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Abstract

Impaired vision and blindness are serious global health problems that affect

vast numbers of the population. The impact of ocular diseases is more severe in

under-developed countries where, due to the lack of or limited access to vision

care, many preventable or curable ocular diseases lead to vision loss and blind-

ness. Exfoliation syndrome (XFS) and cataract are two ocular diseases that

both strongly correlate with age and are associated with irreversible aggrega-

tion of proteins. These aggregates are mainly composed of fibrillar structures

that cannot be removed through normal regulatory machinery that dictate

ocular homeostasis. The exact pathomechanism of these diseases is unknown,

and curative pharmacotherapy to prevent or eliminate protein fibrillation has

not been achieved to date. The scope of this thesis rests on the thought that

the effectiveness of future pharmacotherapy strategies for these diseases may

be directly related to an ability to target these fibrillar aggregates. That said,

the objectives of the study were as follows: to develop an in vitro model for

cataract and to identify targeting peptides having specific binding ability to

fibrillar aggregates of developed model, moreover to adopt an ex vivo strategy

to identify targeting peptides having specific affinity to fibrillar aggregates as-

sociated with XFS and use identified peptides to investigate on development

of a new therapeutic approach for XFS and exfoliation glaucoma (i.e. XFS
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induced glaucoma).

The in vitro model of cataract was developed using recombinantly ex-

pressed human βB2-crystallin protein. Fibrillation of βB2-crystallin was con-

ducted under acidic denaturing conditions at different temperatures. It was

demonstrated that formed fibrillar aggregates follow common structural pat-

tern of amyloid fibrils. The phage display method was used to screen a ran-

dom cyclic peptide library against model fibrils in vitro. The binding abil-

ity of selected phage-displayed peptides was analyzed using enzyme-linked

immunosorbent assay (ELISA). A disulfide-constrained cyclic heptapeptide

(CKQFKDTTC) was identified with the highest binding affinity. The specific

binding ability of identified peptides was confirmed via competitive inhibition

assay.

A phage-displayed random peptide library was used to develop an ex vivo

panning method over XFS materials on lens capsules excised from the XFS

eyes. Two 12-mer peptides (LPSYNLHPHVPP, and IPLLNPGSMQLS) were

identified over three rounds of biopanning. Further investigations using phage-

displayed peptides and free peptides showed their specific targeting ability

towards XFS materials. Fluorescently labeled phages displaying identified

peptides showed specific binding to XFS materials on the surface of human

lens capsule. Peptides were conjugated to magnetic particles through copper-

catalyzed azide-alkyne cycloaddition reaction and chemical bonding was an-

alyzed by different techniques including surface zeta potential measurement,

Fourier-transform infrared spectroscopy (FTIR), and competitive labeling of

magnetic particles. Upon interacting with XFS lens capsules in a solution con-

taining aqueous humor, magnetic particle-peptide conjugates showed specific
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binding to XFS materials. The behavior of the fibrillar materials upon bind-

ing to these magnetic particles was assessed using magnetic pins and rotating

magnetic fields of various strengths. Ex vivo studies showed that the magnetic

particle-peptide conjugates could generate enough mechanical force to remove

large aggregates of exfoliation materials from the lens capsule when exposed

to a low-frequency rotating magnetic field (5000 G, 20 Hz). Biocompatibility

of magnetic particle-peptide conjugates was investigated using different meth-

ods including, MTT cell proliferation assay, live/dead cell viability assay, and

DNA fragmentation analysis. Peptides in either free or conjugated form had

no cytotoxicity effect. Electron microscopy was used to analyze possible in-

ternalization of magnetic particle-peptide conjugates into cultured trabecular

meshwork cells, and it was shown that cellular uptake of aggregated particles

could be limited. This is a novel, minimally invasive, therapeutic approach

for the treatment of exfoliation glaucoma via the targeting and removal of

exfoliation materials that could be applied to all tissues within the anterior

segment of the eye.

Potential patient-to-patient structural polymorphism was investigated in

fibrillar aggregates isolated from lens capsules of different XFS patients. Nega-

tive stain transmission electron microscopy was used to analyze the structural

diversity of XFS fibrils. Fibrillar aggregates associated with XFS showed a

wide range of fibril morphologies. It was speculated that this variation might

arise from patient-specific fibril composition and/or formation mechanisms.

These findings could open the door to further biophysical studies on XFS fib-

rils which might reveal more information about varying biological phenomena

underlying that structural diversity.
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Chapter 1

Introduction

Vision impairment and age-related ocular diseases have a major impact on a

large proportion of the population, drastically reducing their quality of life and

adversely affecting both economic and educational opportunities [1]. It was

estimated that ∼36 million people were blind, as defined as having the best-

corrected visual acuity less than 3/60 in the better eye, in 2015. It is likely

that both population growth and increased longevity will result in a world-

wide total of ∼76 million people being blind by 2020 [2]. According to the

World Health Organization (WHO), 1.3 billion people suffer from some form

of vision impairment. From this, 80% is avoidable, however, due to lack of a

definitive cure for some ocular diseases and solid barriers in underdeveloped

and developing countries, vision problems are still a global burden [3–5]. Two

age-related ocular diseases that are of particular importance are exfoliation

syndrome (XFS) and cataract. XFS is the most common identifiable cause

of glaucoma which is thought to affect 60-70 million world-wide with varying

prevalence in different populations [6, 7].

Glaucoma leads to progressive degeneration of the optic nerve and gradual

loss of retinal ganglion cell bodies in the retina [8]. This disease is the leading

cause of irreversible blindness in the world and it has been estimated that

by 2020 there will be nearly 80 million people diagnosed with glaucoma, an
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increase of about 20 million cases since 2010. Eight million of these patients

were blind and it is expected that the number will rise to over 11 million

in 2020 [9]. The global burden of this disease is increasing and it has been

estimated that its prevalence will reach nearly 112 million people in 2040 [10].

Age-related cataract is the leading cause of blindness, which according to

the latest assessment reported by WHO in 2010, accounted for 51% of world

blindness that represented about 20 million people, a number that due to the

growth of populations is expected to grow [4, 11]. The only treatment for

cataract is the surgical removal of the lens and replacement with an artificial

lens, a procedure that is not easily available in many non-developed countries.

Besides, despite being a highly successful surgery, there are several complica-

tions associated with this surgery [12, 13].

1.1 Eye diseases associated with fibrillar ag-

gregates

Despite being age-related diseases of the eye, both XFS and cataract share

another significant commonality, viz., they are both characterized by the for-

mation of insoluble fibrillar aggregates that are not removed through normal

regulatory processes that dictate ocular homeostasis. Several electron mi-

croscopy studies have shown the fibrillar nature of XFS materials [14–16]. In

the case of cataract, several in vitro studies have confirmed the presence of

fibrillar aggregates in the studied models [17–19]. However, since the lens has

a very high protein density (highest protein density in the body) it has not

been possible to link the in vitro findings to in vivo biophysical data through

electron microscopy studies. However, very recently, the presence of fibrillar

aggregates in human cataractous lens has been confirmed with two-dimensional

infrared spectroscopy [20].
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1.2 Overview of cataract and exfoliation syn-

drome

1.2.1 Cataract

The lens is a highly organized multicellular syncytial and transparent tissue

that focuses light onto the retina. Its transparency arises from the dense-

packed order of organelle-free lens fiber cells which reduces the amount of

light scattered by the normal human lens to less than 5% [21, 22]. Fiber cells

are mainly composed of soluble crystallin proteins broadly categorized as α,

β, and γ which exhibit a very high concentration in the lens (∼320 mg.ml−1

in the soft human lens) [23]. Despite being highly concentrated, short-range

and packed liquid-like organization of lens crystallin proteins minimizes light

scattering. However, the formation of insoluble large protein aggregates will

disturb this short-range order of crystallins causing lens opacification [22, 24].

1.2.2 Exfoliation syndrome

Exfoliation syndrome (XFS) is typically considered an age-related fibrillopathy

that is characterized clinically through the observation of an accumulation of

small ‘dandruff-like’ white precipitates that form within the anterior segment

of the eye, particularly on the anterior lens capsule and pupillary border of the

iris (Fig 1.1). Historically, this condition was referred to as pseudoexfoliation

as suggested by Dvorak-Theobald in 1954 to distinguish it from true exfoliation

[25]; the latter is a rare condition of the lens capsule initially described in

glassblowers as a result of intense infrared radiation [26]. In XFS all anterior

segment structures can be involved and, thus, the perturbation from ocular

homeostasis can result in several clinical and surgical complications [27–30].
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1.2.3 Exfoliation glaucoma

There is a continuous secretion of aqueous humor by ciliary epithelium into the

posterior chamber that flows into the anterior chamber of the eye. This fluid,

which is originally filtered from plasma, supplies nutrients to the nonvascular-

ized tissues of the anterior chamber of the eye; most of its outflow is through

trabecular meshwork/Schlemm’s canal route [31]. This conventional egress

route is a key regulator for homeostatic intraocular pressure (IOP) control

[32], through which curvature of the cornea and thereby shape and refractive

properties of the eye are maintained (Fig 1.1) [33]. However, any obstruction

or dysfunction of trabecular meshwork cells may lead to elevated IOP, which

is an important risk factor in the development and progression of glaucoma

being the second leading cause of blindness worldwide according to the World

Health Organization (WHO) [34].

Elevated IOP due to XFS-related trabecular blockage induces exfoliation

glaucoma (XFG) which is the most common identifiable cause of open-angle

glaucoma worldwide [35]. Primary open-angle glaucoma (POAG) and exfolia-

tive glaucoma (XFG) are the most common types of open-angle glaucoma

(OAG). Compared to POAG, XFG associates with higher mean IOP lev-

els, higher rate of optic nerve damage and greater diurnal IOP fluctuations

[36]. Although XFG is characteristically known as a high-IOP disease, other

pressure-independent risk factors such as abnormalities of the elastic tissue

of lamina cribrosa and impaired ocular and retrobulbar perfusion may play a

role in further glaucomatous damage [37]. Apart from the risk of glaucoma

development, exfoliation is a risk factor for many intraocular complications

including zonular instability, lens dislocation, increased rates of cataract and

complicated cataract surgery [38, 39].
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Figure 1.1: Schematic representation of the anterior chamber of the eye. Ar-
rows indicate aqueous humor flow pathways. Aqueous humor is secreted from the ciliary
processes, enters the posterior chamber, flows through the pupil into the anterior chamber,
and leaves the eye via the trabecular and uveoscleral routes. (From Adler’s physiology of
the eye, Saunders; 11th ed., p. 275. Reproduced with permission from Elsevier).

1.2.4 Fibrillar aggregates associated with cataract

The human cataractous lens consists predominantly of aggregates of crystallin

proteins. The most abundant crystallin in the mammalian lens is α-crystallin

which shares similar sequences with ubiquitous small heat-shock proteins. Be-

sides being a structural protein, α-crystallin is a potent molecular chaperone,

that is responsible for preventing the uncontrolled aggregation of other lens

crystallins and proteins, thereby maintaining lens transparency [40-42]. Both

β- and γ-crystallins are structural proteins that share a similar secondary

structure having four Greek key β-sheet motifs organized into two domains

[43]. Despite the critical role of crystallin proteins in maintaining lens trans-

parency and proper vision, there is no or very slow protein turnover in the lens

nucleus, and only fiber cells in the cortex maintain limited levels of turnover

mechanism and metabolic activity [44]. This implies the importance of the

molecular regulatory system in maintaining the tertiary structure and solubil-

ity of crystallins in the lens for life-long transparency. However, these proteins,

some of which as old as the individual, might undergo age-related irreversible
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and covalent damages induced by different factors including proteolysis, oxi-

dation, deamidation, glycation, truncation, heavy metals, and UV radiation

resulting in the formation of misfolded and aggregation-prone structures in

proteins. These post-translational modifications are non-enzymatic and there-

fore could non-specifically target all types of proteins including chaperons in

the lens [23, 44]. Thus, during aging, chaperone proteins of the lens not only

might be affected by those destabilizing changes but also could be overwhelmed

by other aggregates contributing to the build-up of light scattering centers in

the lens, which could lead to lens cloudiness and cataract development [44].

It has been speculated that the cataractous lens contains both amorphous

and fibrillar protein aggregates and in vitro studies have shown that crystallin

proteins form both fibrillar and amorphous aggregates in different denaturing

conditions [17, 45, 46]. It has been recently shown that the cataractous human

lens contains large quantities of amyloid structures and even mature lenses

without signs of cataract showed the presence of amyloid β-sheet secondary

structures, proving that fibrillation of lens proteins starts before cataract can

be diagnosed [20].

1.2.5 Fibrillar aggregates associated with XFS

XFS materials are highly cross-linked glycoprotein-proteoglycan complexes

composed of different proteins such as fibrillin family members, latent trans-

forming growth factor binding proteins (LTBP), extracellular chaperone clus-

terin and cross-linking enzymes, such as lysyl oxidase-like 1 [47, 48]. Electron

microscopy studies have shown that XFS materials consist of fibrils with vary-

ing diameters where thicker fibrils are formed through lateral aggregation of

thinner protofilaments [49]. The origin of XFS materials has not been clearly

identified yet, however, it is believed that several cell types including corneal

endothelial cells, preequatorial lens epithelial cell, nonpigmented ciliary epithe-
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lial cells, and trabecular endothelial cells appear to be involved in producing

XFS material [50]. Further information regarding XFS, the composition of

XFS materials and risk factors associated with this disease have been pro-

vided in the second chapter of this thesis.

Despite some success in elucidating pathomechanisms, curative pharma-

cotherapy for either of these diseases has not been achieved to date. Although

the formation, composition, and characteristics of fibrillar structures related

to XFS or cataract are largely unrelated, the ability to treat these diseases

necessitates the ability to target them within the in vivo context; thus the ef-

fectiveness of pharmacotherapy strategies may be directly related to an ability

to target these fibrillar structures. In terms of targeting biomolecules, phage

display techniques are a powerful methodology in biomedicine for the identifi-

cation of disease-related peptide structures that can be used to target a wide

variety of materials, and, in fact, is a viable method for the identification of

peptide fragments that act as targeting ligands.

1.3 Peptide-based therapeutics

In the past two decades, peptide-based therapeutics have played an important

role in the modern pharmaceutical industry. It was estimated that annual

global sales of peptide drugs would increase from nearly $28 billion in 2013 to

over $70 billion in 2019 (insulin derivatives included). Although this is still a

small fraction of the total global pharmaceutical sales, the peptide therapeu-

tics market has been growing slightly faster than projected world-wide phar-

maceuticals growth rate [51]. Targeting peptides are being generated against a

broad range of molecular targets, which offer several advantages over molecu-

lar targeting ligands including lower manufacturing costs, ease of synthesis and

chemical modification, better tissue or tumor penetration, low immunogenic-

ity, higher activity per mass, favorable pharmacokinetics, acceptable stability

7



for long term storage at room temperature, higher binding affinity, and speci-

ficity due to their large binding interfaces with receptors and ability to simulate

protein-protein interactions [52–54].

Methods of peptide ligand discovery rely on the screening of large libraries

of peptides that are generated based upon either biological or synthetic ap-

proaches. There has been a growing interest in using biological library meth-

ods and among them, phage display technologies have been playing the leading

role to date [51]. Phage display is a powerful technique that utilizes the innate

ability of bacteriophage to express a plethora of random peptide sequences

fused to the coat proteins that they use to bind to substrates. This technique

has been widely used for mimotope selection and epitope mapping which are

essential for immunotherapy, vaccine development, and diagnosis. Moreover,

phage display is a promising tool for the identification of the active site and

allosteric inhibitors of enzymes, receptor agonists and antagonists as well as

protein-protein interaction studies [55].

1.4 Phage display

Bacteriophages or phages are viruses that infect bacterial cells. They are

widely used as vectors in recombinant DNA technology. Bacteriophage vec-

tors can accommodate segments of foreign DNA in the bacterial host and then

replicate these foreign inserts along with their genetic material. The key fea-

ture of phage display expression vectors compared to conventional expression

systems is that the foreign inserted DNA is expressed as an exogenous peptide

or protein domain, thus providing a physical connection between expressed

proteins and encoding gene (Fig. 1.2).

The coupling of phenotype to genotype and the subsequent selection of spe-

cific peptide binders was first reported by George P. Smith in 1985 [56]. By

inserting a library of DNA with heterogeneous random sequences into phage
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vectors one can produce a phage display library in which each recombinant

phage vector is carrying a different sequence of foreign inserted DNA and

therefore expressing a different peptide on its surface. Because of the unique

characteristics of the phage display vectors, recombinant peptides can be repli-

cated along with the proliferation of phages inside the bacterial hosts (∼200

phages per cell) [56]. Significant properties of bacteriophage vectors have made

phage display a powerful, high-throughput, technique that is broadly used to

screen for peptide sequences or small antibody fragments that bind to a se-

lected target with high affinity (in micromolar to nanomolar range) among

millions or even billions of candidates [57].

Due to their specific binding abilities, peptides are promising candidates for

recognition of molecular aggregates and have already been employed for identi-

fying peptides for binding Alzheimer’s disease plaques [58, 59]. Moreover, the

specific advantage of phage display being a high-throughput screening tech-

nique is that it does not rely on a priori knowledge of the materials that they

are binding to. This is even more pertinent as the biochemical composition

of the fibrillar structures involved in XFS is ill-defined. It is thought that the

application of phage display techniques against divergent fibrillar structures

involved in cataract and XFS will provide pharmacotherapeutic strategies,

hitherto unavailable.

The most common bacteriophage used in phage display technology is fila-

mentous M13 phage which is composed of a single-strand circular DNA and

has five coat proteins (pIII, pVI, pII, pVIII). N-terminal domain of pIII protein

plays the main role in attachment to the pilus of bacteria and start the infec-

tion (Fig. 1.2). Foreign DNA sequences are inserted into the reading frame of

the coat protein gene [56]. Besides minimizing potential issues tied to pheno-

type, phage display technique offers several advantages over traditional screen-

ing techniques, considering its agility, ease of modifications, cost-effectiveness,
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Figure 1.2: Schematic representation of the filamentous M13 bacteriophage
(M13 phage). Gene 3 of phage encodes ∼5 copies of minor coat gene 3 proteins (g3p),
which are responsible for docking of the phage to the tip of bacterial F-pilus (primary
receptor) and infection process. Modified phages display five foreign peptides as N-terminal
fusions to g3p coat protein [56, 61].

more importantly ability of high-throughput screening of peptide and peptide

variants [60].

1.5 Nanotechnology-based approaches for tar-

geting

Nanoparticle-based therapeutic systems are paving the way in cancer treat-

ment, antimicrobial applications, gene delivery, drug delivery, and site-specific

targeting. Moreover, molecular diagnostics has been greatly advanced by the

advent of nanoparticles that permits highly sensitive and highly specific tech-

niques [62, 63]. Among numerous studies on nanomaterials, a lot of literature

has focused on magnetic particles because of their unique features (discussed

in the next section).

1.5.1 Magnetic particles for biomedical applications

Magnetic mirco- and nanoparticles are widely used in biomedical and diag-

nostic applications. Besides a broad range of coatings and adaptable surface

functionalization available for magnetic particles, their inducible magnetiza-
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tion and the ability to be directed to the specific sites in the body in the pres-

ence of an external magnetic field have made them powerful tools as carriers,

labels, and probes in nanobiotechnology studies. Magnetic particle-mediated

technologies offer targeted, safe, and efficient biomolecule or drug delivery

systems in different in vivo and in vitro systems [64–67]. Remote actuation

of magnetic particles, induced by various magnetic fields has been used in

different biophysical and biomedical applications such as microfluidics, lab-

on-a-chip biosensing, homogeneous bioassays, and magnetophoresis [67]. One

of the very recent remote magnetic actuation approaches is based on the use

of rotating magnetic fields, where the direction and/or amplitude of the mag-

netic field varies over time [67]. Depending on the designed rotating magnetic

field and used magnetic particles, a broad range of mechanical forces could

be transduced to magnetic particles for various biophysical and biomedical

applications. The generated rotational force or torque could be at very low

ranges (pN·nm range) in magnetic tweezers to study mechanical properties of

single biomolecules [68, 69] or at very high ranges to mechanically destruct

cancer cells [70]. Rotational actuation of magnetic particles has been used for

fluid mixing at very small volumes in lab-on-a-chip devices [71, 72]. Magneto-

mechanical destructive effects have been mostly achieved through magnetic

particles having specific shapes and/or nanosharp edges [73, 74]. Although

the magneto-mechanical actuation of magnetic particles is a relatively new

field of study, recent studies have shown a promising application of these sys-

tems in nanomedicine and drug delivery [75].
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1.6 Thesis statement

1.6.1 Significance of the study

Vision impairment is a significant global health problem that has a serious

economic and social impact on many populations world-wide. Even though a

majority of global vision problems (∼80%) are treatable or avoidable, lack of

proper health care services in many countries leaves millions at high risk of

vision loss. That is, to the extent that in 2013 WHO member states adopted

a global action plan (Universal Eye Health: a Global Action Plan 2014–2019)

towards the reduction of preventable vision impairments, especially in low-

income and middle-income countries where ∼90% of affected people live [3,

76]. However, although reports show that there has been a decrease from

4.6% in 1990 to 3.4% in 2015 in the age-standardized prevalence of blindness

and visual impairment, because of growth and aging of the populations, the

number of the affected individuals has been increasing substantially. Thus,

it is believed that, fundamental gaps remain between goals and accomplish-

ments [3, 77, 78]. Cataract and XFS are progressive age-related diseases. XFS

is systematically related to several diseases and is known as the most common

identifiable cause of glaucoma and a cause for cataract formation, where its

co-presentation with cataract has been reported to be between 0.4 and 30.2%,

depending on the country of study [6, 79]. Both cataract and glaucoma are

among the priority eye diseases reported by WHO that if left untreated will

cause serious vision problems and blindness. The only treatment for cataract

is surgery which is not accessible for millions in the world causing for grow-

ing number of avoidable vision loss world-wide. In the case of XFS, patients

with XFS are at a cumulative risk of developing glaucoma and it is thought

that 20-60% of open-angle glaucoma cases could be associated with XFS [49,

80]. There is no pharmacotherapy available for XFS or XFG to eliminate
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protein aggregates or prevent their formation. Various approaches such as

IOP-lowering medications, argon laser trabeculoplasty, selective laser trabecu-

loplasty, and different forms of surgeries could be used for the management

of IOP in XFG. Even though those medical therapy options are not available

to many people world-wide, because of poorer prognosis of XFG compared

to POAG and its progressive nature, long-term post-operative management

of IOP in XFG patients still remains a clinical challenge [81, 82]. Thus, the

development of non-surgical approaches seems necessary to provide accessible

and affordable therapy for all patients.

1.6.2 Objective of the study

Many studies have been exploring the use of phage display library techniques

for the identification of peptides that bind amyloid plaques associated with

Alzheimer’s disease (AD) and other protein aggregation-based neurological

disorders [83, 84]. In addition to this, several studies are now trying to apply

these targeting motifs to various types of therapeutics or drug delivery vehicles

for the treatment and/or detection of AD [85]. That said, there are no known

existing publications that explore a strategy for the identification of peptides

for binding fibril structures associated with XFS; this is even more surprising

when considering the systemic association of XFS as exfoliation-like fibrils have

been observed in multiple organs. Thus, it is the primary goal of this study

to develop protocols for the application of phage display techniques to the

aggregates associated with cataract and XFS. The secondary goals associated

with this research are the identification of peptide structures that may inhibit

the fibril formation and/or break up existing fibrils. It is thought that sub-

sequent pharmacotherapies will be dependent on the ability to preferentially

target these fibrillar structures, and it is thought that this study will be the

precursor to further systematic studies on developing peptides for this express
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purpose. In terms of XFS, It is thought that combination of targeting ability

of magnetic particles (due to the conjugated targeting peptides identified via

phage display) and magneto-mechanical destructive forces (due to the remote

actuation of magnetic particles) could provide a proper approach to study the

effect of derived mechanical forces on fibrillar aggregates associated with XFS

materials.

1.7 Scope of the thesis

This thesis consists of six chapters. Chapter 1 is the introduction, and major

conclusions have been summarized in chapter 6. The Scope of the four central

chapters has been summarized below.

Chapter 2 is a literature review on exfoliation syndrome. This review ad-

dresses current knowledge on risk factors contributing to XFS as well as cellular

and molecular mechanisms involved in both development and progression of

this disease.

Chapter 3 presents an in vitro model for cataracts where fibrillation of

recombinantly expressed human βB2-crystallin was carried out in denaturing

conditions. Upon confirmation of fibril formation with electron microscopy

studies, biopanning of phage-displayed peptide libraries was conducted against

fibrillar aggregates of βB2-crystallin. Later, the targeting ability of identified

peptides was investigated.

Chapter 4 is an electron microscopy study conducted to investigate the

morphological variations of XFS fibrils. In this work, the ultrastructure of

XFS aggregates isolated from the lens capsules of different patients being in

different stages of the disease was studied via electron microscopy.

Chapter 5 covers a comprehensive study on XFS which was conducted using

human eye lens capsules. An ex vivo biopanning strategy has been developed

to identify XFS materials-targeting peptides. Subsequent studies included
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investigation on the targeting ability of identified peptide ligands, potential

applications of engineered peptides in removal of XFS materials from the lens

capsule surface, and studies on the biocompatibility of designed therapeutic

system.
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Abstract

Exfoliation syndrome is generally considered a progressive age-related systemic

disorder of the extracellular matrix, which is clinically characterized through

the observation of flaky white aggregates on ocular tissues. Exfoliation syn-

drome is directly linked to exfoliative glaucoma in elderly patients, where

it is known as the most common identifiable cause of open-angle glaucoma.

Despite the identification of various risk factors associated with exfoliation

syndrome, the exact pathogenesis of this syndrome has not been fully elu-

cidated. There is a growing number of genome-wide association studies in

different populations around the world to identify genetic factors underlying

exfoliation syndrome. Besides variants in LOXL1 and CACNA1A genes, new

loci have been recently identified which are believed to be associated with ex-

foliation syndrome. Among different genetic factors, functional variants might

help to better understand mechanisms underlying this systemic disorder. Be-

sides genetic factors, epigenetic regulation of different gene expression patterns

has been thought to play a role in its pathogenesis. Other factors have been

also considered to be involved in the development of exfoliation syndrome at

cellular organelles level where mitochondrial impairment and autophagy dys-

function have been suggested in relation to exfoliation syndrome. This review

addresses the most recent findings on genetic factors as well as cellular and
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molecular mechanisms involved in both the development and progression of

exfoliation syndrome.

Keywords : Exfoliation syndrome, exfoliation glaucoma, fibrillar aggre-

gates, age-related disease, LOXL1.
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2.1 Introduction

In 1917 the presence of ‘greyish’ flakes located in central bands on the anterior

lens capsule, as well as ‘greyish’ fringes at the pupillary border, were report-

edly first observed in elderly patients by an ophthalmology resident using the

recently invented slit-lamp microscopy and iris transillumination techniques

[1]. Within only a few short years these anomalous deposits (exfoliation mate-

rials) were being identified in patients with and without cataract, and by 1923

it was already being conjectured that a link between exfoliation and glaucoma

existed [1]. Despite more than a century elapsing since their original observa-

tion, the general pathobiology of these exfoliation materials remains ill-defined

and an area of intense research.

Exfoliation syndrome (XFS), or pseudoexfoliation [2], is typically consid-

ered an age-related fibrillopathy. XFS is characterized clinically through the

observation of an accumulation of white precipitates within the anterior seg-

ment of the eye, particularly on the anterior lens capsule and pupillary border

of the iris. Over the 1960s and 70s, utilizing newly available electron mi-

croscopy techniques, it was found that XFS materials were present in a vari-

ety of ocular tissues: trabecular meshwork, ciliary body, anterior lens capsule,

iris vessels, and bulbar and palpebral conjunctiva [3-8]. Other than the eye,

similar fibrillar deposits were found in other organs including skin, blood ves-

sels, gallbladder, lungs, kidneys, heart and meninges suggesting exfoliation as

a systemic disorder of the extracellular matrix [9, 10].

It was also observed that ocular XFS materials consisted of fibrils of var-

ious thicknesses [11], with a highly cross-linked glycoprotein-proteoglycan ag-

gregate composed of a variety of proteins including fibrillin-1, vitronectin,

laminin, fibronectin, latent transforming growth factor-β (TGF-β) binding

protein (LTBP), extracellular chaperone clusterin, cross-linking enzymes, such
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as lysyl oxidase-like 1 (LOXL1), as well as non-protein components including

glycosaminoglycans [12–14]. Most of these proteins exist in extracellular ma-

trix structures in the normal eye, however, mechanisms responsible for their

misfolding and abnormal accumulation are largely unknown. Some of these

proteins, such as TGF-β1 and LOXL1, are known as major factors in underly-

ing XFS pathways. For instance TGF-β1, along with oxidative stress, has been

shown to be cooperatively involved in the accumulation of some proteins found

in XFS materials, where chronic oxidative stress and elevated levels of TGF-β1

may disturb the balance between matrix metalloproteinases and their tissue

inhibitors resulting in accumulation of extracellular matrix fibrils [15–17]. In

addition to this, a common degenerative layer deep in the lens capsule, at the

anterior equatorial region, was reported for XFS specimens; possibly thought

to be the origin of XFS material [18]. Since then the origin of XFS material has

not been clearly identified, however, it is believed that several cell types (i.e.

corneal and trabecular endothelial cells) could be involved. Ocular cells being

in an active state of fibrillogenesis have been extensively reviewed elsewhere

[9, 19].

All anterior segment structures may be affected by the presence of XFS

materials, thus, potentially resulting in several clinical and surgical complica-

tions [20–23]. Although not believed to increase mortality, XFS is thought to

impair normal eye functions [24–28]. Aqueous humor continuously flows into

the anterior chamber of the eye at a rate of 2.4 ± 0.6 µl/min, or 1.0% to 1.5%

of the anterior chamber volume per minute [29, 30]. This flow must proceed

unimpeded through the trabecular meshwork-Schlemm’s canal route so as to

maintain a consistent intraocular pressure (IOP), curvature of the cornea, and

shape and refractive properties of the eye [31–33]. Obstruction or dysfunction

of trabecular meshwork cells may lead to elevated IOP and ultimately result

in glaucoma; the leading cause of irreversible blindness, affecting ∼76 million
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people world-wide [34]. Elevated IOP, due to trabecular blockage from XFS

materials, iris pigment particles, and apparent local production of fibrillar ag-

gregates by trabecular cells [35], is likely the impetus for the development of

exfoliation glaucoma (XFG); the most common identifiable cause of open-angle

glaucoma world-wide [36]. Uveosclearal outflow may account for 4-60% of the

total outflow from the eye and occurs due to the lack of an epithelial barrier

between the ciliary body and anterior chamber [31, 37]. XFS materials have

been found in the very first portion of uveoscleral pathway impeding outflow

and leading to an increase of 2–3 mmHg in IOP compared to non-XFS eyes.

The possible decrease of uveoscleral outflow in eyes with primary open-angle

glaucoma (POAG) is still unknown [38, 39]. Compared to POAG, XFG asso-

ciates with a higher mean IOP levels, a higher rate of optic nerve damage, and a

greater diurnal IOP fluctuations. Thus, XFG patients are likely to have earlier

and more frequent filtering surgery [40, 41]. In addition to the risk of devel-

oping glaucoma, XFS has been suggested as a risk factor for many intraocular

complications, including complicated cataract surgery, dispersion of melanin

granules, inadequate mydriasis, circular posterior synechiae, blood-aqueous

barrier dysfunction, anterior segment hypoxia, corneal decompensation, accel-

erated cataracts, retinal vascular diseases, cerebrovascular and cardiovascular

complications, zonular instability and lens subluxation [40, 42–46]. It has been

suggested that higher rates of cataract development in XFS patients could be

a result of more frequent apoptosis in lens epithelial cells [47].

Since its discovery, XFS was mistakenly believed to be a ‘type’ or ‘form’ of

glaucoma. Thus, the search for possible molecular or cellular risk factors for

XFS have only started recently [48]. Investigations regarding the causative risk

factors for XFS has led to the identification of some genetic factors, initially,

but as of late several other risk factors have been identified. The purpose of this

review is to summarize recent findings on genetic risk factors and epigenetic
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regulators associated with XFS, highlighting functional variants that mech-

anistically link to its development. Moreover, intracellular events related to

dysfunction of normal clearance pathways (i.e. autophagy) have been observed

in in vitro models of XFS have been considered. Additionally, a comment has

been made about the applicability of some of these risk factors as potential

biomarkers for early diagnosis.

2.2 Genetic factors: LOXL1

Several genetic factors are associated with XFS. Perhaps the most studied gene

of interest being a member of lysyl oxidase family, viz., Lysyl oxidase-like 1

(LOXL1 ) [49]. The protein expressed from LOXLI (i.e. LOXL1) is necessary

for elastic fiber homeostasis [50], where elastic fibers are a complex network

of biopolymers in the extracellular matrix that provide inherent elasticity to

tissues. Lysyl oxidase is an extracellular copper-dependent enzyme that cova-

lently assembles the soluble precursor tropoelastin, which is secreted from cells

into the extracellular space. Reactive aldehyde groups are formed by lysyl ox-

idase inducing oxidative deamination of lysine residues. Covalent crosslinking

occurs via either the condensation of formed aldehydes with adjacent enzyme-

derived aldehyde residues or the ε-amino group of peptidyl lysine [50]. This

conjugation leads to the formation of a highly cross-linked, insoluble elastin

meshwork [51].

Abnormalities in lysyl oxidase expression at the translation and transcrip-

tion levels are associated with many diseases and disorders [52]. A genome-

wide association study (GWAS) for a Scandinavian population was used to

identify DNA sequence variants associated with glaucoma induced by the pres-

ence of XFS materials (i.e. exfoliation glaucoma, XFG). Two protein-coding

single-nucleotide polymorphisms (SNPs) of LOXL1 were identified: rs1048661

(Arginine 141 Leucine) and rs3825942 (Glycine 153 Aspartate) in the exon
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1, and rs2165241 SNP located in intron 1 of the LOXL1 gene on 15q24.1

chromosome [49]. Since then several studies have verified the association of

genetic variants of LOXL1 with XFS in different populations, however, risk

allele for LOXL1 SNP rs3825942 which was consistently reported to be G al-

lele, has been found to be the opposite allele (A allele) in the South African

black population [53]. Additionally, recombinantly expressed LOXL1, with

those specific variants, has been shown to still have amine oxidase activity

[54], implying that a more complex mechanism involving non-native LOXL1

could be crucial to XFS and XFG pathogenesis [55, 56]. It is also thought that

dysregulations in the expression of this gene could be a contributing factor for

XFS development [57].

In order to find the correlation between LOXL1 expression and the two

previously reported SNPs (rs1048661 and rs3825942), expression levels and lo-

calization of LOXL1 was investigated in XFS, XFG, and control human eyes

obtained at autopsy. Ocular expression of LOXL1 was approximately 20%

less for rs1048661 SNP (R141L), however, rs3825942 SNP (G153D) was not

identified to affect the expression level of LOXL1 [58]. Co-localized with dif-

ferent elastic fiber components, LOXL1 was shown to be over-expressed at

the early stages of XFS, potentially supporting the idea it is an initial step in

the formation of XFS materials [58]. In terms of functional variants, a SNP

(rs11638944:C>G) has been identified within intron 1 of LOXL1, affecting

expression levels of this gene. An overall decrease in LOXL1 mRNA levels

for cells that carry the risk sequence of this locus was observed. It has been

suggested that the risk sequence had an increased activity at the transcrip-

tional level that was associated with decreased binding affinity of transcription

factor (RXRα) and enhanced differential splicing of LOXL1 pre-mRNA along

with nonsense-mediated mRNA decay [59]. Differential splicing coupled to

nonsense-mediated mRNA decay was later shown to regulate expression of
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LOXL1 at the posttranscriptional level in response to XFS-associated envi-

ronmental and nutritional factors [60]. Given the potential contribution of

variants residing in non-protein-coding regions to complex disease, a deep se-

quencing approach has been conducted to search for those non-coding vari-

ants having potential function in intergenic regions flanking the LOXL1 lo-

cus. A common non-coding variant rs7173049A>G was found downstream of

LOXL1, suggested to be associated with decreased risk of XFS in different

ethnic groups, where the minor allele G was shown to be constantly enriched

in controls. Protective function of rs7173049-G allele is believed to be through

the upregulation of STRA6, which is involved in cellular uptake of vitamin

A and was shown to be significantly downregulated in XFS eyes [61]. An-

other deep sequencing analysis has been conducted across LOXL1 locus in

a collection of 5570 XFS cases and 6279 controls drawn from nine countries.

Among different studied ethnic groups, a rare allele (rs201011613) was identi-

fied exclusively in the Japanese population at LOXL1 which potentially could

provide a protective function against XFS via p.Tyr407Phe substitution in the

catalytic domain of LOXL1. It is believed that altered elastin metabolism in

extracellular matrix due to protective effect of identified variant could improve

cell-matrix adhesion and possibly slow down the exfoliative process [62, 63].

A recent multi-ethnic GWAS was used to further confirm that the XFS

risk was associated with the expected LOXL1 locus, as well as, identifying

a variant across the CACNA1A locus. This GWAS utilized a cohort of 1484

XFS patient samples with 1188 controls for the discovery stage, followed by

a validation stage study, in which blood samples of 2628 XFS and 8947 con-

trol cases were collected from nine countries. One SNP (rs4926244) residing

within an intronic region of CACNA1A gene near the 3′ end was found to be

associated in the GWAS discovery stage with p-value of 5.5× 10−5, as well as

being strongly associated in the GWAS validation stage (P = 4.17 × 10−5).
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Association of CACNA1A rs4926244 with XFS was further evaluated and con-

firmed in a third stage of study including 4273 XFS patients and 11780 con-

trol individuals from eight additional countries [55]. CACNA1A encodes the

transmembrane pore-forming alpha-1 subunit of human voltage-gated calcium

(P/Q-type) channels [64]. The presence of increased calcium concentration

has been associated with XFS fibrils [65], it has been hypothesized that there

might be a connection between the decreased mRNA and protein expression

of CACNA1A and altered calcium metabolism resulting in the formation of

XFS aggregates [55, 66].

Another comprehensive GWAS consisting of samples drawn from six conti-

nents has identified new loci associated with XFS. The discovery stage for this

GWAS included 9035 XFS cases and 17008 controls from 24 countries followed

by the replication stage including 4803 XFS cases and 93267 controls enrolled

from 18 different countries. Five new loci having genome-wide significant asso-

ciation including POMP, TMEM136, AGPAT1, RBMS3, and SEMA6A were

identified with increased risk of XFS [62]. Besides CACNA1A and LOXL1,

other newly identified genes also have functional roles that might be involved

in the pathobiology of XFS [62, 66].

2.3 Genetic factors: CLU

Clusterin, or Apolipoprotein-J (encoded by CLU gene), is a ubiquitous mul-

tifunctional glycoprotein found in almost all mammalian tissues including

most ocular cells and various biological fluids [67, 68]. Clusterin plays a

role in lipid transport, apoptosis, complement inhibition, cell-cell and cell-

substratum interaction, membrane recycling and clearance of cellular debris

[69, 70]. Furthermore, it is an extracellular chaperon that can bind to the

exposed hydrophobic regions of denatured and misfolded proteins for inhibit-

ing stress-induced precipitation of slowly aggregating proteins [71, 72]. This
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stress-response protein is an amyloid associated molecule that can co-localize

with fibrillar aggregates where co-deposition of clusterin has been identified in

many systemic and cerebral forms of amyloid fibril-associated disorders [73].

Its co-localization with fibrillar deposits has been also confirmed in XFS [74].

Simultaneous topography and recognition (TREC) imaging has been used to

detect clusterin in exfoliation material. Anti-clusterin antibody-modified AFM

tips have been use to characterize unprocessed human lens capsules to study

the structure of clusterin associated with exfoliation material. Compared to

normal tissue, the distribution pattern of clusterin was found to be small lo-

calized spots in normal cases and significantly larger patches for XFS tissues

[75].

Although clusterin is overexpressed in various stress and pathological con-

ditions, it is downregulated in the anterior chamber of the exfoliative eyes.

This suggests the possible contribution of common CLU variants in exfolia-

tion development [67, 73, 76–79]. A CLU SNP (rs3087554) was observed in

an Australian population that was identified to be nominally associated with

XFS. The study included 86 XFS cases and 2422 controls in which rs3087554

was found to be associated at the genotypic level (P = 0.044), but not at the

allelic level or when controls with minimum 73 years old were only consid-

ered (P > 0.07) [80]. Later, an intronic variant (rs2279590) was identified in

CLU gene associated with XFS in a study involving 333 German XFS patients

and 342 controls [81]. Association of rs3087554 and rs2279590 variants were

later investigated in an Indian population including 136 XFS patients and

89 controls, where only CLU SNP rs2279590 was identified to be associated

with XFS in that studied population [78]. Association of these variants was

not observed in a later study conducted in a South Indian population study

(299 XFS/XFG individuals and 244 controls) [82]. The possible association

of rs3087554 and rs2279590 polymorphisms with XFS outcomes was recently
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screened in a Polish population study including 81 XFS patients and 91 con-

trol subjects. No significant differences in allele or genotype frequencies was

observed between XFS cases and controls, and only haplotype distribution was

found statistically different between studied groups [83]. Common variants in

CLU in association with XFS/XFG have been only identified at the nominal

level, and further investigation need to be done before considering them as

strong genetic factor for XFS [66, 84].

Research on the genetic risk factors for XFS is an area of intense research,

and other susceptibility loci and SNPs have been identified in association with

this syndrome in certain populations [85–89]. GWASs and next-generation

sequencing technologies have been used to elucidate potential genetic causal

variants underlying XFS, which could help better understanding the disease

mechanism and provide specific treatment approaches [66].

2.4 Epigenetic factors

Although many risk alleles and potential biological pathways have been iden-

tified for different eye disorders, their complex aetiologies have not yet been

explained by genetic factors alone [90]. Besides environmental factors, it is

believed that possible epigenetic variations associated with different ocular

diseases and blinding conditions may play an important role in XFS, as has

been observed in other complex disorders [91, 92]. Epigenetic variations are

believed to be involved in cataract, glaucoma, and ocular surface disorders

[93]. For example, it has been shown that the CpG islands are hypermethy-

lated in the promoter region of the LOXL1 gene found in anterior lens capsule

epithelial cells collected from XFS patients (Uyghur population). In this case

reduced LOXL1 mRNA and protein levels suggests the possible role of DNA

methylation in silencing the LOXL1 gene [94].
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2.4.1 Epigenetic factors: lncRNA

Long non-coding RNAs (lncRNAs) are an important epigenetic regulator of

the human genome. Transcripts longer than 200 nucleotides that have lim-

ited or no protein-coding capacity, lncRNAs can regulate gene expression at

transcription and post-transcription levels or epigenetically at chromatin mod-

ification level [95, 96]. A growing body of research indicates that dysregulation

of lncRNAs is associated with Alzheimer’s, Parkinson’s, cancer, and glaucoma.

Thus, lncRNA identification might facilitate the prognosis and understanding

of the pathological mechanism of XFS [97]. With the aim of identifying a func-

tional role for the variants of the LOXL1 gene, a deep sequencing approach

has been applied to screen the entire LOXL1 genomic locus in XFS patients

from different populations: black South African, US Caucasian, German, and

Japanese. The genomic region of peak XFS-association lies immediately up-

stream of LOXL1 antisense RNA 1 (LOXL1-AS1). The promoter of this

region has been shown to be regulated by risk alleles associated with exfo-

liation. Expression of this lncRNA has been shown to decrease in response

to oxidative stress in lens epithelial cells and to increase in response to cyclic

mechanical stress in Schlemm’s canal cells in vitro [98], supporting a possible

role for LOXL1-AS1 lncRNA in cellular stress response and XFS pathogenesis

[98]. Because of the potential cell-type- or tissue-type-specific expression of

lncRNAs, they may be therapeutic targets but no specific therapy for XFS or

XFG has yet been proposed using lncRNAs [99, 100].

2.4.2 Epigenetic factors: miRNA

MicroRNAs (miRNA) are another group of epigenetic regulators. These are

small (∼22 nucleotides) non-coding RNAs that post-translationally regulate

gene expression [101]. In the trabecular meshwork, miRNAs are known to

be involved in cell contraction and extracellular matrix turnover, suggesting
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they may be a potential therapeutic candidate for POAG [102]. Some have

indicated that XFS is a type of elastosis associated syndrome, with exces-

sive production of elastic microfibrillar components, which may indicate the

possible involvement of extracellular matrix formation modulators [65]. In-

creased levels of a major modulator, transforming growth factor TGF-β1 and

its latent form binding proteins (LTBPs 1 and 2), in aqueous humor of XFS

patients suggested their role in the accumulation of the abnormal extracellular

elastic material [65]. It appears that interactions between TGF-β cytokines

family and miR-29 miRNA family modulates synthesis of extracellular matrix

in trabecular meshwork cells [103]. miR-29b, a member of miR-29 miRNA

family, has been shown to negatively regulate genes coding for extracellular

matrix proteins in trabecular meshwork cells, where under chronic oxidative

stress conditions its down-regulation might contribute to overexpression of

those genes [104]. In vitro studies using human trabecular meshwork cell lines

have shown that while TGF-β1 did not have significant effect on the expression

of miR-29 miRNAs, TGF-β2 was found to downregulate all three members of

miR-26 family including (miR-29a, miR-29b, and miR-29c). This downreg-

ulation of miR-29 miRNAs subsequently could lead to induction of several

extracellular matrix proteins. miR-29b was found to also downregulate TGF-

β1 significantly. These two observations highlight the potential role of the

miR-29 family in controlling outflow process of aqueous humor affected by

altered levels of TGF-βs [103].

miRNAs have been identified in aqueous humor and it has been assumed

that any changes in their expression level could be associated with anterior

chamber-related disease [105]. By conducting a microarray analysis of the

differential expression of miRNA in the aqueous humor of glaucoma patients,

several glaucoma-related extracellular miRNAs have been identified [106]. Fur-

ther investigation, through analyzing both POAG and XFG patients, showed
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that three miRNAs between POAG and control, five miRNAs between XFG

and controls, and one miRNA (miR-302d-3p) between POAG and XFG exhib-

ited significant differences in expression [107]. These miRNAs are likely to be

involved in some glaucoma pathways including focal adhesion, tight junctions,

and TGF-β signaling pathways [107]. Disease-specific miRNAs being differ-

entially expressed in different types of glaucoma might play a role in targeted

therapy or diagnosis.

It is believed that studying the polymorphisms in the miRNA biogenesis

pathway could reveal information for disease prognosis and pharmacogenomics

[104, 105]. The association of polymorphisms in genes involved in the bio-

genesis of miRNAs in XFS, XFG, and POAG populations showed that: (1)

rs1057035 SNP in the 3′-untranslated region of the DICER gene (Dicer en-

zyme, a member of RNase III family) was associated with a decreased risk

of XFS; and (2) rs55671916 SNP in the 3′-untranslated region of XPO5 gene

(XPO5 is involved in the nuclear export of pre-miRNAs) was associated with

increased risk of XFG. It is thought that further studies on target genes of

these small RNAs might elucidate more information on the genetic aspects of

XFS and XFG [108].

2.4.3 Epigenetic factors: Novel Biomarkers

miRNAs are also strong candidates for predictive and diagnostic biomarkers

because of their abundance in body fluids. In a recent study, miRNA levels in

plasma and aqueous humor of glaucoma and XFS patients has been screened

using Japanese and Caucasian patient cohorts. Twenty cell-free circulating

miRNAs have been identified to be highly expressed in the plasma and aque-

ous humor of XFS/OAG cases, compared to controls. Among these twenty,

a combination of three miRNAs (miR-637, miR-1306-5p, miR-3159) showed

the highest specificity and sensitivity to glaucoma cases [109]. miRNA-based
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biomarkers could provide an easy blood-based screening test for early diagnosis

XFS and XFG [109].

Besides previously discussed approaches to find biomarkers, metabolomics

analysis is also a promising means for biomarker discovery. Metabolomics

involves analyses of substrates and products of metabolism in the cells and

biofluids [110]. Since the metabolome is the final product of gene expression,

any alterations at genomic or proteomic levels will be highly amplified at the

metabolic pathways level, making metabolomic biomarkers a highly sensitive

candidate for early-stage disease identification [110, 111]. It is believed that

this group of biomarkers could be used in early diagnosis of XFS and glaucoma

[112]. Plasma samples of XFS and XFG patients have been analyzed to iden-

tify specific metabolomic biomarker for XFS. Lower levels of neuroprotective

spermine and spermidine polyamines in the plasma of XFS patients compared

to the controls have been suggested as possible metabolomic signature for XFS

[112, 113].

2.5 Dysfunction of clearance of protein-aggre-

gates: Autophagy

Autophagy is an intracellular membrane trafficking system that delivers cy-

tosolic constituents to the lysosome for subsequent degradation. Autophagy

has been shown to be regulated and induced in response to nutrient starvation

or other stress conditions. Autophagy is responsible for clearance of protein

aggregates, which is crucial to cellular homeostasis as ubiquitin-proteasomal

degradation pathways cannot digest these large assemblies [114]. Given the

importance of autophagic clearance of protein aggregates, autophagy-related

gene variants (ATG genes) may be implicated in XFS pathology. A study

of 108 XFS/XFG patients and 118 healthy individuals in a Spanish popula-

tion, however, showed that SNPs in three ATG genes (ATG16L, ATG2B, and
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ATG5 ) were not significantly different in the allelic and genotype frequency

of SNPs [115]. This finding does not leave out the possible connection be-

tween autophagy dysfunction and XFS pathogenesis. An in vitro study using

fibroblast cells excised from Tenon’s capsule of XFS and POAG patients dur-

ing filtration surgery and strabismus surgery showed that, compared to POAG

counterparts, Tenon’s cells from XFS patients had different phenotypic signs

of reduced clearance of autophagosmes due to autophagy dysfunction [116].

In a following in vitro study it was shown that those functional and struc-

tural differences were statistically significant between POAG and XFS-derived

Tenon capsule fibroblasts [117]. Once autophagy was induced by starvation,

autophagosomes in POAG cells were clustered around nuclear microtubule or-

ganizing center (MTOC), a normal microtubule-based migration observed in

normal cells. On the contrary, no obvious MTOC was identified in XFS cells

upon starvation induction, resulting in the dispersion of the majority of or-

ganelles in the cytoplasm [117]. It has been recently shown that autophagic

degradation of misfolded LOXL1 resulting from gene variants was impeded in

Tenon capsule fibroblasts, representing an in vitro model of XFG [118]. Those

model cell lines failed in the establishment of MTOC, resulting in impaired

localization of lysosomes, endosomes, and autophagosomes in the cytoplasm.

It is now well established that mutual interplay between mitochondria and

lysosomes is crucial in maintaining cell homeostasis, and impaired autophagy

has been linked with many different diseases [119]. Non-functioning mito-

chondria have been observed in XFS in vitro models, which could reduce the

efficiency of respiration, leading to reduced ATP with increased reactive oxy-

gen species production [116]. During aging, some ATGs are downregulated

and autophagy function declines in humans, which is believed to be linked

with age-related disease [120]. Given the association between its dysfunction

and different diseases, autophagy has been considered as potential therapeutic
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target [116, 120–122]. Understanding the effect of dysfunctional autophagy

and impaired mitochondria in XFS progression is a new field of research, and

more studies need to be done to uncover their role in XFS pathology and to

identify potential therapeutic targets.

2.6 Conclusions

Exfoliation syndrome (XFS) has been studied at different levels of macro-

molecules, genetic factors, intracellular organelles and environmental factors.

Almost all the studied factors are potentially linked to the pathogenesis of

XFS. In term of genetic factors, several GWASs conducted in different popu-

lations have identified several genetic factors potentially associated with XFS.

Among identified genetic factors, more attention has been drawn to the com-

mon variants of LOXL1 gene in recent years, where two common variants

of this gene have been purposed to be strongly associated with XFS. How-

ever, even though almost all studied XFS cases have these SNPs, healthy

individuals have been found carrying the same SNPs in their genome. In-

vestigations related to the connection between XFS and genetic factors have

been accelerated in recent years; however, it is believed that identified SNPs

alone cannot explain the pathomechanism of XFS. A possible role of cellular

mechanisms at the cytoplasmic organelle level has been suggested as potential

factors associated with this syndrome. Identification of any possible connec-

tion between genetic factors and impaired cellular functions might be helpful

in understanding mechanisms related to formation of XFS material. Although

the vast majority of studies focus on the age-matched groups of XFS or XFG

cases; however, they might be in different stages of the disease. Thus, in-

vestigation on initial stages of the disease might reveal more information of

the main macromolecules involved in the pathogenesis. For instance, mRNA

and protein expression of IL-6 and IL-8 has been shown to be significantly in-
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creased in the early stages of the XFS. However, in comparison to the control

cases, advanced stages of the XFS or XFG do not show significant increase

in production of IL-6 and IL-8 [13]. Given the accumulation of a myriad of

molecules buried in XFS material, genetic or biochemical studies performed in

a disease stage-dependent manner could reveal more information about factors

underlying XFS and XFG progression.
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Abstract

Crystallins are a major family of proteins located within the lens of the eye.

Cataracts are thought to be due to the formation of insoluble fibrillar ag-

gregates, which are largely composed of proteins from the crystallin family.

Today the only cataract treatment that exists is surgery and this can be dif-

ficult to access for individuals in the developing world. Development of novel

pharmacotherapeutic approaches for the treatment of cataract rests on the

specific targeting of these structures. βB2-crystallin, a member of β-crystallin

family, is a large component of the crystallin proteins within the lens, and as

such was used to form model fibrils in vitro. Peptides were identified, using

phage display techniques, that bound to these fibrils with high affinity. Fib-

rillation of recombinantly expressed human βB2-crystallin was performed in

10% (v/v) trifluoroethanol (TFE) solution (pH 2.0) at various temperatures,

and its amyloid-like structure was confirmed using Thioflavin-T (ThT) assay,

transmission electron microscopy (TEM), and X-ray fiber diffraction (XRFD)

analysis. Affinity of identified phage-displayed peptides was analyzed using

enzyme-linked immunosorbent assay (ELISA). Specific binding of a cyclic pep-

tide (CKQFKDTTC) showed the highest affinity, which was confirmed using

a competitive inhibition assay.

Keywords : Phage display; βB2-crystallin; amyloid-like fibril; fibrillar ag-
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gregate; cataract; targeting peptide.
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3.1 Introduction

Cataracts are the leading cause of blindness and affect the quality of life of

approximately 50% of the aged population worldwide [1, 2]. Cataract devel-

opment is thought to stem from the aggregation of crystallins into amorphous

and amyloid-like fibrillar structures [3, 4] that ultimately grow to sufficient size

to scatter light as it traverses the lens. There is no pharmacological treatment

for this disease [5]; available treatment is surgical replacement of the lens with

an artificial polymer-mimic. This treatment is difficult to access for a large

portion of patients worldwide (especially in developing countries) [6]. Surgery

is expensive, invasive, performed only when quality of life is drastically affected

[2], and involves possible surgical risks and complications such as posterior cap-

sular opacification [5]. Screening the interaction of small molecules with mis-

folded or aggregated proteins is considered a promising strategy for discovering

and designing drugs to prevent protein aggregation and/or eliminate formed

fibrils [7]. Identification of peptide-based fibrillogenesis inhibitors is a growing

field offering drugs with specific targeting capabilities [8, 9]. Phage display is a

powerful tool for identifying peptides with specific affinity for different targets,

without a priori information regarding the target or binding mechanism [10].

Thus, this technique has been widely used to identify high affinity binders for

fibrillar aggregates including peptides [11] and single-chain variable fragments

(scFv) [12]. For example, phage display techniques have been used to identify

peptides with specific binding affinity to fibrillar amyloid-like aggregates, but

not monomeric Aβ peptides [13]. The identification of these specific binders

allows for the specific, local delivery of fibril blocker and/or fibril destroying

reagents and may provide a platform for diagnostic functionality [11, 13].

Normal lens tissue is an avascular, transparent structure that functions to

focus incoming light onto the retina [14]. Crystallins are the major protein fam-
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ily found within the lens, accounting for approximately 90% of the lens’ total

protein content [3, 5]. Three classes of crystallin proteins have been identified:

α-, β- and γ-crystallin. α-crystallin proteins are well known to have a chaper-

one function and belong to a small heat-shock protein (sHsp) family, whereas

β- and γ-crystallins primarily play a role in maintaining lens structure [4].

Crystallin proteins are found in high concentration within the lens (200–450

mg/ml) and are thought to have very low turnover rates. Their high concen-

tration, while being necessary for providing a proper refractive index, may be

a factor in influencing protein aggregation should even very minor perturba-

tions in protein structure occur in vivo [3, 15, 16]. Whether the aggregates

of cataractous material are amorphous or fibrillar, or a combination of both

is a matter of debate [17]. In fact, it has been shown that crystallin proteins

denature under even mild conditions to form fibrillar amyloid-like structures in

vitro [18-20]. In addition, recent ex vivo studies have shown fibrillation of crys-

tallins during cataract development, suggesting that fibril formation plays an

important role in cataract formation [21]. Other modifications to the crystallin

proteins thought to induce aggregation include age-associated conformational

changes [14], deamidation [22], oxidation, glycation, truncation [5], methyla-

tion, and ultraviolet radiation [23]. These changes to the lens proteins, coupled

with their low turnover and high concentration, are thought to be the impetus

for the formation of aggregates large enough to affect the optical function of

the lens [16, 24]. Furthermore, the formation of insoluble fibrillar aggregates

within the lens is also thought to disturb the short-range order between crys-

tallins required for lens transparency and furthers opacification and cataract

formation [18].

It has been suggested that because β-crystallins compromise approximately

40% of young human lens crystallins, and undergo high modification with

aging; they may have a significant influence on development of age-related
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cataract [23]. βB2-crystallin is the major protein component within the β-

crystallins family, assembles into dimeric and oligomeric structures, plays a

critical role in maintaining solubility of other β-crystallins, and functions to

provide lens transparency [25-27]. βB2-crystallin is a basic member of β-

crystallins [27], and its subunits have two tightly folded domains that are

connected by a linker peptide. Each domain is folded in two Greek key motifs

composed of four β-sheet structures (Fig. 3.1) [25]. Aggregation of recombi-

nantly expressed human βB2-crystallin has been studied previously as a model

for cataracts [28]. One of the most common method for forming fibrils involves

using the 2,2,2-trifluoroethanol (TFE) solution that yields final fibril proper-

ties similar to that of amyloid fibrils [29, 30]. It has been demonstrated that

bovine crystallin proteins form amyloid-like structures in the presence of TFE

[18]. In this study, we follow previous work by using TFE to form fibrils of re-

combinantly expressed human βB2-crystallin in acidic solution [18]. Resulting

fibril formation was characterized using the Thioflavin-T (ThT) assay, electron

microscopy and X-ray fiber diffraction (XRFD) analysis.

It is thought that through the identification of peptides having strong

and specific interaction with fibrillar βB2-crystallin, as a representative pro-

tein of β-crystallin family, might lead to a wide variety of treatment options.

Identified peptides with specific affinity to βB2-crystallin fibrillar aggregates

could have potential therapeutic effects on cataract. Even peptides without

inhibitory or fibril destroying capability could be employed as drug media-

tors [31]. Mechanical, chemical, or thermal agents having fibril disruption

potential could be conjugated to targeting peptides providing a new therapeu-

tic approach for cataract [31]. Screening of random phage-displayed peptide

libraries against fibrillar aggregates of individual crystallins could yield lig-

ands with specific affinity to each type of crystallin proteins. In this study

ELISA and competitive inhibition assay highlight high-affinity peptides to
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βB2-crystallin fibrils selected from phage display process. This is the first

time in the literature that small peptide binders have been identified against

fibrillar aggregates of recombinantly expressed human βB2-crystallin.

Figure 3.1: Ribbon model structure of Human βB2-crystallin. Monomer struc-
ture of human βB2-crystallin shown in ribbon representation. β-sheet reach domains are
connected to each other through linker peptide. Figure was generated using Molecular
Operating Environment (MOE) software, (PDB ID: 1YTQ) [27].

3.2 Materials and methods

3.2.1 Expression and purification of human βB2-crys-
tallin protein

DNA sequence of human βB2-crystallin gene was cloned into a pET-15b vec-

tor. βB2-crystallin protein was expressed with an N-terminal histidine tag

in E. coli BL21 (DE3) host strains. Bacterial cells containing the recombi-

nant plasmids were inoculated into LB medium supplemented with 100 µg/mL

ampicillin. When the OD600 of the bacterial culture reached 0.6, the cells were

induced by 1.0 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) for 18 hr

at 37 ◦C. The cells were subsequently harvested by centrifugation at 6000 ×

g for 20 min at 4 ◦C and resuspended in buffer A (25 mM Tris, protease in-

hibitor EDTA-free tablet, pH 8.0, Roche). Cell disruption was performed by
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sonication on ice (4 cycles, 15 sec at 45% power) using a microtip probe soni-

cator (Fisher Scientific ultrasonic dismembrator, Model 500). Cell lysate was

ultracentrifuged at 223000 × g for 120 min at 10 ◦C. The supernatant was

removed and loaded on the Ni-NTA column pre-equilibrated with buffer A.

The column was then washed with buffer B (25 mM Tris, 0.1% Triton X-100,

pH 8.0), buffer C (25 mM Tris, 1 M NaCl, pH 8.0), and buffer D (25 mM Tris,

25 mM Imidazole, pH 8.0) sequentially and βB2-crystallin protein was eluted

with a linear gradient of 500 mM imidazole in buffer A. Eluted fractions con-

taining recombinant protein were pooled followed by dialysis against buffer A

at 4 ◦C. Then, CaCl2 was added to the final concentration of 2 mM. Purified

protein solution was mixed with enterokinase (0.02 µg of the enzyme per 1 mg

of the crystallin protein) and incubated for 22 hr at room temperature (RT).

His-tag digest was monitored by SDS-PAGE analysis. To remove the His-tag

and enterokinase enzyme, digested samples were passed through Ni-NTA resin

and trypsin inhibitor agarose. To inhibit all possible traces of enterokinase

activity, phenylmethylsulfonyl fluoride (PMSF) protease inhibitor was added

to the recombinant protein solution with 0.1 mM final concentration. The pro-

tein sample was finally concentrated using an Amicon® ultra-15 centrifugal

filter unit.

Expression of βB2-crystallin protein was verified through SDS-PAGE, and

liquid chromatography–mass spectrometry (LC-MS) analysis. (Protein identi-

fication by mass spectrometry was carried out in Alberta proteomics and mass

spectrometry facility (University of Alberta, Edmonton, Alberta, Canada).

3.2.2 Fibrillation of βB2-crystallin protein

Fibrillation protocol was followed as described elsewhere [18]. Concentrated

solutions of βB2-crystallin protein were diluted in 10% (v/v) trifluoroethanol

(TFE) solution, pH 2.0 (adjusted with HCl) to a final concentration of 10
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mg/ml and incubated for 24 hr at RT. To study the effect of elevated temper-

ature on fibril formation, the same incubation process was carried out at 60

◦C as well. After incubation at both RT and 60 ◦C, cloudiness of solution was

observed in both cases. For further evaluation of the fibril formation process,

aliquots were collected at 0, 4, 10, and 24 hr time points and stored at -20 ◦C

to stop the fibrillation process.

3.2.3 Thioflavin T (ThT) assay

ThT assay was carried out as described [17]. Fresh solution of 5 µM ThT in 50

mM glycine-NaOH buffer, pH 9.0 was prepared and syringe filtered (0.22 µm).

In triplicate, 2 µl of each fibril solution was diluted into 200 µl of ThT assay

solution in Corning® 96-well clear bottom black polystyrene fluorescence mi-

croplates; similar to those used for phage panning. ThT fluorescence studies of

samples were carried out by a FlexStation® 3 multimode plate reader at exci-

tation wavelength of 440 nm and emission scanning wavelengths from 450-550

nm (emission of ThT is at 490 nm and maximum peak intensities reported).

Intensity values represent relative fluorescence units (RFU). Statistical differ-

ence at P < 0.05 level was analyzed by one-way ANOVA test.

3.2.4 Electron microscopy

Transmission electron microscopy (TEM) was used to visualize the fibrils

formed from βB2-crystallin proteins. Pretreatment of carbon coated TEM

grids was performed by glow discharge method. 5 µl of each sample was

immediately deposited onto negatively glow discharged TEM grids. Sample

preparation for electron microscopy was continued by blotting the excess water

from sample with filter paper and negatively staining with 2% (w/v) uranyl

acetate. Then samples were washed several times with water and air dried.

Micrographs were taken on JEOL 2200FS TEM with accelerating voltage at
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200 KV. TEM images were taken in two bright field and annual dark field

modes. Gatan microscopy suite software was used to analyse the micrographs.

3.2.5 X-ray fiber diffraction (XRFD) analysis of fibrillar
aggregates

Samples of βB2-crystallin incubated at 60 ◦C for 24 hr were used for XRFD

analysis. Sample preparation for XRFD analysis was performed by deposition

of 5 µl of protein sample on glass slide. The samples were dried and collected

as a small clump. The dried clump samples were then placed in the air to

avoid the unnecessary peaks from substrate. A Bruker model D8/Discover X-

ray diffractometer with Cu K alpha radiation (40 kV, 40 mA) was employed to

determine the X-ray diffraction patterns of βB2-crystallin fibrils. 2θ ranges of

each sample was from 0 to 26.5 degree with a step size of 0.01 degree. To reduce

the beam intensity at the low angle (< 2 degree), the beam stopper was used.

The collected data was carefully analyzed using EVATM software. Smoothing

and baseline correction of XRFD results was performed using OriginPro 8.6

(OriginLab®) software. The data was analyzed using circles at the indicated

distances.

3.2.6 Phage panning

A random phage display library representing circular 7-mer peptides on M13

phages (New England Biolabs, Ph.D.TM-C7C library) was used for screening

against target molecules. Library screening and phage amplification protocols

were adapted from Ph.D.TM-C7C Phage display Peptide Library (New England

Biolabs). To immobilize the fibrillar target molecules on the solid support, 200

µl aliquot of βB2-crystallin fibrils was added at a concentration of 100 µg/ml

in 0.1 M NaHCO3, pH 8.6 to the wells of a 96-well polystyrene microplate, and

incubated overnight at 4 ◦C with gentle rocking. The next day the coating
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solution was removed from the wells, and solution of 5 mg/ml BSA in 0.1

M NaHCO3 pH 8.6 was subsequently added for 1 hr at 4 ◦C to block the

uncoated surfaces, and wells washed 6 times with TBST buffer (50 mM Tris-

HCl, pH 7.5, 150 mM NaCl containing 0.1% v/v Tween-20). Screening of

phage display library against fibrillar aggregates was carried out by adding a

100 µl aliquot of phage library containing 1 × 1011 plaque-forming units (pfu)

of phage (pfu/ml) in TBST buffer to each well. After 2 hr incubation at RT

with gentle shacking the nonbinding phages were removed from the wells and

the wells were subsequently washed 10 times with TBST buffer. Then, phages

bound to the βB2-crystallin fibrils were eluted with 100 µl 0.2 M glycine-

HCl (pH 2.2) containing 1 mg/ml bovine serum albumin (BSA). After 15 min

the solution of recovered phages was neutralized with 15 µl 1 M Tris-HCl

buffer, pH 9.1. Prior to phage amplification, a portion of eluted solution was

used for plaque assay titration to quantify the phage in recovered material.

Amplification of eluted phages was performed by infection of E. coli ER2738

cells (New England Biolabs). Amplified phages were subsequently precipitated

by 20% (w/v) polyethylene glycol–8000, 2.5 M NaCl and resuspended in TBS

buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl). Washing buffers containing

0.2% and 0.3% Tween-20 were used in second and third round of biopanning

respectively (Fig. 3.2).

3.2.7 DNA sequencing of selected phage clones

After each round of panning, bacterial clones infected by phages were grown

up to early logarithmic phase in LB medium at 37 ◦C. Bacterial cells were

harvested at 5000 rpm for 15 min at RT. DNA of selected phage clones was

purified with QIAprep® Spin M13 kit (Qiagen). The extracted DNA and

primers (provided by phage display peptide library kit) were mixed in a tube

to a final volume of 10 ul and characterized using Sanger DNA sequencing
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Figure 3.2: Phage display process. Schematic representation of phage library
screening against fibrillar aggregates of βB2-crystallin protein. After immobi-
lization of βB2-crystallin fibrils on the plastic support, random library of phaged-isplayed
peptides was screened against fibrillar aggregates. Nonbinding phages were subsequently
removed through washing and highly attached phages were eluted and amplified for further
analysis.

method.

3.2.8 ELISA for phage binding assay

37 phages were selected through three rounds of phage screening against fib-

rillar aggregates. Enzyme-linked immunosorbent assay (ELISA) was carried

out to identify phages having highest affinity for βB2-crystallin fibrils. Direct

coating of target molecules on 96-well polystyrene microplate was performed

by adding 100 µl of βB2-crystallin fibrils at concentration of 50 µg/ml in 0.1

M NaHCO3, pH 8.6 to each well and incubation overnight at 4 ◦C. After

removing the excess protein solution, each well was filled with a 10 µl aliquot

of amplified phages (1 × 1011 pfu/10 µl) in 190 µl phosphate-buffered saline

(PBS) containing 2% BSA. The plate was then incubated at RT by gentle

shaking for 2 hr. The wells were then washed 6 times with 0.1% PBST buffer
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(PBS buffer containing 0.1% Tween-20). Next, 200 µl of diluted (1:5000) solu-

tion of HRP/anti-M13 monoclonal conjugate (GE Healthcare) in PBS buffer

containing 2% BSA was added to the wells having immobilized fibrillar target

molecules as well as control wells without any target molecules. After 30 min

incubation at RT with gentle shacking, the excess antibody solution was re-

moved and wells were washed with PBST 0.05% buffer (PBS buffer containing

0.05% Tween-20) for 6 times. A 100 µl aliquot of freshly prepared 3,3’,5,5’-

tetramethylbenzidine (TMB) chromogen solution (PierceTM TMB Substrate

Kit) was added to each well and incubated at RT for 3 min with gentle shack-

ing, followed by stopping the reaction with 100 µl 2M sulfuric acid. The

absorbance of each well was measured at 450 nm using FlexStation® 3 multi-

mode plate reader. In all ELISA assays proper controls were applied to com-

pare the binding of peptides displayed on the surface of the phages onto the

polystyrene surface with and without immobilized target molecules. One-way

ANOVA test was used to analyse the level of significance (p < 0.05) between

results.

3.2.9 Competitive inhibition assay

Competitive and inhibitory ELISA assay was carried out to investigate the

binding specificity of identified peptide (CKQFKDTTC) with the highest ab-

sorbance observed in regular ELISA assay. A 7-mer non-binding cyclic peptide

(CTNANHYFC) was used as a control. Direct coating of target molecules

(βB2-crystallin fibrils) was followed as described in phage ELISA binding as-

say. BSA blocking buffer was subsequently used to block nonspecific binding.

100 µl of synthetic cyclic peptides at different concentrations (0, 0.008, 0.04,

0.2, and 1 mg/ml) was added to immobilized fibrillar target molecule wells

and incubated at RT for 2 hr. A 100 µl aliquot of counterpart phage (1 ×

1010 pfu/ml) was added subsequently to each well and incubated for 30 min
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at RT. After washing the wells 6 times with 0.1% PBST buffer, 200 µl of

diluted HRP/anti-M13 monoclonal conjugate was added to them and color

development procedure was followed as described in ELISA section.

3.3 Results and discussion

3.3.1 Fibril formation: ThT assay

Recombinantly expressed human βB2-crystallin was incubated in 10% (v/v)

TFE solution (pH 2.0), at RT or 60 ◦C, which is thought to partially unfold the

protein and allow fibrillation to occur [18]. It is suggested that ThT fluoresces

upon interaction with amyloid-like aggregates through incorporation into β-

sheet motifs, and is the gold-standard assay for quantifying the presence of

fibrils [32]. A control solution of βB2 protein was incubated with ThT to

prove that the β-sheet rich native form of βB2-crystallin does not affect the

ThT fluorescent intensity. Moreover, the increased fluorescent emission of

ThT upon incorporation into the β-sheet structures within fibrils allowed for

the formation of βB2-crystallin fibrils to be evaluated (Fig. 3.3). Similar to

previous reports using bovine crystallins [18], results summarized in (Fig. 3.3)

showed that both temperature and incubation time in TFE solutions affected

fibril formation for systems of identical protein concentration. The increase in

temperature from RT to 60 ◦C, for all time points, led to statistically significant

(p < 0.05) increases in fibril formation. However, there was no significant

difference in fibril content for all RT time points. There was also no significant

difference in fibril content between 4 and 10 hr time points at 60 ◦C, but there

was between 10 and 24 hr incubation at this temperature.

3.3.2 Fibril formation: Electron microscopy studies

Aliquots, collected from different fibrillation experiments, were further an-

alyzed for fibril formation using transmission electron microscopy (TEM). It
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Figure 3.3: ThT assay results. ThT assay of fibrillar aggregates formed from recombi-
nantly expressed human βB2-crystallin protein in 10% (v/v) TFE, pH 2.0 at RT and 60 ◦C.
Fluorescence intensity of ThT assay for native (control) and βB2-crystallin incubated under
various fibril forming solution conditions was performed by excitation of ThT molecule at
440 nm. Fluorescence emission was scanned from 450-600 nm and maximum peak intensity
reported. (* represents p < 0.05, data represent mean 1 ± SD, n ≥ 3).

was observed that upon incubation in the TFE solution, βB2-crystallins aggre-

gated into fibrillar structures (Fig. 3.4). The most obvious fibrillar aggregates

were observed in samples incubated at 60 ◦C for 10 hr (Fig. 3.4C). TEM

micrographs of 10 hr incubation in two different temperatures revealed that

increasing the temperature had a noticeable influence on fibril formation. Fib-

rils formed at RT were shorter than those formed at 60 ◦C and mostly were

bound to each other and made huge aggregates (Fig. 3.4B). This difference in

TEM micrographs of βB2-crystallin fibrils formed at RT or 60 ◦C may explain

the significant difference observed for the ThT assay results for these condi-

tions (Fig. 3.3). It may be that increasing the TFE solution temperature

increases the chance for exposed β-sheet secondary structures to interact with

each other leading to formation of longer fibrils at 60 ◦C compared to RT in

the same time intervals. Micrographs of samples incubated for 24 hr at 60 ◦C

(Appendix 1, Fig. A1) showed that, after longer incubation times, individual

fibrils bound to each other and formed larger aggregates. Thus, βB2-crystallin

fibrils formed at 60 ◦C, 10 hr were selected for affinity screening studies.
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Figure 3.4: Electron microscopy images. Representative TEM images of recombi-
nantly expressed βB2-crystallin protein before TFE incubation (A), 10 hr incubation in
10% (v/v) TFE, pH 2.0 at RT (B), and 10 hr incubation in 10% (v/v) TFE, pH 2.0 at 60
◦C (C).

3.3.3 X-ray fiber diffraction (XRFD) analysis of βB2-
crystallin fibrils

It has been demonstrated that the overwhelming majority of fibrillar struc-

tures formed from different proteins share a common cross-β structure [33].

This structural unit has been also reported for bovine crystallin-based fibrils

[18]. Previously reported XRFD patterns for amyloid fibrils have shown merid-

ional reflections at 4.7 to 4.8 Å and equatorial reflections at ∼10 Å [34, 35].

Our XRFD analysis indicated that human recombinant βB2-crystallin fibrillar

aggregates had a structural pattern similar to common XRFD patterns of amy-

loid fibrils (Fig. A2). In cross-β sheet pattern of βB2-crystallin fibrils formed

at 60 ◦C, β-sheet secondary structures with stacking distance of ∼4.664 Å and

an intersheet distance of ∼9.967 Å have organized into amyloid-like fibrillar

aggregates (Fig. 3.5A). XRFD analysis also indicated an interstrand distance

of ∼4.654 Å and intersheet distance of ∼11.75-9.531 Å for βB2-crystallin fibrils

formed at RT (Fig. 3.5B). Meridional and equatorial reflection patterns are

similar between βB2-crystallin fibrils and other amyloid-like structures such

as lysozyme fibrils [36]. This may indicate that intermolecular interactions

between exposed β-sheets of partially unfolded βB2-crystallin proteins have

led to the vertical alignment of the proteins to the fibril’s axis. This also

confirms the results of electron microscopy and ThT assay studies, as XRFD
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analysis of βB2-crystallin fibrils formed at RT and 60 ◦C showed that samples

collected from 60 ◦C incubation had more, well-defined amyloid-like structures

(Fig. 3.5).

Figure 3.5: X-ray diffraction pattern analysis of βB2-crystallin fibrils. Represen-
tative X-ray diffraction pattern of βB2-crystallin fibrils. βB2-crystallin protein (10 mg/ml)
was incubated for 24 hr in 10% (v/v) TFE, pH 2.0 at (A) 60 ◦C and (B) RT. Formed fib-
rillar aggregates were subsequently analyzed to determine X-ray diffraction patterns. The
collected data was analyzed using EVATM software. Peaks represent stacking distance
(∼4.664 Å for fibrils formed at 60 ◦C and ∼4.654 Å for fibrils formed at RT) and intersheet
distance (∼9.967 Å for fibrils formed at 60 ◦C and ∼11.75-9.531 Å for fibrils formed at RT)
of β-sheet secondary structures in cross-β sheet pattern of βB2-crystallin fibrils.

3.3.4 Identification of high binding peptides

Phage display screening was performed to identify cyclic peptides having high

affinity to fibrillar aggregates of βB2-crystallin. Three rounds of phage display

yielded 48 colonies (16 colonies from each round) and 37 sequences were identi-

fied. It was expected that by using a BSA blocking buffer, as well as increasing

the surfactant concentration in the washing buffer, the nonspecific interaction

of phage with the container surface or target fibrils would be minimized. This

was verified as no peptides identified were similar to those previously obtained

that bind BSA [37] or polystyrene [38]. Besides, all peptides were scanned

within SAROTUP in order to eliminate any target un-related sequences. None

of the selected sequences for βB2-crystallin were found in MimoDB, represent-
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ing the previously identified peptide binders. SAROTUP is an online tool to

scan and exclude peptides that might be identified because of interaction of

phage library with possible contaminations or target-unrelated components of

biopanning system [39]. MimoDB is a database of identified peptides through

phage display approach that can also be used to exclude possible non-specific

and target-unrelated peptides [40].

Table 3.1: Identified peptides having highest affinity to βB2-crystallin fibrils.

3.3.5 Identification of high binding peptides: ELISA as-
say

Although amyloid like fibrillar aggregates of different proteins share a com-

mon core structural pattern, their surface properties should depend on both

the amino acid sequence of each protein within the aggregate as well as the

overall fibril morphology. And, as reported, due to complex distribution of

hydrophobic and charge regions on their surface, amyloid-like structures can
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interact with different species having different physicochemical properties [41].

Thus, predicting high-affinity peptide binders to βB2-crystallin fibrils is too

complicated to develop without a priori knowledge of the fibril morphology.

Phage display techniques, however, allow for the identification of high-affinity

binding peptides to complex targets where binding affinity is expected to in-

crease from one round to the next, without a prior knowledge of the target

itself. An ELISA affinity assay was carried out and binding affinity of phage-

displayed peptides to βB2-crystallin fibrils increased with subsequent rounds

(Fig. 3.6). The final peptides showed a significantly higher affinity than those

from previous rounds of phage display. To show this we included them in (Fig.

3.6) with all the phage display results, however comparing them to each other

may be difficult as the absorbances likely were within the non-linear response

of the technique. So to clarify this, a second analysis of these peptides only

was conducted, where the interaction time of TMB substrate and HRP enzyme

was decreased from 3 to 1 min (Fig. 3.7). Peptides having the highest affinity

to βB2-crystallin fibrils are listed in Table 3.1, and their sequences were ana-

lyzed using online peptide property calculator software (www.genscript.com).

All five peptides were basic peptides having positive net charge in physiolog-

ical pH. Although, normally, one expects successive rounds of phage display

to lead to a consensus sequence of a unique peptide binder (or binders of sim-

ilar structure), this was not observed to be the case for these fibril targets.

This is likely due to the fact that these fibrils form highly variable surface

structures with varied charge, hydrophilic and hydrophobic exposed domains.

Thus, these fibrils likely form a surface rich in multiple binding domains, un-

like targeting single proteins that may provide limited binding sites for the

phage peptides to interact with. This is likely why a relatively diverse set of

amino acid sequences can have such a high affinity with the fibril surface and

likely why, despite having different specific sequences, these peptides have a
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similar chemical make-up (i.e. basic, positive net charge, with some aromatic

structures).

Figure 3.6: ELISA assay results. ELISA result of phage binding to βB2-crystallin
fibrils after three rounds of phage display (* represents p < 0.05, data represent mean ± 1
SD, n ≥ 3). Note: Most round 3 results yielded raw absorbance (a.u.) ≥ 1; these results
are post background subtraction, best 5 were taken and repeated.

Figure 3.7: ELISA assay results. ELISA result of identified phage-displayed peptides
from round 3 having highest affinity to βB2-crystallin fibrils (* represents p < 0.05, data
represent mean ± 1 SD, n ≥ 3).

3.3.6 Competitive Inhibition Assay

Phage-ELISA binding assay was previously performed to investigate binding

affinity of phage-displayed peptide to the fibrillar aggregates of βB2-crystallin.

However, the question remains whether the identified peptide itself could main-

tain its specific binding ability. To this purpose, a phage vs. peptide com-

petitive inhibition assay was carried out to determine whether the cyclic free
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peptide (CKQFKDTTC) and corresponding phage-displayed peptide could

compete for the same binding site on the βB2-crystallin fibrils. The results

showed that preincubation of fibrillar target molecules with identified peptide,

inhibited binding of phage in a concentration-dependent manner (Fig. 3.8).

The control cyclic peptide (CTNANHYFC) did not show any inhibitory effect

on phage-displayed peptide binding.

Figure 3.8: Competitive Inhibition Assay. Competitive inhibition ELISA assay re-
sult of free cyclic peptide (CKQFKDTTC) with highest affinity to βB2-crystallin fibrils (*
represents p < 0.05, data represent mean ± 1 SD, n ≥ 3).

3.4 Conclusions

Small peptide molecules having specific interaction with fibrillar aggregates of

proteins can serve as anti-aggregation drugs or diagnostic agents in amyloido-

genic diseases. Given the evidence implicating fibrillation of lens crystallin

proteins in cataract development, we sought to identify peptides specifically

targeting the fibrillar state of βB2-crystallin, the major β-crystallin in the

lens. This work primarily focused on fibrillation of recombinantly expressed

human lens βB2-crystallin in 10% (v/v) (TFE) solution, pH 2.0, at RT and

60 ◦C. Fibril formation of βB2-crystallin was verified by ThT assay and elec-

tron microscopy studies. Statistical analysis of ThT assay results showed that

elevated temperature and incubation time increased chance of fibrillation of
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recombinantly expressed human βB2-crystallin as observed in case of bovine

crystallins [18].

XRFD analysis showed that βB2-crystallin fibrils formed amyloid-like struc-

ture having a core pattern of cross-β sheet, a common structural feature of

amyloid fibrils [33]. We observed that interstrand and intersheet distances of

β-sheets in amyloid-like structure of βB2-crystallin fibrils follow the common

structural pattern observed in other fibrillar aggregates.

Specific binding of identified phage-displayed peptides was documented

using ELISA assay. Basic peptides identified after third round of phage pan-

ning showed significantly high absorbance in ELISA assay; representing a high

affinity of displayed peptide on the surface of phage to βB2-crystallin fib-

rils. Specific binding of identified peptide (with highest absorbance in ELISA)

to fibrillar aggregates of βB2-crystallin was demonstrated using competitive

binding inhibition ELISA assay, through which competitive binding between

phage clone and corresponding encoded peptide was analysed. It is thought

that the identification of these peptides will advance the treatment of cataract

in patients through non-invasive techniques.
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Chapter 4

Structural polymorphisms in
fibrillar aggregates associated
with exfoliation syndrome
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Abstract

Exfoliation syndrome is largely considered an age-related disease that presents

with fibrillar aggregates in the anterior segment of the eye. A growing body of

literature has investigated structural diversity of amyloids and fibrillar aggre-

gates associated with neurodegenerative disease. However, in case of exfolia-

tion syndrome, there is a dearth of information on the biophysical characteris-

tics of these fibrils and structural polymorphisms. Herein, structural diversity

of fibrils isolated from the anterior lens capsule of patients was evaluated us-

ing transmission electron microscopy techniques. It was apparent that, despite

having a low sample number of different patients, there exists a wide range of

fibril morphologies. As it is not precisely understood how these fibrils form, or

what they are composed of, it is difficult to postulate a mechanism responsible

for these differences in fibril structure. However, it is apparent that there is a

wider range of fibril structure than initially appreciated. Moreover, these data

may suggest the variance in fibril structure arises from patient-specific fibril

composition and/or formation mechanisms.

Key words : Exfoliation syndrome, glaucoma, fibrillar aggregates, struc-

tural polymorphism.

87



4.1 Introduction

Exfoliation syndrome (XFS) presents with fibrillar aggregates in many tissues

throughout the body and within the eye it is largely, but not solely, located in

the anterior segment [1, 2]. Exfoliation materials mostly contain elastic fiber

components and are thought to be formed through overproduction of elastic

microfibrils and their assembly into fibrillar aggregates [3]. These aggregates

can lead to cataract formation and impede aqueous humor drainage, leading to

increased intraocular pressure (IOP) that causes exfoliation glaucoma. Briefly,

movement of the iris sphincter region over the anterior surface of the lens

capsule during physiologic pupillary motion may liberate XFS materials from

the capsule which then deposits in the trabecular meshwork. In addition, the

exfoliation particles can act as sandpaper during iridozonular friction, leading

to rupture of a weak iris pigment epithelium, pigment loss from the iris, and

subsequent distribution of pigment particles within the anterior chamber [4, 5].

Early electron microscopy studies yielded the presence of cross-banded fibrillar

structures and filamentous subunits in a ground of amorphous aggregates of

ocular tissues from XFS patients [6, 7]. Upon further examination, using

thioflavin dyes, XFS materials in human eye tissue sections showed an intense

yellow fluorescence commonly associated with amyloid plaques [7–9]. Similarly,

congo red staining of these tissues provided results also usually associated with

amyloid structures. Although congo red dichroism of XFS materials has been

observed for this system [8], it has not always generated consistent results [2,

10] and has generally been observed to be variable through many studies of

other systems [11, 12]. Despite immunofluorescence studies showing selective

binding of an anti-amyloid antiserum to XFS materials [7], and some studies

suggesting structural similarities between amyloid fibrils and XFS materials

[13, 14], the similarity between amyloid and XFS aggregates is debated [4].
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Correlating the precise similarities between the structure of XFS and amy-

loid fibrils is outside the scope of this study; as high-resolution studies of

XFS fibril core structure would be required to properly address this ques-

tion. That said, structural polymorphisms are a key characteristic of amyloid

fibrils, where variations in the structure of fibrillar aggregates might be cor-

related with variations in disease phenotype or biological mechanisms under-

lying disease development [15, 16]. So important is this characterization that

patient-specific structural variations in amyloid fibrils have been thought to

be key to developing structure-specific diagnostic agents [15, 16]. Thus, amy-

loid polymorphisms and structural variations of fibrillar aggregates associated

with neurodegenerative diseases have been extensively characterized [15, 16].

However, early microscopy studies of XFS materials primarily focused on find-

ing fibrils in different ocular structures, as opposed to precisely defining their

biophysical characteristics [17].

For other fibril forming diseases it is acknowledged that structural polymor-

phisms play an important role in their pathomechanism [18, 19]; however, this

topic seems largely unstudied for XFS. Mature XFS fibrils are electron-dense

structures that may show a periodic cross-banding pattern. The formation

mechanism for fibrils are largely undefined, however, it could be that they are

formed through lateral binding of microfibrillar subunits [20]. Despite the fact

that conformational diversity of fibrillar aggregates might lead to different

physiological consequences [21], there are limited studies done to determine

the potential diversity of XFS fibrils between patients. Previous transmission

electron microscopy (TEM) analysis of XFS fibrils on human lens capsules

have suggested that XFS materials are generally composed of two main types

of fibrillar structures: (i) fibril diameter of ∼20 nm and length of ∼1 µm, with

common banding patterns every ∼25 or 50 nm (25 nm being less frequent);

(ii) fibril diameter of ∼40 nm and length from 0.3 – 0.5 µm, with a less fre-
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quent banding pattern. It has been hypothesized that these fibrils form from

protofilaments having a range of diameters from ∼5 to ∼9 nm with banding

pattern of ∼11 nm [4]. However, patient to patient variability in the structural

polymorphisms of these formed fibrils has not been reported.

In this study, we confirmed the presence of XFS fibrils on human lens

capsules using different microscopy techniques. Isolated XFS deposits from

the anterior lens capsules of various patients, at different stages of the disease

(Table 4.1), were imaged using TEM techniques to evaluate the structural

characteristics of these fibrils. A large variety in structural features of these

fibrils were observed. Despite the small sample size of patients studied a large

number of differences in fibril structure was observed. It seems obvious that

further structural studies need to be conducted to fully characterize these

fibrillar structures.

Sample name Patient age Patient sex Amount of XFS materials
L 61 Male Low

M1 72 Male Moderate
M2 66 Male Moderate
M3 83 Male Moderate
H 67 Male Heavy

Table 4.1: XFS samples used for TEM studies.

4.2 Materials and methods

4.2.1 Sample collection

All human tissue samples were collected according to protocols approved by

the Research Ethics Boards of the University of Alberta, and University of

Calgary. The exclusion criteria included eyes with previous severe trauma or

infrared radiation exposure, history of diabetes mellitus, and patients with

previously reported amyloidosis. Tissue samples were transferred and kept

at 4 ◦C in BSS® intraocular irrigation solution (Alcon). Lens capsules used
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for microscopy studies of XFS fibrils on the tissue were preserved in fixative

buffer (2.5% glutaraldehyde, 4% paraformaldehyde in 0.1 M phosphate buffer,

pH 7.4) prior to processing. Lens capsules used for removing XFS materials

were washed with ultrapure water (Milli-Q) to remove excess salts prior to

processing. Capsules were placed on the coverslip in 25 µl of 1 mM sodium

azide and XFS materials were removed through a light abrasion of the surface

with the side of a gel loading pipette tip (GELoader, epT.IPS, 20 µL, Eppen-

dorf, Germany). For light microscopy observation, tissue sections were stained

with Richardson’s stain (0.1% methylene blue in 0.1% sodium borate, 0.1%

azure II).

4.2.2 Scanning electron microscopy (SEM) of lens cap-
sule having XFS materials

Upon washing with 0.1 M phosphate buffer, the lens capsule was dehydrated

in a graded series of ethanol with 20% increase in concentration every 15 min

followed by hexamethyldisilazane (HMDS) treatment, 25% increments every

30 min. Sample was allowed to air dry overnight, and subsequently sputter-

coated with gold–palladium film. SEM images were obtained using a Philips

FEI-XL30 scanning electron microscope (FEI Company, CA, USA).

4.2.3 Transmission electron microscopy (TEM) of XFS
deposits on lens capsule

After washing with 0.1 M phosphate buffer, lens capsule was dehydrated

through a graded ethanol series. Sample was then infiltrated with a mixture

of ethanol and Spurr’s resin overnight, followed by 100% Spurr’s resin incu-

bation. Thin sections were prepared using an ultramicrotome (Reichert-Jung

Ultracut-E, Vienna, Austria) and stained with 4% uranyl acetate solution.

Electron micrographs were captured using a Philips–FEI transmission elec-

tron microscope (Morgagni-268, Hillsboro, USA) operating at an acceleration
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voltage of 80 kV.

4.2.4 TEM of isolated XFS materials

Negative stain electron microscopy was used to assess the different fibrillar de-

posits of patient-derived XFS samples. XFS materials were removed from the

anterior lens capsule surface as described above in sample collection section.

XFS patients were classified as having low, moderate, or heavy deposits. 6

µl of each sample was loaded onto a glow-discharged 400 mesh carbon-coated

copper grid (Ted Pella Inc. Redding, CA). Typically, samples were adsorbed

onto the grid surface for 2 minutes after which excess solution was removed by

blotting with Whatman paper. Grids were then washed briefly and negatively

stained using freshly filtered 2% uranyl acetate (UA) or 2% phosphotungstic

acid (PTA) solutions. The negatively stained samples were analyzed with a

FEI Tecnai G20 electron microscope (FEI Company). An acceleration voltage

of 200 kV was used to record micrographs on an Eagle 4k × 4k CCD camera

(FEI Company).

4.2.5 Two-dimensional (2D) class averages of the fibril
segments

Electron micrographs showing well-defined, isolated fibrillar structures were

used for image processing to enhance the signal-to-noise ratio of the fibril

ultrastructure. Isolated fibril images were selected and segmented along the

fibril axis into 50% overlapping boxes of 200 × 200 pixels (64 nm × 64 nm)

using EMAN’s boxer program [22]. Class averages were calculated using the

EMAN’s startnrclasses program [22].
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4.3 Results and discussion

Patient specific samples were collected and XFS materials isolated from the

anterior side of excised lens capsules were further characterized using stere-

omicroscopy, SEM and TEM techniques. It should be mentioned that the

identification of XFS materials may not fully represent the population of ma-

terials present before surgery as the surgery itself may inadvertently remove

some XFS materials from the capsule; this is despite the fact that standard

surgical practices are employed from patient to patient and from surgeon to

surgeon. In addition to this, the patient-to-patient variation in deposition pat-

terns of XFS materials on lens capsules may result in differences in amount of

XFS materials or even structural types of XFS materials present after surgery.

Thus, despite being clinically diagnosed with XFS, only five out of nine tissue

samples clearly had fibrils present.

In contrast to complex purification strategies used to process samples from

amyloidotic organs, like the brain or liver, that may induce artifacts in their

analysis [23] the method for capturing XFS materials is relatively straight-

forward. Similar to previously reported methods [24], we used a gel-loading

pipette tip to remove XFS materials using a gentle mechanical force that re-

moved aggregates without damaging underlying tissues. Thus, it is expected

this approach will minimize contamination through capturing collagen frag-

ments or addition of enzymes for degrading the lens capsule itself. Given the

well-defined and significant differences in size and structure between XFS and

collagen fibers [25], it was apparent that no collagen fibers were observed in

our TEM studies of XFS materials [26, 27].
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4.3.1 Identification of XFS materials on the lens capsule

XFS coated human lens capsules were analyzed using light and scanning elec-

tron microscopy (SEM, Fig. 4.1). Stereomicroscopy was used to confirm the

presence of XFS deposits on the anterior side of all lens capsules prior to

subsequent processing for electron microscopy characterization. A representa-

tive stereomicroscopy result is shown in (Fig. 4.1a) for XFS deposits from a

68-year-old male patient, with a moderate level of XFS, where the lens was

stained with trypan blue ophthalmic solution used during cataract surgery.

Because of the deep blue color, XFS deposits were not observed clearly in the

central zone of the lens capsule, however, XFS deposits were clearly observed

in the peripheral zone (Fig. 4.1a). Junctions between intermediate (i.e. de-

void of XFS materials) and peripheral zones were also observed (white arrows,

Fig. 4.1a). The observed connecting bridge pattern between the central zone

and peripheral zone is common for clinically identified XFS [2]. The interme-

diate clear zone, where the lens capsule is normal and mainly devoid of XFS

deposits [28], was also clearly observed in stereomicrographs, and further high-

resolution SEM confirmed this area was completely devoid of XFS fibrils (Fig.

4.1b). This zone is believed to be created due to the rubbing of iris sphincter

region over the anterior surface of the lens capsule during physiologic pupillary

movement [4].

SEM studies of XFS materials were used to confirm the presence of a loosely

packed irregular meshwork of XFS fibrils on the surface of the lens capsule,

as previously reported (Figs. 4.1c-e) [28]. The lens capsule collected from a

76-year-old female patient, with moderate XFS, was used to evaluate the XFS

materials on the lens using SEM (Figs. 4.1b-e). Different locations of the

same lens capsule were characterized (Figs. 4.1b-e), the results of which are

similar to previously reported structures on the lens capsule. The diameter of
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the majority of XFS fibrils were found to be in the range of ∼15 to ∼40 nm

(Fig. 4.1f). Thinner fibrils of ∼10 nm diameter were observed that could be

protofilaments, which may aggregate laterally to form thicker mature fibrils

that are up to ∼80 nm in diameter (Fig. 4.1e). SEM studies on XFS fibrils

associated with human lens capsules have shown fibril diameter ranges of ∼50

- 80 nm and ∼35 - 40 nm with subunit filaments having a diameter of ∼10

nm [10, 28]. Spherical aggregates (white arrows, Fig. 4.1c) were observed as

reported previously, where others have conjectured them to be cell fragments

[10]. Because of the irregular and tangled arrangement of XFS fibrils, it is

difficult to ascertain individual fibril length; we could barely identify fibrils

exceeding 1 µ in length, however, different SEM studies have reported lengths

ranging from ∼3 - 5 µm [10, 28].

Using some of the same lens capsule analyzed using SEM (Fig. 4.1), an

expected bush-like, feathery excrescence of XFS materials was also observed

using light microscopy (Fig. 4.2a) [2]. As already seen in the SEM micro-

graphs, an irregular orientation of non-branching XFS fibrils was also observed

in TEM micrographs (Figs. 4.2b and c). Diameter distribution analysis on

TEM micrographs showed that XFS fibrils had a similar width distribution as

observed using SEM, where the majority of fibrillar aggregates had diameters

ranging from ∼15 - ∼40 nm (Fig. 4.1f). Protofilaments with a diameter of

∼10 nm were observed within the mature XFS matrix (arrow, Fig. 4.2b).

These protofilament subunits are thought to laterally aggregate to form fib-

rils up to 80 nm in width (Figs. 4.1f, 2b) [20]. Previous electron microscopy

studies have shown that XFS fibrils usually exhibit a periodic cross-banding

pattern [2, 4, 29]. In this study, a banding pattern was observed in some TEM

micrographs of XFS fibrils in lens capsule sections (Figs. 4.2c, d). The core

structure of XFS fibrils has not been clearly identified, thus a molecular basis

for the observed cross-banding patterns is unknown. However, collagen fibers
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Figure 4.1: Micrographs of the anterior surfaces of lens capsules excised from
XFS patients. (a) Lens capsule under stereomicroscope (black arrows indicate XFS de-
posits, white arrows indicate the junctions between intermediate and peripheral zones). (b)
SEM micrograph of a non-XFS rich capsule location. (c-e) SEM micrographs of XFS fibrils
found on the capsule surface. (f) Diameter distribution of XFS fibrils on the capsule surface
as observed using SEM and TEM.

show a highly ordered banding pattern that is due to the specific packing of

tropocollagen monomers, which create regular gap and overlap regions along

the fiber [30]. That said, this structure in collagen arises from a controlled fib-

rillogenesis process, whereas XFS fibrils have only been associated with cells

that have an increased metabolism, where previous studies have shown indi-

cations of an active fibrillogenesis process [20, 31]. However, it is unclear what
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molecular-level interactions are responsible for cross-banding patterns seen in

XFS fibrils.

Figure 4.2: Micrographs of the cross-section of anterior lens capsules excised
from XFS patients. (a) Light microscope image of sectioned lens capsule showing bush-
like excrescence of XFS materials on the surface of lens capsule (arrows). (b) TEM micro-
graph of XFS fibrils being formed through lateral binding of protofilament subunits. (c, d)
XFS fibrils on the anterior lens capsule, with cross-banding pattern (arrows). (e) interface
contact between lens capsule and XFS fibril. (f, g) differences in interfacial contacts with
XFS materials as well as XFS macrostructure. (h) Lens epithelial cells on the posterior side
of lens capsule (LC: lens capsule, LE: lens epithelium).

The epithelial cells located on the posterior side of the lens capsule were

evident in both light and TEM micrographs (Figs. 4.2a, h). Previously re-

ported TEM studies have shown that part of the XFS materials found on the

anterior lens capsule are in fact intracapsular XFS fibrils, which emerge from

the lens epithelium and migrate through the lens capsule to its surface [2, 32].
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However, although our data may suggest that a similar structure within the

lens capsule exists (arrow, Figs. 4.2e, f), we focused on analyzing the fibrils

exposed on the anterior side of the capsule only. Excrescences of XFS fibrils

on the anterior lens capsule were also observed as expected (Fig. 4.2g).

4.3.2 XFS materials liberated from the capsule

The ultrastructure of XFS materials obtained from five clinically diagnosed

patients were characterized using negative stain TEM (Figs. 4.3-7). Figures

4.3-5 are stained samples from patients with moderate amounts of XFS de-

posits on their lens capsules. Figures 4.6 and 4.7 are from patients with low

and high amount of XFS deposits, respectively. In contrast to previous results,

it is apparent that the characterized XFS fibrils have a distinct morphology in

each patient sample.

As seen in (Fig. 4.3a), isolated fibrils from a 72-year-old male patient, of

moderate XFS, had distinct substructures and contained two or more protofil-

aments. These fibrils were highly abundant on the EM grid. The width of

fibrils with one, two (e.g., Fig. 4.3a first two panels), and three protofilaments

were measured to be ∼16, 31, and 48 nm, respectively (Table 4.2). As seen in

the last two panels of (Fig. 4.3a), fibrils with higher numbers of protofilament

were also observed with an aggregate width of ≥116 nm. Fibril length was

between ∼200 to 700 nm. A 2D class average from these fibrils (Fig. 4.3b) al-

lowed for an increase in the signal to noise ratio, thus enhancing the features in

the electron micrographs. Upon closer inspection of the 2D class average (Fig.

4.3b), the protofilaments display a clear periodicity with a repeat distance of

∼7-8 nm, suggesting a discrete subunit structure.

Fig. 4.4a shows fibrils that were detected in a sample from a 66-year-old

male patient (M2) with moderate XFS. The width of these fibrils was found to

be ∼13 nm (Table 4.2), with some fibril lengths exceeding 1 µm. Due to the

98



Figure 4.3: Electron micrographs of XFS fibrils from the surface of lens capsule
XFS-M1. (a) Electron micrographs of negatively stained (using 2% UA), isolated XFS
deposits from the lens capsule of a 72-year-old male patient (M1) being in moderate stages of
XFS at the time of surgery. Arrows in (a) indicate helical twist regions (scale bars = 50 nm).
(b) First panel: A representative 2D class average of the two protofilament fibril segments
after image processing. One and two protofilament is designated by white arrowheads and
arrows, respectively (scale bar = 10 nm). Second panel: A schematic illustration of the 2D
class average image.

heterogeneity of the fibrils a 2D class average failed to reveal any prominent

features. However, the presence of only one density in the 2D class average

(Fig. 4.4b) suggests that the ∼13 nm fibrils consist of one protofilament only.

Fibrils obtained from sample M3 are similar to those of sample M2, showing

filaments with lengths that can exceed 1 µm (Fig. 4.5a). However, these fibrils

had widths between ∼5 and ∼21 nm, with a dominant species at ∼10 nm.

The 2D class averages suggested that the 20 nm fibrils are made of two 10 nm

protofilaments (Fig. 4.5c), and although not prominent it is likely that the 10

nm fibrils might contain two 5 nm protofilaments (Fig. 4.5c).

Fibrils obtained from a 61-year-old male patient (sample L) had a width of

∼23 nm (Fig. 4.6a) and a length of ∼200 nm to ∼1 µm. In some, but not all,

of the 23 nm fibrils two distinct densities were detectable, but this feature was

not amplified in the 2D class average (Fig. 4.6b) indicating a less prominent
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Figure 4.4: Electron micrographs of XFS fibrils from the surface of lens capsule
XFS-M2. (a) Electron micrographs of negatively stained (using 2% UA), isolated XFS
deposits from a lens capsule of a 66-year-old male patient (M2) being in moderate stages
of XFS at the time of surgery. Arrows in (a) indicate helical twist regions (scale bars = 50
nm). (b) Fist panel: A representative 2D class average of the fibril segments after image
processing (scale bar = 10 nm). White arrows indicate the density of the fibril in the 2D
class average image suggesting it is consist of one protofilament only. Second panel: A
schematic illustration of the 2D class average.

substructure.

The only XFS patient sample that showed distinct, observable 5 nm protofil-

aments that were consistent among all fibrils within this sample came from

sample H, who was a patient with high stage XFS (Fig. 4.7a). The fibrils

themselves had a diameter of ∼10.5 nm with a length of between 200 to 500

nm. The two 5-nm protofilaments were made visible in the 2D class aver-

age (Fig. 4.7b). It was interesting to note that this was the only patient in

advanced stages of disease.

Twisting is one of the key markers of structural polymorphism in protein

fibrils [33]. XFS fibrils from samples XFS-M1, M2, M3, and H showed a helical

twist in their structures (arrow, Figs. 4.3-5, 7). XFS-H fibril showed the most

regular helical pitches (arrow, Fig. 4.7), however, other XFS fibrils showed
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Figure 4.5: Electron micrographs of XFS fibrils from the surface of lens capsule
XFS-M3. (a) Electron micrographs of negatively stained (using 2% UA), isolated XFS
deposits from a lens capsule of an 83-year-old male patient (sample M3) being in moderate
stages of XFS at the time of surgery. Arrows in (a) indicate helical twist regions (scale bars =
50 nm). (b) First panel: A representative 2D class average of the 10 nm filaments displaying
two protofilaments. One and two protofilaments are designated by white arrowheads and
arrows, respectively. Second panel: A schematic illustration of the 2D class average image
(scale bar = 10 nm). (c) First panel: 2D class average of 20 nm fibrils displaying two
distinct physical entities. One and two protofilaments are designated by white arrowheads
and arrows, respectively. Second panel: A schematic illustration of the 2D class average
image (scale bar = 10 nm).

less regular twist regions along the fibril axis. The most irregular twist regions

were observed in XFS-M2 fibrils (arrow, Fig. 4.4). To understand the twisted

structure of XFS fibrils, their composition and mechanism involving molecular

assembly need to be determined. However, twisting is a structural behavior

of helical fibrils and amyloids which affect their morphology. It is the result

of net interaction arising from two opposing forces; where amino acids tend to

twist due to their intrinsic chirality, twisted structures resist further bending

stress arising from their elastic distortion [33, 34].

Diameters of XFS protofilaments are as reported in Table 4.2. Only one

type of protofilament was observed in the XFS fibrils obtained from the lens

capsule of the patient clinically diagnosed with low XFS. Although in some

fibrils of this sample two densities were detected, this structural distinction was

not readily recognizable in 2D class average images. In the XFS-M2 sample,

protofilaments having a diameter of ∼13 nm was observed. Samples XFS-M3
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Figure 4.6: Electron micrographs of XFS fibrils from the surface of lens capsule
XFS-L. (a) Electron micrographs of negatively stained (using 2% PTA), isolated XFS
deposits from a lens capsule of a 61-year-old male patient (sample L) being in low stages
of XFS at the time of surgery (scale bars = 50 nm). (b) First panel: A representative 2D
class average of the fibril segments. White arrows indicate the density of the fibril in the
2D class average image (scale bar = 10 nm). Second panel: A schematic illustration of the
2D class average image.

and XFS-H both showed two types of protofilaments having similar diameters,

whereas, in sample XFS-M3, another type of protofilament with diameter ∼21

nm was observed. It has been previously shown that the diameter of XFS

protofilaments found on the lens capsule was ∼10 nm [10]. Moreover, a review

suggests that the protofilaments could be in the range of ∼5 to ∼9 nm in width

[4]. In this study, the protofilaments were identified based on the most basic

visible component of the fibril, meaning that, for instance, in the XFS-M1

sample (Fig. 4.3), three types of fibrils having diameters of 16, 31, and 48 nm,

would correspond to one, two, or three protofilaments, respectively (Table 4.2).

This is an important aspect of observed structural variation, where it seems

that besides the well-known mechanism of lateral aggregation of protofilaments
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Figure 4.7: Electron micrographs of XFS fibrils from the surface of lens capsule
XFS-H. (a) Electron micrographs of negatively stained (2% PTA), isolated XFS deposits
from a lens capsule of a 67-year-old male patient (sample H) being in high stages of XFS
at the time of surgery. Arrows in (a) indicate helical twist regions (scale bars = 50 nm).
(b) First panel: A representative 2D class average of the fibril segments. One and two
protofilaments are designated by white arrowheads and arrows, respectively (scale bar = 10
nm). Second panel: A schematic illustration of the 2D class average image.

into mature XFS fibrils, there might be some initial molecular-level assembly

processes that could lead to formation of thicker fibrils, presumably without

going through lateral aggregation process.

4.4 Conclusions

In this study we evaluated fibrils located on the anterior lens capsules of hu-

man eyes for the express purpose of elucidating the extent of their structural

number of
protofilaments

L M1 M2 M3 H

Fibril width
(nm)

One ∼23 ∼16 ∼13 ∼5 ∼5
Two - ∼31 - ∼11.5 ∼10.5

Three - ∼48 - ∼21 -

Table 4.2: Width measurement of fibrils from patients diagnosed with exfoliation syn-
drome.
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diversity. Electron micrographs of fibrils from only five patients revealed sig-

nificant diversity in fibril morphologies. It is striking that given a small sample

size such diversity in fibril structure was noted. These results may suggest dif-

ferent phenotypes or clinical subtypes of XFS, however, additional analyses

would be required to resolve this question and reveal more detailed informa-

tion about unknown aspects of XFS fibrils. Further classification including

statistical distribution of structural sub-populations will require significantly

more samples. Nevertheless, even with a small sample size it was apparent

that fibrils are comprised of protofilaments of various diameters and banding

patterns.

Fibril polymorphisms are considered an important facet of other fibril-

related diseases, but is largely overlooked when considering XFS. For instance,

two distinct fibrillar structures were found in samples extracted post-mortem

from the brains of two Alzheimer’s disease patients with different clinical his-

tories. Autopsy revealed that both patients had developed characteristic Aβ

plaques and neurofibrillary tangles of Alzheimer’s disease, however, different

fibril structures suggests that this structural diversity might be correlated with

variations in disease development [35]. That said, it is also obvious that fib-

rils associated with Alzheimer’s, for example, interact with a vastly different

environment, viz., cell dense tissue compared to XFS materials located on the

anterior lens capsule. However, XFS fibrils are located throughout the an-

terior segment and within the Schlemm’s canal wall i.e. environments that

range from cell free to cell dense. It has been shown that XFS materials are

composed of fibrils of varying diameters and lengths [4, 36]. However, certain

types of fibrils with dominant structural features in different patients have not

been observed before.

Taking amyloid fibrils as a basis, polymorphisms are thought to reflect fibril

structures, including: variations in the number of protofilaments, differences
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in the relative orientation of protofilaments, and differences in the internal

conformation of the protofilament [37, 38]. Furthermore, structural variations

of ex vivo amyloid fibrils may be influenced by constituent proteins and fib-

rillogenesis conditions [39]. Considering these factors, further studies on XFS

fibrils obtained from different patients may reveal possible links between pre-

cursor proteins and dominating fibrillar ultrastructures, which may shed light

on disease progression.
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Chapter 5

Towards preventing exfoliation
glaucoma by targeting and
removing fibrillar aggregates
associated with exfoliation
syndrome
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Abstract

Exfoliation syndrome presents as an accumulation of insoluble fibrillar ag-

gregates that commonly correlates with age and causes ocular complications,

most notably open-angle glaucoma. Despite advances in understanding the

pathogenesis and risk factors associated with exfoliation syndrome, there has

been no significant progress in curative pharmacotherapy of this disease. It

is thought that the ability to target the fibrillar aggregates associated with

exfoliation may offer a new therapeutic approach, facilitating their direct re-

moval from affected tissues. Phage display techniques yielded two peptides

(LPSYNLHPHVPP, IPLLNPGSMQLS) that could differentiate between ex-

foliative and non-affected regions of the human lens capsule. These peptides

were conjugated to magnetic particles using click chemistry to investigate their

ability in targeting and removing exfoliation materials from the anterior hu-

man lens capsule. The behavior of the fibrillar materials upon binding to

these magnetic particles was assessed using magnetic pins and rotating mag-

netic fields of various strengths. Ex vivo studies showed that the magnetic

particle-peptide conjugates could generate enough mechanical force to remove

large aggregates of exfoliation materials from the lens capsule when exposed

to a low-frequency rotating magnetic field (5000 G, 20 Hz). Biocompatibility

of targeting peptides with and without conjugated magnetic particles was con-
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firmed using MTT cell toxicity assay, live/dead cell viability assay, and DNA

fragmentation studies on primary cultured human trabecular meshwork cells.

This is a novel, minimally invasive, therapeutic approach for the treatment

of exfoliation glaucoma via the targeting and removal of exfoliation materials

that could be applied to all tissues within the anterior segment of the eye.

Keywords : exfoliation syndrome, phage display, peptide, targeting, mag-

netic particle.
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5.1 Introduction

Exfoliation syndrome (XFS, a.k.a. pseudoexfoliation) is known as the most

common identifiable cause of glaucoma, affecting ∼70 million individuals in

the world [1]. XFS is commonly considered an age-related disease that sig-

nificantly affects the homeostasis of the human eye through the formation of

small deposits of white materials throughout the anterior segment of the eye.

Although their precise composition is unknown, these white deposits are con-

sidered to be amyloid-like fibrils, with varied thicknesses, embedded in a fibril-

logranular matrix of glycoprotein-proteoglycan crosslinks [2–6]. When found

in the trabecular meshwork, these fibrillar deposits can impede the outflow of

aqueous humor and cause large fluctuations in intraocular pressure (IOP) that

increases eye pressure to the point that irreversible blindness glaucoma may oc-

cur [7–9]. Despite best clinical efforts, IOP levels for patients with exfoliation

glaucoma may gradually or suddenly elevate uncontrollably [8]. XFS has been

causally related to lens subluxation, zonular instability, blood-aqueous barrier

impairment, and several intraoperative and postoperative complications that

occur during ocular treatments [10, 11]. Moreover, there is a body of evidence

suggesting that XFS is a systemic disease, which presents in blood vessels,

lungs, skin, gallbladder, heart, meninges, and it is a potential risk factor for

other clinical complications such as coronary artery disease and renal artery

stenosis [12–14].

XFS materials are not removed through normal regulatory processes nec-

essary for ocular homeostasis and, despite some success in elucidating path-

omechanisms, curative pharmacotherapy to prevent, break down, or remove

these materials has not yet been achieved. The ability to treat this disease

necessitates the ability to preferentially target the fibrillar structures related

to XFS within the in vivo context. Compared to the other targeting ap-
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proaches, peptide-based therapeutic strategies have benefited from a lower

immunogenicity profile, higher binding affinity, and increased specificity re-

lated to the small peptide molecules relative to other drug compounds. Phage

display is a powerful technique for screening a library of random amino acid se-

quences to identify peptides that specifically, and robustly, bind to substrates

with an antibody-like affinity; a strategy used to identify peptides that bind

Alzheimer’s disease plaques [17, 18]. Moreover, phage display provides high-

throughput screening of random peptide libraries without a priori knowledge

of the target properties, which is pertinent as the physicochemical properties

of these fibrillar structures is ill-defined.

Herein, we have used ex vivo phage display to identify high-affinity bind-

ing peptides specific for XFS materials. All phage binding experiments were

conducted using extracted human aqueous humor (hAH) so as to mimic the

physiological pH and solution properties that are crucial to molecular inter-

actions (ion, protein, osmolarity) [19]. Non-XFS lens capsules were used as

a negative panning target to remove peptides that bind to only to the lens

capsule itself. The phage library, after negative panning, was introduced to

XFS materials found on human lens capsules, and amplified three times to

determine high binding affinity sequences. Labeled phage-displayed peptides

and wild-type phages were carried out to confirm the selective binding to XFS

materials.

Identified XFS-targeting peptides were conjugated to spherical magnetic

particles (1µm dia.) to evaluate their ability to target, liberate from the lens

surface, and collect XFS materials. Magnetic particles (MPs) have been em-

ployed for diagnosis and treatment applications as they have shown relatively

good biocompatibility and can be directed to specific sites in the body us-

ing external magnetic fields [20]. Furthermore, when exposed to an external

low-frequency rotating magnetic field similar MPs have generated mechani-
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cal forces that have been utilized for a variety of biomedical applications [21].

Conjugation of alkyne-modified peptides to azide-functionalized MPs was con-

firmed using surface zeta potential measurements, Fourier-transform infrared

spectroscopy (FTIR), and competitive labeling of MPs. The targeting capabil-

ity of peptide modified MPs was evaluated against their scrambled sequences

for binding to human lens capsules with and without XFS materials. Cellular

uptake of MP-peptide conjugates was studied using electron microscopy. Cell

toxicity of MP-peptide complexes was investigated using different techniques

including live/dead cell viability assay, MTT assay, and DNA fragmentation.

The effect of magnetic pin and rotating magnetic field on their ability to liber-

ate XFS materials bound to peptide modified MPs was evaluated using XFS

lens capsules, ex vivo. It was found that the designed peptide-based targeting

system along with magnetic field treatment was able to remove XFS materials

from a wide range of patient samples. It is thought that these engineered ma-

terials will provide a minimally invasive therapeutic strategy for treating XFS

that is hitherto unavailable.

5.2 Methods

5.2.1 Patient sample collection

Human tissue samples were collected and analyzed following written informed

consent according to the University of Alberta and University of Calgary re-

search ethics board-approved protocols. Human lens capsules were collected

from patients aged between 63-84 years, mean 74.8 ± 5 years, undergoing pha-

coemulsification cataract surgery, and were stored in balanced salt solution

(BSS® intraocular irrigating solution, Alcon) at 4 ◦C prior to use. Aqueous

humor fluid was collected from anterior chamber of the eye using a 30-gauge

cannula inserted through the paracentesis site. Patients with history of dia-
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betes mellitus, with previous severe trauma to the eye, with previous expositor

to infrared radiation and patents with previous diagnosis of amyloid disease

were excluded from the study.

5.2.2 Cell line

Primary human trabecular meshwork (hTM) cells were obtained from Scien-

Cell Research Laboratories (Carlsbad, CA), and maintained in TMCM medium

(ScienCell, no. 6591). Primary cell culture was passaged according to the

manufacturer’s instructions. Passage three cells were seeded on tissue culture

plates coated with gelatin and media were refreshed every 2-3 days. These

monolayer cultures were used in subsequent experiments upon reaching 95-

100% confluency.

5.2.3 Isolation of XFS materials-specific peptides

Ph.D.TM-12 phage display peptide library was used for ex vivo screening. All

human tissues were washed three times with BSS buffer before use. Human

lens capsules collected from patients without XFS were used for subtractive

screening. The lens capsules were incubated with the phage library (1 × 1011

pfu) in an equal volume of aqueous humor fluid and BSS® irrigating solution

for 1 hr at 37 ◦C in 0.2 ml tube. The solution was removed and 300 µl

of ice-cold BSS solution was added to the tube and tissue was washed several

times with BSST buffer (BSS solution containing 0.1% v/v Tween-20) to elute

off unbound or weakly bound phages. The lens capsule was subsequently

stained with 0.06% Trypan blue (same concentration used in anterior segment

surgeries to facilitate visualization of target tissues in specific situations) to get

better visualization of XFS material under the microscope. Tissue was washed

further to remove the excess dye and was placed on a sterile microscope slide

and covered with 20 µl BSS buffer and XFS material was carefully removed
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from the surface of lens capsule using round tip sterile needles. Care was

taken to not remove undesired parts of the lens capsule during the process.

The solution containing the scraped XFS material was transferred to a fresh

tube containing 100 µl 0.2 M glycine-HCl (pH 2.2) to elute phages bound to

the XFS material. After 15 min the solution containing recovered phages was

neutralized with 15 µl 1 M Tris-HCl buffer (pH 9.1). The eluted phages were

amplified by infection of E. coli host strain ER2738 (New England Biolabs).

Three rounds of ex vivo panning was performed with subtractive panning in the

beginning of subsequent round and stepwise increasing of Tween concentration

in BSST buffer (0.1, 0.2, 0.3%) to increase the likelihood of identification

of XFS material-targeting peptides. Individual clones were then picked for

characterization of peptide-encoding inserts using DNA sequencing (Fig. 5.1).

5.2.4 Evaluation of the targeting ability of phage-dis-
played peptides

Phage labeling

The ability of two highly enriched phage-displayed peptides to bind specifically

to XFS materials was evaluated ex vivo by fluorescently labeling these phages

with Cy5 (Lumiprobe) as described elsewhere [22]. Amplified phages (1 ×

1011 pfu) were resuspended in 0.3 M NaHCO3 (pH 8.6) containing 10 µg cy5

dye and incubated for 2 hr at room temperature in the dark. Subsequent to

phage/fluorophore incubation, 40 µl of 10 mM lysine was added to interact

with remaining free cy5 dye molecules in the solution. The volume of reaction

mixture was subsequently brought up to 1 ml with PBS buffer, and the phages

were purified with two rounds of 20% (w/v) polyethylene glycol-8000, 2.5 M

NaCl precipitation. The labelled phages resuspended in BSS solution.
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Figure 5.1: Ex vivo panning of phage-displayed peptide library on exfoliative hu-
man lens capsule. Control human lens capsules without XFS material were subjected to
subtractive panning to enrich XFS material-specific binders. Positive screening was carried
out on lens capsules collected from patients with XFS and undergoing phacoemulsification
cataract surgery. Three rounds of screening were applied and selected phage plaques were
analyzed using DNA sequencing.

Ex vivo evaluation of targeting ability of labeled phages

Fluorescently labeled phages carrying identified targeting peptides as well as

wild-type phages without peptide-encoding inserts were incubated with exfo-

liative human lens capsules in a 100 µl solution containing equal volumes of

human aqueous humor and BSS solution. The incubation was allowed to con-

tinue for 1 hr at 37 ◦C. After serially washing with BSST buffer (0.1, 0.3%),

three times each, the lens capsules were mounted on microscope slides and

were examined an Olympus IX81 inverted fluorescence microscope (Olympus

Corporation, Tokyo, Japan). The location of XFS materials on the surface

of the lens capsule was confirmed in bright-field mode prior to fluorescence

imaging.
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5.2.5 Magnetic bead-peptide conjugates

Synthetic alkyne-modified peptides (≥95% purity) corresponding to the phage-

displayed XFS materials-binding peptides and scrambled sequences were pur-

chased from RS synthesis (Louisville, KY, USA). The peptides were alkyne-

modified and their conjugation to azide-functionalized MPs with biocompat-

ible coatings (1 µm MPs, Nanocs Inc, New York) were carried out through

copper-catalyzed azide-alkyne click chemistry as described [23]. Azide-func-

tionalized MPs were added to the peptide solution having a final concen-

tration of 600 µM in 100 mM potassium phosphate buffer (pH 7). A pre-

mix solution containing 2.5 µl of 20 mM CuSO4 and 5 µl of 50 mM tris(3-

hydroxypropyltriazolyl-methyl)amine (THPTA) ligand (Lumiprobe) was pre-

pared immediately prior to use and added to the click reaction solution. 25 µl

of 100 mM sodium ascorbate was subsequently added and the reaction was al-

lowed to proceed for 1 hr. Subsequent to click reaction, the peptide-conjugated

MPs were first washed with 10 mM EDTA to remove copper ions and then

with BSS buffer.

5.2.6 Characterization of peptide-conjugated MPs

The surface charge of MPs with and without peptide conjugates was mea-

sured using a Zetasizer Nano ZS (Malvern Instruments, UK). For FTIR mea-

surements, drop-cast films of MPs with and without peptide conjugates were

analyzed using an FTIR microscope (Nicolet continuum FTIR microscope

(Thermo Scientific). FTIR spectra were collected with a resolution of 4 cm−1

and 128 scans of each sample. Conjugation of peptides to MPs was further

analyzed through competitive labeling of MPs with 5-carboxytetramethylrho-

damine alkyne (TAMRA-alkyne), 5-isomer fluorophore (Lumiprobe). Azide-

functionalized MPs were conjugated first with targeting peptides and then la-

beled with TAMRA-alkyne fluorophore as described before in the conjugation
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section. Since the azide groups on the surface of MPs had already interacted

with the alkyne group of peptides, they were expected to be non- (or less-)

labeled compared to control particles (without peptide conjugates).

5.2.7 Ex vivo evaluation of targeting ability of identified
peptides

Human lens capsules obtained from XFS patients after washing with BSS

buffer were transferred into a solution containing equal volumes of human

aqueous humor and BSS irrigating solution. 25 µg of each control MPs (with-

out peptide conjugates), MP-peptide, and scrambled MP-peptide complexes

were incubated with lens capsules in that solution in a 0.2 ml tube for 1 hr at 37

◦C with gentle shaking. Afterward, the excess particles were washed off with

BSS buffer and the lens capsules were mounted on the microscope slide and

images were taken using an Axiocam-105 color camera on a stereomicroscope

(Stemi-305, Carl Zeiss).

5.2.8 Evaluation of behavior of magnetized XFS mate-
rials under magnetic field

Ex vivo evaluation using magnetic pin

Human lens capsules incubated with MP-peptide complexes were laid flat on

a microscope slide with the XFS side facing up and 50 µl of BSS buffer was

placed on the top of the tissues. A metallic pin which was magnetized by

attaching it to the surface of a permanent magnet having field strength at the

pole of ∼5000 G was used to observe the effect of applied magnetic tool on

the XFS materials. Control experiments were carried out on the same tissues

using a non-magnetic 23-gauge needle which had almost the same tip size as

previously used magnetic pins. Images were taken under the stereomicroscope.
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Ex vivo evaluation using rotating magnetic field

The same approach was followed as previously described except for using a

rotating magnetic field instead of the static magnetic field applied with a

magnetic pin. The lens capsules were first incubated with MP-peptide conju-

gates and then treated with a rotating Halbach array magnet that produced

a ∼5000 G magnetic field across the gap of the magnet (Nickel-plated N48H,

Super Magnet Man Inc., Alabama, USA). The tissue samples were incubated

at the entrance of the Halbach array gap rotating at 20 Hz for 3 hr and then

images were taken under the stereomicroscope. Irrigation and aspiration is

used in cataract surgery to remove remaining parts of the lens materials and

residual viscoelastic solution from the eye. To mimic the surgery conditions,

irrigation of BSS buffer at a rate of 10 ml/min was applied over the processed

tissues to observe the effect of buffer irrigation on the removal of the XFS ma-

terials after being treated with rotating magnetic field. Control studies were

carried out with the same treatment approaches using XFS lens capsules, ex-

cept for using BSS buffer instead of MP-peptide conjugates.

In order to better evaluate of the effect of rotating magnetic field on remov-

ing of XFS materials from the surface of lens capsules, images of lens capsules

which were captured before and after treatment with the rotating Halbach

array were converted to 16-bit gray-scale images and their intensities analyzed

using Adobe Photoshop CC 2015 software (Adobe Systems Inc, San Jose, CA).

5.2.9 Electron microscopy studies

Scanning electron microscopy (SEM)

The monolayer of hTM cells cultured on gelatin-coated glass coverslips in 24-

well plates were incubated with 100 µg of MP-peptide complexes for 2 hr at 37

◦C. The wells were topped up with the fixative solution (2.5% glutaraldehyde,

4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4), for 20 min. Upon
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serial washing with PBS buffer (pH 7.4), samples were dehydrated with graded

ethanol gradually by 20% increments for 30 min each until 100% ethanol.

Samples were subsequently treated with hexamethyldisilazane (HMDS) and

allowed to dry overnight, then mounted on SEM stubs and sputtered with a

gold-palladium film. SEM images were obtained using a Zeiss Sigma FE-SEM

scanning electron microscope (Carl Zeiss, Inc., Oberkochen, Germany) at the

accelerating voltage of 20 kV.

Transmission electron microscopy (TEM)

Confluent monolayers of hTM cells cultured in 24-well cell culture plates were

incubated with MP-peptide complexes as previously described for SEM stud-

ies. After washing with Dulbecco’s PBS buffer, cells were scraped off the wells

and transferred into the microcentrifuge tube. Cells were centrifuged at 1000

rpm for 5 min to form a pellet. The supernatant was removed and the cells

pellet was incubated in the fixative solution overnight. Upon washing with 0.1

M phosphate buffer (pH 7.4), samples were post-fixed in 1% osmium tetroxide

for 1 hr. Dehydrated pellets were then embedded in Spurr’s resin and allowed

to polymerize at 70 ◦C overnight. Ultrathin sections were prepared using an

ultramicrotome (Reichert-Jung Ultracut-E, Vienna, Austria) with a diamond

knife. The ultrathin sections were stained with 4% uranyl acetate solution and

imaged using a Philips–FEI, Morgagni-268 transmission electron microscope

(Hillsboro, USA) operating at an acceleration voltage of 80 kV.

5.2.10 Morphology and phenotype of hTM cells

Before biocompatibility studies, the morphology and phenotypic characteris-

tics of cultured hTM cells were studied. Population doubling time of hTM

cells was obtained as described elsewhere [24].
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5.2.11 Immunohistochemical study

Immunohistochemical assays were employed to identify the expression of char-

acteristic phenotypic markers of trabecular meshwork cells. Confluent mono-

layers were confirmed using an inverted cell culture microscope (Leica DMi1,

Leica Microsystems Inc, Germany). Immunohistochemical labeling was car-

ried out according to the manufacturer’s protocol. Rabbit anti-fibronectin

(1:200, ab2413, Abcam), rabbit anti-laminin (1:200, ab11575, Abcam) and

rabbit anti-myocilin (1:200, ab41552, Abcam) antibodies were used as fluores-

cently-labeled primary antibodies. Phalloidin-Alexa Fluor 488 (1:40, Molecu-

lar Probes) was used to label filamentous actin (F-actin). Upon washing with

PBS buffer, grown cells on glass coverslips were fixed with 4% paraformalde-

hyde in PBS buffer for 10 min at room temperature. Cells were subsequently

washed with ice-cold PBS buffer and permeabilized for 5 min with 0.2% Tri-

ton X-100. Cells were washed thrice with PBS buffer and incubated with PBS

containing 5% goat serum for 1 hr at room temperature to block nonspecific

binding sites of the antibodies. Primary antibodies were then added to the

wells ad incubated overnight at 4 ◦C in the dark. Upon washing with PBS

buffer, cells were incubated with phalloidin for 20 min. Samples were then cov-

ered using fluoroshield mounting medium with DAPI (ab104139, Abcam) and

images were taken using an Olympus IX81 inverted fluorescence microscope

(Olympus Corporation, Tokyo, Japan).

5.2.12 Biocompatibility studies

MTT cytotoxicity assay

Cytotoxicity of XFS-targeting peptide solutions, as well as MP-peptide con-

jugates, was tested against hTM cells using MTT assay. Cells were plated in

24-well plates and upon reaching confluency they were treated with different

concentrations of peptide solutions and particle-peptide conjugates. Cell pro-
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liferation was evaluated 24 hr post-treatment using the Vybrant® MTT cell

proliferation assay kit (Molecular Probes).

Live/dead cell viability assay

Cell viability was further assayed using LIVE/DEAD® viability/cytotoxicity

kit (Molecular Probes). Monolayers of hTM cells were treated in triplicates

with peptides alone in solution (1 mM) and in conjugation with MPs (100 µg).

Cell viability was then assessed according to the manufacturer’s protocol. The

kit is based on calcein AM/ethidium homodimer-1 (EthD-1) system, where

calcein AM detects cellular esterase activity of live cells and EthD-1 stains

nuclei of dead cells. A similar live/dead assay was used to investigate the

effect of MP-peptide conjugates on the viability of hTM cells in the presence

of the rotating magnetic field. Cells grown in 24-well plate and treated with

MP-peptide conjugates were placed under a rotating magnetic field for 1 hr.

The viability of hTM cells was then assessed as described above. A similar

live/dead assay was carried out to evaluate the effect of the rotating magnetic

field on cultured hTM cells. The plated cells in a 24-well cell culture plate were

incubated with 100 µg MP-peptide conjugates. The plate was placed under

a rotating magnetic field which was constructed using two attached cuboid-

shaped permanent magnet (having a pole field strength of ∼5000 G) to provide

a larger field over the plate. The cells were treated with the rotating magnetic

field for 10 min and then analyzed using live/dead assay as described before.

For both MTT and live/dead assays one-way ANOVA test was used to analyse

the significance of difference (p < 0.05) between the results.

DNA fragmentation analysis

Effect of peptide-particle conjugates and peptide solutions on the induction

of apoptotic DNA fragmentation was analyzed in hTM cells. Grown hTM
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cells in 24-well plates were incubated with 100 µg of MP-peptide complexes or

0.5 mM peptide solutions for 24 hr at 37 ◦C. Cells were recovered from wells

using a cell scraper. DNA was isolated and purified using DNeasy blood and

tissue kit (Qiagen). Extracted DNA molecules from control and treated hTM

cells were subjected to 2% agarose gel electrophoresis and visualized by SYBR

green staining.

5.3 Results and discussion

5.3.1 Ex vivo phage display against XFS materials

Peptide sequences that bind to XFS materials were deduced from the DNA

sequences of selected phage clones. Three rounds of biopanning against XFS

materials sourced from different patients yielded an enrichment of two pep-

tides: LPSYNLHPHVPP (p-LPS) and IPLLNPGSMQLS (p-IPL) (Appendix

1, Table A1). The high degree of selectivity of these phage towards the XFS

materials was aided by: i. removal of phage that bound normal lenses through

negative biopanning, and ii. removal of XFS materials from the lens capsules,

resulting in specific amplification of phage that only bound to these fibrils.

Moreover, the robust nature of the binding was evident as samples came from

different patients. Finally, the use of extracted human aqueous humor at 37

◦C [25] was vital to these experiments so as to maintain an environment (pH,

ionic strength, proteins, osmolarity) that was as close as possible to the phys-

iological environment where the targeting of fibrils would occur.

5.3.2 Evaluating the targeting ability of phage-displayed
peptides

Human lens capsules with XFS materials were stained with fluorescently la-

beled wild-type phages as well as phages displaying the enriched peptides. It

is important to note that the conjugated fluorophore (Cy5 NHS ester dye)
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molecule did not interfere with phage binding to the XFS materials as it re-

acts with the primary amino group of lysine, which was not present in the

enriched peptides. Both phage-displayed peptides (p-LPS and p-IPL) showed

specific binding to XFS materials (Figs. 5.2A, C), where the presence of XFS

materials was already confirmed using bright-field microscopy (Figs. 5.2B, D,

F). Wild-type phages showed no noticeable interaction with XFS materials on

the surface of the lens capsule (Fig. 5.2E). XFS materials do not cover the

whole surface of the lens cuspule, meaning that labeled phages had the chance

to interact with the non-XFS altered regions of the lens capsule. Phage were

observed to bind only to the XFS regions of the lens capsule, further confirming

their specificity towards the XFS materials.
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Figure 5.2: Localization of labeled phage-displayed peptides on the human lens
capsule having XFS materials. M13 phages with XFS material-targeting peptides dis-
played on coat protein pIII and wild-type M13 phages were labeled with Cy5 fluorescent dye
and incubated with human lens capsule containing XFS materials. Phages with displayed
p-LPS (A) and p-IPL (C) peptides on their surface and labeled with Cy5 dye were selec-
tively bound to the XFS materials on the lens capsule. Wild-type phages labeled with Cy5
dye (control) did not show any specific interaction with XFS materials (E). The presence of
XFS materials on the lens capsule was confirmed in the bright field mode of the microscope
(B, D, and F). Arrows show the exfoliative zones on the human lens capsule. (Scale bars
= 100 µm).

5.3.3 Peptide-particle conjugation

Conjugation of alkyne-modified peptides to azide-functionalized MPs (Fig.

5.3A) was confirmed with surface zeta potential measurements, Fourier-trans-

form infrared spectroscopy (FTIR), and a competitive inhibition assay. Pep-

tide tethering through the N-terminal domain was expected to yield an increase

in negative charge on the surface of the MPs, as was observed (Fig. 5.3B).

FTIR spectrum from MPs before conjugation to peptides showed a trans-

mittance peak around 2071 cm−1, which is due to the asymmetric stretching
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vibration of the free azide groups (Figs. 5.3C. a). The free azide group was

absent in the spectra of peptide-conjugated MP samples due to the conversion

of free azide groups to triazole ring during azide-alkyne cycloaddition (Figs.

5.3C. b, c). The peak observed at 1647 cm−1 in p-IPL could represent car-

bonyl groups of amide bonds of the peptide (Figs. 5.3C. b). The bands at

wavelengths between 1400-1650 cm−1 correspond to aromatic rings found on

p-LPS. (Figs. 5.3C. c).

Figure 5.3: Conjugation of peptides to MPs. (A) Schematic illustration of MPs
with and without peptide conjugates. (B) Surface zeta potential measurements and (C)
FTIR spectra of MPs before and after peptide conjugation to MPs. a) Azide-functionalized
MPs without peptide conjugates, b) MP-p-IPL, c) MP-p-LPS. (* represents p < 0.05, data
represent mean ± 1 SD, n ≥ 3).

Conjugation of peptides to MPs was confirmed by labeling particles with

or without conjugated peptides with an azide-reactive dye (TAMRA alkyne

fluorophore), where subsequent fluorescence indicated that unreacted azides

were present on the MP surface (Fig. 5.4). MPs were reacted with p-IPL

(Fig. 5.4B) or p-LPS peptides (Fig. 5.4C), those MPs had no fluorescence

compared to the control MPs that had no conjugated peptides (Fig. 5.4).
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Figure 5.4: Competitive labeling of MPs with TAMRA dye. Peptide-conjugated
MPs and azide-functionalized MPs without conjugated peptides were labeled with TAMRA
dye. (A, D) Control particle clumps having free azide groups showed noticeably higher fluo-
rescence under the microscope. MPs conjugated to p-IPL (B, E) and p-LPS (C, F) showed
almost no fluorescence under the microscope. Top images were taken in the fluorescence
mode using TRITC filter and bottom images were taken in the bright field mode to confirm
the presence of particles and clumps of particles. (Scale bars = 50 µm).

5.3.4 Targeting capability of MP-peptide conjugates

It is important to note that although there might be patient-to-patient vari-

ations in the XFS deposition pattern on the lens capsule, generally it is dis-

tributed with a non-XFS intermediate zone that separates exfoliative central

and peripheral zones (Fig. 5.5A) [11]. Specific targeting of XFS materials

was evaluated through incubating MP-p-IPL, MP-p-LPS, MP-scrambled pep-

tides (control), or unmodified MP (control) with XFS affected lens capsules in

equal volume of extracted aqueous humor fluid and BSS irrigating solution at

37 ◦C. Specific binding of MP-p-IPL and MP-p-LPS to XFS materials was ob-

served (Figs. 5.5B, C). This confirms that MP-peptide conjugates resulted in

similar binding patterns as that observed for just fluorescently labeled phage-

displayed peptides (Fig. 5.2), whereas scrambled peptide complexes showed a

non-specific binding, where the whole surface of the lens capsule having both

XFS and non-XFS area was covered with MPs (Fig. 5.5D, E). The other con-

trol experiment using virgin MPs resulted in MP being clumped together on

the central zone (Fig. 5.5F).
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Figure 5.5: Targeting of XFS materials on the surface of the human lens capsule
with MP-peptide conjugates. (A) Illustration of the anterior lens capsule showing
general pattern of XFS deposits on its surface. (B) MP-p-IPL showed specific binding to
XFS deposits on both central and the peripheral zones of tissue having XFS materials.
The non-XFS area of lens capsule (blank spots) showed less or no particles compared to
the exfoliated area. (C) MP-p-LPS also showed specific targeting of XFS materials on the
surface of the lens capsule. (D) Scrambled MP-p-IPL interacted non-specifically with both
XFS deposits and the area of lens capsule surface without XFS deposits. (E) Scrambled MP-
p-LPS also showed non-specific interaction with XFS materials. (F) MP without peptide
conjugates. As shown in the image, there is a high amount of XFS materials on the central
part of the human lens capsule, however, there is not enough binding of MPs to the XFS
area. Arrows indicate approximate regions of XFS materials in each tissue sample.

5.3.5 Effect of magnetic field on the XFS materials

Micron-sized, iron oxide particles were used as they are the only metal ox-

ide particle clinically approved for biomedical applications, less susceptible to

nonspecific cellular uptake or vascular egress, rapidly cleared (< 5 min) by the

liver and spleen, and have a high labeling valency that enhances their binding

affinity to the molecular targets [21, 26-29]. These particles are biodegradable,

where particles (> 150 nm) are captured by phagocytic cells and their coating

cleaved by lysosomal enzymes, and the iron oxide core is degraded into iron

and oxygen through mechanisms involved in iron metabolism [30, 31].

Magnetic pin test

A metallic pin with a tip size similar to a 23-gauge needle was magnetized

by attaching it to the surface of a permanent magnet with a field strength
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at the pole of ∼5000 G. This magnetic pin was used to determine if it was

possible to remove the MP-bound XFS fibrils via a magnetic field. Although

the magnetic force generated at the tip of the pin was not strong enough to

remove XFS aggregates, it was strong enough to pull them in the direction

of the applied field (Figs. 5.6A-C). This effect was not observed using non-

magnetic needles (Figs. 5.6D-F). In some studied lens capsules, it was also

observed that magnetic pins were able to start pulling off the XFS materials

along the edges of XFS deposits. This pulling force was not strong enough to

remove XFS deposits from the surface of the lens capsule, however, it showed

that XFS materials were clearly affected in the direction of the applied mag-

netic field (Figs. 5.6G, H). That said, these results showed that a magnetic

pin could be used to collect detached aggregates of XFS materials from the

anterior chamber of the eye.
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Figure 5.6: Effect of magnetic pins on the magnetized XFS materials. Human
lens capsules having XFS materials were incubated with MP-peptide conjugates and subse-
quently, magnetic behavior of XFS aggregates was studied using magnetic and non-magnetic
tools. (A, B) Large aggregates of XFS materials covered with MP-p-IPL were pulled by
magnetic pin in different directions. (E, F) Control studies with non-magnetic needles
showed that XFS materials covered with MP-p-IPL did not react to the non-magnetic tool.
(C) XFS materials in the center of lens capsule covered with MP-p-LPS were attracted to
the magnetic pin. However, in the absence of a magnetic field (i.e. non-magnetic needle)
no attraction was observed. (G) XFS materials in the center of the human lens capsule
covered with MP-peptide conjugates before application of magnetic pin. (H) Edges of the
same XFS deposits in the central zone of the lens capsule being pulled towards the applied
magnetic field through a magnetized pin.

Rotating magnetic field studies

Using the same experimental strategy, a rotating magnetic field was used to

determine if it was possible to agitate XFS materials and liberate them from

the lens capsule. It has been shown that the oscillation of disk-shaped MPs

via low-frequency rotating magnetic fields that produced a uniform 10000 G

magnetic field could generate enough destructive force to induce cancer cell

death [21]. In this work, ex vivo studies were conducted using spherical MPs

in combination with a 5000 G uniform magnetic field to generate mechanical

force for the removal of XFS deposits. Magnetic field-treated tissues were then

irrigated with BSS buffer to observe any possible aid in further removal of XFS

materials from the tissues.
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Ex vivo studies using a Halbach array showed that the mechanical force

generated using MPs under the rotating magnetic field was strong enough to

agitate and remove most of the XFS materials from the surface of the lens

capsule (Fig. 5.7). Subsequent irrigation further aided in the removal of some

remaining XFS materials from the surface of the tissue. As an example, a

lens capsule with central zone deposits that was bound to MP-p-IPL parti-

cles (Fig. 5.7D) showed a large amount of XFS removal upon applying the

rotating magnetic field (Fig. 5.7DII). Another tissue having XFS deposits on

both central and peripheral zones (Fig. 5.7E), bound with MP-p-IPL particles,

showed that the application of the rotating magnetic field removed aggregates

from both zones of the tissue (Fig. 5.7EII). MP-p-IPL bound materials on

a lens capsule with XFS deposits on the central zone had all large XFS ag-

gregates removed only through the magnetic field (Fig. 5.7F). However, this

tissue had a dense amount of cataractous materials on the posterior side of the

lens capsule, which caused the attachment of MPs to those materials making

the evaluation difficult. Therefore, although not as visually effective as the

previous tissues, the rotating magnetic field was still actually effective in the

removal of the large XFS aggregates form the surface of that lens capsule (Fig.

5.7FII). Lens capsules shown in (Figs. 5.7G and H) were exposed to MP-p-

LPS conjugates and treated with the rotating magnetic field. The central zone

of one sample (Fig. 5.7G) was lost due to surgery, however, XFS materials

on the lens surface were mostly removed after applying the rotating magnetic

field (Fig. 5.7GII). The rotating field was also effective in removing some of

XFS aggregates from the other tissue (Fig. 5.7H) incubated with MP-p-LPS.

In this case, the peripheral zone of the tissue was mostly cut out of the images

due to the coverslips used for holding the tissue in place during irrigation.

Irrigation of BSS buffer over the tissue was shown to be effective in removing

some XFS aggregates from the surface of the lens capsule (Figs. 5.7D-H). The
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control tissues that were treated with the rotating magnetic field showed al-

most no removal of XFS materials (Figs. 5.7A-C). Due to the tissue handing

difficulties, we could not do BSS irrigation on one of the control tissues (Fig.

5.7C). XFS materials being partially lost in the control lens capsule shown in

(Fig. 5.7BIII) was not due to the effect of magnetic field and sample handing

led to that. The control lens capsule shown in (Fig. 5.7A) showed a very little

removal of XFS aggregates during BSS irrigation and no effect was observed

after treating with rotating magnetic field (Fig. 5.7AIII).
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Figure 5.7: Effect of rotating magnetic field on XFS materials. (A-C) Control XFS
lens capsules treated with rotating magnetic field without MPs. (D-F) XFS lens capsules
interacted with MP-p-IPL. (G, H) XFS lens capsules interacted with MP-p-LPS. In each
raw, images numbered as “I” represent tissues before treated with rotating magnetic field,
images numbered as “II” represent XFS lens capsule after 3 hr treatment with rotating
magnetic field, and images numbered as “III” represent lens capsules after buffer irrigation
over the tissue.
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To better evaluate the effectiveness of the observed rotating magnetic field,

images of tissues before and after applied magnetic field and irrigation (Fig.

5.7), were analyzed based on the intensity of the lens capsule surface before

and after each test (Fig. 5.8).

Figure 5.8: Mean intensity measurements of XFS lens capsules incubated with
MP-peptide conjugates. (Control 1-Control 3) Control tissues incubated with BSS
and treated with rotating magnetic field. (MP-p-IPL) Representative mean intensity val-
ues measured using images of XFS lens capsules interacted with MP-p-IPL. (MP-p-LPS)
Mean intensity values of different lens capsules interacted with MP-p-LPS. Both groups of
graphs related to test samples showed that intensities were decreased due to the removal
of XFS materials from the surface of lens capsules. In each graph, column “I” represents
intensity value of the images of the surface of lens capsule before treating with rotating mag-
netic field, column “II” represents values after 3 hr treatment with the rotating magnet, and
column “III” represents intensities after applying BSS irrigation over the control XFS lens
capsules. In all images, intensity values have been reported after background subtraction.

5.3.6 Cytotoxicity studies of MP-peptide conjugates

Prior to toxicity studies, the common phenotypic features of cultured hTM

cells were assessed using immunohistochemical studies (Appendix 1, Fig. A3).

The in vitro cytotoxicity of peptides in free and MP-conjugated form was

evaluated against obtained hTM cells using live/dead cell viability assay, MTT

assay, and DNA cleavage. All in vitro cell assays showed that both free peptide

and MP-peptide particles were not toxic in the concentrations studied, as

detailed below.
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Live/Dead cell viability assay performed on hTM monolayers

XFS-specific peptides in both solution free or MP bound form were incubated

with hTM cells and their cytotoxic effects assessed. It was found that both MP-

p-IPL and MP-p-LPS constructs were not toxic in the concentrations studied.

Green represents live cells and red represents dead cells in (Fig. 5.9). Confluent

cultured cells were incubated with 50 µg and 100 µg of MP-p-IPL or MP-p-

LPS (Figs. 5.9B-E). hTM monolayers were also incubated with 1 mM of p-IPL

or p-LPS peptide solutions, and their viability was analyzed in a similar way as

the MP-peptide constructs. As seen in the case of MP-peptide conjugates, free

peptides were not toxic in used concentrations (Figs. 5.9K, N, and Table 5.1).

Live/dead assay of hTM cells treated with rotating magnetic field also showed

that cells incubated with MP-peptide conjugates did not show significant loss

compared to control cells incubated with water (Table 5.2). Because of the

sensitivity of hTM cells, it was not possible to treat cells with a rotating

magnetic field outside of a CO2 regulated atmosphere for longer than 10 min.

That said, even control cells showed significant loss upon removal from the

CO2 incubator, thus, an optimal 10 min exposure to the magnetic field was

chosen to evaluate the viability of cells in the presence of rotating magnetic

field (Table 5.2).
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MP-peptide conjugates Free peptide solution
Sample % of live cells Sample % of live cells
Control 99.01 ± 0.51 Control 99.36 ± 0.36
MP-p-IPL (50 µg) 99.60 ± 0.18 1 mM p-IPL 99.00 ± 0.37
MP-p-IPL (100 µg) 99.66 ± 0.07 1 mM p-LPS 99.12 ± 0.94
MP-p-LPS (50 µg) 99.58 ± 0.20
MP-p-LPS (100 µg) 98.47 ± 1.46

Table 5.1: Live/dead assay performed on hTM monolayers treated with MP-peptide con-
jugates and free peptide solution. No statistical significant difference (P < 0.05) was found
between studied groups. (Data represent mean ± 1 SD, n ≥ 3).

Figure 5.9: Cell viability (live/dead) assay of hTM cells incubated with free
peptide and MP-peptide constructs. Calcein AM (CAM)/ EthD-1 system: Calcein
AM detects cellular esterase activity of live cells, EthD-1 stains nuclei of dead cells. The
green cells are live (CAM) and red cells are dead cells (EthD-1). (A, F) Control cells treated
with water (without MPs). (B, G) hTM cells incubated with 50 µg MP-p-IPL for 24 hr.
(C, H) hTM cells incubated with 100 µg MP-p-IPL for 24 hr. (D, I) hTM cells incubated
with 50 µg MP-p-LPS for 24 hr. (E, J) hTM cells incubated with 100 µg MP-p-IPL for
24 hr. (K, L) hTM cells treated with 1 mM free p-IPL peptide solution (without MPs).
(M, N) hTM cells treated with 1 mM free p-LPS peptide solution (without MPs). (O) All
cells dead (methanol treated). Each treatment included three biological and three technical
replicates. (Scales bars = 50 µm).

MP-peptide conjugates
Sample % of live cells

Control 98.74 ± 0.45
MP-p-IPL (100 µg) 98.53 ± 1.10
MP-p-LPS (100 µg) 98.88 ± 0.51

Table 5.2: Live/dead assay performed on hTM monolayers incubated with MP-peptide
conjugates and treated under 10 min rotating magnetic field. No statistical significant
difference (P < 0.05) was found between studied groups. (Data represent mean ± 1 SD, n
≥ 3).
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MTT cell proliferation assay

hTM cell proliferation in the presence of solution free and MP bound peptides

was conducted using the MTT colorimetric assay. A one-way ANOVA test

showed that no significant difference (p < 0.05) was observed between the

absorbance of hTM cells treated with MP-peptide conjugates or solution free

peptides compared to control cells treated with water (Fig. 5.10). The results

confirmed that both sets of test samples did not suppress the proliferation of

hTM cells.

Figure 5.10: MTT colorimetric assay of viable hTM cells in the presence of
XFS-specific peptides in free and conjugated form. (Left) MTT assay conducted
using peptide-conjugated MPs. (Right) MTT assay results after incubation of hTM cells
for 24 hr with 0.5 mM and 1 mM free peptide solutions. The optical density was measured
at 570 nm after 24 hr incubation of hTM cells with each test sample. (Data represent mean
± 1 SD, n ≥ 3, no statistical difference was observed between the means).

DNA fragmentation

Effect of free and conjugated XFS-targeting peptides on the induction of apop-

tosis was investigated via chromosomal DNA fragmentation analysis: DNA

fragments indicate apoptosis induction. MP-peptide constructs, as well as so-

lution free peptides, did not initiate apoptosis for hTM cells; chromosomal

DNA remained intact after 24 hr incubation with MP-p-IPL, MP-p-LPS, p-

LPS, or p-IPL solutions (Fig. 5.11).
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Figure 5.11: Electrophoretic analyses of the apoptotic chromosomal DNA frag-
mentation of hTM cells. (A) Isolated DNA from hTM cells after being incubated with
MP-peptide conjugates for 24 hr. lane 1: 1 Kb plus DNA ladder, lane 2: Control, hTM cells
treated with water, lane 3: Extracted DNA of hTM cells incubated with 100 µg MP-p-IPL
for 24 hr, lane 4: Extracted DNA of hTM cells incubated with 100 µg MP-p-LPS for 24 hr,
lane 5: 100 bp plus DNA ladder. (B) Isolated DNA from hTM cells incubated with free
XFS-targeting peptide solutions. Lane 1: 1 Kb plus DNA ladder, lane 2: 100 bp plus DNA
ladder, lane 3: Control, hTM cells treated with water, lane 4: hTM cells incubated with
1mM MP-p-IPL for 24 hr, lane 4: hTM cells incubated with 1mM MP-p-LPS for 24 hr.

Cell uptake studies using electron microscopy

One of the key functions of trabecular cells is the phagocytosis of foreign

materials and extracellular debris [32], a cellular function also observed in

vitro [33]. The internalization of MP-peptide constructs into hTM cells may

lead to cell death if exposed to an oscillating magnetic field. Thus, hTM

cells were incubated for 2 hr with 100 µg of each of MP-p-IPL or MP-p-

LPS and TEM micrographs showed that individual particles were taken up

by hTM cells (Fig. 5.12B), and some particles were engulfed by hTM cells

(Figs. 5.12E, F). Aggregates of both MP-p-IPL and MP-p-LPS particles were

observed outside of cultured hTM cells as well (Figs. 5.12C, D). Individual

particles, as well as aggregated MPs, were also observed in SEM micrographs

of regions surrounding cultured hTM cells (Figs. 5.12G, H). It seems that MPs

in large aggregates have less propensity to enter the cultured cells. It has been

previously shown that intravitreal or anterior chamber injection of magnetic

nano- and microparticles had almost no signs of effect on retinal morphology,
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photoreceptor function or IOP in the anterior chamber of animal models [34].

Regardless, according to different cell viability assays conducted in this study,

no statistical difference was observed for cell mortality upon incubation with

MPs in cultured hTM cells.

Figure 5.12: Electron micrographs of hTM cells incubated with MP-peptide
conjugates. (A-F) TEM micrographs. (G, H) SEM micrographs. hTM cells were incu-
bated with 100 µg of MP- peptide conjugates for 2 hr. (A) Control hTM cells incubated
with water. (B) MP-p-IPL particles located inside the hTM cells. (C) Aggregates of
MP-p-IPL particles located outside of the cells. (D, E) Aggregates of MP-p-LPS particles
located outside of hTM cells. (F) MP-p-LPS particles being engulfed by the hTM cell.
Black dirt between particles could be trapped dye molecules. (G) SEM micrograph showing
aggregates of MP-p-IPL particles around hTM cells. (H) SEM micrograph of MP-p-LPS
particles located around the hTM cells.

5.4 Conclusions

This study set out to identify small peptides having a selective affinity to XFS

materials in the human eye. An ex vivo panning procedure was developed

to explore targeting peptides for the XFS materials using the phage display

technique. The selective affinity of phage-displayed peptides was confirmed

through ex vivo studies using human lens capsule and fluorescently labeled

phages. XFS-targeting peptides were successfully conjugated to MPs using

azide-alkyne cycloaddition click chemistry. FTIR analysis and zeta potential

measurements were used to confirm the conjugation of peptides to MPs. Com-

petitive labeling of MPs using alkyne-modified fluorophore was also used to

confirm the attachment of peptides to the particles. Targeting capability of
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MP-peptide complexes to XFS materials was studied ex vivo in the same ex-

perimental conditions that phage panning was conducted. Compared to the

scrambled peptide sequences, the identified XFS-targeting peptide conjugates

showed selective and high affinity to XFS materials on the human lens cap-

sule. Although XFS materials have been clinically characterized with a general

deposition pattern on the lens capsule, there are variations from patient to pa-

tient, considering those variations, results of the ex vivo experiments showed

that the identified peptides had acceptable selective binding to XFS materials

in most of the lens capsule areas associated with XFS materials. The effect of

the magnetic pin and rotating magnetic field on the behavior of magnetized

XFS materials was observed under the stereomicroscope. A low frequency

rotating magnetic field which was producing a uniform magnetic field across

the designed system provided suitable conditions to remove most of the XFS

aggregates form the surface of lens capsules. Biocompatibility of free peptides

and corresponding MP conjugates was confirmed using MTT cell toxicity assay

and live/dead cell proliferation assay. DNA fragmentation studies also showed

that either MP-peptide conjugates or free peptide solutions did not induce

apoptotic cellular death in hTM cells. Electron microscopy studies showed

that compared to the particles being in aggregated form, individual parti-

cles were more likely to be uptaken by the cultured hTM cells. Considering

targeting evaluation findings and biocompatibility studies results, MP-peptide

conjugates having specific affinity to XFS materials could provide a useful tool

in the development of a therapeutic system for XFS. Where, removal of large

deposits of XFS aggregates from the anterior chamber of affected eyes might

help in long term management of exfoliation glaucoma.
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Chapter 6

Concluding remarks and
perspectives

6.1 Major Conclusions

This research aimed to use oligopeptide-based targeting strategies to investi-

gate their applicability for the development of non- or less-invasive treatment

approaches for cataracts and XFS. To our knowledge, this is the first report of

screening phage-displayed random peptide libraries to isolate targeting pep-

tides for cataract and exfoliation syndrome.

Recombinantly expressed human βB2-crystallin protein was used to form

model cataract aggregates under acidic denaturing conditions. Electron mi-

croscopy studies showed that formed protein aggregates had fibrillar struc-

ture. It has been previously shown that crystallin proteins extracted from

bovine lens, formed amyloid-like structures in vitro, which exhibited struc-

tural patterns similar to amyloid fibrils [1]. Moreover, it has been shown that

cataractous material excised from the human lens, contained amyloid β-sheet

secondary structures [2]. In our work, amyloid dye-binding assays showed

positive results, suggesting similarities between βB2-crystallin fibrillar aggre-

gates and amyloid fibrils. Further analysis with XRFD showed that fibrils of

βB2-crystallin followed the common core structural pattern of amyloid fibrils.

Given the evidence that fibrillar aggregates are associated with cataract de-
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velopment, we used phage display technique to identify targeting peptides for

fibrils of βB2-crystallin, a major β-crystallin in the lens. The binding ability of

identified phage displayed-peptides was investigated using the ELISA method.

Further studies using synthesized peptides and competitive binding inhibition

ELISA confirmed their high affinity to βB2-crystallin fibrils. It is thought

that the identification of targeting peptides could offer treatment options for

cataract through non-invasive techniques.

A similar objective was approached in the case of XFS, however, all ex-

periments were conducted using human tissue samples including human lens

capsule and aqueous humor. This allowed us to develop an ex vivo phage dis-

play approach to identify targeting peptides for XFS materials. All evaluation

studies were also carried out using human tissue samples which confirmed the

high specificity of identified targeting peptides.

In the first part of XFS research, two targeting peptides were identified

after three rounds of ex vivo phage display. The binding ability of phage-

displayed peptides was confirmed using fluorescently labeled phage particles

where compared to wild-type M13 phages (i.e. without peptide inserts in

their coat protein), a significant difference in binding to XFS materials on the

surface of lens capsule was observed under the fluorescence microscope.

In the second part of the XFS study, we aimed to combine the targeting

ability of identified peptides with unique properties of magnetic particles to

develop a potential therapeutic system for removal of XFS fibrils from the

human eye. Peptides were conjugated to magnetic particles via click reaction

which is highly selective and can be carried out in the presence of various sol-

vents over a wide range of pH and temperature [3]. FTIR analysis and surface

zeta potential measurements confirmed the conjugation of peptides to mag-

netic particles. Conjugation was further evaluated using competitive labeling

assay. Upon incubation with XFS lens capsules in a solution containing aque-
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ous humor and same irrigation solution used during surgery, specific binding

of MP-peptide conjugates was confirmed where both original MP-peptide con-

jugates were shown to be mostly bound to XFS deposits, however all studies

conducted by controls (scrambled peptides) showed non-specific coverage of

both XFS and non-XFS areas.

The behavior of magnetized XFS materials was studied using both static

and rotating magnetic fields. It was shown that XFS materials interacted with

targeting agents (MP-peptide conjugates) were pulled in different parts of the

lens capsule towards magnetized pins. Further studies using a Halbach array

magnet showed that the low-frequency rotating uniform magnetic field could

provide enough mechanical force to remove most of the XFS deposits from the

surface of the lens capsule.

In the third part of XFS research, we evaluated the biocompatibility of

constructed peptide-particle conjugates as well as free peptides in solution

using hTM cells. MTT cell proliferation and live/dead cell viability assays

showed that identified peptides at both free and conjugated forms did not

exhibit any cytotoxicity against cultured cells. DNA fragmentation studies also

showed that targeting agents and peptide solutions did not induce apoptosis

in trabecular meshwork cells. We also conducted electron microscopy studies

over cells incubated with MP-peptide constructs to evaluate their possible

internalization into the cells. It was shown that particles in aggregated form

had less propensity to enter the cells, however, individual particles could be

uptaken by cultured hTM cells. Given the fact that XFS is a progressive

condition that accumulation of its aggregates could block the normal drainage

of aqueous humor and induce XFG, findings of this study suggest that the

designed peptide-based targeting approach could potentially provide a low

cost and less-invasive therapy to remove the XFS aggregates form the anterior

chamber of the eye. This could provide better long-term management over
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IOP in XFS and XFG eyes. Besides, the removal of XFS aggregates from

different surfaces of the anterior chamber of the affected eyes might help to

better control other ocular complications associated with XFS.

In the fourth part of XFS related research, we aimed to study any pos-

sible structural polymorphism in the fibrillar aggregates associated with this

disease. A non-destructive method was pursued to remove the XFS materials

from the anterior side of the lens capsules obtained from different patients

being at different stages of XFS. Electron microscopy studies showed struc-

tural polymorphism in XFS fibrils in different patients. Given the importance

of structural diversity of disease-associated amyloid fibrils in understanding

biological factors underlying the aggregation process, it is thought that this

observation could lead to higher resolution studies on the physical properties

of XFS fibrils which might help to better understand pathomechanism of this

systemic disorder.

6.2 Future outlook

6.2.1 βB2-crystallin fibrils and cataract

The findings of in vitro model for cataract, suggest the possible role of iden-

tified targeting cyclic peptides to deliver therapeutic molecules into the lens.

The binding ability of identified peptides could be evaluated using cataractous

material excised from the human lens. It has been suggested that some small

molecules or peptides might be able to block the fibrillation process [4], thus in

vitro studies using these peptides and lens crystallin proteins under denaturing

conditions might reveal their possible role in the inhibition of aggregation. It

has been recently shown that mature human lenses with no diagnosable signs

of cataract might contain amyloid fibrils, indicating that the fibrillation pro-

cess starts before diagnoses [2]. Thus peptides of this sort having targeting
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ability might be used for early diagnosis of cataract development. Moreover,

targeting peptides might be able to bind to those very early formed fibrils and

sequester them from further aggregation. Moreover, drug delivery into the

lens is an emerging field of investigation to prevent cataract [5], further stud-

ies using these targeting peptides could improve targeted drug delivery into

the lens. In the case of any therapeutic or diagnostic applications, cytotoxicity

of these peptides should be evaluated.

6.2.2 Targeting of XFS fibrils

Although the cytotoxicity studies showed positive results using hTM cell lines,

it will be essential to further investigate their possible risks and adverse effect

on the other types of ocular cells such as corneal endothelium. It is also impor-

tant to note that nano-particle based systems may not cause obvious cellular

damage but result in changes in cellular function, thus before introducing this

therapeutic approach as a viable candidate for clinical testing, any possible

changes in cellular function should be further investigated [6, 7].

Due to the complexity of XFS and XFG, one of the major problems as-

sociated with studying these ocular conditions is the lack of animal models.

However, there are some recent successes in generation animal models for XFS

[8, 9]. Our engineered peptides could be applied in animal models for further

investigations. Although it has been previously shown that magnetic micro-

and nanoparticles could be safely used in the eye [10], ocular safety of de-

signed particle-peptide conjugates could be further investigated using animal

models. Furthermore, one of the important structures of the anterior chamber

that its function is affected by XFS materials is the zonular apparatus [11].

Thus, given the possible zonular instability associated with XFS, this is of

high importance to study the effect of our designed system on the stability of

zonular fibers in XFS eyes. Study on zonular fibers needs using animal models

153



or autopsy eyes.

6.2.3 Structural diversity of XFS fibrils

It is thought that high-resolution insight into XFS fibrils could help to better

understand different aspects of this systemic disease. Except for a few reports

of using amyloid binding dyes on XFS tissues, the core structure of XFS fibrils

is still unknown. To study the structural properties of XFS fibrils, the X-Ray

microdiffraction technique, which has been previously used to study character-

istics of fibrillar aggregates in different human tissue sections could be a useful

technique [12, 13]. This technique might be useful to reveal information about

the in situ architecture of fibrillar aggregates in XFS tissues. These stud-

ies could also be extended using two-dimensional infrared spectroscopy, which

has been used successfully to identify amyloid β-sheet secondary structure in

postmortem human lenses diagnosed with cataract [2].

154



6.3 References

[1] S. Meehan, Y. Berry, B. Luisi, C. M. Dobson, J. A. Carver, and C. E.

MacPhee, “Amyloid Fibril Formation by Lens Crystallin Proteins and Its Im-

plications for Cataract Formation,” J. Biol. Chem., vol. 279, no. 5, pp.

3413–3419, 2004.

[2] A. M. Alperstein, J. S. Ostrander, T. O. Zhang, and M. T. Zanni, “Amyloid

found in human cataracts with two-dimensional infrared spectroscopy,” Proc.

Natl. Acad. Sci. U. S. A., vol. 116, no. 14, pp. 6602–6607, 2019.

[3] A. A. H. Ahmad Fuaad, F. Azmi, M. Skwarczynski, and I. Toth, “Peptide

conjugation via CuAAC ‘click’ chemistry.,” Molecules, vol. 18, no. 11, pp.

13148–13174, Oct. 2013.

[4] T. Hard and C. Lendel, “Inhibition of amyloid formation.,” J. Mol. Biol.,

vol. 421, no. 4–5, pp. 441–465, Aug. 2012.

[5] T. R. Thrimawithana, I. D. Rupenthal, S. S. Rasch, J. C. Lim, J. D.

Morton, and C. R. Bunt, “Drug delivery to the lens for the management of

cataracts.,” Adv. Drug Deliv. Rev., vol. 126, pp. 185–194, Feb. 2018.

[6] N. J. Kim et al., “Nanotechnology and glaucoma: a review of the potential

implications of glaucoma nanomedicine.,” Br. J. Ophthalmol., vol. 98, no. 4,

pp. 427–431, Apr. 2014.

[7] N. Lewinski, V. Colvin, and R. Drezek, “Cytotoxicity of nanoparticles.,”

Small, vol. 4, no. 1, pp. 26–49, Jan. 2008.

[8] S. W. M. John, J. M. Harder, J. H. Fingert, and M. G. Anderson, “Animal

models of exfoliation syndrome, now and future.,” J. Glaucoma, vol. 23, no.

8 Suppl 1, pp. S68-72, 2014.

[9] M. G. Anderson, K. J. Meyer, A. Hedberg-Buenz, and J. H. Fingert, “Up-

155



date on Animal Models of Exfoliation Syndrome.,” J. Glaucoma, vol. 27 Suppl

1, pp. S78–S82, Jul. 2018.

[10] H. B. Raju, Y. Hu, A. Vedula, S. R. Dubovy, and J. L. Goldberg, “Eval-

uation of magnetic micro- and nanoparticle toxicity to ocular tissues.,” PLoS

One, vol. 6, no. 5, p. e17452, 2011.

[11] G. O. Naumann, U. Schlotzer-Schrehardt, and M. Kuchle, “Pseudoex-

foliation syndrome for the comprehensive ophthalmologist. Intraocular and

systemic manifestations.,” Ophthalmology, vol. 105, no. 6, pp. 951–968, Jun.

1998.

[12] J. Liu et al., “Amyloid structure exhibits polymorphism on multiple length

scales in human brain tissue.,” Sci. Rep., vol. 6, p. 33079, Sep. 2016.

[13] F. Briki et al., “Synchrotron x-ray microdiffraction reveals intrinsic struc-

tural features of amyloid deposits in situ.,” Biophys. J., vol. 101, no. 2, pp.

486–493, Jul. 2011.

156



References

Chapter 1

[1] G. A. Stevens et al., “Global prevalence of vision impairment and blind-

ness: magnitude and temporal trends, 1990-2010.,” Ophthalmology, vol. 120,

no. 12, pp. 2377–2384, Dec. 2013.

[2] World Health Organization. “VISION2020: The Right to Sight. Global

Initiative for the Elimination of Avoidable Blindness: Action Plan 2006–2011”.

2007;1–97. World Health Organization Geneva, Switzerland.

[3] R. R. A. Bourne et al., “Magnitude, temporal trends, and projections of

the global prevalence of blindness and distance and near vision impairment: a

systematic review and meta-analysis,” Lancet. Glob. Heal., vol. 5, no. 9, pp.

e888–e897, 2017.

[4] D. Pascolini and S. P. Mariotti, “Global estimates of visual impairment:

2010.,” Br. J. Ophthalmol., vol. 96, no. 5, pp. 614–618, 2012.

[5] World Health Organization. “Blindness and vision impairment,” [Online].

Available: https://www.who.int/news-room/fact-sheets/detail/blindness-and-

visual-impairment.

[6] G. W. Belovay, D. K. Varma, and I. I. K. Ahmed, “Cataract surgery in

pseudoexfoliation syndrome.,” Curr. Opin. Ophthalmol., vol. 21, no. 1, pp.

25–34, Jan. 2010.

[7] R. Ritch, U. Schlötzer-Schrehardt, and A. G. P. Konstas, “Why is glau-

157



coma associated with exfoliation syndrome?,” Prog. Retin. Eye Res., vol. 22,

no. 3, pp. 253–275, 2003.

[8] R. W. Nickells, G. R. Howell, I. Soto, and S. W. M. John, “Under pressure:

cellular and molecular responses during glaucoma, a common neurodegenera-

tion with axonopathy.,” Annu. Rev. Neurosci., vol. 35, pp. 153–179, 2012.

[9] H. A. Quigley and A. T. Broman, “The number of people with glaucoma

worldwide in 2010 and 2020.,” Br. J. Ophthalmol., vol. 90, no. 3, pp. 262–267,

Mar. 2006.

[10] Y. C. Tham, X. Li, T. Y. Wong, H. A. Quigley, T. Aung, and C.-Y. Cheng,

“Global prevalence of glaucoma and projections of glaucoma burden through

2040: a systematic review and meta-analysis.,” Ophthalmology, vol. 121, no.

11, pp. 2081–2090, Nov. 2014.

[11] World Health Organization. “Global data on visual impairments 2010.,”

2010.

[12] E. Chan, O. A. R. Mahroo, and D. J. Spalton, “Complications of cataract

surgery.,” Clin. Exp. Optom., vol. 93, no. 6, pp. 379–389, Nov. 2010.

[13] N. M. N. Haddad, J. K. Sun, S. Abujaber, D. K. Schlossman, and P. S.

Silva, “Cataract surgery and its complications in diabetic patients.,” Semin.

Ophthalmol., vol. 29, no. 5–6, pp. 329–337, 2014.

[14] T. W. Blackstad, O. A. Sunde, and J. Trœtteberg, “On the ultrastructure

of the deposits of busacca in eyes with glaucoma simplex and so-called senile

exfoliation of the anterior lens capsule1).,” Acta Ophthalmol., vol. 38, no. 5,

pp. 587–598, Oct. 1960.

[15] N. Ashton, M. Shakib, R. Collyer, and R. Blach, “Electron Microscopic

Study of Pseudo-Exfoliation of the Lens Capsule. I. Lens Capsule and Zonular

Fibers.,” Invest. Ophthalmol., vol. 4, no. 2, pp. 141–153, 1965.

158



[16] A. J. Dark, B. W. Streeten, and C. C. Cornwall, “Pseudoexfoliative dis-

ease of the lens: a study in electron microscopy and histochemistry.,” Br. J.

Ophthalmol., vol. 61, no. 7, pp. 462–472, Jul. 1977.

[17] S. Meehan, Y. Berry, B. Luisi, C. M. Dobson, J. A. Carver, and C. E.

MacPhee, “Amyloid fibril formation by lens crystallin proteins and its implica-

tions for cataract formation,” J. Biol. Chem., vol. 279, no. 5, pp. 3413–3419,

2004.

[18] K. Papanikolopoulou et al., “Formation of amyloid fibrils in vitro by hu-

man γD-crystallin and its isolated domains,” Mol. Vis., vol. 14, p. 81, 2008.

[19] Y. Wang et al., “Formation of amyloid fibrils in vitro from partially un-

folded intermediates of human γC-crystallin,” Invest. Ophthalmol. Vis. Sci.,

vol. 51, no. 2, pp. 672–678, 2010.

[20] A. M. Alperstein, J. S. Ostrander, T. O. Zhang, and M. T. Zanni, “Amy-

loid found in human cataracts with two-dimensional infrared spectroscopy,”

Proc. Natl. Acad. Sci. U. S. A., vol. 116, no. 14, pp. 6602–6607, 2019.

[21] P. M. Bettelheim FA, “Light scattering of normal human lens I. Applica-

tion of random density and orientation fluctuation theory.,” Biophys. J., vol.

26, no. 1, pp. 85–99, 1979.

[22] H. J. K. Wilfried W. de Jong, Nicolette H. Lubsen, “Molecular evolution

of the eye lens.,” Prog. Retin. Eye Res., vol. 13, no. 2, pp. 391–442, 1994.

[23] H. Bloemendal, W. De Jong, R. Jaenicke, N. H. Lubsen, C. Slingsby, and

A. Tardieu, “Ageing and vision: Structure, stability and function of lens crys-

tallins.,” Prog. Biophys. Mol. Biol., vol. 86, no. 3, pp. 407–485, 2004.

[24] M. Delaye and A. Tardieu, “Short-range order of crystallin proteins ac-

counts for eye lens transparency.,” Nature, vol. 302, no. 5907, pp. 415–417,

1983.

159



[25] G. Dvorak-Theobald, “Pseudo-exfoliation of the lens capsule: relation to

true exfoliation of the lens capsule as reported in the literature and role in the

production of glaucoma capsulocuticulare.,” Am. J. Ophthalmol., vol. 37, no.

1, pp. 1–12, 1954.

[26] C. L. Karp, J. R. Fazio, W. W. Culbertson, and W. R. Green, “True

Exfoliation of the Lens Capsule,” Arch. Ophthalmol., vol. 117, no. 8, pp.

1078–1080, Aug. 1999.

[27] S. Ashok Vardhan et al., “Association of pseudoexfoliation with systemic

vascular diseases in a South Indian population,” JAMA Ophthalmol., vol. 135,

no. 4, pp. 348–354, 2017.

[28] G. E. Erkayhan and S. Dogan, “Cataract Surgery and Possible Complica-

tions in Patients with Pseudoexfoliation Syndrome.,” Eurasian J. Med., vol.

49, no. 1, pp. 22–25, Feb. 2017.
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Appendix

Supplementary figures of chapter 3

TEM of βB2-crystallin fibrills

Figure A1: Transmission electron micrograph of βB2-crystallin incubated in 10% (v/v)
TFE, pH 2.0 at 60 ◦C for 24 hr.
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X-ray fiber diffraction (XRFD) pattern of βB2-crystallin
fibrils

Figure A2: Diffraction pattern of βB2-crystallin fibrils formed in in 10% (v/v) TFE, pH
2.0 at (A) 60 ◦C and (B) RT.

Supplementary figures of chapter 5

Peptide enrichment during ex vivo biopanning against
exfoliated lens capsules

Table A1: Peptide enrichment during ex vivo biopanning against human lens capsules.
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Immunohistochemical analyses of hTM cells

The population doubling time for obtained hTM cells was determined to be

11.3 ± 2.1 hours, which is typical for fetal hTM cells [1]. Immunohistochemical

analyses of hTM cells included evaluation of expression of fibronectin, myocilin,

laminin, and actin. Is has been shown that actin microfilaments are mainly

aligned parallel to the longitudinal axis of cultured hTM cells [2], which was

also observed for our cells when stained with phalloidin dye (Fig. A3. B).

Expression of fibronectin protein was also confirmed in the cultured hTM

cells (Fig. A3. E). This proteins is one of the major extracellular matrix

glycoproteins of hTM cells which is secreted as loosely aligned filaments on the

cultured hTM cells surface or large bundles at the periphery of individual cells

[3] Myocilin protein (or trabecular meshwork–inducible glucocorticoid response

protein) is an highly expressed glycoprotein in the trabecular meshwork, and

has been found within the cytoplasm of hTM cells when in association with

extracellular matrix components [4, 5]. The expression of myocilin is a key

phenotypic characteristic of hTM cells and was observed in our cell culture

(Fig. A3. H). Expression of laminin is a marker to characterize cultured hTM

cells [6], and was observed in immunohistochemical studies (Fig. A3. K). The

common morphology of hTM cells is the spindle-like shape which was also

observed in monolayers of cultured hTM cells (Fig. A3. M).
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Figure A3: Morphological analysis and immunofluorescence labeling of hTM
Cells. (A-C) F-actin stained semi-confluent monolayer of cultured hTM cells. (D-F)
hTM cells normally secreted fibronectin when grown on coverslips. (G-L) Grown cells ex-
pressed myocilin protein and laminin protein as a sign of normal phenotype. (M) Confluent
monolayer of cultured cells showed contact inhibition having spindle-like shape, a typical
characteristic of cultured hTM cells. (Sale bars = 50 µm).
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