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Mechanisms that Contribute to Retinal Pigment Epithelium Dysfunction in Macular
Degenerations

Colin James Germer

Abstract

Macular degenerations (MD) impact millions across the globe, with this number predicted
to grow due to lack of effective therapies to combat the disease. The complex etiology of MD
makes therapeutic development difficult. This thesis seeks to explore the underlying cellular
mechanisms of MD, how they contribute to the disease, and evaluate novel therapeutics that can
preserve healthy vision in disease models.

First, I show how ceramide accumulation drives the release of exosomes from the retinal
pigment epithelium (RPE). Through ultracentrifugation and further purification methods along
with electron microscopy and Nanoparticle Tracking Analysis (NTA), I show that ceramide
increases the apical release of exosomes from the RPE. Using mass spectrometry and super-
resolution imaging, I demonstrate these exosomes contain pro-inflammatory cargo. Using electron
microscopy, I show this disrupts communication in the retina and recruits harmful microglia into
the subretinal space. Finally, I show that small molecule therapeutics can prevent the release of
these exosomes, which may preserve vision.

Second, I show that the abnormal mechanotransduction in the RPE leads to pathological
features of MD. In “drusen-in-a-dish” models, biologically inert silica beads and synthetic agonists
of mechanosensitive ion channels such as Piezol can drive mitochondrial fragmentation in the

RPE. Using electrophysiology, I also show that RPE-specific ablation of Piezol can also

viii



negatively impact the health of the retina. Together, these studies identify novel pathological
mechanisms in age-related macular degeneration.

Finally, I show that a Food and Drug Administration (FDA)-approved drug for osteoporosis
and Paget disease, zoledronic acid, can be repurposed to treat MD. Using high-resolution confocal
microscopy, volumetric reconstruction, and electrophysiological techniques, I show that reducing
ceramide levels within the RPE protects mitochondrial health, decrease microglial migration, and
improves vision in a mouse model of inherited MD.

Taken together, these findings pave the way for a better understanding of the molecular
mechanisms at play in driving vison loss in MD in three major aspects: how disrupted
communication within the retina can cause deterioration of visual function, how drusen can

negatively impact RPE health, and how small molecule therapeutics can restore vision.
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CHAPTER 1: VISION AND THE RETINA

Introduction

Vision is one of the most treasured of our five senses. So much of our modern age requires
us to be able to use information presented to us on a screen. Being robbed of vision causes a
massive decrease in quality of life, loss of income, and an increase in injuries !. Preserving vision
is absolutely vital and yet millions across the globe are afflicted with incurable diseases like
inherited and age-related macular degenerations that cause permanent blindness and have limited
therapeutic options. This lack of effective interventions stems from a limited understanding of the
complexity of these diseases. Here I will discuss how we see, the pathology behind these diseases,
why the complex molecular mechanisms underlying them makes therapeutic development a

challenge. This will also lay the groundwork for the next chapters of my thesis.

Vision Fundamentals: Transduction, Vitamin A, and Anatomy

One must understand the anatomy of the eye and the fundamentals of vision to understand
why these diseases can be so debilitating. To begin with, light enters the transparent protective
cornea and passes through the pupil to the lens (Figure 1.1A). The lens focuses this light onto the
retina, where it strikes the outer segment disk membranes of the photoreceptor cells (Figure 1.1B).
These disk membranes contain rhodopsin, a complex of 11-cis-retinal, (vitamin A), linked to opsin,
a G protein-coupled receptor (GPCR). Upon absorbing a photon of light, 11-cis-retinal is
isomerized to all-trans retinal and detaches from opsin, which allows opsin to exchange guanosine
diphosphate (GDP) to guanosine triphosphate (GTP) on transducin. Transducin is a G protein,

whose alpha subunit binds phosphodiesterase upon activation. Phosphodiesterase then degrades

1
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cyclic guanosine monophosphate to guanosine monophosphate. The loss of cyclic guanosine
monophosphate causes the closure of gated ion channels, hyperpolarizing the photoreceptor and
sending a signal downstream to the bipolar cells. This electrochemical signal then makes it through
to the retinal ganglion cells whose axons form the optic nerve. This signal eventually reaches the
optic chiasm and interpreted by the brain as a visual signal which we use in our day-to-day life.

While photoreceptors are located throughout the retina, the area of highest visual acuity
comes from the macula, a 6-millimeter diameter area of the retina. The macula is densely packed
with cone photoreceptors which are the cell responsible for high-acuity vision. This is also an area
of high phototoxicity as the light gathered by the pupil is focused onto this region, making for a
highly damaging oxidative environment. Given the post-mitotic nature of many of the cells of the
retina, they must be highly resilient to oxidative damage and have multiple mechanisms in place
to mitigate this stress before permanent damage occurs. To remove damaged and photobleached
disks, photoreceptors engage in daily shedding of outer segments. These outer segments are then
engulfed by the underlying retinal pigment epithelium (RPE).

The RPE is a post-mitotic monolayer of cells situated between the photoreceptors and the
highly fenestrated choriocapillaris, the vasculature of the outer retina. The RPE has a number of
functions vital for the upkeep and maintenance of not only the photoreceptors but the retina as a
whole. These include the maintenance of the outer-blood-retinal barrier through its tight junctions,
which controls the transport of metabolites and nutrients into and out of the retina. The
photoreceptors are unique in that they are the only non-cancer cell in the body to be exclusively
reliant on glycolysis. As such, the majority of glucose derived from the blood supply is transported
by the RPE to the photoreceptors instead of being consumed by the RPE, which relies entirely on

oxidative phosphorylation. Photoreceptor waste products from glycolysis, such as lactate and fatty



acids, act as the major source of energy for the RPE. The RPE also removes water from the retina
and secretes various growth factors and proteins to maintain the extracellular matrix around the
photoreceptor outer segment tips and ensure photoreceptor health. Furthermore, as the name
suggests, the RPE contains melanosomes, pigmented organelles, to absorb stray light which assists
with keeping vision sharp.

Most important of all is the role RPE plays in vision: The daily phagocytosis of outer
segments and the recycling of vitamin A. It is this function that imposes an incredible burden on
the RPE as efficient degradation of phagocytosed outer segments is crucial to preventing the
buildup of vitamin metabolites called bisretinoids. After a photon of light strikes rhodopsin bound
to 11-cis retinal within the disk membrane of the outer segment to make an electrochemical signal,
11-cis retinal is converted to all-trans retinal, a reactive aldehyde (Figure 1.2). All-trans retinal
must be flipped to the cytosolic side of the disk membrane to enable retinal dehydrogenase 8
(RDHS) to reduce it to all-trans retinol before it has a chance to cause oxidative damage. If not,
all-trans retinal can form Schiff base adducts with phosphatidylethanolamine in the disk membrane
along with other vitamin A products to form bisretinoids 2. One such adduct is A2PE, composed
of two molecules of vitamin A and one molecule of phosphatidylethanolamine. Once disks
containing A2PE are ingested by the RPE, A2PE can then be cleaved to A2E by phospholipase D
within RPE lysosomes, where it will reside in the RPE for the life of the cell in the form of
lipofuscin granules *. Lipofuscin bisretinoids are autofluorescent and can easily be seen during a

routine fundus exam.
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The RPE and Disease

The focus of this thesis is to glean better insight into the molecular mechanisms underlying
two major blinding diseases, Stargardt disease and non-neovascular age-related macular
degeneration (dry AMD), and to develop small molecule therapeutics. Both these diseases affect
the macula, robbing patients of central vision. In both diseases, the primary site of damage is the
RPE.

Stargardt disease, the most prevalent inherited retinal degeneration, is caused by mutations
in the ABCA4 gene and affects ~1:8,000 people across the globe, °. The hallmark of the disease is
a rapid accumulation of lipofuscin bisretinoids within the retina and hyper-reflective foci (HRF) °.
Those afflicted with Stargardt disease lose their central vision starting in childhood but may be
delayed until early adulthood depending on the specific ABCA4 mutation involved.

In contrast, age-related macular degeneration (AMD) affects those in late adulthood,
typically over the age of 50 . The current prevalence of AMD is ~50 million across the world and
this is predicted to increase to 288 million by the year 2040 . Unlike Stargardt disease, which is
monogenic, over 50 independent genes have been implicated in AMD °. This disease also has a
strong environmental component with lifestyle factors such as smoking and diet playing a role in
susceptibility. The hallmark of dry AMD is the appearance of large cholesterol- and protein-rich
deposits termed “drusen” underlying the retina '°. Like with Stargardt disease, those affected by
dry AMD will slowly and inexorably lose central vision. Patients progress from early to
intermediate and finally to late-stage AMD. These stages are characterized by soft drusen deposits,
RPE atrophy, photoreceptor degeneration, and eventual vision loss.

Early-stage AMD patients have medium-sized drusen (~63-123 pm), minimal RPE

changes, and no visual deficits. Intermediate stage AMD patients will usually present with few
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large drusen > 123 microns with possible pigmentation changes in the RPE !!. These patients will
suffer mild vision loss, but the degree can vary widely from person to person, with most reporting
few problems. Others can report difficulty seeing in low light or blurriness in their vision. The
final stage, late AMD, has two different types: Wet or neovascular and dry or non-neovascular
geographic atrophy (GA). Patients suffering from either form will report wavy lines, blank or black
spots in their central vision, a reduction in color perception, and reduced vision in low light.
Neovascular AMD is characterized by the proliferation of choroidal blood vessels into the retina
and the loss of vision is typically acute and sudden. Neovascular AMD currently has no cures, but
the loss of vision can mitigated over time through the use of anti-vascular endothelial growth factor

(VEGF) injections, which prevent growth of new vessels and can stabilize vision 2.

Geographic atrophy or dry AMD develops much more slowly, typically over decades %13,
No new blood vessels grow, but instead an area of atrophy forms where RPE cells are lost in
patches, leads to a subsequent loss of photoreceptors and blood vessels. These atrophic lesions will
slowly spread, destroying central vision. Dry AMD patients currently have two interventions
available to them: Syfovre and Izervay, both of which have FDA approval. Syfovre is a monoclonal
antibody that binds C3 and prevents its cleavage while Izervay is an RNA aptamer that binds C5.
Both of these prevent the early and intermediate steps in the complement pathway, respectively '4.
However, there is debate among clinicians as to whether Syfovre should be used, owing to the fact
that pooled Phase 3 data showed significant risk of conversion from dry AMD to wet AMD in
patients and many involved in two of the three trials did not complete the study'®. Izervay also has

a similar risk of conversion to wet AMD during treatment, though it is slightly lower. Both of these

drugs also have similar risks that come with intravitreal injections: inflammation risk of infection,
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and possible retinal detachment. Despite these risks, neither drug can restore vision nor stop

progression, they only slow down the growth of the area of atrophy.

Drusen Overview

Drusen is a mixture of lipids and proteins derived from both the retina and systemic circulation
1617 The protein content is widely varied, but many proteins found are also shared by Alzheimer’s
disease and atherosclerotic plaques, such as complement proteins, HLA-DR, ApoE, and fibrinogen
to name a few '®!°. The lipid content within drusen is oxidatively modified, which likely
contributes to drusen formation and is likely due to the oxidative stress that the retina is under!'®.
Druse, singular, range in size and shape within the retina, and these aspects are used in diagnosing
AMD stages, with intermediate and large drusen deposits indicating early and intermediate stages
of AMD, respectively. Excellent work has been done in the field regarding the protein content of
drusen deposits, which consist of apolipoproteins, complement pathway proteins, and various
oxidized proteins 2*2!.

Both lipofuscin and drusen accumulate as we age in small quantities. As we get older, more
will accumulate over time****, However, a rapid accumulation of either presents a challenge for
the RPE and can disrupt homeostasis, resulting in impaired RPE function. This impaired RPE
function can in turn cause further disruption to the retina and the RPE itself, inducing a feedback

loop that can kill the RPE. Without the RPE, photoreceptors die off resulting in the loss of central

vision and thus, blindness.
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Models of Macular Degeneration

Current models of macular degeneration (MD) are very limited, owing to the highly
complex nature of not only the eye itself but the eyes of diurnal vertebrates. As mentioned before,
human vision relies on the macula as the area of highest acuity. This limits “true” models of MD
to primates, which greatly increases costs, time, and labor. There are dog and rabbit models, but
these only have small visual streaks. These visual streaks are areas that are higher acuity but are
still not the same level as human or primate vision. Again, these models are still quite expensive
or have limited genetic manipulation tools available. Other models with cone-rich domains in the
retina such as the 13-lined-ground squirrel have limitations such as hibernation for a portion of the
year, making them poor experimental models. Most labs rely on mice and rats, which have a
plethora of genetic tools available to them and a relatively limited lifespan, making these studies
far shorter. The drawback is that mice are nocturnal and do not have a macula, thus not ideal to
study MD. However, a compromise would be to use mouse models to study specific mechanisms
of disease, be it immune dysfunction, lipid accumulation, oxidative stress or a mechanism yet to
be identified. Mouse models can be used to tease out how that insult can affect the RPE and how
this impacts the rest of the retina. Data from mouse models can be corroborated using more
relevant models, such as human donor tissue or cell cultures.

Cell culture models are also necessary in vision research, allowing far more manipulations
and specific measurements than can be made in an animal. Cell lines are the most abundant and
common culture model, with the immortalized human cell line ARPE-19 used for RPE studies.
The advantage of these lines is the generation of a huge number of samples and experiments with
comparatively little time and effort. The disadvantage is that cell lines often do not recapitulate the

features of cells from the retina. ARPE-19 cells in particular lack pigment granules, do not form



tight junctions which results in a leaky monolayer, and, most pertinently, these cells are mitotically
active unlike the RPE in situ. Recent advances have been made to solve some of these drawbacks,
such as culturing the cells with nicotinamide to promote melanin synthesis and a more hexagonal
morphology, although the tight junctions are still leaky 2*%°.

Other cell culture models include RPE derived from induced pluripotent stem cells (iPSC-
RPE) established from reprogramming fibroblasts, blood, or urine from healthy donors and
patients 2628, The major advantage with this model is that these are of human origin and can tap
into a wealth of tools. iPSC-RPE also form tight junctions and typically grow into a polarized
monolayer. The disadvantage is that there are currently numerous protocols to culture iPSC-RPE
and no standardization. Many iPSC-RPE cultures need further validation to ensure that they
express the repertoire of genes expressed by the RPE in situ, which originates from the
neuroectoderm and expresses P-cadherin, unlike iPSC-RPE, which express E-cadherin.

Also, these iPSC-RPE have a limitation on the number of passages they can go through before
they need to be re-derived 2%,

The Lakkaraju Lab has pioneered the use of primary porcine RPE cultures, established
from freshly harvest pig eyes 3!. This model has several advantages over other culture models.
First, the RPE are fully pigmented and polarized, requiring no additional steps as for iPSC-RPE to
pick colonies or passage cells. Porcine RPE also readily form polarized monolayers when cultured
on collagen-coated Transwell filters with no additional manipulations. These RPE monolayers
readily phagocytose and rapidly degrade photoreceptor outer segments, with kinetics similar to

those seen in vivo. Given the availability of pigs, new cultures can be made weekly, and usually

cheaply, without the need for passaging and the risk of losing the characteristics of the RPE.
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Established Findings in the Lakkaraju Lab

The Lakkaraju lab has shown that accumulation of lipofuscin bisretinoids can induce
multiple levels of dysfunction within the RPE. To begin with, accumulation of A2E within RPE
lysosomes prevents cholesterol efflux leading to a secondary accumulation of cholesterol 32.
Cholesterol in turn abnormally activates the enzyme acid sphingomyelinase (ASM) by
sequestering bis-monoacyl glycerophosphate (BMP), the ASM co-factor®®. This enzyme cleaves
sphingomyelin to ceramide within the RPE. Ceramide is a cone-shaped lipid with variable chain
lengths, which we discovered that the C16 and C24 species of ceramide interfere with many
homeostatic functions of the RPE. These include an increase in acetylated, or static, microtubules,
which leads to impaired autophagy. Within the RPE, the rapid transport of autophagosomes occurs
on dynamic microtubules that are marked by tyrosination. An increase in acetylated microtubules
and a concomitant decrease in tyrosinated microtubules prevents autophagosome transport.

As ceramide has a cone shape due to its wide hydrophobic side chains and small
hydrophilic headgroup, it increases negative curvature in the bilayer resulting in inward budding
and homotypic fusion of early endosomes. These enlarged early endosomes internalize the
complement protein C3 into the RPE, which is cleaved to C3a fragments. C3a activates mTOR
which reduces transcription of autophagy-related genes and can induce dedifferentiation of the
RPE *,

Increased levels of ceramide can also cause an impaired response to complement attack.
Ceramide can also inhibit recycling of CD59 to the apical membrane. CD59 is an important
complement regulator required to inhibit formation of the membrane attack complex (MAC).
Furthermore, acetylated microtubules prevent the rapid movement of lysosomes from the

perinuclear region to the periphery, and prevent lysosome exocytosis required for the RPE to repair
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its plasma membrane after a complement attack *°. Impairing these responses to complement attack
result calcium influx into the RPE via membrane attack complex pores, which cause mitochondrial

fragmentation and loss of RPE homeostasis *°.

Knowledge Gaps

This thesis will strive to answer three unaddressed gaps in our current knowledge of how
excess ceramide promotes RPE pathology. First, how does ceramide alter intercellular
communication in the retina? The RPE is a central player in communication both within the retina
and the rest of the body, as it forms the outer blood-retinal-barrier. Any impact on the RPE’s ability
to communicate would certainly negatively impact the overall functionality within the retina.
Chapter 2 will seek to answer how ceramide in the RPE in models of MD alters its communication
with the rest of the retina and if this can be modulated via small molecule drugs.

The second question is what effect could drusen and ceramide have on the RPE in a
mechanical context? Could drusen exert strain on the RPE that disrupts its homeostasis and ability
to carry out duties important for the survival of the photoreceptors and maintenance of the blood-
retinal barrier? Would cholesterol or ceramide accumulation alter mechanotransduction in the
RPE? Other groups have shown that cholesterol and ceramide can alter mechanosensitive ion
channel function in cell lines and other epithelial cell types 3**7. Within Alzheimer’s disease,
plaques have been shown to activate mechanosensitive responses in neurons. It stands to reason
that ceramide and drusen in and around the RPE may have the same outcomes. Chapter 3 will
show how Piezo1, a mechanosensitive ion channel, modulates how the RPE senses its environment
and how aberrant Piezo1 activation through lipid or mechanical means can cause RPE dysfunction

which may impact the rest of the retina.
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The third question is what drugs could be developed to combat ceramide buildup? Our lab
has shown that desipramine, a tricyclic antidepressant, acts as a functional ASM inhibitor and can
lower ceramide. Are there more powerful drugs that can target ASM and other upstream pathways
such as cholesterol? And, if ceramide and cholesterol can be reduced, will visual function be
restored or can vision loss be halted? These questions will be addressed in Chapter 4 of this thesis,
where | show that a drug approved for osteoporosis has powerful therapeutic effects on the RPE

and restores visual function.
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FIGURE 1.1 ANATOMY OF THE EYE

A. Cartoon schematic of the eye with major anatomical features shown. Light enters through the
cornea and is focused by the lens onto the retina at the back of the eye where it strikes the retina.
B. Cartoon schematic of the layers of the retina. When light strikes the photoreceptors, an
electrochemical signal is transmitted from the photoreceptor outer segments into the bipolar cells,
into the retinal ganglion cell layer and then into the optic nerve. From there, it is moved into the
brain. Created with BioRender.com
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FIGURE 1.2 VISUAL CYCLE OF THE RETINA

Schematic of the visual cycle showing how the retinal pigment epithelium is involved in recycling
vitamin A back to the photoreceptors. Vitamin A compounds are in plain text while proteins
involved in the movement and processing of the intermediates are in boxes. Created with
BioRender.com
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CHAPTER 2: EXCESS RPE CERAMIDE DRIVES SECRETION OF
PROINFLAMMATORY EXOSOMES THAT INDUCE MICROGLIAL

ACTIVATION

Introduction

Exosomes are a class of 30-120nm sized extracellular vesicles derived from the
endolysosomal recycling pathway 3. Exosomes begin as intraluminal vesicles (ILVs) in a
multivesicular body (MVB). They form from inward budding into the late endosome and from
there they can either be degraded by the lysosome or the MVB can fuse with the plasma membrane
and these ILVs are released into the extracellular space in the form of exosomes *°. Originally
thought of as cellular debris, research in the recent decade or so has shown that exosomes play

40-43 From

vital roles in cell-cell signaling, extracellular matrix remodeling, and disease
establishment of metastatic tumor niches, to expanding cell protein repertoire, exosomes are not
only cell-specific but can carry a wide variety of protein, RNA, and lipid cargo *'. Exosomes
derived from healthy cells may have uses as therapeutic delivery systems if not outright

interventions themselves 4%

. Excellent work regarding exosomes within the retina has
demonstrated their role in the eye. Studies have shown their usefulness as a liquid biopsy to
evaluate eye health or their role in drusen formation or even cell-cell communication in the retina
4648 This work seeks to explore what role exosomes play in models of MD, and if they can be
modulated via small molecule therapies.

Isolating pure populations of exosomes is difficult as their sedimentation rate is similar to

that of many proteins and many other classes of extracellular vesicles. The first step is generating

exosome-depleted media, which can be made by using media without any serum. Serum, usually
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sourced from fetal animals, typically pig, sheep, or cow, contains many of the growth factors
needed by cells and also contains large numbers of exosomes derived from the host. Most cells do
not grow well in serum-free media and so complete media, media with all the components in it
necessary for normal cell growth including serum, must be subjected to ultracentrifugation in
excess of 100,000xg over the course of 16 hours. After this, a large pellet forms in the bottom of
the tube and is discarded. The remaining supernatant can then be filter sterilized and fed to cells.

The next step is harvesting conditioned media, which is media that has been exposed to
cells for some time. This media is then cleared of any cells at a low-speed centrifugation in the
range of 300xg and can be stored for a limited time, usually a week at 4°C, or frozen. When enough
conditioned media has been gathered, isolation can commence. To date, there are a handful of
techniques that can isolate exosomes: Differential ultracentrifugation is the most common where
samples are spun at increasing g-force and the pellet is discarded at every step. However, this
technique is typically lossy as many exosomes may not pellet or the pellet may come loose or the
exosomes may pellet at earlier stages alongside apoptotic bodies and microvesicles *°.

Another technique is the use of density gradient purification which uses a gradient of
different densities to isolate exosomes, which are then directly harvested, typically at 1.15g/mL.
These gradients can be made of sucrose, iodixanol, or cesium chloride and can be either self-
generated through special rotors or lengthy ultracentrifugation times, or they can be made using a
gradient-maker which precisely distributes the gradient with the highest density on the bottom and
the lowest at the top. Density gradient ultracentrifugation generates exosome populations that are
more pure, but the yield is typically as low as ultracentrifugation and is prone to operator error >°.
The use of size-exclusion chromatography, where conditioned media is concentrated via molecular

weight cut-off filters and then run through a column containing beads with small pores in them,
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can also be used to isolate exosomes. This column causes exosomes, proteins, and other
extracellular vesicles to flow through at different rates and allows the user to collect the precise
fraction desired °'.

According to the International Society for Extracellular Vesicles, a society established to
standardize exosome isolation and increase the reproducibility of papers on exosomes, mere
isolation methodology is not enough. To confirm a population of vesicles is truly exosomal it must
also meet additional criteria. They must fit within a narrow band of 30-120nm diameter sizes. This
can be confirmed via electron microscopy, as diffraction-limited microscopy cannot resolve these
sizes. Under electron microscopy, exosomes will have a “collapsed donut” morphology, a result of
the dehydration process during electron microscopy processing along with the extremely high
vacuum inside of the column of the electron microscope itself 32. Exosome size distribution can
also be visualized via Nanoparticle Tracking Analysis (NTA). This process involves shining a laser
through a special optical flat while the exosomes are suspended in a solution of known viscosity,
volume, and temperature. Videos can be taken with a simple upright microscope and camera
system that are then analyzed through special software that measures their Brownian motion. That
is, the random motion that small particles undergo. If viscosity and temperature are known and the
system is free of vibration or any sort of flow or drift, then accurate sizes can be determined based
on the random motion of the particles >>.

Finally, exosome populations must be confirmed for known markers. Currently, there is no
“one size fits all” to identify exosomes through protein alone. The protein cargo of exosomes
changes based on stimulus to the cell secreting them along with the cell type itself >!**. Instead,
prospective exosome populations are subjected to western blotting and examined for proteins that

are typically associated with exosomes. Tetraspanins are typically the major protein to look for

16


https://sciwheel.com/work/citation?ids=16746505&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=7666665&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=1320681&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=16746505,16017328&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0

and those such as CD9, CD63, and CD81 are indicators that a given isolation contains exosomes.
Other proteins stained for are those from the Endosomal Sorting Complex Required for Transport
(ESCRT) pathway, such as TSG101, ALIX, and Hrs 333657  These proteins are specifically
involved in some way in the generation of or sorting of cargo into exosomes via ILV formation.
However, not all exosomes are generated via the ESCRT pathway. Some, as mentioned, are
generated through ESCRT-independent pathways such as ceramide *. So other proteins can also
be examined such as Hsp70, a heat-shock protein associated with exosomes. Lastly, a preparation
must be evaluated to ensure it contains low or no levels of secreted proteins. This is done by
confirming the absence of proteins from the endoplasmic reticulum and Golgi, such as calnexin or

Giantin, respectively.

Results

Ceramide Increases Apical Exosome Release In RPE

Work from other labs has shown that ceramide can promote inward budding into the late
endosome, to form ILVs that are released as exosomes (Figure 2.1) *® *°. Previous work from our
lab has shown that ceramide causes a myriad of RPE dysfunctions including inward budding at
the plasma membrane to form abnormal early endosomes (discussed in Chapter 1) **. Based on
these studies, we hypothesized that inward budding into MVBs would increase ILV formation and
exosome secretion. We first sought to quantify the number of exosomes secreted by healthy RPE
cultures or RPE with the bisretinoid A2E, which increases ceramide accumulation 3>3°. We
harvested media and purified exosomes from the apical and basolateral chambers of polarized RPE
cultures with or without A2E. Purified exosomes were then analyzed by immunoblotting. We

observed a significant increase in CD63, a tetraspanin that is a canonical marker for exosomes, in
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exosomes released by RPE with A2E. Other exosome markers such as a Hsp70 and flotillin-2 were
also increased. An absence of calnexin indicated the purity of our exosome isolations (Figure
2.2A). To ensure the criteria for exosomes were met, these exosomes were imaged by transmission
electron microscopy (TEM). We observed the typical “collapsed donut” shape seen with negative
stain methods (Figure 2.2B). As immunoblotting cannot discern if the number of exosomes is
increased or the amount of protein is merely higher, and counting through electron microscopy is
highly labor intensive and relies on uniform adsorption of all exosomes onto the grid, we used
NTA to quantify the size distributions and numbers of exosomes. Increased ceramide did not alter
the number of exosomes released towards the basolateral chamber by the RPE. However, there
was a two-fold increase in exosome counts per cell from A2E-treated RPE, indicating an increase

in apical secretion in RPE with high levels of ceramide (Figure 2.2C).

RPE with Excess Ceramide Release Pro-Inflammatory Exosomes

To analyze the protein repertoire of these exosomes, we generated ultra-pure exosome
populations by self-generating iodixanol gradient and subjected them to mass spectrometry
analysis. As mass spectrometry requires a large quantity of protein for accurate assessment, porcine
RPE cultures could not be used as they were available in limited quantities. Instead, ARPE-19 cells
were grown and treated with U1866A, a compound that induces cholesterol accumulation in cells.
This activates ASM, leading to ceramide accumulation. Exosomes released by Ul8-treated cells
had an increase in pro-inflammatory proteins (e.g., HLA-DR, Connexin 43, S100A8) and a
decrease in anti-inflammatory proteins (lactoferrin) (Figure 2.3). This indicates that ceramide

alters the protein cargo of exosomes, which could promote inflammation in the retina.
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To validate our mass spectrometry data, we purified exosomes released by porcine RPE
monolayers and analyzed them by Nanoimaging. This relatively new technology allows super-
resolution imaging (ASTORM microscopy) of individual exosomes labeled with antibodies to
exosome or other proteins. We labeled exosomes with antibodies to canonical exosome markers
(CD9, CD63, CD81), ceramide, and Connexin 43. Nanoimaging analysis showed that exosomes
derived from RPE treated with A2E had an increased amount of Connexin 43 compared to
exosomes released by healthy RPE (Figure 2.4A, B). Connexin 43 is a gap junction protein, which
is vital for cell-cell communication. It is especially important in the RPE, where it mediates
electrical properties of the RPE and overall barrier function®*¢!. Pertinently, its secretion also
functions as a pro-inflammatory factor, and has been shown to recruit immune cells .

To explore if exosome secretion could be ameliorated via small molecule therapies and
further confirm the role of ceramide in driving RPE pathology, we performed live cell imaging of
exosome release from porcine RPE cultures. These RPE were transfected with CD63-pHluorin
which is quenched in the acidic compartment of the MVB. Upon the fusion of the MVB with the
plasma membrane and the release of ILVs into the neutral extracellular space, the pHluorin probe
is unquenched and will fluoresce. These fluorescence “bursts” are counted as exosome release
events. In RPE treated with A2E, we observed more exosome release events compared to healthy
cells (Figure 2.5A). Treatment with desipramine, which inhibits ASM and decreases ceramide

production, significantly reduced the number of release events in RPE with A2E (Figure 2.5B).

Ceramide-Enriched RPE Exosomes Recruit Microglia into the Subretinal Space
To ensure that these findings were not an artifact of cell culture, we analyzed MVBs and

ILVs in pigmented Abca4” mice, the well-characterized model for Stargardt disease 6.
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Exosome purification from the subretinal space is not possible with currently available
technologies; instead, we performed TEM on flatmounted whole retinas that were high-pressure
frozen (Figure 2.6A). We found similar numbers of MVBs in 4bca4”- mouse RPE compared to
age-matched wildtype counterparts (Figure 2.6B). There was also an increased relocalization of
MVBs near the apical surface of the RPE, in agreement with the increased apical secretion of
exosomes seen in our primary RPE cultures (Figure 2.6C). There was no increase in the numbers
of total ILVs (Figure 2.6D). To ascertain if exosome biogenesis can be modulated in vivo by
treatment with ASM inhibitors, A4bca4”- and WT mice were administered desipramine (10 mg/kg,
three times/week for 4 weeks). This significantly reduced the numbers of ILVs per MVB in Abca4
~ RPE back to wild-type levels, indicating that ceramide is the major driving force in exosome
biogenesis in the RPE in vivo (Figure 2.6E).

As these exosomes contain pro-inflammatory cargo such as Connexin 43, which can induce
migration of immune cells, we asked whether this would cause migration of microglia from the
outer and inner plexiform layers to the subretinal space. We stained mouse RPE flatmounts with
Ibal, a marker for microglia. We found that the number of microglia were significantly increased
in the subretinal space of aged 4bca4”- mice when compared to age-matched wild-type mice
(Figure 2.7A, B). This is a strong indicator for exosomal secretion playing a role in the recruitment
of microglia into the subretinal space.

Microglial infiltration into the subretinal space is a sign seen in many retinal degenerations,
including AMD and Stargardt disease ©-%%. While there is still debate as to whether these microglia
are protective or detrimental in these diseases, they only accumulate in the subretinal space during
degenerations. As such, to evaluate whether these mice would also lose vision and if that vision

could be preserved or restored by desipramine treatment, we performed electroretinography
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(ERGs) on vehicle-treated wild-type, vehicle-treated 4bca4”~, and Abca4” mice treated with
desipramine for 8 weeks. This longer treatment was deemed necessary due to the more advanced
age of the cohort at 16 months and thus higher ceramide accumulation and a greater progression
of the disease. ERG measurements showed that the a-wave, the signifier of photoreceptor health
in the retina, was better preserved in Abca4”- mice treated with desipramine than with vehicle alone
(Figure 2.8). Although desipramine did not restore vision to that of age-matched wild-types, this

represents a promising therapeutic avenue.

Conclusions

This chapter has shown that excess levels of ceramide within the RPE, both in cell culture
and in mice, can cause aberrant secretion of exosomes towards the apical surface. These exosomes
contain proinflammatory cargo that is released towards the retina, which may in turn recruit
microglia into the subretinal space. By employing inhibitors of ASM, ceramide levels can be
decreased and this, in turn, reduces the number of exosomes generated by the RPE. This may be a
promising therapeutic intervention in treating MD. However, more work needs to be done in order
to understand the exact roles these exosomes may play within the retina. It has been thought that
excess exosome secretion may contribute to drusen formation. This study now demonstrates that
exosome secretion from stressed RPE could also recruit microglia into the subretinal space ®.
Exosome secretion from stressed RPE could also mediate epithelial-to-mesenchymal transition in
the RPE, which would harm the retina overall. It has also been shown that exosomes secreted by
the RPE under oxidative stress can promote angiogenesis, an important step in proliferation of

blood vessels and development towards neovascular AMD 4670,
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This chapter has also demonstrated that the use of ASM inhibitors can prevent the
recruitment of microglia to the subretinal space. Desipramine is a well-tolerated tricyclic
antidepressant with a wide therapeutic index and typically minor side effects. The dosages
employed for this study are well below what is necessary to obtain the anti-depressant effects,
indicating a promising avenue for drug repurposing for both AMD and Stargardt patients. These
patients typically have a high incidence of depression, and future studies should consider
progression of either of the diseases while the patient was under a desipramine regimen.
Although the nature of these microglia was not ascertained through the course of this thesis, the
fact they were outside of their normal niche, which is both the inner and outer plexiform layers,
indicates they were being recruited to the subretinal space as a result of dysfunction in the retina.
More work is needed with this mouse model in particular to unveil the protective or detrimental

nature of these microglia.
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FIGURE 2.1 HYPOTHESIS: CERAMIDE INCREASES EXOSOME RELEASE

Cartoon schematic showing how ceramide causes inward budding into multivesicular bodies
and their resultant fusion with the plasma membrane causes the release of intraluminal
vesicles as exosomes
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FIGURE 2.2 RPE WITH CERAMIDE RELEASE MORE EXOSOMES

A. Western blot showing exosomal markers such as Alix, flotillin2 (Flot2), Hsp70, and the
endoplasmic reticulum marker Calnexin.

B. Representative electron micrographs of exosomes

C. NTA of exosomes derived from control or A2E-treated RPE. Note the increased apical secretion
in A2E-treated RPE.
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Bar graph of relative abundances of various proteins identified in exosomes derived from RPE via
mass spectrometry.

25



- A2E-Treated.

Connexin43 - | Connexind3:-> .

FIGURE 2.4 CERAMIDE CAUSES CONNEXIN43 PACKING INTO EXOSOMES

Representative images from exosomes derived from RPE treated with or without A2E stained for
Connexin43.

26



Ctrl
rel:a\t\i\‘/;e\l'mmsiiy,_-/l
100 o 230
A2E
A2E
+ Des
B

(=2

h

=

b

Number of Release Events
. (%)

Control A2E A2E + Des
FIGURE 2.5 CERAMIDE CAUSES MORE EXOSOME RELEASE EVENTS

A. Stills from live-imaging of cells transfected with CD63-pHluorin. White dotted line is cell
boundary, yellow dotted line highlights release events.
B. Quantification of A. Mean+SEM.

27



Abcad” mouse RPE + Des

nucleus

frary

=1

=
1

0.07

0.06

0.05

[
=
|

- 0.08 g
= P
] o
5 g 60+
; :
S 40+
; e
& 5
< z

=
I

Wild type Abcad”™  Abcad™

0.04
Wild ype _ Abcad~  Abcad~ + Des
+ Des
D . E
*kk *%
120 *% *k% S _
100 =
_ >
B
E s 22 -
5 =5
5 — %
2w 22
3 3£
= 40 82 3 ¢
d E L=
v
20 Z
Wildtype Abcad™ Abcad” 2 WT  Abcad”™ Abcad™
+ Des +Des

FIGURE 2.6 CERAMIDE INCREASES ILVS PER MVB IN RPE

A. Representative images of ILVs and MVBs from mouse RPE.

B. Quantification of MVBs per micron of grid. Mean+SD. Student’s t-test.

C. Polarity of MVBs in the RPE. Student’s t-test

D. Diameter of ILVs as box-and-whisker plot. Student’s t-test.

E. Number of ILVs per MVB. Mean+SD Student’s t-test with Welch’s correction * p < 0.05, ** p
<0.01, *** p <0.0001.
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FIGURE 2.7 MICROGLIA ARE RECRUITED TO THE SUBRETINAL SPACE

A. Stitched confocal images from a wild-type mouse RPE flatmount stained for Ibal.
B. Same as A, but for an 4bca4”~ mouse.

C. 3D reconstruction showing that ceramide is in subretinal microglia.

D. Quantification of A and B. Mean+SD. **** p <(0.001 Student’s t-test.
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FIGURE 2.8 DESIPRAMINE CAN PROTECT PHOTORECEPTOR FUNCTION

Average of a-wave amplitudes over stimuli from 18-month-old mice. Mean+SD. * p < 0.05
Student’s t-test.
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Methods

PRPE Culture

Primary RPE were isolated from porcine eyes using established protocols *!. Briefly,
extraocular tissues were removed from the eyes, and the eyes were incubated in 20% iodine
solution (1 part povidone-iodine diluted in 4 parts autoclaved distilled water) (10 minutes, 4°C)
followed by incubation in 1000 U/mL Penicillin-Streptomycin solution (5 minutes, 4°C). The
anterior portion of the eyes, the lens, and the vitreous were removed in a biosafety hood, and the
eyecups were placed in a 12-well plate. Each eyecup was incubated in 2 mL of PBS with 1 mM
EDTA (30 minutes, 37°C). Retinas were gently detached from the eyecup with blunt forceps and
removed by clipping at the optic nerve head. Upon removal of retinas, each eyecup was incubated
in 1 mL of 0.5% trypsin with 5.3 mM EDTA in Hank’s balanced salt solution without calcium and
magnesium (30 minutes, 37°C). RPE were dissociated from the eyecups by resuspension and
collected into conical tubes containing 8 mL neutralizing media (DMEM with 4.5 g/L glucose,
10% heat-inactivated fetal bovine serum, 1% non-essential amino acids, 1%
penicillin/streptomycin, 10 pg/mL ciprofloxacin). Cell suspension from 2 eyecups were pooled
into a tube. Each eyecup was subjected to brief rinses with 1 mL 0.5% trypsin solution to collect
any remaining dissociated RPE. Cell suspensions were pooled and centrifuged at 300xg for 4
minutes at room temperature. RPE pellets from 6 eyes were pooled and plated onto T25 flasks in
growth medium (DMEM with 4.5 g/L glucose, 10% heat-inactivated fetal bovine serum, 1% non-
essential amino acids, 1% penicillin/streptomycin, 10 pg/mL ciprofloxacin). Flasks were fed every
2-3 days. After 1 week in culture, 10% FBS growth media was replaced with 1% FBS media and

cultured for another week before plating on collagen-coated Transwell filters.
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ARPE-19 Cultures

ARPE-19 cells were purchased from ATCC and passaged onto tissue culture treated 10cm
plates at 37°C. ARPE-19 cells were grown in medium made up of DMEM with 4.5g/L glucose,
3% heat-inactivated fetal bovine serum, 1% non-essential amino acids, 1%
penicillin/streptomycin, and 1% antimycotic/antibiotic. Cells were fed exosome-depleted media
after reaching 80% confluence and medium was allowed to condition overnight.
Mice

Wild-type and Abca4”- mice were housed under 12-hour light-dark conditions with a
minimum intra-cage lux value of 20 to ensure adequate generation of lipofuscin within the RPE.
Mice were allowed water and PicoLab 5053 diet ad libitum. Mice were sacrificed 3 hours after
light onset when they reached 6 months of age.
Desipramine Treatments

Desipramine HC] was dissolved into phosphate buffered saline and administered via
intraperitoneal injection at 10mg/kg 3 times per week for 4-8 weeks.
Transmission Electron Microscopy of Mouse Retinas

Whole mouse globes were enucleated, cleaned of excess tissue, then fixed in an excess of
4% paraformaldehyde and 5% glutaraldehyde in 0.1M sodium cacodylate pH 7.4 for 1 hour at
room temperature. The anterior portion was then removed (cornea, lens, iris) and relaxing cuts
were made to flatten the eyes, with the retina remaining attached. Eyes were then rinsed in 0.1M
sodium cacodylate pH 7.4 three times before being moved into 1-hexadecene. Five 2 millimeter
punches were taken from each eye with a biopsy punch. These punches were then moved into 0.3
mm type B freezing hats coated in 1-hexadecene. Excess 1-hexadecene was applied to remove air

before being capped with another type B freezing hat for a total space of 0.6 millimeters total
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These were subjected to high pressure freezing in a Balzers HPM-010. Hats were separated under
liquid nitrogen and placed in frozen freeze substitution media (0.1% methanolic uranyl acetate and
4% osmium tetroxide). The freeze substitution media was placed into a Leica AFS set to -70°C for
72 hours before ramping up to 4°C over the course of 24 hours. Excess freeze substitution media
was removed by three rinses in pure acetone. Hats were removed and samples were incubated with
mixtures of 50:50 and 75:25 complete Embed-812 Hard formulation/acetone for 16 hours each
with rotation. Following this, three changes of pure resin were conducted over the course of eight
hours before being held under vacuum overnight. Samples were removed and put into fresh resin
in coffin molds with labels. Sections were cut using an ultramicrotome (Reichart) at 70 nm
thickness and placed onto 1 millimeter copper slot grids with formvar. Grids were stained using
4% uranyl acetate in a Hiroka staining chamber, rinsed with deionized water and stained with lead
citrate in a COz depleted environment created by sodium hydroxide pellets. Grids were dried and
imaged on a Philips CM120 at an accelerating voltage of 80 kV and 2 pum spot size using a
BioSprint 12 camera (Advanced Microscopy Techniques) at a one second exposure and two-frame
average. The entire grid was imaged. Images were analyzed using the AMT plugin for FIJI to
calibrate pixel sizes. ILVs were identified based on the presence of a complete membrane
surrounding the vesicle and a clear doughnut morphology. For an organelle to be counted as a
MVB required at least 2 ILVs. Diameters of ILVs and MVBs were measured using the Line tool.
To classify MVBs as apical or basolateral, low magnification shots of the RPE were taken to
encompass basal infoldings and microvilli. Distances were measured from the bottom of the basal
infoldings to the base of the microvilli. Determination of polarity was determined based on whether
the MVB was within the apical or basolateral domain of the RPE. To calculate MVBs per micron,

a “burn” was performed on the grid by increasing the beam intensity to make a mark at the start of
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each imaging session and at the end. The lowest mag possible on the scope was then using to image
the entire grid. The Segment tool in FIJI with the AMT plugin was used to trace along the
basolateral infoldings of the RPE from each burn. This total distance was used to calculate MVBs

per micron.

Exosome Isolation and Purification

Cells were cultured in EV-depleted media. Briefly, complete media was centrifuged in an
SW28 rotor at 100,000xg for 16 hours at 4 °C. The media was harvested and the pellet was
discarded. Cells were fed this media along with A2E or any other agents. Apical and basolateral
media from 17 12mm Transwell filters per condition were harvested twice, with each harvest
occurring every 48 hours and pooled. EVs were isolated via differential ultracentrifugation, density
gradient ultracentrifugation, or size exclusion chromatography according to established protocols
I, For differential ultracentrifugation, apical and basal media were centrifuged at 300xg for 10
minutes to remove cellular contaminants at 4°C in an Eppendorf 5240 centrifuge. Pellets were
discarded and supernatants centrifuged in fresh tubes at 2,000xg for 10 minutes at 4°C in an
Eppendorf 5240 centrifuge. Supernatants were transferred into polyallomer tubes and centrifuged
at 10,000xg for 30 minutes at 4°C in a Beckman L8-80M preparative ultracentrifuge with a SW28
rotor to remove apoptotic particles. Supernatants were centrifuged at 100,000xg for 3 hours at to
isolate purified EVs. Pellets were rinsed in sterile PBS and centrifuged in an SW44Ti rotor for 100
minutes at 4°C at 100,00xg to remove any external proteins and debris.

For iodixanol gradient, a mix of PBS and OptiPrep was used to form a discontinuous
gradient with 40, 20, 10, 5% layers. Exosomes isolated via differential ultracentrifugation were
overlaid on top and spun at 100,000xg for 16 hours. Fractions were harvested in 200 microliter

increments and subjected to absorbance spectroscopy at 244 nanometers. The fractions with an
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absorbance value of 0.477, corresponding to a density of 1.15 g/mL, consistent with published
literature, were pooled together and wash step was performed to remove iodixanol and concentrate
exosomes ',

For size exclusion chromatography, Izon columns were used according to manufacturer’s
instructions. Briefly, exosome-depleted cell-conditioned media derived from 3 flasks per
condition, either A2E or control, harvested 7 times, once every 48 hours, was concentrated using
pre-rinsed Centricon 100kDa filters. This concentrated media was then centrifuged to remove
aggregates at 10,000xg for 10 minutes at 4°C. Pellets, if any, were discarded. Supernatants were

applied to Izon columns and fractions 6-9 were collected as pure EVs. These EVs were then spun

at 10,000xg to remove any aggregates and used in downstream preparations.

Transmission Electron Microscopy of Exosomes

Transmission electron microscopy of EVs was performed as described in literature 7'
Briefly, purified exosomes were fixed in 4% PFA for 20 minutes before being adsorbed onto a 200-
mesh copper slot grid with a carbon-formvar coating. Grids were fixed with 2% glutaraldehyde,
rinsed in deionized water, and stained with 4% aqueous uranyl acetate and uranyl oxalate. Grids

were imaged using same microscope and camera as described for MVB analysis of eyes.

Immunoblotting

Exosomes or cells were lysed in 1X HNTG lysis buffer (50 mM HEPES, 150 mM NaCl,
10% glycerol, 1.5 mM MgClz, 1% Triton X-100) supplemented with a protease inhibitor cocktail.
Protein concentrations were measured by the DC Protein Assay. NuPAGE LDS sample buffer was
added to the lysates, and samples were heated to 85°C for 10 minutes. Samples were resolved on
a NuPAGE 4-12% Bis-Tris gel at 150 volts for 1 hour at room temperature. Gels were transferred

onto nitrocellulose membranes using the iBlot transfer device for 7 minutes using the preset
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program 3. Membranes were blocked in Intercept PBS Protein-Free Blocking Buffer for 1 hour at
room temperature with gentle shaking and incubated with indicated primary antibodies diluted in
blocking buffer supplemented with 0.1% Tween20. Membranes were then incubated with IRDye
secondary antibodies for 1 hour at room temperature and scanned using LI-COR Odyssey CLx.

Band intensities were quantified using Image Studio.

Nanoparticle Tracking Analysis

Purified EVs were resuspended in PBS that was pre-filtered through a 20-nanometer pore
size fiberglass filter. This suspension was measured by an LM10 NanoSight (Malvern) with
temperature recording. Five 30-second videos were acquired per sample, and each sample was
measured in triplicate. Camera setting of 13 with a sensitivity threshold of 3 was used for both
acquisition and analysis. Between each measurement, the optical flat and instrument was
thoroughly cleaned with pure ethanol and deionized water. A background video was taken of the

filtered water to subtract contaminating particles.

Nanoimaging of Exosomes

To evaluate exosome cargo, purified exosomes were processed as per EV Application kit
instructions (Oxford Nano Imaging). Briefly, exosomes isolated by size exclusion chromatography
were stained with the exosomes kit and conjugated antibodies using Mix-n-Stain kits overnight
before being fixed onto the ONI Chip. The IgM linker was used to conjugate the 647 dye to the
ceramide antibody. To conjugate Cx43, the 561 linker was used. EVs were imaged using ONI’s B3
buffer, acquiring 1,500 frames at a 30° angle with a laser power of 15%. The standard imaging
protocol was applied along with CODI drift correction. Images were further quantified using

Imaris 10 with intensity-based colocalization and background subtraction and Gaussian filtering.
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Live Imaging of Exosome Release

Primary porcine RPE transfected with CD63-pHluorin (5 pg/1.5x10° cells) were treated
with A2E (10 uM for 6 hours followed by a 48 hour chase in fresh culture medium *73. Some
cultures were treated with desipramine (10 pM) immediately before imaging 3347, Cells were
imaged in recording medium (1 x HBSS, 4.5 g/L glucose, 0.01 M HEPES) supplemented with 1%
FBS and 1% NEAA as described previously. Imaging was performed at 37°C in an Okolab
humidified microenvironmental chamber on the Nikon spinning disk confocal microscope using a
CFI160 Apochromat TIRF 100X oil immersion objective (1.49 NA). The system is equipped with:
Yokogawa CSU-X1 confocal spinning disk head, Nikon Eclipse Ti2-E inverted microscope, Live-
SR super-resolution module, Andor iXon Ultra 888 EMCCD camera, Ti2-S-SE-E motorized stage
with piezo-Z for rapid Z-stack acquisition, and a laser combiner with four solid-state lasers at 405,
488, 561, and 640 nm and the corresponding band-pass emission filter sets (Chroma) loaded on a
FLI high speed filter wheel. Identical laser power, exposure and gain settings were applied for all
conditions within a set of experiments. To capture apical exocytosis, a plane with pre-docked
CD63-pHluorin puncta near the apical membrane was determined and time-lapse movie was
acquired at 30 second intervals for 10 minutes (50 millisecond exposure). Surface reconstructions
were performed with the “Surfaces” module with tracking enabled on Imaris. The appearance of
new surfaces absent in the preceding time frame were quantified as exocytic events.
Mass Spectrometry

ARPE-19 cells treated with or without 2.5 uM U18666A were cultured in exosome-
depleted medium overnight. EVs were purified from the media by differential ultracentrifugation
as described above. The resultant pellet was resuspended in PBS and purified using a self-

generating continuous iodixanol gradient. The gradient was then harvested in 200 pL increments
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and absorption spectra were matched to determine the ideal percentage iodixanol for EV
harvesting. Upon isolation of the correct density, samples were processed by the Mass
Spectrometry Core at the University of Wisconsin-Madison.
Electroretinography

Mice were dark-adapted overnight to evaluate scotopic response. All mice were
anesthetized using a mixture of ketamine and xylazine until deep anesthesia was reached. Whiskers
were trimmed and a mydriatic solution of 1% tropicamide and 5% phenylephrine was applied.
Liberal amounts of GenTeal Severe were used to keep eyes moist and maintain contact with
electrodes. The Celeris in Active/Reference/Ground configuration was used. The ground electrode
was placed in the skin near the base of the tail. The reference electrode was placed in the cheek of
the animal. 9 steps with luminances ranging from 0.01 ¢d-s/m? to 50 cd-s/m? were used with a two
minute recovery period between each step. A recording epoch of 4 seconds was used to capture a,
b, and ¢ waves and ten sweeps were averaged for each step. Each sweep had a 20 second pause to
avoid light adaptation. Wave peaks from both eyes were averaged together. After measurement,
atipamezole was administered and mice were left in a warm clean cage to recover before being put
back into housing.
Immunofluorescence of Mouse Eyes

Enucleated mouse eyes were dissected to remove the anterior portion of the eyes including
the lens. Four relaxing cuts were made on the eye cups prior to fixation in 4% PFA for 1 hour at
room temperature. The retinas were clipped and removed. Each RPE flatmount was blocked for 1
hour at room temperature in 300 uL of 2% BSA in PBS supplemented with 0.1% Triton-X. After
blocking, flatmounts were incubated in primary antibodies diluted in 1% BSA in PBS at 4°C for

16 hours, followed by incubation in AlexaFluor secondary antibodies and phalloidin diluted in 1%
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BSA for 2 hours at room temperature. After secondary staining, flatmounts were rinsed as above
and stained with DAPI. After three rinses, flatmounts from mice older than 6 months were
incubated with TrueBlack for 30 seconds to quench RPE lipofuscin autofluorescence. After
rinsing, flatmounts were mounted and sealed on clean slides with PBS and Vectashield Vibrance.

Images were taken using the Nikon spinning disk microscope.

Statistics
Graphpad Prism 10 was used and statistical testing was performed as described in the

figure.
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CHAPTER 3: ALTERED PIEZO1 ACTIVITY IN THE RPE INDUCES

MITOCHONDRIAL DEFECTS

Introduction

Mechanical forces are a fundamental aspect of life. Cells and tissues have
mechanosensitive ion channels that allow them to not only sense, but make use of mechanical
forces 7°. Mechanosensation has typically focused on touch and hearing, but it is now well-
appreciated that mechanosensation is an important player in tissue homeostasis 7. Normal brain
development relies on neurons being able to sense different stiffnesses in order to properly find
and enervate the right organs’’. The stomach and intestines are reliant on mechanosensation in
order to sense satiety or the feeling of fullness, the loss of which can induce obesity in mice %.
Surprisingly, even bones are regulated by mechanical stress, with an increase in stress causing an
increase of bone mass and a loss causing a drop in bone density 7°. The eye is also subjected to
numerous mechanical stresses, from choroidal and inner retinal vascular beds that perfuse the
retina to the thousands of saccades, or rapid minor eye movements, that constitute vision. Excellent
work has been done on the mechanobiology of eye in regards to glaucoma 3!, However, little is
currently understood about the importance of mechanotransduction in the retina or RPE.

Among the channels that can transduce mechanosensation, the Piezo channels (Piezol and
Piezo2) have been the focus of intense research interest in recent decades. Piezo channels, with
26-40 transmembrane helices and over 2,500 amino acid residues ** have been shown to have
numerous functions, from neuronal pathfinding and vasculature development to iron metabolism
and more %%, Piezo channels have been found to play a number of roles in both organismal
development and the progression of diseases * *. They control the spread and growth of epithelial

cells, planar cell polarity, as well as overall organismal growth 87 38 Within epithelia, Piezo
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channels can prevent or induce extrusion from the monolayer and thus prevent overcrowding. Loss
of Piezo channels is embryonic lethal as many organisms fail to develop the lung and vasculature
structures sufficient to sustain life 3%

Piezo channels have extremely rapid activation and inactivation kinetics, on the order of a
few hundred milliseconds. Perhaps most fascinatingly, to date, no endogenously-expressed ligands
have been identified for either Piezol or Piezo2 °'. These channels can only be activated by
mechanical deformation, unlike many other mechanosensitive ion channels such as the transient
receptor potential (TRP) channels °2. In fact, the Piezol channel shares very little homology with
other known mechanosensors. Mechanical stimuli that activate the Piezos include shock, osmotic
stress, shear stress, pulling, and pushing forces. These can derive from external forces affecting
the lipid bilayer or intrinsic forces, such as cell swelling or alterations in the composition of the
bilayer itself >4,

This chapter of the thesis focuses on understanding the role of Piezol in the RPE. Piezol
is a 900-kDa homotrimeric cation channel. It is composed of a cap and a trio of three “blades” that
are composed of an arm and a beam each. When fully assembled, Piezol has a central pore formed
by the C-terminus that allows for selective conductance of predominantly calcium ions *°. When
force is applied to the channel, these blades flatten and expand, causing tilting and lateral
movement that allows the central pore to open and allow ions through .

The Piezol synthetic ligand Yodal activates Piezol by binding to a pocket at the base of
the arm, close to the central pore and lowering the channel’s activation threshold®**°. While there
are no specific inhibitors of Piezol, non-specific inhibitors of mechanosensitive channels such as
GsMTx4 have been shown to inhibit Piezol. GsMTx4 is a component of Chilean spider toxin

venom and works to reduce the transmission of force by acting as a cushion through intercalating
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into the lipid bilayer. Through this mechanism, it can inhibit not only Piezol activation but nearly
all mechanosensitive ion channels 7%,

Piezol has been shown to be activated by beta-amyloid plaques found in Alzheimer’s
disease and extracellular matrix stiffening like those found around gliomas 8°. These studies
suggest that large lipid-protein aggregates such as drusen could induce mechanical stress on the
RPE and drive Piezol activation and signaling. Another trigger for Piezol activation could be the
Bruch’s membrane, a 2-4 micron matrix that sits between the RPE and the choroid. It is composed
of the basement membrane of the RPE, two collagenous layers, an elastin layer, and the basement
membrane of the choriocapillaris, '°°. With age, thickening of the Bruch’s membrane prevents or
slows diffusion of macromolecules. Crosslinking of collagen and calcification of elastin lead to
stiffening and thickening of the Bruch’s membrane '°"'%2, This could transmit more force to the
RPE and activate Piezol as seen with the extracellular matrix around solid tumors.

Ceramide and cholesterol have also been shown to be coupled to Piezol function ',
Cholesterol alters rigidity in cell membranes, with more cholesterol causing stiffening of the
bilayer. This can allow for mechanical force to be more readily transmitted from one location in
the bilayer to another. As previously discussed, A2E accumulation drives cholesterol increases
within the RPE. It may be that excess cholesterol can increase the force transmitted to the Piezol
channel. Ceramide, as previously discussed, is a cone-shaped lipid which can alter membrane
topology. Published studies suggest that an increase in membrane ceramide can slow the
inactivation kinetics in Piezol, resulting in longer channel opening times which would allow more
calcium influx into the cell ****. Taken together, these studies suggest that cholesterol and ceramide

accumulation in the RPE could not only cause the Piezol channel to open more readily in response

to mechanical stimuli, but also stay open for longer periods, increasing intracellular calcium ion
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concentrations. This is particularly important as excess levels of calcium can cause mitochondrial
damage and depolarization, inducing fission and mitophagy as protective responses to preserve
cell health (Figure 3.1A,B). Since autophagy is defective in Abca4” Stargardt disease mouse RPE
and in RPE with A2E, as the Lakkaraju lab has shown, this would lead to an accumulation of
damaged mitochondria that would further compromise RPE functionality and health 3.

Piezol signaling has been reported to activate feedback loops that increase its expression
10485 Pjezol activation also remodels the nuclear envelope and heterochromatin as a response to
prevent DNA and maintain genome integrity!®. In post-mitotic cells, epigenetic silencing is
particularly important to maintaining differentiated states. The loss of certain histone markers, such
as H3K9Me3 is associated with a loss of ability to repair DNA damage and an increased expression
in pluripotency genes '%. Within the context of RPE and disease, epithelial-to-mesenchymal
transitions are thought to play a role in RPE atrophy in AMD and in proliferative
vitreoretinopathies. It may be that altered Piezol activation can be causing a shift in RPE from
post-mitotic to pluripotent, and this loss of polarity would compromise the ability of the RPE to
perform its essential functions to maintain the health of the retina.

Taken together, Piezol activation, either due alterations in the lipid composition of the
membrane or via drusen causing mechanical stress on the RPE, could disrupt RPE homeostasis
and function. This could cause retinal dysfunction and result in loss of vision. This chapter will

seek to explore this possibility (Figure 3.2).
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Results

Piezol Expression is Upregulated in the RPE in Disease States

Piezol is ubiquitously expressed in many tissues, however little is known about Piezol in
the RPE. Wildtype and Abca4”- mouse RPE flatmounts were stained with a Piezol antibody, which
revealed that the RPE does indeed express high levels of Piezol (Figure 3.3). Staining human
donor cryosections showed that while both healthy and AMD RPE expressed Piezol (Figure
3.4A), AMD donors expressed more Piezol, in agreement with reports showing that Piezol

activation can promote its own expression (Figure 3.4B).

RPE Grown on Beads Activate Piezol

Currently, there are no mouse models that generate drusen deposits as seen in humans.
While there are cell culture models that secrete drusen-like deposits, these usually require several
months of culture before they can be used!’’. Our goal was to identify how drusen induced
mechanical stress on the RPE. To model drusen in a dish, we cultured polarized PRPE on silica
beads of varying size in a matrix of collagen to simulate sub-RPE drusen (Figure 3.5). These beads
are biologically inert cannot be phagocytosed by the RPE. This prevents any frustrated
phagocytosis and allows only the mechanical forces they transmit to be the sole effector on the
RPE. These beads ranged in size from 0.166 pm in diameter to well over several hundred microns
and were deposited at a density of 40 beads/cm? in a 10 pg/cm? collagen matrix on 6.5 mm
Transwell filter. Primary porcine RPE cells grew formed a polarized monolayer within 2 weeks
and had normal transepithelial electrical resistance values. This indicated that the beads were not

detrimental in allowing the RPE to grow on the Transwell filters.
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Live imaging of the cell-permeable Ca?" probe Fluo4NW was performed to assess calcium
influx as a measure of Piezol activation in healthy RPE monolayers and RPE grown on beads. A
short treatment with Yodal, which was used as a positive control, increased Fluo4NW signal
within the cell compared to healthy RPE (Figure 3.6A). This increase was even more pronounced
on RPE cultured on silica beads. GsMtX4 treatment decreased calcium influx to control levels,

indicating that Piezol likely increases Ca?* influx into the RPE (Figure 3.6B).

Piezol Overactivation Causes Mitochondrial Fragmentation

High levels of calcium can induce mitochondrial fragmentation and our lab has reported
that RPE from AMD donors and Abca4”- mice have fragmented mitochondria *>!%, To examine if
Piezol may be at play in mediating calcium-induced mitochondrial fragmentation, we
immunostained healthy RPE, RPE grown on beads, or RPE treated with Yodal with an antibody
to TOM20, a mitochondrial outer membrane protein. RPE on beads and those treated with Yodal
exhibited significant fragmentation of the mitochondrial network (Figure 3.7). The RPE is highly
reliant on intact mitochondria for oxidative phosphorylation. This is important to reserve the
majority of glucose derived from the choriocapillaris for the overlying photoreceptors which are
exclusively reliant on glycolysis.

Fragmented mitochondria indicate a problem with RPE homeostasis and may negatively
impact the retinal health overall. We further checked for alterations in the expression of proteins
involved in mitochondrial fusion and fission as these would indicate altered machinery (Figure
3.8A,B). We found that in RPE treated with Yodal, there was a significant increase in the short
forms of optic atrophy 1 (OPA1) which promote fission (Figure 3.8C). Yodal also increased the

pro-fission phosphorylation of dynamin-related protein 1 (DRP1) and decreased the expression of
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pro-fusion protein mitofusin 2 (MFN2). This strongly implies that abnormal Piezol activation
induces mitochondrial fission in the RPE.

Mechanical stress induces nuclear remodeling and alters H3K9Me3 chromatin marks '%.
H3K9Me3 is a histone marker for methylation modifications, which silence gene expression and
may help cells stay differentiated. As the RPE is a post-mitotic cell, keeping its differentiated status
is paramount to its function. To evaluate the impact mechanical deformation could have on the
RPE nucleus, we stained for H3K9Me3 in RPE grown on beads. Our data show a striking loss of
the H3K9Me3 in the nuclei of cells grown on beads. The loss of H3K9Me was also evident in
Abca4”- mice when we compared them with their age-matched wildtype littermates. Upon
treatment with desipramine, which has been shown by the lab in previous papers to reduce

ceramide levels in the RPE, H3K9Me3 was restored in the nuclei of mouse RPE (Figure 3.9). This

may indicate a role for ceramide functioning in Piezol activation and causing nuclear remodeling.

Piezol is Important for Photoreceptor Function

How Piezol acts within the retina is not well-established. We generated an inducible RPE-
specific knockout of Piezol by crossing Cre-ERT2 mice with Piezol-floxed '%°. We injected mice
that were positive for Cre with tamoxifen to induce recombination and delete PIEZO1 from the
RPE. As tamoxifen has been shown to cause RPE stress and injury, we also injected littermates
that were negative for Cre with tamoxifen as a control '""!!!, ERG measurements revealed that
Piezol loss in the RPE caused decrease in a-wave amplitudes, indicating impaired photoreceptor
function. These mice also had defects in their c-waves, indicating a negative impact on RPE health

(Figure 3.10).
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Conclusions

This chapter shows that aberrant activation of Piezol can induce mitochondrial
fragmentation in RPE via excessive calcium influx into the cytoplasm. These can be either through
mechanical stress via beads, which models drusen, or via excess amounts of ceramide, which can
prolong Piezol activation times. Decreasing ceramide with desipramine or inhibiting
mechanosensitive ion channels prevents the fragmentation of mitochondria. Piezol activation
could remodel the nucleus and drive H3K9Me3 loss, which could alter RPE epigenetics and
promote dedifferentiation. Further transcriptomic studies are necessary to fully evaluate the impact
of Piezol activation or loss on the RPE.

Piezol may not be the only culprit behind calcium influx and mitochondrial fragmentation.
As alluded to previously, other mechanosensitive ion channels such as TRPV4 can be activated by
Piezol and these channels have a much greater current than Piezol, which may allow for a greater
calcium wave and intensify mitochondrial fragmentation. Ongoing studies in the lab are evaluating
other mechanosensitive ion channels expressed by the RPE such as TRPV4 and TRPML1. Future
work will evaluate if these channels are modulated by Piezol or have another role to play, which
could be promising therapeutic targets for retinal degenerations.

While Piezol activation appears to be a major culprit in loss of RPE homeostasis, outright
inhibition is also not the solution as evidenced by the phenotype of mice with RPE-specific
deletion of Piezol. Loss of Piezo1 appears to cause photoreceptor and RPE deficits, indicating that
some amount of Piezol functionality is necessary for the health of the retina. Therefore, a more
nuanced approach is required when developing therapies targeting diseases such as AMD and

Stargardt disease.
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Figures A
Healthy Diseased

Piezol (open)

FIGURE 3.1 ILLUSTRATION OF HYPOTHESIS

A. Schematic showing healthy versus diseased states and how Piezol channel opening can cause
mitochondrial fragmentation via calcium ion influx.

B. Schematic showing the process through which drusen/ceramide can induce abnormal
mechanotransduction and RPE injury.

48



Questions to Answer

1. Can drusen activation of Piezol be
Vision loss Desipramine modeled in cell culture?

2. What happens in the RPE during

Pieozol activation?
3. Can these effects be modulated via
small molecule therapies?

Ceramide slowing 4. What if Piezol is removed from
Piezol inactivation the RPE?

X/

Piexol activation == Calcium influx el Mitochondrial fragmentation

Nuclear
Remodeling

Piezol deletion

Mechanical deformation

W

FIGURE 3.2 PROPOSED MECHANISM OF PIEZO1-MEDIATED MITOCHONDRIAL
FRAGMENTATION

Schematic showing how Piezol activation, either by ceramide or drusen, may cause
mitochondrial fragmentation and a possible intervention.

49



DAPI Actin

FIGURE 3.3 RPE EXPRESSES PIEZO1

Slice view with an xz view below showing RPE flatmounts of both wild-type and Abca4”~ mice.
Piezol is in green with nucleus stained in blue and actin in white.
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FIGURE 3.4 AMD RPE UPREGULATE PIEZO1 EXPRESSION

A. Cryosections from both healthy and AMD donor eyes showing RPE stained for Piezol in green
and the nucleus in blue.

B. Quantification of A £SD. *** p < 0.001 Student’s t-test.
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FIGURE 3.5 TRANSWELL SCHEMATIC

Schematic showing how PRPE cells are cultured. A. PRPE grown on Transwell without beads. B.
PRPE grown on Transwell with beads. Note that beads are not to scale.
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FIGURE 3.6 PIEZO1 RESPONSE TO MECHANICAL STRESS ON THE RPE

A. Stills from live imaging of polarized PRPE loaded with Fluo4NW and SiR Actin. 4
B. Quantification of A. Mean+SD. * p < (.05, ** p <0.01, *** p <(0.001 Student’s t-test.
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RPE On Beads RPE + Yodal

FIGURE 3.7 PIEZO1 ACTIVATION INDUCES MITOCHONDRIAL FRAGMENTATION

3D reconstruction of polarized RPE stained for TOM20. Warmer colors indicate healthy
mitochondrial networks while cooler colors indicate fragmented mitochondria.
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FIGURE 3.8 PIEZO1 ACTIVATION UPREGULATES MITOCHONDRIAL FISSION
MACHINERY

A. Schematic of proposed mechanism at work in driving mitochondrial fission.
B. Western blot of RPE lysates treated with or without Yodal.
C. Quantification of B. Mean+=SEM. * p < 0.05, ** p <0.01, *** p <0.001 Student’s t-test.
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H3K9me2,3 DAPI H3K9me2,3

Abcad™”

Abcad”-
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FIGURE 3.9 DESIPRAMINE PREVENTS H3K9ME3 LOSS IN MOUSE RPE

Cryosections of age-matched Abca4”™ mice treated with vehicle or desipramine. These sections
were stained for DAPI and H3K9me?2,3.

56



A 200 a-wave amplitude B 150 L-Wave peak at 0.158 cd.s/m’
< Controls
— # RPE-Piezol*- J
Z1s0. 200
S z
e * S 150 1
2100 5
= * = 1001
=
£ 50 5
0 . . . 0
0.001 0.01 0.1 1 Control RPE-Piezol*"

Luminance (cd.s/m?)

FIGURE 3.10 PIEZO1 LOSS CAUSES PHOTORECEPTOR DEFICITS

A. Trace of stimulus plotted against amplitude of a-wave peaks of mice expressing RPE-Cre or
not. Mean+=SEM. * p < 0.05 Student’s t-test.
B. Peak of c-wave at 0.158 cd-s/m?. Mean£SEM. ** p < (0.01 Student’s t-test.
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Methods

Bead Plating

Beads were immersed in isopropyl alcohol to sterilize them. They were then diluted in
sterile Type 1 water and plated at the necessary density during the collagen coating process such
that the beads were embedded in the collagen. This prevents them from moving around during the

plating process.

Immunofluorescent Staining
RPE were stained as previously described.
Treatments
Yodal was used at 10uM for 6 hours in both the apical and basolateral chambers of the

Transwell. GsMTx4 was used for 6 hours at a concentration of 500nM.

Cell Culture

Primary RPE were cultured as described in Chapter 2.

Mouse Lines

Abca4”" mice and 129SvlmJ mice were used and treated as described in Chapter 2. Two
different additional mouse lines were employed for this. The C57B6/J mouse and the Piezol floxed
Cre mouse were employed for this. The Cre mouse was created by crossing the Piezo1-flox mouse
with a mouse with a Cre-ERT2 under control of an RPE65 promoter to establish an inducible RPE-
specific Piezol Cre mouse. This mouse was left hemizygous to evaluate the strength of Piezol
knockout on the RPE initially. At 3 months of age, these mice were then injected with 75mg/kg
tamoxifen dissolved in corn oil 5 times in one week to induce Cre recombination and remove the

floxed piezol from the RPE. ERGs were performed and then euthanized at 8 months of age.
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Desipramine Treatments

Mice were treated as described in Chapter 2.

Cryosection Staining

Whole mouses eyes were enucleated and fixed in 4% PFA in PBS for 1 hour at room
temperature. After fixation, eyes were rinsed in PBS and placed into 30% sucrose at 4°C overnight.
Eyes were cleaned of excess tissue before the anterior portion of the eye, including cornea and lens
was removed. Eyes were placed into cryomolds containing O.C.T. compound and frozen at -80°C.
Once ready, blocks were placed into Cryostat (Leica) and 14um thick sections were cut. Sections
were allowed to dry before being stored at -80°C until use. Staining was performed by rehydrating
the sections in PBS for 10 minutes before blocking in 1% BSA in PBS for 2.5 hours and then
staining for 48 hours at 4°C in primary antibody in 4% BSA in PBS. Sections were rinsed and then
stained for 2 hours at room temperature with secondary antibody before being treated with
TrueBlack and mounted in VectaShield Vibrance. Imaging was performed on the Nikon Ti2
spinning disk microscope.
Immunofluorescence of Filters

Filters were fixed in 2% PFA in PBS before being excised and blocked for 30 minutes in
1% BSA in PBS with MgClz and CaCl.. Filters were probed with primary antibody with 1% BSA
in PBS with MgClz and CaClz with 0.1% saponin for 1 hour. Filters were rinsed and stained with
the appropriate secondary in the dark for 30 minutes before being mounted in VectaShield. Filters
were imaged on the Nikon Ti2 spinning disk microscope.
Electroretinography

Electroretinography was performed as described in Chapter 2.
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CHAPTER 4: ZA AS APOTENTIAL THERAPEUTIC IN MODELS OF

RETINAL DEGENERATION

Introduction

Zoledronic acid (ZA) is used to treat osteoporosis, multiple myeloma, Paget disease, and
functions to some extent as an anti-cancer drug when the cancer has metastasized to bone 12113114,
It is sold under the brand names Reclast or Zometa, which cost around $1,000 per Smg infusion,
though generic varieties are available at lower prices. ZA is a nitrogen-containing bisphosphonate
which binds to hydroxyapatite in bone where it is then taken up by osteoclasts during bone
remodeling, causing them to subsequently detach from the bone and preventing bone resorption
115 This prevents bone loss in patients and reduces fracture risk, which is a particular issue in older
patients who may also be prone to falls. This reduction in bone remodeling also prevents
hypercalcemia, where serum blood concentrations of calcium are elevated and can pose additional
complications such as renal stones, arrhythmias, pancreatitis, gastric ulcers, and even leading up
to coma and even death 16,

ZA has an exceptionally long half-life owing to this absorption in bone, requiring only
intravenous once-yearly doses in humans. This intravenous dosage is required as ZA has low
absorption through the intestine and frequently causes patient gastrointestinal discomfort when
taken orally. It is excreted via the kidneys unchanged, with no action on the liver to alter the drug.
ZA is also a potent inhibitor and selective inhibitor of ASM with an IC50 of 5uM 7. It also acts
as an inhibitor in the mevalonate pathway, preventing cholesterol biosynthesis %!, More
specifically, ZA acts on the farnesyl pyrophosphate synthase, which prevents both isopentenyl
pyrophosphate conversion into geranyl pyrophosphate and geranyl pyrophosphate from converting

into farnesyl pyrophosphate 212!, This makes it a potential “triple-threat” therapeutic drug.
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The Lakkaraju lab has demonstrated that the use of functional inhibitors of ASM, such as
desipramine, can reduce ceramide levels in the RPE, even when injected systemically in animals.
The dose of desipramine required to reduce ceramide in the RPE is much lower than what is
required for central anti-depressant effects: we employed a dose of 10 mg/kg three times per week
to be effective at ceramide reduction in the RPE versus 100 mg per day every day to be effective
at treating depression. Thus far, this thesis has shown that inhibition of ASM is enough to prevent
exosome biogenesis and the subsequent recruitment of microglia to the subretinal space. While not
enough to preserve vision to the levels seen in wild-type mice, desipramine is enough to improve
a-wave amplitudes in Abca4” mice when compared to their age-matched vehicle-treated
counterparts.

There are no approved treatments for Stargardt disease. Currently approved complement
inhibitors to treat dry AMD require intravitreal injections into patients’ eyes, an expensive monthly
regimen with poor patient compliance. These injections also come with their own risks, including
inflammation, fibrosis and scarring, and increased intraocular pressure '*2. Even so, these
treatments only decrease RPE atrophy and do not prevent or slow the trajectory of vision loss. This
is due to the nature of late-stage AMD because once postmitotic photoreceptors and RPE are lost,
they cannot be renewed. Thus, a treatment that halts the disease at the intermediate or even early
stages would be a significant boon to patient quality of life and outcomes.

This section will strive to answer if a more potent structural inhibitor of ASM, ZA, is
effective in ameliorating the defects seen in mouse models of inherited retinal degenerations.
Functional ASM inhibitors are small molecules that are also weak bases which enter the lysosome
and cause ASM to fall off of the lysosome membrane, which subsequently gets degraded by the

enzymes within 2. In contrast, a structural inhibitor such as ZA binds directly to ASM, preventing
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it from degrading ceramide '**. Furthermore, because ZA binds directly to ASM and is selective,
it has a low chance to induce the degradation of other enzymes such as acid ceramidase, which
also resides in the lysosome and cleaves ceramide into sphingosine 2>'?°. This would not only
reduce the production of ceramide through inhibition of ASM, but possibly also allow for ceramide
to be degraded by the cell at a higher rate with desipramine treatment. Lastly, as this drug also has
been shown to inhibit cholesterol synthesis, it stands to reason that it will be even more effective

than other ASM inhibitors '27-128,

Results

ZA Reduces Cholesterol and Ceramide Levels

The first question we sought to answer was if ZA would be taken up by the RPE as ZA has
very low solubility and doesn’t easily cross the plasma membrane due to its high polarity. Mice
were intraperitoneally injected with fluorescently-labeled ZA at a dose of 50 ug/kg for one week.
RPE flatmounts were imaged by confocal microscopy. We observed significant ZA fluorescence
in the RPE (Figure 4.2), suggesting that ZA is delivered to the RPE after systemic administration.

To determine the therapeutic efficacy of ZA, we administered vehicle or ZA (10 ug/kg
intraperitoneally for 1 month to wildtype and Abca4” mice. Immunostaining of flatmounts for
ceramide showed that ZA decreased ceramide to wildtype levels in the RPE when compared with
vehicle-treated mice (Figure 4.3A, B).

ZA has been shown to target the mevalonate pathway which would reduce overall levels
of cholesterol''. Our previous papers have shown that the RPE of Abca4”~ mice are enriched in
cholesterol, as exhibited by filipin staining. As cholesterol is a major actor in the activation of

ASM in the RPE, we measured cholesterol by staining for filipin, which labels free cholesterol
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(Figure 4.4A). In agreement with our hypothesis, ZA significantly decreased filipin staining in the

RPE (Figure 4.4B).

ZA Prevents Complement Activation and Mitochondrial Fragmentation

As discussed earlier, the RPE limits complement activation by preventing formation of
membrane attack complexes by trafficking CD59 to the cell surface and, should that fail, repair
MAC pores by lysosome exocytosis *. In cells with excess ceramide, these responses are blunted
leading to mitochondrial fragmentation. Fragmented mitochondria reduce RPE oxidative
phosphorylation and increase reactive oxygen species production. They are also more prone to
utilize glycolysis as their primary means of generating ATP, which in turn, robs photoreceptors of
glucose.

Complement exposure in primary RPE cultures decreased mitochondrial volumes
measured by live cell imaging, indicating fragmentation of the network (Figure 4.5A). A short 3-
hour treatment with ZA after complement exposure prevented mitochondrial fragmentation
(Figure 4.5B). We further corroborated this evidence using our Stargardt disease mouse model and
stained RPE flatmounts for TOM20 (Figure 4.6A). We observed an increase in RPE mitochondrial
volumes of Abca4”~ mice treated with ZA compared to vehicle-treated 4bca4”- mice, indicating
that ZA prevents mitochondrial fragmentation (Figure 4.6B). This preservation of mitochondrial
integrity will preserve RPE health, reduce reactive oxygen species, and possibly protect the

overlying photoreceptors from further damage by preserving glucose for them.
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ZA Prevents Migration of Microglia

As demonstrated in Chapter 2, ceramide increases apical secretion of pro-inflammatory
exosomes which recruit microglia into the subretinal space. As ZA readily decreases ceramide
levels in the RPE of Abca4” mice, we next sought to answer if ZA could effectively prevent
microglia migration. We found a significant decrease in the number of subretinal microglia stained
for Ibal (Figure 4.7A) in 18-month-old Abca4”- mice treated with ZA compared to those treated

with vehicle (Figure 4.7B).

ZA Restores Photoreceptor Function

Because ZA is effective at a 1,000-fold lower dose than desipramine in decreasing RPE
ceramide, protecting mitochondria, and preventing microglial activation, we next asked if there
was any functional recovery of vision in Abca4” mice treated with ZA. We dark-adapted mice and
performed full-field electroretinography on age-matched 16-month-old mice before treatment was
initiated. After two months of treatment with either ZA (3 times a week at 10 pg/kg) or vehicle,
we repeated the ERG measurements. Our data show that 18-month old Abca4” mice lose
significant function in their a and c-waves, and that ZA can prevent this loss and preserve

photoreceptor function at levels comparable to wildtype mice (Figure 4.8A, B, C, D).

Conclusions
Here we have demonstrated that very low doses of ZA are delivered to the RPE perhaps
via ZA binding a protein that is then transported to the RPE, perhaps retinal binding protein 4. We

are currently investigating the precise mechanisms involved in ZA delivery to the RPE.
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We also demonstrate that ZA reduces not only ceramide levels but also cholesterol, and
protects mitochondria within the RPE, making it a potent “triple-threat” therapeutic. Cholesterol
accumulation increases ceramide by activating ASM. By targeting two enzymes in this pathogenic
cascade, RPE homeostasis can be much more effectively preserved. This may explain why ZA is
so effective at preserving function vision as evidenced by the recovery of a and ¢ wave amplitudes.
This could also be due to altering the microenvironment around the photoreceptors and the RPE.
As ceramide accumulation impacts multiple functions in the RPE, such as exosome secretion and
aberrant Piezo1 activation, it is likely that lowering cholesterol and ceramide targets many of these

pathways, preserving RPE health, resulting in healthier photoreceptors.

65



Figures

i H
o H
)| Cholesterol [ ]
= Sythesis Questions to Answer B
1. Can ZA get into the RPE?
Microglia 2. What effect does ZA have on
Recruitment RPE ceramide and
1 cholesterol?
t 3. Can ZA stop microglial
t infiltration into the subretinal
C il space?
Farnysyl R 4. Can ZA preserve functional
Pyrophosphate t vision?
Synthase

T S

FIGURE 4.1 ZA MAY BE A “TRIPLE-THREAT” THERAPEUTIC

Cartoon showing that ZA may function to prevent ceramide accumulation through inhibition of
both ceramide and cholesterol synthesis, which has been shown to cause ceramide accumulation.
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FIGURE 4.2 ZA IS DELIVERED TO THE RPE

Confocal images from an ex vivo mouse RPE flatmount. Green is CellMask and red is
fluorescently-tagged zoledronic acid.
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FIGURE 4.3 ZA REDUCES CERAMIDE IN MICE

A. Abca4”- mouse RPE flatmount with ceramide stained in red. Green is actin staining. Yellow

box denotes higher magnification area.
B. Quantification of ceramide shown in A. Mean+SEM. * p < 0.05 Student’s t-test.
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FIGURE 4.4 ZA REDUCES CHOLESTEROL IN MICE

A. Cryosections from mice treated with ZA. Blue is filipin which stains cholesterol, white is

actin.
B. Quantification of filipin intensity in A. Mean£SEM. * p < 0.05 Student’s t-test.
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FIGURE 4.5 ZA REDUCES MITOCHONDRIAL FRAGMENTATION DURING
COMPLEMENT ATTACK

A. 3D reconstruction of PRPE stained with TOM20. Warmer colors indicate larger mitochondrial

volumes. Cooler colors indicate smaller mitochondrial volumes.
B. Quantification of A. Mean+SEM n.s. Not Significant. ** p < 0.01 Student’s t-test.
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FIGURE 4.6 ZA REDUCES MITOCHONDRIAL FRAGMENTATION IN VIVO

A. 3D reconstruction of mouse RPE flatmounts stained with TOM20. Warmer colors indicate
larger mitochondrial volumes. Cooler colors indicate smaller mitochondrial volumes.
B. Quantification of A. Mean+SEM. n.s. Not Significant.** p < 0.01 Student’s t-test.
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FIGURE 4.7 ZA REDUCES NUMBER OF SUBRETINAL MICROGLIA

A. Confocal stitched images of Abca4-/- vehicle or ZA-treated mouse RPE flatmount stained with
actin and Ibal.
B. Quantification of A. Mean£SEM. * p < 0.05 Student’s t-test.
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FIGURE 4.8 ZA PRESERVES VISION IN MOUSE MODELS OF STARGARDT DISEASE

A. ERG of a-waves over stimulus. Mean £SEM.

B. Bar graph of a-wave amplitude at 0.158 cd-s/m?. Mean £SEM. * p < 0.05, ** p <0.01 Student’s
t-test.

C. Bar graph of c-wave amplitude at 0.158 cd-s/m*. Mean£SEM.. *p< 0.05 Student’s t-test.
D. Example of ERG trace of mice.
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Methods
Mice

16-18 month-old wild-type 129S1/SvimJ and Abca4”~ Abcadtm1Ght/J were used. Housing
and feed was as described in Chapter 2.
Treatment with ZA

ZA disodium salt tetrahydrate was dissolved in sterile Type 1 water and injected into via
intraperitoneal route using a 30G needle. Each mouse was given 10ug/kg of zoledronic acid

disodium salt tetrahydrate or vehicle three times per week for two months.

ZA-647 Injections into Mice

ZA labeled with AlexaFluor-647 was purchased from Biovinc as powder. This was
dissolved in Type 1 water and frozen until needed. 129SvlmJ mice were injected with this
substance at a dosage of 50ug/kg for 3 times a week for 1.5 weeks to ensure high exposure to the
drug and increase odds of detection via fluorescence microscopy. Mice were then euthanized and
eyes enucleated. One eye was fixed in 4% PFA before the neural retina was removed and the RPE
were flatmounted. The RPE was then stained for DAPI and ActiStain 488 before being imaged on
a spinning disk confocal microscope after treating with TrueBlack. The other eye was flatmounted
without fixation, stained with CellMask Green, and imaged using recording media in a Warner

chamber on an LSM900 from Zeiss.

Immunostaining of Mouse RPE Flatmounts

Conducted as described in chapter 2.
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Electroretinography

Electroretinography was conducted as described in Chapter 2, but with the following
changes. The number of steps for the mice was 7 from 0.01cd-s/m? to 25cd-s/m? and the mice were
measured before and after ZA treatment.
Complement Attack

RPE cells that were either untreated, loaded with A2E, or A2E+ZA were exposed to 10%
normal human serum as described previously *°. Briefly, cells are exposed to growth media
containing 10% human serum followed by a washout period and then exposed again for another
10 minutes. Samples were then stained with MitoTracker Green, which is a fixable mitochondrial
stain that binds based on the polarization state of the mitochondria.
Statistics

Graphpad Prism 10 was used and statistical testing was performed as described in the

figure.
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Table 1.1 List of Reagents

Reagent Name Manufacturer Catalog Number Dilution Used
(if applicable)
Ketaset (Ketamine | Zoetis, Girona, Spain 100mg/kg
HCl)
AnaSed LA (Xylazine) | Llyod, Shenandoah, TA 10mg/kg
Antisedan (atipamezole | Orion Corporation, Smg/kg
HCI) Espoo, Finland
8% Paraformaldehyde | Electron = Microscopy, | 157-8
Sciences, Hatfield, PA
Bovine Serum Albumin | Rockland BSA-50
Immunochemicals,
Pottstown, PA
DAPI Sigma-Aldrich, St. | D9542 1:200
Louis, MO
Isoflurane Attane, Bethlehem, PA
Tropicamide ThermoFisher J61132.03
Scientific, Waltham,
MA
Phenylephrine ThermoFisher 207240100
Scientific, Waltham,
MA
Eye Spears Hurricane Medical,
Bradenton, FL
Phosphate Buffered | ThermoFisher BP665-1
Saline Scientific, Waltham,
MA
TrueBlack Biotium, Fremont, CA 23007
Sodium Chloride SigmaAldrich, St. Louis, | S5886-1KG
MO
GenTeal Severe Tears | Alcon NA
NuPAGE Bis-Tris 4- | Invitrogen, = Waltham, | NP0336BOX
12% 1.5mm gel MA
4x  NuPAGE LDS | Invitrogen,  Waltham, | NP00O7
sample buffer MA
10x NuPAGE Sample | Invitrogen, =~ Waltham, | NP0009
Reducing Agent MA
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Reagent Name Manufacturer Catalog Number Dilution Used
(if applicable)
Protease Inhibitor | Millipore, Burlington, | 539134
Cocktail Set III, EDTA- | MA
Free
Intercept (PBS) | Li-Cor Biosciences, | 927-90001
Protein-Free Blocking | Lincoln, NE
Buffer
Antioxidant Invitrogen,  Waltham, | NP0005
MA
Zoledronic Acid Toronto Research | TRC-Z623500
Chemicals, Toronto,
ON, Canada
ImL Syringe BD, Franklin Lakes, NJ | 309659
30G Needle BD, Franklin Lakes, NJ | 305106
ZOL647 Biovinc, Pasadena, CA | BV501001
HBSS Corning, Corning, NY 21-023-CV
HEPES ThermoFisher, 15630080
Waltham, MA
EDTA SigmaAldrich, St. Louis, | MT25053CI
MO
Fetal Bovine Serum | American Type Culture | 30-2020
(heat inactivated) Collection, Manassas,
VA
AlexaFluor antibodies - | ThermoFisher, 1:500
various Waltham, MA
VectaShield Vibrance Vector Labs, Newark, | H-1700
CA
Ibal Fujifilm Wako, | 019-19741 1:200
Richmond, VA
DMEM Corning, Corning, NY 10-013-CV
0.25% Trypsin Corning, Corning, NY 25-053-CI
2.5% Trypsin Corning, Corning, NY 17-160E
Penicillin- Corning, Corning, NY | 30-002-CI
Streptomycin
Non-essential ~ amino | Corning, Corning, NY | 25-025-CI
acids
Ciprofloxacin Sigma-Aldrich, St. | 17850-5G-F
Louis, MO
Acti-stain 488 | Cytoskeleton, Denver, | PHDG1 1:200
phalloidin CO
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Reagent Name Manufacturer Catalog Number Dilution Used
(if applicable)

DC  protein  assay | Bio-Rad, Hercules, CA | 5000116
reagents
129S1/Svlml Mice Jackson Labs, | RRID:IMSR JAX:00244S;

Sacramento, CA Strain: 002448
Abca4” Mice Jackson Labs, | RRID:

Sacramento, CA IMSR JAX:023725;

Strain: 023725

GraphPad Prism GraphPad Prism, La

Jolla, CA
Adobe Illustrator Adobe, San Jose, CA
Photoshop Adobe, San Jose, CA
Imaris Bitplane, Concord, MA
Microsoft Excel Microsoft Corporation,

Albuquerque, NM
NIS Elements Nikon, Melville, NY
T25 Culture Flasks Corning, Corning, NY | 353108
Primary porcine RPE Lampire Biologicals
Transwell Filters Corning, Corning, NY 7200161
Ceramide Enzo Farmingdale, NY 86153-838 1:10
Connexin 43 Abcam, Waltham, MA Ab11370-50ul 1:200
Hrs Novus, Centennial, CO NB1002839 1:500
Alix Abcam, Waltham, MA ADb50249 1:500
Calnexin Abcam, Waltham, MA Ab75801 1:2000
RPE65 Novus, Centennial, CO NB100355 1:5000
Li-Cor Infrared | Li-Cor Biosciences, 1:5000
Secondaries Lincoln, NE
Embed-812 Kit Electron ~ Microscopy, | 14121

Sciences, Hatfield, PA
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Reagent Name Manufacturer Catalog Number Dilution Used
(if applicable)

Integra Biopsy Punches Miltex, Mansfield, MA 33-31

Type B Freezing Hats Pelco Redding, CA 50-193-1254

2mm Copper Slot Grids | Pelco Redding, CA 4514

200 Mesh Copper Grids | Pelco Redding, CA 01800-F

TissueTek OCT Sakura Finetek, Torrance, | 25608-930

CA

Application Kit: EV
Profiler

ONI San Diego, CA

Mix-n-Stain ~ Antibody
Labeling Kit 561

Biotium, Fremont, CA

89171-586 (EA)

Mix-n-Stain 647 CF

Biotium, Fremont, CA

89171-594 (EA)

CD63-pHlourin Plasmid

A gracious gift from Dr.
Pegtel’s lab

Verweij 2018

Desipramine Enzo, Farmingdale, NY BML-AR119-0100

Glutaraldehyde (25%) Electron = Microscopy, | 16220
Sciences, Hatfield, PA

1-Hexadecene TCI, Tokyo, Japan H0323

Methylcellulose SigmaAldrich, St. Louis, | M6385-100G
MO

Uranyl Acetate Electron  Microscopy, | 22400
Sciences, Hatfield, PA

Lead Citrate Trihydrate | Electron  Microscopy, | 22410

Air-Free Sciences, Hatfield, PA

Sodium Cacodylate | Electron ~ Microscopy, | 12300

Trihydrate Sciences, Hatfield, PA

Osmium Tetroxide Electron = Microscopy, | 19132
Sciences, Hatfield, PA

Pure Acetone Electron = Microscopy, | 10000
Sciences, Hatfield, PA

200 Proof Ethanol Koptec King of Prussia, | V1001
PA

H3K9Me Cell Signaling Technology, | 13969S
Danvers, MA

Piezol ProteinTech, Rosemont, IL | 15939-1-AP

CellMask Green ThermoFisher, C37608
Waltham, MA
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Reagent Name Manufacturer Catalog Number Dilution Used
(if applicable)

Yodal Sigma-Aldrich, St. | SML 1558-MG

Louis, MO
GsMtX4 R&D Systems, | 4912100U

Minneapolis, MN
Cospheric Beads Cospheric, Somis, CA Si02MS-2.0 0.166um
C57BL/6 RPE65 Cre | Jackson Labs, Sacramento, | RRID: IMSR _JAX:035973
Mice CA Strain: 035973
Piezol1-Flox Mice A Generous Gift from Dr.

David Krizaj
Tamoxifen SigmaAldrich, St. Louis, | T2859-1G

MO
647-Z0OL Biovinc, Pasadena, CA BV501001
TOM20 ProteinTech 11802-1-AP 1:200
OPA1 Novus NB11055290 1:200
MFN2 Abcam Ab56889 1:200
S637 DRP1 Cell Signaling 4867S 1:200
DRPI ProteinTech 12957-1-AP 1:200
MitoTracker Deep Red ThermoFisher, M22426

Waltham, MA
20nm Glass Filter GE Healthcare, Chicago, | 6809-1002 GE

IL
Fluo4NW ThermoFisher, F36206

Waltham, MA
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CHAPTER 5: CONCLUSIONS, FUTURE DIRECTIONS, AND

PERSPECTIVES

In this thesis I have described two mechanisms through which RPE dysfunction can occur
in models of disease along with evaluating a promising therapeutic intervention. The first is
ceramide inducing the release of pro-inflammatory containing EVs into the retina. This causes
retinal dysfunction and drives the migration of microglia into the subretinal space. By treating
mouse models of inherited MD with drugs that decrease ceramide, these defects can be
ameliorated. More research is needed to understand the precise role of these microglia within the
subretinal space. Ongoing work in the lab shows that there is a phenotypic difference in how the
microglia interact with the RPE in various models of retinal degeneration. For example, in the
progranulin knockout mouse, a model of frontotemporal dementia, subretinal microglia have high
levels of CD68, a marker for phagocytically active microglia. These microglia phagocytose
microvilli of the RPE, which indicates destruction of the RPE monolayer. In the P23H mutant
mouse, a model of autosomal dominant retinitis pigmentosa, subretinal microglia tend to be
ramified in appearance, an indicator of quiescent microglia. We have observed that P23H
subretinal microglia do not phagocytose photoreceptor outer segments as readily as subretinal
microglia in Abca4”" mice. There is much debate in the field as to whether the microglia are
detrimental or protective in various models of retinal degenerations and more work needs to be
done in elucidating how they function in each disease. As the RPE recruits microglia into the
subretinal space, it may be possible to modulate the behavior of microglia via the RPE. This has
exciting implications not only for diseases that have the primary site of dysfunction at the RPE but

also for disease that may affect the retina as a whole, such as diabetic retinopathies and glaucoma!
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The second mechanism is through altering the mechanical environment surrounding the
RPE, either through the deposition of drusen or the increase of ceramide in the RPE. Both of these
activate the calcium permeable cation channel Piezol which then induces mitochondrial
fragmentation. ASM inhibitors pose a likely treatment for ceramide-induced activation of Piezol
in the RPE. However, more research is needed to identify drugs that prevent drusen mediated
activation of Piezol. It is unlikely that GsMTx4 could be safely administered in the eye, as
specifically targeting the RPE without harming the rest of the retina will be difficult. And systemic
administration could have off-target effects as Piezol is ubiquitously expressed throughout the
body. A better course of action would be to identify the causes of drusen formation and Bruch’s
membrane stiffening and hopefully develop therapeutics that target and prevent these. Further
study into the roles Piezo1 plays within the RPE and retina are also necessary as even hemizygous
knockout of Piezol from the RPE is enough to induce a reduction in functional vision, at least in
photoreceptors.

The therapeutic intervention comes in the form of the bisphosphonate ZA. As a potent
inhibitor of both cholesterol synthesis and ASM, ZA can greatly reduce ceramide levels in the
RPE. This restores RPE homeostasis and can preserve vision in models of MD. To translate ZA to
the clinic for MD, it would be exciting to analyze electronic medical records in suitably-sized
databases to determine if there is a reduction in the incidence of AMD progression in patients
taking ZA. Ideally, clinical trials to enroll both early and intermediate AMD patients along with
early-stage Stargardt disease patients evaluate whether low-dose zoledronic acid can stave off

vision loss.
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