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Abstract

Glaucoma is currently the leading cause of irreversible blindness. Many patients
receiving glaucoma treatments are still exhibiting progressive vision loss, indicating a crucial
need for a better understanding of the molecular and cellular mechanisms behind disease
progression to generate more effective treatments. Significant fibrosis and immune responses
have been reported in the glaucomatous optic nerve head (ONH) in humans and model systems.
Specifically, TGFB2-induced fibrosis generates damage associated molecular patterns (DAMPs)
that can subsequently activate toll-like receptor 4 and initiate an immune system response. TLR4
activation through MyD88 and NF«B signaling inhibits the transcription of the TGFB2 negative
regulator BAMBI, resulting in a vicious feed-forward fibrotic and immune system cycle during
disease progression. Recently published work from our lab investigates the mechanisms involved
in signaling crosstalk between TGFB2 and TLR4 to induce fibrotic and immune system
responses in human ONH cells and the ONH of a novel mouse model of glaucoma. We found
that TLR4 signaling is necessary and sufficient to induce TGF2-induced fibrosis in an autocrine
and paracrine manner in human ONH LC cells and astrocytes. Additionally, we identify time-
specific DAMP and interferon (IFN) signaling variations, highlighting novel mechanisms for

pharmaceutical interventions.



Chapter 1: The Fibro-Inflammatory Response in the Glaucomatous Optic Nerve Head

Adapted from: Emma K. Geiduschek and Colleen M. McDowell. The Fibro-Inflammatory

Response in the Glaucomatous Optic Nerve Head. Int J Mol Sci 2023;24.



Abstract

Glaucoma is a progressive disease and the leading cause of irreversible blindness. The
limited therapeutics available are only able to manage the common risk factor of glaucoma,
elevated intraocular pressure (IOP), indicating a great need for understanding the cellular
mechanisms behind optic nerve head (ONH) damage during disease progression. Here we review
the known inflammatory and fibrotic changes occurring in the ONH. In addition, we describe a
novel mechanism of toll-like receptor 4 (TLR4) and transforming growth factor beta-2 (TGFp2)
signaling crosstalk in the cells of the ONH that contribute to glaucomatous damage.
Understanding molecular signaling within and between the cells of the ONH can help identify

new drug targets and therapeutics.

Introduction

Glaucoma is currently a leading cause of irreversible blindness, estimated to effect 75
million individuals worldwide and proposed to increase to over 100 million by the year 2040.!-2
The glaucomas are a heterogenous group of optic neuropathies characterized by the loss of
retinal ganglion cells (RGCs) and subsequent optic nerve head damage (ONH) and changes,
resulting in a progressive loss of vision in distinctive and well-studied patterns.® In this review,
we are focusing on the most common form of glaucoma, primary open-angle glaucoma (POAG).
Risk factors include age, race, and sex, though much of the attention is focused on the role of
intraocular pressure (IOP) and IOP management due to the high correlation between increased
IOP and decreasing vision scores.®’ Elevated IOP has been implicated as the most prominent
risk factor for the development and progression of glaucoma, and it has been shown by multiple
groups across different populations that lowering IOP through medication or surgery can delay

glaucoma progression.”” IOP homeostasis is disrupted when the production of aqueous humor



(AH) is not balanced by the rate of AH drainage through the outflow pathways in the
iridocorneal angle of the eye. Most of the AH outflow is through the trabecular meshwork (TM)
and Schlemm’s canal, where extracellular matrix (ECM) proteins form a fluid-flow pathway for
the AH.!? In glaucoma, increased resistance through the outflow pathways in the TM,
particularly in the juxtacanalicular connective tissue (JCT) region and at the inner wall of
Schlemm’s canal, results in increases in IOP.!! Unfortunately, even with well-managed IOP
through pharmaceuticals or surgery, many patients still exhibit progressive vision loss.!?
Exploring the molecular and cellular mechanisms behind glaucoma progression at the ONH will

help address the crucial need for more effective treatments.

Glaucoma is defined by the loss of retinal ganglion cells (RGCs), the thinning of the retinal
nerve fiber layer, and the cupping and remodeling of the ONH resulting in a gradual loss of
vision.!*: ¥ Multiple insults, including chronic mechanical stress due to high IOP, hypoxia
microenvironments, and loss of neurotrophic factors and nutrient transport, all contribute to the
loss of the RGCs.!> 16 The exiting RGC axons is most vulnerable at the ONH due to the 90° turn
the axons make, and the majority of the damage occurs at the layer of the lamina cribrosa (LC), a
mesh-like connective tissue structure of pores through which the RGC axons travel to the eye.!*
7 The LC region of the ONH acts as both a physical support to these exiting RGC axons, as well
as the scaffolding for support cells to deliver nutrients and survey the microenvironment for
potential cites of damage. The biomechanics of the LC region are highly implicated in glaucoma
pathology, including balancing forces between IOP and intracranial pressure, the stiffness and

elasticity of the LC region, and tissue-specific biomechanical responses.'® These biomechanical



changes directly interfere with the interaction between the LC scaffolding and ECM proteins, the

RGC axons, and the supporting cells in the ONH.

There are three major supporting cell types in the LC region: Ibal positive microglial cells,
glial fibrillary acidic protein (GFAP) positive ONH astrocytes, and a-smooth muscle actin
(aSMA) positive LC cells. Microglia, the resident macrophages of the immune system, are
regularly spaced along the walls of the blood vessels, within the glial columns, and in the LC
region in the ONH to optimize their ability to survey their microenvironment.!®-2! The astrocytes
are located both along the longitudinal LC beams and in a transverse orientation across multiple
beams.?? Finally, LC cells are located within the LC beams, within or between the cribriform
plates.?? All three of these cell types have been implicated in glaucomatous pathophysiology as

described below.

In homeostatic environments, microglia efficiently clear dead cells and cellular debris.??
This “resting” state is a highly active process of constantly surveying the microenvironment.?
Upon activation during disease states or with damage to the CNS, microglia undergo

morphological changes from ramified surveyors to an ameboid shape,?*-26

and rapidly respond
and migrate to the site of damage within minutes.?!-?” This migration is ATP-dependent, where
ATP activates the P2Y 12 receptor on the microglia.?® Microgliosis is known to be associated
with many CNS diseases including Parkinson’s disease, Alzheimer’s, and glaucoma.?’ Increased
numbers of reactivated microglia are seen in the glaucomatous human ONH compared to age-

matched controls.!” 2° In mouse models of glaucoma, there is an increased number of microglia

and increased activation of microglia prior to RGC death and axonal damage.***? In addition, the



severity of early microglial activation correlates with the severity of RGC and ON axon
pathology.?? Genes that are expressed in activated microglia are significantly increased in mouse
and rat models of glaucoma, such as: major histocompatibility complex—II (MHC-II), highly
involved in the adaptive immune response; complement 1 complex components, involved in the
innate immune response; P2Y 12, the receptor responsible for initiating microglial migration to
sites of damage; and TLR4, also involved in the innate immune response.>*-> Minocycline, an
inhibitor of microglial activation, has been previously used to explore the role of microglia in
glaucoma progression. Minocycline treatment has been shown to enhance the survival of RGCs
and rescue RGC nutrient transport.®**8 Driving the immune response in human and mouse
models of glaucoma, microglia sit as a key mediator for the progressive pathophysiology in the

disease.

Astrocytes are the most common glial cell in the mammalian ONH,?? providing cellular
support by facilitating nutrient transport and distribution throughout the ONH as well as
secreting ECM proteins to provide physical structure support.?>3* Human ONH astrocytes have
region-dependent molecular heterogeneity.*’ There are three subtypes of astrocytes in the ONH:
type 1A, type 1B, and type 2. Type 1A are in the unmyelinated LC and prelaminar regions of the
ONH and express GFAP but are negative for neural cell adhesion molecule (NCAM). Type 1B
are also in the LC and prelaminar regions, but express both GFAP and NCAM. Type 2 astrocytes
are in the myelinated post-laminar region of the ONH.*! In early glaucoma, ONH astrocytes are
hypothesized to be protective. It is known that astrocytes can redistribute nutrients from healthy
to stressed microenvironments after IOP increases, and the knock-out of astrocyte reactivity

genes early in a disease model results in more RGC death.?®- 4% 43 In later glaucoma disease



states, astrocytes transition to a neurotoxic phenotype, a process called astrogliosis. This reactive
phenotype transition is hypothesized to be initiated by activated microglia and is microglia
dependent, where mice without functioning microglia do not exhibit a reactive astrocyte
phenotype after insult.** * Reactive astrocytes in the LC region take on an activated physical
phenotype, showing rounded bodies with a loss of cell processes.**4¢ Reactivated astrocytes in
the glaucomatous ONH secrete higher levels of ECM proteins prominent in the LC region,*’” and
interfere with the exiting RGC anterograde transport of nutrients.*>* During glaucoma
progression, increased IOP is known to result in a loss of nutrient transport and astrogliosis,
implicating astrocytes as a major contributor to RGC axon damage and eventual progressive

vision loss.

The main function of the LC cells is to secret ECM proteins such as collagens, elastin, and
fibronectin, to maintain the structural laminar beams that physically support the exiting RGC
axons.*® LC cells are highly responsive to chemical and mechanical stimuli, altering their gene
expression levels when exposed to transforming growth factors (TGFs), known to be involved in
ocular wound healing and glaucoma pathophysiology, or under mechanical strain.*->* Previous
studies have shown that LC cells collected from patients with POAG have upregulated ECM
protein expression,>* and undergo fibrosis and mechanical failure compared to age-matched
controls.> Glaucoma-like stimuli (TGF[ exposure, mechanical stress, hypoxia) have all
generated increases in ECM proteins in LC cells,>® 33657 and increased immunostaining for
enzymes controlling the breakdown of collagen and fibronectin that have been shown in the LC
region of the ONH.- %% ¥ These data implicate a critical role for LC cells in glaucoma by

contributing to the increased fibrosis and remodeling of the ONH.



All three supporting cell types in the ONH have been implicated in perpetuating
glaucomatous damage (Table 1). However, the cell—cell signaling between these cell types and

the RGC axons is not fully understood.

Fibrosis in the Glaucomatous ONH

The drastic changes to the ECM and increased fibrosis in the glaucomatous ONH and LC
region have been extensively reviewed.!* 4% 5% 0 Fibrosis is defined as the excessive production
and accumulation of ECM proteins, inducing structural and functional abnormalities in the
affected tissue.®! Elevated IOP causes significant strain and stress on the ONH region, resulting
in posterior migration of the LC and eventual cupping of the ONH.?? This mechanical strain
induces increased fibrosis, specifically the deposition and dysregulation of ECM proteins elastin,
tenascin, collagens I, IV, V, X1, proteoglycan, and fibronectin.?? 3436 62-65 ECM deposition and
dysregulation induces a plethora of physical changes, including elastosis, increased fibrosis, the
thickening of the connective tissue around the ON fibers impairing nutrient transport, and
disorganization of the regular collagen structure.?? 5> 62 This ECM remodeling adversely affects
the capacity of the LC to support the exiting RGC axons, predisposing them to the axonal
compression and disruption of nutrient transport.>® While it is established that elevated IOP leads
to stress and strain on the ONH, the pathogenic molecular mechanisms responsible for the

structural changes are not well understood.

One predominant hypothesis indicates TGFB2-induced ECM production as a major player in

instigating and exacerbating the increased ECM buildup and dysregulation in glaucoma.®® The



molecular signaling pathway of TGFB2-induced ECM synthesis has been well studied. TGFB2
binding induces a heterotetrameric complex between two type I receptors and two type II
receptors to initiate the canonical Smad signaling pathway.%” The Smad signaling pathway results
in the phosphorylation of Smad2/3, which colocalizes with Co-Smad4 in the nucleus of both
human ONH astrocytes and LC cells.%® ® The downregulation of Smad signaling is induced by
the increased expression of SMAD7, which recruits Smad6 to inhibit the phosphorylation of
SMAD2/3 by directly interacting with the TGFp receptors intracellularly.”®7? The Smad7
inhibition of TGFB2-signaling is amplified by BMP and activin membrane-bound inhibitor
(BAMBI). BAMBI cooperates with inhibitory Smad7 to prevent Smad3 phosphorylation.”
BAMBI also acts as a pseudoreceptor by replacing one of the TGFB-receptors in the receptor
complex, preventing the phosphorylation of Smad2/3.7 This highly regulated TGFf2 signaling

pathway has been well studied in LC cells and tissues as well as in the ONH astrocytes.

TGEFp2 is the predominant isoform in the eye, and is found in in the trabecular meshwork
(TM), aqueous humor, vitreous humor, neural retina, retinal pigment epithelium, and the ONH.%¢
In the TM, TM cells are known to secret TGFB2, and express TGF[ receptors and significantly
increase ECM production in the presence of TGFf2, indicating that the predominant outflow
pathway for AH is under the influence of TGFp signaling.”* TGFpB2 levels are minor to non-
existent in the healthy ONH,” but have been shown to be increased 70-100-fold in the
glaucomatous ONH compared to healthy age-matched controls, with staining primarily occurring
in astrocytes (Table 1).”° The in vitro TGF2 treatment of primary human ONH astrocytes and
LC cells induces the increased ECM deposition of elastin, collagen-IV, and fibronectin (FN) via

canonical Smad signaling (Table 1).6 66:6%-75-77 TGFB2 is also present in activated microglia in



the retinal nerve fiber layer, prelaminar, LC, and post-laminar regions in human glaucomatous
ONHs.? Taken together, TGFB2 signaling has the ability to interact with and influence both the

front and back of the eye in glaucoma disease progression.

Inflammation in Glaucoma

Notably, a physiological level of inflammation is beneficial and necessary to fight infection,
maintain tissue homeostasis, and recruit immune cells to clear sites of tissue damage.”® However,
when tissue is exposed to severe or prolonged levels of stress, inflammation plays a neurotoxic
and deleterious role. It has been postulated that a prolonged exposure to mechanical stress and
strain from elevated IOP, the subsequent loss of nutrients, and resulting hypoxic
microenvironments, can transition the innate immune system in the ONH from protective to

neurotoxic.”’

The role of innate immune activation and induced pathophysiology during glaucoma disease
progression has been extensively reviewed,!® 78 80 with ONH astrocytes,®! microglia,’* * and LC
cells implicated in initiating and responding to increased immune activation.?* The ONH is an
immune-privileged tissue, thus the defense systems consist of glial cells and the complement
system.’® These glial cells are the microglia and astrocytes, both found to be profoundly
responsive to stress in the glaucomatous ONH. In a resting state, microglia survey their
microenvironment and release neurotrophic factors to maintain RGC health.®® Increased

19, 29

microglial activation is associated with human glaucoma, as well as in animal models of

glaucoma.® 86 As discussed earlier, early microglial activation predicates RGC damage and

32,83

correlates with RGC degeneration severity, and induces a neurotoxic phenotype in
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astrocytes,** which subsequently secrete pro-inflammatory and pro-fibrotic signals. These signals
activate the innate immune signaling pathway by binding to toll-like receptors (TLRs). The

constant glial-inflammatory response has recently been recognized as a crucial mechanism of the
gradual neurodegeneration of the exiting RGCs.”® 87 Here, we will be focusing on the role of toll-

like receptor 4 (TLR4) in the glaucomatous ONH.

The TLR family consists of 10 members (TLR1-10) in humans and 12 members (TLR1-9,
TLR11-13) in mice.® The role of TLRs in glaucoma, age-related macular degeneration, and
other retinal diseases has been extensively reviewed.®%° In this review we will be focusing on
the role of TLR4 signaling in the glaucomatous ONH. TLR4 was first identified as the receptor
for lipopolysaccharide, which is found on almost all Gram-negative bacteria and acts as an innate
immunity signal.”!-*? Recent evidence has implicated TLR4 signaling in augmenting fibrosis and
the production and regulation of ECM proteins in fibrotic diseases.’!: 74 93-% Importantly, Tlr4
gene polymorphisms are associated with primary open angle glaucoma in multiple patient
populations,”? and TLR4 pathway-related genes are differentially expressed in the retina and
ONH of glaucomatous patients versus healthy patients.>* 1% TLR4 activation through the Myd88
signaling pathway increases the production of nuclear factor k B (NFxB), which translocates to
the nucleus to act as a transcription factor, initiating the production of pro-inflammatory signals
as well as pro-fibrotic signals. Some of these inflammatory and fibrotic products can act as
endogenous ligands for TLR4, known as damage-associated molecular patterns (DAMPs). TLR4
can then be again activated by these endogenous DAMPs, creating a positive feedback loop,

leading to a progressive fibroinflammatory response.'°!



11

DAMPs serve as key signals for tissue injury or damage. DAMPs are generated in situ in
response to injury, oxidative stress, cell damage, or ECM remodeling.!®? Heat shock protein 60
was the first discovered endogenous DAMP, shown to induce cytokine synthesis through TLR4
activation.!® Since then, dozens of endogenous DAMPs have been discovered, including
different peptides, fatty acids, proteoglycans, and nucleic acids. The role of DAMPs and their
involvement in immune system activation has been extensively reviewed by Piccinini and
Midwood;!?? here, I will be discussing DAMPs and their involvement in primary open angle
glaucomatous pathology. Interestingly, TLR4 can be activated by endogenous DAMPs that are
known ECM molecules, including biglycan, tenascin-C, and the fibronectin EDA isoform
(FN+EDA).!2 Along with TLR4 expression differentiation,** 1 DAMPs such as tenascin-C and
FN+EDA have also been identified as differentially expressed in the ONH and retina in

glaucoma,?* 36 64

Biglycan is a proteoglycan that primarily supports tissue when exposed to compressional
forces,!% such as the force on the ONH. Biglycan, like fibronectin, can be upregulated by TGFf3
stimulation in renal cell cultures and is involved in the pathophysiology of several renal fibrosis
disorders.!% Similarly, biglycan has also been shown to be upregulated in cultured LC cells after
mechanical stress.>! Biglycan is released from the ECM in stressed tissues, interacting with ECM
proteins COLI, II, III, TV, and elastin.!* Crucially, biglycan is a potent pro-inflammatory signal
that is known to activate TLR4.!7 Biglycan knock-out mice live longer after LPS-induced sepsis
than wild-type controls and produce significantly lower levels of pro-inflammatory cytokines. !’
Although biglycan is known to be expressed in the LC region of the ONH, and altered by

mechanical strain in LC cell cultures, it remains to be determined if expression levels differ
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between healthy and glaucomatous ONH in patients.!% Additional studies are needed to fully

understand the role of this important DAMP in TLR4-activation in the ONH.

Tenascin-C is a large glycoprotein expressed in neural and non-neural tissues,!*® and is
known to be expressed in the LC region of the ONH.!% Importantly, tenascin-C levels are
prominent in the LC region of the ONH in elderly donor eyes, implicating increased levels with
age, a potent risk factor for glaucoma development.!% In addition, tenascin-C has been shown to
be a TLR4 activator, and maintains pro-inflammatory signaling in other immune-dependent
diseases.!” Tenascin-C protein expression is significantly increased in human and porcine TM
cells exposed to high IOP using perfusion organ cultures.!'? In autoimmune glaucoma mouse
models, increased levels of tenascin-C are found in both the retina and ONH.!'!! In a rat model of
glaucoma, tenascin-C mRNA was significantly increased in the ONH with early ON damage,
and remained significantly elevated throughout the glaucoma progression compared to
controls.*> Similarly, the knock-out of tenascin-C lowered levels of reactive astrocytes in the
ONH and reactive microglia in the mouse retina,!'? highlighting the importance of this DAMP in
disease progression. Functionally, tenascin-C is known to regulate TGFf signaling during wound
healing,''® an important pathway involved in the changes to the ONH and LC in glaucoma, as we
discussed above. Importantly, tenascin-C protein expression is increased in the glaucomatous LC
region of the ONH compared to healthy, age-matched controls,%* suggesting this DAMP may be

intimately involved in the development of glaucomatous damage.

Finally, FN is a component of the ECM in the ONH, helping to form the intricate mesh-like

layer of the LC region along with other ECM proteins.’® FN is composed of either cellular FN
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(cFN) or plasma FN (pFN).!'* ¢FN, found in the pericellular matrix, can contain various splice
variant combinations of the extra domain—A (EDA), extra domain—B (EDB), or Type III
homologies.!'* Conversely, pFN, secreted by hepatocytes directly into blood circulation, does not
contain the EDA or EDB domains.!!'* The FN+EDA isoform is a known DAMP that binds and
activates TLR4.%% 74 115 During embryonic development, the FN+EDA isoform is abundant,
lowering to minimal levels in adult tissues except during tissue injury, repair, or disease states,
where expression is again upregulated.!'¢12° FN+EDA is increased in other fibrotic and immune
diseases such as atherosclerosis, psoriasis, scleroderma, and rheumatoid arthritis, and in human
glaucomatous TM tissue compared to healthy controls.” 12124 FN+EDA amplifies the TGFp2-
dependent ECM response in primary TM cells and can induce ocular hypertension in mouse
models.” %125 Importantly, we recently reported that FN+EDA is elevated in the LC region of
the human glaucomatous ONH compared to healthy controls and amplifies the TGFf2-
dependent response in primary human LC cell cultures.® These data implicate FN+EDA as an

important DAMP involved in modulating the glaucomatous ONH.

Here, we have described the role of ECM DAMPs in both immune system activation and
glaucoma pathophysiology. Increased levels of DAMPs, induced by increased TGFB2 levels,
activate TLR4 and exacerbate these signaling pathways in the ONH. This leads us to a fibro-
inflammatory hypothesis of TGFp2 and TLR4 signaling crosstalk between the key ONH

supporting cell types leading to glaucomatous damage.
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Fibro-Inflammatory TGFp2-TLR4 Signaling

Autocrine and paracrine signaling within and between astrocytes, microglia, and LC cells
was first proposed over 20 years ago.!'?% 127 Crosstalk between both TGFB2 and TLR4 signaling
pathways, within and between ONH cells, depends on the ability of the supporting astrocytes,
microglia, and LC cells to secrete TGFB2 and DAMPs, as well as express TLR4 and TGF32
receptors. Human ONH astrocytes, microglia, and LC cells all express TLR4,%> 0128 and all

produce TGFB2 and express TGFp-receptors.?? 30 69 100, 129 Thjg

implies that each cell type can
respond to increased TGFP2, increase DAMP production, and respond in both an autocrine and

paracrine manner. Here we will outline how the TGFB2 and TLR4 signaling pathways can

communicate with each other to regulate ECM and DAMP production within the ONH.

As we have referenced above, early microglial activation precedes RGC damage and
death,’!:32 increasing TLR4 expression and cytokine release (Figure 1, #1) 3* 35, These activated
microglia, and the increased pro-inflammatory signals, are able to cause the activation of
astrocytes in ONH via IL-1a, TNFa, and C1q expression (Figure 1, #2).* These circulating
molecules from microglia are necessary and sufficient to induce astrocyte activation and
subsequent RGC damage after an initial axon insult **. However, RGC damage requires the
presence of activated astrocytes also releasing pro-inflammatory cytokines to induce retinal
injury and RGC degeneration (Figure 1, #3).13° It has been shown that the TLR4-dependent
production of pro-inflammatory cytokines is increased in POAG tears,'3! AH,!*? and in the ONH
astrocytes in glaucoma models, indicating astrocyte paracrine and autocrine inflammatory
signaling is increased across multiple tissues during glaucoma progression, making astrocyte

activation a key instigator of ONH RGC damage.?> 44 130
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ONH astrocytes produce the DAMP tenascin-C,'33-135 a prominent activator of TLR4 that is
significantly upregulated in human ONH glaucomatous astrocytes (Figure 1, #4).64 109.133-135 [
primary rat and mouse microglial cell cultures, the DAMP tenascin-C significantly increases IL-
6 and TNFa expression levels through TLR4 activation (Figure 1, #2), potentially activating
astrocytes through continued paracrine signaling.!3% 137 As mentioned previously, the knock-out
of tenascin-C was able to inhibit both microgliosis and astrogliosis in a mouse model of
glaucoma,'!? indicating its ability to act upon both of these cell types through TLR4 signaling.
Thus, it is likely that activated microglia and activated astrocytes are able to interact via the
paracrine signaling of proinflammatory cytokines and DAMPs. It has also been shown that ONH
LC cells also express TLR4,% enabling the potential for proinflammatory and DAMP paracrine
signaling between all three supporting cell types (Figure 1, #5). Primary ONH LC cells, when
stimulated with either TGFB2 or the DAMP FN+EDA, significantly increase ECM production in
a TLR4-dependent manner, indicating autocrine signaling within the monoculture (Figure 1,
#6).%6 Thus, it is likely that similar autocrine signaling is happening within microglia (Figure 1,
#7) and astrocyte populations (Figure 1, #8), as well as paracrine signaling between all three

population subtypes within the glaucomatous ONH (Figure 1, #9, 10, 11).

In addition, autocrine and paracrine signaling by neurotrophins (NTs) has been implicated in
glaucoma disease progression, especially through the loss of such nutrient and growth factor
transport through the damaged LC region of the ONH.3% 138-140 NTs are a family of nerve-growth
factors including nerve growth factor (NGF), brain-derived growth factor (BDNF), glial-derived

neurotrophic factor (GDNF), neurotrophin 3 (NT-3), and neurotrophin 4/5 (NT-4/5).!3% NTs bind
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to protein tyrosine kinase (Trk) receptors and are highly involved in the peripheral,!*® and central
nervous immune responses.'#! In the healthy ONH, LC cells and astrocytes produce moderate
levels of NTs, and microglia produce negligible levels.!?% 142 After acute insults, BDNF is able to
exert a neuroprotective phenotype where BDNF injections significantly delay microglial
activation post-ON sectioning,'** LC cells and astrocytes increase NT secretions after acute
ischemia,'?” mimicking the hypoxic microenvironments in the ONH during glaucoma, and
activated microglia are known to initially release NGF, NT-4/5, and GDNF.!* These findings
implicate NTs as early responses in protecting the damaged RGCs; however, current hypotheses
predict that the constant deprivation of NTs due to the reduced axonal transport greatly
contributes to glaucoma disease progression.'*’ The local synthesis and retrograde transport of
BDNF is significantly reduced after excitotoxic stimuli, leading to retinal degeneration,'* and
chronic high IOP induces the loss of BDNF in RGC cell bodies.'#¢ Importantly, LC cells,
astrocytes, and microglia are all able to secrete BDNF and express TrkB, the receptor for
BDNF.126: 127. 147. 148 Not only does this implicate potential autocrine and paracrine signaling
between these cell types, but BDNF signaling is thought to slow microglial activation by
inhibiting TLR4 downstream signaling, indicating another potential way for NTs to interact
between cell types (Figure 1, #12).147 The loss of this TLR4 inhibition could be perpetrating the
autocrine (Figure 1, #13, 14, 15) and paracrine (Figure 1, #16, 17, 18) feed-forward cycle of

TLR4-DAMP activation in all supporting cell types as glaucomatous damage progresses.

Hypothesized signaling crosstalk between microglia, astrocytes, and LC cells in the

glaucomatous ONH are represented by the dashed lines in Figure 1 and represent current
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knowledge gaps in the literature. Further research into this intricate crosstalk is necessary to better

understand the glaucomatous pathophysiology.

In the previous sections, we have outlined the hypothesized immune system and NT autocrine
and paracrine signaling within and between microglia, astrocytes, and LC cells in the
glaucomatous ONH. Both the immune system and NT signaling have direct interactions with
TGFp2 signaling, a predominant contributor to increased ECM deposition in the glaucomatous
ONH.>¢ 7+ 199 We have previously shown that TGFB2-dependent ECM production is TLR4-
dependent both in primary human TM cells and ONH LC cells.>® 7 TGFB2 or DAMP exposure
from cFN, containing the FN+EDA DAMP, induced significant increases in total FN, collagen-I,
and laminin in primary human TM cells, but caused the concurrent blockage of TLR4 signaling
by the selective TLR4 inhibitor TAK-242, returning these ECM protein levels back to baseline.’™
A similar phenotype was found in primary human ONH LC cells, where TGFB2 exposure
significantly increased FN, FN+EDA, and collagen-I protein expression, but the concurrent
blockage of TLR4 signaling rescued this phenotype back to control levels (Chapter 1: Figure 1).%¢
These results implicate that TLR4 signaling is necessary for the TGFB2-induced ECM production

seen in two key structures involved in glaucoma pathophysiology.

The mechanism of TGFB2 and TLR4 signaling crosstalk has previously been studied in other
tissues and disease states through the TGFf pseudoreceptor BMP and activin membrane-bound
inhibitor (BAMBI). It is known that TLR4 activation downregulates BAMBI protein expression
in a MyD88-dependent manner via NFkB signaling.®3** 150- 151 Tn addition, the inhibition of NFxB

signaling prevents the downregulation of Bambi mRNA after TLR4 activation.”* When present,
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BAMBI inhibits TGFB2 signaling by preventing Smad2/3 phosphorylation, amplifying the Smad?7
inhibition of TGFB2 and acting as a pseudoreceptor, sequestering and inhibiting TGFBR activation
and thus Smad3 phosphorylation.” We previously reported that the knockdown of Bambi in mice
induces ocular hypertension and increases ECM production in the TM.!>? In addition, previous
studies have implicated a role of BAMBI in other fibrotic diseases,”* and we know astrocytes,
microglia, and LC cells can express BAMBI.!?* 133 Thus, it seems likely that BAMBI is also an
important mediator of TLR4-TGFf2 signaling crosstalk in the ONH. Each cell can respond to the
remodeling of the glaucomatous ONH via the DAMP-dependent activation of TLR4, inducing a
pro-fibroinflammatory response. Future studies are needed to fully elucidate the molecular
mechanisms of TLR4-TGF2 signaling crosstalk in the ONH and the role of each supporting cell

type in propagating this response.

Conclusions

Extensive research has indicated the critical role of both TLR4-immune signaling and TGFf3-
induced fibrosis in the glaucomatous ONH in furthering RGC loss. Here, we propose a novel
mechanism of TLR4-TGFf2 signaling crosstalk within and between the supporting cells of the
ONH. Elucidating the molecular mechanisms behind this crosstalk in the ONH can hopefully

produce more therapeutic targets in treating glaucoma.
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Figure Legends
Table 1. Glaucomatous fibrotic and immune system responses in the ONH. The ONH-supporting
cell types, such as microglia, astrocytes, and LC cells (left column), are each associated with
known fibrotic responses (central column) and immune responses (right column) during glaucoma

disease progression.

Figure 1. Known and hypothesized autocrine and paracrine signaling in the glaucomatous ONH.
Schematic of immune system, TGFB2, and neurotrophin (NT) autocrine and paracrine signaling.
Purple receptors and arrows represent immune system signaling. Red receptors, molecules, and
arrows represent TGFB2 and DAMP signaling. Yellow receptors, molecules, and arrows represent
neurotrophin transport signaling. Solid lines represent the interactions shown in previous studies.
The dashed lines represent hypothesized autocrine and paracrine signaling pathways that still need
to be explored in the glaucomatous ONH. (1) Known early microglial activation. (2) Known
microglia — astrocyte paracrine signaling. (3) Known astrocyte — microglia paracrine signaling.
(4) Known TLR4-induced production of DAMPs in astrocytes. (5) Known TLR4-induced DAMP
production and autocrine signaling in LC cells. (6) Known DAMP-TLR4 autocrine signaling in
LC cells. (7) Hypothesized TLR4-induced DAMP production and autocrine signaling in microglia.
(8) Hypothesized TLR4-induced DAMP production and autocrine signaling in astrocytes. (9, 10,
11) Hypothesized DAMP-induced paracrine signaling between LC cells, microglia, and astrocytes.
(12) Known loss of NT inhibition of TLR4 signaling in microglia. (13, 14, 15) Hypothesized loss
of autocrine NT signaling within microglia, astrocytes, and LC cells. (16, 17, 18) Hypothesized
loss of paracrine NT signaling between microglia, astrocytes, and LC cells. Created with

BioRender.com.
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Table 1. Glaucomatous fibrotic and immune system responses in the ONH.

Glaucomatous Fibrotic and Immune Responses in Major ONH Supporting Cell Types

Supporting Glaucomatous Fibrotic Responses Glaucomatous Immune Responses
Cell Type
- Increased TGFB2 expression % Innate immune cells of the CNS %2
- TGFP2 treatment upregulates Early activation predicates and
CX3CRI1 transcription >4, a correlates with RGC degeneration
potent microglial activator !> severity 32
Microglia Increased expression of innate and
complement system immune
activation genes 3% 33
Inhibition of activation protects RGCs
37
- Secrete higher levels of ECM Undergo astrogliosis: rounded bodies,
proteins 46 loss of cell processes 4
- Primary site of TGF2 Increased levels of MHC-II, highly
Astrocytes expression 7> . involved in the adaptive immune
TGFp2 treatment significantly response 34
increases ECM mRNA and Upregulate Tenascin-C, a potent
protein expression for FN, proinflammatory DAMP through
COL1, COL4 65 69,76 TLR4 activation 0% 133,135
- Secrete higher levels ECM %34 TGFp2-induced ECM production is
- TGFP2 treatment significantly dependent on functioning TLR4
increases ECM transcription and signaling, a potent activator of the
LC Cells expression for FN, COLI, innate immune response ¢

COLA4 56 57. 66,69

- Glaucoma-like insults
(mechanical strain, hypoxia)
increase ECM expression > 37

DAMP-induced (FN+EDA) ECM
production dependent on TLR4
signaling




Figure 1. Known and hypothesized autocrine and paracrine signaling in the

glaucomatous ONH
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Chapter 2: TLR4 Signaling Modulates Extracellular Matrix Production in the

Lamina Cribrosa

Adapted From: Emma K. Geiduschek, Milne PD, Mzyk P, Mavlyutov TA, McDowell CM.

TLR4 signaling modulates extracellular matrix production in the lamina cribrosa. Frontiers in

Ophthalmology 2022;2.
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Abstract

The optic nerve head (ONH) is a place of vulnerability during glaucoma progression due to
increased intraocular pressure damaging the retinal ganglion cell axons. The molecular signaling
pathways involved in generating glaucomatous ONH damage has not been fully elucidated.
There is a great deal of evidence that pro-fibrotic TGFP2 signaling is involved in modulating the
ECM environment within the lamina cribrosa (LC) region of the ONH. Here we investigated the
role of signaling crosstalk between the TGFB2 pathway and the toll-like receptor 4 (TLR4)
pathway within the LC. ECM deposition was examined between healthy and glaucomatous
human ONH sections, finding increases in fibronectin and fibronectin extra domain A (FN-EDA)
an isoform of fibronectin known to be a damage associated molecular pattern (DAMP) that can
activate TLR4 signaling. In primary human LC cell cultures derived from healthy donor eyes,
inhibition of TLR4 signaling blocked TGFB2 induced FN and FN-EDA expression. Activation of
TLR4 by cellular FN (cFN) containing the EDA isoform increased both total FN production and
Collagen-1 production in the presence of TGFB2 in LC cells, and this effect was dependent on
TLR4 signaling. These studies identify TGFB2-TLR4 signaling crosstalk in LC cells of the ONH

as a novel pathway regulating ECM and DAMP production.

Introduction

Cupping of the optic nerve head (ONH), thinning and loss of the retinal nerve fiber layer,
and characteristic visual field defects are all clinical features of glaucoma.>® Elevated intraocular
pressure (IOP) is the most important risk factor for both the development and progression of
glaucoma.® Current glaucoma therapy involves decreasing IOP by suppression of aqueous humor

formation, enhancing uveoscleral outflow or, most recently, directly targeting the trabecular
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meshwork. However, these therapies are not uniformly effective, and this therapy generally only
slows the progression of vision loss over time.” > *7 This highlights the crucial need for more
effecting glaucoma treatments and an increased understanding of the molecular and cellular

mechanisms of disease progression.

The ONH contains retinal ganglion cell (RGC) axon bundles and support tissues and cells.
The lamina cribrosa (LC) is the main structural component of the ONH. The LC is a mesh-like
connective tissue structure through which the RGC axons pass as they exit the eye to form the
myelinated extraocular optic nerve. The LC is composed of a series of interconnected lamellar
beams made up of elastin, collagens, laminin, and heparin sulfate proteoglycans. The LC
provides support for the RGC axons and resident cells. The LC region is populated by three
major cell types; glial fibrillary acidic protein (GFAP)-positive ONH astrocytes, microglia, and
a-smooth muscle actin (a-SMA) positive LC cells. The resident LC cells are located within the
LC beams, and the ONH astrocytes are located both in longitudinal columns along RGC axon
bundles and in transverse orientation investing multiple LC beams.?? Resident microglia are
regularly spaced throughout the normal ONH in the walls of blood vessels, within the glial
columns, and in the LC."” The ONH region progressively remodels during glaucoma, leading to
ONH cupping as well as mechanical failure and fibrosis of the LC; however, the cellular and

molecular mechanisms responsible for this remodeling are not fully understood.

The ONH remains the most vulnerable point for the RGC axons, where they are most
susceptible to elevated IOP, as the RGC axons have to turn 90° to enter the ONH and traverse the

LC." This region is particularly susceptible to pressure because at the ONH, the sclera thins to
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form the ECM structure that allows RGC axons to exit the eye. Dysregulation of ECM in the LC
causes increased fibrosis, elastosis, thickening of the connective tissue septae surrounding the
ON fibers, and a thickening of the basement membranes involving altered collagen fibers and
disorganized distribution and deposition of elastin, causing mechanical failure which in turn
exacerbates ONH and RGC axon damage.?>>>¢2 Deposition of ECM causes the LC to initially
undergo thickening and posterior migration. Eventual shearing and collapse of the LC plates
leads to a thin fibrotic connective tissue structure/scaring. ECM remodeling adversely affects the
capacity of the LC to support RGC axons and predisposes RGCs to axonal compression,

disruption of axoplasmic flow, and apoptosis.

Both the LC cells and ONH astrocytes are responsible for supporting the RGC axons by
synthesizing growth factors and ECM.2> 12715815 Several cytokines are known to regulate the
production and modulation of ECM, including Toll like receptor 4 (TLR4) signaling as
previously described in other fibrotic diseases.”**> TLR4 was first discovered as the receptor for
lipopolysaccharide (LPS),'* but can also be activated by endogenous ligands, known as DAMPs,
damage associated molecular patterns. DAMPs are generated in sifu as a result of injury, cell
damage, ECM remodeling, and oxidative stress.!?>!*! TLR4 is known to be expressed in
astrocytes, microglia, and LC cells in the human ONH.#:>* 12 TLR4 pathway related genes,
downstream ECM genes, and DAMPs such as tenascin-C and heat shock proteins have been
identified as differentially expressed in the human ONH and retina in glaucoma.3* ¢4 10
Importantly, TLR4 gene polymorphisms have been associated with enhanced glaucoma risk in

some pOpulatiOns,W, 99, 162
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The role of TLR4 signaling in modifying the ECM and fibrotic environment has been
studied in hepatic and renal fibrosis, scleroderma, as well as in 7/r4 mutant mice.”>-*> Recently,
we identified TLR4 signaling as an important regulator of the ECM in the TM and ocular
hypertension.”™ In addition, DAMPs (including tenascin C, FN-EDA, heat shock proteins, and
hyaluronan) have been shown to activate TLR4 and augment TGFf} signaling and downstream
fibrotic responses,” 1** 15 and DAMPs have been identified in the glaucomatous ONH of both
mice and humans.'®* In addition, numerous studies have identified elevated aqueous humor levels
of TGFB2 in glaucoma patients.'**!” We and others have shown that TGFf2 treatment of
trabecular meshwork (TM) cells alters the ECM composition,’ 7 and induces ECM cross-
linking.!”"-'® In the posterior segment, TGFB2 is also the predominant TGFf isoform in the ONH.
Astrocytes, LC cells, and activated microglia are known to express and secrete TGFp2, with
increased expression of TGFB2 documented in the glaucomatous ONH.?- 6468675 TGF[32
treatment of ONH astrocytes and LC cells in vitro increases ECM protein synthesis and secretion
via canonical Smad signaling.®® ¢ This dysregulation of ECM components could contribute to the
ONH fibrotic environment in the LC in glaucoma. Here we demonstrate crosstalk between the
TGFB2 and TLR4 signaling pathways in primary ONH LC cells and show the DAMP, FN-EDA,
is increased in the human glaucomatous LC suggesting this DAMP may have important

implications in TLR4 activation and signaling in the glaucomatous ONH.

Materials and Methods

Human donor eyes

Deidentified human donor eyes were obtained from the Lions Eye Bank of Wisconsin

(Madison, WI) within 24 hours post-mortem. The eyes were obtained and managed in
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compliance with the Declaration of Helsinki. The human donor eyes used for IHC experiments
ranged from 59 to 80 years old. Within 24 hours post-mortem, eyes were fixed in 4%
paraformaldehyde for 24 hours at 4°C, rinsed with 1X PBS, then cryoprotected in 30% sucrose
in PBS for another 48 hours at 4°C. The eyes were embedded into optimum cutting temperature
embedding medium (Sakura Finetek 4583, Sakura Finetek USA, Inc., Torrance, CA) in 25mm x
20mm x 5Smm Tissue-Tek cryomolds (Sakura Finetek 4557) and frozen on a prechilled metal
block. Cryosections at 10um intervals were cut from the frozen eyecups before being stored at -
80°C until immunostaining. Glaucoma diagnosis is based on the patient medial history report.
Primary human ONH LC cell strains were isolated from normal (non-glaucomatous) donor eyes
(ages 59-74) from the Lions Eye Bank of Wisconsin or received as a kind gift from Dr. Abe
Clark at the University of North Texas Health Science Center and characterized as previously
described.!?”- 18- 174 Al donor tissues were obtained and managed according to the guidelines in
the Declaration of Helsinki for research involving human tissue. Cells were cultured and
maintained in Ham’s F-10 growth media containing 10% FBS L-glutamine (0.292 mg/mL), and
penicillin (100units/mL)/streptomycin (0.1mg/mL) in a humid chamber at 37°C in 5% CO». The

medium was replaced every 2-3 days.

Immunohistochemistry

Standard procedures for IHC were utilized as previously described.”® The OCT was removed via
two washes in ddH>O for 2 minutes each before sections were dried by subsequent washing in 70%
ethanol for 2 minutes, 100% ethanol for 2 minutes, and then left to dry at RT for 10 minutes. Sections
were then rinsed with 1X PBS for 5 minutes before being incubated in 0.1% Triton X (Sigma-Aldrich

REFX100) at RT for 15 minutes to permeabilize cell membranes. Slides were then blocked in
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Superblock Blocking Buffer in PBS (REF37580, Thermo Fisher Scientific) for 60 minutes at RT before
incubated at 4°C overnight with FN (Sigma-Aldrich Corp., F3648) at 1:250, and FN-EDA (Abcam,
ab6328) at 1:100 dilution. Primary antibody was washed off with four rinses in 1X PBS for 5 minutes
each before slides were incubated in the appropriate secondary antibody for 2 hours at RT; Alexa Fluor
488 donkey anti-rabbit IgG (A21206, Invitrogen — Thermo Fisher Scientific) at 1:200 dilution and Alexa
Fluor 594 donkey anti-mouse IgG (A21203, Invitrogen — Thermo Fisher Scientific) at 1:200 dilution.
Slides were washed 5 times in 1X PBS for 5 minutes each and mounted with Prolong Diamond
mounting medium containing DAPI (Invitrogen-Molecular Probes). Image acquisition was performed

using a Zeiss Axio Imager Z2 microscope.

TLR4 Inhibition and Activation

Primary human ONH LC cells were grown to confluency and pretreated with the
selective TLR4 inhibitor, TAK-242 (InvivoGen, San Diego, CA, USA) at 15uM for 2 hours.
TAK-242 is a cyclohexene derivative that specifically inhibits TLR4 signaling by binding to the
intracellular domain of TLR4 and blocking downstream signaling. Cells were then treated with
TGFP2 (5ng/mL) and/or TAK-242 (15uM) for 72 hours in serum-free medium. For TLR4
activation studies, hONH LC cultures were grown to confluency and treated with cellular
fibronectin (cFN) (10pg/mL) containing the FN-EDA isoform (F2518; Sigma-Aldrich Corp., St.
Louis, MO, USA) and/or TGFB2 (5ng/mL), and/or TAK-242 (15uM) for 72 hours in serum-free
medium. Western blot and immunocytochemistry experiments were performed as described

below.
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Immunocytochemistry

Primary human ONH LC cells were seeded on 12-well plates on coverslips and grown to
confluency. After undergoing TLR4 inhibition and activation treatments as previously described
for 72 hours, cells were washed with 1X PBS, fixed with 4% paraformaldehyde (PFA),
permeabilized with 0.95% Triton X-100 in PBS, and blocked using Superblock Blocking Buffer
in PBS (REF37580, Thermo Fisher Scientific) for 60 minutes at room temperature. Cells were
labeled overnight at 4°C with rabbit anti-Fibronectin (F3648, Sigma-Aldrich) at a 1:100 dilution,
or rabbit anti-collagen-1 (NB600-408, Novus Biologicals) at a 1:100 dilution in Superblock
Blocking Buffer in PBS. Treatment without the primary antibody was used as a negative control.
Coverslips were then incubated at room temperature 2 hours using Alexa Fluor 488 donkey anti-
rabbit IgG (REFA21206, Invitrogen — Thermo Fisher Scientific) at a 1:200 dilution. Coverslips
were mounted to slides with Prolong Diamond mounting medium containing DAPI (Invitrogen-

Molecular Probes). Image acquisition was performed using a Zeiss Axio Imager Z2 microscope.

Western Blot Analysis

Primary human ONH LC cells were treated as previously described above for 48 or 72
hours. Cell lysates were extracted using RIPA buffer with protease and phosphatase inhibitors
added. (Pierce RIPA Buffer, REF89901, Thermo Fisher Scientific; cOmplete Mini, EDTA-Free
protease inhibitor cocktail, REF11836170001, Sigma-Aldrich; PhosSTOP REF04906837001
Sigma-Aldrich), The Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific REF23225) was
used to estimate protein concentrations of each sample. Each loading sample contained 10ug of
protein and the appropriate amount of 4X Protein Loading Buffer (Li-Core REF928-40004).

Samples were boiled for 10 minutes, then separated using a 4-12% Bolt™ Bis-Tris Plus mini gel
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(Invitrogen, NW04120BOX). Proteins from electrophoresed gels were transferred to
polyvinylidene (PVDF) membranes (Bio-Rad Immun-Blot, REF1620177) for one hour at a
constant 20V using the Mini Gel Tank wet transfer system (Invitrogen, REFA25977).
Membranes were left to dry for 45 minutes before using Revert™ 700 Total Protein Stain (Li-
Core REF926-11021) to confirm equal loading for samples and for normalization purposes. After
destaining of total protein stain, membranes were blocked for one hour at room temperature with
Intercept Blocking Buffer (Li-Cor, REF927-60001). Membranes were immunolabeled overnight
at 4°C with primary antibodies: GAPDH (1:5000, Cell Signal REF97166S), Fibronectin (1:1000,
Sigma -Aldrich F3648), and/or FN-EDA (1:500, Abcam, ab6328), diluted in Intercept Blocking
Buffer. Blots were washed three times for 5 minutes each with 1X TBS-T and then incubated for
1 hour with the appropriate secondary antibodies at a 1:20,000 dilution in Intercept Blocking
Buffer (Li-Core Goat anti-rabbit IRDye 800CW; Li-Core Goat anti-rabbit IRDye 680RD; Li-
Core Goat anti-mouse IRDye 800CW). Membranes were then imaged on a Licor OdysseyCLx
system. Each experiment was repeated 2-3 times in each individual hONH LC strain, and a total
of 2-3 independent hONH strains were tested. Band intensity for proteins of interest and total
protein were measured using Image Studio Lite (LI-COR Biosciences, Lincoln, NE, USA). Each
target protein densitometry value was normalized against either its corresponding GAPDH or
total protein value as indicated, and the fold change was calculated to control. Fold changes are
represented as the mean +/- SEM. Statistical significance was determined by a 1-way ANOVA

and subsequent Tukey’s post hoc analysis comparing all treatments.
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Results
FN and the DAMP FN-EDA are increased in the LC region of the glaucomatous human
ONH

Increased fibrosis of the human ONH during glaucoma disease progression has been well
established. The lamina cribrosa forms sieve-like layers of ECM which allow RGC axons to exit.

175 311 of which have been shown

The ECM is primarily made of collagens, elastin, and laminin,
to be increased in the glaucomatous ONH.#->? In addition, it is known that fibronectin is present
in the LC region 7. Here, we show an increase of fibronectin protein expression in the LC
region of human glaucomatous donor eyes (Fig. 10, R, U) compared to normal non-glaucoma
control donor eyes (Fig. 1F, I, L). We also demonstrate an increase in the FN-EDA isoform, a
known DAMP and activator of TLR4, in the LC region of human glaucomatous donor eyes (Fig.
1P, S, V) compared to normal non-glaucoma control donor eyes (Fig. 1G, J, M). These data

suggest that FN and the FN-EDA isoform may have important implications in the development

of glaucomatous ONH damage.

Dissection and isolation of the human ONH generates monocultures of LC cells

In order to test the function and role of DAMPs such as FN-EDA in LC cells, primary LC
cells were isolated and cultured from human donor eyes. Following previously established
protocols,'™ the ONH was dissected and the ONH explant placed into culture to propagate LC
cells (Figure 2A). The isolation and characterization of the monocultures of LC cells was
performed as previously described by Lopez et al.!”* Here representative images (Fig. 2E-G) and

western blots (Fig. 2D) show isolated LC cells are negative for GFAP and positive for aSMA,
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previously determined indicators of LC cells.!” In total we characterized 4 independent LC cell

strains from different donors with no history of ocular disease.

Inhibition of TLR4 signaling blocks TGFp2-induced increases of ECM production in
primary human ONH LC Cells

It is well established that TGFB2 signaling increases in glaucoma and is known to affect
the ONH during disease progression. Here, we show that inhibition of TLR4 by the selective
inhibitor, TAK-242, blocks TGFB2 dependent increases of total FN and the DAMP FN-EDA
protein expression. Pretreatment of TAK-242 (15uM) for 2 hours prior to TGFB2 exposure
(5ng/mL) has been shown to significantly decrease TGFB2 (5ng/mL)-induced FN and collagen-1
protein and mRNA expression in the trabecular meshwork,’* therefore a 15uM concentration was
used in these experiments. Primary hONH LC cells were treated with TGFB2 (5ng/mL) and/or
TAK-242 (15uM) for 72 hours. As previously reported, TGFB2 induces FN expression in LC
cells.%® ¢ However, TLR4 signaling inhibition significantly decreases FN (Fig. 3A) and FN-EDA
(Fig. 3B) protein expression. Both FN and FN-EDA protein levels returned to control levels,
with no significant differences between control and TAK-242 + TGFp2 treated cells (n =3
primary hONH LC cell strains, each repeated in 2-3 independent experiments). These data

suggests that TLR4 signaling is necessary for TGFB2 induced fibrosis in LC cells.

Cellular FN-EDA is an isoform of FN and has previously been shown to be a ligand for
TLR4 receptor activation.!?> > Previous literature has shown that cFN-EDA is significantly
increased in the glaucomatous human TM compared to normal eyes,'?* and shown to increase

ECM protein expression in human TM cell cultures at a comparable level to TGFB2.7* Here we
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show that cFN activation of TLR4 is sufficient to induce ECM protein expression increases in
the ONH LC cells (Fig. 4). We tested the necessity and sufficiency of TLR4 activation on ECM
protein production in ONH LC cells using immunocytochemistry. Human ONH LC cells were
grown to confluency on coverslips and treated with TGFB2 (5ng/mL), TAK-242 (15uM), and/or
cFN (10pg/mL). As expected, TGFB2 increased FN (Fig. 4B) and COL1 (Fig. 4]) protein
expression compared to control. This increase was dependent on TLR4 signaling, as the addition
of the selective TLR4 inhibitor TAK-242 blocked the increase of both FN (Fig. 4D) and COL1
(Fig. 4L). Addition of cFN was sufficient to increase total FN (Fig. 4E) and COL1 (Fig. 4M)
protein deposition, and this increase was blocked by inhibition of TLR4 with the select inhibitor
TAK-242 (Fig. 4G, H, O, P). Each experiment was repeated in 2 independent hONH LC cell

strains. These data suggests a TGFB2 — TLR4 signaling crosstalk in the ONH.

Discussion

In primary open angle glaucoma (POAG) the extracellular matrix (ECM) of the LC is
disturbed and remodeled resulting in mechanical failure and fibrosis. Cupping of the ONH and
changes to the ECM of the LC are associated with disorganized and increased deposition of
collagen and elastin fibers.”- 3% 62 Early histological analysis of the glaucomatous ONH in
humans and animal models demonstrated increases in collagen IV, elastin and tenascin.>> 364177
In advanced glaucoma, histological analysis revealed a collapse of the LC plates and the
formation of a fibrotic network of connective tissue. Both the LC cells and ONH astrocytes are
responsible for supporting the RGC axons by synthesizing growth factors and ECM.

Dysregulation of the ECM production and remodeling leads to glaucomatous changes in the

ONH and RGC axon damage.
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The pathogenic and molecular pathways responsible for the structural changes of the LC
in POAG are not completely understood. However, it is well established that aqueous humor
levels of TGFP2 are elevated in POAG patients,!6+1%7 and there is an increase in the levels of
TGFB2 in the ONH.%* 7> ONH astrocytes, LC cells, and activated microglia express and secrete
TGFp2.2% 8- Treatment of ONH astrocytes and LC cells with exogenous TGF2 increases
ECM protein synthesis and secretion as well as phosphorylation of canonical Smad2/3 signaling
proteins in both cell types.®® ® Exogenous TGFp2 also increases co-localization of pSmad2/3
with Co-Smad4 in the nucleus of ONH astrocytes and LC cells.® % Knockdown of connective
tissue growth factor (CTGF), a downstream signaling factor of TGFB2, blocks the induction of
ECM proteins by TGFB2 in ONH astrocytes.”® The dysregulation of these ECM components
could contribute to the fibrotic environment and basement membrane thickening in the LC of the
ONH in glaucoma. In summary, these data suggest that TGFB2 regulates the expression of ECM
proteins in the ONH and the effects of TGFf2 signaling are a major component in the
development of glaucomatous ONH damage. Here we show that there is crosstalk between the
TGFB2 and TLR4 signaling pathways in ONH LC cells, and this signaling crosstalk may also

extend to ONH astrocytes and microglia cells contributing to glaucomatous ONH damage.

TLR4 signaling is known to affect not only immune responses, but also initiate fibrotic
responses in several disease states. In addition, certain alleles of the 7LR4 gene are associated
with an increased risk of glaucoma in some populations.®’-*% 162 Interestingly, an increase in
tenascin C, a large ECM glycoprotein and DAMP, has previously been reported to be increased

in the glaucomatous ONH.%* 16 Here, we show an additional DAMP, FN-EDA, to be elevated in
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the glaucomatous ONH and modulate TLR4-TGFf2 signaling crosstalk in LC cells. TLR4-
TGFp2 signaling crosstalk is likely regulated by the TGF pseudoreceptor BMP and activin
membrane-bound inhibitor (BAMBI). TLR4 activation downregulates Bambi expression, which
enhances TGFp signaling leading to increased ECM production.”® ** BAMBI downregulation by
TLR4 is regulated by a MyD88-NFkB-dependent pathway.”* 159 1531 BAMBI functions to inhibit
TGF signaling by cooperating with SMAD7 and impairing SMAD?3 activation, while
knockdown of Bambi expression enhances TGFp signaling.”® Bambi is known to be expressed in
both human ONH astrocytes and LC cells.!> These data suggest a crosstalk between TLR4 and
TGFP signaling pathways in LC cells (Fig. 5). Activation of TLR4 downregulates BAMBI
leading to unopposed TGF signaling and fibrogenesis. Since the fibrotic response leads to the
accumulation of endogenous TLR4 ligands such as FN-EDA and tenascin C, a feed-forward loop
could develop leading to a further progression of the fibrotic response. Future studies will

elucidate the exact molecular mechanism of TLR4 and TGFp signaling crosstalk in the ONH.

The structure of the collagenous lamina cribrosa beams are disrupted in glaucoma.
Increases of COL4 are seen in the LC region of ONH,® and LC primary cell lines isolated from
human glaucomatous optic nerve heads have significantly higher COL1 and COL5S mRNA
expression than healthy control lines.>* COL1 protein expression also increases in other fibrotic
diseases,!”® and collagen VI staining also increases in other tissue types during stress.!”
Concurrently, there is a marked loosening of the collagen matrix and significant loss of collagen
fibers in the LC region of the ONH in POAG human tissue.!”” Both COLVIII and COLXIII
mRNA are downregulated when comparing LC cell mRNA synthesis from healthy versus

glaucomatous derived primary cell cultures.>* This all suggests a disruption of collagen fibrils
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and density leading towards disease progression and pathogenic ECM modifications. Our results
recapitulate previous literature in that TGF2 treatment increases COL1 deposition,>® and we
further show that this increase is TLR4 dependent. In addition, we demonstrate that FN-EDA
treatment is also sufficient in increasing COL1 expression in a TLR4-dependent manner. Future
studies will look at other individual collagen subtype changes in glaucoma progression in the

LC.

In conclusion, we show novel findings highlighting increased FN and the DAMP FN-
EDA expression in the LC region of the glaucomatous human ONH. TGFf2-TLR4 crosstalk in
hONH LC cells is involved in the production and regulation of the ECM. Both TGFf2 and cFN
containing the EDA isoform can increase ECM protein expression in LC cells, as well as
increase the production of the DAMP FN-EDA in the LC cells, and inhibition of TLR4 blocks
these effects. These results provide insights into a novel pathway that could be driving glaucoma
disease progression and eventual loss of vision. Understanding these cellular signaling

mechanisms behind ONH damage offers new targets for developing further treatment therapies.
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Figure Legends

Figure 1. FN and FN-EDA expression in the LC region of normal and glaucomatous human
ONH. (A) A cross-section of a hONH with (B-D) inserts of representative imaging locations of
the (B) prelaminar, (C) LC, and (D) retrolaminar sections of the hONH. Immunohistochemistry
images of the LC region of (E-M) healthy or (N-V) glaucomatous hONHs from donor eyes.
Images show an increase in FN (O, R, U) and FN-EDA (P, S, V) expression in the LC region of
glaucomatous (n=3) compared to healthy (n=3) eyes (F, I, L, and G, J, M respectively). Scale bar

represents 200 pm (A) 20um (B-M). (FN=green; FN-EDA=red; DAPI=blue.)

Figure 2. Isolation and characterization of LC cells from hONH explants. (A-C) Progressive
removal of the RPE, peripapillary sclera, and ON from the ONH in initial isolation. The ONH
explant was then cultured to isolate the LC section as previously described.®® (D) Representative
western immunoblot for GFAP and aSMA. ONH LC cells were positive for aSMA and negative
for GFAP. (E-G) Immunocytochemistry staining of hONH LC cells were positive for aSMA (F)

and negative for GFAP (G). Scale bar represents 100pm.

Figure 3. Inhibition of TLR4 blocks TGFp2-induced ECM protein expression. (A, B)
Primary hONH LC cells (n = 3 strains, each repeated in 2-3 independent experiments) were
pretreated with TAK-242 for 2 hours, and subsequently treated with TGFB2 (5 ng/mL) and/or
TAK-242 (15uM) for 72 hours. Western immunoblot for (A) FN and (B) FN-EDA show that
inhibition of TLR4 signaling via TAK-242 blocks the fibrotic effects of TGFB2. Protein

expression is normalized to GAPDH signal. (C) Representative immunoblots of FN and
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respective GAPDH protein expression, and (D) FN-EDA and respective GAPDH protein
expression. Protein expression is imaged on a Licor OdysseyCLx system in infrared, with a
secondary antibody of Li-Core Goat anti-rabbit IRDye 680RD for total FN imaged in the red
channel and Li-Core Goat anti-mouse IRDye 800CW for FN-EDA imaged in the green channel,
and normalized to the same GAPDH for the specific membrane. Representative blots were then
pseudo colored to black and white. Statistical significance was determined by 1-way ANOVA

and Tukey’s post hoc analysis. *P < 0.05, **P < 0.01.

Figure 4. TLR4 signaling is necessary and sufficient for ECM accumulation in hONH LC
cells. Primary hONH LC cells (n = 2 cell strains) were grown to confluency on coverslips and
left untreated for control (A) or treated with TGFB2 (B, D, F, H, J, L, N, P) and/or cFN
containing the EDA isoform (E-H, M-P). Cells involved in investigating the role of TLR4
signaling were pretreated with the selective TLR4 inhibitor TAK-242 (C, D, G, H, K, L, O, P) for
2 hours, followed by treatment with TGFB2 and/or cFN for 72 hours. Immunocytochemistry
shows that activation of TLR4 signaling by TGFB2 and cFN increase staining signaling for FN
and COL1 compared to controls. Inhibition of TLR4 signaling blocks the effects of all

treatments. Scale bar represents S0um.

Figure 5. Crosstalk of TGFB2 — TLR4 signaling in LC Cells. TGFp2 activates the TGFf3
receptor complex, phosphorylating Smad2/3. pSmad2/3 forms a complex with Smad 4, which
translocates to the nucleus to act as a transcription factor increasing pro-fibrotic and pro-
inflammatory gene transcription, including the production of DAMPs. These DAMPs are then

able to activate TLR4 signaling, increasing NFxB through the MyD88 dependent pathway. NFxB
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translocates to the nucleus acting as a transcription factor, inhibiting the transcription of Bambi,
which acts as a negative regulator of the TGFP2 signaling cascade. Thus, these two pathways act

in a feedforward loop.
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Figure 2. Isolation and characterization of LC cells from hONH explants.
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Figure 3. Inhibition of TLR4 blocks TGFp2-induced ECM protein expression.
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Figure 4. TLR4 signaling is necessary and sufficient for ECM accumulation in hONH
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Figure 5. Crosstalk of TGFp2 — TLR4 signaling in LC Cells.
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Chapter 3: Pathogenic paracrine signaling between ONH astrocytes and

lamina cribrosa cells

Adapted from: Emma K. Geiduschek, Kelsey M. Mathers, Colleen M. McDowell. Preprint.
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Abstract

It is well known that increased extracellular matrix (ECM) deposition and fibrosis occur
at the layer of the lamina cribrosa (LC) in the glaucomatous optic nerve head (ONH). Previous
research indicates a role of both transforming growth factor — B2 (TGFB2) and toll-like receptor
4 (TLR4) signaling in perpetuating this fibrosis within LC cells. Here, we expanded on this work
and investigated TGFB2-TLR4 signaling crosstalk within human ONH astrocytes and between
ONH astrocytes and ONH LC cells derived from healthy donor eyes utilizing a co-culturing
system. In astrocyte monocultures, TLR4 signaling was necessary for TGF2-induced
fibronectin (FN) and FN — extra domain A (FN+EDA) protein production. FN+EDA acts as a
potent damage associated molecular pattern (DAMP) and is known to activate TLR4 signaling.
In the co-culture system, activation of TLR4 in LC cells by cellular FN, which contains the
DAMP FN+EDA, was sufficient to increase total FN and tenascin-C protein expression, another
TLR4-activating DAMP. Activation of TLR4 in LC cells was also able to significantly increased
FN and tenascin-C protein expression in the astrocytes, and subsequently blocking TLR4 in the
astrocytes prevented astrocyte production of these ECM proteins. Thus, these data show a novel

paracrine signaling between ONH astrocytes and LC cells.

Introduction

The glaucomas, a heterogenous group of ocular neuropathies, are currently the leading
cause of blindness, estimated to effect 75 million individuals worldwide.!-? Currently, the only
therapeutic involves lowering the interocular pressure (IOP), decreasing aqueous humor

production, or targeting the trabecular meshwork (TM). However, these therapies are not
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uniformly effective across the patient population, indicating a crucial need for a better

understanding of the molecular and cellular signaling resulting in progressive vision loss.” 12 157

Multiple insults in the ONH, including mechanical stress, hypoxic microenvironments,
and loss of nutrient and neurotrophic transport all contribute to the loss of RGCs and eventual
vision loss.!* 16 Damage and disruption to the exiting RGCs occurs primarily in the lamina
cribrosa (LC) region of the ONH due to the sharp 90° turn the axons make while exiting the eye
to form the optic nerve (ON).!* 17 The LC is made up of connective tissues and extracellular
matrix (ECM) proteins that create a framework to physically support the exiting RGC axons.
Additional support cells, such as astrocytes and microglia, are also present in the LC and
function to deliver nutrients to the RGC axons. Disruption and increased deposition of ECM
proteins in glaucoma leads to the eventual mechanical failure of the LC region.? > %2 These
biomechanics of the LC region have been extensively studied and highly implicated in
glaucomatous pathophysiology,'® with changes in the stiffness and elasticity of the LC region
disrupting the interaction between the exiting RGC axons, LC scaffolding, and the supporting

cells of the ONH.

The ONH is populated by glial fibrillary acidic (GFAP)-positive astrocytes, a-smooth
muscle actin (aSMA) positive LC cells, and Ibal positive microglia. Astrocytes are the most
common glial cell in the human ONH,?? and facilitate nutrient transport and produce ECM
proteins to physically support of the exiting RC axons.?* LC cells are the primary source of
secreted ECM proteins which also physically support the exiting RGC axons.*® Finally, microglia

are the innate immune cells of the central nervous system.!®2!-22 All three cell types have been
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associated with glaucomatous pathophysiology, but the critical signaling pathways within and

between the cell populations is still poorly understood.

The drastic changes in ECM production and increased fibrosis in the glaucomatous LC
region of the ONH have been extensively review. ! 4% 5% 60 Pogterior migration of the ONH and
remodeling of the LC region occurs due to elevated IOP which exerts significant biomechanical
stress and strain on the ONH.6! Both the astrocytes and LC cells have been shown to increase
ECM protein production during glaucoma progression or when exposed to glaucoma-like
environments.?? 36 68 158 ITmmune system activation has been significantly linked to the increase
in ECM protein expression in the glaucomatous ONH,?** ¢ including the activation of TLR4 in
the glaucomatous ONH,>® TM,”* and other fibrotic diseases.”*-*> TLR4 activation, downstream
signaling molecules, and 7LR4 gene polymorphisms have all been associated with an increased
risk for developing glaucoma and glaucomatous pathophysiology.>% 79799 162, 180 TL R4 first
discovered as the receptor for lipopolysaccharide (LPS) on gram-negative bacteria,'® can be
activated by endogenous damage associated molecular patterns (DAMPs). DAMPs are generated

in response to cell injury or death, oxidative stress, or ECM remodeling.!%% 6!

Previous work in our lab has identified TLR4 as a critical modulator of ECM production
in the human TM and ONH LC cells, as well as in response to ocular hypertension.’% 74
Specifically, DAMP activation of TLR4 has been shown to mimic and augment transforming
growth factor — B (TGF) fibrotic responses.’: 7+ 3 151 These DAMPs, including fibronectin

extra domain A (FN+EDA), tenascin-C, and heat shot proteins have shown increased expression

in the glaucomatous ONH in both humans and mouse models.>® 163 We have previously shown
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that FN+EDA increases IOP in a novel mouse model of glaucoma through the TLR4 signaling
pathway,”® and that functional TGFB2 induced fibrosis requires functional TLR4 signaling.’% ™
TGFp2 is the predominate TGF isoform in the ONH, and is known to have increased expression
in the glaucomatous aqueous humor and ONH.”> 164167 We and others have shown that TGFB2

exposure increased ECM DAMP production in TM cells and human ONH LC cells.>¢ 74

Notably, ONH astrocytes, LC cells, and microglia are known to express both TLR4 and
TGFP receptors, as well as secrete TGFB2. This indicates a potential mechanism of both
autocrine and paracrine signaling within the glaucomatous ONH that can exacerbate ECM
production and negative effects on the ONH, leading to eventual RGC loss and blindness in
glaucomatous patients. Here we demonstrate integral signaling crosstalk between TLR4 and
TGFp2 signaling in monocultures of human ONH astrocytes, as well as a mechanism for
paracrine signaling in co-cultures of human ONH LC cells and astrocytes. These results suggest
that DAMP activation of TLR4 via TGF2 signaling may have important implications in the

glaucomatous ONH.

Methods

Human donor eyes

For the isolation of primary ONH astrocytes and LC cells, healthy human donor eyes
were obtained from the Lions Eye Bank of Wisconsin (Madison, WI) within 24hr of death (ages
54 — 80). The eyes were obtained and managed in compliance with the Declaration of Helsinki
for research involving human tissues. In addition, primary human LC cells and astrocytes were

received as a generous gift from Dr. Abe Clark at the University of North Texas Health Science
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Center. Culture strains were characterized as previously described 3¢ 127- 158174 ' C cells were
cultured and maintained in Ham’s F-10 growth media (Corning, REF# 10-070-CV) containing
10% fetal bovine serum (FBS, Avantor, REF# 97068-085), L-glutamine (0.292 mg/mL, Corning,
REF#25-005-CI), and penicillin (100units/mL)/streptomycin (0.1mg/mL). Astrocytes were
cultured and maintained in astrocyte medium (ScienCell, REF#: 1801) containing 20% fetal
bovine serum (FBS, Avantor, REF# 97068-085) and included supplements
penicillin/streptomycin (ScienCell, REF#: 0503) and astrocyte growth supplement (ScienCell,

REF#: 1852). Medium for LC cells and astrocytes were replaced every 2-3 days.

TLR4 inhibition and activation in astrocyte monocultures

Primary human ONH astrocyte cells were grown to confluency before being pretreated
with the selective TLR4 inhibitor TAK-242 (In vivoGen, San Diego, CA, USA) at 5uM for 2
hours. TAK-242 is a selective TLR4 inhibitor that specifically binds to the intracellular domain
of TLR4 to inhibit downstream signaling activation.!8!- 132 Cells were subsequently treated with
or without exogenous TGFB2 (5ng/mL) for 72 hours in serum-free medium.
Immunocytochemistry and western blot experiments and analysis were performed after as

described below.

TLR4 inhibition and activation in astrocyte and LC co-cultures

Primary human ONH astrocytes (2 independent cell strains) were grown to confluency in
cell culture inserts (Greiner Bio-One, REF#: 665610) (Fig. 1A). Once confluent, astrocytes in the
culture inserts were pretreated with TAK-242 at SuM astrocytes. After 2 hours, the TAK-242 was

removed and replaced with serum-free media for the remainder of the experiment. Subsequently,
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LC cells were exposed to cFN+EDA coated 12-well cell culture plates. Wells from these 12-well
plates were coated with 180uL cFN containing the FN+EDA isoform (10pg/mL, Sigma-Aldrich
Corp., REF#: F2518) and air dried for 2 hours under sterile conditions. Once dried and the TAK-
242 pretreatment was complete for the astrocytes in the cell culture inserts, LC cells fro one
independent cell strain were seeded onto the cFN coated or uncoated 12-well plate wells in
serum free medium. The cell culture inserts were then placed into the seeded cell wells. The use
of the cell culture inserts allowed for the free distribution of signaling molecules from each cell
type without direct cell-cell contact in four different treatment groups (Fig. 1B). In the control
group, astrocytes were grown to confluency and not pretreated with TAK-242, while LC cells
were directly seeded onto wells without cFN coating (Fig. 1B). In the cFN group, astrocytes
were not pretreated with TAK-242, and LC cells were seeded onto cFN coated wells (Fig. 1B). In
the TLR4i group, astrocytes were pretreated with TAK-242 for two hours, the media was washed
off and replaced with fresh serum free media and combined with LC cells seeded onto blank
wells (Fig. 1B). Finally, in the last group astrocytes were pretreated with TAK-242 for two hours
before the media was washed off and replaced with fresh serum free media, and the LC cells
were seeded onto cFN coated wells (Fig. 1B). Cells were left for 72 hours before subsequent
western blot analysis described below. A total of 5 independent co-culture experiments were

performed.

Immunocytochemistry

Primary human ONH astrocytes were seeded onto coverslips in a 12-well plate and
grown to confluency. Once confluent, cells were treated with combinations of the TLR4 inhibitor

TAK-242 and TGFB2 as previously described for 72 hours. After 72 hours, coverslips were
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washed 3 times with 1X PBS, fixed with 4% paraformaldehyde (PFA), permeabilized with
0.95% Triton X-100 in PBS, and blocked using Superblock Blocking Buffer (Thermo Fischer
Scientific, REF# 37580) for 60 minutes at RT. Cells were labeled overnight in 4°C with rabbit
anti-fibronectin (Sigma-Aldrich, REF#: F3648, 1:100) or rabbit anti-collagen-I (Novus
Biologicals, REF#: NB600-408, 1:100). Treatment without primary antibody was used as a
negative control. After the overnight incubation, coverslips were again washed 3 times in 1X
PBS before incubation in Alexa Fluor 488 donkey anti-rabbit IgG 2° antibody (Invitrogen —
Thermo Fischer Scientific, REF#: A21206, 1:200) for 1 hours. Slides were then washed 3 times
with 1X PBS before mounted to slides with Prolong Gold mountain medium containing DAPI
(Invitrogen-Molecular Probes). Image acquisition was performed using Zeiss Axio Imager Z2

microscope at 40X. Scale bar represents 20pm.

Western blot analysis

Primary human ONH astrocytes or LC cells were treated with TAK-242, TGFB2, or cFN
as previously described.>® After 72 hours of exposure to specific treatments, cell lysates were
collected using Pierce RIPA lysis buffer (Pierce RIPA Buffer, Thermo Fischer Scientific, REF#:
89901; cOmplete mini, EDTA-Free protease inhibitor cocktail, Thermo Fischer Scientific, REF#:
11836170001; PhosSTOP, Sigma-Aldrich, REF#: 04906837001). Lysate protein concentration
was determined by the Pierce BCA Protein Assay Kit (Thermo Fischer Scientific, REF#: 23225).
Each loading sample for subsequent western blot analysis contained 7.5ug of protein and the
appropriate amount of 4X Protein Loading Buffer (Li-Core, REF#: 928-40004). Samples were
then boiled for 10 minutes and separated using a 4-12% Bolt Bis-Tris Plus mini gel (Invitrogen,

REF#: NW04120BOX) at 200V for 65 minutes. Proteins from these electrophoresed gels were
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transferred to polyvinylidene (PVDF) membranes (Bio-Rad Immun-Blot, REF#: 1620177) using
the Mini Gel Tank wet transfer (Invitrogen, REF#: A25977) at a constant 20V for 1 hour.
Membranes were then left to dry at RT for 1 hour before using the Revert 700 Total Protein Stain
(Li-Core, REF#: 927-60001). After subsequent total protein staining and washing, blots were left
at room temperature for 1 hour in Intercept Blocking Buffer (Li-Cor, REF#: 927-60001) and
incubated in 1° antibodies overnight at 4°C: Fibronectin (Sigma — Aldrich, REF#: F3648,
1:1000), and/or FN+EDA (IST-9) (Abcam, REF#: ab6328, 1:500), and/or Tenascin (Millipore,
REF#: AB19011, 1:500). Membranes were then washed 3 times for 5 minutes in 1X TBS-T
before incubation in the appropriate 2° antibodies for 1 hour a room temperature in Intercept
Blocking Buffer: 1:20,000 goat anti-rabbit IRDye 680RD (LI-COR, REF#: 926-68071), 1:20,000
goat anti-mouse IRDye 800CW (LI-COR, REF#: 926-32210), or 1:10,000 goat anti-rabbit
IRDye 680RD (LI-COR, REF#: 926-68071). Membranes were then washed 3 times in 1X PBS
for 5 minutes and then imaged on a Licor OdysseyCLx system. Each experiment was repeated 2-
3 times in each individual cell strain, and a total of 3 independent strains were tested. Band
intensity for total protein and proteins of interest were measured using Image Studio Lite (LI-
COR Biosciences, Lincoln, NE, USA), and each target protein of interest densitometry value was
normalized against either its corresponding total protein values. Data is presented as fold change

compared to control, represented as the mean +/- SEM.

Results
Characterization of human ONH Astrocytes
The ONHs were dissected form healthy donor eyes, and the explant placed into culture to

propagate either LC cells or astrocytes as previously described.’® 174 Representative
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immunocytochemistry images from two independent ONH astrocyte strains show isolated
astrocytes are GFAP positive and aSMA negative (Fig. 1). The LC cells have been previously
characterized,>® and the astrocyte cell strains were isolated from different healthy donor eyes

with no history of ocular disease.

Inhibition of TLR4 blocks TGFp2-induced FN and FN+EDA production in primary human
ONH astrocytes.

As previously stated, it is well known that TGFB2-induced fibrosis is known to affect
ONH glaucomatous disease progression.®® TGF2 has been shown to induce ECM production in
human ONH LC cells.>® 6% ¢ Here, we show that TGFp2 is sufficient to induce ECM protein
expression increases in human ONH astrocytes. Specifically, TGFB2 exposure caused
statistically significant increases in FN (Fig. 2A) and FN+EDA (Fig. 2B) compared to total
protein levels (Fig. 2C, D). Concurrent inhibition with the selective TLR4 inhibition, TAK-242,
rescues this phenotype and returns protein expression levels back to baseline, with no significant
differences between control and TGFB2 + TAK-242 treatment groups. As expected, FN+EDA
levels were negligible in the control treated cells as the levels of FN+EDA are typically minimal
in normal healthy cells.'®® Immunocytochemistry analysis of astrocytes recapitulates these results
with TGFP2 and TAK-242 treatments (Fig. 2E-H). TGFB2 induced significant increases of FN
protein expression, and concurrent TLR4 inhibition returned protein levels back to baseline (Fig.

20).

DAMP FN+EDA-induced fibrosis in human ONH LC cells is sufficient to induce ECM

protein expression increases in human ONH astrocytes via paracrine signaling.
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Previously, we have shown that DAMP exposure to human LC cells significantly
increases ECM production in a TLR4-dependent manner through autocrine signaling.>® Here we
utilize a co-culture system that allows for LC cells alone to be exposed to cFN and astrocytes
alone to be exposed to the TLR4 inhibitor TAK-242 before combining insert and plate, allowing
for both cell populations to share media without being in direct contact (Fig. 1A). This allows for
the harvesting and analysis of LC cell and astrocyte cell populations independently. Western
immunoblot analysis represent protein expression changes in either LC cells or astrocytes, never
a mixed culture. Here we show that LC cell exposure to cFN, which contains the DAMP
FN+EDA, significantly increases total FN protein expression (Fig. 4A) and the DAMP tenascin-
C (Fig. 4B).!92 Interestingly, tenascin-C is known to activate TLR4 signaling,!02 10%- 180
implicating it as a crucial signaling molecule progressing glaucomatous damage in the ONH. We
also show that astrocytes in co-culture with LC cells exposed to DAMPs have significant FN and

tenascin-C protein expression (Fig. 4E, F), and that this increase in protein expression is blocked

when the astrocytes are pretreated with the selective TLR4i inhibitor, TAK-242.

Discussion

In primary open angle glaucoma (POAG), the ONH is the primary cite of damage.
Changes including increased immune activation, hypoxic microenvironments, ECM remodeling,
loss of nutrient transport, and mechanical failure and fibrosis all significantly contribute to
glaucomatous pathophysiology and disease progression. There are significant increases of ECM
protein deposition, such as fibronectin, collagens, elastin, and the DAMPs tenascin-C and
FN-+EDA, in the glaucomatous ONH in humans and animal models.>® 6364177 Both the

astrocytes and LC cells are responsible for producing these ECM molecules to help support the
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exiting RGC axons. Pathogenic changes to the ONH leads to eventual RGC death and

progressive vision loss seen in glaucoma.

The molecular and cellular signaling pathways within and between the LC cells and
astrocytes in the glaucomatous ONH are not fully understood. It is well established that TGF(2
levels are increased in the AH and ONH of POAG patients,5* 7> 164167 though how TGF[2-
induced fibrosis affects and/or activates LC cells and astrocytes in the ONH is also not fully
understood. ONH astrocytes and LC cells both express TLR4,%:3 TGFf2,3! 6% 100 and TGFp-
receptors.’® 3! This enables a potential for autocrine and paracrine TLR4-TGFf2 signaling
crosstalk within these cell types. Treatment of ONH astrocytes or LC cells with TGFB2 increases
the activation of the canonical Smad2/3 signaling pathway, resulting in increased ECM
production.®® - 159 Many ECM proteins are DAMPs, such as FN+EDA and tenascin-c!%2, and are
able to activate TLR4 signaling.!%? The TLR4-MyD88-dependent pathway leads to the
production and translocation of NF«B to the nucleus where it acts as a potent transcription factor
for initiating immune system signaling in the cells. One such target is the downregulation of the
TGF pseudoreceptor BMP and activin membrane bound inhibitor (BAMBI).?* Thus, TGFB2-
induced DAMP production activates TLR4, which downregulates a TGFB2 inhibitor, and can
initiate a vicious feed forward cycle.>® %9 Here we show this pathogenic TGFB2-TLR4 crosstalk
in human ONH astrocyte monocultures, as well as in co-culture between ONH LC cells and
astrocytes. These data suggest that the response of LC cells to fibrotic changes in the ONH can

elicit a further pathogenic response in ONH astrocytes.
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DAMP activation of LC cells induced a fibrotic phenotype, significantly increasing
protein expression of both FN and tenascin-C, a known DAMP (Fig. 4A, B). The response of the
LC cells to cFN+EDA was sufficient to induce a fibrotic phenotype in astrocyte cells,
significantly increasing FN and tenascin-C protein levels (Fig. 4E, F). Thus, stimulated LC cells
can induce a fibrotic phenotype in astrocytes via paracrine signaling. Tenascin-C protein
expression was significantly upregulated in both LC cell and astrocyte populations (Fig. 4B, F).
Tenascin-C is an adhesion-modulating ECM protein due to its ability to bind to FN and other
ECM proteins, altering ECM-cell signaling.'®+!88 In healthy tissue, tenascin-C protein levels are
negligible outside of specific stem cell populations and tendons, however tenascin-C levels
significantly increase in response to biomechanical strain and/or inflammation in tissues, !3%-1%1
and is known to be significantly upregulated in the human glaucomatous ONH.** Importantly,
SMAD2/3 signaling has been shown to upregulate tenascin-c transcription, indicating a direct

role of TGFP2 signaling on tenascin-C activation. Future studies are needed to explore the

interactions of the DAMP tenascin-C on ECM production in vivo in the glaucomatous ONH.

Conclusion

In conclusion, these data begin to identify the complex interplay between the cells of the
ONH in glaucoma. We show pathogenic TGFB2-TLR4 signaling crosstalk in human ONH
astrocyte monocultures, and we have identified that DAMP activation of LC cells induces
fibrosis in astrocyte cell cultures in a TLR4-dependent manner. These data indicate an important

role of paracrine signaling in perpetuating fibrotic damage in the glaucomatous ONH.
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Chapter 3 Figure Legends
Figure 1. Timeline of co-culture experiments and treatment groups. Primary hONH
astrocytes (n = 3 independent experiments from 2 cell strains) were grown to confluency on cell
culture inserts. Once confluent, astrocytes were pretreated with TAK-242 (5uM) for 2 hours.
Concurrently, empty cell culture plates were treated with cFN (ug/mL) and left to dry for 2
hours. After 2 hours, TAK-242 was washed off the astrocyte cell culture inserts and replaced
with fresh serum free media, and LC cells (» = 3 independent experiments from 1 cell strain)
were seeded onto blank or cFN coated wells (A). Cell culture inserts were then inserted into cell-
culture plate and left for 72 hours. Co-Culture experiments consisted of four treatments groups
with or without TLR4 inhibition in astrocytes only, and with or without cFN coated plates with

LC cells (B). Created with BioRender.com.

Figure 2. Isolation and characterization of human ONH astrocytes and LC cells from the
LC region of human explants. Human ONH LC cells and astrocytes were isolated and
characterized as previously described.’® '"* Representative ICC staining of GFAP+ (A), aSMA-

negative (B) astrocyte cell cultures. 40X magnification, scale bar represents S0pm.

Figure 3. Inhibition of TLR4 blocks TGFp2-induced ECM and DAMP protein expression.
Primary hONH astrocytes (n = 3 independent experiments from 2 cell strains) were pretreated
with TAK-242 (5uM) for 2 hours, and subsequently treated with TGFB2 (5 ng/mL) and/or TAK-
242 (5uM) for 72 hours. Western immunoblot for total FN (A) and FN+EDA (B) show that
inhibition of TLR4 via the selective inhibitor TAK-242 blocks the TGFp2-induced fibrotic and

DAMP protein expression. Representative immunoblots of FN and respective total protein stain
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(C), and FN+EDA and respective total protein stain (D). Primary hONH astrocytes (n = 3
independent experiments from 1 cell strain) were pretreated with TAK-242 (5uM) for 2 hours,
and subsequently treated with TGFB2 (5 ng/mL) and/or TAK-242 (5uM) for 72 hours. ICC for
total FN (E) show that inhibition of TLR4 blocks the TGFp2-induced increases of FN protein
expression. Representative ICC images (F-I). Statistical significance was determined by 1-way

ANOVA and Tukey’s post hoc analysis. *P < 0.05, **P < 0.01.

Figure 4. DAMP-activated LC cells significantly increase astrocyte ECM production in a
TLR4-dependent manner Primary hONH LC cells (n = 3 independent experiments from 1 cell
strain) were plated onto cFN coated wells in a 12-well plate for 72 hours. Western immunoblot
for total FN (A) and tenascin-C (B) show that activation of TLR4 by the DAMPs in cFN
significantly increase ECM production. Representative immunoblots of FN and respective total
protein stain (C), and tenascin-C and respective total protein stain (D). Primary hONH astrocytes
(n = 2-3 independent experiments from 2 cell strains) were plated onto cell culture inserts and
grown to confluency. Once confluent, astrocytes were pretreated with the selective TLR4
inhibitor TAK-242 before being inserted into the plate with LC cells, allowing for shared media
without direct contact. Western immunoblot for total FN (E) and tenascin-C (F) show that
DAMPs from activated LC cells increase astrocyte ECM production via paracrine signaling.
Representative immune blots for FN and respective total protein stain (G), and tenascin-C and
respective total protein stain (H). Statistical significance was determined by 1-way ANOVA and

Tukey’s post hoc analysis. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < (0.0001.



Figure 1. Timeline of co-culture experiments and treatment groups.
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Figure 2. Isolation and characterization of human ONH astrocytes and LC cells from the

LC region of human explants.
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Figure 3. Inhibition of TLR4 blocks TGFp2-induced ECM and DAMP protein expression.
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Figure 4. DAMP-activated LC cells significantly increase astrocyte ECM production in a

TLR4-dependent manner.
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Chapter 4: DAMPs Drive Fibroinflammatory Changes in the Glaucomatous ONH

Adapted from: Emma K. Geiduschek, Emma K. Bricco, Colleen M. McDowell. DAMPs Drive

Fibroinflammatory Changes in the Glaucomatous ONH. In review.
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Abstract

Purpose: The ONH is well known to be the initial site of glaucomatous damage. However, the
molecular mechanisms initiating this pathology are not fully understood. To further understand
the initiating factors in glaucomatous damage we utilized a novel mouse model of glaucoma,
B6.EDA"" mice, that constitutively express FN containing the EDA domain (FN+EDA).

FN+EDA is a known DAMP that activates TLR4 and elicits a fibro-inflammatory response.

Methods: Eyes from B6.EDA** and C57BL/6J mice were evaluated for RGC death, RNFL
thickness, and ON damage at 12 months and 22 months of age. ONH sections were isolated
using laser capture microdissection (LCM) for subsequent RN Asequencing and gene set

enrichment analysis (GSEA). GSEA results were confirmed using IHC staining.

Results: B6.EDA"* mice exhibit significantly higher IOP, loss of RGCs, thinning of the RNFL,
and progressive levels of ON damage at 12 months and 22 months of age compared to C57BL/6J
controls. Protein expression of DAMPs FN+EDA and biglycan were significantly increased in
B6.EDA"* mice compared to C57BL/6J controls. GSEA analysis identified significantly up-
and down-regulated gene groupings at both 12 months and 22 months of age, and IHC staining
demonstrated significant increases of IFNa, IFNp, and pSTAT1 expression in B6.EDA™* mice

compared to C57BL/6J controls.

Conclusions: Our study characterizes glaucomatous changes to the retina, ON, and ONH over

the course of two years and identifies novel molecular pathways associated with these



pathophysiological changes. These data indicate time specific DAMP production and immune

system signaling in a novel mouse model of glaucoma.

Keywords: Glaucoma, FN+EDA, Optic nerve head, Interferons, STAT1
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Introduction

Glaucoma is characterized by the loss of retinal ganglion cells (RGCs) and subsequent
optic nerve head (ONH) damage resulting in a progressive loss of vision over time.*> The
primary site of RGC axonal damage occurs at the layer of the lamina cribrosa (LC) in the ONH,
which consists of a fenestrated stack of extracellular matrix (ECM) proteins that provide both
physical support for the exiting RGC axons, as well as scaffolding for nutrient transport and
vasculature. During disease progression, the ONH undergoes drastic remodeling. Disruption of
the ECM in the LC region causes increased fibrosis, thickening of the connective tissue around
the ON fibers, elastosis, and thickening of the basement membranes resulting in eventual
mechanical failure.?? 3% 62 This ECM dysregulation adversely affects the capacity of the LC to

support the exiting RGC axons.

Previous literature has heavily implicated both pro-fibrotic and pro-inflammatory
signaling cascades in the progression and exacerbation of glaucomatous damage. One
predominate hypothesis indicates that chronic exposure to mechanical stress and strain from
elevated IOP, loss of nutrients, and hypoxic microevironments produce a chronic level of
inflammation through the innate immune system.!3:17-78.7%.83.86 The role of innate immune
system activation and subsequent glaucomatous pathology has been extensively reviewed,!® 78 80
192 often focusing on the role of microglia as the resident macrophages of the central nervous
system immune responses. In homeostatic environments, microglia constantly monitor their local
microenvionments and primarily clear debris and dead cells.?* Upon activation from damage or

in disease states, microglia undergo drastic morphological changes from ramified surveyors to an

ameboid shape and migrate to the cite of damage within a matter of minutes.?!- 2427 Microgliosis
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has been implicated in other CNS diseases such as Alzheimer’s and Parkinson’s disease, as well
as glaucoma.? Activated microglia induce activation of astrocytes, which subsequently produce
pro-inflammatory cytokines and chemokines that are able to initiate innate immune system

signaling through toll-like receptors (TLRs).** 180

Notably, toll-like receptor 4 (71r4) gene polymorphisms have also been associated with
an enhanced risk of glaucoma in populations of different racial backgrounds including Japanese
and Mexican populations.®’”-*% 162 TLR4 was first discovered as the receptor for
lipopolysaccharide (LPS),'? but it is also activated by endogenous ligands called damage
associated molecular patterns (DAMPs). DAMPs are produced in vivo from injury, cell damage,
oxidative stress, or ECM accumulation.!%? 16! TLR4 is known to be expressed in mouse and
human RGC axons, ONH astrocytes, and ONH microglia,*! 4-31-128 indicating it as a global
activator of the innate immune system within the ONH. TLR4 pathway related genes,
downstream ECM genes, and TLR4-activating DAMPs such as tenascin-C, heat shock proteins,
and importantly the EDA isoform of fibronectin (FN+EDA) are differential expression in the

human ONH and retina in glaucoma,34 6 64. 100

FN, a high-molecular weight, multidomain glycoprotein, has previously been shown to be
significantly increased in the glaucomatous TM, AH, and LC region of the ONH.3¢ 74, 169, 193, 194
There are two types of FN found in vertebrates: cellular FN (cFN) and plasma FN (pFN).!4
Splice variants of cFN contains combinations of the EDA domain, the extra domain — B (EDB),
and type III homologies. pFN does not contain the EDA or EDB domains.!!* FN+EDA

expression is high during embryonic development, but lowers to near-negligible expression
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levels in adult tissue.'!® However, during disease states or inflammatory responses, the
expression of FN+EDA is upregulated.!!”-12° Importantly, FN+EDA is increased in the
74, 96

glaucomatous human TM and ONH,>% !2° and acts as a potent activator of TLR4 in TM cells

and ONH lamina cribrosa (LC) cells.>®

Recently, we have shown that TGFB2 induced ocular hypertension is dependent on both
TLR4 and FN+EDA expression.’!: % In addition, constitutive expression of FN+EDA is
sufficient to induce ocular hypertension and modest glaucomatous damage in the retina and
ON.3!-% In this model, B6.EDA"" mice constitutively express FN+EDA. These mice exhibit
TLR4-dependent increased IOP starting from 14 weeks of age.3!- ¢ At one year of age, these
mice have significant reductions in RGCs and increased levels of ON damage.?! Interestingly,
these mice show elevated levels of the microglia marker Ibal as well as increased 7774 mRNA in
microglia compared to age matched controls at 9 months of age, prior to any ONH or ON
damage.’! Here, we test the progressive retinal and ONH damage in this novel mouse model in
an aged state, as well as elucidate transcriptome variations responsible for glaucomatous

changes.

Methods
Animals

The generation of B6.EDA™* mice has been previously described,'!” and constitutively
express only FN containing the EDA domain. C57BL/6J mice were purchased from the Jackson

Laboratories and aged at UW — Madison. All animals were housed in the UW-Madison vivarium,
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maintained a normal 12-hr light/dark cycle, and were fed a 4% fat diet (Harkland Tekland,

Madison, WI, USA) with food and water available ad libitum.

For quantification of RGC loss and preparation for laser capture microdissection (LCM)
of the ONH, mice were euthanized by CO; inhalations and eyes were nucleated. One eye was
frozen on dry ice in optimal cutting temperature (OCT) compound (Sakura REF#4583) for
subsequent LCM and RNA-sequencing. The other eye was prepared for retinal flat mount

analysis (see below).

Intraocular Pressure Measurements

IOP was measured with a rebound tonometer as previously described.?! IOP was
measured in isoflurane anesthetized mice with the TonoLab tonometer (Colonial Medical Supply,

Franconia, NH). All measurements were made during the same 2hr period of the lights-on phase.

Quantification of Optic Nerve Damage

ON damage was assessed in sections of resin embedded ON’s stained with
paraphenylenediamine (PPD). Retro-orbital ONs were embedded in plastic and stained with
PPD, which stains the myelin sheaths and more darkly stains the axoplasm of sick or dying
axons. Each section was ranked for damage by two individuals in a masked manner, and then
subsequently evaluated for consensus, as previously described.!®> 1°® We and others have

previously quantified ON damage using a semi-quantitative ON grading scheme.!>”- 195 197, 198

Here we used a five-point grading scheme.3! 1%
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Quantification of RGC Loss and RNFL Thickness

Loss of RGCs was quantified in RBPMs labeled retinal flat mounts. Dissected retinas
were immersed in 4% paraformaldehyde (PFA) in 100nM PBS for 60 minutes at room
temperature, then transferred to 30% sucrose in PBS. Retinas remained in 30% sucrose in PBS
overnight at 4°C. The retinas were then frozen on dry ice for 10 minutes, then allowed to thaw at
benchtop for 15 minutes. The freeze/thaw cycle was repeated two more times, then retinas were
washed in 1X PBS three times for 1hr each. After the last wash, PBS was removed and retinas
were blocked in 1X PBS containing 2% BSA and 0.1% TritonX-100 overnight. RGCs were
labeled using anti-RBPMs antibody (PhosphoSolution - 1830) at 1:100 dilution overnight at 4°C.
Primary antibody was washed off with 1X PBS three times for 1hr each. Following the washes,
the retinas were incubated with Cy-3 conjugated Donkey anti-rabit (Jackson ImmunoResearch-
711-165-152) at 1:200 dilution overnight at 4°C. Slides were then washed in 1X PBS three times
for 1hr each and mounted with Vectashield Mounting Medium containing DAPI (Vector
Laboratories #H-1200-10) and coverslipped. Retinal images were collected using Zeis Axio
Imager Z2 microscope. RBPMs positive cells were counted in 8 central and 8 peripheral regions
of the retina, modified from previously described methods.?! Two quadrants (280pm x 180um)
located 0.7mm (central region) and 1.4mm (peripheral region) away from the ONH in each
cardinal direction were selected. Cells were counted in a masked manner. The RGC count was
obtained for each retina by averaging the 16 fields and determining the average RGC count per

square millimeter.
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Thinning of the retinal nerve fiber layer (RNFL) was quantified in cresyl violet stained
cross sections. Sections were imaged by light microscopy and RNFL thickness was quantified

using Imagel.

Immunohistochemistry

IHC procedures were utilized as previously described.”® The OCT compound was
removed through two washes in 1X PBS for 2 minutes each before the tissue was dried via
subsequent washing in 70% ethanol for 2 minutes, then 100% ethanol for 2 minutes, and left to
dry at RT for 10 minutes. Slides were washed in 1X PBS for 5 minutes, then incubated in 0.1%
Triton-X (Sigma-Aldrich REFX100) at RT for 15 minutes to permeabilize the cell membranes.
Slides were subsequently blocked for 1 hour at RT in Superblock Blocking Buffer in PBS
(REF37580, Thermo Fisher Scientific) before being incubated at 4°C overnight in primary
antibody: mouse-anti-fibronectin (IST-9, binds the EDA domain) (Abcam REF#: ab6328, 1:100),
rabbit-anti-biglycan (Invitrogen, REF#: PA5-76821, 1:100), rabbit-anti-interferon-a (Invitrogen,
REF#: PA5-119640, 1:100), mouse-anti-interferon-y (Invitrogen, REF#: PA1-24782, 1:100),
and/or rabbit-anti-phospho-STAT1 (Tyr701) (Invitrogen REF#: 44-376G, 1:100). Slides were
then washed in 1X PBS for 5 minutes 3 times at RT before being incubated at RT for 1hr in 2°
antibody: Cy3 conjugated donkey-anti-rabbit (Jackson ImmunoResearch, REF#: 711-165-152,
1:200) and/or Cy5-conjugated donkey-anti-mouse (Jackson ImmunoResearch, REF#:
715175150, 1:200). Slides were again washed in 1X PBS for 5 minutes 3 times at RT and
mounted with Prolong Gold mounting media containing DAPI (Invitrogen-Molecular Probes).
Image acquisition was preformed using Zeiss Axio Imager Z2 microscope at 20X. Scale bar

represents S0um.
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Laser Capture Microdissection

1.0 mm Polyethylene naphthalate (PEN) MembraneSlides (1.0 mm, Carl Zeiss
Microimaging GmbH, German) were prepared for LCM. To ensure that PEN MembraneSlides
are RNase-free and to additionally sterilize the membrane slides, membrane slides were
incubated at 180 °C for 4 hours as recommended by Zeiss. 10um thick frozen sections were

mounted on previously treated PEN MembraneSlides with 8 sections per slide and stored at —

80°C.

To visualize and map the ONH within each section, the sections were stained with cresyl
violet as previously described.!” Slides were stained and processed one slide at a time to prevent
RNA degradation that starts to occur once sections are removed from -80°C storage. Each slide
was placed in cold 75% EtOH for 30s immediately after removal from -80°C storage. Slides
were then dipped in nuclease-free water for 10-15s before ~300ul of 1.5% cresyl violet in 75%
EtOH was pipetted on for 45s at room temperature. The tissue was then dehydrated in
subsequent washes of 75%, 95%, and 100% EtOH in nuclease-free water for 30s each. Slides

were air dried in a fume hood for 5 minutes before immediately moving to laser capture.

Laser capture microdissection (LCM) was performed with the Zeiss PALM Combi
System. LCM cutting speed, microbeam laser energy level, and focus distance were optimized
using control tissue of mouse ONH sectioned at 10um to optimize settings prior to experimental

start. Automatic imaging was set at the time before cut, after cut and after UV laser dissection.
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ONH segments from all sections from a single eye were collected in a 200u1 opaque
AdhesiveCap (Carl Zeiss Microimaging GmbH, German) within one hour after staining. Within
each section, the ONH region was defined as starting from the inner nuclear layer just below the
retinal nerve fiber layer to just above the mylenation zone, determined by the morphological
changes in the cresyl violet staining representing the mylenation zone. Immediately after
collection, 10 pl lysis buffer (Qiagen RNeasy micro kit, REF#: 74034) was added into the
upside-down adhesive cap containing each ONH section. After incubation at room temperature
for 10 min, the cap was gently but tightly closed and ONHs with lysis buffer were spun down.
Collected samples were immediately processed through RNA extraction with Qiagen RNeasy

micro kit (Qiagen RNeasy micro kit, REF#: 74034).

RNA Sequencing, Read Alienment, GSEA Analysis

RNA libraries were generated from total RNA isolated from the ONH. Total RNA was
verified for purity and integrity using the NanoDropOne Spectrophotometer and Agilent 2100
Bioanalyzer, respectively. Ultra-low RNA input libraries were generated using the Takara
“SMART-Seq v4 Low Input RNA Kit for Sequencing” (Takara, Mountain View, CA, USA) for
cDNA synthesis and the Illumina NexteraXT DNA Library Preparation (Illumina, San Diego,
CA, USA) kit for cDNA dual indexing. Full length cDNA fragments are generated from 1-10ng
total RNA by the Takara SMART technology. cDNA fragments are fragmented and dual indexed
in a single step by taking advantage of the Nextera kit’s simultaneous transposon and
tagmentation step. Libraries were standardized to 2nM. Paired-end 2x150bp sequencing was
performed using standard SBS chemistry on an Illumina NovaSeq6000 sequencer. Generated raw

reads were qualitied controlled, aligned, and mapped to Mus musculus using Spliced Transcripts
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Alignment to a Reference (STAR),?% followed by estimation of mapped pair-end reads using

RNA-Seq by Expectation Maximization (RSEM).2°!

Gene Set Enrichment Analysis (GSEA) was performed by ranked enrichment analysis

with MolSigDB (https://www.gsea-msigdb.org/gsea/msigdb, version v7.5.1). The subsequent

ONH RNAseq data set was analyzed using recommendations from the GSEA tutorial for

RNAseq data (https://www.gsea-msigdb.org/gsea/doc/GSEAUserGuideFrame.html). Normalized

enrichment scores (NES) were used to quantify the magnitude of enrichment.

Results

Previously we characterized B6.EDA™* as a novel mouse model of ocular hypertension
and glaucoma.?'-°* B6.EDA"* mice develop elevated IOP by 14 weeks of age®® as well as
significant RGC loss and ON damage by 12 months of age.”® Here, we evaluated the
glaucomatous phenotypes over the course of 22 months of age to further characterize progressive
damage. B6.EDA"* mice have significantly elevated IOP compared to C57BL/6J controls that
persists through 22 months of age (Fig. 1A). In addition, B6.EDA ™" mice have significant RGC
loss compared to C57BL/6J controls at both 12 and 22 months (Fig. 1B, representative images
Fig. 1C-F). To further evaluate glaucomatous damage to the retina, we evaluated RNFL thickness
using cresyl violet staining of the ONH region. To standardize the measurement of the RNFL
thickness, a line was drawn (Fig. 1G, white line) from the bottom of the outer nuclear layer (Fig.
1H, green line) to the top of the inner nuclear layer (Fig. 1G, red line). This line was extended
through the RNFL (Fig. 1G, yellow line), where only the RNFL thickness was measured (Fig.

1G, yellow arrows) using ImageJ. This methodology allowed for consistent and unbiased


https://www.gsea-msigdb.org/gsea/msigdb
https://www.gsea-msigdb.org/gsea/doc/GSEAUserGuideFrame.html
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measurement of the RNFL thickness in each section. B6.EDA"" mice at both 12 months and 22
months of age had a significant decrease in RNFL thickness compared to age matched C57BL/6J

controls (Fig. 1H).

Importantly, from 12 to 22 months of age the ON damage significantly worsens in

B6.EDA"* mice, indicating disease progression (Fig. 2A, representative images Fig. 2B-E).
g prog g 1Y g g

Increases of ECM proteins in the ONH have been heavily implicated with glaucomatous
pathophysiology.!# 4% 36.59.60.74 Specifically, increases of the ECM proteins elastin, tenascin-c,
Collagens I, 1V, V, XI, proteoglycan, and fibronectin (FN) have all been reported in the human
glaucomatous ONH.>*3% 6265 To elucidate ECM changes in the ONH of B6.EDA™* mice,
immunohistochemical staining of the ONH at 12 months and 18 months of age were employed.
The ECM protein and DAMP FN+EDA is significantly increased in the ONH of B6.EDA™* mice
at both 12 months and 18 months of age compared to age matched C57BL/6J controls (Fig. 3A).
In addition, the ECM DAMP biglycan is significantly increased at 18 months of age (Fig. 3F) in
B6.EDA"" mice compared to age matched C57BL/6J mice, while unchanged at 12 months of
age. These data show progressive modifications to the ECM in the ONH region in B6.EDA"*

mice overtime.

To further elucidate changes in the transcriptome in the glaucomatous ONH of
B6.EDA """ mice, we utilized LCM, a protocol that allows for highly pure tissue isolation,' to
specifically isolate the ONH from the surrounding tissue (Fig. 4A,B). The entire ONH from a

single sagittal cryosection was collected using LCM, with the sections of the entire ONH
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collected and pooled for each eye. This allowed for the collection of the entire three-dimensional
ONH from each eye and isolation of RNA from a single ONH. Within each section, the ONH
region was defined as starting from the inner nuclear layer just below the RNFL to the
mylenation zone, determined by the morphological changes in the cresyl violet staining. RNA
was isolated from ONH sections for GSEA analysis of the ONH transcriptome. Normalized
enrichment scores (NES) and adjusted p-values were used as a standardized metric for
determining significance to compare results across gene sets.??? Five GSEA defined groups were
significantly upregulated between B6.EDA ™" mice and C57BL/6J controls at 12 months of age
(Fig. 4C), and four GSEA defined groups were upregulated and four downregulated between
B6.EDA"" mice and age matched C57BL/6J controls at 22 months of age (Fig. 4D). Across both
time points, over 600 leading edge genes contributed to the significant changes of GSEA
groupings (Fig. 4C, D). Tables showing the NES and adjusted p-value of significantly changes
GSEA groupings between B6.EDA"" at 12 months (Fig. 4E) and 22 months (Fig. 4F) compared

to age matched C57BL/6J controls.

Consistent with the hypothesized role of the immune system in glaucoma disease
progression, we observed significant increases in interferon (IFN) transcription at both 12
months and 22 months in B6.EDA** mice compared to age matched C57BL/6J controls. These
data support prior work that has implicated both IFNa and IFNy signaling in glaucomatous

131,203-205 and mouse models.?*® To quantify changes in IFNa

pathophysiology in human patients
and IFNy at the protein level in B6.EDA™* mice, we utilized immunohistochemical staining of
the ONH region in 12 month and 18-month-old B6.EDA** and C57BL/6J age-matched controls.

At 12 and 18 months of age there were significant increases in IFNa in the ONH of B6.EDA*"*
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mice compared to C57BL/6J controls (Fig. 5A, representative images Fig. 5B-E). By 18-months
of age IFNy was significantly increased in the ONH of B6.EDA ™" mice compared to C57BL/6]
controls (Fig SF, representative images Fig. 5G-J). These data suggest progressive changes to the
glaucomatous ONH as IFNa is known to be an early indicator of immune system activation,
while I[FNy has been shown to be activated in later stages of disease, with evidence pointing

towards increases through IFNa signaling.?%7- 208

Further analysis of the 607 leading edge genes generated from the GSEA analysis
(Supplementary Excel Spreadsheet 1) identified the signal transducer and activator of
transcription (STAT), and downstream STAT signaling proteins, as part of the leading edge for
each IFN GSEA group. Janus kinase (JAK), and subsequent STAT gene expression has been
implicated in glaucoma disease progression in animal models.!3%- 29211 Specifically, STAT1 has
been identified as a hub gene in two glaucoma mouse models: mice with TDRD7 loss-of-
function, and DBA/2J mice.?%¢ 212213 To quantify changes in phospho-STAT1 protein expression
levels, the activated form of STAT1, we utilized immunohistochemical staining of the ONH
region in 12 month and 18 month old B6.EDA"* and C57BL/6J age-matched controls. At 18
months of age there were significant increases in pSTAT1 protein expression in the ONH of
B6.EDA"" mice compared to C57BL/6J controls (Fig. 6A, representative images 6B-E). These
data supports time-dependent and progressive changes to IFN and subsequent STAT signaling in

glaucomatous disease progression.
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Discussion

In primary open angle glaucoma (POAG) the activation of the immune system has been
heavily implicated in disease progression and pathophysiology.'® 7% 80192 However, the
pathogenic signaling pathways responsible for these immune and fibrotic changes are not fully
understood. Mice are genetically similar to humans with comparable anatomy, making them an
ideal model system to study glaucoma phenotypes and ONH pathophysiology.?!% 215 Previously,
we have utilized several transgenic mouse lines to show that constitutively active FN+EDA mice
(B6.EDA"") develop ocular hypertension and exhibit glaucomatous damage by one year of age,
and these phenotypes are dependent on TLR4 signaling.?!-* Here we further investigate the role
of DAMPs, activators of TLR4, and downstream fibro-inflammatory signaling in the
development and progression of glaucomatous damage. In addition, we explore the
transcriptomic changes at 12 and 22 months of age to further elucidate signaling mechanisms

responsible for the development of progressive glaucomatous damage.

To further investigate glaucomatous damage in B6.EDA™* mice, we used a battery of
testing parameters that have previously been used to define damage progression including IOP
measurements, RGC loss, RNFL thickness, and ON damage scores.?!> 74 96, 195-198, 216,217 Here we
demonstrate that IOP remains significantly increased through 22 months of age in B6.EDA™*
mice (Fig. 1A), leading to significant RGC loss (Fig. 1B) and decreases in RNFL thickness (Fig.
1H). Interestingly, the loss of RGCs and RNFL thickness does not significantly progress through

this time course. However, ON damage did significantly worsen from 12 months to 22 months in

the B6.EDA"" mice (Fig. 2A). This progression of disease severity indicates a continual effect of
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ocular hypertension on ON damage and further suggests that the initial site of damage is

occurring in the ON, as is known to occur in the pathophysiology of glaucoma.

Previously, we and others identified that DAMP expression is increased in the human
glaucomatous ONH compared to healthy individuals.?# 3% 6% % In addition, DAMP activation of
TLR4 has been shown to significantly increase fibrosis in human primary trabecular meshwork
cells’* and hONH LC cells.>® Previously we have shown that TLR4 signaling is necessary for
DAMP induced IOP elevation and trabecular meshwork damage as well as fibrotic changes to
LC cells in culture, implicating the innate immune system as a mechanism for glaucoma
damage.’% ¢ TLR4 signaling has also been implicated in initiating fibrotic responses in several
other fibrotic disease states such as scleroderma,” liver disease,!>? and kidney disease, !
highlighting the importance and relevance of this signaling pathway.”**> Here we show that the
DAMP FN+EDA is significantly elevated at both 12 months and 18 months of age (Fig. 3A), and
we also report significantly higher levels of the DAMP biglycan by 18 months of age in
B6.EDA"" mice (Fig. 3F). FN+EDA is known to amplify the TGFB2-dependent ECM responses
in human TM cells as well as human ONH LC cells,>® ™ suggesting a mechanism by which
DAMPs are modulating the ONH region in glaucoma. Along with FN+EDA, biglycan is a
known proinflammatory signaling molecule that acts as a DAMP, activating TLR4 signaling.!%%
107 Biglycan primarily supports tissues when exposed to compressional forces,!** and has been
shown to be upregulated in human ONH LC cell cultures after mechanical stress.>! Interesting,
biglycan expression was significantly increased at 18 months of age in the B6.EDA™* ONH, but
not at 12 months, suggesting a time-dependent increase in this DAMP, likely related to prolonged

mechanical stress and strain on the ONH. It is important to note that mice do not have LC cells,
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and instead the lamina region is formed and occupied by resident astrocytes and microglia. Thus,
these data suggest a time-sensitive role of astrocyte and microglia produced DAMPs in
progressive glaucomatous pathophysiology. Although biglycan is known to be expressed in
human ONH LC cells, it remains to be determined if expression levels are significantly different
in the human glaucomatous ONH.!'% These data suggest a continued response to the elevated
IOP, implicated by time-specific responses to the production of various ECM and DAMP
molecules. These data identify B6.EDA™* mice as a novel model of open-angle glaucoma with

slowly progressive damage to the retina, ONH, and ON.

To further elucidate the complicated signaling pathways underlying the progressive
glaucomatous phenotypes, we performed transcriptomic profiling to gain a comprehensive
insight to the progressive changes occurring within the ONH. We identified significant
upregulation and downregulation of various signaling groupings using GSEA analysis across

three different databases: hallmark, reactome, and KEGG (https://www.gsea-

msigdb.org/gsea/doc/GSEAUserGuideFrame.html) (Fig. 4C, D). Significant increases of

immune system signaling IFNa, B, and y signaling were highly enriched gene groupings at both
12 months and 22 months of age (Fig. 4C, D). This is consistent with the known role of the

immune system in glaucoma disease progression.!6- 7

Interferons are crucial inflammatory signaling molecules. IFNa and IFNy levels are
known to be significantly increased in the glaucomatous aqueous humor (AH) and serum levels
in human patients.?%% 205.218. 219 Tnterestingly, the increased serum IFNy levels negatively

correlated with RNFL thickness, indicating a pathological role of IFN signaling in RGC loss.?*


https://www.gsea-msigdb.org/gsea/doc/GSEAUserGuideFrame.html
https://www.gsea-msigdb.org/gsea/doc/GSEAUserGuideFrame.html
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In human ONH astrocyte cell cultures, stimulation with IFNy was sufficient to upregulate
astrogliosis and immune system markers.??’ Here, we were able to implicate the
pathophysiological role of IFN signaling in the glaucomatous ONH specifically. RNA
sequencing identified the important signaling pathways that are differentially expressed, while
subsequent protein expression analysis indicated a time-specific response to the IFN family,
specifically I[IFNa and IFNy (Fig. 5A, F). These data suggest a direct role of IFN signaling in the

glaucomatous ONH, where the majority of RGC axonal damage occurs.* >

Further analysis of leading edge genes in the IFN signaling GSEA groups showed that
JAK/STAT genes, specifically Stat! and Stat3, and downstream JAK/STAT genes were included
in the leading edge gene sets for all IFN groups at both time points (Supplementary Excel
Spreadsheet 1). IFNs initiate rapid pro-inflammatory signaling primarily through the JAK/STAT
pathways. STAT1 has previously been identified as a hub gene in two mouse models of
glaucoma,?%¢ with downstream STAT1 proteins upregulated in various mouse models of ON
damage.!3>29%- 221 Downstream signaling of STAT1 have also been implicated in increased
immune activation in hONH astrocyte cell cultures as well as rodent models of glaucoma.?2226
We demonstrate that phospho-STAT1 (pSTAT1) protein expression, the activated form of STAT1,
is significantly upregulated at 18 months in our glaucoma model, but not at 12 months (Fig. 6A).
This suggests for the first time that activation of the JAK/STAT pathway in the glaucomatous
optic nerve head is a late onset response to the glaucomatous ONH damage and chronic ocular

hypertension, rather than an initiating mechanism of early damage. Future studies are needed to

identify signaling mechanisms of the JAK/STAT pathway in relation of IFN signaling.
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Conclusion

In summary, these data show the development of slowly progressive glaucomatous
damage in a novel mouse model over 2 years. These data also point to a new method of
measuring RNFL thickness using histology. To the best of our knowledge, we are the first to
demonstrate integral changes of IFN signaling and the JAK/STAT pathway throughout disease
progression in the ONH in response to ocular hypertension. Importantly, there are time-specific
responses in DAMP production, IFN signaling activation, and pSTAT1 expression in the
glaucomatous ONH, indicating novel therapeutic targets to treat and manage glaucoma disease

progression.
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Chapter 4 Figure Legends
Figure 1. B6.EDA** mice exhibit glaucoma phenotypes at 12 months and 22 months of age.
IOP is significantly elevated in B6.EDA"* mice at 12 months (n = 12-14) and 22 months (n =
16-18) compared to age matched C57BL/6J controls (A). Significance determined by Student’s t-
test at each time point. B6.EDA"" mice (n = 3-7) have ~20% loss of RGCs at both 12 months
and 22 months of age compared to C57BL/6J controls as quantified by RBPMs staining of
retinal flat mounts (B). Representative images of RBPMs staining at 12 months and 22 months
for B6.EDA """ mice and age matched C57BL/6]J controls (C-F). Significance was determined by
a Student’s t-test at each time point. The location for measurements of RNFL thickness was
standardized by drawing a line from the bottom of the inner nuclear layer (G, green line) to the
top of the outer nuclear layer (G, red line) and extended to the top of the RNFL (G, yellow line).
Measurements were then taken for the RNFL thickness only (G, yellow arrows). B6.EDA*"*
mice exhibit significant thinning of the RNFL at both 12 months and 22 months of age compared
to age matched C57BL/6J controls (H). RNFL thickness was measured using ImageJ and
significance was determined by a Student’s t-test at each time point. *P < 0.05, **P < 0.01,

FHAXP < 0.0001.

Figure 2. B6.EDA* mice have progressive degradation of the ON from 12 months of age to
22 months of age. B6. EDA™* mice exhibit a higher percent of optic nerve damage measured
through PPD staining at 22 months of age compared to 12 months of age (n = 7-13 ONs) (A). At
22 months of age, B6.EDA """ mice have significantly increased ON damage compared to age
matched C57BL/6J controls (n = 11-13 ONs) (A). Representative images of ON PPD staining at

both 12 months and 22 months of age (B-E). Significance was determined using a Fisher’s exact
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test and represented as percentage of total ONs (n = 6-13) measured. Damage was quantified as
axons with no damage (1), mild damage (2), or medium damage (3) according to previously
described methods 19> 1%, Statistical significance was determined by a Fisher’s exact test and the

subsequent Hommel post-hoc analysis for multiple comparisons. *P < 0.05. **P < (.01.

Figure 3. B6.EDA*" mice have increased DAMP expression in the ONH. FN+EDA
expression is significantly increased in the ONH at 12 months and 18 months of age in
B6.EDA"" mice compared to age matched controls (7 = 4-9) (A). Representative images of
FN-+EDA expression in B6.EDA"" at 12 months and 18 months of age (C,E) compared to age
matched controls (B,D). Biglycan expression is significantly increased in the ONH at 18 months
in B6.EDA """ mice compared to age matched controls, (n = 4-6) (F). Representative images of
biglycan expression in B6.EDA™" at 12 months and 18 months of age (H,J) compared to age
matched controls (G,I). White lines outline the measured ONH section of images. Dashed boxes
represent location of 40X imaging of FN+EDA, as shown in inserts (B’-E’). Scale bars represent
50um unless otherwise stated. Significance was determined by Student’s t-test. *P < (.05, **P <

0.01.

Figure 4. Up- and down-regulated gene sets in the ONH of B6.EDA*"* mice. The ONH of 12
(n =4-5) and 22 month (n = 3-5) old mice were isolated using LCM before undergoing RNA
isolation, cDNA library preparation, and subsequent GSEA analysis. The ONH region was
defined as starting from the inner nuclear layer just below the retinal nerve fiber layer down to
the mylenation zone, determined by the morphological changes in the H&E staining. The ONH

was outlined by hand (A) and isolated (B) for subsequent processing. GSEA analysis showed
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significant increases in various signaling pathways across three different pathway databases:
hallmark, reactome, and KEGG. Numbers within bars represent the number of leading edge
genes. At 12 months of age, B6.EDA" had significantly increased expressions of genes related
to interferon-a, interferon-y, MTORC1, visual phototransduction, and interferon-a,f signaling
from the hallmark and reactome databases (C). No differences were found between B6.EDA"*
and C57BL/6J RNA expression in the KEGG database at 12 months of age. At 22 months of age,
B6.EDA"* had statistically significant increased expression of genes related to interferon-o
response, interferon-y response, interferon-o,f signaling, and interferon signaling (D, red bars).
They also had statistically significant decreases in expression of genes related to mitotic spindle
signaling, the rho GTPase cycle, MAPK signaling pathway, and leukocyte transendothelial
migration (D, blue bars). White numbers represent total number of leading-edge genes (See
Supplementary Excel Spreadsheet 1). Table stating the NES and adjusted p-value for upregulated
GSEA groups between B6.EDA"" at 12 months and age matched C57BL/6J controls (F). Table
stating the NES and adjusted p-value for upregulated GSEA groups between B6.EDA"" at 22

months and age matched C57BL/6J controls (G).

Figure 5. B6.EDA** mice have increased interferon—a and —y protein expression in the
ONH. IFNa expression is significantly increased in the ONH at 12 months and 18 months of age
in B6.EDA """ mice compared to age matched controls, (n = 5-9) (A). Representative images of
IFNa expression in B6.EDA™* at 12 months and 18 months of age (C,E) compared to age
matched controls (B,D). IFNy expression is significantly increased in the ONH at 18 months but
not 12 months of age in B6.EDA™* mice compared to age matched controls (n = 7-9) (F).

Representative images of IFNy expression in B6.EDA™* at 12 months and 18 months of age
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(H,J) compared to age matched controls (G,I). White lines outline the measured ONH section of

images. Significance was determined by Student’s t-test. *P < 0.05, **P < 0.01.

Figure 6. B6.EDA*" mice have increased protein expression of pSTAT1 in the ONH at 18
months of age. pSTAT1 expression is significantly increased in the ONH at 18 months of age in
B6.EDA"" mice, but not at 12 months compared to age matched controls, (n = 6-9) (A).
Representative images of pSTAT1 expression in B6.EDA™" at 12 months and 18 months of age
(C,E) compared to age matched controls (B,D). White lines outline the measured ONH section of

images. Significance was determined by Student’s t-test. *P < (.05.
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Chapter 4 Supplementary Figure Legends
Supplementary Figure 1. Up- and downregulated GSEA gene sets in the B6.EDA** ONH at
12 months. GSEA analysis of RNA isolated from the ONH show that B6.EDA** mice have
significant upregulations of GSEA groups Visual Phototransduction (A) and Interferon Alpha,
Beta Signaling (B) from the reactome database compared to age matched C57BL/6J controls.
GSEA analysis also showed significant upregulation in RNA isolated from B6.EDA"* mice of
the Interferon Alpha Response (C), Interferon Gamma Response (D), and MTORCI1 Signaling €

from the hallmark database compared to age matched C57BL/6JK controls.

Supplementary Figure 2. Up- and downregulated GSEA gene sets in the B6.LEDA** ONH at
22 months. GSEA analysis of RNA isolated from the ONH show that B6.EDA™* mice have
significant upregulations of GSEA groups Interferon Alpha, Beta Signaling (A), Interferon
Signaling (B), and significant downregulation of the Rho GTPase Cycle groups (C) from the
reactome database compared to age matched C57BL/6J controls. GSEA analysis also showed
significant upregulation in RNA isolated from B6.EDA™* mice of the Interferon Alpha Response
(D) and Interferon Gamma Response (E), and downregulation of the Mitotic Spindle (F) groups
from the hallmark database compared to age matched C57BL/6J controls. Finally, GSEA
analysis showed significant downregulation of the MAPK Signaling Pathway (G) and Leukocyte

Transendothelial Migration (H) groups from the KEGG database.
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Figure 1. B6.EDA* mice exhibit glaucoma phenotypes at 12 months and 22 months of age.
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Figure 2. B6.EDA"* mice have progressive degradation of the ON from 12 months of age to
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Figure 3. B6.EDA* mice have increased DAMP expression in the ONH.
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Figure 4. Up- and down-regulated gene sets in the ONH of B6.EDA** mice.
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Figure 5. B6.EDA™* mice have increased interferon—o and —y protein expression in
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Figure 6. B6.EDA* mice have increased protein expression of pSTAT1 in the ONH at 18

months of age.
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Supplementary Figure 1: Up- and downregulated GSEA gene sets in the B6.EDA** ONH at

12 months.

A REACTOME_VISUAL_PHOTOTRANSDUCTION padj= 0.0252 NES= 2.06 D HALLMARK_INTERFERON_GAMMA_RESPONSE padj= 0.00106 NES= 1.77

® ®03-
§os- ~ §

€ - EO R
£ £
So2- 2

§ - §o1-

° [ I T | | il ~LEIL IH
RN S L L N A 1 O A JUBRLUNSNUN N
6 2500 5000 7500 10000
rank

B REACTOME_INTERFERON_ALPHA_BETA_SIGNALING padj= 0.0841 NES= 1.95 E

‘enrichment score

o NI AT T Il ] |
il 4 il === R T i

6 2500 5000 7500 10600
rank




99

Supplementary Figure 2: Up- and downregulated GSEA gene sets in the B6.EDA** ONH at

22 months.
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Chapter 5: Conclusions

Chapter 1 Summary:

Glaucoma is the current leading cause of irreversible blindness, affecting over 60 million
individuals worldwide and estimated to cost the US over $3 billion per year.??”-22® Current
treatments are only able to target increases of IOP. However, the current therapeutics are not
uniformly effective, only slowing the vision loss in patients over time.” !> 157 This highlights the

necessity of new therapeutic targets to address the needs of the patient population.

Glaucoma is defined by the loss of RGCs, the thinning of the RNFL, and the cupping and
remodeling of the ONH resulting in a gradual progression of vision loss.!* 4 Elevated IOP
slowly causes significant biomechanical stress and strain on the ONH, resulting in a posterior
migration of the LC layer, and significantly increased fibrosis.?? A predominate hypothesis
within the field indicates that TGFB2-induced fibrosis instigates and exacerbates the increased
ECM production and fibrosis in glaucoma.®® Previous chapters have heavily reviewed the
production and role of TGFB2 in the glaucomatous eye. Certain ECM proteins produced by
TGFp2 activation have the ability to act as DAMPs, key signals for tissue injury or damage.'*

H,34’ 56, 64

Endogenous DAMP expression is significantly increased in the glaucomatous ON and

act as key activators of the innate immune system.!%% 103
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Significant work has shown that the prolonged exposure to mechanical stress from
increased IOP, the subsequent loss of nutrient transportation to the ONH, and hypoxic
microenvironments help transition innate immune system activation from protective to
neurotoxic.”” TLR4 signaling and activation have been heavily implicated in the pathophysiology
of immune system activation in glaucoma.”® %’ Importantly, 7/r4 gene polymorphisms are
associated with POAG in multiple patient populations of differing racial backgrounds.’”*° TLR4
signaling augments fibrosis and the production and regulation of ECM proteins in other fibrotic

9395 and in human TM cell cultures and mouse models of glaucoma.?!>7* ¢ These data

diseases,
indicate TLR4 and downstream signaling molecules are crucial instigators of glaucomatous

pathophysiology.

TLR4 activation significantly increases NFxB signaling, which is able to act as a
transcription factor to initiate the innate immune system signaling. TLR4 activation is known to
downregulate the TGFp pseudoreceptor BAMBI via NF«B signaling.® %4 150: 151 When present,
BAMBI inhibits TGFB2 signaling by amplifying the TGFp inhibitor Smad7 and sequestering
TGF receptors.” Thus, TLR4 activation amplifies TGFB2 signaling, which in turn produces

more DAMPs to activate TLR4, creating a vicious feed-forward cycle.

There are three supporting cell types within the ONH: astrocytes, microglia, and LC cells.
All three cell types have been implicated in glaucoma disease progression and eventual loss of
RGCs. 192944, 45,47, 51, 56,57 130, 180 Tmportantly, all three cell types are known to express TGFf2,
TGFB receptors, TLR4, and BAMBI,'* indicating that any cell type could initiate the TGFB2 —

TLR4 signaling crosstalk. Previous work in our lab has shown that these cells have known and
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hypothesized autocrine and paracrine signaling when exposed to glaucoma-like environments

and stimuli (Chapter 1 Fig. 1).%6- 180

This dissertation helps to elucidate the cell signaling mechanisms exacerbating the
immune and fibrotic responses in the glaucomatous ONH. Here we have shown significant
evidence for TGFB2 — TLR4 signaling crosstalk in human ONH cell cultures and the ONH of a
mouse model of glaucoma. These data indicate that targeting this crosstalk represents a novel

mechanism for pharmaceutical interventions.

Chapter 2 Summary:

In chapter 1, we reviewed what we have dubbed as the Fibro-Inflammatory Hypothesis.
The critical role of both TLR4-immune system activation and TGFB-induced fibrosis in the
glaucomatous ONH are heavily implicated in ONH remodeling and eventual loss of RGCs.
Previously, we have shown the necessity of TLR4 signaling for TGFB2-induced fibrosis in
human primary TM cells, providing strong evidence for this crosstalk within the ONH.” Thus,
we proposed a novel mechanism of TLR4-TGFp2 signaling crosstalk in an autocrine and
paracrine manner between the supporting LC cells, astrocytes, and microglia in the glaucomatous

ONH.

Chapter 2 describes novel findings for TLR4 - TGFB2 and DAMP signaling in the
glaucomatous human ONH and human ONH LC cell cultures. We show that endogenous levels
of the DAMP FN+EDA are significantly increased in human glaucomatous ONH sections

compared to healthy controls (Chapter 2 Fig. 1). FN+EDA is a potent activator of TLR4,'%? and
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93, 150, 151 Previous

augments downstream TGFp fibrotic signaling in other fibrotic diseases.
studies have found that the ECM DAMP tenascin-C is significantly increased in the
glaucomatous ONH, here we further these findings through the identification of a significant

increase of a second type of ECM DAMP, further implicating these DAMPs as pathological in

the ONH.

To test the role and function of these DAMPs in specific ONH cell cultures, primary LC
cells were isolated and cultured from healthy human donor eyes. With these experiments, we
were able to improve upon and optimize a previously established protocol.'™ It is well-
established that TGFP2 signaling is increased in glaucoma and known to affect the ONH during
disease progression, thus, we exposed cell cultures to exogenous TGF2 to mimic a
glaucomatous environment. We show that inhibition of TLR4, by the selective TLR4 inhibitor
TAK-242, blocks the TGFB2-induced production of FN (Chapter 2 Fig. 3), FN+EDA (Chapter 2
Fig. 3), and COLI1 (Chapter 2 Fig. 4). These data indicated the necessity of TLR4 signaling for
TGFB2-induced fibrosis in human ONH LC cells. Simultaneously, we show that DAMP
activation of TLR4 by FN+EDA is sufficient to induce fibrosis. LC cells exposed to FN+EDA,
with or without TGF2, had significantly more FN and COL1 protein expression, and concurrent

inhibition of TLR4 returned these values to baseline.

This study provides novel insight to the signaling crosstalk between TGFB2 and TLR4
signaling in the ONH specifically. The ONH is the primary site of damage in glaucoma
progression due to the RGCs making a 90° turn to form the ON, it is critical to further our

understanding of the cellular signaling mechanisms to develop novel therapy targets.
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Chapter 3 Summary:

In Chapter 2, we demonstrate that TLR4 signaling is necessary and sufficient to produce
TGFB2-induced fibrosis in monocultures of human ONH LC cells. However, these cells do not
act in isolation during disease progression in the human ONH, suggesting that cell-cell signaling
in a paracrine manner between the LC cells, astrocytes, and microglia located in the ONH
warrants further study. Understanding the molecular and cellular mechanisms of communication
within and between these three cell types is crucial for further elucidating disease mechanisms

and discovering potential new therapeutic targets.

Mirroring experiments done in Chapter 2 on human ONH LC cells, human ONH
astrocytes were similarly isolated and tested for TGFP2 — TLR4 crosstalk. TGFB2 exposure
significantly increased ECM protein production, as well as expression of the DAMP FN+EDA
(Chapter 3 Fig. 3). Concurrent treatment with the selective TLR4 inhibitor TAK-242 returned
these levels to baseline. These data indicate that TLR4 is necessary for TGFB2 — induced fibrosis
not only in LC cells, but also in human ONH astrocyte. Thus, identifying this autocrine signaling
crosstalk as a pharmaceutical target for two key cell supporting cell types in glaucomatous

pathophysiology.

The investigation of LC cell and astrocyte monocultures provides key insights into the
extent of TGFP2 — induced fibrosis that is individually produced, but these cells are not working
and responding in isolation. Thus, it is crucial to determine if LC cells and astrocytes are

communicating in a paracrine manner. To explore this interaction, we utilized a co-culture
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system where LC cells were seeded onto 12-well plates and astrocytes were seeded onto cell
culture inserts (Chapter 3 Fig. 1). This allows for the sharing of media between the two cell
cultures, and thus any signaling molecules, without direct contact. This also allows for the
individual collection of astrocytes and LC cells rather than a conglomerate of the two cell types.
We activated only the LC cells by coating the bottom of the 12-well plate with cFN, which
contains the DAMP FN+EDA. Astrocytes on cell culture inserts were pretreated with the
selective TLR4 inhibitor TAK-242 prior to combining the plate and cell culture inserts (Chapter
3: Fig. 1). As hypothesized, the LC cells exposed to cFN, which contains the DAMP FN+EDA,
had significant increases in the ECM proteins FN and tenascin-C (Chapter 3: Fig. 4A, B). We
also showed that astrocytes in co-culture with LC cells exposed to DAMPs have significant FN
and tenascin-C protein expression (Fig. 4E, F), and that this increase in protein expression is
blocked when the astrocytes are pretreated with the selective TLR4i inhibitor, TAK-242. These
data show that TLR4 signaling is necessary for paracrine signaling between human ONH
astrocytes and LC cells. This suggests that the TGFB2 — TLR4 signaling crosstalk creates a
feedforward cycle in both an autocrine and paracrine manner, which continues to exacerbate the

fibrotic and immune system signaling that is detrimental to the survival of the exiting RGCs.

Chapter 4 Summary:

Chapters 2 and 3 demonstrate that TLR4 activation is both necessary and sufficient for
TGFP2 — induced fibrosis. However, these studies were performed in an in vitro model system.
Thus, it is critical to reproduce these findings in an in vivo model system to fully understand the
time-frame of glaucoma disease progression. Here we utilized a novel mouse model of glaucoma

that constitutively expresses FN containing the EDA domain (B6.EDA**)3!% to test the
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progressive retinal and ONH damage as well as elucidate transcriptomic changes at two time

points.

Our recent publications show that TGFB2 — induced ocular hypertension is dependent on
both TLR4 and FN+EDA expression.>!: % In addition, this previous work demonstrates that
constitutive expression of FN+EDA is sufficient to induce ocular hypertension and modest
glaucomatous damage in the retina and ON at 1 year of age. In Chapter 4, we showed that
B6.EDA** mice maintain these glaucoma symptoms through to 22 months of age (Chapter 4
Fig. 1). In addition, B6.EDA™* mice exhibit a significant increase in IOP, loss of RGCs, and
thinning of the RNFL compared to age-matched controls at both 12 months and 22 months of
age. The evaluation of the RNFL enabled us to further characterize glaucomatous symptoms in
our mouse model that are seen in human patients.??? Interestingly, we found that the loss of
RGCs and thinning of the RNFL do not significantly worsen between 12 months and 22 months
of age in the B6.EDA"" mice compared to age matched controls. However, ON damage did
significantly worsen over this time course (Chapter 4 Fig. 2), indicating that continuous ocular
hypertensions produces a progressive phenotype and suggesting that the site of damage in this

model occurs in the ON.23°

Previous work in our cell culture models indicated that DAMP production plays a
significant role in fibrotic phenotypes and ECM dysregulation in the glaucomatous ONH. It has
been previously shown that the significant increase of IOP in B6.EDA** mice is dependent on
TLR4 signaling, implicating it in the induction of a fibrotic response in this mouse model. Here

we identified time-specific responses of the DAMPs FN+EDA and biglycan (Chapter 4 Fig 3).



107

FN+EDA protein expression is significantly elevated at both 12 and 18 months in the ONH of
B6.EDA"" mice compared to age matched controls. Interestingly, biglycan protein expression is
upregulated at 18 months of age but not at 12 months.?*° This indicates a time-specific response
in the production of various DAMPs, implying that DAMP activation of the TGFB2- TLR4

feedforward cycle has a critical window for therapeutic interventions.

To further elucidate changes in the transcriptome in the glaucomatous ONH of
B6.EDA """ mice, we utilized LCM to isolate the ONH specifically from the surrounding
tissue.!”” Utilizing GSEA analysis and subsequent ICC for confirmation of transcriptomic
changes, we found over 600 genes contributing to the significant up- and down-regulated gene
groupings at both 12 months of age and 22 months of age in B6.EDA™". IFNa, B, and y groups
were significantly upregulated in B6.EDA™* mice at both 12 months and 22 months of age
compared to age-matched controls (Chapter 4 Fig. 4). The IFN signaling system is a potent

231-234

immune system activator, and IFN signaling is implicated in glaucomatous

203-205 206

pathophysiology in human patients and mouse models.

There are two classes of [FNs: Type 1 consists of [FNa, 3, 9, €, k, T, and ®, while Type 2
consists only of IFNy.?*> Type 1 IFNs bind to Type 1 IFN receptors, and Type 2 IFNs bind to
Type 2 IFN receptors. These receptors form a dimer on the cell surface to interact with the
JAK/STAT signaling pathway.?*> 236 Type 1 IFN receptors activated by IFNo, autophosphorylate
specifically tyrosine kinase 2 (TYK2) and JAK2, which subsequently phosphorylate STATs 1, 2,
3, and 5, turning them to an activated form.?*>237-238 These activated STATs form homo- or

heterodimers that translocate to the nucleus to act as transcription factors, binding to IFN-
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stimulating gene (IGS) promoter sequences and initiating transcription.?*> 237-23° Type 2 IFN
receptors activated by IFNy result in the autophosphorylation of JAK1 and JAK?2 instead of
TYK2 and JAK2. JAK1:JAK2 phosphorylates STAT1 at the Tyr701 position to initiate

subsequent signaling, 238 240241

To confirm the GSEA results, ONH sections from 12 month old and 18 month old
B6.EDA"" mice and age matched controls were stained for IFNa and IFNy. IFNo and IFNy
levels are known to be significantly increased in the AH and serum of glaucomatous patients
compared to healthy controls.?%% 205.218. 219 nterestingly, the increased serum IFNy serum levels
negatively correlated with RNFL thickness, indicating a pathological role of IFN signaling in
RGC loss in humans,??? as well as the B6.EDA"* mouse model.2*° Here we discovered time-
dependent significant protein expression increases of IFNa and IFNy in B6.EDA™* mice
compared to age matched controls (Chapter 4 Fig. 5). IFNa protein expression was significantly
increased in the B6.EDA** OHN at both 12 months and 18 months of age compared to age
matched controls, and IFNy protein expression was increased at the 18 month time point. These
data is consistent with known findings showing that IFNy signaling is positively regulated by
IFNa signaling, inducing progressive inflammatory changes to the glaucomatous ONH over

time 207, 208, 234, 242, 243

Further analysis of the combined 240 leading edge genes from each IFN GSEA group, we
identified that STAT, and downstream STAT signaling proteins, were included in the leading
edge for each IFN group. STAT1 has previously been identified as a hub gene in glaucomatous

human ONH astrocytes,?** and in two glaucoma mouse models.?% 212213 We determined that
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pSTATI1 protein expression is significantly upregulated at 18 months in the B6.EDA™* mouse

model of glaucoma, but not at 12 months (Chapter 4 Fig. 6).

To the best of our knowledge, we are the first to demonstrate integral changes to DAMP,
IFN, and STAT1 protein expression in the glaucomatous ONH throughout disease progression.
Interestingly, [FNa is able to increase MyD88 protein expression, indicating a potential second
feed-forward loop exacerbating TGFB2-induced fibrosis and TLR4 activation.?** These responses
indicate that targeting these systems will need to account for time-specific disease state changes

that can potentially affect efficacy.

Additional Data Analysis and Hypotheses: GSEA Visual Phototransduction: Intrinsically
Photosensitive RGCs

GSEA analysis of isolated ONHs from B6.EDA™* mice at 12 months and 22 months
identified over 600 leading edge genes belonging to six GSEA groups upregulated at 12 months
of age or eight up- and down-regulated GSEA groups at 22 months of age (Chapter 4: Fig. 4).
Surprisingly, one group upregulated at 12 months of age was “Visual Phototransduction.” LCM

allows for the collection of highly pure tissue isolation,'*’

thus the appearance of “Visual
Phototransduction” as an upregulated gene group via the GSEA analysis was unexpected, as we
are confident that we did not have any contamination of rods or cones. Further literature review
indicated a potential role of intrinsically photosensitive RGCs (ipRGCs, also referred to as
pRGCs, mRGCs). ipRGCs express the photosensitive opsin melanopsin, or OPN4,245-248 an opsin

that is not expressed in rods and cones but instead in RGCs and horizontal cells.?*-25° ipRGCs

contribute to a plethora of non-image forming light responses including control of the pupillary
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245,251 252-254 255,256

light response, sleep induction/circadian rthythm maintenance, alertness, and
mood/anxiety/behavior responses.?>%25® The human internal circadian clock isn’t exactly 24
hours, thus the brain and body have to “re-set” daily based on light and visual cues that come
from the ipRGCs.?*® Interestingly, blind patients report a history of insomnia, potentially due to
the loss of circadian cues from the dead ipRGCs, and glaucoma comorbidities include sleep

disruption and sleep apnea.?’

It has been previously shown that chronic disruption of circadian rhythm, like that seen in
night-shift workers, is associated with a higher association of cancer diagnosis,?®® Alzheimer’s
disease Parkinson’s disease,?®! and the inflammatory disease multiple sclerosis (MS).26?
Interestingly, TLR4 has been repeatedly implicated in MS pathology, linking inflammation to

circadian disruption.2%

Pro-inflammatory cytokine levels have also been shown to cycle with
circadian rhythms,?®! and that manipulation of critical circadian rhythm genes is sufficient to
induce astrogliosis across the brain and spinal cord.?642¢7 This information, along with the data

presented here, indicates that a loss of non-image forming signaling from ipRGCs may induce a

pro-inflammatory response in the glaucomatous ONH.

ipRGCs have been studied in relation to glaucoma and glaucomatous ON damage. In
human retinal flat mounts, there is no significant loss of ipRGCs between healthy donors and
donors with a mild glaucoma diagnosis at time of death.2%® This is consistant with previous
literature which shows that ipRGCs are more resilient to nerve injury compared to the general
RGC population.?!® 26 However, there is a significant loss of ipRGCs in the human retina from

donors diagnosed with severe glaucoma compared to healthy donor eyes,?®® indicating changes
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in ipRGC population resiliency with disease progression. These trends are consistant with our
GSEA data in which the “Visual Phototransduction” group is upregulated in the ONH of
B6.EDA"" mice at 12 months, but not at 22 months (Chapter 4 Fig. 4). We postulate that this is
due to an eventual loss of the ipRGC population, thus inhibiting them from influencing
RNAsequencing data at a scale large enough to come to significance in the small number of
replicates we were able to analyze. Future experiments are still needed to determine which genes
may be responsible for the ipRGC resiliency, though looking at the leading-edge genes from the
RNAsequencing data (Chapter 4 Supplementary Excel Spreadsheet 1) can provide initial

directions.?3°

Potential Novel Therapeutic Targets

The data presented on human ONH astrocyte and LC cell cultures identified a novel
mechanism for TGFB2-TLR4 signaling crosstalk in an autocrine and paracrine manner within the
glaucomatous ONH. Thus, two obvious targets for intervention are TGFp2 and TLR4
themselves. Significant research has studied various drug targets and drug delivery systems,
including targeting fibrotic and immune responses.?’” 27! Previously, the TGFB2-targeting
pharmaceutical Lerdelimumab was used in an attempt to reduce post-surgery fibrosis after
glaucoma drainage surgery. Unfortunately, the use of Lerdelimumab was halted when found to
be unhelpful for preventing fibrosis after surgery.?’> However, it is important to note that
Lerdelimumab was only used for acute fibrosis, and no studies have looked at long term
administration in human patients. Thus, repurposing Lerdelimumab may be a viable strategy in
developing new glaucoma treatments. Outside of Lerdelimumab, targeting TGFP signaling has

been heavily studied in the context of peripheral fibrotic diseases and cancer.?’*2’¢ However,
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preclinical models of global inhibition or knock-out in mouse models resulted in a plethora of
negative symptoms including developmental deformities of the heart, lungs, eyes, bones, and
non-viable offspring.?’” In human patients, TGFB2-inhibiting pharmaceuticals must be directly
injected into various cancerous tumors to avoid off-target toxicity.?’+2’® These data indicate that
direct delivery of TGFf2 inhibitors to the TM or ONH is necessary to reduce adverse side

effects.

Interestingly, two FDA approved TLR4 inhibitors already exist: Naloxone and
Thalidomide. Preclinical research has shown that either drug significantly inhibits TLR4
signaling in osteoarthritic cells in vitro.?”® In addition to these two drugs, almost 40 compounds
out of 2000 known drugs have the potential to bind TLR4 based off of morphological dimension
analysis.?®® The ability to “piggy-back” off of pharmaceuticals that are already approved by the
FDA indicates that TLR4 inhibition is a strong contender for a novel pharmaceutical target for
glaucoma treatment. This prediction also corroborates the data previously shown and presented
here, that TLR4 signaling is necessary for TGFp2-induced fibrosis in the human TM, ONH
astrocytes, and ONH LC cells.® 7 It is also known that ocular hypertension in the B6.EDA™*

glaucoma mouse model also requires TLR4 signaling.”®

Unfortunately, it is well documented that compliance for glaucoma eyedrop treatments is
low, especially in aging populations.?®! The glaucoma patient population also has limited
acceptance of treatment delivery alternatives to eye-drops.?®? Thus, easy, long-acting drug
delivery mechanisms are necessary to broadly treat glaucoma patients and maximize compliance.

Current literature has looked at the use of delivery systems such as hydrogels, contact lenses,
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ocular inserts, and other methods.?’!> 283 284 However during drug development, care should be
taken when analyzing the increased risks of complications with anything involving implants,

incorrect use by patients, or potential patient contamination.

Future Directions and Experimental Limitations

Subsequent experiments based off the data presented in this dissertation can focus on
three main aspects: 1) continued exploration of ECM DAMP expression in the human
glaucomatous ONH; 2) Interactions between human ONH LC cells or astrocytes with microglia
in vitro; and 3) pharmacological interference to reduce glaucomatous phenotypes in B6.EDA ™"

mouse model.

As previously stated, the ECM DAMP biglycan is a proteoglycan that primarily supports
tissue when exposed to compressional forces.!** It is known that biglycan is upregulated in
culture human LC cells after mechanical stress,”! and initiates a proinflammatory phenotype
through TLR4 signaling.!®” Here we have shown that biglycan protein expression is significantly
increased in the ONH of B6.EDA™* mice at 18 months but not 12 months compared to age
matched controls (Chapter 4. Fig. 3), indicating a role in glaucomatous pathology at later, more
severe time points.?3® Unfortunately, it remains to be determined if expression levels differ
between healthy and glaucomatous ONH in human patients. Thus, future studies could explore
protein expression levels in the glaucomatous ONH compared to the healthy ONH, as well as

expression patterns compared to astrocyte, LC cell, and/or microglia cell markers.
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The data presented in Chapters 1 and 2 identify signaling crosstalk between TGFf2 and
TLR4 that exacerbates the fibrotic and immune system activation via autocrine and paracrine
signaling. A key experiment would complete the trifecta by investigating microglial cell cultures
in monoculture and co-culture experiments. Unfortunately, no protocol to isolate ONH microglia
currently exists, and subsequent attempts in the McDowell lab have come across issues with
survivability and experimental volume for microglia monocultures. To receive enough microglia
for one experiment, an entire ONH explant would need to be used solely for the growth of the
microglia. While protocols exist to isolate retinal microglia, care should be taken when
considering the most optimal use of donated human tissue.?> Retinal microglia are difficult to
culture, and once removed from the retinal culture-conglomerate, the microglia can only be used
once. These microglia will not survive alone in cell culture for longer than one passage, thus

creating and maintaining a cell line is near impossible.

While isolation from the human retina or other CNS tissues offers a promising
alternative, it is well known that microglial populations are not homogenous across the entire
CNSS.286.287 Microglial subtypes include populations that only interact with the axon initial
segment, are only found near motor neurons in the PNS, are involved in early life neurogenesis,
primarily interact with vasculature, and other defining characteristics.?%¢ Subtype differentiation
also depends on response to insult, morphology, and gene expression profiles.2%¢ 287 Microglial
heterogeneity exists even within the retina itself, with variations in layer location, microgliosis
marker expression, and small molecule expression.?®® To surpass this hurdle, many researchers
have utilized immortalized microglial cell lines.?®* 20 Advantages for the use of immortalized

microglia primarily rest in their ability to grow as a monoculture to a high enough cell count for
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repeated experiments and have been shown to be viable up to passage 35.2%° Unfortunately,
immortalized microglia have been shown to express variable levels of immune system proteins
in control or stimulated conditions.??° Thus, these cell lines represent an advantageous initial
experimental model to study TGFB2-TLR4 paracrine signaling in the ONH LC, but conclusions

drawn should address transcriptional differences between primary and immortalized cell cultures.

Translating in vitro findings from future experiments to in vivo paradigms allows for a
more complete understanding of disease progression and time-sensitive responses. Multiple
models of glaucoma, optic nerve damage, or glaucoma-like phenotypes exist to further the
understanding of how this disease progresses and if there are any neuroprotective mechanisms.
Specifically, mouse models represent an ideal model system to study glaucoma phenotypes and
ONH pathophysiology due to their genetic similarity and comparable anatomy to the human
eye.?!% 215 Mouse models are also able to accurately mimic the human cyclical IOP patterns

during a 24hr day.?*!

Many genetic models of glaucoma or ocular hypertension exist, including
two models previously mentioned in Chapter 4 that show STAT1 as a glaucoma hub-gene;

DBA/2J and TDRD7 KO mice.?! 22

DBA/2J mice have mutations in two melanosome proteins, Trypl and Gpnmb, and
develop a pigment dispersing iris disease which eventually leads to significantly increased IOP
and RGC loss. ! 291:293,294 [OP increased start around 6 months of age and continue to ~16
months of age, with the majority of ON damage seen at 12 months of age.!”® This mouse model
has contributed greatly to the field of glaucoma research, with studies discovering insights into

295,296

the role of apoptotic signaling, mechanisms for RGC apoptosis,'*® and testing therapeutic
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interventions to mitigate glaucomatous damage.?*® 2°7 Unfortunately, there are serious practical
challenges with the use of the DBA/2J mouse model for longitudinal studies. Primarily, there are
significant levels of variability of glaucomatous phenotypes between mice despite being
genetically identical, thus requiring large sample sizes to generate significant differences
between treatment groups and controls.??® The DBA/2J model works well for studying late onset,
severe glaucomatous phenotypes, but these pitfalls indicate a need for early-stage glaucoma

modeling systems.

Tdrd7 is a component of RNA granules and is highly conserved across evolution.
Expression patters are significantly increased during the development of the vertebrate ocular
lens.?!2 Tdrd7 was initially studied due to its essential role in the correct remodeling of
chromatoid bodies during spermatogenesis.?!'>2* However, it was also shown that TDRD7""

mice develop congenital cataracts 0% 30!

and significantly increased IOP by six months of age, as
well as severe RNFL thinning and ON damage by 20 months.?!? Very recently, Xie and
collaborators showed that STAT1 is a hub gene for glaucomatous damage in TDRD7” mice,
indicating a role for proinflammatory signaling in this model of glaucoma as well.?%® These data

presented in this dissertation continue to imply the importance of the innate immune system

activation through the JAK/STAT pathways as seen in other glaucoma models.

This dissertation characterizes the B6.EDA** mouse model of mild-to-moderate
glaucomatous symptoms up to 22 months of age.?*° If used in conjunction with the DBA/2J or
TDRD7”- models, this represents an opportunity for further longitudinal studies from mild-to-

severe symptoms, as well as the opportunity to combine genetic manipulations in either model
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system. Such experiments could include blocking TLR4 or DAMP production in either model

system to assess severity of glaucoma phenotypes.

Previously we discussed the resiliency of ipRGCs, and the significantly upregulated
GSEA group of “Visual Phototransduction” in the ONH of B6.EDA™* mice at 12 months
(Chapter 4: Fig. 4). Since ipRGCs exclusively express the photosensitive opsin melanopsin,?43-248
magnetic beads labeled for melanopsin allow for the specific isolation of these RGCs. Previous
studies have utilized magnetic labeled bead separation of retinal cell types to isolate highly pure

302, 303

populations of cells using surface signaling receptors. In the eye, magnetic microbeads

have been used to isolate human retinal microglia,*** the mouse trabecular meshwork,*® rat

306 and mouse rod photoreceptor precursors.>?” Subsequent

retinal endothelial cells,
RNAsequencing or targeted protein or mRNA expression analysis could identify time-specific

changes that contribute to the resiliency of ipRGCs or susceptibility of normal RGCs in the

B6.EDA"" model of glaucoma.

Contribution to the Field
The data presented in this dissertation has, for the first time, identified a causative role for
TGFB2 — TLR4 signaling crosstalk and subsequent DAMP production in glaucomatous

pathophysiology in the ONH and subsequent loss of RGCs.

While we have hypothesized a potential role of both autocrine and paracrine signaling
between all three supporting cell types in the ONH, here we only present data showing autocrine

and paracrine signaling in LC cells and astrocytes. However, the role of microglia in the immune
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and fibrotic responses has been extensively reviewed in Chapter 1. Specifically, it is known that
microglia can express TGFB2,% TGFp2 receptors,'?” TLR4,'?® and BAMBI.!?° These expression
pattens heavily implicate that microglia can undergo paracrine signaling to both LC and astrocyte

cell populations.

To continue to explore the role of TLR4 signaling in an in vivo model, we identified
novel characterizations of glaucoma in the B6.EDA** mouse model.** B6.EDA™* continuous
ocular hypertension is known to be TLR4 dependent, and present significant IOP increases and
RGC loss at both 12 months and 22 months.?!- %% 23% Further investigating human glaucomatous
symptoms in the B6.EDA™* model, we discovered significant thinning of the RNFL at both 12
and 22 months of age, identifying a novel symptom in this model.?** In addition, we present
significant transcriptomic changes at 12 months and 22 months to further elucidate signaling
mechanisms responsible for the development of progressive glaucomatous damage.
RNAsequencing analysis identified 13 novel up- and down-regulated signaling groups,
consisting of 607 leading edge genes total. Specifically, genes related to IFN signaling were
significantly upregulated at both ages, further implicating a role of TLR4 signaling and immune
system activation.?*° IFNa and IFNy protein expression was significantly upregulated in the
B6.EDA"* mouse ONH, and the IFN downstream signaling molecule pSTAT1 was significantly
upregulated at 18 months of age. These data indicate crucial timing windows for anti-

inflammatory therapeutic interventions to prevent glaucomatous damage.

The primary focus of this dissertations is on crosstalk between fibrotic and immune

system signaling, thus it is important to note the ability of astrocytes, microglia, and LC cells to
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produce and/or respond to IFN and STAT signaling cascades. It is known that microglia and
astrocytes express IFNq,3% 30 TFNy,3%% 310 Type 1 IFN receptors,?*® 31! Type 2 IFN receptors,®!!
312.and STAT1.3!1:313. 314 However, to the best of our knowledge, there is no literature exploring
whether LC cells express Type 1 or Type 2 IFN receptors, STAT1, or secrete [IFNs themselves.
Previous literature has looked at protein expression changes and the effect of [IFN exposure in
other fibroblast cell types to examine the rate of proliferation and ECM production. IFNa
exposure significantly affects dermal fibroblast survivability and ECM production, indicating
Type 1 IFN expression.*!> Synovial fibroblasts, which are heavily involved in rheumatoid
arthritis pathology,*!¢ have significant immune responses upon exposure to IFNy, indicating
expression of Type 2 IFN receptors.’!” Finally, intestinal fibroblasts and dermal fibroblasts have
both been shown to express STAT1.31%31° Thus, while we cannot draw conclusions about the
specific expression of IFNs, IFN receptors, nor STAT1 by LC cells, we can hypothesize the

potential for paracrine IFN signaling between the ONH microglia, astrocytes, and LC cells.

Final Conclusions

Glaucoma is one of the leading causes of irreversible blindness, with patient numbers
estimated to increase with the aging population. Unfortunately, managing IOP is the only
modifiable risk factor, and even with lowered IOP, many patients still exhibit progressive loss of
vision. This indicates a crucial need for a more cohesive understanding of the molecular and
cellular signaling pathways underlying disease progression with the ultimate goal of identifying
novel pharmaceutical targets. Chronic fibrotic and immune system activation have been heavily
implicated in glaucoma pathophysiology, including TGFp2-induced fibrosis and TLR4-induced

innate immune system activation. Recent research has indicated that there is crosstalk between
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these two prominent signaling pathways, creating a vicious feedforward cycle that exacerbates

both fibrotic and immune signaling through DAMP production.

This dissertation identifies crucial increases in DAMP expression, novel autocrine and
paracrine signaling with the ONH, and time-specific DAMP and IFN responses in a novel mouse
model of glaucoma. Fundamentally, this work identifies novel signaling pathways resulting in
fibrotic or immune responses. Broadly, this work contributes to our understanding of disease

progression and postulates on new therapeutic targets.
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