TRANSPLANTATION OF DIFFERENTIATED IPSCs AS A TREATMENT STRATEGY
FOR GLAUCOMA

By

Diala Walid Abu-Hassan, D.D.S
A dissertation submitted in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy
in

BIOCHEMISTRY AND MOLECULAR BIOLOGY

Presented to the Department of Biochemistry & Molecular Biology
OREGON HEALTH & SCIENCE UNIVERSITY

School of Medicine

September 2013



DEPARTMENT OF BIOCHEMISTRY AND MOLECULAR BIOLOGY

SCHOOL OF MEDICINE

OREGON HEALTH & SCIENCE UNIVERSITY

CERTIFICATE OF APPROVAL

This is to certify that the Ph.D dissertation of
Diala W. Abu-Hassan

has been approved by the following:

Ted Acott, Ph.D., dissertation advisor

Linda Musil, Ph.D., committee co-chair

Nabil Alkayed, M.D., Ph.D., committee co-chair

Mary Kelley, Ph.D., co-advisor and committee member

Larry David, Ph.D, exam committee member

Kirsten Lampi, Ph.D., committee member

Philip Streeter, Ph.D., committee member



TABLE OF CONTENTS

List of Tables

List of Figures

List of Abbreviations

Acknowledgements

Publications arising from this Dissertation

Abstract

Key words

Chapter 1: Introduction

1.1 Glaucoma and the Development and Physiology of the Trabecular
MESNIWOTK ...t e e e e e e e e e et e

1.1.1 Definition and statistics of glaucoma

1.1.2 The development and structure of the trabecular
meshwork as a part of the anterior segment

1.1.3 The aqueous pathway, trabecular meshwork
physiology and the maintenance of the
intraocular pressure (IOP)

1.1.4 Molecular and biochemical mechanisms of
glaucoma

1.2 Treatment strategies of glaucoma and the need for novel therapies.......

1.3 Stem cells and the treatment of glaucoma................cooiiiii i,

Xi

Xii

Xiv

21

23



1.4 Induced pluripotent stem cell (IPSCS)......cooviiiiiii e 24

Chapter 2: A Novel Cell Loss Model for Primary Open Angle Glaucoma....... 29
2. L AT ACT ... et e e 31
2.2 INTrOTUCTION ...t e e e e e et e et e e e e 33
2.3 Materials and MethodsS. .. .. ..ot e 35
2.4 RESUIES ...t 39
2.5 DISCUSSION .ttt ittt e e e e et et e e e e 55
2.6 ACKNOWIEAGEMENTS ... ou it e e e e e e e e eeans 57
Chapter 3: Use of iPS Cells to Restore Intraocular Pressure Homeostasis

ina Human Model for GlauComa..........oouiuiii i e 59
N N 1§ = o3 PP TRRPRPPN 61
S 2 INTFOTUCTION et e e e e e e e et e e e 63
3.3 Materials and MethodsS. .. ... 65
i RS UIES .t e 73
B D DS CUSSION ..ttt et et et et e e et e e et e e 90
3.6 ACKNOWIEAGEMENTS ... cee ittt e e et et e e e e e e 93
Chapter 4: Conclusions and Future DireCtionS............coovviiiiiiiiiii i 95
.1 OVEIVIBW ...ttt et e et e e et e e e e e e e e et e e e e e e 96
4.2 CONCIUSIONS ...ttt et e e e e e et e e e e e e eee s 96
4.3 FULUIE DIFECHIONS .. ettt et et et et e e e e et e e e e aeaa 99
RTINS ... e e 103
AppendixX: CUrricUlUM Vitae.. ..ot e e e e e e 119



LIST OF TABLES

Table Number Page
2.1 Primary Antibodies Used for Immunostaining and Western

2 0 1T o S 68
2.2 Primer Sequences Used in Quantitative RT-PCR.............c.ocooi e, 70



LIST OF FIGURES

Figure Number
1.1 The embryonic and fetal development of the TM and SC...............c.eee.

1.2 Postnatal development of the iridocorneal angle and the trabecular
S W O K i

1.3 Histological postnatal development of the iridocorneal angle and the
trabecular MEShWOIK. .. ... e e e

1.4 Outflow pathway throughthe TMand JCT.........ccooiiiiiii i,
1.5 The outflow MoOdel.. ... e e
1.6 The IOP homeostatic response in cadaver human anterior segments...
1.7 Reprogramming technology and the generation of iPS cells................

2.1 Glaucomatous eyes show more dead cells and less live cells in the

2.2 Dose-response effect of saponinon TMcells............cooiiiii i,

2.3 Basal death of TM cells in fresh porcine eyes. Basal death of TM cells
in fresh porcine anterior SEgMEeNES.. ... iii it i e,

2.4 Saponin treatment produces cell death in perfused human anterior
SEOMENT EXPIANTS ..ttt e

2.5 Saponin treatment reduces the IOP homeostatic response in human
T a L =T A 1o ] g=Y=To 10 Y=T 01 £ TP

2.6 Replacement TM cells restore the IOP homeostatic response in
saponin treated human anterior Segments. .....c.ovviiiiiiii i e,

3.1 Embryoid body (EB) formation and differentiation into TM-like cells or
TM-IIKE TP S CS .. e e e e

3.2 TM-like iPSCs express TM markers and inhibit iPS marker
(3 1 =111 (0] o PP

3.3 TM-like iPSCs express TM markers and diminish the expression of
P S MK S . i

10

11

14

15

26

40

41

45

47

52

53

74



3.4 PCR mRNA marker levels of TM and iPS in TM-like iPSCs were

compared to mRNA levels in iPSand HTM..........cooiic e 79-80
3.5 The replacement TM-like iPSCs integrate into the TM and restore the

IOP hOmMEOStatiC FESPONSE. .. ittt e et e e e et e e e e eeaans 83-84
3.6 TM-like iPSCs can perform phagocytosSiS.........ccoviiiiiiiiiiiii e, 88



LIST OF ABBREVIATIONS

a alpha

AC anterior chamber

AH Aqueous humor

ALT argon laser trabeculoplasty

AMD age-related macular degeneration
AQP1 Aquaporin1

ASB10 Ankyrin Repeat and SOCS Box- Containing 10
BMP4 Bone morphogenetic protein 4
BMP7 Bone morphogenetic protein 7

°C degrees Celsius

c-MYC Myelocytomatosis Viral Oncogene
CHI3L1 Chitinase-3-like protein 1

CLANs cross-linked actin networks

CM conditioned medium

COPD chronic obstructive pulmonary disease
CS corneal stroma

CTGF connective tissue growth factor

DF dermal fibroblasts

DM differentiation media

DMEM Dulbecco’s Modified Eagle’s Medium
DTT dithiothreitol

EBs Embryoid Bodies

ECM Extracellular matrix

ESCs embryonic stem cells

EthD-1 Ethidium homodimer-1

Hg Mercury

vi



hr hour(s)

HTM human trabecular meshwork
HUVEC human umbilical vein endothelial cell
IOP intraocular pressure

iPSCs Induced Pluripotent Stem Cells

ITS intertrabecular spaces

JCT Juxtacanalicular region

KLF4 Kruppel-like factor 4

u micro- = 1x10°

Mg microgram (10 gram)

mg milligram (107 gram)

MGP Matrix Gla Protein

min minute

ul microliter (107 liter)

mi milliliter (107 liter)

uM micromolar (10 Molar)

mM millimolar (107 Molar)

MMPs matrix metalloproteinases

mol mole (6.02x10?® molecules)

mMRNA messenger ribonucleic acid

OCT3/4 Octamer- binding transcription factor 3/4
PBS Phosphate buffered saline

PCR polymerase chain reaction

POAG Primary open angle glaucoma
PVDF polyvinylidene fluoride

QDots quantum dots

gPCR quantitative polymerase chain reaction
RNA ribonucleic acid

vii


http://www.google.com/url?sa=t&rct=j&q=&esrc=s&frm=1&source=web&cd=3&cad=rja&ved=0CDUQFjAC&url=http%3A%2F%2Fbiotech.about.com%2Fod%2Fbuffersandmedia%2Fht%2FMake-Pbs-Buffer.htm&ei=hrB6UtaFEqvjigLF6IH4Aw&usg=AFQjCNHUiOHrcmvmCz8bDUmNMSphebJegw

RPE
RT-PCR
sC

SD
SDS/PAGE
SPARC
SOX2
TGF-p2
™
VCAM-1
WRD36

retinal pigment cells

Reverse transcriptase polymerase chain reaction
Schlemm’s canal

sheath-derived

sodium dodecyl sulfate/ Polyacrylamide gel electrophoresis
secreted protein, acidic, cysteine-rich

SRY (sex determining region Y)-box 2

Transforming growth factor beta-2

trabecular meshwork

vascular cell adhesion molecule 1

WD repeat- containing protein 36

viii


http://en.wikipedia.org/wiki/Sodium_dodecyl_sulfate
http://www.google.com/url?sa=t&rct=j&q=&esrc=s&frm=1&source=web&cd=2&cad=rja&ved=0CC8QFjAB&url=http%3A%2F%2Fwww.uniprot.org%2Funiprot%2FP61812&ei=TbF6UvivFuWJiAKx3YHQBw&usg=AFQjCNEDOMhIt6-Pilb-LgpCoj-Ptlec1w

ACKNOWLEDGEMENTS

| first would like to extend my gratitude to Dr. Ted Acott and Dr. Mary Kelley for
their support, guidance and advice in making the first steps in my scientific life. | also
appreciate the help, discussions and recommendations my thesis advisory committee
and exam committee- Drs. Nabil Alkayed, Linda Musil, Kirsten Lampi, Philip Streeter and
Larry David- offered me. | have learned a lot from each of you both scientifically and

personally.

| also want to thank all members of the Acott Laboratory, both past and present. |
would like to particularly express my appreciation to Drs. Xinbo Li, Janice Vranka, Kate
Keller, Mini Aga, and Yong-Feng Yang, as well as to John Bradley, Lauren Hayashi,

Ying Ying Sun and Kaili Song.

Finally, I want to thank the Abu-Hassan, Ghabboun, Arrabi and Dalgamouni

families for their encouragement, support and patience.



This work is dedicated...

To my family, my Mom and Dad in particular, who surrounded me with love,
warmth, endless sacrifices and guidance. To the family who instilled in me the value of
education and research that drove my desire and courage to excel and attend high

caliber universities.

To Jordan for supporting me and providing me with a high-standard education.

To Oregon for being a nice and welcoming place to live and learn.



PEER-REVIEWED PUBLICATIONS ARISING
FROM THIS DISSERTATION

Acott, T.S, Kelley, M.J, Keller K.E, Vranka J.A, Abu-Hassan, D.W, Li, X, Aga, M, and
Bradley, J. IOP Homeostasis - Maintaining Balance in a High Pressure Environment.
Journal of Ocular Pharmacology and Therapeutics. In Press.

PEER-REVIEWED PUBLICATIONS ARISING
FROM THIS DISSERTATION- IN PREPARATION

Abu-Hassan, D.W, Li, X, Ryan, E, Acott, T.S & Kelley, M.J. A Novel Cell Loss Model for
Primary Open Angle Glaucoma. In preparation.

Abu-Hassan, D.W, Li, X, Acott, T.S & Kelley, M.J. Use of iPS Cells to Restore
Intraocular Pressure Homeostasis in a Human Model for Glaucoma. In preparation.

Xi



ABSTRACT

A compromised regulation of intraocular pressure, or IOP, is the primary risk
factor for primary open angle glaucoma (POAG). A prominent feature of the disease is
cellular loss. To establish a greater level of standardization of cell loss in our
experimental anterior segments, we developed a cell depletion model using saponin and
partially denuded trabecular meshwork (TM) areas to mimic the situation in glaucoma.
With this model, we developed transplantable differentiated TM-like cells from induced
pluripotent stem cells (iPSCs), and utilized these cells in an ex vivo perfusion system for
functional testing of TM in anterior segments. This included two essential TM functional
end points: 1) IOP homeostasis; and 2) phagocytosis. Subsequent to transplantation of
the unique TM-like cells to denuded TM areas, we tested them for competency of
function in which the modified stem cells were required to be comparable to endogenous
TM cells in intact anterior segments. Our monitoring of the differentiation of iPSCs to
TM-like cells was facilitated by the expression of biomarkers as well as the loss of
pluripotency factors, and evaluated by confocal microscopy, Western immunoblotting
and quantitative RT-PCR. The transplanted labeled TM-like cells were integrated into the
TM at all levels. Transplanting these TM-like cells and subjecting them to a high

pressure challenge showed the restoration of IOP homeostatic response. Additionally, a

Xii



phagocytic challenge to these TM-like cells with zymosan particles also resulted in
responses comparable to those of endogenous TM cells. Establishing a connection
between TM cell loss and tissue functionality is novel. In addition, replacing the lost cells
in glaucomatous eyes by using iPSCs in the TM is a novel treatment strategy that has
not been previously attempted in trabecular meshwork, and shows considerable promise

as an alternative treatment for glaucoma.
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Key words: aqueous humor, cell depletion, cell loss, development, differentiation,
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meshwork, transplantation.
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Chapter 1

Introduction



1.1 Glaucoma and the development and physiology of the trabecular meshwork
(TM).

1.1.1. Definition and statistics of glaucoma.

Glaucoma is a group of diseases in which elevations in the intraocular pressure
(IOP) often damage the visual apparatus causing an irreversible blindness. This leading
cause of blindness is found worldwide and affects mainly the elderly population. So far,
over 67 million in the world people have been diagnosed with glaucoma and over 4
million have lost vision in both eyes [1, 2, 3, and 4]. The overall prevalence of open
angle glaucoma in the US population 40 years and older is estimated to be 1.86%.
Glaucoma accounts for around 25% of new blindness cases in developed countries [4,
5]. Primary open angle glaucoma (POAG) is the most common type of glaucoma and
constitutes 85% of diagnosed cases. The risk factors include race (e.g. African-
Americans over age 40), age (over 60 years), family history (mutations in myocilin,
optineurin, WDR36 and ASB10), high eye pressure, thin corneas and abnormal optic
nerve anatomy. Glaucoma is asymptomatic and is usually not detected until irreversible
vision loss has taken place. The therapeutic management of glaucoma costs the United
States and the United Kingdom about 2.5 billion and 216 million USD annually
respectively [6, 7].
1.1.2. The development and structure of the trabecular meshwork as a part of

the anterior segment.

The anterior segment is composed of the cornea, lens, iris, ciliary body and
ocular drainage tissues, including the trabecular meshwork (TM) and Schlemm’s canal

(SC). The TM and SC are located at the angle where the iris and cornea meet, or the



iridocorneal angle [8]. In this region, the transition from cornea to sclera takes place,
hence, it is called the corneoscleral transition zone [8]. The ocular drainage structures
are the last to become differentiated during anterior eye development. By the 6" week of
embryonic development, the rudimentary eye is composed of the bi-layered optic cup

and the lens vesicle (Fig. 1.1) [9].

The optic cup is formed from forebrain neuroectoderm while the lens vesicle
invaginates and separates from the overlying surface ectoderm [9, 11, 13, and 14]. At
this developmental stage, mesenchymal progenitor cells encircle the developing eye,
and thus are called “periocular mesenchyme”, and then migrate anteriorly [9, 11, 13, 14,
17, and 21]. The TM is derived from periocular mesenchyme that consists of neural crest
and cranial paraxial mesoderm derived cells [8], whereas SC is likely derived from
periocular mesenchyme and is formed as a result of vasculature remodeling in the
corneoscleral transition zone [10, 11, 12, 13, and 14]. During human eye development,
at the 15" to 20" week of gestation, the iridocorneal angle is occupied by a dense mass
of mesenchymal cells shortly after iris elongation begins. In the following steps, these
cells elongate, flatten, and become separated from each other by small fenestrations
that are partially filled with extracellular fibers. Although the TM appears at the 15" to
20™ week of gestation, the aqueous humor begins to be secreted by the fifth to sixth

month of gestation [15, 21, and 22].

The major morphogenesis of the TM is complete around birth in humans,
however, in the postnatal period, significant development of the anterior segment
structures, specifically, the ocular drainage structures occurs [13, 18]. At this stage, the

presumptive site of the TM at the iridocorneal angle contains a mass of packed



mesenchymal cells (Fig. 1.2 and 1.3). To allow the outflow of the aqueous humor (AH),
remodeling of this mesenchymal mass and the formation of a functional TM have to
occur [13]. Of the major changes that have to happen for a complete maturation of a
functional trabecular meshwork are the formation of intertrabecular spaces, or
fenestrations between the beams and extracellular matrix (ECM) organization into a
network of beams that are covered by TM cells.

The ECM contains several structural components such as, collagen, laminin,
elastin, fibronectin and vitronectin [133]. Intertrabecular spaces of the functioning
meshwork allow the passage of aqueous humor to Schlemm’s canal. Some of the
mesenchymal cells that have a stellate phenotype remain between the trabecular
lamellae and the endothelial lining of SC. These cells develop bridging contacts between
the endothelial cells of SC and the TM cells on the beams, thereby forming the
juxtacanalicular or cribriform layer of the trabecular meshwork where most of the
resistance to aqueous humor outflow is located. The endothelial cell lining of
Schlemm’s canal forms drainage structures, known as giant vacuoles, that allow the flow
of aqueous humor to the inside of the canal. The lumen of Schlemm’s canal is
connected to the venous system through collector channels. Abnormal development of
ocular drainage structures at the iridocorneal angle can lead to an elevated IOP and

congenital glaucoma.
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Figure 1.1: The embryonic and fetal development of the TM and SC. (A) Optic cup
stage: at the 5" week of gestation, the surface ectoderm thickens and invaginates to
form the lens pit and the optic vesicle forms the optic cup. (B) The periocular
mesenchyme migrates between the surface ectoderm and lens vesicle to form corneal
stroma, corneal endothelium, trabecular meshwork and Schlemm’s canal at the 5"

month of gestation. (C) Maturation of a functional TM and SC postnatally. (from J.C



Sowden, Molecular and developmental mechanisms of anterior segment dysgenesis,

Eye (2007) 21, 1310-1318).



The TM is a tiny triangular porous structure that is composed of connective tissue
beams or lamellae surrounded by endothelium. It is composed of three consecutive
regions, from superficial to inner: uveal meshwork, corneoscleral meshwork and
juxtacanalicular (JCT) (Fig. 1.4) [19]. The uveal meshwork consists of 3 layers of
connective tissue bands covered by flat trabecular cells with irregular fenestrations in
between the bands [16, 19, and 20]. These bands are known as trabecular beams or
lamellae and are only found in the uveal meshwork and the next region of corneoscleral
meshwork. The latter is composed of 8-15 layers of perforated sheets of fibers or beams
that become smaller as they extend close to SC [16, 19, and 20]. The cells of the outer
layers of the TM act primarily as pre-filters that phagocytically remove the cellular debris
from AH before it moves deeper into the JCT and SC.

The JCT is the thinnest part of the TM, measuring 2-20 ym thick, and consists of
2-5 cell layers that reside in a loose connective tissue matrix directly adjacent to the
inner wall endothelium of SC [16, 20]. Due to the irregular arrangement of the ECM
fibers in the JCT, it was also named the cribriform region. The cells in the JCT attach to
one another, to the fibrils of the ECM, and to the endothelial cell lining of SC by long
cytoplasmic processes. The spaces between JCT cells and ECM fibers contain an
amorphous gel-like ground substance consisting of various proteoglycans and
hyaluronan and serve as an outflow pathway for AH [33, 34, and 35].

The open spaces, or fenestrations, between the lamellae are of 25-27 um in the
uveal meshwork and 2-15 pm in the corneoscleral meshwork, hence they generate a
highly porous structure. The high porosity of the uveal and corneoscleral regions of the
trabecular meshwork results in an insignificant resistance to aqueous humor outflow.

However, the JCT is non-fenestrated and provides most of the resistance to AH flow [36,



37, 55, 56, and 57]. Evidence supporting this came from experiments where outer
regions of the TM were dissected out with no resulting effect on outflow facility, and from
theoretical calculations using Poiseuille’s law [56, 58]. The center or stroma of the
trabecular lamellae or beams contains densely packed collagen and elastic fibers, and
the electron dense microfibril sheath-derived (SD) material [59, 66, 67, 68, 69, 70, and
71]. The collagen fibers are mostly type | and Ill [72]. The TM cells on the beams reside
on a basal lamina that contains considerable amounts of collagen IV and laminin [71,

72].
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Figure 1.2: Postnatal development of the iridocorneal angle and the trabecular
meshwork. The diagram shows the developmental stages of the trabecular meshwork
and Schlemm’s canal. (A) The TM appears as a condensed mesenchymal tissue
(arrows). (B) The TM cells have differentiated and become separated from each other by
small open spaces. Extracellular fibers accumulate in the intercellular spaces, whereas
vessels appear in the adjacent sclera (open arrows). (C) The trabecular beams or
lamellae have formed by reorganization of the extracellular fibers in the chamber angle
but still are not fenestrated. The beams become covered by trabecular meshwork cells.
The scleral vessels next to the chamber angle coalesce and fuse to SC. Anterior
chamber (AC), ciliary body (CB). (from Cvekl, A. and Tamm, E. R. Anterior eye
development and ocular mesenchyme: new insights from mouse models and human

diseases. BioEssays (2004) 26, 374—-386).



Figure 1.3: Histological postnatal development of the iridocorneal angle and the

trabecular meshwork. The diagram shows the developmental stages of the trabecular
meshwork and Schlemm’s canal in C57BL/6J mice. (A) The TM is recognized as
condensed mesenchymal tissue (arrows) between the corneal stroma (CS), ciliary body
(CB) and anterior chamber (AC). (B) The TM cells have differentiated and the trabecular
beams or lamellae have developed but still are not fenestrated. SC is present between
(between arrows). ECM partially accumulates in the spaces. (C) The trabecular beams
located nearest to the anterior chamber begin to separate and intertrabecular spaces
appear (arrowhead), but AH entry to SC (between arrows) is still restricted. (D)
Organization and maturation of the TM continues with enlargement of the present
spaces and opening of new ones. Scale bars represent 50 um. (from Gould, D.B. Smith,
R.S. and John, S.W.M. Anterior segment development relevant to glaucoma. Int. J. Dev.

Biol. (2004) 48, 000-000)
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Figure 1.4: Outflow pathway through the TM and JCT. The lower portion of the figure
shows a side view of the TM (radial section). The arrow indicates the direction of AH flow
across the TM until it enters SC. The upper inset represents an expanded view of the
JCT region. Once the AH passes through the intertrabecular spaces (ITS) of
corneoscleral meshwork, it goes to the JCT region, and then through the inner wall
endothelial lining of SC. (from Acott, T. S, Kelley, M. J. Extracellular matrix in the

trabecular meshwork. Exp. Eye Res. (2008) 86, 543-561)
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1.1.3. The aqueous pathway, trabecular meshwork physiology and the
maintenance of the intraocular pressure (IOP).

Aqueous humor or AH, the fluid that fills the anterior and posterior chambers of
the eye, is produced in the ciliary body within the posterior chamber of the eye. After it
fills the posterior chamber, it moves anteriorly around the lens then exits through the
pupil to the anterior part of the eye. Aqueous humor nourishes the avascular tissues of
the eye, such as, lens, cornea and TM, fills the anterior and posterior chambers of the
eye and aids in vision. When AH is loaded with cellular debris collected from eye tissues,
it is filtered by the TM tissue located at the irido-corneal angle. The AH leaves the eye
via 2 routes, a major conventional pathway through the TM and a minor nonconventional
or uveoscleral pathway through the intercellular spaces of the ciliary muscle cells [52,
53, 54, 59].

Fluctuations in the IOP occur frequently as a result of many factors including the
daily variation, exercise, heart rate, respiration, fluid intake, medications and alcohol
consumption. In response to increases in IOP, TM cells can mount a homeostatic
response to adjust the outflow resistance and restore the IOP level to physiological
values [75, 77, and 78]. To measure IOP in an experimental setting, we use the
commonly accepted outflow model shown in figure 1.5 [180, 181, and 182]. When the
pressure in perfused anterior segment organ culture is doubled, the measured flow rate
immediately doubles (Fig. 1.6). The cell surface integrins and other cell-surface
receptors of the TM cells sense increases in IOP as a mechanical stretching or
distortion. This stimulus implies that the outflow resistance is too high. Consequently, TM
cells respond by upregulating the expression of enzymes that increase ECM turnover to

reduce flow resistance. The matrix metalloproteinases (MMPs) are responsible for the
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initiation of most ECM turnover, thus the expression of MMP-1, MMP-3, MMP-7, MMP-9
and MMP-14 is enhanced once the IOP is increased [77].

In addition to enhancing MMP activity, TM cells change the expression levels of
other ECM components. The expression of tenascin, fibronectin, CD44, syndecan 2,
SPARC, VCAM-1, Collagen XIV, Periostin, Matrix Gla protein, Link protein and MMP-2
are increased, whereas versican, syndecan 1, and thrombospondin 2 are reduced [81].
Over the next few days, the flow rate keeps increasing with time until the outflow
resistance is reduced and the initial IOP is restored [83]. ECM turnover is a highly
coordinated sequence of events that involves the degradation and biosynthetic
replacement of specific ECM components. The aforementioned sequence of events that
result in reducing outflow resistance and maintenance of the IOP at physiological levels
is known as IOP homeostasis. Therefore, IOP homeostasis is maintained by ECM
turnover triggered in response to pressure increases or mechanical stretch sensed by
the JCT cells.

The IOP builds up in response to resistance to outflow and once it is high enough
to overcome the resistance, AH flows across the TM. After AH is filtered in the TM, it
leaves through Schlemm’s canal to venous circulation. Fluid movement across the TM
tissue takes place down a pressure gradient [86]. The IOP is dictated by the rate of AH
production and the resistance to outflow. At steady-state IOP, the flow rate of AH equals

its production rate by the ciliary body.
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Figure 1.5: The outflow model. This figure represents the commonly accepted outflow
model. In this model the anterior half of the eye explant is mounted and sealed in a
chamber that is connected via tubing to a perfusion reservoir. The reservoir is placed at
8.8 mm Hg (11.5 inches) to generate normal physiological pressure, or 1x. To increase
the pressure, the bottle is placed at a higher position. For instance, to increase the
pressure to 17.6 mm Hg (2x), the media-filled bottle is placed at 23 inches. Once the
fluid passes via tubing to the chamber, it fills the explant and passes through the TM to
exit to the chamber. To measure flow rate, the fluid that leaves through the TM is

measured over time.
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Figure 1.6: The IOP homeostatic response in cadaver human anterior segments.
The fluid was flowed into the anterior segment explants at normal physiological pressure
(1x), which equals 8.8 mm Hg. The measured flow rate was 2.5-3 pL/min. Afterwards,
the pressure was doubled (2x) and hence, the flow rate doubled as a result of the
pressure gradient that pushed the fluid across the TM. The flow rate continued to
increase slowly with time over the next few days. This adaptive response to
accommodate changes in pressure and maintain it at normal levels is known as the IOP

homeostatic response. Error bars represent the standard error of the mean. *P<0.05,

**P<0.001.
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In response to the pressure gradient generated by AH flow, the SC inner wall
endothelium forms cellular outpouchings, called giant vacuoles. These characteristic
structures form when AH pushes against the basal side of SC cells [192]. Inner wall cells
of SC rest on an incomplete basal lamina and are not supported by ECM in considerable
areas of their basal cell membrane. They are in direct contact with the AH flowing in the
open spaces of the JCT. The AH enters SC via 2 routes; an intracellular and
paracellular. The intracellular pores have diameters from 0.1 to 2 um and are often
associated with giant vacuoles [86]. Although paracellular pores usually have diameters
comparable to that of intracellular pores, they are less common in most eyes [87]. The
endothelial cells that line SC are held together by tight junctions that restrict the
paracellular route [90]. Microparticles of 200—500 nm in size can cross the inner wall
pores [90]. Although the inner wall endothelium provides some hindrance against the
outflow of AH, it does not generate more than 10% of the total TM outflow resistance
[86]. The molecular mechanisms that cause the formation of intracellular pores in SC

inner wall e

ndothelium are still unknown. Additionally, small diaphragmed minipores (DMPs) were
identified in the inner wall of SC [91]. These minipores may represent an early stage in
pore formation [92]. They are ultrastructurally similar to those forming the fenestrae of
fenestrated capillaries [93]. Although DMPs are regularly found in SC inner wall
endothelium, they are considerably rarer than the fenestrae in fenestrated epithelia [92,
93]. It was originally thought that the covering thin diaphragm was derived from the basal
lamina in blood vessels, but the absence of a complete basal lamina in the inner wall

endothelium does not support that hypothesis [92].
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In glaucoma, the flow of AH is obstructed resulting in pressure elevation in the
eye. The increased ocular pressure causes degenerative changes and progressive
death of the retinal ganglion cells (RGCs) and damages their axons, which transfer
visual information to the brain via the optic nerve. Increased IOP, which is a risk factor
for POAG, is directly related to increases in outflow resistance [55, 94]. The difficulty of
the passage of AH through the TM, represented by flow resistance, has been attributed
mainly to the innermost region of the TM, the JCT [55, 56, and 57]. A wide variety of
changes in the organization, structure and integrity of the TM tissue have been detected
in glaucomatous eyes.

The most characteristic structural changes are the accumulation of ECM and
banded fibrillar elements that are embedded in different glycoproteins, known as “plaque
material” [95, 96, and 97]. In addition, TM cell counts were found to decrease with aging
and POAG [98, 99]. The JCT specifically shows more cell loss than other layers of TM,
nevertheless, the total cell number in the TM is reduced as well [98, 99]. Cellular loss in
TM was also detected in congenital glaucoma and was found to be similar to the age-
associated cell death [99, 100]. Mechanical stresses, oxidative damage, time, disease or
other injuries also may contribute to cell loss or dysfunction. Increases in the intraocular
pressure trigger a homeostatic response to reduce the IOP and maintain the health and
normal function of the TM [101, 102]. With IOP elevations, mechanical stretching is
sensed by TM cells and induces modifications in the composition and amount of the TM
extracellular matrix. The changes in ECM decrease resistance to flow and increase
outflow of AH to SC resulting in the reduction of IOP.

Many factors decrease TM cellularity, but cellularity increases in human anterior

segments subjected to laser trabeculoplasty [103]. TM cell division increased by 4-fold
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following laser-treatment over non-treated controls [103]. More than 60% of cell division
was detected in the anterior, non-filtering region of the TM, or the insert area. In this
area, the TM inserts into the cornea beneath Schwalbe’s line, and ‘“stem-like cells”
called insert cells reside. A week after laser trabeculoplasty, 60% of tritiated thymidine
labeled cells migrated out of the insert region to repopulate laser burn sites [103]. This
study suggested that the insert cells might serve as TM stem cells and that the
repopulation of the TM tissue by fresh healthy and functioning cells may restore the role
the tissue performs in keeping eye pressure normal.
1.1.4. Molecular and biochemical mechanisms of glaucoma.

Changes in the normal structure of the TM have been detected with aging and in
POAG. An increase in the thickness of the ECM in the JCT region has been observed in
glaucomatous eyes compared to healthy controls [104]. Other investigations suggested
the formation of deposits by the interacting ECM components, thus blocking the outflow
pathway through TM. For instance, cochlin was identified by a proteomic analysis to be
associated with glaucomatous TM but not in normal TM. Induced by shear stress,
cochlin undergoes multimerization and forms deposits that have exclusively been found
with mucopolysaccharide deposits in glaucomatous TM [105, 106]. Other changes
apparent with glaucoma were trabecular thickening and fusions, hyperpigmentation of
TM cells, and the loss of giant vacuoles from the inner wall of Schlemm’s canal.
Moreover, there is a significant increase in the amount of sheath derived (SD)-plaques in
glaucomatous compared to normal eyes [107]. There is additional fibrillar material that
adheres to the net of the TM resulting in an irregular thickness of the sheath. In POAG
eyes, there are increased amounts of type VI collagen that surround the connecting

fibrils and accumulate in advanced disease to participate in blocking the outflow pathway
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[111, 112]. However, most of the exact molecular mechanisms that cause glaucoma are
still unclear.

The contractility of the TM affects aqueous drainage where its increase reduces
AH outflow and its relaxation upregulates AH drainage [108, 109]. Therefore, the
disruption of the cytoskeleton greatly disturbs the structural integrity and functionality of
the TM tissue. Among the structural changes that were observed in glaucomatous TM is
the formation of cross-linked actin networks (CLANSs). These polygonal structures are
thought to increase the rigidity and stiffness of the TM cells rendering them more
resistant to aqueous outflow [110, 111]. The formation of CLANSs is also associated with
cell hypotrophy and down regulation of cell migration and proliferation [119, 120, and
121].

Normally, discontinuous tight and gap junctions are commonly found between
TM beam cells. However, high-resistance adherence-type junctions are formed between
TM cells of glaucomatous eyes instead of lower-resistance junctions that allow more
dynamic activities between cells [125, 126, and 127].
Since the JCT is the region where most of the flow resistance is located, ECM
remodeling is of special importance at this particular region. Both autocrine and
paracrine growth factors, such as TGF-B2, CTGF, BMP7 and BMP4, control the
synthesis and degradation of ECM molecules in the JCT [128]. Moreover,
glucocorticoids and prostaglandin derivatives modulate ECM turnover in the JCT [90,
149, 150, and 151]. An increase in fibrillar content in the ECM of the JCT is a prominent
structural change in the eyes of patients with POAG and steroid-induced glaucoma
[152]. ECM-related herniations of the JCT and the inner wall of SC have been identified

but their molecular structure is still unknown. In addition, increases in the branching of
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glycosaminoglycans and changes in their distribution in the JCT region have been
identified in POAG [155]. Other studies have also detected an induction of calcification
markers such as, matrix Gla protein and bone morphogenic protein-2 (BMP-2), thereby
suggesting that calcification of the TM may contribute to the stiffness and increased flow

resistance of glaucomatous tissue [132].
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1.2 Treatment strategies of glaucoma and the need for novel therapies.

Since IOP is the only treatable risk factor, the current treatment strategy for
glaucoma focuses on lowering eye pressure. The current treatments for glaucoma are
either medical or surgical. Classes of topical glaucoma medications include beta-
blockers, alpha-agonists, prostaglandin analogues, carbonic anhydrase inhibitors,
cholinergic agonists, and adrenergic agonists. Often, their adverse effects, expense and
multiple daily dosing contribute to the lack of patient compliance with treatment. Topical
beta-blockers are the traditional therapeutic agent for glaucoma patients and have been
on the market for decades. They act by reducing the production of AH from the ciliary
body; hence they partially deprive the ocular tissues of the essential functions that AH
performs. In addition, systemic side effects interfere with their use in patients with
asthma, chronic obstructive pulmonary disease (COPD) and cardiac problems.
Prostaglandin analogues shunt the outflow of AH to the alternative or uveoscleral
pathway but do not affect its production; however, they do have some side effects.
POAG affects primarily elderly people; as a result, the convenience of using glaucoma
medications is questionable because the frequent application of medications facilitates
forgetting doses and the compromised medical status of many patients contraindicates
their use.

The surgical approach for treating glaucoma is also an option. A common
surgery called trabeculectomy is available to relieve eye pressure. In this technique, an
alternate drainage pathway is created surgically by making a tiny drainage hole in the
sclera that allows fluid to flow out of the eye and reduce pressure. However, the hole
tends to heal and close, thus, anti-healing agents have to be used or, alternatively, a

plastic tube-shunt may be inserted into the anterior chamber to drain fluid. Surgical
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procedures are not appropriate for many people because of aging and the medical
condition of the patient. Additionally, cataracts or a wrinkle in the macula region of the
eye may develop after surgery. Laser procedures, such as argon laser trabeculoplasty
(ALT), can also help to relieve pressure. Using a laser beam in ALT, ophthalmologists
induce around 50 burns in the TM. The application of the laser beam on the TM triggers
a biological response in which the insert stem cells are activated to divide and migrate to
the burn areas [103]. However, recurrence in 10% of laser treated patients a year in
addition to failure of the treatment in some patients was detected. Moreover,
medications are still needed to control eye pressure post-surgery, although with smaller
doses. Overall, the currently available therapies for glaucoma cannot always prevent,
and do not reverse, vision loss. Therefore, the search is continuous to find alternative

preventive and therapeutic approaches for POAG.
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1.3 Stem cells and the treatment of glaucoma

Current medications affect AH inflow and the alternative outflow route and do not
sufficiently lower IOP in most glaucoma patients; hence, there is a need for a
conventional outflow route medication. Decreasing the AH production or shunting it away
from the diseased TM by the available medications starves the already compromised
tissue of nutrients. Stem cell transplantation in the trabecular meshwork of the anterior
chamber may provide a promising avenue for treating degenerative POAG.

Stem cells are immature and uncommitted cells that can differentiate to various
cell types depending on the degree of their potency. Stem cells can replace
differentiated cells lost due to pathologies or injuries, and therefore, can advance
regenerative medical treatments for debilitating diseases. Tissue regeneration can take
place by transplantation of embryonic or adult stem cells [196]. The stem cells can be
differentiated into specialized functional cells that would serve as a replacement for dead
or malfunctioning cells of different tissues.

Several sources of stem cells can be utilized for this potential novel treatment
strategy, such as embryonic (ESC), umbilical cord, bone marrow and induced pluripotent
stem cells. Many research groups are investigating new treatment options of glaucoma
utilizing stem cells but they are mainly focusing on fixing the damage of the ocular
tissues in the posterior chambers such as retina and optic nerve. Very few studies
concentrate on the use of stem cells in the anterior segment, particularly the TM. Since
TM is the first line of defense that maintains the IOP at normal levels, stem cells
replacing the TM cells lost in glaucoma represent more of a preventive strategy than a
curative one. However, the uniqueness of this potential option stems from both the use

of stem cells in the TM and its preventive mode.
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1.4 Induced pluripotent stem cell (IPSCs)

Ethical controversies associated with the use of ESCs and immunorejection
problems are major concerns for their use. Consequently, replacing ESCs with
pluripotent cells generated without sacrificing embryos is a promising alternative.
Pluripotent stem cells can be generated by reprogramming adult somatic cells utilizing
many methods. The induction of iPSCs from mouse fibroblasts was first demonstrated
by Yamanaka et al (2006) [184]. Based on their investigations, four pluripotency
transcription factors were established to dedifferentiate and reprogram the cells to
become pluripotent. IPSCs have been generated by stably transfecting mouse and
human fibroblasts with a group of transcription factors that are expressed by ESCs,
those include: OCT-3/4, SOX2, KLF4, and c-MYC [183, 184]. Other research groups
expressed other sets of transcription factors to generate iPSCs, such as OCT4, SOX2,
KLF4 and LIN28 [194]. The transfected cells are pluripotent and can differentiate into all
three germ layer-derived cells and are syngeneic [195]. Since iPSCs are derived from
dermal fibroblasts, they provide an accessible non-invasive source for autologous stem
cells.

Our goal is to differentiate the iPSCs into TM-like cells, and then transplant them
into cell depleted cadaver human eyes to re-establish the lost function of maintaining
IOP at normal levels in TM. Because the TM is partially immune-privileged, immune
rejection problems are anticipated to be minimal. Ongoing research using iPSCs is
underway in a wide variety of fields, yet none has been approved as a treatment. Further
investigations must be performed before iPSCs become ready to move from bench to
bedside. Several clinical trials using iPSCs have been started, including one from a

Japanese group, the Masayo Takahashi group at the RIKEN Center for Developmental
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Biology, which uses retinal pigment cells (RPE) derived from iPSCs for treating aged

macular degeneration (AMD).
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Figure 1.7: Reprogramming technology and the generation of iPS cells.
Fibroblasts are obtained from a skin biopsy and dermal fibroblast cell culture is
established. Following that, pluripotency transcription factors, such as KLF4, SOX2,
OCT4 and c-MYC are co-expressed in the cells to dedifferentiate them. The generated
patient-specific iPS cells can be used to model and treat human disease. In this
example, the patient has a neurodegenerative disorder. The genetic problem can be
corrected (right side) and then the cells can be differentiated into the cells of interest,
such as neurons in this example. The corrected differentiated patient-specific iPS cells
can be tranplanted back into the tissue and start functioning normally to restore the lost
function. Alternatively, directed differentiation of the patient-specific iPS cells into the

cells of interest (left side) allows in vitro modeling of patient's disease, and screening
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potential drugs, thus, aiding in the discovery of novel therapeutic compounds. (from
Robinton, D.A and Daley G.Q. The promise of induced pluripotent stem cells in research and

therapy. Nature (2012) 481, 295-305)

27


http://www.nature.com/nature/journal/v481/n7381/full/nature10761.html#auth-1
http://www.nature.com/nature/journal/v481/n7381/full/nature10761.html#auth-1
http://www.nature.com/nature/journal/v481/n7381/full/nature10761.html#auth-2

(This page was intentionally left blank)

28



Chapter 2

A Novel Cell Loss Model for Primary Open Angle Glaucoma
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The majority of the research in this chapter is in preparation for submission for
publication as:

Abu-Hassan, D. W, Li, X, Ryan, E, Acott, T. S & Kelley, M. J. A Novel Cell Loss Model
for Primary Open Angle Glaucoma.
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2.1 Abstract

Purpose: Elevated intraocular pressure, or IOP, is the primary risk factor for primary
open angle glaucoma (POAG). Trabecular meshwork (TM) cell loss is associated with
POAG and likely exacerbates other aspects of the disease. To facilitate cellular
replacement studies to ameliorate glaucoma, a TM cell loss model system was

developed utilizing perfused human and porcine anterior segment organ culture.

Methods: Human or porcine anterior segments in perfusion culture were subjected to
saponin exposure for various times to diminish cellularity. Effects of saponin treatment
on cellular vitality and density were assessed using confocal microscopy with a cellular
Live/Dead assay. Effects on outflow and on IOP homeostatic capacity were evaluated by
perfusion at standard pressure (1x) and after pressure elevation (2x). Cultured human
TM cells were labeled with quantum dots (QDots) and transplanted onto anterior
segments. Efficacy of cellular replacement was assessed by evaluating the impact on
IOP homeostatic capacity.

Results: Saponin treatment induced partial TM cell loss in human cell and anterior
segment organ culture. The partial cellular denuding from saponin treatment did not
significantly affect outflow, but did reduce the capacity for IOP homeostatic response
when challenged with 2x pressure. Transplanted labeled TM cells were integrated into
the TM and restored |IOP homeostatic capability.

Conclusions: This is the first experimental demonstration of a relationship between cell
loss and loss of function. The saponin model of controlled cell loss provides a means to
functionally assess and correlate TM cell deficit with loss of IOP homeostasis.

Additionally, this model shows that TM can be repopulated successfully with
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transplanted TM cells, and illustrates the feasibility of using transplantation of stem cells

in trabecular meshwork to restore normal IOP homeostasis in glaucomatous eyes.
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2.2 Introduction

Glaucoma, an optic neuropathy, is the second leading cause of blindness
worldwide [1, 3, and 156]. Increased intraocular pressure (IOP) is often associated with
glaucomatous axonal damage at the optic nerve head and is a major risk factor for
glaucoma progression [55, 94]. The elevated IOP is directly associated with abnormally
increased resistance to aqueous humor outflow [28, 29, 30, 55, 56, 57 and 94]. The
majority of aqueous humor exits the eye via the conventional outflow pathway through
the TM [158, 159]. In normal eyes, an IOP homeostatic response, i.e., a corrective
reduction in outflow resistance, is induced by increases in IOP [55, 199]. The TM
responds to |IOP elevation with a compensatory reduction in the outflow resistance,
which occurs over several days [55, 159, 199, and 200].

A significant reduction in TM cellularity is a common consequence of primary
open-angle glaucoma (POAG) and is apparently caused by a number of genetic and
possibly environmental factors [98, 99, 162, 163, and 164]. TM cell loss is more severe
in POAG than in normal aged eyes and is thought to be an earlier event in POAG [98,
99, 162, and 163]. Between ages 20 and 80, as much as 50% of cells are lost and for
POAG patients, the loss is even greater [98, 162]. The loss of cellularity occurs in a
gradient-like manner where the inner zones are the most affected and the outermost
tissues are the least affected [162]. Whatever the direct causes and other consequences
of POAG, this reduction in TM cell density will clearly exacerbate the ability of the TM to
maintain IOP homeostasis. One approach to counter this cell loss is to use cellular
replacement as a therapeutic strategy [167].

Studies were thus undertaken to develop a model system for use in testing and

analyzing the efficacy and feasibility of the proposed cellular replacement therapy.
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Glaucomatous eyes for such studies are in limited supply and exhibit considerable
variability in cellularity, cellular viability and degree of IOP homeostatic capability. Thus,
a model with manageable and uniform degree of cell loss is advantageous. Most
available animal models have limitations in terms of similarity to the human outflow
pathway, expense, size of the eyes or ease of triggering and assessing the IOP
homeostatic response across the appropriate time frame. Since the primary model
system for aqueous outflow pathway studies and for testing the degree of IOP
homeostatic responsiveness is perfused anterior segment organ culture [180, 181, and
182], we chose to develop a method of producing relatively consistent cell loss in this

model system.
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2.3 Materials and Methods
2.3.1 Materials

Saponin detergent was purchased from Sigma Life Sciences (Saint Louis MO).
Live/Dead Viability/Cytotoxicity Kit for mammalian cells was obtained from Molecular
Probes/ Invitrogen (Eugene, OR).
2.3.2 Cells

TM cells were extracted from porcine (PTM) and human eyes (HTM) as
described before [173, 174, 175, 176, 177, and 178] and maintained in medium glucose
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% HyClone fetal
bovine serum (Thermo Scientific, South Logan, Utah) and 1% Antibiotic-Antimycotic
100X (Life Technologies, Grand Island, NY).
2.3.3 Saponin Treatment of Trabecular Meshwork Cells in Tissue Culture

Porcine TM cells were grown on glass chamber slides for 48 hours until
confluent. In each chamber the cells were washed with PBS, and then subjected to
several concentrations of saponin detergent (0.001%, 0.01%, 0.025%, 0.05% or 0.1%)
dissolved in serum free medium glucose DMEM for 5 minutes. The saponin was then
removed and the cells were rinsed gently with phosphate buffered saline (PBS). Slow
Fade Gold Antifade reagent with DAPI (Molecular Probes/ Invitrogen) was applied to
prepare the slides for confocal microscopy analysis.
2.3.4 Perfused Human or Porcine Anterior Segment Organ Culture and Saponin
Treatment of Trabecular Meshwork.

Human and porcine perfused anterior segment organ cultures were used as
described previously [176, 177, 178, 179, 180, 181, and 182] and perfused at constant

pressure (8.8 mm Hg) (1x) to generate an average flow rate of 1-7 pyL/min for humans
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and 2 to 8 pyL/min for porcine eyes. Human donor eye pairs were acquired from Lions
Vision Gift (Portland, OR). Human donor tissue protocols were approved by the Oregon
Health & Science University Institutional Review Board and were conducted in
accordance with the tenets of the Declaration of Helsinki.

Saponin was dissolved in serum-free medium glucose DMEM to 0.01%
concentration then injected into the perfusion chamber after human and porcine eyes
had been subjected to flow for 48 hours. The flow was stopped and the human and
porcine anterior segment explants in the ocular perfusion system were treated with
saponin for 7 or 10 minutes, respectively. They were thoroughly rinsed afterwards with
serum-free medium glucose DMEM. The flow baseline was re-established for 24 hours,
and the pressure was doubled to 17.6 mm Hg (2x) to produce an IOP homeostatic
pressure challenge over the next few days. Outflow rates were measured
gravimetrically.

2.3.5 Live/Dead Staining Assay

The Live/Dead Viability/Cytotoxicity Assay Kit provides a two-color fluorescence
cell viability assay in which two probes, calcein AM and ethidium homodimer (EthD-1),
indicate cellular viability and plasma membrane integrity. Porcine TM cells cultured on
chamber slides were washed with sterile PBS, incubated in Live/Dead solution for 30
minutes at 37°C, and then the nuclei were stained with DAPI. The stained cells were
examined afterwards by confocal microscopy. Porcine and human anterior segments
perfused subsequent to saponin treatment were washed with sterile PBS, soaked in
Live/Dead solution and incubated for 30-45 minutes at 37°C. At the end of the
incubation period, the cells and anterior segments were washed with PBS and visualized

by confocal microscopy.
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2.3.6 Examination of Cell Viability by Confocal Microscopy

The stained Live/Dead TM cells and radial sections from anterior segment
explants were viewed on confocal microscopy. Twenty images were captured for porcine
TM cells treated for 7 min with each concentration of saponin (0, 0.001, 0.01, 0.025, 0.05
or 0.1%). The percentage of dead cells out of the total cell number of cells per field was
calculated. Eight radial wedges were prepared from each eye and frontal sections were
generated for analysis. The Live/Dead kit was used to stain TM tissue for live (green)
cells and dead (red) cells. Several images were taken per section to examine live and
dead cells in all areas of the TM tissue by confocal microscopy. Equal numbers of eyes
were either treated or untreated with saponin.
2.3.7 Transplantation of Cultured TM Cells into Saponin-denuded Eyes

Primary cell cultures of TM cells were harvested by trypsin treatment, cells were
rinsed thoroughly and labeled with 3 uL of Qtracker 655 nanoparticles Cell Labeling Kit
(Life Technologies, Eugene, OR) prior to transplantation. To label the TM cells, they
were incubated with these nanoparticles for an hour at 37°C, and then washed
thoroughly to eliminate residual particles that had not been taken up. The HTM cells
were visualized on the confocal microscope to verify their uptake of nanoparticles.

Human anterior segments were mounted in the flow chamber for 48 hours, and
then treated with saponin. After 24 hours, the pressure was increased to 2x for 48 hours
to assess cell pre-treatment |IOP homeostatic capability following saponin treatment but
prior to transplantation. Subsequently, cellular transplant with the labeled TM cells was
performed using 0.3 million cells/TM. The replacement cells were injected into the flow
chamber in an upside-down position and flowed in at 0.5x pressure for 2 hours, followed

by an overnight incubation at 37°C with the flow stopped. On the subsequent day, the
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flow was resumed for 24 hours at physiological pressure (1x), and then doubled for 96

hours. During the steps preceding and subsequent to the pressure challenge, the flow

rate was assessed.

2.3.8 Statistical Analysis

One-way ANOVA with Dunnett’'s Multiple Testing Correction or unpaired t-tests

were used to determine statistical significance.
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2.4 Results
2.4.1 Cellular loss is greater in glaucomatous eyes.

Previous studies by Alvarado et al showed that TMs of eyes from persons with
glaucoma exhibited reduced cell density compared to normal aged eyes [98, 99]. Using
Live/Dead staining to compare glaucomatous and normal anterior segment cell density,
we confirmed these results although our sample size was not as large as theirs (Fig.
2.1). Frontal sections of glaucomatous eyes, examined by confocal microscopy, have
less live cells than normal (Fig. 2.1E). Additionally, the TM of the affected eyes shows
more dead cells (Fig. 2.1F).

2.4.2 Saponin treatment triggers TM cell death and sloughing in both cell culture
and human eyes.

To create more uniform and controlled cell death in the TM of normal aged eyes,
we treated anterior segments with the detergent saponin [168, 169]. Initially, saponin
was applied to cultured TM cells at different concentrations: 0% (vehicle control),
0.001%, 0.01%, 0.025%, 0.05% and 0.1%, with all in serum-free DMEM.

Saponin treatment produced death of the TM cells with stronger effects occurring
at higher concentrations (Fig. 2.2A). At 0.025% saponin and higher, nearly all of the cells
were killed and much more sloughing of TM cells was observed (Fig. 2.2A-B). When
saponin was applied in 0.01% concentration, it induced death in 36% + 9 of TM cells,
whereas 0.001% killed 20% + 3 of cells (Fig. 2.2B). Consequently, we chose 0.01%
saponin for 7 minutes for induction of TM cell death in human anterior segments to

simulate the approximate level of cell loss detected in glaucomatous eyes [98].
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Figure 2.1: Glaucomatous eyes show more dead cells and less live cells in the TM.
Frontal sections were generated and examined by confocal microscopy after human (A,
B) glaucomatous eyes and (C, D) normal aged eyes were perfused for 48 hours and
stained with calcein AM (green) to label live cells and ethidium homodimer (EthD-1; red)
to mark dead cells. Notice the presence of more live cells in normal eyes. (A) and (B)
are different fields of the same glaucoma eye. (C) and (D) are different fields of the same
normal eye. Scale bars represent 100 uym. (E) The live cell volume, represented by
green fluorescent unit (GFU) volume, relative to beam volume was measured using
ImageJ. (F) The average number of dead cells per field was quantified in glaucomatous
eyes and compared to normal eyes. A significant increase in cell death was detected in
glaucomatous eyes. (E) and (F) are averages of 40 images captured for 5 glaucomatous
and 5 control eyes. Error bars represent the standard error of the mean. P values are

less than 0.001.
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Figure 2.2: Dose-response effect of saponin on TM cells. Porcine TM cells (PTM)
were grown on chamber slides, and then treated with several concentrations of saponin
for 5 minutes. The concentration of saponin is shown above each image. Subsequently,
the saponin was washed off the cells with PBS. TM cells were stained with Live/Dead
staining with calcein AM (green) and Eth-1 (red). (A) Twenty images of cells exposed to
each concentration were captured by confocal microscopy from 3 independent

experiments. Higher concentrations of saponin increase cell death and sloughing. The
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scale bar represents 100 um. In (B) cell death=% of dead cells out of the total number of

cells in the field. Error bars represent the standard error of the mean.
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2.4.3 TM tissue shows basal cellular death preceding any treatment.

The delayed acquisition (up to 48 hours postmortem), normal restoration process
(around 5 days in stationary culture) and significant effects of natural aging on human
eyes can be expected to result in reduced cellularity and cell death prior to saponin
treatment [99,162, 196]. Some loss may also be observed in porcine TMs.

In order to determine the extent of the baseline cell loss, we examined the
viability of TM cells in fresh porcine eyes and compared them to their saponin-treated
counterparts. Dead cells were detected in untreated porcine anterior segments (Fig. 2.3
D’-E’). However, saponin induced significant cell death (Fig. 2.3F). Moreover, higher
counts of live PTM cells were detected when compared to untreated HTM cells (Fig.
2.3G and Fig. 2.4B-E, 4l). Porcine eyes are from a much younger population compared
to most donor human eyes (average age around 74). As a result, we detected more
dead cells in human untreated eyes than in porcine eyes. We also noticed variability of
total cell counts across the TM of the same eye (Fig. 2.3 B-E and B-E’).

2.4.4 Saponin treatment significantly increased the number of dead cells in
anterior segments.

The chosen concentration of saponin, 0.01%, was injected into the flow line of
human anterior segments mounted in the ocular perfusion system and incubated in the
TM for 7 minutes before being washed out. The Live/Dead assay was used to determine
whether saponin affected the viability of human TM cells in frontal sections of anterior
segments (Fig. 2.4A-E). Saponin treated anterior segments contained more dead TM
cells than vehicle treated anterior segments (Fig. 2.4F). Saponin treatment induced cell
death although more live than dead cells still populated the TM, indicating that saponin’s

effect was partial (Fig. 2.4F-G).
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Additionally, saponin was able to penetrate deeply into the TM and kill cells in all
zones of the TM down to the juxtacanalicular region (JCT) (Fig. 2.4B-E). Moreover,
comparing the percentage of live cells in glaucomatous and saponin-treated eyes
relative to normal eyes revealed very close amounts of live cells, 67.42% and 66.42%
respectively (Fig. 2.4H). The previous comparison suggests that saponin treatment

induced changes in cell counts that approximate those found in glaucoma.
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Figure 2.3: Basal death of TM cells in fresh porcine eyes. Basal death of TM cells
in fresh porcine anterior segments. (A) A schematic diagram of the experiment. (B-E,
B’-E’) Fresh porcine anterior segments were perfused for 48 hours, and then treated
with 0.01% saponin for 10 minutes or with the vehicle alone. The porcine anterior
segments were stained with live (green) and dead (red) stain and were cut into wedges.
These were imaged en Face by confocal microscopy and (B-E) show live (green) and
(B’-E’) show dead (red) channels. The maijority of cells are alive in untreated sections,
although some cellular death was detected (D’-E’). However, control eyes show
considerably less dead cells and more live cells (F-G). Notice total cell count variability in

different fields of view across the TM. (B-C) and (D-E) are different fields in the same
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porcine anterior segments. Primed images represent the same fields as their unprimed
counterparts. Scale bars represent 100 ym. (F) Average number of dead cells per field
was counted and significant increase in cell death was detected with saponin treatment.
In addition, death was detected in the absence of any treatment indicating the presence
of basal cell death. (G) Live cell volume per unit volume (um®) of the TM tissue was
quantified using ImagedJ software. The green fluorescent unit volume was compared in
saponin-treated and control anterior segments. The results in (F) and (G) represent the
average of three porcine eye pairs Error bars represent the standard error of the mean.

P values are less than 0.05.
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Figure 2.4:. Saponin treatment produces cell death in perfused human anterior
segment explants. (A) A schematic of the experiments done in this figure. After the flow
was stopped, saponin (0.01%) was applied to perfused human anterior segments for 7
minutes by injection through the flow line. (B-E) Frontal sections of human anterior
segments show the induction of cellular death in saponin-treated TM. Cellular death was
detected by red staining with EthD-1, whereas, live cells uptake calcein AM and stain
green. The TM beams autofluoresce and are shown in blue color in the images. Saponin
produced death at all TM levels including JCT in several fields of the same eye. Scale
bars represent 100 um. Notice the greater numbers of dead cells in (D-E) saponin
treated eyes. However, more live cells are apparent in (B-C) the controls (untreated
eyes). (B) and (C) represent different fields of the same eye, whereas (D) and (E)
represent different fields of the contralateral eye. (F) The cell death produced was
quantified by counting the total number of dead cells per field. Saponin significantly
produced death in treated anterior segments (total columns, **P<0.001, 30 fields were
counted). Regions of the TM that have more cellular content (>100 columns) show a
significant increase in cellular death with saponin (*P<0.05, 10-13 fields were counted)
while the low cellularity areas do not. (G) Live cell volume per unit volume (um?®) of the
TM tissue was quantified using ImagedJ software. The green fluorescent unit volume was
compared in saponin-treated and control human anterior segments. P values are less
than 0.05. (H) The remaining live cells in glaucomatous eyes in Fig. 1 and in anterior
segments exposed to saponin relative to the average live cell volume in normal anterior
segments were calculated and compared. The columns show very similar amounts of

live cells indicating that the effect of saponin on tissue cellularity simulates what is found
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in glaucoma. The results in (F), (G) and (H) represent the average of three human eye

pairs. Error bars represent the standard error of the mean.
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2.4.5 Saponin treatment reduces the capability of TM for the IOP homeostatic
response when challenged with high pressure.

To examine the influence of saponin treatment on the ability of TM to respond to
IOP and trigger the normal homeostatic response, we measured the effects of exposure
to 0.01% saponin on this process (Fig. 2.5B). Anterior segments were perfused at
normal 1x physiologic perfusion pressure (8.8 mm Hg) until the flow had stabilized.

One anterior segment from paired human eyes was then exposed to saponin and
the other exposed to vehicle both for 7 min. Saponin or vehicle was washed out and
perfusion was restarted at 1x perfusion pressure. After 24 hours, perfusion pressures
were increased to 2x (17.6 mm Hg). Flow rates doubled immediately after pressure was
elevated to 2x in both treatment and control anterior segments. Over several days, the
TM cells of the vehicle-treated anterior segments slowly reduced the outflow resistance
resulting in a gradual and significant increase in outflow rate (Fig. 2.5B-black line). The
saponin-treated anterior segment did not show this gradual increase in flow, i.e. the IOP
homeostatic response, but instead remained at approximately the 2x flow rate without
triggering changes in the outflow resistance (Fig. 2.5B-dashed line).

2.4.6 Transplanted HTM cells integrated into the TM of saponin-treated anterior
segments and restored the IOP homeostatic response.

Anterior segments that were exposed to saponin and lost the ability to adjust the
outflow resistance when subjected to a 2x pressure challenge, regained this capability
after HTM cells were added back and allowed to integrate into the explants (Fig. 2.6C).
After the saponin-treatment and assessment of response to 2x pressure challenge,
QDot-labeled HTM cells were injected into the perfusion line, allowed to flow into the TM

at 0.5x pressure for 2 hrs, and then the pressure was reduced to 0 mm Hg for 24 hrs to
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facilitate attachment to the saponin-denuded areas of the anterior segments. Perfusion
pressure was then reinitiated and maintained at 1x to reestablish the baseline flow, and
then increased to 2x and the flow measured for several days (Fig 2.6D).

When examined by confocal microscopy (Fig. 2.6B-C), QDot-labeled
transplanted TM cells were observed throughout the TM. The transplanted cells
appeared to have attached to the structural beams of the TM and to inner layers of TM
including the JCT (Fig. 2.6B-C). Although the IOP homeostatic response to 2x pressure
was lost after saponin treatment, it was regained after the TM cells were added back

(Fig. 2.6D).
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Figure 2.5: Saponin treatment reduces the IOP homeostatic response in human
anterior segments. (A) A schematic of the experiments performed in this figure. After
human anterior segments were perfused for 48 hrs, they were treated with 0.01%
saponin for 7 minutes. After 24 hrs at 1x, the pressure was doubled (2x) and the flow
was measured for 5 days. (B) The flow rate of the saponin treated anterior segments
(dashed line) was calculated and compared to the untreated human anterior segments
(vehicle control; black line). The gradual increase in flow beyond the initial doubling
shown in the control represents the normal |IOP homeostatic response, whereas saponin
treated eyes do not show increased flow rate with time, beyond the initial doubling when
pressure was increased. The results were reproduced in human anterior segments,
where n=8 for normal controls and n=17 for saponin treated eyes. Values are the mean
and error bars represent the standard error of the mean with significance by one-way

ANOVA where ***P<0.001.
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Figure 2.6: Replacement TM cells restore the IOP homeostatic response in
saponin treated human anterior segments. (A) Experimental scheme illustrating step
by step the experiments done in this figure. Human anterior segments were perfused for
48 hours then treated with 0.01% saponin for 7 minutes. The flow was resumed after
saponin was rinsed thoroughly with serum free medium glucose DMEM. After 24 hours,
HTM cells that had been labeled with Q-dots (red) were injected into the flow line to the
perfused anterior segment explants. The cells were allowed to attach overnight, and
then flow was restarted at physiological pressure (1x). The pressure was doubled (2x)
24 hours later and the flow was measured for 5 days. (B) Frontal sections of fixed eyes
were generated and examined for nanoparticle-labeled (red) transplanted TM cells.
Labeled transplanted cells integrated deep into the TM tissue reaching the JCT. Blue
label shows collagen and elastin autofluorescence from the TM beams. Scale bars
represent 100 um. (C) The transplanted HTM cells labeled with Q-dots were stained for
CD44 to demarcate their outline (green, dashed line) and fibronectin (FN) (red) was
stained as a component of the ECM that covers the TM beams. The HTM cells (arrows,
2 cells) integrated into the TM tissue and attached to the TM beam surface (blue
autofluoresence). Scale bar represents 10 um. (D) Transplanted replacement TM cells
are able to restore IOP homeostatic response when the pressure is elevated to 2x. Line
shows mean for 6 experiments and error bars represent the standard error of the mean

with significance by one-way ANOVA where *P<0.05 and **P<0.001.
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2.5 Discussion

The gradual loss of TM cells with aging and the larger loss in glaucoma seem
almost certain to exacerbate the effects of other factors involved in triggering this
disease [1, 94, and 156]. Although the exact extent of this TM cellular loss is somewhat
variable between individuals, it is thought to be a linear progression with estimated
losses approximating 0.58% of TM cells per year from birth to 81 years of age [156].
Glaucoma is primarily an aging disease with strong genetic contributions and possibly
some environmental components. The primary function of the TM is thought to be the
maintenance of IOP homeostasis [55, 56]. Since elevated IOP is the primary risk factor
for glaucomatous optic nerve damage, this trabecular IOP homeostatic process is very
likely the key reason that most people do not develop glaucoma [55, 57].

No clear relationship between any specific glaucoma causal agents and the well-
documented glaucoma-associated cell loss has been previously established [97, 98, 99,
and 100]. Although it has long been assumed that loss of TM cells would exacerbate
IOP regulation, the studies presented herein provide the first direct experimental
evidence that TM cell loss has any effect on IOP regulation [97, 98, 99, and 100]. We
show that TM cellular reduction, which has minimal direct effect on outflow facility,
significantly reduces the IOP homeostatic response to pressure elevation. We initially
verified the prior reports of TM cell loss with glaucoma (Fig. 2.1) using confocal
microscopy. After testing various conditions and doses, we found that 0.01% saponin for
7 minutes produced a relatively consistent level of cell loss. This loss approximated that
of POAG and was sufficient to compromise the IOP homeostatic response in perfused

human anterior segment organ culture.
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This is the first direct model for IOP homeostatic response capability providing a
potential system to study cell replacement therapy for glaucoma. In order to test the
potential of this model system to facilitate assessment of the potential efficacy of stem
cell repopulation studies, we added back cultured TM cells. These cells were able to
restore the lost IOP homeostatic response. Although some other stem cell therapy
approaches have been proposed for TM cell replacement, none of these studies had any
way to assess efficacy of replacements. This is the first model system that will provide
both endpoints for effective TM cell loss and for cell restoration efficacy. The saponin
model for TM cell depletion is thus ideal to facilitate studies of the potential of autologous

stem cells to restore IOP homeostatic function to glaucomatous eyes [197].
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Chapter 3

Use of iPS Cells to Restore Intraocular Pressure Homeostasis in a Human Model
for Glaucoma

59



The majority of the research in this chapter is in preparation for submission for
publication as

Abu-Hassan, D. W, Li, X, Acott, T. S & Kelley, M. J. Use of iPS Cells to Restore
Intraocular Pressure Homeostasis in a Human Model for Glaucoma.

60



3.1 Abstract

Purpose: Elevated intraocular pressure, or I0P, is the primary risk factor for primary
open angle glaucoma (POAG). Cellular loss within the tissue which regulates 10P, the
trabecular meshwork or TM, is a notable feature of glaucoma. We used a saponin TM
cell depletion model to mimic the cell loss associated with glaucoma, and then
repopulated with TM-like cells differentiated from induced pluripotent stem cells (iPSCs).
To determine the feasibility of this prospective treatment, we assessed the major
functions of the TM, IOP homeostasis and phagocytosis of debris.

Methods: iPSCs were differentiated to TM-like cells using previously determined
combinations of TM growth medium, TM cell conditioned medium (CM) and TM cell
extracellular matrix (ECM). Differentiation was evaluated by comparing marker
expression by the TM-like cells with both TM and iPS cells using immunohistochemistry,
Western blotting and quantitative RT-PCR. Restoration of IOP homeostatic capability
following saponin treatment and TM-like cell replacement was assessed in perfused
human anterior segment organ culture. Pre-labeled TM-like cells were examined by
immunohistochemistry and confocal microscopy after transplantation. An established
assay for phagocytosis was used to investigate phagocytosis of zymosan particles by
the TM-like cells, and this was compared to human trabecular meshwork cells (HTM)
and iPSCs.

Results: The differentiated TM-like cells expressed the same biomarkers as TM cells,
but not those of stem cell pluripotency factors seen with iPSCs. Upon transplantation
into saponin denuded anterior segments, labeled TM-like cells attached tightly in all

levels of the TM. TM-like cells transplanted into the saponin cell depletion model

61



restored IOP homeostatic capability when challenged with pressure elevation, and were
capable of phagocytosis of debris in culture, while iPSCs were not.

Conclusions: Differentiated TM-like cells transplanted onto partially denuded TM in the
saponin cellular depletion model were able to repopulate the TM, and to restore I0P
homeostatic capability. The phagocytosis assay showed that the differentiated TM-like
cells phagocytosed debris like TM cells, unlike cultured iPSCs. This is the first report of
successful restoration of function after transplantation of differentiated iPSCs into TM.

IPSCs, as patient-specific cells hold high promise as a treatment option in glaucoma.
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3.2 Introduction

Glaucoma is a relatively common optic neuropathy affecting over 67 million
persons worldwide [1, 94, and 156]. Elevated intraocular pressure (IOP) is a primary risk
factor and lowering IOP remains the only viable treatment for all forms of glaucoma
[156]. The trabecular meshwork (TM) is a small filtration tissue surrounding the inner
circumference of the cornea [42, 67]. It provides the resistance to the outflow of aqueous
humor from the anterior portion of the eye and is thus responsible for regulating IOP [43,
57,92, and 198].

There are several distinct forms of glaucoma, of which primary open-angle
glaucoma (POAG) is the most common [67]. Numerous genetic loci for glaucoma have
been mapped and several glaucoma genes have been identified [201]. There are also
likely to be environmental factors involved. No single genetic locus or environmental
source accounts for more than a minor portion of glaucoma and cohesive common
pathway involvements remain elusive. Currently, several treatments are used to reduce
or control IOP, initiating with several classes of medications, and progressing to laser
treatments and several surgeries [55, 67, 199, and 200]. Most medications either reduce
inflow of aqueous humor (AH) or divert outflow through the unconventional route via the
ciliary muscle. Several recent medications actually increase outflow through the
conventional pathway, i.e. through the TM. All require frequent treatments with eye
drops, often multiple times per day. Compliance remains highly problematic and
significant side effects are not uncommon. Consequently, more innovative alternative
long-term therapies are being explored.

The most well-established system to study IOP regulation is perfused human

anterior segment organ culture [75, 77,180, and 181]. The anterior portion of the eye is
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mounted in an ex vivo perfusion culture system and effects of treatments on outflow can
be assessed. In normal eyes, pressure elevations trigger homeostatic responses that
maintain IOP within narrow physiologic ranges [77, 198]. IOP homeostasis is the primary
function of the outflow pathway and loss of this capability can thus be considered a
hallmark for glaucoma.

It has long been known that TM cellularity declines progressively with ageing and
even more aggressively in glaucoma [94, 98, and 99]. Although this cell loss seems
likely to compromise IOP regulation, the association between TM cell loss and outflow
regulation has only been correlative [98]. We have recently shown experimentally that
controlled TM cell reduction diminishes the ability of this tissue to maintain 10P
homeostasis (paper in chapter 2). Furthermore, repopulation of the original depleted TM
cells with cultured TM cells from another individual restores IOP homeostatic capability.

It thus becomes conceptually feasible to use autologous stem cells to repopulate
the outflow pathway as a means of restoring cellular function and IOP homeostatic
capability to glaucoma patients with reduced cellularity [167]. Consequently, we used
this human cell depletion model system to study the feasibility of restoration of IOP

homeostatic function by addition of differentiated induced pluripotent stem cells (iPSCs).
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3.3 Materials and Methods
3.3.1 Materials

Live/Dead Viability/Cytotoxicity Kit for mammalian cells and zymosan particles for
phagocytosis assay were obtained from Molecular Probes/Invitrogen (Eugene, OR).
Saponin detergent was purchased from SIGMA Life Sciences (Saint Louis, MO).
Aqueous humor (AH) was collected from porcine eyes by inserting a 27 gauge needle
through the cornea into the anterior chamber and removing 100-150 plL/eye. The AH
was then stored at -20°C until used
3.3.2 Cells

Human iPSCs (DF6-9-9T.B), derived from dermal foreskin fibroblasts, were
purchased from WiCell Laboratories (Madison, WI), grown, and maintained according to
the company’s instructions. Normal adult human dermal fibroblasts (DF) were purchased
from American Type Culture Collection (Manassas, Virginia) and cultured according to
their instructions. Human umbilical vein endothelial cell line (HUVEC) were a gift from
Dr. Nabil Alkayed, Department of Anesthesiology and Perioperative Medicine, Oregon
Health and Science University, Portland, OR), and were cultured according to the
supplier’s instructions (Life Technologies Corporation, Carlsbad, CA). Primary human
TM cells were cultured as previously detailed [173, 174, 175, 176, 177, and 178] in TM
culture medium (a 1:1 mix of high- and low-glucose Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% HyClone fetal bovine serum (Thermo Scientific, South
Logan, Utah) and 1% Antibiotic-Antimycotic 100X (Life Technologies). TM cells were

used from passages 2 to 5.
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3.3.3 Generation of Embryoid Bodies (EBs)

To generate uniform small size EBs on a large scale, medium sized
undifferentiated iPS cell colonies were detached from 6 well plate surfaces by treatment
with Accutase enzyme (Innovative Cell Technologies, San Diego, CA). Cells were
transferred to AggreWell plates (Stem Cell Technologies, Vancouver, B.C., Canada) and
incubated in AggreWell medium (Stem Cell Technologies) for 24 hours. The next day,
the formed EBs were harvested from the AggreWell plate and transferred to 6-well
plates where differentiation was begun as described in the next section of methods.
3.3.4 Differentiation of iPS cells

The generated EBs were cultured on ECM derived from cultured porcine TM
cells in a mixture of TM cell growth medium and AggreWell medium from Stem Cell
Technologies and conditioned medium (CM) (25%, 50% and 25% respectively). We
designated the previous mixture DiffMedium. The CM was collected after 48 hours of
serum starvation of HTM cells. The EBs were grown in DiffMedium and maintained in
culture for 30 days. After 30 days, the differentiated cells were cultured in TM growth
medium (10% fetal bovine serum in medium glucose DMEM) and passaged with trypsin
like TM cells for at least 7 passages, at which point the cellular growth slowed.

3.3.5 Immunoblotting

HTM, iPS and TM-like cells were grown on 6-well plates until they reached
confluence. Cell lysates were collected using a RIPA buffer mixed with a protease
inhibitor cocktail (Sigma-Aldrich). Protein concentrations were measured using a BCA kit
from Pierce Biotechnology (Thermo Scientific). Loading buffer with 0.1 M dithiothreitol
(DTT) was added to the lysates and samples were boiled for 15 minutes. Equal amounts

of protein (20 pg) were loaded per lane in SDS/PAGE gels. Gels were run at 120 volts
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for 90 minutes and wet transferred at 4°C to polyvinylidene fluoride (PVDF) membranes.
Non-fat dry milk (5%) was used as a blocking buffer. Primary antibodies for
immunoblotting were used at a 1:1000 dilution in phosphate buffered saline (PBS) and
0.05% Tween and incubated at 4°C overnight, Table 3.1. Secondary antibodies, both
rabbit and mouse, were purchased from Rockland Immunochemicals (Gilbertsville, PA),

diluted in PBS and incubated for 1 hour at room temperature.
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TABLE 3.1. Primary Antibodies Used for Immunostaining and Western Blotting

Antibody Type Source Catalog
Number
AQP1 Rabbit Santa Cruz Biotechnology (Santa Cruz, sc-20810
polyclonal CA)
CHI3L1 Rabbit Abcam (Cambridge, MA) ab88847
polyclonal
Integrin a3  Rabbit Novus Biologicals (Littleton, CO) NBP1-19724
polyclonal
KLF4 Rabbit Abcam ab72543
polyclonal
NANOG Rabbit Santa Cruz Biotechnology sc-33759
polyclonal
LAMP1 Mouse Abcam ab25630
monoclonal
OCT3/4 Mouse Santa Cruz Biotechnology sc-5279
monoclonal
SOX2 Rabbit Santa Cruz Biotechnology sc-20088
polyclonal
a-Tubulin Rabbit Millipore (Temecula, CA) 04-1117
monoclonal
Wnt1 Rabbit Abcam ab15251
polyclonal
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3.3.6 Immunohistochemistry

HTM, iPS and TM-like cells were grown on glass chamber slides until 60-80%
confluent. They were fixed with 4% paraformaldehyde and permeabilized with 0.3%
Triton X100 in PBS. Slides were blocked in 5% normal goat serum in PBS, and then
primary antibodies for the cell markers (Table 3.1) were added at a 1:200 dilution. Alexa
Fluor 488- and 595-conjugated secondary antibodies (Molecular Probes/Invitrogen) were
used at 1:500 dilutions.
3.3.7 Real-Time Quantitative PCR

HTM, iPS and TM-like cells were grown on 6 well plates until confluent. Cells
were harvested by Trizol (Life Technologies) and RNA was extracted using the
manufacturer’s protocol. Reverse transcription was performed using SuperScript Il First
Strand Synthesis System (Invitrogen, Carlsbad, CA) following the manufacturer’s
procedure. Primers for Wnt1, CHI3L1, integrin 1, AQP1, KLF4, NANOG, SOX2 and
OCT3/4 were designed using the integrated DNA Technologies website

(www.idtdna.com). Primer sequences are listed in Table 3.2. Ribosomal (18S) RNA was

used as a housekeeping gene. DNA Engine quantitative RT-PCR machine and RT?
SYBR Green qPCR mastermixes (Qiagen, Germantown, MD) were used for real-time
PCR according to the manufacturer’s protocol. The threshold cycle (C;) was determined
for each sample and used to quantify the relative mRNA levels standardized to the

measured iPSC counts.
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TABLE 3.2. Primer Sequences Used in Quantitative RT-PCR

Gene Name DNA Sequence
AQP1 Forward: CTCCTGGCTATTGACTACACTG
Reverse: GAAGTCGTAGATGAGTACAGCC
CHI3LA1 Forward: TGTCCAAGCAGTCAAGAGAAG
Reverse: CACATGAGAATTCCTGGGAGAG
Integrin a3 Forward: CATGGAGAGAAGCTGGGACTG
Reverse: GGTTGTAAGCAAAGCACAGC
KLF4 Forward: ACCTACACAAAGAGTTCCCATC
Reverse: TGTGTTTACGGTAGTGCCTG
NANOG Forward: GAAATACCTCAGCCTCCAGC
Reverse: GCGTCACACCATTGCTATTC
OCT3/4 Forward: GTGAAGCTGGAGAAGGAGAAG
Reverse: TGGTTCGCTTTCTCTTTCGG
SOX2 Forward: TCTTCGCCTGATTTTCCTCG
Reverse: GTTCTCCTGGGCCATCTTG
Wnt1 Forward: CTGGCTGGGTTTCTGCTACGC

18S Ribosomal
RNA

Reverse:
Forward:
Reverse:

TATCAGACGCCGCTGTTTGCGGC
TGTCCTCATGCCTTGGTGCT
AGAGATCAAGGGACTTGCTT
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3.3.8 Saponin Treatment of Trabecular Meshwork in Perfused Human Anterior
Segment Culture.

For perfusion culture, human anterior segments were prepared as described
previously [176, 177, 178, 179, 180, 181, and 182] and perfused at 1x constant pressure
(8.8 mm Hg) to generate an average flow rate of 1-7 yL/min. Perfusion medium was the
same as TM culture medium (detailed above), except that it was serum-free. Paired
human donor eyes were acquired from Lions Eye Bank of Oregon (Portland, OR).
Human donor tissue protocols were approved by the Oregon Health and Science
University Institutional Review Board and were conducted in accordance with the tenets
of the Declaration of Helsinki.

Saponin was diluted in perfusion medium to 0.01% and injected into the
perfusion chamber after human eyes were stabilized in flow for 48 hours. The flow was
stopped during saponin treatment for 7 minutes, then the anterior eye segments were
washed thoroughly with perfusion medium. The flow was resumed for 24 hours at 1x to
stabilize the baseline, and then the perfusion pressure was doubled (2x) to trigger the
IOP homeostatic response. The eyes were exposed to 2x pressure for 5 days. During
perfusion, the flow through the TM was measured gravimetrically.

3.3.9 Transplantation of differentiated TM-like iPSCs, EB 5% AH, DF and/or HUVEC
cells into saponin-denuded human anterior segments.

TM-like iPSCs, DF and HUVEC cells grown on plates were harvested by trypsin
treatment. Cells were rinsed thoroughly and labeled with 3 pyL of Qtracker 655 Cell
Labeling Kit (Life Technologies, Eugene, OR) prior to transplantation. For labeling, cells
were incubated with Qtracker 655 for an hour at 37°C, and then washed thoroughly to

eliminate residual particles. The labeled cells were visualized on the confocal
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microscope to verify their uptake of Qtracker 655 nanoparticles. Human eyes were
placed in the flow chamber for 48 hours, and then treated with saponin. After 24 hours,
the pressure was increased to 2x for 48 hours.

Subsequently, cellular transplant with the labeled TM cells was performed using
300,000 cells. The replacement cells were injected into the flow chamber which was in
an upside-down position to let the cells home to the TM tissue. Following cell injection,
the anterior segments were exposed to 0.5x pressure for 2 hours followed by an
overnight incubation at 37°C with the flow stopped. On the subsequent day, the flow was
resumed for 24 hours at 1x pressure, then raised to 2x pressure for 96 hours. During the
steps preceding and subsequent to the pressure challenge, the flow rate was measured
gravimetrically.

3.3.10 Phagocytosis assay in TM-like iPSCs, iPSCs and HTM cells.

Zymosan Dbioparticles and opsonizing reagent were purchased from
(Invitrogen/Molecular Probes). All cell types (TM-like iPSCs, iPS and HTM cells) were
cultured on chamber slides until they were 60% confluent. Zymosan particles were
opsonized according to the manufacturer’s instructions and then incubated with each of
the above mentioned cell types for an hour at 37°C. The cells were then fixed in 4%
paraformaldehyde, perforated with 0.3% triton X100 and stained for LAMP1, a lysosomal
marker (1:500 dilution) to establish internalization. Using confocal microscopy, the co-
localization of zymosan particles with LAMP1 antibody in Q-dot labeled cells was

visualized.
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3.4 Results
3.4.1 EBs differentiate to become morphologically similar to human TM cells.

The EBs that were developed from iPSCs became differentiated or more “TM-
like” in appearance in the presence of ECM and CM from cultured primary porcine TM
cells. Various other treatment combinations, including aqueous humor (AH) separately
or with other components, were less effective or even ineffectual. These TM-like iPSCs
resembled human TM cells (Fig. 3.1), which have a relatively distinctive morphology.
3.4.2 TM-like iPSCs express TM cell markers and have diminished expression of
iPSC markers.

To assess the differentiation of EBs to TM-like cells at a molecular level, we
compared expression of several TM cell markers in TM-like iPSCs, iPSCs and human
TM (HTM) cells. Although there is no specific cell marker for TM cells, CHI3L1, Wnt1,
integrin a3 and AQP1 are expressed by TM but are not expressed or only lightly
expressed by iPSCs. The TM-like iPSC expression pattern resembled HTM cells much
more than iPSCs. This was assessed by confocal immunohistochemistry (Fig. 3.2),
Western immunoblot (Fig. 3.3) and quantitative RT-PCR (Fig. 3.4). Although the
expression patterns are not absolutely present or absent, their expression similarities are
strong and clear. On the other hand, TM-like iPSCs exhibited reduced expression of
several iPS cell markers, such as NANOG, SOX2, OCT3/4 and KLF4 compared to
undifferentiated iPSCs (Figs. 3.2, 3.3 and 3.4). Here also, the expression patterns in TM-
like iPSCs and HTM cells are severely diminished from iPSCs, but clearly do distinguish

the iPS pattern from either HTM or TM-like iPSCs.

73



A .
Human IPS cells
Suspension
culture

EB formation

l

Differentiation on TM-
ECM and with CM

TM-like iPSCs

Figure 3.1: Embryoid body (EB) formation and differentiation into TM-like cells or
TM-like iPSCs. (A) An experimental scheme of the EB formation and differentiation into
TM-like cells. (B) EBs were generated using Aggrewell plates and images show EBs
after they attached to the ECM of the TM. Scale bars are 50 um. In (C), EBs were
differentiated on TM-ECM and in the presence of DiffMedium. The TM-like iPSCs show

a similar morphology to human TM cells (HTM). Scale bars represent 100 pm.
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Figure 3.2: TM-like iPSCs express TM markers and inhibit iPS marker expression.
Human TM cells, human iPS cells and TM-like iPSCs were grown on chamber slides
then fixed by 4% para-formaldehyde. The fixed cells were immunostained for (A) several
iPS cell markers and (B) several TM cell markers. Marker columns show only the marker
and DAPI columns show only the blue nuclei channel, while two of the columns show the
merge of the two channels. Images were taken with confocal microscopy. Scale bar

represent 50 pm.
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Figure 3.3: TM-like iPSCs express TM markers and diminish the expression of iPS
markers. Human TM cells, human iPS cells and TM-like iPSCs were grown on 6 well
plates and the crude cell lysate was collected. (A) The disappearance of iPS cell
markers and the appearance of TM cell markers were confirmed by Western
immunoblotting. a-Tubulin was used as a loading control. (B) and (C) Quantification of
the bands in (A) was done using ImagedJ software and relative amounts to those
quantified in iPSCs were normalized to a-Tubulin to compensate for the loading

differences. Error bars represent the standard error of the mean and n=3.
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Figure 3.4: PCR mRNA marker levels of TM and iPS in TM-like iPSCs were
compared to mRNA levels in iPS and HTM. RNA was extracted from TM, iPS and TM-
like iPSC cells, then reverse-transcribed into cDNA. (A) TM-like iPSCs express mRNAs
like HTM cells but inhibited the expression of RNAs typically expressed by iPS cells. The
RT-PCR reactions were run in triplicates for each gene and the average normalized
relative expression of each is represented by the columns in (B) and (C). Error bars

represent the standard error of the mean.
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3.4.3 TM-like iPSCs attached to the TM beams and integrated into the TM after
transplantation into depleted anterior segments.

The TM-like iPSCs were transplanted into the partially saponin-denuded human
anterior segments to replace lost TM cells. Using the cell depletion model that we
developed earlier (manuscript in review), treatment of perfused human anterior
segments with saponin at 0.01% concentration for 7 minutes depleted TM cell density by
approximately 30%. This simulates the average cellular loss detected in glaucomatous
eyes [98]. This cellular loss also severely compromises the ability of these anterior
segments to produce an IOP homeostatic response (paper in chapter 2) When we
added 300,000 QDot-labeled TM-like iPSCs, many attached and became integrated into
the TM. Frontal sections (Fig. 3.5B, 3.5C, S3.2) show that the cells integrated
throughout the TM, including deep within the juxtacanalicular region near Schlemm’s
canal, where the outflow resistance is thought to reside [98, 198].

3.4.4 Transplanted TM-like iPSCs can rescue the IOP homeostatic response.

Since the whole objective of TM cell replacement is to restore |OP regulation, we
evaluated whether the transplanted TM-like iPSCs were able to rescue the regulatory
IOP homeostatic response. In the saponin model (paper in chapter 2) loss of
approximately 30% of TM cells is sufficient to compromise the ability of the outflow
pathway to trigger the IOP homeostatic response. The IOP homeostatic response is
defined here as the ability of the outflow pathway to sense a doubling of perfusion
pressure and to respond over several days by reducing the outflow resistance in an
attempt to restore IOP to normal [57, 98, 207].

After flow rates had stabilized at 1x perfusion pressure, saponin was added

(0.01% for 7 minutes) and then washed out. Flow was resumed at 1x pressure for 24
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hours and no change in basal flow rate was observed (Fig 3.5D). When subjected to a
2x pressure challenge, the flow rate doubled immediately, but no homeostatic resistance
change was achieved by approximately 50 hours. In a normal perfused anterior
segment, the outflow resistance would have been gradually reduced in response to this
pressure challenge by the TM cells over this time, allowing a gradual increase in the flow
rate. Next, 300,000 TM-like iPSCs were flowed in at 0.5x perfusion pressure and then
the flow was stopped to allow them to attach to the denuded portions of the outflow
pathway. Perfusion was resumed at 1x perfusion pressure. After baseline stabilization,
the system was then subjected to a second 2x pressure challenge (at approximately 100
hours; Fig. 3.5D). This time, the repopulated outflow pathway was able to mount an IOP
homeostatic response by slowly reducing the outflow resistance. The flow rate then
gradually increased from 100 hours to 200 hours (Fig. 3.5D).

Transplantation of dermal fibroblasts did not restore the IOP homeostatic
response (Fig. 3.5E, 3.S3) nor did the addition of EBs that had been differentiated with
5% AH alone (Fig. 3.5F). Those cells no longer expressed the pluripotency factors, but
did not express TM markers in a similar pattern and amount to TM cells (see
supplemental data Fig. 3.S1). Since the trabecular beams are covered with endothelial
cells in the TM, HUVEC cells were transplanted. HUVEC cells also did not restore the
IOP homeostatic response (Fig 3.5G). Additionally, a control, saponin-treated but without
cells transplanted, was also included in this set of experiments (Fig. 3.5H), and did not

restore the IOP homeostatic response either.
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Figure 3.5: replacement TM-like iPSCs integrate into the TM and restore the I0OP
homeostatic response. (A) The experimental scheme to test the integration of TM-like
iPSCs into TM structure and the restoration of IOP homeostasis. (B) The transplanted
TM-like iPSCs integrated into the TM beam structure. Frontal sections were generated
after nanoparticle (Q-dot) labeled TM-like iPSCs were transplanted into the TM. The
replacement cells, labeled by red nanoparticles, were detected in all regions of the TM
even reaching the innermost JCT region and to SC (as shown in the white square).
Scale bar represents 100 pm. (C) The transplanted TM-like cells labeled with Q-dots

were stained for CD44 to mark their outline (green, dashed line) and fibronectin (FN)
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(red) was stained as a component of the ECM that covers the TM beams. The TM-like
iPS cells (green) integrated into the TM tissue and attached to the TM beam surface
(blue autofluorecence). In (C) scale bar represent 10 um. (D) Human eyes were
perfused for 48 hrs under normal pressure (1x) followed by saponin treatment. After
saponin was rinsed out, the flow was restarted at 1x for 24 hrs then at 2x for 48hrs to
test if cell density triggers the IOP homeostatic response. Afterwards, the TM-like iPSCs
were transplanted and pushed into the TM at 0.5x for 2 hours, and then the flow was
stopped and the TM-like iPSCs were incubated overnight with the flow chamber of the
model system in an upside-down position. The flow was resumed the next day at 1x
pressure for 24hrs then increased to 2x pressure for 96hrs. Transplanted TM-like iPSCs
restored the IOP homeostatic response by increasing the flow rate and decreasing the
resistance with time after the pressure was doubled for several days. In contrast, (E)
Dermal fibroblasts did not restore the IOP homeostatic response and plugged the
pathway between TM beams so that even at the basic rate at 1x pressure for 24 hrs, the
fluid cannot pass. (F) EBs that were differentiated in the presence of 5% AH only,
without CM or ECM, were transplanted as a control but they cannot restore the
homeostatic response. These cells stopped the expression of pluripotency markers, but
they did not express TM markers in comparable amounts and patterns to TM cells. (G)
Since TM cells are endothelial-like cells, HUVEC cells were transplanted as a control for
this experiment. As observed with the other cell types tested, they also did not restore
the IOP homestatic response. (H) In this set of anterior segments, no cells were
transplanted to the TM, and the IOP homeostatic response was not restored. Error bars

represent the standard error of the mean.
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3.4.5 TM-like iPSCs can perform phagocytosis.

TM cells are very active in phagocytosis of cellular debris that is present in the
AH before it reaches the juxtacanalicular region which is very susceptible to clogging
[191]. However, iPSCs are ineffectual at phagocytosis. Hence, we examined whether or
not the differentiated TM-like cells had acquired the ability to perform phagocytosis in a
manner similar to endogenous TM cells. TM-like iPSCs were cultured with zymosan
particles and stained afterwards for the lyosomal marker LAMP1. The co-localization of
the particles with LAMP1 indicates their engulfment into the lysosomes of both HTM and

TM-like iPSCs but not iPS cells (Fig. 3.6A-B).
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Figure 3.6: TM-like iPSCs can perform phagocytosis. (A) TM-like iPSCs, HTM and
iPSCs cultured on chamber slides were incubated with zymosan particles (green) for an
hour. They were then fixed and stained with LAMP1 lysosomal marker (red). The co-
localization of zymosan particles with LAMP1 (yellow spots) indicates the phagocytosis
of the particles into the lysosomes (white arrow heads). Both HTM and TM-like iPSCs
phagocytosed the particles but iPSCs did not. Nuclei were demarcated by DAPI staining
(blue). Scale bar represents 100 ym. (B) The number of zymosan particles that co-
localize with LAMP1 was counted and the total number was divided by total number of

cells in the field. P value is less than 0.05 and ns = not significant.
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3.5 Discussion

The purpose of these studies was to generate and transplant TM-like cells that
can perform the two major functions of the TM, phagocytosis of debris [1, 3, 4, 42, 57,
67, 94, 156, and 198] and IOP homeostasis [43, 202]. The iPSCs in this study were
derived from de-differentiated dermal fibroblasts and manipulated by suspension to EBs,
which subsequently were re-differentiated to TM-like cells. Although the reprogramming
to a different cell type is often done by using specific, often intricate protocols for various
germ layers, the TM is thought to develop embryologically from both ectoderm (neural
crest origin) and mesodermal (paraxial mesenchyme) components, which complicates
matters [55, 57, 199, 200, and 201]. We hypothesized that separate elements of the TM
niche might contribute to reprogramming iPSCs to a TM cell type. We used
combinations of TM cell CM and growth medium with the cells maintained on TM cell
ECM in culture. We found a combination that effectively differentiate EBs to TM-like
iPSCs (manuscript in preparation) and used these conditions herein.

Although there are no specific biomarkers for TM, we established a panel of
markers, based upon our own comparisons with iPSCs and the literature that provided
easily discernable differences and similarities between iPSCs, TM, and differentiated
TM-like iPSCs [185, 186, 203, 204, 205, and 206]. This study shows that iPSCs can be
induced to differentiate into TM-like cells presenting a similar morphology, and
expressing the cell markers typically noted in normal TM cells, while no longer
expressing typical iPSC markers. In addition, we evaluated the ability of these cell types
to phagocytose debris, an important TM cell function necessary to maintain a pathway
for AH outflow. TM cells and TM-like iPSCs but not undifferentiated iPSCs were able to

phagocytose small zymosan particles (Fig. 3.6) [75, 77, 156, 180, and 181]. The co-
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localization of zymosan with a lysosomal marker, LAMP1, on confocal microscopy
showed that both TM-like iPSCs and HTM cells had internalized the zymosan particles,
but that iPSCs could not.

To demonstrate the clinical potential for future transplantation into human eyes,
we used a model for cellular depletion that we had previously developed, the saponin
model, (paper in chapter 2). This experimental model simulates the cell loss detected in
POAG at a more standardized level than that obtained from donor glaucomatous eyes.
Since these eyes are in different stages of the disease and tissue damage and have
been exposed to diverse medical therapies, the use of our saponin model in normal eyes
to mimic cellular loss in glaucoma avoids many of these disadvantages. We then
transplanted the labeled TM-like iPSCs into perfused anterior segment organ culture for
functional testing. A transplanted stem cell to correct a disease is only valuable if it can
revitalize the structure or organ by causing a return to a more normal, healthier state; in
other words, it must restore normal functioning. Figure 3.5A shows the sequence of
events in determining if the TM-like iPSCs could restore function to TM explants that had
been partially denuded and compromised by saponin. The labeled transplanted cells
were found to attach tightly at all levels of TM, including the proposed sites of the
resistance to outflow, the juxtacanalicular region and the inner wall of Schlemm’s canal.
These TM-like cells were not dislodged by flow (Fig. 3.5B). When we used our saponin
model to partially denude the normal explants of TM cells and then doubled the pressure
(Fig. 3.5C arrow-2x), the flow rate doubled, but did not increase over time, showing that
there was no IOP homeostasis. Upon adding TM-like iPSCs to these saponin treated
explants, the system was again subjected to a 2x pressure increase. In this case, after

the flow rate doubled immediately, it continued to increase slowly for 100 hours, showing
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that the transplanted saponin treated anterior segment was able to decrease the
resistance, producing an IOP homeostatic response. Several other types of cells were
unable to restore the IOP homeostatic response.

Thus, these iPSCs differentiated into TM-like cells may hold the potential to
restore normal IOP homeostatic and phagocytic function to glaucomatous eyes
exhibiting reduced TM cellularity. That the iPSCs could be autologous, derived from the
glaucoma patient, alleviates potential immunologic rejection concerns. Although
glaucoma is caused by numerous genetic and probably environmental issues, the
reduced cellularity is a common feature and restoration of TM cell function should

ameliorate loss of IOP regulation in many cases.

92



3.6 Acknowledgments
The authors thank Ruth Phinney (Lions Vision Gift, Portland, Oregon) for facilitating the

procurement of human donor eyes.

Supported by NIH grants EY021800 (MJK), EY003279 (TSA), EY008247 (TSA), and

EY010572 (TSA), an unrestricted grant to the Casey Eye Institute from Research to

Prevent Blindness, New York, New York, and the University of Jordan.

Disclosure: D. W. Abu-Hassan, None; X. Li, None; E. Ryan, None; T.S. Acott, None;

M.J. Kelley, None

93



(This page was intentionally left blank)

94



Chapter 4

Conclusions and Future Directions

“Wisdom is the goal of the faithful, his wherever he finds it.” -Prophet Mohammad-
peace be upon him.

“Research is to see what everybody else has seen, and to think what nobody else has
thought.” -Albert Szent

“Somewhere, something incredible is waiting to be known.”-Carl Sagan

“Research is what I'm doing when | don't know what I'm doing.” Werner von Braun
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5.1 Overview

The major findings and investigations of this dissertation are (i) development of
the saponin-induced partial denudation glaucoma model, (ii) experimental verification
that reduced TM cellularity impacts outflow function, (iii) differentiation of iPS cells into
TM-like cells, (iv) characterization of the differentiated TM-like cells, and (v) verification
of the functionality of those cells. In the next sections of this chapter, a synopsis of the
major findings and contributions is outlined along with some important aspects and
directions for future research in this field.

5.2 Conclusions

Glaucoma is a leading cause of blindness especially in the elderly population. It
affects millions of people worldwide. In the United States, the clinical management of
glaucoma costs billions of dollars yearly. Nevertheless, with the available treatment
options, glaucoma patients either have recurrence of disease, failure of treatment, the
inconvenience due to daily medication schedules, or ocular deprivation of normal AH
functional roles supporting eye health. The irreversible blindness that glaucoma causes
is preventable if we can fix the pathological changes of the TM and retain its
functionality.

Many studies investigate stem cells for treating glaucoma but they mainly target
repairing the damage in the optic nerve or retina, the posterior structures in the eye.
However, very few research groups utilize stem cells in the TM. The novelty of the
studies performed in this thesis project lies behind investigating a preventive treatment
strategy of glaucoma by using stem cells in the trabecular meshwork.

Before we began our proposed studies, we had to provide an appropriate model

for cell loss in the TM as it is the main principle we rely on in our experiments. Most of
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the cadaver human eyes available for research come from senior donors. Furthermore,
cadaver eyes with glaucoma are scarce and even if available; they were exposed to
different treatments and display various histopathological stages of the disease. As a
result, glaucomatous eyes may behave differently in response to treatments.

The gradual loss of TM cells that perform critical roles in maintenance of I0P
homeostasis and filter the AH may have serious implications. Although a cause-effect
relationship between TM cell loss and the etiology of glaucoma has not been
established, this substantial loss may have serious implications that affect 0P
regulation. In the studies described in chapter 2, we circumvented the previously
mentioned problems by developing the cellular depletion saponin model. In this model,
saponin dosage was optimized to achieve a partial induction of death, simulating the
partial cell loss detected in glaucoma. Our model provides a useful tool for
transplantation studies since the saponin treatment partially induces death of TM cells.
Moreover, it enables the use of cadaver human eyes instead of other animal models that
differ in their anatomical and physiological features from human eyes. In addition to the
effect of saponin on cells, it may affect the structural integrity and the architectural
organization of TM. Consequently, implementation of this saponin model can help
determine the potential role structure plays in preservation of normal and healthy TM
function. However, our model has limitations that were previously discussed in Chapter
2. The feasibility of using cadaver cell transplantation as an option was evaluated prior to
pursuing experiments with stem cells (Chapter 2). Clinically, however, using human
cadaver TM cells as replacement cells is impractical as the potential immunorejection

consequences, overall health, and senescence of extracted cadaver cells is unknown.
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The studies described in this manuscript were focused on the differentiation of
iPSCs into TM-like cells. The iPSCs were induced to differentiate into TM-like cells by
the presence of an extracellular matrix of porcine TM cells and conditioned media from
human TM cell culture. Since the exact mechanism and molecular components of TM
cell differentiation remain unknown, we proposed that the ECM and CM would contain
the necessary and essential factors to signal and direct the differentiation of iPSCs into
TM-like cells. We did not co-culture iPSCs with TM cells to avoid the necessary
separation steps later on since TM cells do not have specific markers and labeling of
one cell type to distinguish it from the other does not last long enough to finish
experiments. Although co-culture of iPSCs with TM cells would have been used, if
necessary, CM was effective so it was not utilized. We also excluded aqueous humor
from being a major contribution for differentiation as it begins circulating through the TM
tissue after it has already developed. In addition, neither AH nor co-culture is optimum
from a logistics perspective. See future directions section of this chapter for more details
about studying the differentiation process of TM cells.

The studies discussed in the final section of this manuscript have investigated
replacing the lost cells in the TM of glaucomatous eyes by TM-like cells derived from
iPSCs. In addition, the two major functional roles that the TM cells perform were

replicated by the transplanted TM-like cells.
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5.3 Future Directions

Our initial feasibility investigations assessed the future potential of using patient-
specific iPSCs as a replacement for dead or damaged TM cells in glaucomatous eyes.
Further investigation and fine-tuning of stem cell transplantation as a prospective
treatment strategy remains to be performed. Determining the dosage or the transplanted
cell number should be investigated for optimal clinical results. Comprehensive
examination of the longevity and vitality of transplanted cells in vivo and the frequency of
cell injection are also essential. In fact, tumor formation after TM-like cell transplantation
has to be tested in the available glaucoma animal models in vivo, prior to clinical trials.

The differentiation of the ocular drainage structures, including the TM and SC, is
not completely understood. Identification of the specific factor/s in the conditioned media
that is/are necessary for efficient differentiation is one of our long-term goals. We will
fractionate the conditioned media into several fractions using size exclusion
chromatography. Each fraction will be used in conjunction with the TM-ECM to drive
differentiation of iPSCs. The resulting cells will be characterized and compared to human
TM cells. The expression of iIPSC as well as TM markers will be compared and
quantified in each cell type. Functionally, the different resulting cells will be transplanted
individually into saponin-denuded human eyes and their ability to restore the
homeostatic response when they are challenged with high pressure will be examined. To
test the other essential function of the TM cells, phagocytosis, each cell type will be
incubated with zymosan particles and then the co-localization of the particles with
Lamp1 lysosomal marker will be examined by confocal microscopy. After we determine
the fraction that contains the necessary factor/s for differentiation, indicated by inducing

TM differentiation, we will analyze its content using mass spectrometry. We will then add
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the potential candidate/s to the differentiation media to verify the necessity of this factor
for driving differentiation properly.

Since our former experiments showed that ECM is essential for TM cell
differentiation, we will determine which component/s is/are the driving factor/s. We will
coat differentiation plates with one or more ECM component/s and differentiate the
iPSCs on them in the presence of conditioned media. ECM constituents such as
fibronectin, laminin, collagen I, Il and IV, tenascin, vitronectin, versican, syndecan,
hyaluronic acid or hyaluronan, chondroitin, dermatan sulfate, keratan sulfate and
heparan sulfate will be used individually and in combinations to coat differentiation
plates.

TM cells respond to changes in pressure by remodeling the ECM and inducing
expression of some genes to modify resistance and allow higher flow rate. We will
investigate the mechanism by which the TM-like iPSCs can restore the homeostatic
response and bring the IOP down to normal values. We will stretch the TM-like iPSCs for
24, 48 and 72 hrs, then perform immunohistochemistry and Western blotting to check
the expression of certain proteins such as, versican, integrins, collagens, TGF-B, etc. In
addition, the mRNA levels of the previous proteins will be measured by real time PCR.
We will determine whether TM-like iPSCs simulate the action of TM cells.

Studies discussed in this manuscript have investigated the novel idea of
replacing the lost cells in glaucomatous eyes by iPSCs. However, other cell types might
replace TM cells as well, such as mesenchymal stem cells. Although they are a
reasonable autologous source for stem cells, the surgical procedure to attain them is
relatively invasive especially in aged individuals. In addition, they are multipotent with a

restricted guided fate. Preliminary data from our lab suggests they restore the 10P
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homeostatic response when transplanted into anterior segment explants treated with
saponin (data not shown). We also used cadaver human eyes to extract TM cells and
transplant them back into saponin treated eyes. Nonetheless, the health of these cells is
questionable since they are derived from aged, usually medically-compromised,
individual eyes. Moreover, immune rejection is still possible.

In this manuscript, we established for the first time a connection between the loss
of cellularity and disturbances of IOP homeostasis. Additionally, we developed the partial
cell depletion saponin model that can be implemented in other studies such as
determining the role that structural integrity plays in maintaining normal function of the
TM. Moreover, we performed the initial studies that test the feasibility of stem cell
differentiation and transplantation as a promising alternative and preventive treatment

modality for POAG.
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