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Abstract

Microfibrils are macromolecular aggregates located in the extracellular matrix of both elastic and nonelastic
tissues that have essential functions in formation of elastic fibers and control of signaling through the trans-
forming growth factor beta (TGFp) family of cytokines. Elevation of systemic TGF and chronic activation of
TGFp signal transduction are associated with diseases caused by mutations in microfibril-associated genes,
including FBNI. A role for microfibrils in glaucoma is suggested by identification of risk alleles in LOXLI for
exfoliation glaucoma and mutations in L7BP2 for primary congenital glaucoma, both of which are microfibril-
associated genes. Recent identification of a mutation in another microfibril-associated gene, ADAMTS10, in a
dog model of primary open-angle glaucoma led us to form the microfibril hypothesis of glaucoma, which in
general states that defective microfibrils may be an underlying cause of glaucoma. Microfibril defects could
contribute to glaucoma through alterations in biomechanical properties of tissue and/or through effects on
signaling through TGFp, which is well established to be elevated in the aqueous humor of glaucoma patients.
Recent work has shown that diseases caused by microfibril defects are associated with increased concentra-
tions of TGF[ protein and chronic activation of TGFB-mediated signal transduction. In analogy with other
microfibril-related diseases, defective microfibrils could provide a mechanism for the elevation of TGFB2 in
glaucomatous aqueous humor. If glaucoma shares mechanisms with other diseases caused by defective mi-
crofibrils, such as Marfan syndrome, therapeutic interventions to inhibit chronic activation of TGFJ signaling
used in those diseases may be applied to glaucoma.

The Microfibril Hypothesis of Glaucoma

DENTIFICATION OF A MUTATION in ADAMTS10 in the dog

model of primary open-angle glaucoma led us to form the
microfibril hypothesis of glaucoma, which in general states
that defective microfibrils may be an underlying cause of
glaucoma.' The microfibril hypothesis is based on genetic
and biological evidence and is consistent with many key
features of glaucoma that have been studied extensively.
Genetic support for the microfibril hypothesis includes in-
volvement of the microfibril-associated genes, LOXL],2
LTBP2,** and ADAMTSIO" in glaucoma and the high
prevalence of primary open-angle glaucoma in patients with
Marfan syndrome,5 which is caused by mutations in FBNI,
the gene that encodes fibrillin-1, the main component of
microfibrils.® Microfibril defects could contribute to glau-
coma through alterations in biomechanical properties of
tissue and/or through effects on signaling through trans-
forming growth factor beta (TGFf). Microfibrils are the
major reservoir of latent TGFB and are central to TGFj

localization and signaling.” "' Defective microfibrils could
provide a mechanism for the elevation of TGFB2 in the
aqueous humor of glaucoma patients. If glaucoma shares
mechanisms with other diseases caused by defective mi-
crofibrils, therapeutic interventions to inhibit chronic acti-
vation of TGFf signaling used in those diseases may be
applied to glaucoma.

Discovery of Microfibrils

An electron microscopy study of the cornea in 1954 by
Jakus'? is perhaps the earliest identification of the fine ex-
tracellular filaments in connective tissue that became known
as microfibrils. In 1958, Karrer noted that these filamentous
structures sometimes had a beaded appearance and were
associated with elastic fibers.'> Summarizing the work of
several investigators in 1962, Low described these structures
as a basic element of connective tissue frequently associated
with elastic fibers and basement membranes and suggested
the specific name of microfibrils to describe them.'* In 1969
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FIG. 1. Examples of microfibril ultrastructure. Microfibrils are components of elastic fibers, forming sheaths of fibrillar
material (F) surrounding elastin cores (E), as seen in a longitudinal section (A) and cross section (B) of elastic fibers in
human skin that have been immunogold labeled with an antibody to fibrillin-1. Microfibrils can also form fibrous structures
independent of elastin, which are sometimes seen connected to basement membrane, as shown in an anti-fibrilin-1-labeled
section in which immunogold-labeled fibers appear to insert into the lamina densa portion of the basement membrane (BM)
in the dermal-epidermal region of human skin (C). Elastic-like fibers in the trabecular meshwork are atypical elastic fibers,
with heterogenous elastin cores displaying light patches (arrow) surrounded by a sheath containing periodic structures (S)
from which fine fibrils (F) seem to derive and connect to the basement membrane in a tangential section of the trabecular
meshwork (D). Images adapted from Sakai et al, © 1986 Rockefeller University Press, originally published in Journal of
Cell Biology."” (A-C) and from Fig. 3 of Rohen et al.,*® reprinted with permission from the copyright holder, the
Association for Research in Vision and Ophthalmology (D).

Ross and Bornstein more fully described microfibrils as
forming sheaths surrounding elastic fibers and noted that
microfibrils appeared to form an aggregate structure pre-
ceding development of elastin cores,'> an observation that
has been subsequently confirmed by demonstrated require-
ment for formation of a microfibril scaffold on which elastin
cores assemble.'® Microfibrils are now well established to
be widely expressed constituents of extracellular matrix
(ECM) in both elastic and nonelastic tissues. In a landmark
article published in 1986, Sakai et al. identified fibrillin-1 as
a major component of microfibrils.'” Microfibrils exist most

A

often as components of elastic fibers as sheaths of fibrillar
material surrounding elastin cores (Fig. 1A and B) or, al-
ternatively, not associated with elastin, as fibers connecting
to basement membrane (Fig. 1C) or performing specialized
structural function such as formation of the lens zonules.

Principal Component of Microfibrils: Fibrillin-1

The organizing fibril structure of microfibrils is composed
of polymers of fibrillin-1 assembled in a head-to-tail ar-
rangement. Isolated microfibrils appear as 10—12 nm diameter
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FIG. 2. Structure of microfibrils and fibrilin-1. Isolated microfibrils have a characteristic beads-on-a-string appearance
with ~50nm spacing between beads as shown schematically (A). The fibrillar structure is composed of linear arrays of
fibrillin-1 molecules. The exact arrangement of fibrillin-1 within microfibrils is an active area of investigation, though it is
known that the bead structures correspond to overlapping N- and C- termini. Fibrillin-1 is an ~350kDa protein with
multiple domains (B). The bulk of the structure is composed of calcium-binding epidermal growth factor (EGF)-like
domains.
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TABLE 1.
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MICROFIBRIL-ASSOCIATED PROTEINS

Microfibril-associated protein

Microfibril-related function

Large Latency Complex

(LTBP bound to latent TGFf)

GDF8, GDF5, BMP2, BMP4, BMP7, BMP10
LTBP2

fibulin2, fibulin4, fibulin5

Elastin

ADAMTSI10

ADAMTSL?2 (via LTBP1), ADAMTSLA,
ADAMTSL3, ADAMTSL6

MAGPI1, MAGP2

Decorin, versican, aggrecan, perlcan

TGFp signaling

TGFp superfamily signaling

Possible structural role and/or competes for
binding with other microfibril-associated proteins

Microfibril and elastic fiber structure and assembly

Elastic fiber core structure

Microfibril assembly

Not determined

Elastic fiber assembly
Not determined

TGF, transforming growth factor beta.

fibers with regularly spaced bead-like structures (Fig. 2A).
Though it is known that overlap of amino and carboxy ter-
mini of adjacent fibrillin-1 molecules correspond to the bea-
ded structures, the basic orientation of fibrillin-1 within
microfibrils is not established.”'” Several competing models
of the arrangement of fibrillin-1 within microfibril structures
have been proposed”'® (e.g., see Fig. 4 of Jensen et al.'%).

Fibrillin-1 is a large (~350kDa) multi-domain pro-
tein (Fig. 2) that serves as an extracellular docking site for
multiple other proteins involved in a variety of structural
and growth factor-mediated functions (Table 1).7:%-10.18
From an evolutionary perspective, the domain organization
of fibrillin-1 is remarkably conserved, with the number and
kinds of domains nearly identical from jellyfish to human,
consistent with a central biological role for microfibrils.'®'?

The bulk of fibrillin-1 structure is composed of 47 epi-
dermal growth factor (EGF)-like domains, 43 of which bind
calcium (cb-EGF-like).” EGF-like and cb-EGF-like domains
are relatively common, occurring in many proteins other
than fibrillins, and often serving as binding sites for other
proteins. Coordination of calcium ions within cb-EGF-like
domains and interactions with adjacent domains impose a
rod-like structure to segments of fibrillin-land is required
for fibrillin-1 binding to other ECM components, including
heparin, aggrecan, and versican.”?'°

Fibrillin-1 contains 7 TGFB binding-like (TB) do-
mains, which are uniquely found in fibrillins and latent
TGFp-binding proteins (LTBPs).'® Despite their name,
TB domains do not bind TGFf, with the exception of
TB domains found in LTBPs. The fourth TB domain of
fibrillin-1 contains an RGD motif by which fibrillin-1
binds integrins.'®

In humans, there are 3 fibrillins that are distinguishable by
a domain located C-terminal from the first TB domain,
which is proline-rich for fibrillin-1, glycine-rich for fibrillin-
2 and proline, and glycine-rich for fibrillin-3."%'* The
domain structure is almost completely preserved in the 3
fibrillins, with the notable exception that fibrillin-2 and
fibrillin-3 contain an additional RGD motif in addition to the
one found within the fourth TB domain of fibrillin-1."*""
Fibrillin-1 is by far the best-studied and most prevalent
fibrillin, forming the backbone of mature microfibrils.
Fibrillin-2 is also found in microfibrils and probably shares
many of the functional capabilities of fibrillin-1 since it may
be able to partially compensate for fibrillin-1 deficiency.20
Fibrillin-2 appears to play a more prominent role during

development. For example, recent work has shown
fibrillin-2 is the dominant fibrillin in microfibrils of the de-
veloping lens, but is replaced by fibrillin-1 in the adult eye.*!

Microfibrils Control Location and Activation
of TGFp

Localization and activation of TGFp is controlled by
microfibrils, which are the major storage depot of latent
TGFB in the ECM.®'"*2%3 TGF is localized to extracel-
lular microfibrils via the large latency complex (LLC),
which is comprised of latent TGFP dimers covalently at-
tached to LTBP. TGFp is cleaved into latency-associated
peptide (LAP) and active peptide halves in the Golgi ap-
paratus, with LAP remaining noncovalently bound, forming
the small latency complex (SLC). LTBP binds the SLC
forming the LLC, which is secreted into the ECM where it
binds fibrillin-1 microfibrils through noncovalent interaction
with LTBP. There are 3 TGFs: TGFB1, TGFB2, and
TGFf3 and 4 LTBPs: LTBP1, LTBP2, LTBP3, and LTBPA4.
LTBP2 does not bind any of the TGFB/LAP complexes, but
it does bind microfibrils where it may play a structural role
or participate in formation of microfibril-associated protein
complexes by competing with other LTBPs for binding to
fibrillin-1.>**> LTBP1 and LTBP3 bind all 3 TGFR/LAP
complexes with equal affinity while LTBP4 weakly binds
TGEB1/LAP.'®*

Microfibrils regulate activation of TGFp, which involves
release of LAP to allow interaction of the active TGFp with its
receptor.'' Mechanisms of TGFp activation include interac-
tions with thrombospondin-1,%® protease activity, integrin in-
teractions, and tissue elasticity.'"”” Integrins can activate
TGFB by binding an RGD motif in LAP. Mice with a targeted
mutation disrupting the RGD motif in LAP of TGFB1 develop
pathology identical to TGFBI null mice, indicating that in-
tegrin activation of TGFf through the RGD domain of LAP is
a major mechanism of activation.”® While important, integrin
activation with LAP does not apply to TGF(B2 activation be-
cause it does not have an RGD domain in its LAP, unlike the
other TGFps. A critical role for microfibrils in TGFp activa-
tion is suggested by a number of diseases that have chronic
activation of TGFp signaling associated with mutations in
fibrillin-1 or other microfibril-related diseases, including Mar-
fan syndrome,zg_32 Weill-Marchesani syndrome,” acromicric
dysplasia,* geleophysic dysplasia,>**> congenital scleroderma,*
and cutis laxa.37-38
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Microfibril Assembly and Generation
of Elastic Fibers

Assembly of fibrillin-1 into microfibrils is initiated in-
tracellularly and continues paracellularly, though many
fundamental steps are not yet fully understood. Formation of
the microfibrils continues near the cell surface after fibrillin-1
secretion in a process that requires a previously formed layer
of fibronectin.**** To form the macromolecular structures,
fibrillin-1 is assembled in a head-to-tail fashion with over-
lapping amino and carboxy termini corresponding to the
beads of the characteristic beads-on-a-string ultrastructure
of microfibrils.”*'® Beyond the head-to tail assembly, the
basic arrangement of fibrillin-1 monomers within the poly-
meric assembly is not precisely known, though several
competing models have been proposed. These models at-
tempt to explain the ~50nm periodicity of the bead
structures, accommodate location of putative transglutami-
nase cross-links, and supply mechanisms for the elastic
properties of microfibrils.”%-10

Assembly of elastic fibers requires microfibrils, which
serve as a scaffold for deposition and cross-linking of tro-
poelastin to form the elastin core. Disordered elastic fibers
are characteristic of patients with Marfan syndrome,**!
which is caused by mutations in FBNI, and in mice with
targeted mutations of Fbnl.**** Several microfibril-
associated proteins are necessary for proper formation of
elastic fibers, including fibulins, lysyl oxidases (Lox), and
lysyl oxidase-like (LoxL) proteins. Though elastin cores are
always sheathed in microfibrils, microfibrils can form
structures without elastin (Fig. IC).16

Microfibrils in the Outflow Pathway

A ring of elastic fibers parallel to the internal axis of
Schlemm’s canal is formed by abundant elastic fibers in the
trabecular meshwork (TM).*** The network of elastic fibers is
found in the cores of trabecular beams in the corneoscleral
portion of the TM,*™*® within the juxtacanalicular tissue
(JCT)**59 and the inner and outer walls of Schlemm’s
canal.’' The circumferential elastic fibers within the JCT re-
gion (also referred to as the cribriform meshwork*®) are con-
nected to the elastic fibers of ciliary muscle tendons and to the
basement membranes of Schlemm’s canal and trabecular en-
dothelial cells by connecting fibrils.*>>* The interconnected
circumferential elastic fiber network resembles elastic fiber
structure in blood vessels™ and likely provides necessary
elastic properties to the aqueous humor outflow system, which
is constantly challenged with pulsatile force.

The elastic fibers in the TM have an atypical ultrastruc-
tural appearance compared with those in other tissues, as
noted in early* and subsequent*®***° electron microscopic
studies. The TM elastic fibers display an ‘‘electron-dense
core containing light strands and a surrounding sheath of
periodic structure embedded in matrix,”46 rather than a
homogenous core with an obvious fibrillar coat, as found in
other tissues (Fig. 1D). Because of their atypical appear-
ance, elastic fibers in the TM have been referred to as
elastic-like fibers.*® Subsequent immunogold labeling for
elastin demonstrated that the cores of the elastic-like fibers
contain elastin,*’**3%* though they are resistant to diges-
tion by elastase.*” The sheath material surrounding the cores
contains fibrillin-1, similar to typical elastic fibers, however,
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in the JCT, fibrillin-1 is expressed in the cores as well 4720

Additional matrix components have been identified in TM
elastic fibers, including abundant expression of decorin and
type VI collagen in the cores and fibronectin, vitronectin,
tenascin, decorin, and hyaluronic acid in the sheaths.*”>"
The distribution of the ECM components is different for
elastic fibers in the corneoscleral meshwork compared with
those in the JCT.*’*° The distinct structural and composi-
tional characteristics of TM elastic fibers suggests tissue-
specific specialization of function. However, elastic-like
fibers in the TM can broadly be classified as elastic fibers,
based on having elastin cores surrounded by microfibril
sheaths containing fibrillin-1. Expression of fibrillin-1 in the
TM as revealed by immunostaining and light microscopy
confirm a distribution of microfibrils overlapping with TM
elastic fibers, with prominent expression of fibrillin-1 adja-
cent to Schlemm’s canal®'>¢ and within the JCT.”!

Sheath-Derived Plaques

In 1971 Rohen and Witmer reported that in glaucomatous
eyes, “deposits of homogeneous osmiophilic material (pla-
ques) were found between the cell layers of the cribriform area
of the TM adjacent to the inner wall of Schlemm’s canal,”
which “were not present to such an extent within the control
specimens.””” These structures located in the JCT and walls of
Schlemm’s canal are composed of fibrillar material embedded
in homogenous matrix, with banded appearance in some cases,
which appear to originate from the sheaths of the elastic-like
fibers, as extensively characterized in electron microscopic
studies by Rohen, Lutjen-Drecoll, and colleagues who referred
to them as sheath-derived plaques.**** Fibrillin-1 was later
found to be expressed in sheath-derived plaques and in the
sheaths of elastic fibers in the JCT and corneoscleral meshwork
in immunoelectron microscopy studies by Ueda et al.*’°
Although accumulation of these structures occurs with normal
aging, qualitative and quantitative studies indicated a greater
accumulation of sheath-derived plaques in TM samples from
glaucoma patients, suggesting a pathogenic role.46.49-58.59

Microfibril defects result in disordered elastic fibers.
Fragmented and degenerated elastic fibers and thickening of
the aortic wall due to accumulation of amorphous matrix are
found in Marfan syndrome patients and in mouse models of
Marfan syndrome caused by mutations of Fbnl.*'**% Ge-
netic variants in FBNI, or microfibril-associated genes,
could contribute to the accelerated accumulation of sheath-
derived plaques observed in the TM of glaucoma patients.

Pulsatile Outflow

A pumping mechanism of AH outflow has been proposed
by Johnstone, in which periodic oscillation of intraocular
pressure (IOP) due to cardiac pulse causes expansion and
contraction of the TM, which expels aqueous humor into
collector channels and into episcleral veins.®’"®* The ex-
pansion and contraction of the TM, which drives the
pumping action, has been shown to involve movement on
the order of 1-2 um, depending on IOP.®* In analogy with
arterial mechanics,™ the elastic properties of the TM, col-
lector channels, and episcleral veins would govern the be-
havior of the pump mechanism. In addition to the extensive
network of elastic fibers in the TM,52 elastic fibers are found
in collector channel walls®' and very likely in episcleral
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veins. Microfibril defects cause changes in vascular bio-
mechanics as evidenced by the decreased arterial distensi-
bility and increased aortic stiffness in Marfan syndrome.®*
As reviewed by Johnstone et al., abnormalities of pulsatile
flow in glaucomatous eyes have been demonstrated®® and
could account for reduced aqueous humor outflow and in-
creased IOP. Microfibril defects could alter elasticity of the
TM, collector channels, and episcleral veins, which could
impede the pumping action of the TM and the pulsatile
outflow of aqueous humor in glaucoma.

Microfibril Genes Associated with Glaucoma

Since glaucoma has a significant genetic component, if
microfibril defects cause glaucoma, then risk alleles in
microfibril-related genes should be associated with the dis-
ease. Studies with Mendelian forms of glaucoma have
identified rare mutations in 2 microfibril-related genes,
LTBP2>* and ADAMTSI0." So far, genome-wide associa-
tion studies have found only one microfibril-related gene
associated with glaucoma, LOXLI1.> As with other complex
diseases, there is an apparent deficit between the number
of cases that could be accounted for by all identified glau-
coma risk alleles and the expected heritability of glaucoma.
One possible explanation for this deficit is that rare muta-
tions difficult to detect in genome-wide association stud-
ies account for a greater proportion of heritability.® If
the microfibril hypothesis is correct, future large scale re-
sequencing studies may identify additional rare variant risk
alleles in microfibril-related genes.

Single nucleotide polymorphisms in LOXLI were identi-
fied as risk factors for pseudoexfoliation glaucoma in a
large-scale genome-wide association study involving more
than 10,000 subjects from northern European populations.”
LOXLI encodes LoxL protein-1, which is required for nor-
mal assembly of elastic fibers.'®®® The risk variants origi-
nally identified for LOXLI cause amino acid substitutions in
the amino-terminal pro-peptide and, as might be expected,
do not affect enzymatic activity.®’ During elastic fiber for-
mation, inactive LOXL1 is tethered via its pro-peptide do-
main to the microfibril scaffold through binding to fibulin-5,
which binds to fibrillin-1.°° Although enzyme activity is not
affected, the LOXLI variants in the pro-domain could affect
localization of the protein by disrupting interactions with
fibulin-5.%”

The microfibril-associated protein LTBP2 is associated
with glaucoma. LTBP2 mutations have been shown to cause
primary congenital glaucoma®* and recent evidence sug-
gests they might be risk factors for primary open angle and
pseudoexfoliation glaucoma.®® A truncation of LTBP2 was
also identified as the causative mutation in a cat model of
primary congenital glaucoma.®® Unlike other LTBPs,
LTBP2 does not bind TGFp, but it does bind fibrilllin-1 and
may perform a structural role in microfibril and elastic fiber
formation’® and/or compete with other LTBPs for interac-
tion with microfibrils.?>

A mutation in ADAMTSI0 has been reported as likely
causative for glaucoma in a canine model of hereditary
primary open-angle glaucoma.'””! ADAMTSI0 is a secreted
matrix metalloproteinase that can cleave fibrillin-1."%7?
Although its exact function is not known, a role for
ADAMTSI10 in microfibril structure and function was first
suggested by the finding that Weill-Marchesani syndrome
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can be caused either by recessive ADAMTS10 mutations’* or
dominant mutations in FBN1.”® Clinically, the dominant and
recessive forms of Weill-Marchesani are indistinguishable,
suggesting common functional roles for ADAMTS10 and
FBN1.”° FBNI mutations also account for most cases of
Marfan syndrome.® Although Weill-Marchesani patients are
opposite to Marfan patients in outward appearance, the
syndromes share a common molecular mechanism, which is
defective fibrillin-1 microfibrils.*>”*”” Further supporting a
role for ADAMTS10 in microfibril function, co-localization
of ADAMTSI1O0 and fibrillin-1 has been shown by immu-
nohistochemistry of human skin®>’* and ADAMTS10 has
been shown to promote microfibril formation in cell
culture.”® Specific and high-affinity binding of ADAMTS10
to fibrillin-1 has been demonstrated by affinity blotting as-
says, affinity pull-down assays, and surface plasmon reso-
nance.*”* The binding site on fibrillin-1 for ADAMTS10
overlaps with the binding site for other ADAMTS pro-
teins,33 suggesting competition for the fibrillin-1 binding
site or complex formation with other microfibril-associated
proteins.>

ADAMTSI10 may play a role in outflow resistance since
in the canine model of primary open-angle glaucoma, af-
fected dogs homozygous for the ADAMTS10 mutation dis-
play impaired outflow facility and increased IOP at an early
age, well before evidence of optic nerve damage.”®
ADAMTSI10 protein is abundantly expressed in the TM,
consistent with a function in regulating outflow resistance.'

Glaucoma in Marfan Patients

Marfan syndrome is well established as a disease caused
by microfibril deficiency.® An association between Marfan
syndrome and glaucoma was suggested by a retrospective
study of 573 Marfan syndrome patients examined by oph-
thalmologists, which found that primary open-angle glau-
coma was the most common form of glaucoma, with a
prevalence higher than in the general population.” Since
glaucoma is a late onset disease, careful study of glaucoma
in Marfan syndrome patients is complicated by their short-
ened lifespan. Ectopia lentis is common in Marfan syn-
drome, which further complicates the study of glaucoma
because elevated IOP can be secondary to lens displace-
ment.® Marfan syndrome patients have thin corneas,””*"
which is a significant risk factor for glaucoma.®' With thin
corneas, measurements of IOP by tonography underestimate
IOP,82’83 which may lead to an underestimation of the
prevalence of glaucoma in Marfan syndrome patients. Fur-
ther study is needed to establish a link between Marfan
syndrome and glaucoma.

Microfibril Defects and Chronic Over-Activation
of TGFp Signaling

TGFf may play a central role in glaucoma pathogenesis
in general, and in particular may cause decreased aqueous
humor outflow through the TM. Since the initial discovery
in 1994 by Tripathi et al.* that the aqueous humor of
glaucoma patients contains elevated levels of TGFB2, evi-
dence has accumulated supporting elevated TGFB2 in the
aqueous humor,*>®! and additionally, the ability of TGFB2
to increase IOP, as recently reviewed by Fuchshofer and
Tamm.”? Perfusion of human anterior segments with TGFB2
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TABLE 2. MICROFIBRIL DISEASES ASSOCIATED WITH CHRONIC OVER-ACTIVATION
OF TRANSFORMING GROWTH FACTOR BETA SIGNALING

Disease name

Microfibril-associated genetic mutation(s)

References related to TGF

Marfan syndrome FBNI

Weill-Marchesani syndrome

Acromicric dysplasia FBNI
Geleophysic dysplasia FBNI1, ADAMTSL?2
Congenital scleroderma FBNI

Cutis laxa type I

FBNI, ADAMTS10, ADAMTS17

LTBP4, FBLN4, FBLN5

29,32 30,31
Human, 932 mouse model*®

FBNI, mouse model*®

Human®

Human FBN1,>** ADAMTSL2%
Human>®

LTBP4>" FBLN48

results in decreased facility of outflow of AH and accumu-
lation of matrix material in the TM.”>** In Vivo, over-
expression of TGFf in mouse eyes by transgenic or viral
expression results in elevated IOP.”>~°” A plausible mech-
anism by which increased TGFP2 elevates IOP is by altering
ECM turnover in the TM resulting in reduced aqueous hu-
mor outflow facility.”>~+?%:9

Although a link between TGFf and microfibrils in glau-
coma is at present hypothetical, a complete discussion of
TGFB-mediated disease must include the topic of microfi-
brils. Microfibrils perform a central fundamental role in
controlling the localization and activation of TGFp signal-
ing.%*!" Elevated TGFp levels and chronic activation of
TGFf signaling coincide with highly penetrant diseases
caused by mutations in FBN/ and other microfibril-associated
genes (Table 2).7*® In a mouse model of Marfan syndrome

7
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FIG. 3. Interaction of renin-angiotensin and transforming
growth factor beta (TGFP) signal transduction with in-
traocular pressure (IOP). Inhibition of chronic TGFp sig-
nal transduction could reverse pathogenic remodeling of
the trabecular meshwork (TM) and lower IOP. In Marfan
syndrome, losartan is more effective than angiotensin-
converting enzyme (ACE) inhibitors because it inhibits
TGFp signaling through angiotensin II type 1 receptor
(AT1) without removing AT2-mediated inhibition of ex-
tracellular signal-regulated kinase (ERK), which is activated
by noncanonical TGFf signaling and mediates aortic wall
thickening. AT1 blockers such as losartan, ACE inhibitors,
or ACE2 activators may be effective at lowering IOP
through reduction of TGFJ signaling.

caused by a C1039G mutation of Fbnl, aortic aneurysm,
mitral valve prolapsed, and moni)athy were prevented by
TGFB-neutralizing antibody,*"'**'! suggesting a cause and
effect relationship between TGFp and disease phenotypes.
Similarly, in another mouse model of Marfan syndrome
caused by heterozygous deletion of Fbnl, development of
alveolar septation was blocked by neutralization of TGFp,*°
further supporting the hypothesis that disease in microfibril
deficiencies is mediated by TGFP.'°> In human Marfan
patients, TGFp signaling is hyper-activated®® and plasma
TGF is elevated.?”-32

A large body of research strongly implicates elevated
TGF in increased resistance to aqueous humor outflow by
inducing changes in the ECM.?* Though the consequences
of elevated TGFp are well studied, the mechanisms of in-
creased TGFp in the aqueous humor are not known. In
diseases associated with microfibril defects, such as Marfan
syndrome, TGFf signalin§ is hyper-activated and TGFf
concentration is elevated.””** Since prominent fibrillin-1
expression is found in the peripheral cornea endothelium,
cilliary body, and iris,55’56’ 03 defective microfibrils could
provide a mechanism for the well-established elevation of
TGFp concentration in the aqueous humor of glaucoma
patients. 592

Therapeutic Implications of the Microfibril
Hypothesis of Glaucoma

If glaucoma is thought of as a microfibril deficiency, a
rational approach to glaucoma therapy would consider
treatments used for other microfibril deficiencies such as
Marfan syndrome. The standard of care for Marfan patients
has been to lower blood pressure with B-adrenergic receptor
blockers and/or angiotensin-converting enzyme (ACE) in-
hibitors to slow onset of life-threatening cardiovascular
events such as aortic dissection and rupture.'® More re-
cently, losartan has emerged as a promising drug for treating
Marfan syndrome, based on a series of studies'®>'°! using
the mouse model caused by a heterozygous C1039G muta-
tion of Fbnl.** In these studies, many of the disease phe-
notypes, including thickening of the aorta wall that could be
blocked by neutralization of TGFp, could also be prevented
by treatment with losartan!00.101.105.106 with greater efficacy
than treatment with P-adrenergic receptor blockers'® or
ACE inhibitors.'*

Losartan is an angiotensin II type 1 receptor (ATI)
blocker in common use for the treatment of hypertension.
Several AT1 blockers have been developed based on the
structure of losartan, a class of drugs that can be referred to
as ‘‘sartans,” including valsartan, irbesartan, azilsartan,
candesartan, telmisartan, olmesartan, and eprosartan.'o7
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The ‘sartans” are designed to interfere with the renin-
angiotensin system (RAS), which regulates blood pressure.
In the RAS, renin converts angiotensinogen to angiotensin I,
which is converted to angiotensin II by ACE (Fig. 3). An-
giotensin II is an 8-amino acid peptide hormone that binds
ATl and AT2 and increases blood pressure via ATI.
However, efficacy of losartan in treating Marfan syndrome
is due to indirect inhibition of TGFf signaling, rather than
direct effects on RAS.

In their original study, Habashi et a chose to use lo-
sartan to treat the Marfan model mice because in addition to
reducing hypertension, losartan had been reported to have
inhibitory effects on TGFp signaling. For example, losartan
has been shown to prevent increases in TGF[f} in the plasma
and renal cortex of uremic rats'® and to block myocardial
expression of TGFB in a mouse model of hypertrophic
cardiomyopathy.'® The TGFB-blocking effect of losartan
was confirmed in the Marfan mouse model.'?%-101-10%-106 1, 5
mouse model of autoimmune encephalitis, candesartan has
been shown to reduce activation of TGFp signaling.''®
Consistent with an inhibitory effect on TGFf, Marfan syn-
drome patients receiving losartan were shown to have sig-
nificantly lower plasma TGFB levels.”” Based on the
evidence with the Marfan mouse model that TGF is
causative and losartan inhibits the action of TGFp and
prevents disease phenotypes, several clinical trials are un-
derway testing the efficacy of losartan in treating Marfan
syndrome patients.'**!!!

Targeting the RAS for treating ocular hypertension has
been extensively considered and investigated.''? AT1
blockers have been studied in animal models and human
subjects before the mechanism of reducing TGFf activity
was appreciated. Losartan and olmesartan (also called CS-
088) moderately reduced IOP in rabbits with ocular hyper-
tension induced by a-chymotrypsin within 4 h after topical
application."'*"'* In monkeys with laser-induced ocular
hypertension, 4% olmesartan eye drops were shown to
mildly reduce IOP within 1h of application.''” In a study
with human subjects, an oral dose of 50 mg losartan reduced
IOP within 3h and by as much as 20%."''® In the human
study, the magnitude of the reduction of IOP was greater in
patients with existing ocular hypertension compared with
patients with normal IOP."'® While losartan reduced blood
pressure in arterial hypertensive patients, it did not affect
blood pressure in subjects without arterial hypertension,''®
suggesting that the mechanism of lowering IOP was not
related to blood pressure effects of losartan. Tonographic
measurements in the human study of losartan showed an
increase in aqueous humor outflow facility coinciding with
reduced TOP in patients receiving losartan,''® suggesting
that losartan acts by increasing aqueous humor outflow fa-
cility. Efficacy of AT1 blockers were recently investigated
when topical olmesartan was entered into clinical trials for
lowering IOP by Santen Pharmaceutical Company. How-
ever, the company discontinued an early phase II clinical
trial reporting only a small reduction of IOP without a clear
dose—response relationship.'"’

In the Marfan mouse model, selective inhibition of AT1
with losartan more effectively prevented thickening of the
aortic wall than did inhibition of both AT1 and AT2 with
ACE inhibitors (Fig. 3), even though ACE inhibitors were
more effective in reducing TGFB signaling.'® This was
unexpected because thickening of the aortic wall is medi-
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ated by TGFp, specifically via activation of extracellular
signal-regulated kinase (ERK) via noncanonical TGFp sig-
naling.!!8 Habashi et al. showed that blocking AT2 removed
an inhibition of ERK activation, which counteracts the
beneficial effect of inhibition of AT1'%® (Fig. 3), explaining
the greater benefit of losartan over ACE inhibition despite
less reduction of TGFp activation.

In the context of glaucoma, the relative importance of
canonical SMAD-mediated versus noncanonical TGFp sig-
naling is not known. Greater reductions of TGFf signaling
through use of ACE inhibitors could prove more effective
than AT1 blockade. Another approach could be through the
more recently discovered component of the RAS in which
angiotensin (1-7), a 7-amino acid derivative of angiotensin
formed by the action of ACE2, binds to its receptor, Mas1 119
(Fig. 3). Activation of Masl by angiotensin (1-7) has op-
posing effects to AT1 activation, including inhibition of
TGFp signaling.'?® Recently, in a rat model of induced
ocular hypertension, activation of ACE2 with diminazene
aceturate was shown to prevent glaucoma and reduce 1OP,
possibly by increasing aqueous humor outflow.'!

Although the moderate reductions of IOP seen in humans
after short-term treatment with oral or topical AT1 blockers
suggest limited usefulness for this class of compounds, a slow
developing phase of further reduction of IOP would be pre-
dicted by the microfibril hypothesis of glaucoma. If glaucoma
is a microfibril deficiency, available evidence suggests that
the accompanying chronic TGFp activation would affect IOP
by remodeling ECM over an extended period of time.”>*%%°
Experiments with in vitro perfusion of anterior segments with
TGFp2 have shown decreased outflow facility that develops
over the course of 2-3 days.”*** In the microfibril-deficient
Marfan mouse model, aortas appear normal until about 2
months of age, after which gradual thickening develops that is
dependent on TGFP signaling.*? Reversal of chronic TGFp-
mediated alterations of ECM in the TM may require an ex-
tended treatment period. The microfibril hypothesis motivates
re-evaluation of targeting the RAS with AT1 blockers, ACE
inhibitors, ACE2 activators, or other means to treat ocular
hypertension and suggests that after an initial small drop in
IOP, sustained use of these compounds could rejuvenate the
diseased outflow pathway by reducing chronic TGFp activity
and result in a prolonged second phase of more substantial
reduction of IOP.
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