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Abstract

PEX stems from a pathologic elastotic process involving the cross-linking gene lysyl oxidase-
like-1 (LOXL1), and is associated with abnormal formation of elastic extracellular matrix. We
previously described a protein sink model to explain PEX material deposition on the lens capsule
and other intraocular surfaces. Recent research findings not only provide evidence to support this
hypothesis, but also further our understanding of the fundamental disease process.

A key aspect of the pathogenic process is the compromise of blood-aqueous barrier integrity in
PEXG. Decreased level of LOXL1 is associated with decreased elastin incorporation into elastic
tissues, including the elastic lamina of blood vessels. This results in unincorporated elastin that is
released as soluble elastin, and leakage of serum proteins, inflammatory cytokines, and
extracellular matrix components into aqueous humor. This ultimately leads to aggregation and
precipitation of large protein complexes, or PEX material, throughout intraocular surfaces as
described in the protein sink model.

The pathologic PEX process also affects the biomechanical properties of elastic tissues, such as
the trabecular meshwork, lens zonules, and lamina cribrosa. This may be part of the primary
pathologic process with intrinsically altered extracellular matrix proteins. This fundamental
change in the structural composition of these tissues may alter their rigidity, elasticity, and other
biomechanical properties. This likely contributes to increased trabecular meshwork outflow
resistance and high intraocular pressure, and mechanical injury to retinal ganglion cell axons at the
lamina cribrosa, which are conducive to glaucoma. These pathophysiologic processes combined
may underlie some of the clinical hallmarks observed in PEXG.
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Introduction

Glaucoma is a leading cause of irreversible blindness worldwide(1). Glaucoma is comprised
of a number of conditions that result in neurodegeneration of the optic nerve, and is
clinically diagnosed by structural changes of the optic nerve head associated with
corresponding visual field deficits(2). Increased intraocular pressure (IOP) is a major
modifiable risk factor for glaucoma and increased IOP may be associated with optic nerve
pathology by decreasing tissue perfusion or causing mechanical damage of axons at the
optic nerve head(3-8). Therefore, careful evaluation, monitoring, and treatment of elevated
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IOP are critical for the care of individuals with glaucoma. Increased resistance to outflow is

the main cause of elevated I0P. And although closed-angle glaucoma (CAG) is common, a

normal outflow structure - as seen in open-angle glaucoma (OAG) - is the predominant case.
This makes it often difficult to directly identify the cause of elevated IOP.

Pseudoexfoliation syndrome (PEXS) is characterized by an accumulation of fibrillar
material in the eye and other tissues in the body. Pseudoexfoliation material (PEX) is
observed throughout the anterior segment of the eye as white, fluffy appearing deposits on
the zonules, anterior lens capsule, pupillary margin of the iris, cornea, and the irido-corneal
angle(9). The 10-year cumulative probability of developing glaucoma (PEXG) in individuals
with PEXS is about 15%(10). PEXG is the most common form of glaucoma in Scandinavian
countries, and accounts for about 25% of all OAG - making PEXG the most common
identifiable cause of OAG worldwide(10). The recognition and diagnosis of PEXS/PEXG at
the slit lamp is critical for clinicians because PEXG has a poorer prognosis with a higher
frequency and severity of optic nerve damage at time of diagnosis, worse visual field
damage, poorer response to medications, more rapid and severe clinical course, more
frequent necessity for surgical intervention, and higher rates of surgical complications
compared to other forms of OAG(11, 12).

At the cellular level, PEX material arises from abnormal production of elastic fibers.
Assembling normal elastic fibers is a complex cellular process, and perturbation of any step
by the pseudoexfoliative process may result in altered composition, organization, deposition,
and accumulation of PEX material(12-14). PEX thus affects tissues composed of elastic
fibers, including blood vessel walls, the trabecular meshwork (TM), and lamina cribrosa.
Indeed, PEX accumulation in the juxtacanalicular aspect of TM has long been thought to
contribute to elevated 10P in PEXG(15, 16). But beyond the formation of PEX material,
transcriptional and proteomic analyses demonstrate that these and other elastic tissues are
abnormal, allowing us to better understand the disease process at the cellular level.

A recent seminal study demonstrated that genetic polymorphisms in lysyl oxidase-like 1
(LOXLY) play an important role in the pathogenesis of PEXG(17). LOXL1 encodes an
enzyme that catalyzes the cross-linking of elastin polymers. We review data showing that
abnormal tissue expression or function of LOXL1 contributes to abnormal elastic fiber
production, abnormal precipitation of elastic microfibril and extracellular matrix
components on intraocular surfaces (protein sink model), and abnormal biomechanical
properties of elastic tissues, such as the TM and lamina cribrosa(13, 14). These processes are
particularly conducive to glaucoma because they affect aqueous production, outflow
resistance, and the structural support of the optic nerve. Other mutations and polymorphisms
that affect elastic fiber composition and formation are speculated to similarly contribute to
development of PEXG, as well as other forms of glaucoma(18). Taken together, the findings
reviewed here are not only expanding our understanding of PEXG, but may also help us
better understand the eye’s regulation of IOP and the pathogenesis of glaucoma.
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Genetic predisposition

In a recent landmark genome wide association study (GWAS), three single nucleotide
polymorphisms (SNPs) in the lysyl oxidase-like protein 1 (LOXL1) gene were identified to
be significant genetic risk factors for the development of PEXG in a Scandinavian
population(17). One SNP (rs1048661) is in a non-coding intron and is hypothesized to affect
the post-transcriptional regulation of LOXL1 mRNA expression levels. The other two SNPs
(rs1048661 and rs3825942) are in protein coding exons, and may impact LOXL1 protein
function. These two high risk SNPs carry a ~2.5-fold increased risk of developing PEXG
compared control, although approximately 25% of their general population is homozygous
for the highest risk haplotype. Taken together, these two high risk SNPs were present in over
99% of their PEXG cohort(17).

Many other studies have since confirmed the association of SNPs in LOXL1 and PEXG on
other populations (refer to the review article by Allingham et al in this issue for more
information on the genetics of PEXG). Here, we focus on the role LOXL1 and other disease-
associated genes have on the pathophysiology of PEXG.

PEX material composition

Intraocular PEX material is most frequently visualized on the iris pupil margin and the
anterior lens capsule. PEX material is deposited on the lens capsule surface in a bullseye-
like configuration from iris-capsular rubbing during iris excursion in changing light
conditions. In fact, the sine qua non for diagnosis of PEXS is identification of PEX deposits
on the lens capsule by slit lamp examination after dilation of the iris. Nevertheless, PEX
material is also found on the iris pupillary border, irido-corneal angle, vitreous, corneal
endothelial surface, and other ocular surfaces.

PEX material composition has been studied by immunostaining and differential proteomic
analysis of anterior lens capsules removed during routine cataract surgery from PEXS/
PEXG and non-glaucoma patients(13, 19-21). Proteomic analysis demonstrates that PEX
material composition can be categorized into: (a) elastic fiber, (b) basement membrane, and
(c) blood-derived components (table 1). The presence of fibrillin, elastin, tropoelastin,
LOXL1, and other elastic fiber components is a strong indicator of an elastotic process, or in
other words, a degeneration of elastic fibers with ectopic deposition of elastic fiber
components. Interestingly, a number of complement factor proteins are also present in PEX
deposits. This suggests that either the abnormal eye tissue elastotic process drives the
recruitment of inflammatory mediators, complement factors, and other serum proteins into
the aqueous humor, or that an underlying inflammatory process associated with a weakening
of the blood-aqueous barrier allows an abnormal leak of such proteins into the aqueous
humor.

PEX material is also found throughout the human body including the heart, liver, kidney,
gall bladder, and cerebral meninges(22, 23). Systemic PEX material is often found in the
periphery of blood vessels and may originate from fibroblasts and muscle cells(12).
Proteomic analysis of serum from PEXG shows elevated levels of elastic fiber proteins such
as vitronectin and fibulin compared to control patients(24, 25). Interestingly, the levels of
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various complement factors and other immune-related proteins are also elevated in the
serum of PEXG patients, but not significantly greater to those in serum from primary open
angle glaucoma (POAG) patients(24). Also, apolipoproteins, complement factors, and other
cytokines have been connected with other diseases of aging including age-related macular
degeneration, atherosclerosis, cardiovascular disease, and Alzheimer’s disease(24). This
suggests that inflammatory mediators are not specific to the pathophysiology of PEXG, but
rather may be a common feature of various diseases of aging including glaucoma.

The structure of PEX deposits has been studied by electron microscopy (EM). Elastic
microfibrils and other protein components involved in elastic fiber formation are
hypothesized to form the core of PEX deposits(14). Fibrillin-1, a key component of elastic
microfibrils, is a large glycoprotein that can interact with many basement membrane
proteins(14). Also, fibulin-5, another component of elastic microfibrils, can directly bind
LOXL1(26). Thus, basement membrane and aqueous humor proteins likely bind the core via
such proteins, and thereby create large PEX protein complexes that precipitate and
accumulate throughout intraocular surfaces(13, 14). What drives the deposition and
aggregation of elastic fiber proteins throughout the anterior segment of PEXS/PEXG eyes is
unclear and why this is associated with aging and is not a constant process present at birth or
in young individuals with genetic susceptibility is unknown.

The pathogenesis of PEX deposits is believed to be a stress- or inflammatory-induced
elastosis associated with changes in the expression of elastic microfibril components(12).
Indeed, compared to controls, individuals with PEXS have increased intraocular expression
of fibrillin-1, LTBP-1 and LTBP-2, LOXL1, and other elastic microfibril components(27,
28). In fact, the expression of LOXL1 in the cilliary processes of PEXG eyes seems to
increase in early disease followed by a reduction in late disease, compared to controls(27). It
is unclear why there is an increase in LOXL1 and elastic fiber gene transcription in early
disease, but risk SNPs in LOXL1 may alter the timing or efficacy of LOXL1 expression
affecting the fidelity of elastin polymer cross-linking in affected individuals(17, 27).
Another possibility is that risk polymorphisms in LOXL1, particularly those found in exonic
regions, ultimately affect the function of LOXL1 protein. Such changes could potentially
alter assembly or cross-linking, leading to extracellular matrix elastotic changes and
formation and deposition of PEX material(14, 29).

Genetic polymorphisms that affect expression of other disease-associated genes may also
play an important role in onset, progression, or severity of disease. Clusterin is a protein
chaperone molecule known to prevent aggregation and precipitation of mis-folded proteins.
Clusterin is significantly downregulated in anterior segment tissues and reduced in aqueous
humor of PEX eyes(30). Decreased levels of clusterin may therefore promote aggregation of
proteins around the PEX elastic microfibril core, thereby leading to the formation of PEX
deposits, through a process we describe as protein sink(13). Further analyses of current
GWAS data, or additional genetic studies, may help reveal SNPs in clusterin or other
disease-associated genes that contribute to the pathogenesis of PEXS/PEXG.

The changes in gene expression that occur in early disease may be regulated by
inflammatory cytokines, oxidative stress, hypoxia, or breakdown of the blood-aqueous
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barrier. Regardless of the inciting process, an important mediator appears to be transforming
growth factor beta type 1 (TGF-B1). TGF-B1 transcription is upregulated both in aqueous
and anterior segment tissues of PEX eyes, and TGF-p1 regulates LOXL1, clusterin,
complement factors, and other genes whose products are found in PEX material. Moreover,
TGF-B1 itself associates with PEX deposits via its binding proteins LTBP-1 and -2(31-33).
Therefore, environmental and genetic factors that drive expression of TGF-1 may induce
the elastotic process leading to PEX material formation and deposition in genetically
susceptible individuals.

PEX and aqueous humor formation

Increased resistance to aqueous outflow is well described in eyes with PEX; however, it is
unclear whether increased aqueous secretion occurs in some PEX eyes as well. The A3
adenosine receptor, a member of a family member of G-protein coupled receptors, is
overexpressed in the non-pigmented ciliary epithelium of PEX eyes with or without
glaucoma(34). Because A3 adenosine receptors regulate aqueous secretion and 10P(35, 36),
dysregulation of A3 adenosine receptors may be associated with the development of high
IOP and PEXG, especially in association with ischemia or oxidative stress(13). However,
studies aimed at evaluating I0P show a similar rate of aqueous production in PEX eyes (if
not slower) compared to control eyes(37, 38). These apparently contradicting findings may
have several explanations. Aqueous humor production is a very dynamic process, and the
rate of aqueous humor production may vary throughout the course of disease. Another
explanation is that outflow resistance influences the rate of aqueous production and vice
versa, so determining an absolute rate of aqueous humor production may be very difficult.
Therefore, it is unclear whether rate of aqueous secretion in PEX eyes is affected in pre,
early, or late stages of PEXG.

The composition of aqueous humor is clearly altered in PEX eyes. Breakdown of the blood-
aqueous barrier and leakage of serum from iris vessels has been demonstrated to occur in
PEX eyes(13, 25, 39, 40). This is associated with an abnormal accumulation of serum
proteins and extracellular matrix components in aqueous humor, as well as changes in pH,
osmolality, and reactive oxygen species related to increased oxygen content in the aqueous
humor of PEX eyes. Indeed, recent proteomic analyses of aqueous from PEX eyes
demonstrated the presence of clusterin, extracellular matrix proteins, complement factors,
hemoglobin, immunoglobulins, and other proteins(13, 25). This supports the notion of a
protein sink model where altered aqueous humor proteins in PEX eyes create a permissive
molecular environment for abnormal aggregation of multiple proteins leading to formation
of PEX deposits. It is yet to be determined whether some of these molecules abnormally
found in aqueous humor and PEX deposits, such as TGF-B and other cytokines, also trigger
pathologic changes in the function of other tissues bathed by aqueous humor such as the
lens, corneal endothelium, and TM.

These findings suggest that vascular changes and breakdown of the blood-aqueous barrier
could be a key feature of the elastotic process that defines PEX. Indeed, fibrillin, elastin,

LOXL1, and many of the genes implicated in the disease are expressed throughout the eye
including the vasculature(14). Effects on the vasculature may also explain the presence of
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PEX deposits throughout the body, although disease has only been demonstrated in the eye —
PEXG. “Knockout” or loss of LOXL1 expression is sufficient to cause loss of elastin in iris
vessels, leakage of serum into aqueous, and formation of PEX-like cataracts(41). This study
shows that lack of LOXL1 protein alone is sufficient to cause some PEX-like ocular
pathology, although it does not capitulate human PEXG especially because PEX deposits are
not observed in LOXL1 knockout mice. This may reflect the complexity of diseases of aging
such as PEXS/PEXG that involve sophisticated interactions between different genetic and
environmental factors. As mentioned above, polymorphisms in other modifier genes are
likely to influence the ultimate disease phenotype. Similarly, specific environmental factors
likely contribute to onset, rate, and severity of the disease. (See Pasquale et al in this issue
on gene-environment interactions in PEXS.)

An elastotic process affecting vascular integrity may also explain an association between
PEXS and cardiovascular disease(42). Recent studies suggest that individuals with coronary
artery ectasia, cerebrovascular disease, aortic aneurysms, or peripheral vascular disease
more frequently have PEXS/PEXG after ophthalmologic examination(43-47).
Notwithstanding the growing evidence, some studies have failed to identify an association
between PEXS/PEXG and cardiovascular disease, and there is no evidence of increased
mortality in individuals with PEXG(48-52). To date, there is no evidence from a multi-
center, randomized clinical trial for a clear association between PEX and systemic disease,
nor a clear benefit from an evaluation by a primary care physician.

PEX and outflow resistance

PEX deposits are commonly found at the pupil margin of the iris and the anterior lens
capsule of PEXG patients. These deposits are thought to be carried by aqueous convection
currents and accumulate in the TM, contributing to elevated 10P and development of
PEXG(15, 16). Interestingly, the amount of PEX deposited on the anterior lens capsule
doesn’t always correlate with severity of glaucoma. However, the severity of PEXG appears
to correlate with the amount of PEX material in the TM. PEX material accumulates in the
TM approximately 3-fold greater in the TM of PEXG compared to PEXS eyes. Also, greater
extent of PEX deposition correlates with greater IOP and greater degree of glaucomatous
damage. Within TM, deposits mostly localize to the deeper- uveal and juxtacanalicular
layers, as well as the endothelial surface of Schlemm’s canal in advanced PEXG. This raises
the question of whether PEX material in TM is extrinsic (arising from aqueous currents) or
intrinsic i.e. arising from with the TM.

Some evidence exists to support the suggestion that PEX material in TM arises from
production of abnormal elastic fibers within TM. In situ PEX material production is
supported by EM data showing increased secretory organelles and mitochondria, thickening
of the plasma membrane, and organization of fibrils on the surface of trabecular cells in
PEXG eyes(16). In healthy TM, the extracellular matrix associated with trabecular cells is
comprised of tightly organized elastin beams coated with collagen(53). LOXL1 cross-links
elastin and collagen and is expressed in multiple ocular tissues including TM(27), and may
therefore play an important role in the formation of normal TM extracellular matrix. Lack of
LOXL1 in mice leads to abnormal elastin fiber deposition and PEX-like material, similar to
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the pathology observed in TM of PEXG eyes. This supports not only that PEX material can
be produced within TM, but also that PEX material is possibly produced because of
abnormal elastin polymerization in TM as part of the primary disease process. Therefore,
increased TM resistance may result not just from TM outflow channels clogged with PEX
deposits, but also from a dysfunction of TM, which regulates 10P.

Discovering the set of genes involved in the formation of PEX material and their expression
profiles in the eye will greatly help us understand how each tissue is affected in PEXG. For
example, regulation of LOXL1 expression varies from tissue to tissue within the eye, and
throughout the course of disease in PEXS/PEXG(27). This may allow for disparate elastosis
and PEX formation in different ocular tissues, and may also explain why the amount of PEX
deposits visible on the anterior capsule may not always correlate with PEX accumulation in
TM and severity of PEXG(13, 14, 54).

LOXL1-positive PEX material is also found in other outflow structures including
Schlemm?’s canal, the periphery of intrascleral aqueous collector channels, aqueous veins,
and episcleral veins, and suprachoroidal space(27). It is therefore possible that PEX eyes
have increased resistance at a structural level posterior to TM as well as within the uveo-
scleral outflow pathway. This may help explain why PEXG is an aggressive form of OAG
with higher baseline 10P at diagnosis, greater spikes in 0P, and is associated with more
rapid progression of optic nerve damage.

PEX and optic nerve damage

The pathophysiology of PEXG is also speculated to increase risk and rate of progression of
glaucomatous optic nerve damage independent of IOP(55). For example, despite similar
baseline 10P, a greater rate of conversion to glaucoma is reported from ocular hypertension
to PEXG than to POAG(56). Also, untreated patients with PEXG progress faster than those
with POAG or normal tension glaucoma (NTG)(57). Some of this risk is thought to arise
from structural changes in lamina cribrosa leading to increased damage of retinal ganglion
cell axons(58, 59). The extracellular matrix of lamina cribrosa is composed of elastic fibers,
and significant elastosis is observed in PEXG eyes(58). Although these changes can result
from chronic elevation in 10P, the extent of elastosis observed in PEX eyes is significantly
greater to that observed in other forms of glaucoma. This suggests that these optic nerve
head associated changes are part of the primary PEX pathophysiologic process, not elevated
IOP(59).

The elastic fiber network of lamina beams in PEX is disorganized and fragmented and is
associated with formation of PEX aggregates(55). There is also decreased expression of
LOXL1 gene as well as elastin, fibrillin-1 and fibulin-4 in lamina cribrosa of PEXG eyes.
Moreover, LOXL1 protein, normally localized in the cytoplasm of astrocytes associated
with elastic fibers, accumulates with PEX aggregates co-localized with elastin, fibrillin-1,
and fibulin-4(55). Interestingly, no change is observed in collagen expression or
organization, or in the macroscopic architecture of lamina cribrosa in PEX eyes. Taken
together, this suggests that the biomechanical properties such as compliance or stiffness -
rather than overall structure - of lamina cribrosa is affected in PEX eyes. Of note, LOXL1

Int Ophthalmol Clin. Author manuscript; available in PMC 2015 October 01.
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also accumulates in the blood vessel walls of pre-laminar capillaries and retrobulbar short
posterior ciliary arteries suggesting that axonal damage could also result from vascular
pathology in the optic nerve head(55). Indeed, mechanical and vascular injury at the optic
nerve head are not mutually exclusive processes, and both affect axoplasmic flow in retinal
ganglion cell (RGC) axons leading to RGC glaucomatous degeneration.

Optic nerve damage and progression could also result from pathology in the ganglion cell
and inner plexiform layers (GCL and IPL, respectively) of the retina. Recent studies have
shown an accumulation of complement factors in the IPL during early glaucoma(60-63).
This complement accumulation may lead to pruning of the RGC dendrites and RGC
dysfunction in early disease(63-65). Moreover, a recent GWAS showed that SNPs in
complement factor C7 are associated with POAG(66). Therefore, the breakdown of the
blood barrier in PEX, together with increased levels of complement factors, TGF-B, and
other cytokines in PEXG may potentially lead to degeneration of RGCs independent of 10P.
Interestingly, LOXL1 protein is found in the IPL and GCL of healthy eyes(67); it would be
interesting to see if the vasculature supplying the inner retina is also altered in PEX eyes.

Taken together, there is no evidence to establish a causative relationship between changes in
lamina cribrosa and 10P-independent glaucomatous damage in PEXG. Nevertheless, this
research work helps explain why PEXG is more aggressive than other forms of OAG, and
sheds light on the biochemistry and biomechanics of elastic tissue and its relationship with
glaucomatous damage.

Conclusion

Clinically observed PEX deposits in intraocular surfaces may represent the “tip of an
iceberg” of a more fundamental disease process affecting the organization of elastic fiber
networks. In the eye, this results in abnormal biomechanical and biochemical properties of
many tissues including the trabecular meshwork and lamina cribrosa, and may also produce
zonular fragility. PEX also results in compromised blood-aqueous barrier integrity in the
ciliary body and iris, resulting in abnormal agueous composition and PEX material
formation and deposition. These molecular and pathophysiologic events may underlie
uncontrolled 10P, glaucoma, lenticulo-zonular complex weakness, surgical complications,
and higher rates of postoperative inflammation seen in PEXG.

Understanding the function and regulation of LOXL1 and other genes implicated in PEX
have helped elucidate molecular pathways involved in axonal support at the lamina cribrosa,
aqueous production, outflow, and control of IOP. Further research will further help us better
understand not only PEX, but also glaucoma at the molecular level, and may lead to
development of diagnostic tools and treatments for affected individuals.

References

1. Resnikoff S, et al. Global data on visual impairment in the year 2002. Bulletin of the World Health
Organization. Nov.2004 82:844. [PubMed: 15640920]

2. Quigley HA, Green WR. The histology of human glaucoma cupping and optic nerve damage:
clinicopathologic correlation in 21 eyes. Ophthalmology. Oct.1979 86:1803. [PubMed: 553256]

Int Ophthalmol Clin. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Vazquez and Lee

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Page 9

. Anderson DR, Hendrickson A. Effect of intraocular pressure on rapid axoplasmic transport in

monkey optic nerve. Investigative ophthalmology. Oct.1974 13:771. [PubMed: 4137635]

. Sossi N, Anderson DR. Blockage of axonal transport in optic nerve induced by elevation of

intraocular pressure. Effect of arterial hypertension induced by angiotensin I. Archives of
ophthalmology. Jan.1983 101:94. [PubMed: 6185108]

. Minckler DS, Bunt AH, Johanson GW. Orthograde and retrograde axoplasmic transport during

acute ocular hypertension in the monkey. Invest Ophthalmol Vis Sci. May.1977 16:426. [PubMed:
67096]

. Quigley HA, Addicks EM. Regional differences in the structure of the lamina cribrosa and their

relation to glaucomatous optic nerve damage. Archives of ophthalmology. Jan.1981 99:137.
[PubMed: 7458737]

. Quigley HA, Flower RW, Addicks EM, McLeod DS. The mechanism of optic nerve damage in

experimental acute intraocular pressure elevation. Invest Ophthalmol Vis Sci. May.1980 19:505.
[PubMed: 6154668]

. Minckler DS, Spaeth GL. Optic nerve damage in glaucoma. Survey of ophthalmology. Nov-Dec;

1981 26:128. [PubMed: 6175030]

. Ritch R. Why is glaucoma associated with exfoliation syndrome? Progress in retinal and eye

research. 2003; 22:253. [PubMed: 12852486]
Ritch R, Schlotzer-Schrehardt U. Exfoliation syndrome. Survey of ophthalmology. Jan-Feb;2001
45:265. [PubMed: 11166342]
Ritch R. Perspective on exfoliation syndrome. Journal of glaucoma. Oct.2001 10:S33. [PubMed:
11890270]

Schlotzer-Schrehardt U, Naumann GO. Ocular and systemic pseudoexfoliation syndrome.
American journal of ophthalmology. May.2006 141:921. [PubMed: 16678509]

Lee RK. The molecular pathophysiology of pseudoexfoliation glaucoma. Current opinion in
ophthalmology. Mar.2008 19:95. [PubMed: 18301281]

Schlotzer-Schrehardt U. Molecular pathology of pseudoexfoliation syndrome/glaucoma--new
insights from LOXL1 gene associations. Experimental eye research. Apr.2009 88:776. [PubMed:
18809397]

Gottanka J, Flugel-Koch C, Martus P, Johnson DH, Lutjen-Drecoll E. Correlation of
pseudoexfoliative material and optic nerve damage in pseudoexfoliation syndrome. Invest
Ophthalmol Vis Sci. Nov.1997 38:2435. [PubMed: 9375560]

Schlotzer-Schrehardt U, Naumann GO. Trabecular meshwork in pseudoexfoliation syndrome with
and without open-angle glaucoma. A morphometric, ultrastructural study. Invest Ophthalmol Vis
Sci. Aug.1995 36:1750. [PubMed: 7635652]

Thorleifsson G, et al. Common sequence variants in the LOXL1 gene confer susceptibility to
exfoliation glaucoma. Science. Sep 7.2007 317:1397. [PubMed: 17690259]

Kuchtey J, Kuchtey RW. The microfibril hypothesis of glaucoma: implications for treatment of
elevated intraocular pressure. Journal of ocular pharmacology and therapeutics : the official
journal of the Association for Ocular Pharmacology and Therapeutics. Mar-Apr;2014 30:170.
Ovodenko B, et al. Proteomic analysis of exfoliation deposits. Invest Ophthalmol Vis Sci. Apr.
2007 48:1447. [PubMed: 17389470]

Li ZY, Streeten BW, Wallace RN. Association of elastin with pseudoexfoliative material: an
immunoelectron microscopic study. Current eye research. Dec.1988 7:1163. [PubMed: 3229128]
Schlotzer-Schrehardt U, Dorfler S, Naumann GO. Immunohistochemical localization of basement
membrane components in pseudoexfoliation material of the lens capsule. Current eye research.
Apr.1992 11:343. [PubMed: 1388118]

Schlotzer-Schrehardt UM, Koca MR, Naumann GO, Volkholz H. Pseudoexfoliation syndrome.
Ocular manifestation of a systemic disorder? Archives of ophthalmology. Dec.1992 110:1752.
[PubMed: 1463418]

Streeten BW, Li ZY, Wallace RN, Eagle RC Jr, Keshgegian AA. Pseudoexfoliative fibrillopathy in
visceral organs of a patient with pseudoexfoliation syndrome. Archives of ophthalmology. Dec.
1992 110:1757. [PubMed: 1463419]

Int Ophthalmol Clin. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Vazquez and Lee

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 10

Gonzalez-Iglesias H, et al. Comparative proteomic study in serum of patients with primary open-
angle glaucoma and pseudoexfoliation glaucoma. Journal of proteomics. Feb 26.2014 98:65.
[PubMed: 24355480]

Hardenborg E, et al. Protein content in aqueous humor from patients with pseudoexfoliation (PEX)
investigated by capillary LC MALDI-TOF/TOF MS. Proteomics - Clinical Applications. 2009;
3:299.

Liu X, et al. Elastic fiber homeostasis requires lysyl oxidase-like 1 protein. Nature genetics. Feb.
2004 36:178. [PubMed: 14745449]

Schlotzer-Schrehardt U, et al. Genotype-correlated expression of lysyl oxidase-like 1 in ocular
tissues of patients with pseudoexfoliation syndrome/glaucoma and normal patients. The American
journal of pathology. Dec.2008 173:1724. [PubMed: 18974306]

Zenkel M, et al. Differential gene expression in pseudoexfoliation syndrome. Invest Ophthalmol
Vis Sci. Oct.2005 46:3742. [PubMed: 16186358]

Whigham BT, Allingham RR. Review: The role of LOXLL1 in exfoliation syndrome/glaucoma.
Saudi journal of ophthalmology : official journal of the Saudi Ophthalmological Society. Oct.2011
25:347. [PubMed: 23960948]

Zenkel M, Kruse FE, Junemann AG, Naumann GO, Schlotzer-Schrehardt U. Clusterin deficiency
in eyes with pseudoexfoliation syndrome may be implicated in the aggregation and deposition of
pseudoexfoliative material. Invest Ophthalmol Vis Sci. May.2006 47:1982. [PubMed: 16639006]
Schlotzer-Schrehardt U, Zenkel M, Kuchle M, Sakai LY, Naumann GO. Role of transforming
growth factor-betal and its latent form binding protein in pseudoexfoliation syndrome.
Experimental eye research. Dec.2001 73:765. [PubMed: 11846508]

Oleggini R, Gastaldo N, Di Donato A. Regulation of elastin promoter by lysyl oxidase and growth
factors: cross control of lysyl oxidase on TGF-betal effects. Matrix biology : journal of the
International Society for Matrix Biology. Jul.2007 26:494. [PubMed: 17395448]

Ho SL, et al. Elevated aqueous humour tissue inhibitor of matrix metalloproteinase-1 and
connective tissue growth factor in pseudoexfoliation syndrome. The British journal of
ophthalmology. Feb.2005 89:169. [PubMed: 15665347]

Schlotzer-Schrehardt U, et al. Selective upregulation of the A3 adenosine receptor in eyes with
pseudoexfoliation syndrome and glaucoma. Invest Ophthalmol Vis Sci. Jun.2005 46:2023.
[PubMed: 15914619]

Wang Z, et al. Nucleoside-derived antagonists to A3 adenosine receptors lower mouse intraocular
pressure and act across species. Experimental eye research. Jan.2010 90:146. [PubMed: 19878673]

Avila MY, Stone RA, Civan MM. Knockout of A3 adenosine receptors reduces mouse intraocular
pressure. Invest Ophthalmol Vis Sci. Sep.2002 43:3021. [PubMed: 12202525]

Johnson DH, Brubaker RF. Dynamics of aqueous humor in the syndrome of exfoliation with
glaucoma. American journal of ophthalmology. May.1982 93:629. [PubMed: 7081361]

Johnson TV, Fan S, Camras CB, Toris CB. Aqueous humor dynamics in exfoliation syndrome.
Archives of ophthalmology. Jul.2008 126:914. [PubMed: 18625936]

Brooks AM, Gillies WE. Fluorescein angiography and fluorophotometry of the iris in
pseudoexfoliation of the lens capsule. The British journal of ophthalmology. Apr.1983 67:249.
[PubMed: 6187357]

Kuchle M, Vinores SA, Mahlow J, Green WR. Blood-aqueous barrier in pseudoexfoliation
syndrome: evaluation by immunohistochemical staining of endogenous albumin. Graefe’s archive
for clinical and experimental ophthalmology = Albrecht von Graefes Archiv fur klinische und
experimentelle Ophthalmologie. Jan.1996 234:12.

Wiggs JL, et al. Disruption of the blood-aqueous barrier and lens abnormalities in mice lacking
lysyl oxidase-like 1 (LOXL1). Invest Ophthalmol Vis Sci. Feb.2014 55:856. [PubMed: 24425853]
Wang W, He M, Zhou M, Zhang X. Ocular pseudoexfoliation syndrome and vascular disease: a
systematic review and meta-analysis. PloS one. 2014; 9:e92767. [PubMed: 24667689]

Ritland JS, Egge K, Lydersen S, Juul R, Semb SO. Exfoliative glaucoma and primary open-angle
glaucoma: associations with death causes and comorbidity. Acta ophthalmologica Scandinavica.
Aug.2004 82:401. [PubMed: 15291932]

Int Ophthalmol Clin. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Vazquez and Lee

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Page 11

Praveen MR, et al. Pseudoexfoliation as a risk factor for peripheral vascular disease: a case-control
study. Eye. Feb.2011 25:174. [PubMed: 21127507]

Djordjevic-Jocic J, Jovanovic P, Bozic M, Tasic A, Rancic Z. Prevalence and early detection of
abdominal aortic aneurysm in pseudoexfoliation syndrome and pseudoexfoliation glaucoma.
Current eye research. Jul.2012 37:617. [PubMed: 22574663]

Akdemir MO, Sayin MR, Armut M, Akpinar I, Ugurbas SH. Pseudoexfoliation syndrome and
coronary artery ectasia. Eye. Mar 7.2014

Turkyilmaz K, Oner V, Cicek Y, Kurt A, Durmus M. Systemic arterial stiffness in patients with
pseudoexfoliation glaucoma. Journal of glaucoma. Feb.2014 23:108. [PubMed: 23632414]
Allingham RR, et al. Pseudoexfoliation syndrome in Icelandic families. The British journal of
ophthalmology. Jun.2001 85:702. [PubMed: 11371492]

Emiroglu MY, et al. Is pseudoexfoliation syndrome associated with coronary artery disease? North
American journal of medical sciences. Oct.2010 2:487. [PubMed: 22558552]

Hollo G, Gal A, Kothy P, Molnar JM. LOXL1 gene sequence variants and vascular disease in
exfoliation syndrome and exfoliative glaucoma. Journal of glaucoma. Mar.2011 20:143. [PubMed:
20436359]

Ringvold A, Blika S, Sandvik L. Pseudo-exfoliation and mortality. Acta ophthalmologica
Scandinavica. Jun.1997 75:255. [PubMed: 9253968]

Shrum KR, Hattenhauer MG, Hodge D. Cardiovascular and cerebrovascular mortality associated
with ocular pseudoexfoliation. American journal of ophthalmology. Jan.2000 129:83. [PubMed:
10653417]

Huang AS, Gonzalez JM Jr, Le PV, Heur M, Tan JC. Sources of structural autofluorescence in the
human trabecular meshwork. Invest Ophthalmol Vis Sci. Jul.2013 54:4813. [PubMed: 23745000]
Shuba L, Nicolela MT, Rafuse PE. Correlation of capsular pseudoexfoliation material and
iridocorneal angle pigment with the severity of pseudoexfoliation glaucoma. Journal of glaucoma.
Jan.2007 16:94. [PubMed: 17224757]

Schlotzer-Schrehardt U, et al. LOXL1 deficiency in the lamina cribrosa as candidate susceptibility
factor for a pseudoexfoliation-specific risk of glaucoma. Ophthalmology. Sep.2012 119:1832.
[PubMed: 22633114]

Grodum K, Heijl A, Bengtsson B. Risk of glaucoma in ocular hypertension with and without
pseudoexfoliation. Ophthalmology. Mar.2005 112:386. [PubMed: 15745763]

Heijl A, Bengtsson B, Hyman L, Leske MCG. Early Manifest Glaucoma Trial, Natural history of
open-angle glaucoma. Ophthalmology. Dec.2009 116:2271. [PubMed: 19854514]

Netland PA, Ye H, Streeten BW, Hernandez MR. Elastosis of the Lamina Cribrosa in
Pseudoexfoliation Syndrome with Glaucoma. Ophthalmology. 1995; 102:878. [PubMed: 7777294]
Pena JD, et al. Elastosis of the lamina cribrosa in glaucomatous optic neuropathy. Experimental
eye research. Nov.1998 67:517. [PubMed: 9878213]

Stasi K, et al. Complement component 1Q (C1Q) upregulation in retina of murine, primate, and
human glaucomatous eyes. Invest Ophthalmol Vis Sci. Mar.2006 47:1024. [PubMed: 16505037]
Steele MR, Inman DM, Calkins DJ, Horner PJ, Vetter ML. Microarray analysis of retinal gene
expression in the DBA/2J model of glaucoma. Invest Ophthalmol Vis Sci. Mar.2006 47:977.
[PubMed: 16505032]

Kuehn MH, et al. Retinal synthesis and deposition of complement components induced by ocular
hypertension. Experimental eye research. Sep.2006 83:620. [PubMed: 16677633]

Stevens B, et al. The classical complement cascade mediates CNS synapse elimination. Cell. Dec
14.2007 131:1164. [PubMed: 18083105]

Howell GR, et al. Molecular clustering identifies complement and endothelin induction as early
events in a mouse model of glaucoma. The Journal of clinical investigation. Apr.2011 121:1429.
[PubMed: 21383504]

Howell GR, et al. Deficiency of complement component 5 ameliorates glaucoma in DBA/2J mice.
Journal of neuroinflammation. 2013; 10:76. [PubMed: 23806181]

Scheetz TE, et al. A genome-wide association study for primary open angle glaucoma and macular
degeneration reveals novel Loci. PloS one. 2013; 8:e58657. [PubMed: 23536807]

Int Ophthalmol Clin. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Vazquez and Lee

Page 12

67. Hayashi K, et al. Comparative immunocytochemical localization of lysyl oxidase (LOX) and the
lysyl oxidase-like (LOXL) proteins: changes in the expression of LOXL during development and
growth of mouse tissues. Journal of molecular histology. Nov.2004 35:845. [PubMed: 15609098]

Int Ophthalmol Clin. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Vazquez and Lee

Table 1

Capsular PEX deposit protein composition by proteomic analysis(19)

Elastic Fiber Components

Fibrillin-1

Elastin

Tropoelastin

Microfibril associated glycoprotein (MAGP-1)
Emilin

LOXL1

Basement Membrane and Extracellular Matrix Components

Fibronectin
Vitronectin”
Fibulin-2*
Laminin
Heparan sulphate
Amyloid P
Versican

Syndecan-3

Blood-Derived and Immune-related proteins

Hemoglobin A2
Clusterin

Complement factor Clq
Complement factor C3c

Complement factor C4c

Latent transforming growth factor b (TGF-B) binding proteins (LTBP-1 and LTBP-2)

*
Proteins found in greater concentration of serum from PEXG compared to control patients(24)
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