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Posterior Capsule Opacification: What's in the Bag?

Abstract

Cataract, a clouding of the lens, is the most compause of blindness in the world. It has a
marked impact on the wellbeing and productivityirdividuals and has a major economic
impact on healthcare providers. The only means refting cataract is by surgical
intervention. A modern cataract operation generatesapsular bag, which comprises a
proportion of the anterior capsule and the entostgrior capsule. The bag remains in situ,
partitions the aqueous and vitreous humours, andhén majority of cases, houses an
intraocular lens (IOL). The production of a capsutag following surgery permits a free
passage of light along the visual axis through til@msparent intraocular lens and thin
acellular posterior capsule. Lens epithelial celisyever, remain attached to the anterior
capsule, and in response to surgical trauma ieisatvound-healing response that ultimately
leads to light scatter and a reduction in visuahliggy known as posterior capsule
opacification (PCO). There are two commonly-desstibforms of PCO: fibrotic and
regenerative. Fibrotic PCO follows classically defi fibrotic processes, namely
hyperproliferation, matrix contraction, matrix degmn and epithelial cell trans-
differentiation to a myofibroblast phenotype. Regraive PCO is defined by lens fibre cell
differentiation events that give rise to Soemmeysing and Elschnig’s pearls and becomes
evident at a later stage than the fibrotic formttBfbrotic and regenerative forms of PCO
contribute to a reduction in visual quality in @etis. This review will highlight the wealth of
tools available for PCO research, provide insigttb iour current knowledge of PCO and

discuss putative management of PCO from IOL desigrharmacological interventions.
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1. Introduction

Cataract - a clouding of the lens - is the mostrmom cause of blindness in the world. It has
a marked impact on the wellbeing and productivifyiralividuals and carries a major
economic cost to healthcare providers (Brown ef 2013; Resnikoff et al., 2004).
Appropriate dietary intake and behavioural trads telp protect the lens and delay cataract
formation, but ultimately cannot prevent the appaee of cataract if an individual is blessed
with longevity. Recent reports in high profile joafs have suggested agents could be used to
treat nuclear cataract through disaggregation ydtallins (Cleary et al., 2010; Zhao et al.,
2015), but this putative treatment still requirgggicant development and evaluation before
these agents can be considered a reasonable thcapation. In the near future, the only
means of treating cataract is by surgical intemeentwhich initially restores high visual
quality. Unfortunately, a secondary loss of visidermed posterior capsule opacification
(PCO), develops in a significant proportion of pats post-surgery (Nibourg et al., 2015;
Wormstone and Eldred, 2016). The text that foll@awas to provide a background of events
following cataract surgery, the study systems tlaatinform and lead to better understanding
of the condition, the regulatory mechanisms invdhand efforts directed to improve the

management of PCO.

1.1 Cataract surgery

A modern cataract operation involves making a snmaision in the sclera or cornea to
permit introduction of surgical tools with minimglhysical disruption to the eye. An opening
in the lens is made by continuous curvilinear clpbexis (capsular tear) in the anterior
capsule. This is usually achieved with a capsuletohowever, femtosecond laser is also
adopted by some surgeons, which in principle pesidn anterior opening that is more

consistent in size and position (Abouzeid and RgR014). This circular window in the



anterior capsule allows access to the central fdmes, which are usually removed by

phacoemulsification. In some cases, this processssted by femtosecond laser treatment
and if required, traditional hydrodissection metharhn be used. Residual fibre cells are
removed by irrigation/aspiration. The product otatact surgery is a capsular bag. This
comprises a portion of the anterior and the easterior capsule. The bag remains in situ,
partitions the aqueous and vitreous humours, andhén majority of cases, houses an
intraocular lens (IOL). The production of a capsutag following surgery permits a free

passage of light along the visual axis throughttaesparent IOL and thin acellular posterior

capsule (Figure 1A).

1.2 Post-surgical wound-healing and PCO

Despite the initial success of cataract surgeryas long been known that nature fights back
(Eldred et al., 2011; McDonnell et al., 1983; Nibpet al., 2015; Saika, 2004; Wilhelmus
and Emery, 1980; Wormstone and Eldred, 2016; Wd@t,7). Cataract surgery, however
skilfully performed, is a controlled trauma to tbge. This disruption to the integrity of the
eye invokes a raft of environmental and physicanges that instigate a wound-healing
response. This fundamentally centres on an attéonpgpair the damaged tissue, which in
this case is the lens. Despite the physical stseand strains placed upon the lens during
cataract surgery, a proportion of the lens epitimeliremain viable (Figure 1A). These
surviving cells start to repopulate denuded regiohdhe anterior capsule, followed by
growth over all available surfaces, including td.Isurface; the outer anterior capsule; and
of primary importance the previously cell-free @ogir capsule (Figure 1B). Cells continue
to divide, begin to cover the posterior capsule eard ultimately encroach on the visual axis.
A homogenous thin cover of cells is unlikely toeaff the light path significantly, but

subsequent changes to the matrix and cell orgamsean give rise to light scatter. The most



common changes with regard the all-important visal result from fibrosis: this is
generally associated with matrix deposition, wrimgdcontraction of the posterior capsule,
increased cell aggregation and increased presenogyafibroblasts (Figure 1B). This is
referred to as the fibrotic form of PCO (Eldredaét 2011). It is likely all patients undergo
some level of fibrosis in response to surgery.irmet a number of patients will also present
features attributed to a second category of theliion, known as regenerative PCO (Figure
1C). This is characterised by the formation of kevoglobular cells known as Elschnig’s
pearls, which are believed to be the product ofrabe differentiation. These structures can
encroach upon the visual axis and cause signifigautal disruption (Findl et al., 2010;
Kappelhof et al., 1987; Sveinsson, 1993; van Breale 2011). In addition, lens fibre
differentiation can occur in the peripheral capsbiag and is known as Soemmerring’s ring
(Findl et al., 2010; Kappelhof et al., 1987; vare®ret al., 2011). While both fibrotic and
regenerative PCO contribute to visual disturbatioe,regenerative form is the most severe
(van Bree et al., 2011). Additional features casoatontribute to visual deterioration,
including cell growth on the IOL surface, anteritorosis and anterior capsular phimosis
(Mullner-Eidenbock et al., 2001; Sciscio and Li999; Waheed et al., 2001). Ultimately, if
these changes are sufficiently severe then visuglairment will ensue and corrective
Nd:YAG laser capsulotomy surgery will be requireecent reports suggest the proportion
of patients requiring laser capsulotomy three yedier standard surgery is between 5 and
20% (Leydolt et al., 2020; Ursell et al., 2020).vidwver, these figures are influenced by a
number of factors, which include type of IOL impied, age of patient and ocular co-

morbidity.

2. Investigating PCO



A multitude of approaches can be employed to gainuaderstanding of the regulatory
processes that drive PCO and to evaluate and qevesmagement strategies. These tools
range from pure clinical data to simple cell cutr Each approach has its benefits and
limitations and it is important to consider theskative properties when predicting outcomes
in patients, both human and animal. In the follayvgection, a range of study tools will be
introduced that will provide context for later seos that will describe our current

understanding of PCO and the application of thisrmation for PCO management.

2.1. Clinical data

Clinical trials performed to evaluate intraoculanses provide indication of the influence
different IOLs may have on PCO (Leydolt et al., @0Perez-Vives, 2018; Ursell et al.,
2020). Many of these studies and retrospectiveyaisalof such studies use Nd:YAG
capsulotomy as an indication of PCO incidence. Tegority of clinical studies have
exclusion criteria to allow better comparison ofadsets, therefore probably underrepresent
the incidence of PCO across the general populalioraid assessment of PCO progression
prior to Nd:YAG capsulotomy various imaging systerhnave been developed, with
retroillumination the most commonly used for moriitg PCO in patients (Hollick et al.,
2000; Leydolt et al., 2020). To better utilise theages and establish numerical assessment,
analysis software such as EPCO and AQUA Il (Krotegdr et al., 2019) have been
developed. Typical clinical trials capture patierformation at significant time-points, e.g. 1
month, 3 months, 6 months, 1 year, 2 years, 3 ywwaish enables general patterns to be
observed, including (but not limited to): PCO scalad type (fibrotic and/or regenerative
PCO); IOL decentration; IOL tilt; visual axis opacation (Ursell et al., 2020, Leydolt et al.,
2020 (Ale, 2011)). These studies provide generdkpss and outcomes, but understanding

the subtle stages of progression requires moreudr@gmonitoring (Leydolt et al., 2020;



Ursell et al., 2020). Projects have been performoedssess specific clinical events, such as
Elschnig’s pearl dynamics (Findl et al., 2010).oimhation such as this is invaluable and
work of this nature should stimulate basic resesrxhto mimic such changes in their
respective experimental models in order to estialhise molecular and physiological basis for

these phenomena.

2.2. Clinician and patient views

It is curious that little information is availabileat reports surgical opinion regarding PCO. In
a recent survey of both human and veterinary ojpntblagists, there was common
recognition that PCO was a significant problem eisded with cataract surgery. Even with
advances in IOL design, opinion supported the purdfuadditional management strategies
using therapeutic agents or additional surgicalr@ghes (Shihan et al., 2019). Clinicians
play a key role in assessing PCO development wigatents. They are the individuals
providing direct care for patients and further egegaent and knowledge exchange between

clinicians, biologists and engineers is likely tthance the provision of care in the future.

Surprisingly, an opinion often neglected(but onecltwould provide great insight) is that of
the patient. There are very few studies that prtetbenviewpoint of patients with respect to
PCO and how it affects wellbeing (Addisu and Solan2011; Salerno et al., 2017). PCO is
often talked about in numerical terms, but for maagients it is debilitating and distressing.
It would be extremely valuable to gather much mioffermation from patients’ pre- and

post-cataract surgery experiences to understanidhieect of PCO upon them.

2.3. Post-mortem analysis



Material harvested post-mortem from cadavers pes/idn invaluable resource for the
understanding of PCO morphology and identificatddrwhich molecules are present within
the capsular bag as PCO progresses. Such molemués be matrix components, cellular
markers or growth factors. General features witthe capsular bag of post-mortem
specimens are often investigated using the Miyagpl& method. This provides a posterior
view of the capsular bag (Apple et al., 2001; Raret al., 2009). Techniques used to analyse
post-mortem capsular bags include electron micgs¢idappelhof et al., 1987; Marcantonio
et al., 2000), immunochemistry (Marcantonio et 2000; Saika et al., 2002; Saika et al.,
2000; Wormstone et al., 2002), Real-time polymeddsen reaction (QRT-PCR) (Wormstone
et al., 2001; Wunderlich et al., 2000) and Enzymkdd Immunosorbent Assay (ELISA)
(Wormstone et al., 2001; Wormstone et al., 2002rigbone et al., 2000). While this type of
investigation provides “scene of the crime” infotraa it does not provide definitive proof
that various molecular suspects are responsibl®@d development. This information does
however, create a blueprint of clinical outcomesgWwhexperimental models should try to

emulate.

2.4. Céll culture

Cell culture is the simplest method and the mostroon entry point into PCO research. This
usually takes the form of primary cultures or tiekks. Although valuable, there are a number
of difficulties in working with primary cultures (Wfmstone and Eldred, 2016). In general,
primary lens cells have limited longevity in cukuand generally only survive for a few

passages before they attempt differentiation oesss preventing long-term experiments
and substantial data acquisition. One exceptiomsde be the chick lens, which has been
used to establish dissociated cell-derived monolayéures of primary embryonic chick

lens epithelial cells. These cells, grown on lamicoated plates have been used to



investigate fibrotic and regenerative PCO (Boswelal., 2017). In general, lens cell lines
are more readily used than primary cultures. Inléms field, the three main lines used are
HLE-B3 (Makley et al., 2015), SRA01\04 (Ibarakiadt, 1998; Weatherbee et al., 2019) and
FHL124 (Dawes et al., 2007b; Reddan et al., 1999rrigtone et al., 2004). They are all
derived from foetal or neonate lenses. HLE-B3 amRRA®&L\04 were generated using viral
immortalisation methods. FHL124 in contrast is a-woally transformed cell line. Cell
lines allow the study of PCO-related features ihatude migration, proliferation, matrix
modification, matrix contraction and to a limitedgitee differentiation. It should be noted
that cell lines demonstrate some level of tranediffitiation to myofibroblasts. This can limit
understanding of changes directly linked to surfyejyy. However, expression of
myofibroblasts increase with appropriate stimug). dransforming growth factdgs (TGF3)
and thus the human lens cell lines are valuableetngystems to understand myofibroblast
formation and fibrotic events. Moreover, they aeadily available and amenable to
molecular manipulation. As a result, cell line ov#is are a workhorse to enable elucidation
of the mechanisms governing human lens cell bialbtpywever, the value of such work is
greater when used in combination with more soptastd experimental systems, such as in

vivo animals and the capsular bag model.

2.5. In vivo animal models

Animal models for PCO have utilised mouse and edent systems and rabbit (Aliancy et
al., 2018; Jo et al., 2014; Lois et al., 2003; Letisl., 2005; Mamuya et al., 2014; Shihan et
al., 2020; Wormstone and Eldred, 2016). The argurfzerthe use of in vivo animal models
is that they provide full replication of post-swrgi events and access to appropriate stimuli,

which arguably isn’t replicated in vitro. Howevéhjs view requires caution, as it is unlikely



that the inflammatory environment in these systémly represents responses observed in
human patients (Bito, 1984). Ongoing assessmemGd progression in these systems is
generally limited, with the majority of informatiombtained from detailed end-point

examinations. Another note of caution that is aggtlle to any animal-based experimental
system relates to differential expression of pratewithin the lens. For example, receptor
profiles can be quite different between speciesrfiigtone et al., 2006b). This discordance
can hamper true discovery of the underlying medmasidriving PCO in patients, but also

poses complications when assessing the potentiphafmacological agents to treat PCO.
When using animal systems it is therefore importantross-reference findings with human

data (when available) to ensure the findings framaaimal system are relevant and can

provide maximum benefit to the field.

Both the rat and mouse are commonly used experaherddels. Due to the relative size of
their lenses to humans, they cannot house a typiial Nevertheless, models that allow
investigation of PCO progression or PCO-like everts available. With respect to the rat,
Lois et al (Lois et al., 2003) established a mdHdat presented many of the characteristics of
PCO seen in patients. These included cell growth tloe central posterior capsule,
fibroblastic-like cells with a spindle-shaped masjdgy and wrinkling of the capsule.
Furthermore, Soemmerring’s ring was observed, dstnating that lens fibre differentiation
had occurred. Despite the successful demonstrafidtine rat model, this approach is rarely
used. In general, the mouse is the most commorligad in vivo system to investigate
mechanisms of PCO. This is largely because thellerteggenetic understanding of mice
allows mechanistic testing in vivo using robustl$oavailable for genetic manipulation. The
ability to regulate gene and protein expressiorsfcific targets is a valuable tool that

enables mechanisms to be investigated and keys$argCO formation identified (Mamuya



et al., 2014; Shihan et al., 2020). Some groupe lrauced injury by performing a puncture
wound in the anterior capsule (Saika et al., 20@hjle others have created a linear tear of
the anterior capsule to enable fibre cell remoall(et al., 2004) . To aid fibre cell removal,
pressure is applied to the eye cavity with forcegsch could cause additional trauma to the
eye over generally applied clinical procedures atigmts. Lois et al (Lois et al., 2005)
advanced practice within the mouse model by peifugrsimulated cataract surgery, which
included continuous curvilinear capsulorhexis aedsl fibore removal by hydroexpression.
Using this approach, cell proliferation, migratideMT and differentiation can be observed

following surgery.

The rabbit in vivo system is a commonly used madé&CO research. It is however, seldom
used as an investigative tool to identify mechasisinving PCO. However, it has been
employed as a tool to understanding mammalianriegesneration (Gwon and Gruber, 2010).
Generally, the rabbit is used to assess IOLs aei itnpact on PCO due to the comparable
size of the rabbit and human lenses (Aliancy et 2018). This therefore requires less
adaption from a standard cataract procedure tolemsaipgery on rabbits. As a consequence,
surgical procedures used on rabbits have followedrends observed in the clinic, such that
procedures initially employed a linear capsuloreewith simple extracapsular extraction
(Behar-Cohen et al., 1995), but now employ contisu@urvilinear capsulorhexis with
phacoemulsification to replicate modern surgicalcpdures (Leishman et al., 2012). This
model allows assessment of cell regrowth, matrixlification, EMT and differentiation. The
rabbit undergoes a profound inflammatory respowséch is sustained for much longer than
is typical in human patients (Davidson et al., 19B8nde et al., 1996)). The scale of this
response is believed to accelerate PCO. The tineest®#CO formation and its severity in

the rabbit model are major draws for its use asvatuation tool for IOL testing.



2.6. Tissue culture models
Tissue culture is a valuable tool to investigateOPCThis generally takes the form of lens
epithelial explants (West-Mays et al., 2010) angsc#ar bag systems (Wormstone, 2020). In

both cases the cells are maintained on their nagubstrate, the lens capsule.

Lens epithelial explants have been establishedyusimses from a variety of species. Early
efforts centred on the chick, but the bulk of stisdio date have been performed using the rat
lens explant system (West-Mays et al., 2010). Udinig system growth, EMT and
differentiation have been observed and thus epgthexplants are a tractable system for the
study of PCO (Gordon-Thomson et al., 1998; Mandfiet al., 2004; McAvoy and
Chamberlain, 1989). Explant cultures can also b&béshed from human lenses (Maidment
et al., 2004; Shu and Lovicu, 2017; Smith et 012 Weatherbee et al., 2019). To date,
growth, EMT, increased matrix production and caottean have been studied, but
differentiation is yet to be observed. In termsefuring the explants to a culture dish, this is
achieved either through the use of pressure fromefis or entomological pins (7-10mm

long), which reduces the potential for detachmesrfthe culture dish.

A further development on the explant system is gle@eration of capsular bag culture
models. The aim here is to recapitulate the sanagiadpcell and tissue arrangement as
observed clinically. Capsular bag models have s¢wariants and have been utilised in a
range of species including human (Liu et al., 1998gamoto and Bissen-Miyajima, 1994;
Wormstone et al., 1997), bovine (Saxby et al., J988nine (Davidson et al., 2000), rabbit

(Duncan et al., 2007), chick (Walker et al., 208l porcine lenses (Jun et al., 2014).

10



The majority of work using capsular bag models iigsd human donor tissue. A simulated
cataract surgery is performed on donor eyes. Intmases, the cornea is removed for
transplant purposes and to aid visibility, the iigsremoved. A continuous curvilinear
capsulorhexis creates an opening in the anteripsuta that enables removal of the fibre
mass by hydroexpression or phacoemulsification. &eimg fibre material is removed by
irrigation/aspiration. As with surgery in a clinithe product of this operation is a capsular
bag. If required, an IOL can be implanted and sddirhe capsular bag can be isolated from
the eye by cutting the zonules and transferred wish for culture. This enables pure
populations of cells to be maintained under colddlculture regimes and is ideal for
addition/inhibition studies to define roles of siieccandidates. If the capsular bag is
isolated, it is important to maintain general clacity. To achieve this, ring systems and
pinning have been used (Dawes et al., 2012; Lal.ei996; Saxby et al., 1998). It has been
suggested that both methods can compromise theabdghave a greater influence on
findings; the ring because of its bulk and pinnbegause it is perceived as an extra stress,
however in relation to the trauma of surgery tkisikely to be negligible. Nevertheless, this
system has proved to be of great value and hasilmoted to many significant findings in the
field. A variant of the capsular bag model is tdame the zonules and transfer the
ciliary/zonules/lens complex to a ring support @leet al., 2010; Eldred et al., 2014; Eldred
et al., 2019). The ciliary body is pinned to thegrand the capsular bag suspended over the
lumen. This approach combined with improvementsuhure conditions that better reflect
surgical inflammation, maintains the capsular baggrity and is ideal for studying IOLs in

relation to PCO (Eldred et al., 2014; Eldred et2019; Hillenmayer et al., 2020) (Figure 2).

After humans, the most common patients that undeegaract surgery are canine. As with

humans, canines undergo a wound-healing respotisevifty surgery that in turn causes

11



PCO. In fact, the incidence of PCO in canines i8%(nd similar to the rates observed in
very young children. Canine models for PCO andddyesular bag in particular have direct
relevance to a patient group and offer valuablegitanto human PCO. The canine capsular
bag model first described by Davidson et al (Dawdst al., 2000) built on the human model
described by Liu (Liu et al., 1996). The model hHBeen used to good effect to better
understand canine PCO and develop better ways nagnag the condition (Chandler et al.,

2012)

Menko et al developed a modification of both thplart and capsular bag culture systems in
chick (Walker et al., 2007). This model again inmed simulated surgery on the chick lens.

Fibre cells are removed by hydroexpression follgniisruption of the anterior capsule by

incision. Four ‘flaps’ of the anterior epitheliumeaestablished by radial cuts. These flaps are
folded back and secured to the culture dish, shahthe preparation resembles a star. This
method exposes the entire PC and thus both cemdaperipheral regions of this surface can
be easily studied. Using this system, migration grawth across the posterior capsule and
EMT have been investigated. (Walker et al., 20873imilar approach has also been applied

to the human capsular bag system to create adply test system (Eldred et al., 2016).

2.7. Stem cells

Following cataract surgery, there is evidence tggsst that the lens makes efforts to
regenerate. In order to do so, fibre cell formatute cell differentiation is required. While
clinical work has demonstrated that lens reger@mnatiin infants at least - is possible using
modified surgical approaches (Lin et al., 2016)most cases this is imperfect; the outcome

more typically comprises the formation of Soemnmg's ring and Elschnig’s pearls.

12



Understanding the process of human lens cell @iffeation is therefore important in terms
of understanding how best to regenerate a lenssaogery. It may also help us to understand
how Soemmerring’s ring and Elschnig’s Pearl foromtis initiated and regulated. The
ability to establish lens organoids or ‘lentoidsirh stem cells provides an excellent system

to achieve this and in turn advance our understagnali regenerative PCO.

The first method describing lentoid formation frémmman stem cells was published by Yang
et al (Yang et al., 2010). This study used humahrgamic stem cells (hESCs) and adopted a
three-stage culture strategy that employed secldntiibition and activation of Fibroblast
growth factor (FGF), Transforming growth factor €T GFH) and Wnt signalling to guide
naive stem cells to a three-dimensional lens-likggaioid. In the first of the three stages,
100ng/ml Noggin (a bone morphogenic protein (BMiBard inhibitor), was added to the
culture medium for six days to direct the naive GESowards a lens placode phenotype.
This initiation was followed by Stage 2, comprisageriod of 12 days wherein the Noggin
was replaced by 20ng/ml BMP4, 20ng/ml BMP7 and 30®h basic FGF in the medium to
facilitate the instigation of fibre cell differeation. For Stage 3, the cultures were exposed to
20ng/ml Wnt3a and 100ng/ml basic FGF to encourages Ifibre cell maturation and
elongation. During the early stages of cultureripbtency markers NANOG and OCT3 were
suppressed. Lens placode markers including Pax& 8ond Six3 were up-regulated. Pax6
peaked at day 10, but gene expression was maidt#imeughout culture. Signals for Sox2
and Six3 both peaked at day 6 of culture and reedagtevated at day 10, but were expressed
at low levels beyond this time point. As the cudtyseriod extended, a progressive up-
regulation in lens fibre cell markers CRYAA, CRYBBZRYGC and MIP was detected
using quantitative real-time PCR (gRT-PCR), indiggiens fibre cell maturation and lentoid

development. These molecular changes correlatednalugically with the physical

13



formation of three-dimensional lentoid structurésgether, the morphological and molecular

phenotype of the organoids generated was consistdna human lens phenotype.

Takahashi and Yamanaka (Takahashi and Yamanaké) gtdde a significant breakthrough
which demonstrated that induced pluripotent stelis ¢g°SCs) could be generated directly
from fibroblast cultures by the addition of Oct38¢ox2, c-Myc, and Klf4 (subsequently
known as the ‘Yamanaka factors’). The use of tHfaseors to re-programme somatic cells
back to ‘stemness’ provides major advantages exetially over the use of embryonic stem
cells; itremoves some ethical challenges associated withgbef hESCs and increases the
scope and amount of material available for resedfchet al (Fu et al., 2017) generated
induced pluripotent stem cells (iPSCs) from clilicasolated human urinary cells. They
then adapted the three-stage protocol describedamg et al (2010): following Stage one,
differentiating cells formed structures that reskdbfried eggs. They selected specific
portions of the ‘fried eggs’ and transferred themméw culture vessels for continued culture
in Stage 2 and 3 culture conditions. This adaptmthe protocol aimed to select cells that
were primed for lentoid formation, ultimately tacnease the efficiency of the process and the
lentoid yield. Changes in molecular markers folldvaesimilar pattern to Yang et al (2010).
The lentoids formed were relatively transparent agfdactive. This study also provided

ultrastucture detail of the lentoids.

Further adaptions to the established protocol weperted by Murphy et al (Murphy et al.,
2018). In Stage 1, Noggin concentration was in@@agom 100ng/ml to 500 ng/ml;
additionally, 10 nM SB431542, an Alk5 inhibitor, svadded to the culture medium. In Stage
3 the FGF2 concentration was reduced from 100ng#d® ng/ml. A major feature of this

protocol was the use of receptor tyrosine kinase-dirphan receptor 1 (RORL1) as a selection

14



tool for lens purification during Stage 2 of thateid differentiation protocol using magnetic
activated cell sorting (MACS). Following ROR1+ s#len, cells were plated on Matrigel-
coated dishes in M199 medium (Thermo Fisher Sdientontaining 10 ng/ml of FGF2. The
mini lenses/lentoids generated using this protosele shown to have some level of

transparency and focussing power.

The work described above has made outstandingilbotitms to the field and has laid the
foundation for future research. However, there liwags scope for improvement and
refinement. Here we present another advance tle@tomes an unwanted variable associated

with stem cell research.

A common feature of the protocols described abagvéhé use of mouse sarcoma-derived
Matrigel as a culture substrate (Fu et al., 201 tyy et al.,, 2018; Yang et al., 2010).
Unfortunately, the composition of Matrigel variegt¢h-to-batch because it contains variable
qguantities of growth factors such as Transformingv@h Factorf (TGH3) and Platelet-
Derived Growth Factor (PDGF) that are commonly ouigd and manipulated in
developmental experiments. This inconsistency canfldence the physiological outcomes
of developmental experiments due to the Matrigeivee growth factors contributing to the
experimental conditions in undefined, variable asitiWe therefore aimed to generate
lentoids from iPSCs using a defined replacemenMaitrigel that was of standardised origin,
thus moving the current protocol towards a betedfiréd system using fewer animal-derived
components. We selected iMatrix-511 as our cultsubstrate, which is composed of
recombinant human laminin 511-E8 fragments. iPSCallértis ChiPSC22) were seeded
onto iMatrix obtained from Takara Bio (Cat. No T30&8nd subjected to the three-stage

differentiation scheme as first detailed by Yangakt(Yang et al., 2010). This involved
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treating the cells in supplemented mTeSR1 (StentCall No 85850) with the addition of
specific growth factors at different stagedtage 1) addition of 100 ng/ml Noggin from day 0
to 6,Stage 2) combination of 100 ng/ml bFGF, 20 ng/ml BMP4 aridriy/ml BMP7 from
day 6 to 18,Stage 3) combination of 100 ng/ml FGF2 and 20 ng/ml Wntf@an day 18
onwards. Cells were seeded at a density of 10,808 mer crf and cultured in a humidified
environment at 3% with 5% CQ. Animal-free growth factors were used where awddla
thus moving the system towards a fully-humanisetoxfree model representative of human
development. Cultures were observed using a Nikdip&e Ti2 inverted light microscope
and growth medium was changed every other day. (Brdactors were obtained from
Miltenyi Biotech and Peprotech and were preparedl atored according to the
manufacturer’s instructions. In order to validate tprogression of iPSCs to lentoids, we
chose to examine a set of genes using quantitegaletime PCR. The genes analysed were
selected to best capture different stages of lemseldpment. OCT4 was selected as a
pluripotency marker; SSEA1 as a marker of diffeegidn; Pax6 as a marker of ‘eye lineage’
specification; PitX3 as a marker of fibre inducti@amd lens maturationgA-crystallin
(CRYAA) as an indicator of crystallin accumulation developing lentoids; FOXE3 as an
indicator of lens cells; MIP/Aquaporin 0 to demaoast the presence of mature fibre cells;
and crystallins beta-2 (CRYBB2), and gamma-D (CRY@B markers of further maturation

towards lens phenotype.

Following Stage 1 culture the cells formed a cditet of distinct single-layer clusters

(Figure 3A). Stage 2 culture induced progressivganisational changes that gave rise to
structures resembling ‘fried eggs’ (Figure 3A),fiast reported by Fu et al (Fu et al., 2017).
These structures developed to form three-dimenkistractures that possessed some

refractive properties and had a defined outer marginese structures continued to develop
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throughout Stage 2 culture to produce lentoids txate more consistent in form with a
smooth surface and were clear and refractive iruraa(Figure 3A). Stage 3 culture

conditions seemed to merely continue this progoessi

Gene expression analysis (Figure 3B) by gRT-PCHRNA isolated from the cultures at
specific time-points (Days 0, 6, 12 and 18) reveédlat OCT4 decreased progressively over
the course of the experiment, indicating loss afripbtency of the cells; SSEAL increased
over the same time period, indicating differentiatof the cell population. Pax6 - the master
‘eye’ gene was strongly expressed from day 6 onsvd?dx6 peaked at day 12 then declined,
indicating its role in defining an ocular cell plotype. Key lens cell markers FOXE3 and
aA-crystallin were significantly elevated at day &Bd in the case afA-crystallin, levels
were 32.65 + 12.33-fold higher than day zero sampléis enrichment imA-crystallin
indicates the initiation and development of fibrell cdifferentiation, which is further
supported by elevation of the lens markers PitX8 arystallin beta-2 at the day 18 time-
point. Gene expression of the mature fibre cellkae gamma-D crystallin and MIP was

also elevated at day 18.

In summary, we have progressed the current metbggdbr differentiation of human iPSCs
into maturing lentoids. We adapted the previousigecprotocol by using iMatrix to replace
Matrigel, thus reducing growth matrix-associatedialality and removing one animal-
derived component from the system. Despite thisxgbawe achieved the same results as
other groups who have employed this differentianogthod, proving that our innovation is
not detrimental to the overall process. With furtfefinement, we hope to use this method to

examine the differences between normal and abewddfgrentiation in relation to the

17



formation of Soemmerring’s ring and Elschnig’s Pearhis could help us gain new insights

into the mechanisms that underpin regenerative PCO.

3. Thebiological regulation of PCO

Having introduced the range of experimental toekilable for PCO research, we will now
discuss the regulatory processes that govern PQGQrgssion (Figure 4). To aid this
discussion, we will describe the two major formd?&O in relation to specific events and in
order of involvement post-surgery. Fibrotic PCQnigiated by surgical injury, occurring in
all patients to some degree. Fibrotic PCO folloviessically defined fibrotic processes,
namely hyper proliferation, matrix contraction, nratleposition and cell transdifferentiation
from an epithelial to myofibroblast phenotype (Eldret al., 2011; Leask and Abraham,
2004). Regenerative PCO is characterised by ldme fiell differentiation that gives rise to
Soemmerring’s ring and Elschnig’s pearls and becomadent at a later stage than the
fibrotic form. Both fibrotic and regenerative forrm§ PCO contribute to a reduction in visual
quality in patients, however it is reported that tkgenerative form has a greater impact due

to the refractive properties of Elschnig’s peavisn(Bree et al., 2011).

3.1. Fibrotic PCO

In order to appreciate the changes that take glatm®ving cataract surgery that ultimately
lead to posterior capsule opacification, it is impot to appreciate the lens and its natural
environment prior to surgery. The lens is an unusssue as it does not contain any blood
vessels or nerves and gains all nutrients fromstimeounding humours (Wormstone and
Wride, 2011). It is a remarkable feat of biologieslgineering that the lens is capable of
maintaining transparency for so long. It could bguad that the lens has developed a sense

of independence and is capable of utilising the paments of a relatively poor environment
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to manufacture proteins to aid cell survival andaor function. Indeed the bulk of survival
factors, including transferrin, detected in the empus humour are produced by the lens
(McGahan et al., 1995). Gene and protein expregsatterns are well governed across the
lens epithelium and fibre cell populations (Hawseak, 2005; Hodgkinson et al., 2007;
Maidment et al., 2004). However, disruption to #ye and perturbation of the lens through
mechanical injury provokes significant change te titular environment, lens cells and the

capsular matrix on which they reside (Figure 4).

The first objective of lens cells in the face ofgoal insult is to survive. If the supply of
growth and survival signals is insufficient, thisliwead to cell death, presumably by
apoptosis (Ishizaki et al., 1993). The intrinsidigbof lens cells to self-regulate their activity
in what is naturally a harsh environment is likedycontribute to the long-term development
of PCO. Human capsular bag studies have remarkadhgonstrated that lens cells can
survive in serum-free medium for over 1 year (Wdone et al., 1997). Ishizaki et al
(Ishizaki et al., 1993), in a study using rat lea#ls, found that the underlying matrix and cell
density were the major factors that enable lenls telsurvive in a protein-free medium and
avoid undergoing cell death by apoptosis. It hae #leen shown that human capsular bag
cultures maintained in serum-free medium can releasiumber of cytokines and growth
factors following cataract surgery, including inéeikins, FGF and VEGF (Dawes et al.,
2013; Eldred et al., 2016). A number of these f@ciay a role in proliferation, migration
and cell transdifferentiation. A similar pattern oftokine expression is also observed with
the in vivo mouse model (Jiang et al., 2018).Whaledogenous production of PCO-
promoting factors will undoubtedly play a long-terate in PCO formation, the influence of
external stimulation immediately following surgealgso has a marked impact on the events

that follow.
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Following cataract surgery, there is a marked wpHaion of proteins within the aqueous
humour. This is associated with an inflammatorypoese; coincidentally, fibrotic disorders
are also often associated with inflammatory respensThe ultimate objective of an
inflammatory response is to facilitate repair of thamaged tissue. Chemicals released from
damaged tissue attract white blood cells, includipgphocyte T helper cells, which
coordinate an immune response by releasing cyteksneh as interleukins. These secreted
proteins activate resident macrophages that furémrance the production of cytokines,
chemokines and other inflammatory mediators as asltecruiting monocytes (Martinez et

al., 2006), which can accelerate PCO development.

As surgical procedures have advanced to becomaigsgptive, a marked benefit has been
the reduction in inflammatory response (Pande €t1896). The introduction of foldable
lenses in conjunction with phacoemulsification tempve the fibre mass rather than
hydroexpression is less traumatic to the eye duthéosmaller incision required for this
procedure. Interestingly, it has been shown inctiqesular bag model that the method of fibre
mass removal does not affect lens cell populatiogrowth responses under comparable
conditions (Quinlan et al., 1997), therefore pasdnteductions in PCO are likely to result
from reduced inflammation. Assessment of proteameflin the aqueous humour following
cataract surgery indicates a spike followed by adgal return to baseline in a few weeks
(Pande et al.,, 1996). The same general patternseas with phacoemulsification and
hydroexpression cataract extraction methods; honyéve scale of response was more severe

with hydroexpression, presumably due to greatasime required to perform this surgery.
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Breaching the blood aqueous barrier permits a nummbblood proteins to enter the ocular
environment, which can further enrich the local amtrations of cytokines and growth
factors. These factors can directly stimulate leglks or interact with the lens capsule, which
can provide a long-term reservoir of molecules tzat advance PCO over months and years
(Wormstone et al., 2006a). A number of growth festeuch as FGF, Epidermal growth
factor (EGF), vascular endothelial growth factorE®F), interleukins and thrombin can
promote survival, proliferation and migration (Eddret al., 2016; Wormstone et al., 2001;
Wormstone et al., 2004; Wormstone et al., 2000n3torming growth factop (TGF3) is
also elevated in the eye following surgery. Padoes not appear to be a key promoter of
human lens cell growth (Wormstone et al., 2002; M&ione et al., 2004) but is believed to
play a critical role in many fibrotic events (Leasid Abraham, 2004). T@Hs elevated in
the eye to regulate the severity of inflammatoigpnse through suppressing the actions of
white blood cells (Streilein et al., 2002). Thisétion of TGP affords overall protection to
the eye, but active T@Fenrichment of the agueous humour can stimulate é=fls and

drive fibrotic PCO.

A number of patients undergoing cataract surgewe heveitis, a chronic inflammation of the
eye (Ozates et al., 2020). It has been reportetdptéents experiencing idiopathic anterior
uveitis have higher levels of interleukins (IL), noxzyte chemoattractant protein-1 (MCP-1)
and interferon gamma (IR in the aqueous humour. It is therefore likelytticataract

patients with uveitis will have a more severe andtaned inflammatory response that is

likely to accelerate PCO progression (Ozates e2@R0).

3.1.1. Cdll proliferation and migration
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Proliferation, in association with migration, is anportant aspect of wound healing and
PCO. Some interesting data have been reported ukan@rdU labelling and detection
technique to identify dividing cells (Rakic et @997; Wormstone et al., 1997; Rakic et al.,
2000). In one study (Rakic et al., 1997), it wasveh that simply performing a small
capsulorhexis could up-regulate the rate of divisio the lens relative to the unperturbed
lens. Moreover, if the fibre cells were removeds thte of cell division was stimulated even
more. These experiments were repeated by Lin @timalet al., 2016) who also reported an
11-fold increase in BrdU positive cells within theman capsular bag following fibre cell
removal. Analysis of capsular bags following 3 day#ture in serum-free medium showed
increased numbers of BrdU positive cells (Wormstenal., 1997). The distribution of these
positive cells was predominately in the equataegion, the natural site of division, however
some cells were observed on the anterior capsulehérmore, if the capsular bags from
aged donors (>60 years) were established in theepoe of serum, then the dividing
population was increased, but the distributiongratremained the same. It is notable that
lens cells growing on capsular bags maintainedeiura-free medium from a wide age
spectrum can effectively colonise the entire s@fat the once cell-free posterior capsule.
However, as expected, growth occurs at a greatenmacapsular bags from younger human
donors than older donors (Wormstone et al., 198dpplementing the medium with 10%
FCS dramatically increased the rate of cell gromhaged capsular bags (>60 years), but did
not greatly enhance the cell growth rates on thly@unger (<40 years) counterparts
(Wormstone et al., 1997; Wormstone et al., 199 Hesk data also reflect the increased
requirement for secondary surgery to treat PCOomng patients (Moisseiev et al., 1989;
Knight-Nanan et al., 1996). Furthermore, the figdinsuggest that powerful autocrine
mechanisms in the young are active following swigiauma. A number of growth factors

have been identified as important regulators of leell growth and include basic FGF
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(McAvoy and Chamberlain, 1989; Wormstone et alQ)0hepatocyte growth factor (HGF)
(Choi et al., 2004; Wormstone et al., 2000), EGler{gb et al., 1993; Ibaraki et al., 1995;
Majima, 1995) (Maidment et al., 2004; Wertheimerkt 2015b), Thrombin (James et al.,
2005), Wnt (Bao et al., 2012), interleukins (Davetsal., 2013; Eldred et al., 2016) and

VEGF (Eldred et al., 2016).

An interesting study employing young (<40 years] aged (>60 years) capsular bag cultures
assessed the levels of growth factors secretedthetanedium within the first 2 days post-
surgery and found significant decreases in pLahd IL-6 in the >60 years group (Dawes et
al.,, 2013). In contrast, IL-10, IL-12, IL-13, andEGF in the >60 years group were
significantly increased compared with their youngeunterparts. Capsular bags (cells and
capsule) were also analysed and it was found tiegtapations from > 60year old donors had
greater than or equal levels of FGF and HGF contp&wetheir younger counterparts. In
addition, aged capsular bags also presented higkes of protein synthesis. This suggested
that the established age-dependent differencelingrowth observed were not resulting
from limited availability of growth factors. Atteioh then centred on signalling pathways.
Inhibition of ERK, p38, and JNK signalling usingesgific inhibitors significantly suppressed
cell coverage on the posterior capsule demonsty étie relative importance of each pathway.
The activity status of these pathways was assdssddtection of pERK, p-c-jun, p-p38, and
pJNK. A consistent pattern emerged such that gimygfated signalling molecules were
lower in aged cell populations; total signallingt@in expression was unaffected by age. It
would therefore seem that availability of stimulgtifactors is not a limiting factor as we age,
but the ability to convert this resource into sigjng activity is, which is likely to impede the

rate of cell growth following surgery.
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A question that is often asked relates to the origfi cells leading to posterior capsule
opacification. This is difficult to discern usimg vivo models or clinical observation as the
peripheral capsular bag is obscured. Informatiam t@wever, be extracted from capsular
bag studies that provide some insight. When pirtoeal dish, in the absence of an IOL, the
anterior and posterior capsules of the capsulamagrally lie on top of one another. In this
configuration, cells start to colonise the cenpakterior capsule within the rhexis margin
within the first week of culture (Eldred et al.,18). When suspended cultures are established
with an IOL implanted, the capsules do not initialorm a close connection. With this
arrangement, cell growth is observed on the pastedapsule and takes more than one week
to reach the central posterior capsule (Eldred.e2@19). This would suggest that equatorial
cells can proliferate and migrate across the pasteapsule, but if the capsules come into
close apposition, anterior epithelial cells camcate to the posterior capsule and contribute

to the coverage of the posterior capsule.

3.1.2. Transfor ming growth factor p signalling

While arguably not a potent driver of lens cellwgtle, TGR3 is strongly implicated in fibrotic
responses (Leask and Abraham, 2004). The majoorisosynthesised within the eye is
TGFB2, although TGE1 and 3 can also reach the aqueous humour frorbldloel (Ohta et
al., 2000; Schlotzer-Schrehardt et al., 2001). FAustem analysis of a capsular bag received
from a donor one month following cataract surgegyndnstrated increased levelsa8MA,

a marker of myofibroblasts, and matrix contractianvikling of the posterior capsule
(Wormstone et al., 2002). This does not providedlievidence that TG¥Fcan induce these
changes, but many of these features are linkedGépTand fibrosis. A large body of
evidence demonstrates the ability of active BG& promote cellular responses that define

fibrosis in PCO, namely: epithelial to myofibrollasransdifferentiation; increased
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extracellular matrix production and deposition andtrix contraction (Eldred et al., 2011)

(Figure 5).

In order to signal, active T@Fbinds to the extracellular domain of TGFeceptor I
(TGRBRII) dimer, which are autophosphorylated serinethine kinase receptors
(Massague, 2012). A T@Freceptor | (TGBRI) dimer is recruited to form a hetero-
tetrameric receptor complex with the Tkgand. Due to conformational changes, BRH
transphosphorylates serine and threonine residonethe intracellular domain of TGRI.
Activated TGBRI can then regulate a number of signalling pattsvaye best defined is the
Smad signalling pathway, but Smad-independent pathvare also recognised and believed

to play important roles in lens cell regulation (fdeck and Zhang, 2003).

A prerequisite for TGF involvement in the fibrotic response is availagiliTGR is present
in the aqueous humour of the eye: this is largelg latent, inactive form (Ohta et al., 2000;
Schlotzer-Schrehardt et al., 2001). The latent fofiGH3 is converted to the active form by
proteolytic cleavage of pro-segments. In the noreya, levels of active TG¥Fare of low
abundance and its activity can be further contdoly scavenger proteins in the ocular
humours, for example2-macroglobulin (Schulz et al., 1996). Mechanicguiy resulting
from surgery can significantly increase the abuwcdaof active levels of TGF through
increased production of TBE and influx of blood protein in concert with elésa
proteases, such as plasmins, cathepsins and MM&safd Stamenkovic, 2000), which
cleave latent TG precursor protein. In addition, elevated numbafrgeactive oxygen

species can promote TGRctivity (Chamberlain et al., 2009; Fatma et2005).
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Analysis of post-mortem material provides evidehcking TGH32 to PCO. Saika et al
(Saika et al., 2002) analysed a number of postenortapsular bags obtained months and
years following surgery to identify if active T@ignalling was evident. Samples examined
for expression and distribution of Smad3 and SmawsHich are key proteins in the
established TGFSmad signalling pathway. Within this pathway, Sthadnd 3 are
transcription factors, which are phosphorylatedliggnd-activated TGFRI. Both Smad2
and 3 have a high affinity for Smad4 and form a plax with it. This complex translocates
to the nucleus allowing Smad2/3 to engage withatosators or repressors and regulate gene
transcription. All the post-mortem samples dematett Smad2/3 staining in the nuclei,
which indicates an active signalling pathway (Sakal., 2001). Interestingly, this study also
examined Smad3 and 4 in native human lens tisaubeke preparations, Smad3 and 4 were
distributed in the cytosol, with no evidence ohscation to the nucleus. A reason for this
could be a low abundance of TEFeceptors. If either of the receptors is lackihgand-
induced signalling will be impaired. This also iedl well with a study of human lens
cultures, which showed an inability of cultured amrmlenses to form fibrotic plaques (a
feature of anterior subcapsular cataract, a lemsliton that relates to PCO), unless they
were severely challenged by chemical or mechanigaly (Marcantonio et al., 2003).
Interestingly, TGB can induce anterior subcapsular cataract in derst culture model
(Hales et al., 1994) and in animals with a PGiverexpression system (Banh et al., 2006)
implying differences in sensitivity and the natucahfiguration of TGB signalling between
species. Work in our laboratory has utilised hunh@ms epithelium to further test the
sensitivity to TGB following injury. To isolate anterior lens epitheh the lens was first
placed with the anterior surface down on a cultlisé. A puncture was made in the posterior
capsule and four radial incisions made towardsettpgator. The fibre mass was carefully

removed and excess posterior capsule discardedrefaning epithelium was quartered by
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a series of linear capsulorhexes. Each quartertraasferred to a separate culture dish and
maintained in serum-free EMEM for 0, 6, 24 or 48itsofollowing dissection. Previous work
has shown that a 2 hour exposure of human lens welOng/ml TGE will produce peak
translocation of Smad2/3 to the nucleus, if a fiomthg TGH/Smad signalling pathway is
present (Dawes et al., 2007a). Therefore, to asgkes TGPB/Smad signalling was active
we exposed the cultured epithelium to 10ng/ml P&+ the final two hours of culture. At
each respective endpoint, preparations were fige®@® mins in 4% formaldehyde. Smad2/3
visualisation was achieved using immunofluorescemeghods and viewed with a Zeiss
Axiovision fluorescence microscope. The data shothatl the epithelium was unresponsive
to TGH2 following 6 hours of culture, but exhibited Smsidnalling in some cells at 24
hours while at 48 hours the majority of cells waratively signalling (Figure 6). This data
shows that mechanical injury moves lens epithelgdlls from being relatively unresponsive
to TGH to being highly sensitive. TBHevels are likely to remain elevated in the ocular
environment for days or weeks following surgeryhwadsorption of TG to the lens
capsule a likely source for long-term activity (Wwatone et al., 2006a). Therefore, once lens
cells establish a receptor signalling apparatu$flis readily available to stimulate TBGR-
mediated signalling, which can induce long-livearditic responses through Smad-dependent

and Smad-independent signalling.

Smad signalling is the best-defined Tg5§ignalling pathway and has been well studied in
lens fibrotic disorders (Banh et al., 2006; Dawealg 2009; Saika et al., 2004; Saika et al.,
2002). Experiments using murine lenses demonstiatgdased myofibroblast expression in
response to a puncture injury (Saika et al., 2001)ese animals received TGReutralizing

antibodies prior to puncture wound injury, Smad38l d@ntranslocation to the nucleus was

inhibited (Saika et al., 2001). The importance ahad3 in lens fibrosis has been
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demonstrated using Smad3 knockout transgenic rBiaeh( et al., 2006; Saika et al., 2004).
Saika et al (Saika et al., 2004) reported that A@32-induced and injury-inducedSMA
expression was inhibited in the lens epitheliumSofad3-knockout mice relative to wild
type. Loss of Smad3 in mice also reduces the esime®f trauma-induced type | collagen in
the lens (Saika et al., 2004). A similar study a0 performed on Smad3 knockout mice,
which again used a puncture wound to the antepgibh&ium and confirmed that Smad3 was
required for expression of many fibrotic markersluging myofibroblast markers such as
aSMA (Meng et al., 2018). In addition, a Smad3 imfolh SIS3 suppressed TGEHnduced
expression of fibrotic markers in HLEB3 cells, sagting an important role in a human
model (Meng et al., 2018). Application of the samigbitor also suppressed T@fnduced
expression of myofibroblast markers in rat lenslaxgs (Taiyab et al., 2019). In order to
theoretically suppress the Smad signalling pathvei®NA was used to prevent Smad4
expression in FHL124 cells (Dawes et al., 2009).a&nknockdown prevented TG
induced aSMA and fibronectin expression, which suggests th@&H Smad3-Smad4
signalling is likely to control transdifferentiatioof human lens epithelial cells. Curiously,
this study found TGE-induced matrix contraction and Smad7 expressidoetandependent
of Smad4 expression; suggesting that F&inad independent pathways may also regulate

lens fibrosis.

In addition to Smad-signalling, it has become iasmegly apparent that T@Freceptor

activation can regulate a number of Smad-indepdnsignalling pathways (Derynck and
Zhang, 2003). Such pathways include Ras-Raf-MEK-EREOgen-activated protein kinase
(MAPK) (Lee et al., 2007), the p38 MAPK pathway (&r and Schiemann, 2007), the
JNK MAP kinase and Rho kinase signalling pathwaysystakas and Heldin, 2009) and

Wnt/B-catenin signalling (Crosby and Waters; Konigsherid Eickelberg; Liu; Willis and
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Borok, 2007). The first demonstration that T8=¢ould activate Smad-independent signalling
pathways in lens cells was performed on FHL124scatid showed that ERK and p38 MAP
kinase signalling pathways were stimulated (Dawesle 2009). As FHL124 cells still
promote matrix contraction in the absence of Smigghadling it is likely that matrix
contraction is regulated by Smad-independent patbwla is possible that the ERK MAPK
signalling pathway could play a role in matrix aaation in PCO through its reported
activation of myosin light chain kinase (MLCK), &\ enzymatic regulator of contractile
force (Klemke et al., 1997). It has been demorstiréthat ERK1/2 signalling was activated in
TGH32-induced EMT in the human lens cell line SRAO01\O4Application of the
MEK/ERKZ1/2 inhibitor, U0126, prevented the T@&Finduced upregulation of fibrotic
markers,a-SMA, collagen type |, collagen type IV and fibratiea (Chen et al., 2014).
Studies using the rat lens explant model also tegpat ERK activation is required for the
initiation of TGM-induced EMT, but not its progression (Wojciechowsk al., 2017).
Further investigations using the rat explant systetwe demonstrated that TBEeatment
results in activation of Rho/ROCK arfiicatenin/cyclic AMP-responsive-element-binding
protein (CREB)-binding protein (CBP) signalling Ipafys; inhibition of either result in
prevention of TGB-induced EMT in the lens (Korol et al., 2016; Tdyet al., 2019; Taiyab
et al., 2016). (Taiyib 2019; Taiyib 2016; KorolX&). In addition, the p38 MAPK pathway
has been found in chick lens cells to play a kég no TGH-induced transdifferentiation of
epithelial cells to myofibroblasts through suppr@sof the pathway using the p38 specific

inhibitor SB20358 (Boswell et al., 2017).

There is no doubt that T@Fcan induce both transdifferentiation of lens egitl cells to

myofibroblasts and promote matrix contractionslaicommon view that these two processes

are linked, such that transdifferentiation to a fiyoblast is required for extracellular matrix
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synthesis and contraction in fibrosis (Shu and toyR017). Contraction of the extracellular
matrix of the lens capsule is a key aspect of PE@rankling of the capsule resulting from
contraction can cause light scatter (van Bree.et2801). Human lens cell lines have been
utilised to allow detailed investigations of thgrsalling pathways regulating fibrotic events
in the lens. Using this experimental tool, assaggehbeen developed to determine matrix
production, transdifferentiation and matrix contiac (Dawes et al., 2008; Dawes et al.,
2009; Wormstone et al., 2004). These studies std@&s3 regulates transdifferentiation and
matrix contraction through independent pathwayse Tirst indication to support this idea
resulted from comparative studies of TEaFRand TGIB2 using FHL124 cells (Dawes et al.,
2008). This study suggested that B&Rvas a more potent inducer of matrix contractiant
TGFB2. In contrast, TGF2 was better able to induesSMA expression. This triggered a
series of inhibition studies to understand the wails regulating TGB-induced fibrosis.
Their findings revealed thatSMA expression and fibronectin/fibronectin receptare not

essential for TGE-induced matrix contraction to occur (Dawes etz008).

Together these findings demonstrate that f @&gulates a number of signalling pathways
that are capable of interacting to create a signgaiietwork. Careful dissemination of
signalling pathway interplay will help further uned the intimate role TGFplays in PCO

formation.

3.1.2.1. Additional regulators/promoters of Tj&$tgnalling

While evidence is strong to support a role for PGi-fibrotic PCO formation, it is important
to note that other factors can play critical suppotes or could promote fibrotic events
directly. For example, work carried out on the leats explant model has demonstrated that

co-addition of EGF can enhance TfgiRduced signalling and EMT (Shu and Lovicu, 2019).
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In addition, treatment of explants with PD153036, BGFR inhibitor, suppressed T&F
induced changes. It is important to note that E®Readoes not induce any fibrotic response
(Shu and Lovicu, 2019). Basic FGF, Wnt, VEGF andGEThave also been reported to
mediate or amplify fibrotic responses (Cerra et2003; Kubo et al., 2018; Ma et al., 2014;
Mansfield et al., 2004; Taiyab et al., 2016). Relgerisremlin has emerged as a potentially
important pro-fibrotic molecule in PCO formationre&lin plays a role in a number of
fibrotic conditions. Gremlin expression is sign#itly elevated in lens epithelial cells
following cataract surgery on mice (Shihan et 2020). In a FN knockout mouse, gremlin
levels were lower than wild type and this corredatgth a reduced fibrotic response (Shihan
et al., 2020). Exogenous administration of grenalinTGH31 in FN knockout animals was
able to restore the fibrotic response (Shihan .e28P0). A study using a rat in vivo model
also reports that gremlin inhibition is associatgth reduced PCO scores (Ma et al., 2019).
In general, pro-fibrotic actions of gremlin ariserh inhibition of BMP signalling. BMP4 and

7 in particular are known to be anti-fibrotic. Talility of Gremlin to suppress BMP4 and 7
signalling is observed with HLE-B3 cells. Interesgfly, addition of gremlin to HLE-B3 cells
lead to increasedSMA, fibronectin and collagen | expression (Ma let 2019). In addition,
200pg/ml gremlin increased phosphorylation of Smad@ 3 in a timeframe comparable to
TGFB (Ma et al., 2019), which supports the idea thahgin can directly trigger TG#Smad
signalling (Sethi et al., 2011). In addition, Grendan also promote ERK and Akt signalling

pathways (Ma et al., 2014).

A further cellular product that could contribute T&H3 mediated fibrosis are reactive
oxygen species. Using rat explants and whole laftares treatment with antioxidants could
prevent TGB induced fibrosis (Chamberlain et al., 2009). Imiadn, work on mice has

shown that glutathione depletion can upregulate Edihways (Wei et al., 2017; Whitson et

al., 2017a; Whitson et al., 2017b). The basisroraased ROS by T@Rvas unknown, but a
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role for NOX4 in this process was proposed. NOX4lmsvated in FHL124 cells and rat
explants by TGE (Das et al.,, 2016; Dawes et al., 2007b). Inhihbitiof NOX4 using
VAS2870 suppressed T@Hnduced fibrosis (Das et al., 2016). This wasHertinvestigated
using NOX4 deficient mice (Das et al., 2020). Thasenals demonstrated a delay in fibrotic
plaque formation with TGF over-expression compared to wild type. Fibrosis weerefore
impaired, but not ablated with upregulation of NOXRoposed as a compensatory

mechanism (Das et al., 2020).

3.1.3. Extracellular matrix involvement and regulation

Extracellular matrix (ECM) plays a key role in ttegulation of cell behaviour and increased
synthesis and deposition of ECM proteins is a fumelatal feature in the pathogenesis of
fibrotic disorders (Leask and Abraham, 2004). Taesl capsule is largely composed of
collagen 1V, along with laminin, heparin sulphatetgoglycans and tenascin (Cammarata et
al., 1986; Danysh and Duncan, 2009). These ECM ocomts provide a physical scaffold to
ensure structural integrity of the lens capsule p&anit lens cell attachment and migration.
In lens fibrosis, cells over-synthesise and deposiv ECM components, which include
fibronectin, vitronectin, collagen types | and Hiese deposits contribute to the formation of

fibrotic tissue.

Cell outgrowths onto vitronectin and fibronectin tnes from explant cultures have been
reported (Taliana et al., 2006). Cells growing omese substrates had a more
elongated/fibroblast-like cell appearance, incrdasSMA staining and nuclear Smad
expression. Interestingly these cellular change® wet observed with cell outgrowth from
explants onto laminin, which retained a more typegthelial cell phenotype (Taliana et al.,

2006). The ED-A domain of fibronectin is believedplay a crucial role in the induction of
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aSMA expression (Serini et al., 1998). Increaseelewof fibronectin production have been
observed in human lens capsular bag cultures tredte TGH2 (Eldred et al., 2019; Smith
et al., 2019; Wormstone et al., 2002). A recentlgtiShihan et al., 2020) examined the role
of fibronectin in fibrotic PCO using a fibronectoonditional knockout mouse model. These
animals developed a normal lens, but differencesrged when the capsule was ruptured and
the fibre cells removed to model cataract surgdtye fibrotic response that developed
following surgery was significantly attenuated bego3 days post-surgery and was
associated with a reduction in cell proliferatidibyotic extracellular matrix production and
deposition. Using the Dissociated Chick-Derived Mlayers system (DCDML) it has also
been shown that plasma-derived fibronectin upregdld@ GB/Smad signalling andSMA
relative to cells plated on laminin (VanSlyke et &018). The proteoglycan lumican has
been identified in post-mortem capsular bag spetsiBaika et al., 2003). It has been shown
in lumican knockout mice that following injury tdné anterior lens capsule by a needle
puncture, there was a delay in expressionSNA and the appearance of transdifferentiated

cells (Saika et al., 2003).

Secreted protein acidic and rich in cysteine (SPAR@Y play a role in lens fibrotic events
by altering the expression of ECM proteins (Yan &abe, 1999). Reports indicate that
SPARC-null mice develop cataracts prematurely duattenuated growth (Bassuk et al.,
1999). Decreased laminin deposition is also obsemeSPARC knockout mice relative to
wild type lenses (Weaver et al., 2006). Additiostaidies investigated the effects of TRSR
lens epithelial cells from wild type and SPARC muice (Gotoh et al., 2007). T@Hnduced
expression of both fibronectin amGMA in both groups, but this was more marked in the
SPARC null group, suggesting SPARC is involved iapmessing TGEinduced

transdifferentiation. In addition, SPARC expressiaras promoted in lens cells by
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dexamethasone, which correlated with a reductidibmonectin and collagen type IV, which
again links well with a role for SPARC and fibrotiac in the regulation of

transdifferentiation events.

3.1.3.1. Growth factor interactionswith matrix

Many growth factors are regulated by matrix intéoas. For example, heparin binding to
FGF, HGF and VEGF can facilitate interaction wthikir associated receptors; as a result the
distribution of heparin sulphate proteoglycans (paténtially other ECM components within
the lens capsule) could play important roles in FFEGF and VEGF regulated fibrotic
responses (Aviezer et al., 1994; Eldred et al.,620dayon et al., 1991; Zarnegar and
Michalopoulos, 1995). In a study by Cerra et alr(€et al., 2003), FGF alone could not
initiate the formation of anterior subcapsular dific plaques, however the severity of
response observed with T@kvas significantly increased when FGF was also add&H
alone can also bind to several matrix componentkidng decorin and collagen type IV
(Paralkar et al., 1991). Matrix components withia tens capsule have the capacity to adsorb
growth factors and thus provide an enriched enwiremt that is likely to promote fibrotic
events (Ishida et al.,, 2005; Wormstone et al., aD0®irect presentation of ligands to
receptors, or through slow release resulting frdra tapsule by proteolytic cleavage
(Tholozan et al., 2007), is therefore likely to yide long-term contributions to fibrotic

change.

3.1.3.2. Integrins
Two-way communications between the cell and itseulythg matrix is continuous and can
have a significant influence on the behaviour af ttell. This is generally mediated by

integrins, which are a group of distinct cell sedareceptors composed of alpha and beta
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subunits. The interaction of specific integrinshwiheir corresponding ECM ligands allows
cells to adhere to and migrate across the ECM (8alaw2001). In addition, integrins
function as cell signalling hubs that permit sign@ansduction to and from the
microenvironment (Schwartz, 2001). Dys-regulatidnmegrin expression or function can

give rise to fibrotic changes.

Microarray analysis of the human lens epithelidl loee FHL124 was performed to identify
which integrins are expressed in human lens ejihetlls and identify those of potential
importance in lens fibrosis (Dawes et al., 200Bgseline expression analysis Bfntegrin
subunits in human lens epithelial cells identifiategrin 1, B2, B3, B5 andf6 subunitsf1
integrin subunit was the most abunddtit.integrin is the most promiscuous integrin subunit
and is known to associate with 12 differenintegrin chains (Elner and Elner, 1996); and is
the most widely expressed integrin throughout theyt(Elner and Elner, 1996). In the lens,
it has been shown thAt-integrin regulates Erk1/2 and Akt phosphorylataomd a loss ofl1
integrin gives rise to elevated expression of egdype response 1 (Egrl), which results in
apoptosis (Wang et al., 2017). With respect todlpha sub-units, baseline expression in
human lens epithelial cells showed, 02, a3, 04, 05, 06, a7, a10,all, aE, oM, andaV were
detectable (Dawes et al 2007). Tg>&xposure resulted in increased expression5ptill,

aV andab5 integrin subunits.

a5B1 integrin expression is of particular relevancditbootic changes in the lens epithelium.
a5Bl integrin together with its matrix ligand fibroe; show enhanced expression
following TGH3 exposure in both the human capsular bag and hilenarepithelial cell line

(Dawes et al., 2008; Dawes et al., 2007b; Grodo#i.e 2007). It is a commonly held view

thataSB1 integrin and fibronectin form a putative contigcapparatus witlkSMA (Jester et
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al., 1999; Jester et al., 1995). Data obtained fréth124 lens cell experiments suggest that
this may not be essential (Dawes et al., 2008; Bastal., 2009). Blocking the RGD binding
site of a5 integrin using RGDS peptide revealed that theofibctin/fibronectin receptor
interaction was not essential to promote matrixti@ation in response to TBRDawes et
al., 2008). In addition, Marcantonio et al (Maraamb and Reddan, 2004) also showed that
expression and distribution obp1 in FHL124 cells altered in response to P&#posure,
such that a diffuse pattern was observed acroseelliemembrane-bound51 integrin did

not appear to associate with actin filaments.

Integrin aVB5 is reported to play an important role in fibropathologies. This is mainly
because it permits mechanotransduction in respomsextracellular microenvironments
(Kass et al.,, 2007) and is implicated in the tréfesentiation of cells to myofibroblasts
(Lygoe et al., 2004). Exposure of lens epithel@lscto TG gives rise to an increase in
aVB5 integrin expression (Dawes et al., 2007b; Groeotal., 2007) in association with
increased levels of transdifferentiation markeraw®s et al., 2008; Wormstone et al., 2002).
On the basis of these findings, it has been prapdbat aVB5 integrin can play a
bidirectional role in lens fibrosis (Walker and Men 2009). Firstly, it could mediate TGF
induced transdifferentiation following trauma toetkens and secondly, act by facilitating
signals from myofibroblasts back to the ECM, rasglin the activation of matrix-associated
TGFB. Disruption to lens integrity through injury cartea integrin expression in lens
epithelial cells. Sponer et al (Sponer et al., 268ffowed that expression @¥p6 integrin
was up-regulated in cells residing in human capsodays cultured in protein-free medium
compared with cultured intact lenses/p6 integrin is reported to play a role in TBF
activation through its association with an RGD piptin the latency associated peptide

(Sheppard, 2004). Integrind/p6 andaVp5 are likely to play important roles in regulating
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the levels of active T@Fand the formation of microenvironments capabldrofing fibrotic
modifications of lens epithelial cellaV integrin null mice were used to assess the impact
aV integrin on post-surgical fibrotic responses (Mam et al., 2014). This work revealed
that cell proliferation was reduced and expressibfibrotic markers suppressed relative to
wild type animals. Smad3 was not phosphorylateduth mice thus showing TG#Smad

signalling is suppressed (Mamuya et al., 2014).

Integrin-linked kinase (ILK)a serine threonine kinase that binds to the cysopia tail of
alpha and beta integrin subunits, has been detéttkshs cells of both murine and human
origin (Weaver et al., 2007). ILK is a multidomdactal adhesion protein that regulates ECM
adhesion and signal transduction. Evidence suppbetsnotion that ILK is a regulator in
myofibroblast formation (de longh et al., 2005; ¢i al., 2003; Weaver et al., 2007).
Expression of ILK in cultured mouse and human lee#is is associated with elevated
expression of transdifferentiation markers, fibrime and aSMA. In addition, the
introduction of ILK-expressing constructs resulted an altered morphology that was
fibroblast-like in nature (de longh et al., 200Bxposure of HLE-B3 cells to T@Heads to
increased expression of ILK in association withoasl of the epithelial cell marker E-
cadherin, and increasedSMA protein levels (Zhang and Huang, 2018). ILK NiR
knockdown or an ILK inhibitor (QLT0267) preventsetie TGB-induced effects (Zhang and
Huang, 2018). Moreover, it has been observed th&tcb-localises witha5p1 integrin; the
presence of fibronectin further promotes this aission (Weaver et al., 2007). ILK appears
to be a potentially important protein in the redgiola of transdifferentiation and is likely to
involve association with integrins and matrix comeots classically linked with fibrosis.
Elucidating the role of ILK in the grand scheme lehs fibrotic changes would be an

interesting line of investigation.
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3.1.3.3. Matrix metallopr oteinases

Matrix metalloproteinases (MMPs) belong to a lardgmily of proteases known as the
metzincin superfamily and are often associated wstsue fibrosisevidence supports a key
role in PCO formation (Eldred et al., 2012). Thare 26 MMPs including six membrane-
tethered (MT)-MMPs in addition to four natural MMRhibitors, the tissue inhibitors of
MMPs (TIMPs). The MMP and TIMP family members cact an multiple targets and
perform a variety of functions, which maintain amethodel tissue architecture (Robert et al.,
2016; Sivak and Fini, 2002). The involvement of MMR fibrosis seems counterintuitive, as
the primary role of MMPs is to degrade matrix, whé hallmark of fibrosis is ECM
accretion. However, MMPs are not limited in funatim simply degrading matrix. Their role
is far more complex. MMPs can aid the release o#vgn factors and cytokines such as FGF-
2 and TGB, from the lens capsule and activate macrophagesi @t al., 1997; Tholozan et
al., 2007; Yu and Stamenkovic, 2000). MMPs havenbesported to play a key role in
anterior subcapsular cataract, such that MMP ibdnbi could attenuate T@Hnduced
fibrotic plague formation in whole rat lens cultsr@wivedi et al., 2006). In human capsular
bag cultures, TGR exposure increased the level of both MMP-2 andn-@he media
(Wormstone et al., 2002), which coincided with sased matrix contraction and increase
myofibroblast detection. Interestingly, bathing n@edbtained from cultured ex vivo capsular
bags (donor lenses from patients who have prewcduest cataract operations) in serum-free
media, also revealed expression of MMP-2 and -@icating that ex vivo capsular bags
secrete MMPs in a manner similar to T8z2Rreated cultures (Wormstone et al., 2002).
Furthermore, Wong et al. (Wong et al., 2004) fotimat application of 100uM llomostat (a
broad-specrum MMP inhibitor) significantly reducexll migration and capsular bag

wrinkling. Additionally, radiolabel binding analysidemonstrated that the lens capsule is a
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store for TGB2 (Wormstone et al., 2006a) along with FGF (Thotoea al., 2007). MMPs
are reported to release growth factors from the EZRMI it is therefore likely that MMPs can
regulate the degree of matrix-bound and free legklsytokines available to lens cells over

extended periods.

Analysis of MMP expression has been performed emthtive human lens, primary cultures
and the FHL124 cell line (Eldred et al., 2012; Hkidgon et al., 2007). The levels of MMPs
in the native lens are relatively low with MMP14etimost abundant in the anterior
epithelium (Hodgkinson et al., 2007). Primary ctéth human lens explants demonstrated a
general increase in expression of MMP family meraplut the most notable increases were
MMP2 and MMP14 (Hodgkinson 2008). Interestingly,ngeprofiling of FHL124 cells
demonstrated that MMP2 and MMP14 gene expressienuweegulated by TGR2 (Eldred et
al., 2012). This pattern was also observed at tiogeim level. Inhibition strategies using
siRNA did not suggest that MMP14 played a role i@BFB-induced matrix contraction.
However, siRNA and antibody neutralisation of MMiRZboth FHL124 and human capsular
bags did indicate MMP2 was important in this precgddred et al., 2012). In addition, it has
been suggested that MMP14 plays a role in MMP2vatitin from its proform. However,
MMP14 inhibition did not prevent TG¥Finduced activation of MMP2 (Eldred et al., 2012),

suggesting other modes of activation are involved.

We have also conducted experiments to assess thetipbrole of MMPs in the activation of
TGFB1 from its latent form. To achieve this we appliesmmercially available inactive
latent TGB1 to lens cells. To ensure that the applicatiorthtd molecule was relevant to
PCO, we first conducted match-paired capsular bggerements with control cultures

maintained in serum-free EMEM and the other treatgkd 10ng/ml latent TGFL. At day 28
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end-point, matrix contraction/wrinkling was greavath latent TGB1 treatment relative to
controls (Figure 7A). A similar pattern was alscsetved withaSMA expression (Figure
7A). Having demonstrated that T@&EF could be converted to its active form in the cdgos
bag we applied latent-T@E to the FHL124 cell line. Again, treatment prontbt@atrix
contraction and enhance®MA expression (data not shown). We then focusedatiantion
on Smad signalling as this provides a direct apidreneasure of ligand/receptor interaction.
Latent-TGB1 was found to promote Smad?2/3 translocation tatleeus within 2 hours. To
determine if MMPs played a role in this response troad-spectrum MMP inhibitor
GM6001 was applied at 12.5uM, 1 hour prior to |&fEGF31 addition. Pre-treatment with
GM®6001 inhibited Smad translocation (Figure 7B & &) similar outcome was observed
using MMP2 siRNA knockdown (data not shown). Thésdings suggest a key role for

MMP?2 in latent-TGIB activation.

3.1.3.4. Advanced glycation end-products

The proteins that compose the lens capsule, likeyrother basement membranes, are long-
lived and subject to chemical modifications whictcamulate over time. One of these
modifications, advanced glycation end-products (AGHitt, 2001) has been investigated in
relation to PCO. LEMS/MS analysis of human capsule samples showeddegendent
increases in several AGEs (Raghavan et al., 20M6jeover, many AGEs are increased in
cataractous samples. Interestingly, cells cultmed®GEmodified basement membrane and
human lens capsule compared with those on unmddipeoteins demonstrated an
upregulation of fibrotic markers in response to PGIHuman capsular bag cultures were also
analysed for AGE content of capsule proteins (Regheaet al., 2016). TQR-induced

aSMA expression increased with donor age. In addljtivhas also been shown that receptors
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for AGEs (RAGE) are present in lens cells and iittub of RAGE can suppress TGF
induced aSMA expression (Raghavan and Nagaraj, 2016). Thoskwnfers that AGE
modification of the lens capsule can enhance fibraad would suggest that aged cataract
patients are likely to have a stronger fibroticp@msse than their younger counterparts who
often have a strong regenerative response. Thasigdsupported (to some degree) by a study
on explant samples obtained from paediatric cataagery (Wernecke et al., 2018). The
samples showed greatest levels of outgrowth froomaies, which diminished with relative
increases in age. HoweveiSMA was not significantly enhanced in these youulguces by

TGH32 exposure.

3.2. Regenerative PCO

The key characteristics of regenerative PCO arddhmation of Soemmerring’s ring at the
periphery of the capsular bag and the generatioBlsfhnig’s pearls, which are refractive
structures that can encroach behind the IOL opttt @ause visual disturbance. It is known
that regenerative PCO, and in particular Elschnpgarls, contribute more to a loss in visual
quality than the fibrotic PCO form (Lu et al.,, 202an Bree et al., 2011). Despite the
importance of regenerative PCO in the clinic, aoderstanding of the biology that underpins

its development is poor.

Analysis of post-mortem human clinical samples gdiansmission and scanning electron
microscopy has shown evidence of normal and abieleas fibre cells within the peripheral
lens capsular bag (Kappelhof et al., 1987). A simpattern has been observed using
histological techniques (Koch et al., 2019). Thenfation of Soemmerring’s ring in the
rabbit is also reported, which is generally moreveligped than in human and its

configuration better reflects the organisation leé intact lens, including relatively normal
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nucleated bow fibres both at the equatorial sid® agjacent to the IOL (Kappelhof et al.,
1985). In some cases, histological sections presdayer of cells on the posterior capsule,
while in others it is absent (Kappelhof et al., 79Boch et al., 2019; Saika et al., 2002). It is
unclear whether Soemmerring’s ring formation iseatension of lens fibre differentiation
originating from the lens equator or fibre cell feientiation from the cells lining the
peripheral posterior capsule; the latter couldectfla pattern of development similar to

embryological primary fibre cell formation.

Elschnig’s pearls are clinically the most importantmponent of regenerative PCO as they
can sit within the visual axis and are both irreguhnd refractive. Elschnig’'s pearls are
globular cells with an extended basal section (smn, 1993). They contain a nucleus,
which can range from round to oval to lobulated aay in general appearance from smooth
to being covered in microvilli (Findl et al., 2010l is also reported that pearls are connected
by gap junction and desmosome-like structures amtéaa few organelles. Elschnig’'s pearls
also share many characteristics associated with fibne cells (Sveinsson 1993). Clinical
studies (Findl et al., 2010) have demonstratedEhathnig’s pearls can be dynamic. Findl et
al (Findl et al., 2010) assessed over 6000 pear85ieyes and found constant change over
the period of observation. Initially the pearls wesmall, but continued to grow in volume,

fragment or shrink.

It has been reported that cultured human lens taplags accrue material in the peripheral
bag, which could indicate that some level of filbedl differentiation is initiated; however,
these preparations did not mature into well-defiSeemmerring’s rings (Koch et al., 2019).
Nevertheless continued development of the capdalgrsystem to better model regenerative

PCO would be a worthwhile pursuit.
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Rat lens epithelial explants undergo fibre celfaténtiation in response to high levels of
FGF and vitreous humour (Chamberlain and McAvoyg%9Vest-Mays et al., 2010). A
modification to the rat lens explant system producery interesting data that is relevant to
Soemmerring’s ring formation (O'Connor and McAva907). In this case, the explants were
cultured as pairs, one on top of the other withahierior epithelium of each explant adjacent
to one another. The cultures were maintained iniedl99 containing bovine vitreous
humour, which is rich in FGF. These paired explamserwent fibre differentiation and
formed convex lens structures that had light-faegisability. The peripheral fibre cells
presented markers for early stages of fibre diffeation, while the central cells contained
markers of terminally differentiated fibres. Intstiagly, following long-term culture, opacity
developed in the central region of the lens-likeicture. This study has great relevance to
PCO as the anterior and posterior capsules ofapsutar bag come in close contact. As cells
populated the posterior capsule and became stalideving the initial period of growth, the
scenario was very similar to the paired explantesysin the capsular bag and is likely to

follow a similar developmental path.

In vivo PCO animal model studies report the presemicSoemmerring’s ring (Lois et al.,
2003; Zukin et al., 2019; Zukin et al., 2018). Aegent, these models have not been fully
exploited to understand the mechanisms driving $eemng’s ring formation, but a recent
study has suggested that aldose reductase inhilgitiold promote its formation (Zukin et al.,
2019). Moreover, in the rat, electrical fields pky important role in lens regeneration (Lois
et al., 2010) following fibre cell removal. In tmabbit, the influence of biodegradable and
non-biodegradable scaffolds to support lens regeioer has been assessed (Gwon and

Gruber, 2010).
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Primary cell culture systems can also be used nerg¢e lentoids (Boswell et al., 2017; Lin
et al., 2016). Neonatal rabbit cultures can esthdintoids that have magnifying properties
and express fibre cell markefsandy crystallin (Lin et al., 2016). This same groupaepd
the presence of stem cells (Lin et al., 2016). @isgded cell-derived monolayer chick lens
cultures have been used to demonstrate that inti@audio its ability to induce
transdifferentiation of lens epithelial cells to ofiproblasts, TGB can also promote lens cell
fibre differentiation. This response was blockedriqggamycin, which links mTOR signalling

to induction of fibre cell differentiation by TGKBoswell et al., 2017).

Lens regeneration has been well studied in urogdblgshas become increasingly relevant in
mammals (Kumar and Reilly, 2020) with much of oasic understanding of lens fibre cell
differentiation formed from developmental biologyovicu et al., 2011). A great deal of
information can be drawn from developmental systant translated to the study of human
lens fibre cell differentiation in relation to reggative PCO. A number of growth factors and
cell signalling pathways have been identified tgutate fibre cell differentiation, which
include BMPs, TGPBs, Notch, Wnts and FGFs (Lovicu et al., 2011). Thatral figures in
fibre cell differentiation are the FGFs, which sew@mbe crucial for initiation of fibre cell
differentiation in mammals (Lovicu et al., 2011)his information was utilised to great
effect to establish lens organoid formation frombeyonic stem cells through sequential
inhibition and activation of FGF, T@Fand Wnt signalling (Yang et al., 2010); this is a
superb example of translating animal studies taradn platform. This also suggests that the
major regulatory systems of fibre cell differentat are relatively well conserved across
mammalian species. Incremental refinement of tsgseems has increased the efficiency of

lentoid generation and conditions have been immgtdeeenable better manipulation of the
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environment (Fu et al., 2017; Murphy et al., 20{Bgure 3). Stem cell-derived lentoids
could form a major study tool to characterise sasfté and aberrant fibre cell differentiation

in relation to human PCO.

4. Management and prevention of PCO

4.1. Intraocular implants

It is important to remember that PCO is driven byund-healing events, triggered by the
trauma of cataract surgery. Nevertheless, an I0Ligfuence the path of PCO progression
and serves as a valuable tool in the managemePCAOf. Over the past few decades, IOLs
have emerged in many forms, constructed from aerasfgmaterials. At present the most
commonly implanted I0Ls are foldable square-edg@dlsl with looped haptics. In the
following text, we will discuss features associateith standard IOL designs and describe

alternative design concepts for PCO prevention.

4.1.1. Thebarrier effect

The Alcon Acrysof™ |OL was the first commercial 1Q@h have a square-edge optic profile.
While grand statements were made to suggest teantioduction of this IOL had eradicated
PCO (Apple et al.,, 2001) proved unfounded, theamothat rates of PCO and Nd:YAG
capsulotomy were reduced relative to other IOLs yussified (Perez-Vives, 2018). The
improvement in patient outcome is attributed to Hupiare-edge profile. A square-edge
profile is now a common feature of commercial IOlmwever it is argued that the
manufacture of the edge can differ such that soBies Ihave a sharper edge than others,
which can influence the outcome (Perez-Vives, 20A8najor topic of debate is the material

of the IOL and its ability to enhance the interastof the IOL and the lens capsule (Linnola,
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1997), while others argue that the benefits of aasgtedge are independent of material

(Nishi, 1999).

Linnola (Linnola, 1997) presented the Sandwich Thexd PCO to provide a mechanism by
which a hydrophobic acrylic IOL with a square-edg#ic (such as the Alcon Acrysof™)
could reduce PCO progression. This theory prestr@scase that the IOL material can
exhibit biocompatibility in a bioinert or bioactivenanner. It is argued that hydrophobic
acrylic material provides benefit through a bioaetprinciple. It is proposed that cells grow
across the posterior capsule following surgery ancounter the optic edge. This provides
some impedance to growth, but cells still progtesisind the optic. If the cell population on
the posterior capsule remains as a homogenous ma@rolits impact on light scatter is
reduced. It is proposed that the bioactive matemalbles cells to adhere to both the IOL and
the capsule, such that cells form a ‘sandwich’ leetwthese layers. This tight adhesion and
close apposition of the capsule to the IOL is velieto increase the barrier function and
reduce further cell movement below the optic. Tlwattive component identified to support
this theory is the matrix component fibronectin,iethis reported to be the key biological
component that enables adhesion between the 10lk,ared capsule. The major evidence to
support this idea is histological assessment of-pmstem capsular bag samples and IOLs
removed from post-mortem capsular bags (Linnolalgt2000a, b). Unfortunately, it is
difficult to draw any meaningful conclusion frometfe data as samples were fixed prior to
IOL removal. In such circumstances, fixation pr@sdstrong bonds between the biological
material and the IOL. To assess if cell and madgumulation on the IOL has taken place
the IOL needs to be removed prior to fixation ameintundergo histological analysis. Recent
work using the human capsular bags has illustrétat the major site of cell growth on

hydrophobic acrylic I0OLs is within the rhexis margEldred et al., 2019). It would appear
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that if cells have a choice between the native Wapasnd an 10L they will choose the more
complete natural substrate. This therefore sugdleatdOL materials are unlikely to enhance
the barrier effect through a bioactive biocompétipimechanism. Work by Nishi (Nishi,
1999) demonstrated that a square-edge optic offees@fit regardless of material, which
again suggests this is a physical phenomenon imdepé of material that could be enhanced
by design features, such as haptic shape/angulatidrthe manufacturing process employed

to generate the square-edge profile.

4.1.2. Open-bag IOLs

Standard IOL designs produce a closed bag systemrewthe lens capsule is in close
apposition to the IOL. In contrast, open bag devipartition the anterior and posterior
capsules (Figure 8). This is proposed to allovgation of the capsular bag and diminish the
impact of growth factors on PCO progression (Elde¢dal., 2016; Eldred et al., 2014).
Capsular ring devices implanted during cataraajesyr have been tested in animal systems
and human patients. These ring systems can howsgandard IOL and show a marked
reduction in PCO incidence (Alon et al., 2014; Hatal., 2011; Hara et al., 1995). Recent
reports have suggested that introduction of a sgesige capsular ring and increasing
apertures in the wall of the ring implant providgimal outcomes when assessing PCO in a
rabbit in vivo model (Slutzky and Kleinmann, 2018he Anew Zephyr™ open-bag IOL is a
disk-shaped 1-piece hydrophilic acrylic monofocaVide that provides refractive correction
and separation of the anterior and posterior cagsial a single device. Introduction of the
Anew Zephyr™ IOL has been found to reduce PCO msxjon relative to Alcon Acrysof™
closed bag IOLS, in a suspended human lens capba@rmodel (Eldred et al., 2019).

Moreover, in the rabbit in vivo model, which exhghaggressive PCO, PCO scores were low
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even 6 months following surgery, whereas contr@seymplanted with Alcon Acrysof™

IOLs presented severe PCO in all cases (Alianey.e2018).

4.1.3. The bag-in-the-lens10OL

In contrast to conventional surgery, which requaesingle opening in the anterior capsule,
the bag-in-the-lens (BIL) technique requires makarg opening of the same size in the
anterior and posterior lens capsules (De Grook €2@05; Tassignon et al., 2002). The edges
of the capsule openings are slotted into a grodavihiea periphery of the IOL in a similar
manner to a tyre being introduced to a wheel. Adiogy to this concept, if both capsules are
placed in the groove and are well stretched ardhadoptic of the IOL, any lens epithelial
cells will be captured within the remaining spat¢he capsular bag and their growth will be
limited to this space, so the visual axis can rencéar. This concept was first tested using
the human capsular bag model (De Groot et al., 208Ssignon et al., 2002) and it was
found that over a six week culture period cells midd proliferate and migrate across the I0OL
i.e. the cells were retained within the remainiagsular bag. A rabbit model was used for in
vivo evaluation and again cells were retained witthie residual capsule (De Groot et al.,
2005; Tassignon et al., 2002). Significant numlaémIL IOLs have been implanted and the
outcomes are impressive. The introduction of BIIL$Qs particularly relevant to paediatric
patients, who have rapid onset of PCO. Successfplantation of a BIL IOL prevented
PCO, even in these extreme paediatric cases (Tassief al., 2007). The limiting factor in
the uptake of this approach is the level of sleljuired by the surgeon to carry out this
procedure. However, instructional courses are ablglalong with an international panel of
BIL instructors who can pass on their knowledge dathonstrate the technique. Currently,

the majority of BIL surgeries are performed in Epgpbut as surgical outcomes (short and
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long-term) continue to demonstrate excellent outsmparticularly for children, this

approach is likely to be adopted more readily bgitawhal countries.

4.2. Alternative surgery

Previous work has shown that in animal systems legeneration can occur following
cataract surgery, but this is reliant on retentibrihe anterior lens epithelium and capsule
(Gwon and Gruber, 2010; Lois et al., 2010). Buigdion this work, Lin et al (Lin et al.,
2016) employed a small, off-set opening in the rotecapsule and retention of the lens
epithelial cells that could facilitate regeneratioina new lens from endogenous stem cells
within the epithelial cell population. This work saarried out on infants who presented
congenital cataract (present from birth). There wl@ar evidence that some level of lens
regeneration occurred and provided some benefihése patients. However, a number of
issues need to be considered when contemplatirgy @pproach as an alternative for
conventional surgery. The capacity to repair amgemerate is faster in the young and several
months elapsed to see some level of visual imprememn older patients (i.e. the vast
majority of cataract patients), the ability to nefoa lens will be significantly slower and less

likely to be successful.

For this new form of surgery to be successful rédgenerated lens will need to closely reflect
the normal healthy human lens and do so relatigelgkly; otherwise, further care will be
required. Lens regeneration surgery holds greahime but at present has significant
limitations and ethical concerns that prevents nrassduction of this technique for cataract

patients (Liu et al., 2018; Solebo et al., 2018yW\&s et al., 2018).
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4.3. Phar macological treatment

Despite major advances in the design of IOLs anallsnctision surgery, PCO still remains a
significant problem, both from a patient wellbeipgrspective and as an economic burden to
healthcare providers (Brown et al., 2013). It woulderefore seem logical that
pharmacological intervention in concert with optim@L design should offer the best
opportunity to provide a sustained clinical ben&fim cataract surgery. A recent study that
surveyed both human and veterinary ophthalmologrstgeealed that the majority of
practitioners were in favour of this approach (@hilet al., 2019). A number of approaches
can be adopted that target specific PCO-relatedhtevélhe vast majority of proposed
strategies address fibrotic PCO and are generatijcerned with controlling the
inflammatory response to reduce the initial stirsuprovided by enrichment of the ocular
environment; preventing proliferation and migrat@eross the posterior capsule; prevention
of myofibroblast transdifferentiation and matrixntaction, which usually involves targeting

TGRp signalling or pathways regulating this system.

Non-steroidal and steroidal anti-inflammatory drags routinely used in surgery. However,
in relation to PCO little benefit has been dematstt (Laurell and Zetterstrom, 2002).
Indeed, it was actually found that anti-inflammgttreatment of patients undergoing cataract
removal surgery resulted in a higher number ofegpds$i developing fibrotic PCO 4 years
post-surgery than subjects treated with a plac&becent study, however, has suggested that
a combined application of non-steroidal and stedoahti-inflammatory drugs could more
effectively lower PCO incidence relative to singleug treatments (Hecht et al., 2020).
Moreover, Symondset al (Symonds et al., 2006) demonstrated that the idtero
dexamethasone, which is routinely administered dtepts undergoing cataract surgery,

improves cell survival and increases collagen typgnthesis in a rat lens explant model of
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PCO. This study, therefore, suggests that lens @l susceptible to the actions of anti-
inflammatory molecules. Chandler et al (Chandleralet 2007) tested the direct actions of
cyclooxygenase 2 (COX-2) through application of G@Xhibitors rofecoxib or celecoxib,
to canine capsular bags; both inhibitors suppre8%@@. A clinical trial was performed in
dogs to compare celecoxib-impregnated IOLS agd&@nsinofenac treatment (Brookshire et
al., 2015). The Celecoxib-IOL showed better initahtrol of PCO (up to 12 weeks), while

eyes that received bromfenac had better long-temral of PCO (56 weeks).

In terms of regulating cell growth across the postecapsule, there are many candidates for
drug targetting. The lens has a strong autocrirstesy that ensures baseline growth is
relatively strong (Eldred et al., 2016). Inhibitiatudies in the human capsular bag have
shown that inhibition of FGF, EGF and VEGF sigmajlilamong others) can slow growth,
but not completely prevent it (Eldred et al., 200&idment et al., 2004; Wertheimer et al.,
2015b; Wormstone et al., 2001). This suggests rthdtiple autocrine signalling pathways
can contribute to PCO. Therefore, pathway inhibitnay be more effective than targeting

specific receptors, as it could suppress stimuidtiom multiple growth factors.

A number of the strategies proposed to prevent RO@rentrate on preventing TGF
induced fibrotic events (Eldred et al., 2011; Nifmpet al., 2015; Saika et al., 2008); in the
majority of cases the major focus is on the abibtya given drug to prevent myofibroblast
formation (Eldred et al., 2012; Nam et al., 20201t8 et al., 2019; Zukin et al., 2018). It has
also been reported that there is a sub-populafigolgploid mesenchymal progenitors cells
within the chick lens epithelium (Walker et al., 1) and it is suggested that these cells could
be a primary source of myofibroblasts followingasact surgery and therefore contribute to

PCO development (Walker et al., 2010). These mycgprogenitor cells have also been
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identified in the human lens epithelium (Gerhartalet 2014), and antibody drug conjugates
have been developed to specifically eliminate gopulation of cells (Gerhart et al., 2017,
Gerhart et al., 2019). It is important to note timatelation to PCO the major light scattering
element within fibrosis results from matrix defotina, which is generally referred to as
matrix wrinkling (van Bree et al., 2011). It is gzally assumed that transdifferentiation to a
myofibroblasts is a pre-requisite for matrix contran (Shu and Lovicu, 2017). This concept
is based on the principle that myofibroblasts asderan integrin, fibronectin andSMA
contractile apparatus, which leads to matrix canitva (Shu and Lovicu, 2017). This may be
true in some systems, but work with FHL124 cellggasts this may not be essential in the
lens (Dawes et al., 2008; Dawes et al., 2009). 8fbeg, it is important to consider the impact
on matrix contraction, rather than solely concdmgaon EMT, when developing and
evaluating anti-TGp/fibrotic strategies to manage PCO. Furthermore, &hility of aldose
reductase inhibition on PCO formation was receasigessed (Zukin et al., 2019; Zukin et al.,
2018). In a mouse model of PCO, genetic and cheénmbdition of aldose reductase could
suppress surgical induced events associated waitbtit PCO (Zukin et al., 2018), however
Soemmerring’s ring formation was enhanced (Zukinalket 2019). This is an important
finding as it suggests suppression of fibrotic PO at least transdifferentiation to
myofibroblasts could in turn promote the formatminregenerative PCO, which is likely to

play a greater role in visual deterioration.

As an alternative, complete ablation of the lerbpmgpulation is a viable strategy (D'Antin et
al., 2018; Duncan et al., 2007; Duncan et al., 1987et al., 2017; Zhang et al., 2019), but it
is critical that non-lenticular tissues are unatecby any putative treatment (Duncan et al.,

2007; Rabsilber et al., 2007; Wertheimer et al17J0Another consideration is the stability
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of an IOL in an acellular capsular bag (Spaltoalgt2014); however, modification of haptic

designs to improve positioning within the bag mdgrass these concerns.

Regardless of the approach adopted, it is impothettan appropriate drug dose be delivered
over a specific period to provide efficacy. Ultiralyt a drug needs to reach the target cells at
sufficient concentration to work. Utilising drugeltery strategies is an important
consideration and area of developmehfhe drug delivery possibilities include direct
injection into the anterior chamber; modificatiohtbe irrigating medium; modification of

the IOL/capsular tension ring; application using@sed-bag drug delivery device.

One mode of delivery is via the IOL. This appro&ets been considered over the past three
decades and is becoming increasingly more sopfistic Early drug modulation of the IOL
included an FGF-saporin complex bound to a hepswifiace modified IOL, which was
tested in rabbits (Behar-Cohen et al., 1995). Whesontact with the cells, FGF binds to the
appropriate receptors on the epithelial cells amernalises the saporin, subsequently killing
the cells. This particular system produced some sflects, including transient corneal
oedema and iris depigmentation. Duncan et al (Dumtal., 1997) showed, using a human
capsular bag model, that thapsigargin (a speciffabitor of the endoplasmic reticulum
CaATPase) when directly coated onto a PMMA IOL adfectively kill the entire cell
population within the bag. However, this was a deanpoating procedure and does not
account for additional stresses associated withviwo surgery e.g. entry through the
corneal/scleral tunnel. Therefore, a drug releastem that is both physically robust and
provides appropriate drug delivery is necessamat&gies now include impregnating the 10L
(Bouledjouidja et al., 2016; Brookshire et al., 20WWertheimer et al., 2015a). This has

proved a useful way to provide long-term delivefyan agent. However, it is important that
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incorporation of any drug does not disrupt the tligath through the IOL. A recent study
(Ongkasin et al., 2020) reported that an impreghd@_ provided a sustained release of
methotrexate for 80 days. The methotrexate-impreghdOL was tested in the human
capsular bag model and found to redu&MA expression, but did not significantly inhibit
growth across the posterior capsule. Similar appres have been developed for use in
tension rings and one example reports a photodymaagulated drug release from an I0OL

(Zhang et al., 2016).

An alternative therapeutic approach is to use aetldbag drug delivery system, such as the
perfect capsule device, which permits high conegiains to be delivered to cells within the
capsular bag for a designated period and then rech{Maloof et al., 2005). Duncan et al
(Duncan et al., 2007) tested various agents, apfdiea 2-minute period, in human capsular
bags using this drug delivery system. Treatmentduded distilled water, 3M sodium
chloride, 5-Fluorouracil (5-FU) (250ug/ml and 25md)/ and thapsigargin. Assessment of
growth on the posterior capsule revealed greatesttavith thapsigargin and 5-FU, however
in the case of 5-FU treated bags, cells were grgvan the peripheral posterior capsule
beneath the anterior capsule; no viable cellslaverle observed in thapsigargin treated bags.
In this in vitro study, distilled water was not fadito significantly influence events in the
capsular bag and interestingly when distilled watas applied in the clinic using the perfect
capsule device this outcome was also observed ([Rabst al., 2007). A recent study also
applied osmotic challenge to the cells within tlag@sular bag, but included a Na-K-Cl co-

transporter inhibitor to prevent recovery; thesails look promising (Zhang et al., 2019).

5. Conclusions
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PCO remains an important problem following catasggery. Both fibrosis and attempted
lens regeneration can contribute to reduced viguality in patients. However, the latter
plays a greater role in visual disturbance. We reaweealth of resources and tools available
that will aid advances in our understanding of P8©logy, which will enable better
selection of putative agents to inhibit or prev®@O formation. IOL designs continue to
improve through greater appreciation of their iaflue on lens cell behaviour and PCO
formation. A combination of improved IOL design goltarmacological treatment is likely to
provide the best outcome for patients in the futame improved drug delivery strategies

should play a key role in their success.
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LEGENDS
Figure 1. PCO development following cataract suyrgérSchematic diagram illustrating (A)

the capsular bag immediately post-surgery, (B) kgmeent of fibrotic PCO showing
invasion of the posterior capsule and matrix de#drom/capsular wrinkling and (C) the
changes that result from a combination of fibrad regenerative PCO with formation of

Elschnig’s pearls and Soemmerring’s ring.

Figure 2. The suspended human capsular bag moddOfo evaluation. Representative
modified dark-field images of match-paired capsblags implanted with a Hoya Vivinex or
an Alcon Acrysof IOL captured on the day of simathtsurgery. In both cases the

capsulorhexis (arrowed) is fully seated on the ptic. (Eldred et al., 2019).

Figure 3. Lentoid generation from iPSC culturesigsMatrix-511 as a culture substrate. (A)
Images showing progression of naive iPSCs to ldetdmages depict Days O, 6, 9, 16 and
21 days of culture. All images were captured usingikon Ti2 inverted light microscope.
Scale bar represents 100um for Day 0 and 250 pmllfother days. (B) Quantitative graphs
showing real-time PCR data obtained for key marlgenes over the course of the
experiments. The x-axis marks the sample time-poiat Days 0, 6, 12, 16 and 18 and the y-
axis denotes the relative fold-change of each geRNA transcript over time. Note that the
data has been adjusted such that the Day 0 valuesaéh gene equals 1. All subsequent data

points are thus relative and comparable to Day 0.

Figure 4. A schematic outline of (A) sequential megefollowing cataract surgery that can
ultimately give rise to PCO and (B) the relatiopsibetween selected growth factors and
functional events associated with fibrotic and regative PCO. HGF — hepatocyte growth

factor; FGF — fibroblast growth factor; VEGF — valse endothelial growth factor; EGF —
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epidermal growth factor; TGF— transforming growth factds; BMP — bone morphogenic
protein; EMT — epithelial to myofibroblast tranddifentiation; MET — myofibroblast to

epithelial transdifferentiation.

Figure 5. Induction of fibrotic responses in a hancapsular bag model. (A) Representative
epifluorescence micrographs showing the distribubbthe myofibroblast markes-smooth
muscle actin and the matrix component, fibroneetssociated with cells growing on the
central posterior capsule of human lens capsulgpbeparations maintained in SF or graded
culture conditions. Images were captured at endpeiay 28). (B) Pooled data showing
guantitative aSMA and fibronectin expression in association wills growing on the
central PC of capsular bags maintained in serum-dregraded culture conditions. Data are
presented as mean + SD (n = 5). *Indicates a sogmt difference between groups

(Student’s t-test; £0.05). (Eldred et al., 2019).

Figure 6. Time-dependent sensitivity to TR the human lens epithelium. Fluorescent
micrographs showing Smad2/3 translocation in hurtems epithelial explant cultures

immediately following dissection or following cultiperiods of 6, 24 or 48 hours in serum-
free medium with 10ng/ml added to the medium fe timal 2 hours of culture. Scale bar

represents 100pm.

Figure 7. Human lens cells can activate PGRatent-TGB1 can be activated by lens cells
and is MMP dependent (A) Modified darkfield imagesptured following 28 days culture
maintained in serum free medium or treated withgl@h latent TGB1 showing matrix
deformation of the posterior capsule and fluoreseemicrographs showing an associated

increase in SMA following treatment. AC - anteraapsule; PC —posterior capsule; arrows
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indicate the capsulorhexis margin. (B) Fluoreseeittrographs showing inhibition of MMPs
prevents Smad2/3 nuclear translocation in FHL12K.deHL124 cells were either untreated
(control), or pre-treated with the MMP inhibitor GW01(12.5uM), followed by addition of
latent TGIB1 for 2 hours. (C) Nuclear Smad2/3 was quantifredffluorescent micrographs.

*indicates significant difference, p<0.05, ANOVAtwipost hoc Tukey’s test (n=3).

Figure 8. A schematic diagram illustrating the poasi of (A) a conventional square-edged

IOL and (B) the open-bag Anew Zephyr IOL within ttegpsular bag and how their physical

properties could provide a barrier to cell movemé@aldred et al 2014).
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