivo vascular BM is deposited by multiple cell types while my goal here was to
identify the cell-specific constituency deposited by retinal endothelial cells. Thus, it is
likely that differences observed here, such as the inconsistency in fibronectin
deposition, reflect ECM deposition changes from other cell types in vivo. Overall, the
evidence suggests that this experimental platform serves as a good model system for
understanding vascular BM changes and, since it is in vitro, represents a more tractable
environment to investigate the mechanisms by which BM thickening are contributing to
DR.

| again acknowledge the challenges of modeling a chronic disease that develops

over decades using short-term in vitro methods, as well as the limitations inherent in

extrapolating these methods to NPDR events. However, isolation of intact ECM from
tissues is labor intensive and requires access to expensive samples from animals or
humans. Utilizing ECM extracted from cell culture models avoids these obstacles while
also providing unique cell-specific information about ECM deposition. Likewise, in vitro
systems represent a far more tractable experimental system, allowing for specific
mechanistic questions to be asked which would not be feasible in an in vivo setting.
Previous studies in other tissues have demonstrated that cell culture-derived ECM
represents an excellent model system of in vivo ECM, even leading to therapeutic target
identification in multiple disease models.'%?9 However, this validation of in vitro ECM
has not occurred for retinal vascular BM. My studies demonstrate a model system that
represents a powerful and tractable in vitro environment to investigate cell-type specific

deposition profiles and analyze how cytokine-induced alterations in ECM composition

affect retinal cell behavior.
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Identifying disease-specific ECM signatures can improve multiple areas of
translational research, including tissue bioengineering for regenerative medicine and
cell culture models used for drug screening applications.?®® For instance, recent studies
have utilized nanobodies targeted to ECM molecules known to be upregulated in tumors
to enhance non-invasive imaging of tumors and to increase the efficacy of therapies by
directing enhanced localization at the tumor site.?%”2%® Another study used coupling to
the ECM molecule lumican to increase retention of cytokines delivered to tumor sites.?*®
Therefore, a better understanding of the constituency of the retinal BM will also enhance
efforts to design future experimental systems and therapies in DR. Future studies will
investigate the functional implications of the cytokine-induced changes in matrisome
constituency identified here and attempt to isolate which ECM alterations cause the
greatest changes in retinal cell behavior and thus have the greatest therapeutic
potential. Overall, | have demonstrated for the first time the unique constituency of
hRMEC-derived ECM as well as investigated how the constituency of the hRMEC-
derived matrisome changes under cytokine treatment, highlighting a number of potential

targets for future study.
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CHAPTER VI

CONCLUSIONS AND FUTURE DIRECTIONS

The work presented in this dissertation relates to the role of inflammation in
driving NPDR pathology, particularly as it relates to the development and contributions
of vascular BM thickening. In Chapter |, | introduced the reader to diabetic retinopathy
pathology and the emerging roles that chronic inflammation and retinal BM thickening
play in driving retinal pathology. In Chapter Il, | described the methodology utilized to
complete the project. In Chapter lll, | demonstrated the efficacy of the small molecule
NFAT inhibitor, INCA-6, in reducing pathogenic cell responses, including inflammation,
hyperpermeability, and leukostasis, downstream of IL-13. The work described in
Chapter IV focuses on the role of chronic retinal inflammation and retinal pericytes in
altered ECM expression — topics that have been somewhat neglected as contributors to
the development of BM thickening. Additionally, | demonstrated that cytokine-induced
changes in retinal ECM are alone sufficient to drive pathogenic leukocyte-endothelial
cell adhesion. Finally, in Chapter V, | utilized quantitative mass spectrometry (qMS) to
identify, for the first time, the unique constituency of hARMEC ECM and how that
constituency changes under cytokine treatment, thereby modeling how retinal
inflammation contributes to BM thickening in vivo.

Across all chapters, this work emphasizes the importance of inflammation as a
driving force behind NPDR pathology. My comprehensive assessment of the effects of

diabetes-relevant stimuli on ECM expression by retinal cells in Chapter IV emphasized
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the importance of both TNFa and IL-18 in early NPDR by demonstrating that these
cytokines cause significant alterations of ECM expression in retinal endothelial cells and
pericytes. Furthermore, all data support our lab’s previous hypothesis that IL-1 acts as
a “master regulator” of retinal inflammation. For example, in Chapter lll, | demonstrated
that IL-1[3 treatment causes significant increases in both Muller cell and endothelial cell
inflammation and that it can model DR-relevant vascular hyperpermeability and
leukostasis in vitro and in vivo. In Chapter IV, IL-1B-conditioned ECM caused greater
increases in adhesion molecule expression and leukocyte adhesion than TNFa-
conditioned ECM. Additionally, | observed that when hRMEC were treated with IL-1[3
conditioned media (CM) from hMC, significant increases in collagen IV and agrin
expression were observed. Notably, CM generated from TNFa-treated hMC did not
cause any significant changes in hRMEC ECM expression. These results are consistent
with previous findings from our lab demonstrating that IL-183 is a more potent inducer of
inflammation in hMC than TNFa. Finally, in Chapter V, my gMS findings demonstrated
that IL-18 caused more significant alterations in the constituency of hRMEC-derived
ECM than did TNFa. As discussed in Chapter |, historically, the DR field has been
focused primarily on understanding and addressing retinal changes downstream of
hyperglycemia. However, our lab has led a shift in emphasis towards the contributions
to and propagation of DR pathologies by chronic inflammation. The data presented in
this dissertation build on our existing evidence to further expand the list of pathogenic
cell behaviors affected by inflammation, underscoring the need to develop new anti-

inflammatory therapeutic strategies.
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The most important finding in Chapter Il is that INCA-6 is efficacious against the
propagation of inflammation by both hMC and hRMEGC,; this finding holds significant
implications for the therapeutic value of NFAT inhibition, or other anti-inflammatory
strategies, to slow the progression of NPDR pathology. These data indicate that not
only can NFAT inhibition directly mitigate pathogenic endothelial cell behaviors, like
permeability or leukostasis as demonstrated in Figures 12 and 14, but it will likely also
slow pathology through its inhibitory effects on cytokine expression since inflammation
has been shown to drive all pathogenic events in NPDR, including BM thickening as
proven in Chapters IV and V. For instance, | observed that CM from IL-13-treated hMC
caused significant increases in collagen IV and agrin expression in hRMEC (Figure 15).
Indeed, the levels of induction from CM were equivalent to those seen from direct
stimulation with cytokines. Thus, if NFAT inhibition attenuates secretion of inflammatory
cytokines by hMC, it would consequently reduce downstream hRMEC ECM induction.
Future studies will include NFAT inhibition in hMC CM experiments to directly test
whether the expected attenuation of hMC-derived inflammation can prevent
inflammation-induced ECM expression increases in hRMEC. However, overall, my
NFAT inhibitory strategy shows significant therapeutic promise for slowing retinal
inflammation and associated downstream pathogenic events.

A number of important questions remain regarding the therapeutic utility of NFAT
inhibition. For instance, since INCA-6 prevents the binding of NFAT to the activating
phosphatase CN, INCA-6 inhibits the action of all four calcium-dependent NFAT
isoforms. However, we have demonstrated that distinct NFAT isoforms can oppose

each other in their control of inflammatory gene expression by retinal cells. Indeed, we
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have previously demonstrated that NFATc2 knockdown prevented TNFo-induced
inflammatory responses in hRMEC while NFATc3 increased them.% Therefore, it is
possible that greater efficacy could be achieved by identifying the isoform(s) responsible
for pathogenic retinal events, which would then compel the development of isoform-
specific therapies. Future studies will involve investigation of the isoform-specific roles
that regulate each pathogenic behavior with the hopes of developing an NFAT-directed
therapeutic strategy with enhanced efficacy. Although NFAT inhibitors have only been
tested in pre-clinical settings, CN inhibitors are approved for clinical use and are used in
post-kidney transplant and chemotherapy regimens,?%8300 suggesting that therapeutic
targeting of this signaling axis is tolerated in humans.

The data presented in Chapter IV provide a new perspective to our current
understanding of how BM thickening develops, namely that pericytes contribute
significantly to this process and that chronic retinal inflammation is likely a major driver
of this event. First, | demonstrated in both hRMEC and hRP that conditions designed to
mimic chronic retinal inflammation yielded more consistent and potent alterations in
ECM expression than those designed to mimic hyperglycemia or dyslipidemia. These
results emphasized the importance of chronic retinal inflammation in promoting early
DR pathology. My findings also demonstrate, for the first time, that pericytes contribute
to BM thickening. Previous studies have focused almost exclusively on the role of
endothelial cells in increased retinal BM deposition. However, my results demonstrate
that hRP respond with similar, if not higher, levels of induction of expression of major
ECM constituents in response to diabetes-relevant cytokine treatment. Finally, | also

demonstrated that cytokine-induced changes in retinal vascular ECM are sufficient to
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elicit increased leukocyte adhesion to naive hRMEC monolayers. These results
highlighted a novel role for both chronic retinal inflammation and hRP-derived ECM in
promoting altered cell-matrix dynamics in retinal cells. Cumulatively, the data presented
in Chapter IV support growing evidence in the literature that vascular BM thickening is
an active contributor to the DR pathogenic cascade. Since retinal cells are in constant
contact with vascular BM, the emerging role of BM thickening in the DR pathogenic
cascade has important implications for the development of DR therapeutics. For
instance, even if a novel therapy could address pathogenic behavior on the cellular
level, by stopping endothelial cell dysfunction or pericyte apoptosis for example, the
altered vascular BM would remain as a pathogenic stimulus. The altered vascular BM
would continue to instigate and propagate pathogenic cell behaviors through aberrant
cell-matrix interactions. Therefore, it will be important to continue to expand our
understanding of the role of vascular BM thickening in DR if we hope to develop
therapies designed to attenuate this event.

Of particular interest to me was the finding that hRP-derived ECM could drive
changes in leukocyte-endothelial cell adhesion since pericytes are increasingly
considered a key mediator of the leukocyte adhesion cascade. Similar to EC, pericytes
release leukocyte chemoattractants and express adhesion molecules to facilitate
leukocyte binding and control the direction of leukocyte motility during transmigration
and migration within the BM.276-278 A series of papers demonstrated that, across multiple
tissues, venular BM has matrix protein low expression regions (LER) that are the
preferential sites of neutrophil extravasation.'77:254.279.301 These LER were frequently co-

localized with pericytes, in fact the size of the gaps between pericytes and the size of
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LER were similar, strongly suggesting that pericyte-derived ECM plays a major role in
leukocyte extravasation. Therefore, it would be of great interest to explore how
diabetes-relevant changes in ECM alter the path, timing, and success of leukocyte
extravasation along LER and pericytes. Future studies should endeavor to understand
these dynamic relationships between pericytes, EC, vascular BM, and leukocytes,
thereby enabling a deeper understanding of the complex molecular mechanisms of
NPDR.

It has long been known from studies performed in non-ocular tissues that chronic
inflammation leads to significant alterations in the constituency and functionality of
ECM."" Therefore, it was not surprising when | found that inflammatory cytokines
caused consistent changes in ECM expression in retinal cells and that cytokine-
conditioned ECM elicited associated changes in endothelial cell behavior. As discussed
in Chapter IV, my findings point to a number of areas for future investigation that were
outside the scope of this dissertation. Included are: how inflammation-induced changes
in ECM alter matrix stiffness, how dyslipidemia contributes to BM thickening, and how
dyslipidemia and hyperglycemia may interact to further potentiate BM thickening.
Additionally, the experimental platform described and utilized in Chapter IV could be
further utilized to interrogate the contribution of BM thickening to other NPDR events
and whether similar mechanisms of action underlie these other events. Significant
questions remain concerning the mechanisms by which BM thickening might contribute
to vascular hyperpermeability, endothelial cell or pericyte apoptosis, or propagation of
local inflammation by retinal cells. Indeed, changes in ECM constituency have been

shown to drive changes in each of these behaviors in other tissues and pathological
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conditions. For instance, exposure to advanced glycation end products, which
accumulate in retinal BM in diabetes, caused pericytes to undergo anoikis, a form of cell
death initiated by loss of cell-matrix interactions.3°23%3 As further evidence to indicate
altered pericyte-matrix interactions in the diabetic environment, pericytes demonstrated
increased apoptosis when grown on ECM deposited by high glucose-treated endothelial
cells.?’® Of particular interest would be to determine if cytokine-induced changes in
retinal ECM could drive Muller cell inflammation. Muller cell processes are in direct
contact with the vascular BM and thus could also sense biophysical or constituency
shifts in the vascular BM in ways that might propagate inflammation. Overall, much
remains to be understood about the mechanisms by which aberrant cell-matrix
interactions contribute to DR pathology.

Future studies will also endeavor to identify the molecular, biochemical, or
biophysical property shifts in ECM deposited under inflammatory conditions that
underlie the shifts in EC/leukocyte adhesion behavior identified here. There are a
number of possible contributors. Previous studies have demonstrated that alterations of
the constituency of ECM, particularly in the ratios of key proteins, can cause changes in
the behavior of neighboring cells.’”#176289 |n a number of cases, | observed contrasting
changes in expression between different ECM constituents. For instance, TNFa caused
increased agrin, but decreased perlecan, expression in hRMEC. Contrasting expression
changes can amplify differences in the ratios of constituents in diabetic retinal BM,
fundamentally altering its architecture and therefore its functionality.?8%-2°0 Furthermore,
alterations in the ratios and constituency of BM constituents can cause significant

changes in ECM stiffness. Changes in BM stiffness profoundly alter the behavior of
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adjacent cells, in turn accelerating disease pathology.'76:290.304 Of particular relevance,
previous studies have demonstrated that changes in ECM stiffness cause increased
leukocyte adherence.'”8179 Therefore, it would be of value to measure stiffness
alterations in my cytokine-conditioned ECM. Finally, the ECM can serve as a reservoir
of secreted and trapped cytokines and growth factors, so it is possible that these matrix-
associated proteins contribute to pathogenic retinal events. Although no increases in
inflammatory mediators were observed in the in vitro gMS studies, it remains a
possibility in the more complex in vivo retinal BM. Consequently, a more global and
detailed understanding of how ECM deposition is altered under inflammatory conditions
will be necessary to elucidate the mechanisms of action underlying the changes | have
observed in naive EC.

To this end, in Chapter V, | utilized quantitative mass spectrometry (QMS) to
establish the constituency of hRMEC-derived ECM and characterize how this
constituency is altered under TNFa or IL-18 treatment, in order to identify targets and
direct future mechanisms of action studies. Identification of alterations in the deposition
of specific ECM proteins under disease conditions is important to the elucidation of the
mechanisms by which ECM changes cell behavior and the subsequent development of
therapeutics. For instance, in a recent study, matrisome proteomics were used to
identify collagen VI as novel driver of tumor cell invasion in breast cancer.?8® The qMS
data presented here provide a wealth of novel, cell-specific information to inform which
ECM constituents drive pathogenic behaviors in retinal cells, such as the increased
leukocyte adhesion seen in Chapter IV. For example, | observed a significant increase

in agrin deposition as well as a shift in the isoforms of laminin deposited under both
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TNFa and IL-1B treatment. As discussed in Chapter V, both increased HSPG content
and altered laminin trimers have been known to cause altered behavior in other tissues
and diseases, indicating that these proteins are interesting candidates for future
mechanism of action studies.'30:133,175.291-295 Qyerall, the data presented in Chapter V
provide a number of interesting candidates that warrant further investigation.

In addition to specific ECM proteins being responsible for shifts in cell behavior,
another potential contributor is ECM stiffness. | have not yet explored how the molecular
changes in constituency observed in the gMS results might alter the biophysical
properties of the cytokine-conditioned ECM. However, as mentioned above, much is
known about the influence of biophysical properties on the behavior of neighboring cell
populations and the importance of BM stiffness in pathogenesis.'76:290.3%4 For instance,
recent evidence has elucidated the importance of collagen cross-linking enzymes in DR.
Studies have demonstrated increased lysyl oxidase (LOX) expression, protein levels,
and activity in high glucose-treated endothelial cells as well as increased LOX levels in
the retinas of diabetic rats.'78:395-307 Additionally, inhibiting LOX through siRNA, genetic
deletion, or pharmacological inhibition attenuated the development of acellular
capillaries, pericyte loss, and vascular hyperpermeability in diabetic rats and high
glucose cell cultures.®%5-3%7 The increased LOX levels seen in high glucose-treated
endothelial cells were also associated with an increase in ECM stiffness;
pharmacological inhibition of LOX activity both reduced ECM stiffness and high glucose-
induced monocyte adhesion to endothelial cell monolayers.'”® In my qMS study, |
identified two candidates that suggested an important shift in the biophysical properties

of the cytokine-conditioned ECM. First, lysyl oxidase homolog 2 (LOXL2) was
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significantly decreased in the IL-1B-conditioned ECM. LOLX2 is a copper-dependent
amino-oxidase in the LOX family of proteins. LOXL2 covalently cross-links collagen and
elastin, providing structural integrity and tensile strength to the ECM. Evidence suggests
that LOXL2 may preferentially cross-link collagen IV compared to LOXL1 or LOX.308
Dysregulation of LOX family expression and activity have been implicated in many
diseases, in particular in fibrotic diseases including some forms of cancer.3%
Additionally, evidence demonstrates that, through its control of the collagen 1V scaffold,
LOXL2 is an important regulator of angiogenesis.3'® LOLXL2 has also been shown to
have key regulatory roles in kidney fibrosis and glomerular BM structure in a mouse
model of Alport syndrome.?'" Second, | also identified peroxidasin (PXDN) as
significantly increased in both the TNFa and IL-1p datasets. PXDN catalyzes sulfilimine
bonds between collagen IV, providing important structural integrity to the collagen IV
network.312313 Studies have shown that PXDN and its downstream network formation
are essential to endothelial cell survival and growth.3'®> Combined with the existing data
on LOX, these new data on cytokine-induced changes in LOXL2 and PXDN deposition
support an emerging role for cross-linking enzymes and their downstream biophysical
influences on DR pathology. Therefore, it will be important to investigate how the
biophysical properties of cytokine-conditioned ECM shift, since targeting these cross-
linking enzymes could have significant therapeutic potential.

Notably, it remains unclear if BM thickening is solely a result of excessive ECM
deposition. It is entirely possible that insufficient matrix degradation, or some
combination of both dysregulated deposition and degradation, could also contribute.

However, previous studies in DR have primarily focused on the role of increased
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deposition of ECM constituents, with little interrogation of the role of degradation
enzymes in BM thickening. The degradation of BM is a complex and delicately balanced
process that ensures that the ECM remodeling needed for normal BM homeostasis and
maintenance occurs. | did not consider the potential relationship between ECM
degradation and BM thickening here. However, a number of interesting findings from my
work provide evidence that investigations into ECM degradation and turnover are
warranted. First, in both hRMEC and hRP treated with either TNFa or IL-1f3, high levels
of MMP?9 induction were observed, though no changes were observed in MMP2
expression (Appendix C and D). Additionally, in Chapter V, three of the most highly
significant proteins in the TNFa dataset and two of the most highly significant proteins in
the IL-13 dataset were ECM degradation enzymes. Specifically, HtrA serine peptidase 3
(HTRAS) deposition was significantly decreased in both datasets while cathepsin S
deposition was increased. Urokinase showed the third highest levels of induction in the
TNFo dataset. Each of these proteins plays essential roles in regulating ECM turnover
and homeostasis. For instance, although urokinase does not directly act on key network
ECM proteins like collagen or laminin, it is responsible for activating plasmin, which in
turn can both activate MMPs and itself degrade ECM proteins.?'* Urokinase has also
been implicated in the activation of neutrophils, suggesting a role in the inflammation
cascade.3'® Cathepsin S is known to degrade a broad range of ECM proteins, including
fibronectin, nidogen, collagen 1V, and laminin.3 Its elevation and subsequent
dysregulation of ECM degradation has been implicated in a range of inflammation-
related diseases, including osteoarthritis, liver fibrosis, and atherosclerosis.3'®

Additionally, its cleavage of ECM proteins has demonstrated pro-angiogenic effects

101



which supported tumor growth.3'” Finally, less is known about the substrates of HTRA3,
however evidence suggests a role in degrading ECM proteoglycans, including
fibronectin, as well as a role in controlling TGF- signaling, possibly through digestion of
ECM components.3'® Combined with the MMP9 expression results, the appearance of
these important degradation enzymes in the significant hits of the qMS data suggests
that alterations of BM degradation may contribute more to BM thickening than
previously thought. Future work should focus on identifying how ECM turnover is altered
under the diabetes-relevant cytokine treatment.

Quantitative MS is a powerful tool that is rapidly advancing our understanding of
matrisome constituencies in health and disease. Although my results represent a major
step in understanding and modeling retinal vascular BM, many important applications of
this technology remain. Future studies will include investigations of whether co-culture
models, utilizing pericytes and endothelial cells, provide a superior in vitro model.
Recent studies of glomerular BM have elucidated not only the BM constituency but also
identified cell-type specific deposition profiles. These data facilitated the comparison of
human tissue-derived glomerular BM and the BM deposited by glomerular endothelial
cells and podocytes in single cultures and co-cultures; thereby identifying cell-type
specific differences in in vitro ECM composition and providing indications of cell type-
specific roles in BM assembly."®? Based on my results in Chapter IV and the
importance of pericyte-derived ECM in other disease states,?52-256:31° | sought to
complete gMS analysis of the matrisome deposited by hRP under both TNFa and IL-1(3
treatment as well. Similar to hRMEC, | found that the total ECM protein deposited by

hRP under cytokine treatment was significantly increased (Appendix E). | have
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collected the MS data from the hRP samples, however the matrisome samples from
vehicle-treated pericytes proved to be more fundamentally different from the cytokine-
treated samples than what | observed in hRMEC. Although this is in line with my
findings in Chapter IV, where hRP showed greater induction of ECM expression
compared to hRMEC, it rendered the proteomic analysis more complex, and thus my
gMS work on pericytes is still ongoing. However, once completed, these results will
enable us to compare the matrisome constituencies of ARMEC and hRP. Furthermore, |
will be able to understand how these cell-specific signatures shift under diabetes-
relevant cytokine treatment, leading to a deeper and more nuanced understanding of
the development of BM thickening.

In summary, | have demonstrated that NFAT inhibition has strong therapeutic
potential to mitigate diabetes-related retinal inflammation, that inflammation drives
significant changes in retinal vascular ECM, that these changes in retinal vascular ECM
promote pathogenic changes in leukocyte adhesion behavior, and that retinal pericytes
are likely equal contributors to the development of vascular BM thickening. Taken
together, this work represents a significant step in our understanding of early DR

pathogenesis and the potential of anti-inflammatory agents to slow the disease.
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Appendix A
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Time course of TNFa- and IL-1B-induced adhesion molecule expression in hRMEC.
hRMEC were treated with 1ng/mL TNFa or IL-1B. Cells were collected and assayed for
expression of (A) VCAM-1, (B) ICAM-1, (C) E-selectin (gene name: SELE), or (D) P-selectin
(gene name: SELP). Expression data are reported as fold induction over vehicle with bars
representing mean +/- SD (n=3).
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Appendix B

Vehicle vs TNFa Vehicle vs IL-18

I\:I:atnsome Natnsome Gene name (gene symbol) UnitProt Fold Adjusted Fold  Adjusted
ategory Division
Change P-Value Change P-Value
Collagens Core matrisome collagen type | alpha 1 chain(COL1A1) P02452 0.65 0.3149 0.65 0.2622
Collagens Core matrisome collagen type lll alpha 1 chain(COL3A1) P02461 0.74 0.5015 0.69 0.4856
Collagens Core matrisome collagen type IV alpha 1 chain(COL4A1) P02462 1.24 0.4049 1.5 0.1552
Collagens Core matrisome collagen type V alpha 2 chain(COL5A2) P05997 0.89 0.4077 0.79 0.0277
Collagens Core matrisome collagen type | alpha 2 chain(COL1A2) P08123 0.67 0.2132 0.64 0.1852
Collagens Core matrisome collagen type IV alpha 2 chain(COL4A2) P08572 1.26 0.4117 1.45 0.2461
Collagens Core matrisome collagen type Vl alpha 1 chain(COL6A1) P12109 0.85 0.5062 0.91 0.7877
Collagens Core matrisome collagen type Vl alpha 2 chain(COL6A2) P12110 1.2 0.5044 1.2 0.5237
Collagens Core matrisome collagen type VI alpha 3 chain(COL6A3) P12111 0.69 0.2205 0.88 0.5883
Collagens Core matrisome collagen type V alpha 1 chain(COL5A1) P20908 1.22 0.1017 0.94 0.5883
Collagens Core matrisome collagen type Vil alpha 1 chain(COL8A1) P27658 1.75 0.2051 3.93 0.0223
Collagens Core matrisome collagen type XVIll alpha 1 chain(COL18A1) P39060 0.99 0.9195 1.06 0.8367
Collagens Core matrisome collagen type Xlll alpha 1 chain(COL13A1) Q5TATE 0.78 04117 1 0.9981
Collagens Core matrisome collagen type Xll alpha 1 chain(COL12A1) Q99715 1.38 0.2205 1.32 0.3101
ECM Glycoproteins Core matrisome agrin(AGRN) 000468 2 0.023 1.7 0.0465
ECM Glycoproteins Core matrisome cysteine rich angiogenic inducer 61(CYR61) 000622 1.01 0.8566 1.08 0.5927
ECM Glycoproteins Core matrisome laminin subunit alpha 5(LAMA5) 015230 1.33 0.3797 1.35 0.5342
ECM Glycoproteins Core matrisome EGF like repeats and discoidin domains 3(EDIL3) 043854 1.18 0.4 0.93 0.699
ECM Glycoproteins Core matrisome sushi repeat containing protein, X-linked 2(SRPX2) 060687 1.15 0.5757 2.31 0.0285
ECM Glycoproteins Core matrisome fibronectin 1(FN1) P02751 0.67 0.178 0.71 0.226
ECM Glycoproteins Core matrisome vitronectin(VTN) P04004 1.22 0.5757 1.24 0.6122
ECM Glycoproteins Core matrisome von Willebrand factor(VWF) P04275 0.56 0.0986 0.38 0.0432
ECM Glycoproteins Core matrisome laminin subunit beta 1(LAMB1) P07942 1.14 0.5292 147 0.1156
ECM Glycoproteins Core matrisome thrombospondin 1(THBS1) P07996 0.58 0.2205 0.59 0.2552
ECM Glycoproteins Core matrisome laminin subunitgamma 1(LAMC1) P11047 1.12 0.3656 1.41 0.0465
ECM Glycoproteins Core matrisome nidogen 1(NID1) P14543 0.94 0.643 1.24 0.3827
ECM Glycoproteins Core matrisome fibulin 1(FBLN1) P23142 0.67 0.1416 0.54 0.0246
ECM Glycoproteins Core matrisome tenascin C(TNC) P24821 1.52 0.3063 1.38 0.5927
ECM Glycoproteins Core matrisome connective tissue growth factor(CTGF) P29279 0.6 0.023 0.59 0.0854
ECM Glycoproteins Core matrisome fibrillin 1(FBN1) P35555 0.75 0.0404 0.64 0.014
ECM Glycoproteins Core matrisome fibrillin 2(FBN2) P35556 048 0.0086 0.54 0.0113
ECM Glycoproteins Core matrisome microfibrillar associated protein 2(MFAP2) P55001 04 0.0086 0.44 0.014
ECM Glycoproteins Core matrisome laminin subunit beta 2(LAMB2) P55268 14 0.2091 1.96 0.0285
ECM Glycoproteins Core matrisome sushi repeat containing protein, X-linked(SRPX) P78539 0.8 0.0327 0.86 0.3174
ECM Glycoproteins Core matrisome EGF containing fibulin like extracellular matrix protein 1(EFEMP1) | Q12805 0.46 0.023 0.31 0.0049
ECM Glycoproteins Core matrisome multimerin 1(MMRN1) Q13201 0.55 0.031 0.55 0.0368
ECM Glycoproteins Core matrisome laminin subunit beta 3(LAMB3) Q13751 3.28 0.0086 4.17 0.0049
ECM Glycoproteins Core matrisome laminin subunit gamma 2(LAMC2) Q13753 2.98 0.0209 29 0.0099
ECM Glycoproteins Core matrisome nidogen 2(NID2) Q14112 1.74 0.178 2.28 0.0919
ECM Glycoproteins Core matrisome latent transforming growth factor beta binding protein 1(LTBP1) Q14766 0.71 0.3063 0.68 0.2572
ECM Glycoproteins Core matrisome latent transforming growth factor beta binding protein 2(LTBP2) Q14767 0.96 0.7894 1.04 0.9054
ECM Glycoproteins Core matrisome transforming growth factor beta induced(TGFBI) Q15582 1.13 0.7841 1 0.9981
ECM Glycoproteins Core matrisome insulin like growth factor binding protein 7(IGFBP7) Q16270 1.58 0.0327 2.88 0.0054
ECM Glycoproteins Core matrisome laminin subunit alpha 4(LAMA4) Q16363 1.17 0.3497 1.52 0.0661
ECM Glycoproteins Core matrisome laminin subunit alpha 3(LAMA3) Q16787 1.27 0.4974 0.9 0.8272
ECM Glycoproteins Core matrisome thrombospondin type 1 domain containing 4(THSD4) Q6ZMPOQ 1.39 0.1443 1.35 0.1949
ECM Glycoproteins Core matrisome peroxidasin(PXDN) Q92626 2.05 0.0086 2.09 0.0231
ECM Glycoproteins Core matrisome collagen triple helix repeat containing 1(CTHRC1) Q96CG8 1.22 0.2417 1.03 0.9054
ECM Glycoproteins Core matrisome tubulointerstitial nephritis antigen like 1(TINAGL1) QIGZM7 0.57 0.0612 0.5 0.0368
ECM Glycoproteins Core matrisome multimerin 2(MMRN2) Q9H8L6 0.67 0.1416 0.71 0.1852
ECM Glycoproteins Core matrisome netrin 4(NTN4) Q9HB63 042 0.031 0.19 0.0095

Full matrisome identified in qMS. All matrisome proteins identified in the gMS results are
listed here. Additionally, information is provided on the matrisome category, matrisome
division, and the fold change and adjusted p-value for both the vehicle vs TNFa and vehicle
vs IL-1B comparisons (table continued on second page).
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Matrisome

Category

Matrisome
Division

Gene name (gene symbol)

UnitProt

Vehicle vs TNFa

Fold
Change

Adjusted

P-Value Change

Vehicle vs IL-18

Fold Adjusted

P-Value

ECM Regulators Matrisome-associated procollagen-lysine,2-oxoglutarate 5-dioxygenase 2(PLOD2) 000469 246 0.2205 2.15 0.2536
ECM Regulators Matrisome-associated | ADAM metallopeptidase with thrombospondin type 1 motif 4(ADAMTS4) 075173 1.24 0.4359 213 0.1051
ECM Regulators Matrisome-associated coagulation factor Il, thrombin(F2) P00734 1.26 0.4049 1.19 0.5342
ECM Regulators Matrisome-associated plasminogen activator, urokinase(PLAU) P00749 3.41 0.0352 242 0.0622
ECM Regulators Matrisome-associated plasminogen activator, tissue type(PLAT) P00750 1.38 0.4549 1.07 0.8911
ECM Regulators Matrisome-associated serpin family C member 1(SERPINC1) P01008 1.36 0.2132 1.27 0.4407
ECM Regulators Matrisome-associated cystatin B(CSTB) P04080 2.32 0.1967 2.06 0.2439
ECM Regulators Matrisome-associated serpin family B member 2(SERPINB2) P05120 2.76 0.1953 1.99 0.4383
ECM Regulators Matrisome-associated serpin family E member 1(SERPINE1) P05121 1.1 0.7392 1.14 0.7536
ECM Regulators Matrisome-associated cathepsin B(CTSB) P07858 25 0.0528 1.96 0.1911
ECM Regulators Matrisome-associated matrix metallopeptidase 2(MMP2) P08253 0.99 0.9787 0.97 0.9228
ECM Regulators Matrisome-associated bone morphogenetic protein 1(BMP1) P13497 244 0.0352 2.61 0.0231
ECM Regulators Matrisome-associated inter-alpha-trypsin inhibitor heavy chain 2(ITIH2) P19823 1.8 0.0721 30.94 0.0049
ECM Regulators Matrisome-associated transglutaminase 2(TGM2) P21980 0.9 0.7834 0.84 0.699
ECM Regulators Matrisome-associated cathepsin S(CTSS) P25774 5.31 0.0289 9.01 0.0113
ECM Regulators Matrisome-associated serpin family H member 1(SERPINH1) P50454 3.01 0.0691 3.29 0.0465
ECM Regulators Matrisome-associated cathepsin C(CTSC) P53634 0.97 0.8566 0.57 0.1949
ECM Regulators Matrisome-associated HtrA serine peptidase 3(HTRA3) P83110 0.44 0.0209 0.39 0.0177
ECM Regulators Matrisome-associated procollagen-lysine,2-oxoglutarate 5-dioxygenase 1(PLOD1) Q02809 2.58 0.1312 1.59 0.5883
ECM Regulators Matrisome-associated inter-alpha-trypsin inhibitor heavy chain 3(ITIH3) Q06033 1.88 0.3072 3.37 0.1104
ECM Regulators Matrisome-associated CD109 molecule(CD109) Q6YHK3 1.59 0.178 0.92 0.8581
ECM Regulators Matrisome-associated ADAMTS like 1(ADAMTSL1) Q8N6G6 1.05 0.7027 0.79 0.2665
ECM Regulators Matrisome-associated HtrA serine peptidase 1(HTRA1) Q92743 0.48 0.1 047 0.0591
ECM Regulators Matrisome-associated lysyl oxidase like 2(LOXL2) Q9Y4K0 0.83 0.2132 0.58 0.0301
ECM-affiliated Proteins Matrisome-associated galectin 9(LGALS9) 000182 3.31 0.031 2.16 0.0359
ECM-affiliated Proteins Matrisome-associated galectin 8(LGALS8) 000214 1.6 0.0327 1.26 0.2847
ECM-affiliated Proteins Matrisome-associated annexin A1(ANXA1) P04083 1.69 0.5292 1.72 0.5883
ECM-affiliated Proteins Matrisome-associated annexin A2(ANXA2) P07355 1.71 0.5333 142 0.7511
ECM-affiliated Proteins Matrisome-associated annexin A6(ANXAB) P08133 2.93 0.2083 1.73 0.5689
ECM-affiliated Proteins Matrisome-associated galectin 1(LGALS1) P09382 1.52 0.1017 1.07 0.8367
ECM-affiliated Proteins Matrisome-associated C-type lectin domain family 14 member A(CLEC14A) Q86T13 0.5 0.0377 0.28 0.014
ECM-affiliated Proteins Matrisome-associated C1q and tumor necrosis factor related protein 6(C1QTNF6) Q9BXI9 1.66 0.3149 1.97 0.0519
ECM-affiliated Proteins Matrisome-associated C1q and tumor necrosis factor related protein 5(C1QTNF5) Q9BXJO 0.36 0.0458 0.39 0.3062
ECM-affiliated Proteins Matrisome-associated C1q and tumor necrosis factor related protein 1(C1QTNF1) Q9BXJ1 5.04 0.0458 7.34 0.0457
Proteoglycans Core matrisome heparan sulfate proteoglycan 2(HSPG2) P98160 0.68 0.1203 0.71 0.1222
Proteoglycans Core matrisome hyaluronan and proteoglycan link protein 3(HAPLN3) Q96S86 1.6 0.0878 4.06 0.0432
Secreted Factors Matrisome-associated angiopoietin 2(ANGPT2) 015123 0.84 0.5292 0.24 0.0622
Secreted Factors Matrisome-associated $100 calcium binding protein A6(S100A6) P06703 1.63 0.178 1.01 0.9742
Secreted Factors Matrisome-associated bone morphogenetic protein 6(BMP6) P22004 0.62 0.0272 0.66 0.0457
Secreted Factors Matrisome-associated $100 calcium binding protein A11(S100A11) P31949 1.46 0.4552 11 0.8794
Secreted Factors Matrisome-associated hornerin(HRNR) Q86YZ3 0.82 0.7388 0.82 0.5927
Secreted Factors Matrisome-associated $100 calcium binding protein A16(S100A16) Q96FQ6 1.33 0.3072 1.07 0.8044
Secreted Factors Matrisome-associated hedgehog interacting protein(HHIP) Q96QV1 1.71 0.2073 1.07 0.9054
Secreted Factors Matrisome-associated growth differentiation factor 15(GDF15) Q99988 1.31 0.3149 1.65 0.1014
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Cytokine-induced changes in MMP expression in hRMEC. Cells were treated as in Table
2 and assayed for expression of MMP2 (A)(C) or MMP9 (B)(D). Expression data are reported
as fold induction over vehicle with bars representing mean +/- SD (n=3 for all groups).
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Appendix D
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Cytokine-induced changes in MMP expression in hRP. Cells were treated as in Table 3
and assayed for expression of MMP2 (A)(C) or MMP9 (B)(D). Expression data are reported
as fold induction over vehicle with bars representing mean +/- SD (n=3 for all groups).
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Cytokine-induced changes in total protein deposition by hRP. hRP were treated for
48hrs with 10ng/mL TNFa. or IL-13 before collection for gMS analysis. Prior to gqMS analysis,
total protein concentration was assayed. Data are presented as total protein quantified
(ug/mL) (n=6 for all groups).
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