THE REGULATION OF TRANSFORMING GROWTH FACTOR BETA

(TGFb) SI GNALI NG I'N POSTERI OR CAPSULAR (

by

Mahbubul H. Shihan

A dissertatiorsubmitted to the Faculty of the University of Delaware in partial
fulfillment of the requirements for the degree aidior of Philosophyn Biological
Sciences

Summer2020

© 2020 Mahbubul H. Shihan
All Rights Reserved



THE REGULATION OF TRANSF ORMING GROWTH FACTOR BETA

(TGFb) SI GNALI NG I'N POSTERI OR CAPSULAR (

by

Mahbubul H. Shihan

Approved:

Velia M. Fowler, Ph.D.
Chair ofthe Department dBiological Sciences

Approved:

John A. Peleskdh.D.
Dean of theCollege ofArts and Sciences

Approved:

Douglas J. Doren, Ph.D.
Interim Vice Provost for Graduate and Professional Educatial
Dean of the Graduate College



Signed:

Signed:

Signed:

Signed:

| certify that | have read this dissertation and that in my opinion it meets
the acadenai and professional standard required by the University as a
dissertation for the degree of Doctor of Philosophy.

Melinda K. DuncanPh.D.
Professor in charge of dissertation

| certify that | have read this dissertation and that inopiypion it meets
the academic and professional standard required by the University as a
dissertation for the degree of Doctor of Philosophy.

DonnaS. Woulfe, Ph.D.
Member of dissertation committee

| certify that | have read this dissertat and that in my opinion it meets
the academic and professional standard required by the University as a
dissertation for the degree of Doctor of Philosophy.

Salil A. Lachke Ph.D.
Member of dissertation committee

| certify that | haveread this dissertation and that in my opinion it meets
the academic and professional standard required by the University as a
dissertation for the degree of Doctor of Philosophy.

Ramona NeunuebdPh.D.
Member of dissertationommittee



| certify that | have read this dissertation and that in my opinion it meets
the academic and professional standard required by the University as a
dissertation for the degree of Doctor of Philosophy.

Signed:

Xiangiao Jia, Ph.D.
Member of dissertation committee



ACKNOWLEDGMENTS

First and foremost,would like to thank my supervisoDr. Melinda K.
Duncan She is not only an excellent researcher and a dedicated educator, but also
someone kind, compassionate, antpathetic. Dr. Duncan is someone who truly
cares about her studentsdé devel opment. She
explore my potential.

Special thanks to Dr. Yan Wang for her constant support, help, encouragement,
and being my lab mom. | want tikank all the previous and current Duncan lab
members especially Dr. Yichen Wang and Samuel G. Novo for their help and
participation incheerful banter. Besides, | would like to thank Erin E. Jackson and
Nicole M. Rossi who | mentored during my Ph.D. life.

| would like to thank my committee members Dr. Salil A. Lachke, Dr. Donna
Woulfe, Dr. Ramon&leunuebeland Dr.Xiangiao Jiafor helping me becoming a
scientist. | want to thank all our collaborators especially Dr. Raljpmn&4 and Justin
Chr i st o p hferarraiidgdmy summer training @entro de Oftalmologia
Barraquer Barcelona, Spain. Special thanks to all the cataargeons who
participated in my interview study.

| want to thank members from Lachke lab especially Shaili Patel and Sandeep
Aryal and Dr. Justin Peeno from Fowler lab for their constant support and
encouragement. | would like to thank everyone framdepartment of biological
sciences especially Betty Cowgill for her sincere help during my stay at this

department.



Finally, | would like to thank my family members and my friends especially
Keith Markowitz, Reetika Dultt, Vivek Bthussery Tanjima Ferdos, Naim Ahmed,
and Fazlur Rahman for their constant mental and emotional support during this rocky
journey.

This work was supported by the National Institutes of Health grant
(EY015279) to Melinda K. DuncalNSF FCorps Entrepreneurial Awatd Melinda
K. Duncan, Mahbubul H. Shihan, and Samuel G. N&wght for Sight summer

scholarship an®&igma XI Granin-Aid of Researchio Mahbubul H. Shihan.

Vi



LIST OF TABLES. ... e e e e e e e e ae e e Xiii
LIST OF FIGURES.. ... et e e e XV
= 1S Y I ¥ A XiX
Chapter
1 INTRODUCTION. ..t e e e e e e e e enees 1
1.1 The lens: Structure & fUNCION..........ccevivii i 1
1.2 Cataracts and cataract SUIGEIY........uuuieieeiieiiiiiieee e eeeeiiie e e eeeiiies 2
1.3 Complications of cataract SUIgEIY........cccuuuurierieiiiinineeeeeeeiiineeeae 5
1.3.1 Post cataract surgical inflammation...............ccccceeevieenneenes 5
1.3.2 Posterior capsular opacification (PCO)..........cccevvviirerieeennns 5
1.4 Epitheliatto-mesenchymal transition (EMT) of lens epithelial cells
(LS ittt ettt 7
1.5 Transforming growth factor beta (TGJsignaling a major mediator
(0] 1 = O © TSP PPTRUPPPPRTIN 8
1.6 Regulators of TGF signaling activation and bioavailability.............. 9
I G0t [ 01 (=T | [ 9
1.6.2 FIDronectin.........coiiiiiiiiiiiii e 10
2 MATERIALS AND METHODS.......outiiiiiiiiiiiiie et 12
2.1 Interview Methods..........cuuuiiiiiiiiiiiie e 12
2.2 ANIMAIS.. .o 14
2.2.1 Fibronectin coniional knockout (FNcKO) mice.................. 14
222 b5 integrin null, bB6 integrin
knockout (b8.lIl.T.Gc.KQ)....mi.c.e.... 15
2.3 DNA extraction, genotyping and genomic PCR for the gene deletidh
2.4 Morphological ANalYSIS............oieiiiiiieiiicee e 20
2.5 Mouse cataract surgery model..........cccoooviiiiiiiiiiii e, 20
2.6 RNA SEQUENCING .....uuiiiiiii et e et e e e e e e e e e aan e e e aaa s 20

TABLE OF CONTENTS

Vil

nul



2.6.1 AdUIt MOUSE IEBNSES. . ..o 20

2.6.2 Post cataract surgical samples..........cccoeeiiiiiiiiiiniiiis 21

2.7 Pathway analysSiS...........ooooiiiiiiiiiiiiieei e 23

28 Rescue experiments bYy..act.iv.e.ZBGFDb1

29 Tail wvein injection of..U\VbS8...i2dt egrin

2.10 Immunofluorescence & confocal Imaging............ccccevvviiieeeeeeennnnns 24

211Fl ow Cytometric Analysis)m$t U smooth
cataract SUrgery (PCS)....couuuiiiiiiiiiiii e e 28

2.12 ImageJ quantification and statistical analysis.................ccccceeeeene 29

CATARACT SURGEONS VIEWPOINTS ON THE NEED FOR NOVEL
PREVENTIVE ANTHINFLAMMATORY AND ANTI -PCO

THER AP EU T I S . .o et 31
% I [ o {0 Yo [ 1e3 [0 o TR TP 31
3.2 ROSUIB . et 34

3.2.1 What are your top 3 concerns for psstrgical management
after cataract surgery?ost cataract surgical inflammation
and PCO are major patient management concerns post
cataract surgery (PCS)......couiiiiiiiiiieei e e 34
3.2.2 How do you manage to post cataract surgical inflammation?
Are you satisfied with the current standard of care for post
cataract surgical inflammation treatment? Any alternatives that
you would prefer?Steroidal and nonsteroidal anti
inflammatory agents (NSAIDs) are the standard of care for the
management of inflammation post cataract surgery........... 36
3.2.3 How many Posterior Capsular Opacification (PCO) cases do
you get per year25% of adult and veterinary patients, and
almost 100% of pediatric patients develop clinically
significant PCO post cataract surgery (PCS)...........cccoun.... 37
3.2.4 How long does PCO take to develop after surgery in your
patients (based on your experiendeé¥gliatric patients
develop PCO quickly eopared to adult and veterinary

QT2 1 1]=] ] £ 37
3.2.5 Do you still think PCO is a clinical problenfPZCO is still
clinically important.............ccoooiiiiiiiiee s 38

3.2.6 How do you treat PCO?AG laser capsulotomy is the
treatment of choice for PCO in adults while this is less used in
pediatric and veterinary patientS...........cccoeeeeeiiiiiieeeiiineeen s 40

viii



3.2.7 How many patients get subsequent consequences such as
macular edema and retinal detachment? (you can use a
percentage of patients out of the total number of PCO
patients) Most adult cataract surgeons surveyed reported that
they have not seen siééfects following YAG laser
capsulotomy, while others stated that although the negative
consequences of YAG laser capsulotomy are often minimal,
important side effects still occur..........cccooveveiiiivivecnnnnnnnn 41

3.2.8 Are you satisfied with the treatment protocol for post cataract
surgical inflammation and PCO? What do you desire or what
changes would you do? If there was a new-sungical
approach to treating PCO/peasirgical ocular inflammation
would you use itMog of the cataract surgeons surveyed are
interested in new ways to prevent PCO while they are
generally satisfied with the standard of care for inflammation
prevention post cataract surgery...........ccccccveeeeeeeeeeeeennnnnn . 42

R B (o U L1 (o] TR 43

3.3.1 Most cataract surgeons surveyed are satisfi¢l thve
treatments available for ocular inflammation following cataract

10 (0= Y PPN 44
3.3.2 Most cataract surgeons surveyed tbelt PCO is still an
important clinical problem..............cooooii e 45

LENS EPITHELIAL CELLS INITIATE AN INFLAMMATORY

RESPONSE FOLLOWING CATARACT SURGERY......coviviiiiiiiienn, 51
S I 01 o Yo [ To3 1[0 o U PR 51
4.2 RESUIS .. e e 54

4.2.1 The lens epithelial cell transcriptome is drastically altered by
24 hours followingcataract Surgery........ccooevevvveieeeiiiieeeeeennn. 54

4.2.2 Lens epithelial cells upregulate diverse genes involved in the
inflammatory response within the first Béurs of cataract

10 (0= PPN 58
4.2.3 Inflammatory cells are associated with the lens capsular bag
P S 64

4.2.4 Proinflammatory cytokines ctocalize with the epithelial
marker, 1-integrin, in lens epithelial cells at 24 hours PCS,
and inh SMA positive lengells at 48 hours PCS, while these
molecules generally were not found at high levels in
infiltrating leUKOCYLES.......cocvvieiii e a7



4.2.5 Macrophagenflux and upregulation of SMAD3
phosphorylation (pSMAD3) during fibrosis post cataract
100 [T PP 72

i I B 11T o] 11T (o] A WP 75

4.3.1 Lens epithelial cells rapidly change their phenotype in
response to surgical lens fiber cell removal....................... 76

4.3.2 Lens epithelial cells remaining behind PCS rapidly induce the
expression of genes important for the innate immune resp@iise

4.3.3 The possible significance of pestrgical inflammation......... 79
4.3.4 CONCIUSIONS. ...ttt eeeend 80
5 UVb8 | NTARRENTIAL DRUGGABLE TARGET TO
PREVENTPCO... . 81
5.1 INTrOTUCTION......ciiiiiiiiie et e eeees 81
5.2 RESUIS .. i 83

5.2.1 Robustexpressio of b8 integrin.by8LCs i s
522 Lenses |l acking the b8 integrin ge:
response and prolifeiah while demonstrating the epithelial

characteristics and fiber cell regeneration PCS................. 38

5.2.3 RNAseq analysis reveals thggnes associated with fibrosis
and i nfl ammation are differenti al
LCS PSS e 92

524 Defects i n aGé&bdsigobédnign b8I1 TGcl
whil e the addition of active TGFb.
bags rescues the defects..........coooviiiiiiicen i 101

5.2.5 Blockingt he i nteraction of LAP with U
LCs phenocopies the attenuated fi
signaling PCS det.ect.ed..i.nlOB8I TGcK

526 The production of UVH8 integrin b
upregulation of gremlil expression PCS.............ccc.v. 106

5.2.7 Upregulation of integrins and integrin signaling by LCs
depends on UVH8 integrin mediated
ACHVALION. ... 108

5.2.8 Fibrosis regression is observed in WT upon the addition of
UVb8 integrin blocki.ng..antllobody a:

B 3 DS CUSSIONL . et 113

6 FIBRONECTIN HAS MULTIFUNCTIONAL ROLES IN EO................ 119



6.1
6.2

6.3

INEFOTUGCTION. .. et e e e 119
RESUIS . .. e e 122

6.2.1 Deletion of tle fibronectin gene from the lens does not affect
the later stages of lens development, while fibronectin protein
expression increases during PCO progression................. 122

6.2.2 Fibronectin is essential for prolonged cell proliferation and
fibrotic responses post cataract surgery (PCS), with fibronectin
null lenses retaining epithelial characteristics, and undergoing
unhindered fiber cell regendian PCS................ccooovviinennn. 126

6.2.3 RNAseq analysis revealed that WT LCs exhibit elevated
MRNA levels for genes known to play roles in fibrosis and
inflammation, and reduced expression oiSlenarkers, at 48
hours PCS, while only a small subset of these expression
differences is altered in FNCKO LCS..........ccooevvvveeviinnnnnnn. 132

6.2.4 Fibronectinis required for the expression and assembly of a
subset of fibrotic ECM molecules produced by lens cells

undergoing EMT post cataract surgery........c..coevveeeveennnnn. 141
6.2.5 Deletion of fibronectin from the lens alters integrin expression
and downstream signaling PCS............cooiiiiiineeeiinnn 145
626 Late PCS elevations in TGFD
FNCKO LCS..ciiiiiiiiiiiiiiii ettt 147
6.27 Extracellul ar matrix deposi't
around LCs PCS is dependent on fibronectin.................. 150
6.2.8 The attenuation of canonical BMP signaling in LCs PCS
requires fibronectin...........ccooevvii i 152
6.2.9 Fibronectin production by LCs is required for the upregulation
of gremlinl expression PCS..........ccoooeviiiieviviee e 154
6.210Fi bronectin mediates sustain
dependent pathway............ccooiiiiiiiieeer e 158

6.2.11 Fibronectin fibrils are detected in FNcKO capsular bags upon
addition of act i-lW€S.T.GF.b.1...461d

DS CUSSIONL. e et e 162

6.3.1 Fibronectin is dispensable the adult lens.......................... 163

6.3.2 Fibronectin is essential for the pathogenesis of fibrotic P64

6.3.3 Fibronectin influences the pathogenesis of fibrosis via multiple
MECNANISMS... ..ot 165

6.3.3.1 Fibronectin and fibrotic matrix production and
assemMbly........coooeiiii 165

signal

i on oOf

ed fi|

gr em

6.3.32 Fi bronectin and TGENAh..sléGper f ami

Xi



6.3.3.3 Fibronectin and integrin signaling....................... 169

6.3.4 Implications for the role of fibronectin in wound healing and

fIDrotiC dISEASES.......uuiiiiiieiiii e 170
7  FUTURE DIRECTIONS.....ooiitiittiiiae et 173
7.1 Assessing Long TermRisks of Cataract Surgery using Longitudinal
[0 o= T =3 = - TP 173
7.2 ldentifying the transcriptional regulatory networks driving
proinflammatory cytokine expression by the lens epithelial cells
(1= U PRPPPPURRTPTIN 174
7.3 Elucidating the role of MTAMMP in the activation of GF signaling
O TSR UPPRTRRRRPR e 175
74 Understanding the r.ol.e..of...US176ntegr i
REFERENCES.......coitiiitiei ettt a e e e e e 177
Appendix
A SUPPLEMENTAL TABLES.......otiiiiiiiaee e 206
B SUPPLEMENTAL FIGURES........ccoiiiiiiieeeiiiieeeeeeeeeeeee e 223
C  INSTITUTIONAL APPROVALS......oooiiiiiiiiiiieeia e e 233
D COPYRIGHT CLEARANCE PERMISSIONS..........ooooiiiieiiiiiiieeee 241

Xil



LIST OF TABLES

Table 2.1: List of all primers and PCR conditions used for genotyping and gene

eltioN STUAY. ....cciiiiiii e 18
Table 2.2 Primary antibodies used in this Study............cccoeiviiiieeiiiiiii e 26
Table 3.1: Cataract surgeonso op..n40on on t

Table 4.1: Inflammatory genes deteciedhis study differentially expressed
between 24 hours and 0 hour post cataract surgery determined by

Table 5.1: Genegpregulated in LCs at 24 hr PCS that are known to be involved in
fibrosis either in PCO or other SyStems.............cccoeuvviivieeneeieennnnnn. 94

Table 5.2: Genes known be involved in inflammation are upregulated by LCs at
24 N P CS. e 95

Table 5.3: Genes that are preferentially expressed in the lens or important for the
lens cells homeostasis downregulate in LCs by 24 hr.RCS.......... 97

Table 5.4: Genes known to be involved in fibrosis and inflammation are less
upregulated in remnant L.Cs...0f98b8I1 TGc:

Table 6.1: Known markers of LC EMT upregulated in remnant LCs at 48 hours

Table 6.2: Genes upregulated in LCs at 48 hours PCS that are known to be
involved in fibrosis in other systems, but are unreported, or only
poorly described, in PCQ..........ccooiiiiiiiii e 136

Table 6.3: Genes known to be involved in inflammation are upregulated by LCs at
AB NOUIS PCS. . ittt e eeeee e eaee 137

Table 6.4: Genes that are preferentially expressed in the lens that downregulate in
LCs by 48 hours PCS........e i, 138

Table 6.5: Genes known to be involved in fibrosis are less upregulated in remnant
LCs of FNCKOs at 48 hours PCS.........ooooviiiiiiiiiiieeeeee e 139

Xiii



Table 6.6: Genes known to be involved in inflammation are less upregulated by
FNCKO LCs at 48 hours PCS.........ooi i, 140

Xiv



Figure 1.1:
Figure 1.2:
Figure 1.3:
Figure 1.4:

Figure 1.5:

Figure 2.1:

Figure 3.1:

Figure 3.2:

Figure 3.3:

Figure 3.4:

Figure 3.5:

Figure 3.6:

LIST OF FIGURES

The anatomy of the lens as an epithelial tissue...................ccoeeeeen, 2
The clouded lens of a person with cataracts...........ccccoeeeveeeeneennnnn. 3
The steps of the modern cataract surgery procedure.....................: 4
Human eyes with posterior capsupacification (PCO).....................! 6

A schematic diagram showing the remnant lens epithelial cells
following cataract surgery undg epithelial to mesenchymal
tranSItioN (A, B) .o 7

(A) 50 cataract surgeons were interviewed in person, by emalvend
the phone and (B) included cataract surgeons treating human adults
and children as well as animals............cccooovvii i, 14

Cataract sgeon opinion on their major concerns regarding post
cataract surgical side effeCtSu........uoieviiiiiiiiiiiieeeie e 36

Cataract surgeon opinion ondherent standard of care for the
management of post cataract surgical inflammation..................... 37

(A) Cataract surgeon estimateshenpercentage of treated cataract
patients returning with PCO (B) Cataract surgeon estimates of the
time it takes to develop clinically significant PCO post cataract

10| (0= Y PPN 38

Percentage of cataract surgeons who report that PCO is still a clinical
ISSUE IN their PractiCe.........ocvvvii i e 39

Adult cataract surgeon estimates of the prevalence of negative
consequences of YAG therapy based on their clinical experience4?2

The percentage of cataract surgeons who report that new PCO therapies
TSl a1 T=To (=T o RSP RUPPPPIY. £

Figure 4.1 RNA Seq analysis revealed that LECs exhibit highly perturbed cell

signaling at 24 hours PCS.........oooiiiiiii e 56

XV



Figure 4.2: RNA Seq analysis revealed that LECs exhibit a highly perturbed
cytokinecytokine receptor pathway at 24 hours PCS................... 57

Figure 4.3: PCS expression time course in LECs for the three most differentially
expressed genes in this StUdY............ovviiiiiiiiiiieen e, 62

Figure 4.4: PC@&xpression time course for representative members of four
different important inflammatory pathways in LECs..................... 63

Figure 4.5: Neutrophil infiltration into the lens capsular bag PCS identified by
CD11b imMUNOSTAINING....ceuvuueeiieiiiii e eeeeeeii e et eeeeenees 65

Figure 4.6: Neutrophil infiltration into the area surrounding lens capsular bags PCS
identified by Ly6G immMuUNOSLAINING........ceeeeiiiiieeeeieeiiiie e 66

Figure 4.7: Macrophages infiltration into lens capsular bags following cataract
surgery identified by F4/80 immunostaining...........c..cccceeeevevnnnnnn.. 66

Figure 4.8: Pranflammatory genes (red) are expressed in LECs as assessed by
theircal oc al i z a tintegrin (green)tah24 toars PCS......... 69

Figure 4.9: Pranflammatory gene expression (red) is generally not found in
CD11b positive neutrophils associated with lens capsular bags at 24
ROUIS PCS. ..ot eeenii e e e O

Figure 4.10: The residual pinflammatory gene expression detected in lens
capsular bag associated cells at 48 hours Pd&catizeswith the
fibrotic MarkerNSMA. ... ..o 71

Figure 4.11: The late upregulation of COX2 protein levels PCS observed in lens
capsular bags oylpartially celocalizes with F4/80 positive
[ aFo Yol f0] o] =T =SSP 72

Figure 4.12: Upregulation of pPSMAD3 in LECs PCS correlates withinfieg of
F4/80 positive macrophage infiltration into lens capsular bags PC&.

Figure 5.1: A bright field, a dark field and a 200esh electron microscopy grid

analysis of 12 weeks old WT, b5I TG n

reveal that bBb51 TG nul | and b6l TG
refractive properties similar to Wl.........ccoooviiiiiiiiiiieeeeis e 85

XVi

nul



Figur

Figur

Figur

Figur

Figur

Figur

Figure 5.8:

Figur

Figur

Figure 6.1:

Figure 6.2:

Figure 6.3:

Figure 6.4:

Figur

e 5. 2: At 0 h PCS, al | three mice str
t |
*

express |little |levels of USMA protei:
d PCS (WT, **P =¢*PR 0=030,. 00055 ;T G 6nluTG ,n u
0.028)....cceeeeeeeee e ——————————— 86
e 5:3: b8 integrinds role in the | ens
protein depsition around remnant LCs PCS.........ccooeevviiiiiviinnnnnn. 87

e 5.4: The response of LCs |l acking tfF
1] 01010 )V 1 R a1

e 5.5: The effects of an UVD8 integri
TGFb signaling acti.v.at.g.an..ando02f i br os

e 5.6: The effects of an UVD8 integri
TGFb signaling acti.v.at..an..ando5f i br os

e 5.7: Crosstalk bdP®k.en..UVH8O07 ntegr.i

The dynamics of integrins and integrin signaling regulation in
relationship to TGFb..s.i.gnal.i.fal acti v,

e 5.9: The effects of the UVD8 integr
regresSioN PCS. ... 112

e 5. 10: Foll owing cataract surgery, t
tethered on to the extracellular matrix (ECM) by fibronectin fibrils

leading to thébinding of latencyassociated peptide (LAP) of latent

TGFb compl ex to..t.he..0V.b8..i.nt.&1¢r i n.

Fibronectin protein is n@quired for lens transparency, but deposits
around remnant LCS PCS.........cooiiiiiiiiiiieeee e 125
The response of LCs lacking the fibronectirege lens fiber cell

=10 0101V 7= | PSP RSP 131
The production and assembly of fibrotic ECM PCS require fibronectin
EeXPressioN DY LCS. ... 144
Fibronectin expression by LCs is necessary for the upregulation of

some integrin subunits and integsignaling PCS......................... 147

e 6.5: TGFb signaling is att.e€4uated i

XVil



Figure 6. 6: LCs are associated with | atent
this is highly attenuated in FNCKO LCS........cccoviiiiiiiiiiiiee, 152

Figure 6.7: The dynamics of BMP signaling in PCS LCs upon the deletion of the
fIDrONECHIN QBNE ... . i 154

Figure 6.8: Exogenous gremiintreatment of FNcKO capsular bags rescues the
defect in TGFb signaling andlS5i broti

Figure 6.9: Treatment of FNcKO LCs with ex
fIDFOLIC FESPONSE......ceiiit e 160

Figure 6.10: Fibronectin fibrils are detected in FNcKO capsular bags upon
treatment with eithetatS5daysPCSw.e.l16RGFb1 o

Figure 6.11: Multifunctional roles of fibronectin in PCO pathogenesis........... 172

Xvili



ABSTRACT

Posterior capsular opacification (PCO), one of the major complications of
cataract surgery, occurs when lens epithelial cells (LCs) left behind post cataract
surgery (PCS) undergo epithelial to mesenchymal transition, migtatthe optical
axis and produce opaque scar tissue. Despite preventive strategies such as modern
cataract surgery and improved materials and shapes of intraocular lenses (IOLS),
recent data suggests that about 28% of adults develop PCO at 5 years W0#reas
pediatric patients develop PCO by 2 years post cataract surgery (PCS). The only FDA
approved treatment for PCO is YAG laser capsulotomy which is not devoid of side
effects. Besides, YAG laser can be unsuitable for pediatric patients, while the
availaility of YAG lasers and technical expertise are limited in developing and
underdeveloped countries, suggesting that understanding the molecular mechanisms of
PCO to develop preventive therapeutics would improve the outcome of cataract
surgery. Although its well established that activated transforming growth faotta
( TGFb) signaling mediates fibrotic PCO, tF
mechani sms of TGFb signaling PCS are not v
therapeutic agast PCO is made available, at the start of my study, it was unclear
whether clinicians treating cataract surgery patients would be interested in instituting it
into their clinical practice. In total, four studies are covered here. The first one is a
surveypbased study on understating cataract st

challenges they encounter in routine practice and the types of therapeutic interventions

Xix



that would enhance the lostgrm efficacy of cataract surgery and PCO (Chapter 3).

The surgens surveyed agree that PCO/VAO ( visual axis pacification) remains an

unsolved problem in pediatric and veterinary cataract surgery while thédong

outcome of adult cataract surgery could be improved by additional attention to this

issue. The next theestudies are focused on understanding the molecular mechanisms

of TGFb signaling (the major mediator of F
understanding the ability of remnant LCs to express inflammatory cytokines leading to

the infiltration of netrophils and macrophages into the lens capsular bag, and the
possible implications of these events in t
5 focuses on identifying an UV integrin he
TGFb s i g%8and aharagteriPe€ the effects of an antibody which can block

integrin function PCS. Chapter 6 focuses on elucidating the regulatory role of a

fibrotic extracellular matrix (ECM) molecule, fibronectin, in relationship to latent

TGFb compl ex ancitg ondltitunciiooahrold? @ Sustaining fibrotic

PCO. All these studies fill the major knowledge gap, providing the regulatory

mechanisms of initiation, activation, and the bioavailability of TGignaling in PCO

pathogenesis as well as novel molecuargets for PCO prevention.

XX



Chapter 1

INTRODUCTION

1.1 The lens: Structure & function

The lens is an epithelial tissue located behind the iris and in fraoine of
vitreous humor. It is composed of two types of cells, a monolayer of cuboidal lens
epithelial cells (LCs) which are found on the anterior surface of the lens wihieeeas
vast majoity of the lens is composed of concentric elongated layers of fiber cells. LCs
differentiate into lens fiber cells at the peripheral transition zones throughout life. The
entire lens is encapsulated by a basement membrane which is known as the lens
capsué. Lens capsule compartmentalizes lens cells from the rest of the eye
(Wormstone and Wride 201{figure 1.1).

The lens fiber cells contain high concentrations of watduble crystallin
proteins, imprtant for the high refractive index and its transparency throughout life
(Andley2007) U and b/ o2 crystallins make up abou
lens and their high intrinsic stability against stress and thermal stavgityre reasons
of thelifelong function(Andley 2007; Donaldson et al. 2009)

The lens capsule is a thickened basement membrane that surrounds the lens
and provides structural support fongecells. Lens cells produce the lens capsule
extracellular matrix (ECM) proteins, and interaction between lens cells and the
capsule is important for cell survival, proliferation, and appropriate cellular
differentiation(Danysh and Duncan 2009hdeed, lens cells cultured on inappropriate

ECMs lose lens chacteristic{ Greenburg and Hay 1982; de Jargsse et al. 2005)



indicating that lens celtapsule interactions provide a fefedward mechanism that is

essential for maiaining the lens phenotype

Figurel.1l: The anatomy of the lens as an epithelial tisfneage adapted from
Danysh and Duncan 2009)

1.2 Cataractsand cataract surgery

Lens transparency is required to refract light onto the retina for vision to occur
(I. Michael Wormstone and Wride 2011). However, the loss of lens transparency due
to cataract is the most common cause of blindness world&glell et al. 2005).
According to the WHOQ65.2million peopleare visually impaired worldwide due to
cataract WHO 2019) Several factors have been found to cause cataracts ranging

from aging, injury to the eye, oxidative stress, metabolic dysfunction, loss of ion/water



balance, mutation of structural proteins, defects during eye development, as well as

druginduced change@sbell et al. 2005; Liu et al. 201{igure 1.2)

Figurel.2: The touded lens of a person with catasafimage adapted from
https://www.nei.nih.gov/about/nevand-events/news/nethartsclearerfuture-
cataracipreventionandtreatment

Although no confirmed method has been developed yet to prevent cataract
formation(Asbell et al. 2005), it is treatable by phacoemulsifacasurgery(l.
Michael Wormstone, Wang, and Liu 2009). The procedure begins by makiBgen2
incision on the peripheral side of the cornea or sclera (FigG+#® followed by a
gentle tearing of the lens capsule, a procedure referred to as capsul@Fligxisl.3-
2). A handset device that vibrates at ultrasonic frequency (40,000 Hz), is used to
simultaneously emulsify and aspirate the opacified natural lens leaving behind an
intact elastic lens capsule (Figure3-2). The surgeon then vacuums the lexsidue

and inserts an artificial i ntraocul ar
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(Figurel1.3-3&4). Although this procedure is very successful and has been used for

years; it has its complicatiorfs Michael Wormstone, Wang, and Liu 2009; Keinn
2015).

Cataract Surgery

1. Incision: A small incision, approximately 3mm in 2. Emulsification: Phacoemulsification probe is

width, is made at the corneal margin. inserted through corneal incision and ultrasound
breaks cataract up into microscopic fragments,
which can then be aspirated using the probe tip.

3. Intraocular Lens Implant: The artificial foldable 4. Result: The new lens is in place, the small incision
intraocular lens is inserted and, once inside, the heals naturally without the need for sutures, and
lens unfolds. vision is restored.

Figurel.3: The steps of the modern cataract surgery procedure. (Image adapted
from https://www.corkeyeclinic.ie/catarantmovaisurgery



1.3 Complications of cataract surgery
Cataract surgery has begemonstrated tomprowve the quality of life(Gray

and Ackland, n.d.)However, this procedure has segonsequences.

1.3.1 Post cataract surgical inflammation

Cataract surgery triggers acute ocular inflammation which can be painful and
slows visual recoverfLiu et al. 2017; Chan, Mahroo, and Spalton 2010).
Inflammation is currently treated by either ainfilammatory eye drops which are
plagued by low patient complian¢&uthani, Clearfield, and Chuck 2017) or
installation of antinflammatories into the eye at the time of surgery ("degs"
cataract surgery(Lindstrom et al. 2017). While this acute inflaration usually
resolves quickly in the absence of infection, {lewel inflammation can persist for
months post surgery and may exacerbate other ocular pathologies such as uveitis and
glaucoma (Abbouda et al. 2016; Bhutto and Lutty 2012; 2012; Teh &t1al; 2
Diagourtas et al. 2018uggesting that the further understanding of the molecular
mechanisms behind the development of post cataract surgery inflammation would

improve the patient compliance and treatment regimen.

1.3.2 Posterior capsularopacification (PCO)

Months to years following cataract surgery, a significant proportion of cataract
patients experience an apparent recurrence of their cataract as Posterior Capsular
Opacification (PCOJFigure 1.4XWormstone, Wang, and Liu 2009; Liu et al. 2017;
Awasthi, Guo, and Wagner 200®CO develops due to the presence of a mixture of
scarproducing myofibroblasts and aberrant lengffibells in the optical axigigure
1.5) (Wormstone, Wang, and Liu 200CO is treated by a quick outpatient

procedure using NYAG laser (neodymiunyttrium-aluminumgarnet)(Awasthi,



Guo, and Wagner 20091owever, it also results in side effects which idelacute

onset of macular hole, cystoid macular edema, retinal detachment, glaucoma, and
increases in intraocular pressure ((Ryvasthi, Guo, and Wagner 2009; Burg and
Taqui 2008; Beale et al. 200@esides that, improved intraocular lenses (IOLs) have
been developed to reduce the prevalence of PCO. However, it is not able to prevent
the develoment of PCO completelfBeck et al. 2001; Nagamoto and Eguchi 1997;
Peng etl. 2000) Therefore, understanding the molecular mechanism of PCO
pathogenesis is required to develop preventive anti PCO therapies to improve the

outcome of cataract surgery.

Figurel.4: HUuman eyes with posterior capsutgracification (PCQ)(Image
adapted fronNibourg 2015)
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Figurel.5: A schematic diagram showing the remnant lens epithelial cells
following cataract surgery undergo epithelial to mesenchymal transition (A, B). C
shows a dark field imagd the development of PCO in an adult patient. ( Image
adapted fronWormstone, Wang, and Liu 2009)

1.4 Epithelial-to-mesenchymal transition (EMT) of lens epithelial cells (LCs)
Epitheliakmesenchymal transition (EMT) is defined as a biological process
thatallows polarized cells to undergo multiple biological changes including loss of
epithelial characters such as apibakolateral polarity, cetiell communication
mediated by tight and adherens junctions, and the ability to synthesize basement
membranes. &sides that, these cells rearrange their actin cytoskeleton and become
migratory by forming filopodia and lamellopodia, interact with stromal extracellular
matrices (ECM) due to changes in cell surface matrix receptors such as integrins,

begin direct syntbsis of stromal ECM and become contractile myofibrobl@ssiuri



and Neilson 2003; Mamuya and Duncan 20P2hpumber of different cell signaling

pathways such agagwth factors, extracellular matrix components, matrix
metalloproteinasesnd integrin have been suggested to contribute to PCO
developmen{Wormstone, Wang, and Liu 200%jowever, among all these cell
signaling pathways, acmnsivelybdere dudidd@ridfbounsli gnal i
to be a known mediator of LCs EMd@e longh et al. 2005)

1.5 Transforming growth factor beta (TGFi ) signaling- a major mediator of
PCO

Whil e TGFb is known to medi at etheEMT, it
cellular processes including cell division, differentiation, motility, apoptosis, tumor
suppressionand the suppression of inflammatory respdiisépale, Saharinen, and
KeskiOja 1998; Yue and Mulder 2001; Sanjabh,@nd Li 2017) There are three
known i soforms of TGFbDb ,amd mh@emym&eatal TGFbH 1,
1988; Massagué 2008)he expression and function of all three isoforms vary
dramatically among tis&s and can even vary from species to spébassagué
2008) For examplein mouse, adult lens epithdlieells (LCs) express all three
TGFb<) R01115,and7 pkm respectively) constitutiyv
expression upregulates 2 fold and TGFDb3 urg
cataract surgery (PC&hihan et al. 2020 herefore, themeh ani sm by whi ch
function is regulated is quite compl@damuya and Duncan 2012)

To initiate this TGFb mediated signalir
synthesized and secretedathe extracellulaenvironrment T GFb and- | at ent
binding protein (LTBP) are translated into the endoplasgeticulum (ER) where pro

TGFb di meri zes +ondedtokTBR thferm a thrinaywdniplexdTde



TGFb di mer i s cpeptideatedcadsaociated péptids [LAPT) o the

transGo |l gi net wor k, but TGFDb adwid nohcAvBlent e mai n
interactions forming the large latent complex (LLC). Once secreted, the LTBP may

bind various ECMs that sequester | atent TC
latent complex is then activated, by one of several potential meotgnmsleasing the

mature TGFDb. ActiveuTGRemawyckripndrtso andl Ii

mediated signaling casca(iRobertson and Rifkin 2016)
1.6 Regulators of TGE signaling activationand bioavailability

1.6.1 Integrins

Integrins are heterodimeric matrix receptors consisting ofcared onée
subunit. Integrins are reported to mediate different cellular behaviors during
developmen{Proctor et al. 2005; Mamuya and Duncan 20B2xsides that, integrins
have been widely studietle to their potential rolas tissue fibrosis, cancer, and
other pathological conditionscluding eye diseas€Mamuya et al. @14; Raab
Westphal, Marshall, and Goodman 2Q1@)other systems, matrix metalloproteinases
( MMPs) can act byypratéoltic tlemvage mftthe latengybassociated
peptide (LAP) and/ or | atent TGFb isinding ¢
ECM bound storefRobertson and Rifkin 2016MMPs can be tethered to the cell
surfacely i nteraction wit h -spedficiMNPRfangtiorisns | eadi n
(Dwivedietal. 2006) Not abl vy, UV integrins are requi
and the activation of TGFb si mdiatingtmg i n L C
UV integrins play an importan({amuygalete i n t he

al. 2014) U Vintegrins have the potential to alaffect PCO pathogenesis via their



ability to both direct extracellular matrix (ECM) assembly, and signal in response to
ECM binding(Robertson and Rifkin 2016\otably,h V-integrin forms functionally
distinct heterodimers with a variety iofintegring while four of the five possible
integrinswere pregulatedi(1,i 5, b6, andb8) PCS(Mamuya et al. 2014However,
theidentity of the specifici subunitwhoseheterodimeriation withU Vintegrinis
required to drivef GF signalingin LCs PCS and by extensioACO pathogenesis

wasnotknown, and is the topic of Chapteof this dissertation

1.6.2 Fibronectin

Fibronectin, an important extracellular matrix (ECM) molectggulates cell
migration, differentiation, proliferation, and swal during normal and pathological
conditions by multiple signaling mechanisared growth factorsespecially latent
TGF b c qGnipnelelf84; Blumenstock et al. 1986; Chen et al. 2015; Robertson
and Rifkin 2016; George, Baldwin, and Hyne®19CLARK 1983; Muro et al.
2003) In the lens, fibronectin is produced throughout its developiifRarmigiani
and McAvoy 1991pand is essential for early lens morphogen@disang et al. 2011)
Fibronectin deletion permits ectoderm expansion whigvents lens placode
formation. This failure of placode formation prevents the invagination that forms the
lens pit(Huang et al. 2011 )After early lens development, the only robust fibronectin
expressiorby lens cellgs detected during lens fibrotic diseasesreased expression
of fibronectin has been reportedDawveas human
et al. 2008)In a mouse cataract surgery model, fibronectin mRNA levels upregulate
by 24 hours post cataract surgery (PCS), and fibronectin protein is deposited around
fibrotic LCs by 48 PC§Mamuya et al. 2014 Notably, disruption of fibronectin

assembly attenuates LCs conversion to myofibroblasts icwélire(Tiwari et al.
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2016) although fibronectin has also been proposed to be a negative regulator of
posterior @psular wrinkling in PC@Dawes €al. 2008) Thus, fibronectirfunction
following cataract surgemn vivowasnot well understoodnd investigation of this

guestion is the topic of Chaptéof this dissertation
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Chapter 2
MATERIALS AND METHODS

2.1 Interview methods

Institutional review bard review was conducted at the University of Delaware
and this project was deemed "not human subjects research” (see Appendix C) as it
consisted of "Informatiomathering interviews where questions focus on things,
products, or policies". Practicing cedat surgeons (50) were recruited through direct
email contactsKigure2.1), ARVO-connect, the online community for the Association
for Research in Vision and Ophthalmology, and direct conference contacts at the
American Association for Pediatric Ophthallogy and Strabismus (AAOPS) Annual
Meeting2018Washington DC, USA, The Association for Research in Vision and
Ophthalmology (ARVO) Annual Meeting018, Honolulu, Hawaii, USA, Centro de
Oftalmologia Barraquer, Investigacion, Barcelona, Spain, the Ryaamineaaty
Hospital- Penn Vet the University of Pennsylvania, USA, and private practice
offices in Newark, Delawarend Plymouth, Pennsylvania, USA to participate in in
person, phone andmail interviews (Figur.1). Only people who seifflentified as
boardcertified ophthalmologists who perform cataract surgery as the major portion of
their clinical duties were surveyed for this study. Typical interview questions are listed
below and the same questions were asked to each cataract surgeon who paiticipate

this study.
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Questions

1. What are your top three concerns regarding-pagiical management after
cataract surgery?

2. How do you manage post cataract surgical inflammation? Are you satisfied
with the current standard of care for post cataracticlroppflammation treatment?

Any alternatives that you would prefer?

3. How many Posterior Capsular Opacification (PCO) cases do you get per
year? Do you still think PCO is a clinical problem?

4. How long does PCO take to develop after surgery in patients (based on
your experiences)?

5. How do you treat PCO? How many patients get subsequent consequences
such as macular edema and retinal detachment? (you can use a percentage of patients
out of the total number of PCO patients)

6. Are you satisfied ith the treatment protocol for PCO? What do you desire
or what changes would you do?

7. If there was a nesurgical approach to treating PCO/psstgical ocular
inflammation would you use it? What type of target would you prefer?

8. Which drug delivery sstem would you prefer? (Ointment/injection during
surgery)i

This question was least discussed during the interview session.

0 Do you have any coll eagues that coul c
Please leave contact information below either yourgach out later or that of your

colleagues interested in participating in this type of interview.
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A Types of Interviews Conducted B Number of Cataract Surgeons
Interviewed

u Adult
Cataract
Surgeons
Pediatric
Cataract
Surgeons
Veterinary
Cataract
Surgeons

u In-person
Interviews
Email
Interview

Phonr—_; 13
Interviews

N=50

Figure2.1: (A) 50 cataract surgeons were interviewed in person, by email, and
over the phone and (B) included cataract surgeons treating human adults and
children as well as animals.

2.2 Animals

All animal experiments for this study were perfornpeaithe Association for
Research in Vision and Ophthalmology (ARVO) Statement on the Use of Animals in
Ophthalmic and Vision Research and were approved by the University of Delaware
Institutional Animal Care and Use CommitigeJP- 1039 20191, see AppendixC).
All mice were maintained under pathogieee conditions at the University of

Delaware animal facility under a 14/b@ur light/dark cycle

2.2.1 Fibronectin conditional knockout (FNcKO) mice
Mice lacking the fibronectin gene from the lens (FNcKO mice) wezated
by mating mice harboringnieEN1 allele in which exon 1 is flanked by lox P sites

(B6;129Fnltmlref, originally created in Dr. Reinhard Fassler'{ &kai et al. 2001)
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and obtained from Dr. David Beebe, Washington University, St. Louis, St. Louis,
Missouri) with MLR1Gcre mice which express Cre recombinase in all lens cells from
the lens vesicle stage onwdid. Zhao et al. 2004) (mice on an FVB/N background
obtained from Dr. Michael Robinson (Miami University, Oxford, Ohio) and

backcrossed to C57Bkhar> for over 10 generations at the University of Delaware).

2.2.2 b 9ntegrinnull,b 6 i nt eandb 8mtegnirucbnditional knockout
(b 81 T Grndce

Mi ce homozygous for a null mutation

from The Jackson Laboratorydhi5tmi1Des, Mixed (C57BL/6J, 129/Sv) Donating
Investigator Dean Sheppard, University of California San Francisco (UCSF), CA,
USA) and the deletion of b5 integrin

confirmed( X . Huang et al . ine@rid Gu)l mice Wwererobtained o u s

from Dr. Xiaozhu Huang (UCSF, CA, USA) generated on a 129Svems genetic

background as describ¢dX . Z. Huang et al. 1996) . b6
crossbred back to establish lines of wild type, homozygous, and heteuszygmals.
Mi ce |l acking b8 integrin gene from the

mi ce harboring an integrin b8 al[Ploetdre
et al. 2005) (Mixed (C57BL/6J, 129/S\(pbtained from Dr. Thomas D. Arnold,
UCSF, CA, USA) with MLR1€cre mice which express Cre recombinase in all lens
cells from the lens vesicle stage onw@rd Zhao et al. 2004) (mice on an FVB/N
background obtained from Dr. Michael Robinson, (Miami University, Oxford, Ohio)

and backcrossed ©57Bl/6<har> for over 10 generations at UD).
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2.3 DNA extraction, genotyping and genomic PCR for the gene deletion
DNA was isolateceitherfrom tail snips or whole lenses usitige PureGene
Tissue andMouse Tail kit Qiagen Hilden, Germany: Briefly, 0.5cm &ngth of mouse
tail or one whole mouse | ens was i mmer sed
PureGene cell lysis solution cocktain d 5¢1 of 20mg/ ml Proteina
TechnologiesCarlsbad, CA The microcentrifuge tube was inverted sevénaés
and incubated at 55°C overnight in a gentle shaking water bath. After incubation,
200¢ | of pr ot ei n(@pnonum iagetajevas addedmothe cell ut i on
lysate solution and vortexed at high speed for about 20 seconds followed by 6 minutes
of centrifugation at 8,000 rpm. The supernatant containing the DNA was separated
from the precipitated protein pellet and poured into a microcentrifuge tube containing
600c¢l of 100% i sopr op3dinesd and centrifugingatby 1 nvert
16,000 rpm for2minutes. The supernatant was carefully
ethanol was added to the microfuge tube containing the DNA pellet, washed by
inverting the tube several times followed b minutes centrifugation at &,000 rpm.
The ethanol was carefully discarded without disturbing the pelleted DNA. The
microcentrifuge tube containing the pelleted DNA was left open to aatdoom
temperature foRO minutes and thahe pelleted DNA was rehydrated wgbe | o f
pureGene DNA hydration solution or by nuclease free molecular grade water and
incubated overnight at room temperatiimally, the DNA concentration and purity
were examined by NanoDrop® ND 1000 Spectrophotometer (Thermo Fisher
Scientific, Waltham, MA), and sted at 4°C until use.
Polymerase Chain Reaction (PCR) was performed using a Taq DNA
Polymerase Kit (@gen,Hilden, Germany. Briefly, genomic DNAwas quantifiecby
nanodrop thendiluted downto abouta100g / ¢ | f i nal @dn dPeCrRt rme txi o
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cocka i | contai nimg/ €lle IDNA, tlheel 100f0 each desir

10¢l of Taq PCR Master Mi x and 7c¢l of
mixed gently by pipetting while kept on ice at all times. PCR was carried out with a
T100E @ KRler(Bio-Rad LaboratorigHercules, CA. The cycling

conditions for alkail genotypingand gene deletioprimersare listed inTable 2.1.

PCR product bands were analyzed by 2% agarose gel electrophoresis with ethidium
br omi de ¢ on c e/mltamda&xamimed undéfV g€l imagergCarestream

Gel Logic 212 Pro, Rochester, NY).
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Table2.1: List of all primers and PCR conditions used for genotyping and gene
deletion study

Gene Forward Primer Reverse Primer PCR conditions
(genotyping)
FN1F/F | 5 gTA CTG TCC CAT | 5-8]TG AGC ATC
(tail) ATA AGC CT CTG3 Nj| TTG AGT GGA TGG
GA-3 Nj 1. Initiation/Melting 95°C
(5min.)

2, Denaturation94°C @0
5-BjTG AGC ATC TTG | 5-BiGA GGT GAC sec)

FN1 | AGT GGA TGG GA3 N| AGA GAC CAC AA-3 I 3. Annealing 58°C 45

(lens) sec) . '
4. Elongation 72°C (1 min.
30 seq

MLR 10 5-BCT GTT TTG CAC | 5-AJTG CTT CTG TCC| steps 23-4 cycle in

GTT CAC CG3 NJ GTT TGC CG3 NJ Sequencé:g Cyc|e3

cre 5. Amplification- 72°C (O

(H. Zhao min.)
6. Hold 4°C

et al.

2004)
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Gene Forward Primer Reverse Primer PCR conditions
(genotyping)
1. Initiation/Melting 94°C (2
50 min.)
b6 TAAGTGAGTGAACTC |50 2, Denaturation94°C (1
integrin CCTGG 306 ( WT) | CAGCAATGAGTGAAAG | min.)
CCA-3 0 3. Annealing 60°C (1 min.)
(Tail) 50 4. Elongation 72°C (1 min.)
(Mohazab CAGTAAATCGTTGTC Steps 23-4 cycle in
AACAG-3 6 -ifitdgiBn sequencél0 cycles
et al. null) 5. Amplification 72°C (5
min.)
2013) 6. Hold: 15°C
band sizé wildtype- 450 kb;
b éntegrin null 250 kb; het
both bands.
1. Initiation/Melting 94°C (5
min.)
50 596 2, Denaturation94°C (15
b8 GAGATGCAAGAGTGT | CACTTTAGTATGCTAA | sec.)
integrin TTACC-3 6 TGATGG-3 6 3. Annealing 65°C to 55 °C,
1°C/cycle) (30 sec.) for first
(tail) 10 cycles, next 30 cycles
(Lakhe anneal at 55 °C
4. Elongation 72°C (40 sec.)
Reddy et Steps 23-4 cycle in sequencsg
al. 2014) 5..Amplificatior+ 72°C (5
min.)
6. Hold 15°C
band sizé wildtype- 250 kb;
b dntegrin floxedi 370 kb;
het both bands.
b8 5-Nj 5-Nj
intearin | STGGTTAAGAGCACC | CACTTTAGTATGCTAA | This PCR protocol is
9 GATTG3 Nj ( F1) |TGATG3Nj ( R1) | developed by
(lens) MMRRC at the University of
5-Nj California, Davis, USA.
(Lakhe GAGATGCAAGAGTGT https://mmrrc.edavis.edu/prog
Reddyet | TTACC3 Nj ( F2) tocols/014108Geno_Protoco
al. 2014) pdf
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2.4 Morphological Analysis

Lensclarity was determined by viewing isolated lenses using darkfield optics
while lens optical properties were assessed by placing lenses oma2b@lectron
microscopy grid as described previougBhiels et al. 2007; Scheiblin et al. 2014). For
histologcal analysis, eyes were isolated and immediately fixed iFFBe(Richard
Allan Scientific, Kalamazoo, Michigan) for two hours, then stored in 70% ethanol
until paraffin embedding by the Histology Core Laboratory, College of Agriculture,
University of Deaware. Sixmicrometer sections were stained with hematoxylin and
eosin (H&E) and photographed on a Zeiss Axiophot microscope fitted with a Nikon

digital camera.

2.5 Mouse cataract surgery model

Surgical removal of lens fiber cells to mimic human cataract syrgas
performed in adult mice as previously descrifiddmuya et al. 2014; Call et al.
2004) Briefly, adult mice were anesthetized, a central corneal incision was made, and
the entire lens fiber cell mass was removed by a sharp forceps, leaving behind an
intact lens capsule. For analysis, mice were sacrificed at various time intervals PCS

ranging from 24 hr to 5 days.

2.6 RNA sequencing

2.6.1 Adult mouse lenses
RNA sequencing of intact mouse lenses was performed by isolating RNA from
8 weeks old FNcKO and C57BL/6N#d (wildtype) lenses (three biological replicates

for each condition, two lenses per replicate) using the SV Total RNA Isolation System
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(PromegaCatalog numberZ3100, Madison, Wisconsin, USA). Sequencing libraries
were produced using SMARTer Strandedal ®NA-Seg- Pico Input Mammalian

(Takara Bio USA, Inc., Mountain View, CA, USA) and sequenced by DNA Link,

USA (901 Morena Blvd. Ste 730 San Diego CA92117, USA) on an lllumina
NextSeq500 (San Diego, CA, USA). Paired end 101 nucleotide reads were processed
using the Tuxedo Suite tools TopHat and Cuffdiff for alignment and differential
expression analys{@rapnell et al. 2012). The UCSC Genome version

GRCm38/mm10, and RefSeq GRCm38.p5 annotations were used as the reference for
alignment and feature abundanestimates. Read pairs corresponding to RNA

fragments were enumerated as FPKM (fragments per kilobase million) by Cuffdiff.

2.6.2 Post cataract surgical samples

RNA sequencing of lens cells (LCs) isolated from operated lenses was
performed by removing thens fiber cells from one eye of C57BL/6NHsd (WT) or
FNcKO mice, then 48 hours later, the other eye was operated upon, followed by the
immediate sacrifice of micghapter 6)In the case of chapterwhere we studied to
understand the early response @& tamnant LCs to the injur4 hours post cataract
surgeryof WT was performedoo. Lens capsular bags with attached cells were
isolated, and samples from five individual mice were pooled, and flash frozen on dry
ice, to create one, 0 houme?24, and o 48-hours, post cataract surgery (PCS)
biological replicate. RNA was isolated using the RNeasy Mini Kit (50) from Qiagen
(Cat No./ID: 74104, Germantown, MD, USA). One microgram of total RNA was
processed using the lllumina TruSeq RNA Sample Prep Kit FGat#22-1001) to
produce sequencing libraries. Three biological replicates from both WT and FNcKO

LC at 0 hour and 48 hours P@8d three biological replicates from WT at 24 hours
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PCSwere analyzed on an lllumina HiSeq 2500 by the Genotyping and Sequencing
Center, Delaware Biotechnology Institute, the University of Delaware. Single end 51
nucleotide reads were processed using a modified1R8&Y pipeline. Read

alignments were generated with Tophat against the UCSC mm10 genome build and
annotationgKalari etal. 2014) HTseq was used to quantify reads aligning to genomic
features, and edgeR was used for differential expression analysis. Reads per kilobase
million (RPKM) was calculated for each gene from count data based on library size
and exonunion transapt length.Biologically significant differentially expressed

genes (DEGSs) are defined as those exhibiting statistically significant changes (False
Discovery Ratéd-DR < 0.05), a change in mRNA level greater than 2 RPKM (Reads
Per Kilobase Million) or FPKMFragments per kilobase million) between conditions,
Fold Change (FC) greater than 2 in either the positive or negative direction, and
expression levels in either condition that were 2 RPKM/FPKM or gré@dtamthey,
Terrell, Lachke, et al. 2014; Audetteatt 2016)

By using the above mention@dvivo mouse model of cataract surgery,
samples from WT and b8l TGcKO (three biol oc
capsules per replicate) were harvested at O hr and 24 hr PCS, flash frozen on dry ice,
and RNA was harvested using RNeasy Mini Kit (50pfrQiagen (Cat No./ID:

74104). RNA libraries were prepared for sequencing using standard Clonthech
protocols for SMARTer® Stranded Total RN&eq KitPico Input Mammalian

(Takara Bio USA, Inc., Mountain View, CA, USA) and sequenced by DNA Link,
USA (901 Moraa Blvd. Ste 730 San Diego CA 92117, USA) on NovaSeq 6000 (San
Diego, CA, USA). Read pairs corresponding to RNA fragments were enumerated as

FPKM (fragments per kilobase million) by Cuffdiff. Bioinformatics was performed
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where biologically significant diffrentially expressed genes (DEGS) are defined as
those exhibiting statistically significant changes (False DiscoveryRake< 0.05), a
change in mMRNA level greater than 2 FPKM between conditions, Fold Change (FC)
greater than 2 in either the positiven@gative direction, and expression levels in

either condition that were 2 FPKM or greatetanthey, Terrell, Lachke, et al. 2014)

2.7 Pathway analysis
Pathway analysis was performed on all genes whose expression was called
"present” (>1 cpm (counts per miltipin at least two samples) with DEGs defined as
those exhibiting FC O | 2| and FDR < 0.05
Bioinformatics, Plymouth Michigan, USA). This software package uses Impact
Analysis, an approach that considers both whether DEGs patirg in a particular
pathway (as defined by the Kyoto Encyclopedia of Genes and Genomes, KEGG
(Kanehisa et al. 2017), analysis performed with KEGG release 84:06/X0ct 17)
are overrepresented in the gene list and their directional interactions tivéhin

pathway (Tarca et al. 2009).

28 Rescue experiments bylactive TGFb1l & gr
Rescue experiments were performed by instilling either active recombinant

human TGFb1l protein (5 Ol of 0.1ng/ Ol TGFE

R&D systems, Minneapid, MN, USA; catalog no240-B ) or recombinant human

gremlin-1 protein (5 ul of 1ng/ul gremlii in BSS; R&D systems, catalog-r&eil 90

GR) into the lens capsular bagsFcKO andb 81 TGc KO mi ce i mmedi at €

following removal of the lens fibers. BSS werstalled into the lens capsular bags of

controls (W7 b 8 | T G&ENMCRO) PCS.
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29 Tai |l vein injection of UVb8 integrin bl
Tai l vein injection of an UVDS8 integrir

describedResch et al. 2019). Briefly, 20 mg/kd a single dose of ADWA 1

(humanized UVbHS8 i ntabtgimedfromBd ReankSheppgrdandt i b o dy

Dr. Amha Atakilit, UCSF, USA) was administered to wildtype mice via the lateral tall

veins immediately following removal of the lens fiber cellsome eye. Control

isotypemat ched anti body (humani z e-tbacUNbti®e i nt e g

mouse) was injected into the tails of cont

2.10 Immunofluorescence& confocal imaging

Immunofluorescence was performed toagsgrotein expression at the cellular
level as described previouqM. A. Reed et al. 2001 Briefly, eyes were embedded in
Optimum Cutting Temperature Media (Tissue Tek, Torrance, CA, USA) immediately
after harvest, and stored-80°C. Frozen sectiond (6 € m) wer e obtained
CM3050 cryostat (Leica Microsystems, Buffalo Grove, IL, USA), and mounted on
Color Frost plus slides (Fisher Scientific, Hampton, NH, USA). Sections were fixed
either in 1:1 acetonmethanol for 15 minutes a20°C or 4% praformaldehyde
(PFA) for 15 minutes at room temperature (RAfter washing with PBS, slides were
blocked for 1 hour at RT, then incubated with either a primary antibody diluted in
blocking buffer Table2.2for specifics of the primary antibodies, bloegibuffer
compositions, incubation times and dilutions used in this study) or just blocking buffer
to serve as a negative control to exclude nonspecific staining by the secondary
antibodies or channel bleed through as previously desaiihe8l. Reed et al2001)
Following primary antibody treatment, slides were washed, then incubated for 1 hour

at room temperature with 1:200 dilution of species appropriate Alexa Fluor
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488/568/633 labeled secondary antibody (Thermofisher Scientific, Waltham, MA,
USA) in PBS. DNA/cell nuclei were detected by adding either a 1:2000 dilution of
Drag5 (Biostatus Limited, Shepshed, Leicestershire, UK) or a 1:1000 dilution of
DAPI (Fluoropure D21490, Thermofisher Scientific, Waltham, MA, USA) to the
secondary antibody solutioBome experiments also included a 1:250 dilution of
fluoresceinlabeled antd S MA  ( Bldrighn$t. Louis, MO, USA) in the
secondary detection solution to visualize myofibroblasts. During imaging, the negative
control was use({N. A. Reed et al. 2001p set the baseline so that the low levels of
nonspecific binding of the secondary antibody are subtracted from the images.

Co-localization of two proteingrhen the requisite antibodies were raised in the
same species was performed using a three step dppkbcedure as previously
describedLewis Carl, GilleteFerguson, and Ferguson 199B)ocking step 1 was
performed as described above, blocking step 2 used a 1:100 dilution of a rabbit
polyclonal antibody against phospho FAKr 397 (cat3283, Cell sigaling, Danvers,
MA, USA) that is unable to detect its target in indirect immunofluorescence assays,
and blocking step 3 utilized a 1:20 dilution of an unlabeleebps®rbed goat F(ab')2
antirabbit IgG- (Fab)'2 (catab6107, Abcam, Cambridge, United Kdam). The ce
localized samples were compared with samples where each primary antibody, as well
as the nofbinding blocking antibodies, were stained separately to ensure that the
blocking was complete.

Each staining experiment/time point was replicatedguat least three
biologically independent specimensg3nice, at least 2 sections per mouse).
Fluorescently labeled slides were visualized either using Zeiss LSM780 or Zeiss

LSM880 confocal microscopes (Carl Zeiss Inc., Gottingen, Germany), and
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comparisos of images were made between slides imaged using identical imaging
parameters. In some cases, the brightness and contrast were adjusted to allow viewing
on diverse computer screens; however, these adjustments were made identically for all

images within garticular time course.

Table2.2 Primary antibodies used in this study

Primary antibody Fixation Blocking buffer Primary
antibody
conditions

Fibronectin (ab2413, Abcam) | 4% PFA 2% BSA in PBS 1:200; 1
hour at RT

Collagen | (PA595137, 4% PFA 5% goat serum and 2% 1:100;

Invitrogen) BSA in PBS overnight at
4°C

Tenascin C (T3413, Sigma 4% PFA 2% BSA in PBS 1:200;

Aldrich) overnight at
4°C

Aquaporin0 (AB3071, 1:1 acetone | 2% BSA in PBS 1:200;

Milli methanol overnight at

illipore) 2°C

USMA (1A4 F3777 &C6198, | 1:1 acetone | 2% BSA in PBS 1:250; 1

. . methanol hour at RT,

SigmaAldrich)

Ki 67 (D3B5, Cell Signaling) | 4% PFA Blocking buffer5% NGS 1:100;

with 0.3 % TritonX100 in | overnight at
PBS, Antibody buffer2% | 4°C

BSA with 0.3% TritonX

100 in PBS
U Sntegin (ab150361, Abcam) 4% PFA 2% BSA and 5% NGSin | 1:200;
PBS overnight at
4°C
b dintegrin (MAB 1997, 1:1 acetone | 2% BSA in PBS 1:100; 1
methanol hour at RT,

Millipore)

PhospheS423/S425 SMAD3 | 4% PFA 10 min. wash in 5% BSA | 1:100;
followed by 5% NGS, 10%| overnight at

(ab52903, Abcam) horse serum and 0.3% 4°C

Triton X-100 in PBS
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Gremlinl (PA513123, 4% PFA 5% goat serum and 2% 1:200;
. BSA in PBS overnight at
Invitrogen) 4°C
U Vintegrin (AB1930, Millipore| 4% PFA 5% goat serum and 2% 1:200;
Sigma) BSAin PBS Zl/grnlght at
pFAK (44-624G, Thermofisher] 4% PFA 5% goat serum and 2% 1:100;
BSA in PBS overnight at
4°C
b8 integrin (g4%PFA 5% goat serum and 2% 1:100;
BSA in PBS overnight at
4°C
E-cadherin (24E10) Rabbit 4% PFA 5% goat serum and 2% 1:100;
mAb #3195, Cell Signaling) BSAIn PBS Z},’(e:m'ght at
Collagen | (ab21286, Abcam) | 4% PFA 5% goat serum and 2% 1:100;
BSA in PBS overnight at
4°C
pSmad1/5/8 (s¢2353, Santa | 4% PFA 2% BSA and 0.3% Triton | 1:200;
X-100 in PBS overnight at
Cruz) 2°C
LTBP1 (ab78294, Abcam) 1:1 acetone | 5% goat serum and 2% 1:800;
methanol BSA in PBS overnight at
4°C,
Aquaporin0 (AB3071, 1:1 acetone | 2% BSA in PBS 1:200;

- methanol overnight at
Millipore) 2°C
Cleaved caspase 3 (9661, Cel| 4% PFA 5% goat serum and 2% 1:100;

. . BSAin TBS overnight at
Signaling) 20
Thrombospondin 1 (1830% 4% PFA 5% goat serum and 2% 1:50;

AP, Proteintech) BSA in PBS Zygrnlght at
ECML1 (115211-AP, 4% PFA 5% goat serum and 2% 1:50;
Proteintech) BSA in PBS Zygrnlght at
Periostin (ab14041, Abcam) | 4% PFA 5% goat serum and 2% 1:100;
BSA IinPBS overnight at
4°C
CXCL1 (123351-AP, 1:1 acetone | 2% BSA in PBS 1:100;
Proteintech) methanol overnight at
4°C
LCN2 (AB2267, EMD 1:1 acetone | 5% goat serum in PBS 1:100;0ver
Millipore) methanol night at 24C
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COX-2/PTSG2 (ab15191, 1:1 acetone | 5% goat serum and 2% 1:200; 1
Abcam) methanol BSA in PBS hour at RT
G-CSF/CSF3 (ab181053, 4% PFA 10% goat serum, 2% BSA | 1:100;
Abcam) and 0.3% Triton X100 in | overnight at
PBS 4°C
S100a9 (ab203133, Abcam) | 1:1 acetone | 5% goat serum and 2% 1:100;
methanol BSA inPBS overnight at
4°C
CCL2 (ab25124, Abcam) 4% PFA 5% goat serum, 2% BSA | 1:200;
and 0.3% Triton XL00 in | overnight at
PBS 4°C,
HMOX1 (ab13243, Abcam) 1:1 acetone | 5% goat serum and 2% 1:100;
methanol BSA in PBS overnight at
4°C
CD11b(550282, BD 1:1 acetone | 2% BSA in PBS 1:50;1 hour
Pharmingen) methanol at RT
F4/80 (565409, BD 1:1 acetone | 2% BSA in PBS 1:50; 1 hour
Pharmingen) methanol at RT
Ly6G (557445, BD 1:1 acetone | 2% BSA in PBS 1:50;1 hour
Pharmingen) methanol at RT

211Fl ow Cytometric

surgery (PCS)

Single cell suspensions of the cells associated with the capsular bag PCS (three

Anal ysis of

U smoot h

replicates of 0 hour and 5 days PCS from WT and FNcKO, 4 capsgsipba

replicate) were prepared by modifying an established protocol (Maeda et al. 2009).

Briefly, the PCS capsular bags were isolated from the eye and then treated with 0.25%

trypsin at 37°C for 30 min, and cells were dissociated every 10 minutes umng fi

tipped pipettes. Cells were fixed for 15 minutes at room temperature with 100 pl
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Medium A from a FI X & PERME-O(IaeIthtrog@ner meabi l
Carlsbad, CA, USA). Cells were washed in 2ml colBS (Dulbecco's phosphate

buffered saline,rvitrogen, Carlsbad, CA, USA), supernatant aspirated. 100 pl

Medium B from the FI X & PERME Cell Permeat
tube. USMA ( d iFB7d7, Sigma Aldrich, S2. Dodis, M@, &/$A) and

isotopic control IgG2a (FITC Mouse IgG2a8 | sot ype Ct400207/Ant i body
Biolegend, San Diego, CA) were added to the appropriate tubes. Samples were stained

in the dark at 4 °C for 15 minutes and then washed in 2BB. Samples were

aspirated and 500 pl-PBS was added to each tube. ®DfsLmg/ml propidium iodide

(cat P4170, Sigma Aldrich, St. Louis, MO, USA) was added 10 minutes prior to

acquisition for DNA content analysis. Data were acquired using a BD FACSAria

Fusion 15color flow cytometry with FACSDiva software (V8.0.3) and anatyzising

FCS Express (V5.0, research version).

2.12 ImageJ quantification and statistical analysis

Immunofluorescence images were quantified by determining the mean
fluorescence intensity (MFI) of lens capsule associated tissue viewlaee
randomly chosen confocal images from biological independent samples using ImageJ
(v1.52P, NIH). Average Number of Nuclei (ANN)/section at different PCS of WT
FNcKO, andi 8ITGcKO (six randomly chosen immunofluorescence images from each
time pointof PCS of biologically independent samples) was counted by ImageJ as
described Gri shagin 2015). All stati stestcs wer e
(correct for multiple comparisons using the HeB® d § k me t tvay ANOVATr one
wi t h Tu k ecyedtperformesl isingp GraphPad Prism 8.3.0 software. Data are
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presented as mean = SE (SEM) and differences were considered significant at P

0.05.
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Chapter 3

CATARACT SURGEONS VIEWPOINTS ON THE NEED FOR NOVEL
PREVENTIVE ANTI -INFLAMMATORY AND ANTI -PCO THERAPEUTICS

All the contents included in this chapter are described in a manuscript entitled
Shi han, Mahbubul H., Samuel G. Novo, and N
Surgeon Viewpoints on the Need for Novel Preventative-Auflammatory and Anti
Posterior Capsalr Opaci fication Therapies. 0o Curren

35 (11): 197181.

3.1 Introduction

Cataracts, a major cause of blindness worldkdw®irallah et al. 2015; Liu et
al. 2017; C. M. Lee and Afshari 201 &reefficiently treated by surgery followed by
implantation of an artificial intraocular lens (I0Q)iu et al. 2017) However cataract
surgery triggers acute ocular inflammation which can be painful and slows visual
recovery(Liu et al. 2017; Chan, Mahroo, and Spal&@10) Inflammation is currently
treated by either aninflammatory eye drops which are plagued by low patient
compliancéJuthani, Clearfield, and Chuck 201af)installation of antinflammatories
into the eye at the time of surgdfdrop-less” cataracturgery)(Lindstrom et al.
2017) While this acute inflammation usuallgsolves quickly in the absence of
infection, low-level inflammation can persist for months post surgery and may
exacerbate other ocular pathologies such as uveitiglandomaAbbouda et al.
2016; Bhutto and Lutty 2012; Teh et al. 2017; Diagourtas et al. 20h&h, months

to years following cataract surgegysignificant proportion of cataract patients
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experience an apparent recurrence of their cataract as Posterior Capsulicabpac
(PCO)(I. Michael Wormstone, Wang, and Liu 2009; Awasthi, Guo, and Wagner
2009)

While the rates of PCO in human patients as detexdnwithin the first year of
surgery have greatly diminished over the past 10 years duewdéspread
introduction of "square edge” I0Ls made of hydrophobic matefi@isonsetPCO
still occurs in a significant number of adult patients whietits thelong-term
outcome of cataract surgefigent 2008; Bellucci and Bellucci 2013; Y. Zhao et al.
2017; Ying Li etal. 2013) Further short term PCO rates in infants and animals
undergoing cataract surgery are still high as the remnant lens cells have a higher
proliferative and migratory potential than is typical in-agkated human cataract
patients(Y Li, Yan, andWolf 1997; Dawes, Duncan, and Wormstone 2013; Cook
2008; Nasisse, Dykstra, and Cobo 19%%)jimals also tend to develop relatively
dense PCO plaques, perhaps due tditdpe prevalence of leAsduced uveitis in
veterinary patients due to their more adwehcataract phenotypes at surgé&pok
2008; Brookshire et al. 2015)

In adult humans, PCO is routinely treated fiovasively by YAG laser
capsulotomy(Awasthi, Guo, and Wagner 2009; Liu et al. 20HQwever,while
YAG therapy for PCO is highly effective in this populati@n;can result irretinal
detachment, macular edema, glaucoma, IOL dansagHdOL dislocation(Beale et al.
2006; Burg and Taqui 2008; Wesolosky, Tennant, and Rudnisky 2017; Kruijt and van
den Berg 2012¢specially when high laser power is used to treat dense(B&xIe et
al. 2006) Although these complications andativelyuncommon (0.2% of patients

undergoing YAG, and could be resulting from tleataract surgery itself and not
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YAG capsulotomyper se it has been pointealt that these potentially blinding
sequelae still affect significant numbers of people as both cataract surgery and YAG
therapy for PCO are comm@8abbagh 2018Putside of clinical considerations,

YAG laser capsulaimy is also a cost for these patients and their health insurers
(Aaronson, Grzybowski, and Tuuminen 2018urther, YAG laser therapy is
problematic in young children both due to theability to sit at the instrument for the
procedure and a tendencyftom dense PCQFan et al. 2006)while it is generally

not performed on animals due to both their tendency to form dense PCO and cost
(Cook 2008; Beale et al. 200yggesting that undgandng molecular mehanisms

to prevent PCO would improve the outee of cataract surgery.

In recent years, we have gained a significant cell biological understanding of
what pathways drive remnant lens epithelial cells towards fiber cell differentiation
versus transdifferentiation into fibrosis producing myofibroblégismuya et al.
2014; Y. Wang et al. 2018; Shu, Wojciechowski, and Lovicu 2017; 2019; de longh et
al. 2005) To date thoughpharmacological antagonists of these pathways have shown
limited success in preventing PCO, although most of the tested therapi¢argated
one of the many signal transduction pathways likely involved in PCO pathogenesis
(Christian Wertheimer et al. 2015; Dong, Tang, and Xu 2015; C. Wertheimer et al.
2013; Christian Wertheimer et al. 2018; Sureshkumar et al. 28b@)ever,.the
feasibility of continuing talevelop our deepening understanding of PCO pathogenesis
into FDA approved aPCO therapies is impaired by a perception by some that PCO
is not stillan issueof clinical concerr(Sabbagh 2018)

Thus, we undertook a sway of cataract surgeons who treat a breadth of

patients including adults, children, and animals to discuss the clinical challenges they
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encounter and the types of therapeutic interventions that would enhance the long term

efficacy of cataract surgery.

3.2 Results

3.2.1 What are your top 3 concerns for postsurgical management after cataract
surgery? Post cataract surgical inflammation and PCO are major patient
management concerns post cataract surgery (PCS)

Cataract surgeons were asked about their major concaimpatient
management post cataract surgery (PCS) (Figue41% of adult cataract surgeons
have stated that PCO is one of their top three major post cataract surgical
complications and 31% of adult cataract surgenantioned that inflammation is a
major patient management concern PCS. Macular edema is a major concern of 24%
of adult cataract surgeons while psatgical infection (21%) and retinal detachment
(17%) were also major concerns of some of adult cataract surgeons interviewed
(Figure3.1A).

92% of pediatric cataract surgeons surveyed reported that visual axis
opacification (VAOQ) is their major concern PCS while 77% of pediatric surgeons felt
that postsurgical glaucoma was among their top three major concernssiRgsial
inflammation was anajor concern for 69% of pediatric surgeons interviewed while
fewer surgeons gave pesirgical infection (23%) and retinal detachment (7%) as
major management concerns for pediatric cataract patients (RBigie

In contrast to adult and pediatric aatet surgeons, 100% of veterinary cataract
surgeons report that glaucoma is among their top three major concerns PCS while 88%
mentioned inflammation among their major clinical concerns after cataract surgery.

63% of veterinary cataract surgeons report B20 is a long term clinical issue
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affecting their patient's vision PCS, while 50% of them report that retinal detachment

is a major PCS complication. In contrast to human ophthalmologists, 13% of

veterinary ophthalmologists mentioned that corneal heabmgoe an issue PCS in

their patients (Figur8.1C).
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Figure3.1: Cataract surgeon opinion on their major concerns regarding post
cataract surgical side effects: &dult cataract surgeons; Bediatric cataract
surgeons; €veterinary cataract surgeons.

3.2.2 How do you manage to post cataract surgical inflammation? Are you
satisfied with the current standard of care for post cataract surgical
inflammation treatment? Any alternatives that you would prefer?

Steroidal and nonsteroidaanti-inflammatory agents (NSAIDs) are the
standard of care for the management of inflammation post cataract surgery

Steroidal and nonsteroidal amtilammatory agents (NSAIDs) are regularly
administered to treat and/or prevent post cataract surgf@himation. Cataract
surgeons treating both adult and pediatric human patients are quite satisfied with the
current standard of care for the management of post cataract surgical inflammation. In
contrast, 62% of veterinary cataract surgeons are dissavgiie this standard of care
as animals, such as dogs, often need to be treated wiinfearnmatory agents for 3
to 6 months PCS for complete recovery as they often present at surgery with
phacolytic uveitiCoster 2019; Esson 2015). Thus, veterinata@ct surgeons

expressed an interest in trying out alternatives if they are made available. (F&ure 3
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Figure3.2: Cataract surgeon opinion on the current standard of care for the
management of post cataract surgical inflammation - aefilt cataract surgeons;
Middle- pediatric cataract surgeons; Righeterinary cataract surgeons.

3.2.3 How many Posterior Capsular Opacification (PCO) cases do you get per
year? 25% of adult and veterinary patients, and almost 100% of pediatric
patients develop clically significant PCO post cataract surgery (PCS)

Most adult cataract surgeons surveyed estimated that approximately 25% of
the cataract patients they treat return with clinically significant PCO within 10 years of
cataract surgery. Cataract surgeons fo@weloping countries such as South Africa
and Peru have stated that 50% of their patients develop clinically significantly PCO in
their clinical settings. In contrast, few cataract surgeons from developed countries
experience 10% or fewer PCO patientsymar. On the other hand, pediatric cataract
surgeons said that almost 100% of pediatric patients develop PCO within a few
months to years after cataract surgery. Some veterinary cataract surgeons report that
100% of their patients develop PCO, especidtigs. However, not all PCO impairs
vision enough to hinder animals from performing regular activities like walking or
finding food. Thus, about 25% of animal owners bring their animals to the veterinary

cataract surgeon for behaviorally significant PCQire3.3A).

3.2.4 How long does PCO take to develop after surgery in your patients (based
on your experience)Pediatric patients develop PCO quickly compared to
adult and veterinary patients

Surgeons who treat adult human patients feel that it takes betweény2ars
(average 3.5 years) to develop PCO PCS. Pediatric surgeons have informed us that it
takes 1216 months for pediatric patients to develop PCO/VAO. However, several
pediatric cataract surgeons have seen PCO/VAO development as early as 4 weeks

PCS.Veterinary cataract surgeons report that behaviorally significant PCO develops
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in about 12 years PCS in younger dogs (Fig@raB), although many older dogs do

not live long enough for this to be a concern.
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Figure3.3: (A) Cataract surgeon estimates on thecprtage of treated cataract
patients returning with PCO (B) Cataract surgeon estimates of the time it takes to
develop clinically significant PCO post cataract surgery.

3.2.5 Do you still think PCO is a clinical problem?PCO is still clinically
important

Sinceall cataract surgeons report PCO in their practice, next we asked if they
consider PCO as a significant, unsolved clinical issue and found that 100% of
pediatric and veterinary cataract surgeons and 97% of adult cataract surgeons surveyed
agreed with thistatement. The sole disagreeing cataract surgeon who treats adult
patients has told us that PCO is not clinically important since 1% or less of their

patients develop PCO and this is easily treated by YAG when it occurs (Bigure
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Figure3.4: Percentage of cataract surgeons who report that PCO is still a clinical
issue in their practice.-fadult cataract surgeons: Bediatric cataract surgeons;
C- veterinary cataract surgeons.
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3.2.6 How do you treat PCO?YAG laser capsulotomy is the treatment of choice
for PCO in adults while this is less used in pediatric and veterinary patients

Cataract surgeons specializing in adult patients reported thatld3&G
therapy is the treatment of choice for PCO. While pediatric cataract surgeons told us
that YAG is sometimes possible in older children when the posterior capsule is intact,
YAG is less feasible in younger or developmentally delayed children unaditestal.
Even when YAG is possible, children often develop dense PCO which cannot be
removed by YAG and still require a posterior capsulotomy and anterior vitrectomy.
Further, pediatric patients often develop Rli®@ symptoms even if they underwent
posterior capsulotomy during the initial cataract surgery due to the growth of cells
across the anterior hyaloid membrane (visual axis opacification (VAO)). Due to the
location of the aberrant cells, VAO must be treated by anterior vitreofgasavada,
Trivedi, and Nath 2004; Shrestha and Shrestha 2014bntrast, all veterinary
cataract surgeons interviewed stated that there is no practical treatment for PCO in

animals (Table.1).

Table3.1:Cat aract surgeonsod opinion on the

Question Response from cataract surgeons

How do you treat PCO? Adult- YAG laser therapy

Pediatric Sometimes YAG is possible

when theposteriorcapsule is intact, but
VAO may require anterior vitrectomy.

Veterinary There is no practical treatmer

for PCOin animals.
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3.2.7 How many patients get subsequent consequences such as macular edema
and retinal detachment? (you can use a percentage of patients out of the
total number of PCO patients) Most adult cataract surgeons surveyed
reported that they have naeen sideeffects following YAG laser
capsulotomy, while others stated that although the negative consequences of
YAG laser capsulotomy are often minimal, important side effects still occur

YAG laser is the treatment of choice for adult PCO amongaleract
surgeons surveyed. As some negative consequences of YAG therapy have been
reported(Beale et al. 2006; Burq and Taqui 2008; Wesolosky, Tennant, and Rudnisky
2017; Trinavarat, Atchaneeyasakul, and Udompunturak 20@lasked adult cataract
surgeos whether their patients have experienced any negative consequences after
YAG laser therapy and found that 62% of adult cataract surgeons report that they have
not seen any side effects following YAG laser therapy. However, 18% of adult
cataract surgeonsase that they have seen approximately 1% of patients experience
retinal detachment following YAG laser therapy in their clinical practice, whereas 3%
of adult cataract surgeons report a 2% retinal detachment rate, and a 1% rate of
macular edema after YA(ser therapy. 14% of adult cataract surgeons surveyed
reported that they have seen glaucoma after YAG laser treatment, but this occurs in

1% or less of all patients (Figuge5).
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What Negative Consequences of YAG Therapy Have
You Seen? What Are the Prevalence Rates?
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Figure3.5: Adult cataract surgeon estimates of the prevalence of negative
consequences of YAG therapy based on their clinical experience.

3.2.8 Are you satisfied with the treatment protocol for post cataract surgical
inflammation and PCO? What do you desire or what changes would you
do? If there was a new norsurgical approach to treaing PCO/post
surgical ocular inflammation would you use it?Most of the cataract

surgeons surveyed are interested in new ways to prevent PCO while they are
generally satisfied with the standard of care fimflammation prevention
post cataract surgery

Finally, we asked if cataract surgeons would be interested in incorporating anti
PCO therapeutics into their clinical practice and found that all pediatric and veterinary
cataract surgeons showed interest in preventive anti PCO therapeutics (Figure 3.6B
and Q. However, 14% of adult cataract surgeons think that YAG laser is adequate to
treat PCO and thus do not feel that additional preventive anti PCO measures are
necessary (Figure 3.6A). Overall, cataract surgeons treating humans feel that standard

of care issufficient for the treatment of inflammation associated with cataract surgery
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(Figure 3.2), however, those who treat animals would like additional therapeutic
options for inflammation as this is not adequately controlled in their patients with the

currert standard of care (Figure 3.2).
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Figure3.6: The percentage of cataract surgeons who report that new PCO
therapies are needed: Adult cataract surgeons: Bediatric cataract surgeons;
C- veterinary cataract surgeons; &l cataract surgeons.

3.3 Discussion

The derelopment of extracapsular cataract surgery followed by intraocular lens
implantation is one of the most significant advances in modern medicine, taking
cataract from being the major cause of human blindness and low vision that it was

through most of humalnistory, to a condition that can be treated with a quick
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outpatient procedur@lson 2018). However, even the most robust surgical
intervention has the potential for negative seqyklaest al. 2017; I. Michael

Wormstone, Wang, and Liu 2009; Awasthi,d;and Wagner 2009)

3.3.1 Most cataract surgeons surveyed are satisfied with the treatments
available for ocular inflammation following cataract surgery

Cataract surgery is one of the most commonly performed surgeries in the
world and has been highspiccessful for decadé3uthani, Clearfield, and Chuck
2017). However, cataract surgery results in acute ocular inflammation arising as a
normal response to the surgical wolKaéhnen 2015). While high levels of
inflammation can be an important sign ofaafion, uncontrolled "sterile” ocular
inflammation is undesirable as it opacifies the ocular media and can lead to several
other complications notably uveitis, secondary glaucoma, macular edema and even
retinal detachmer(Abbouda et al. 2016; Juthani, @&eld, and Chuck 2017;
McColgin and Heier 2000). Thus, its post cataract surgical management is of
paramount importance. Currently, corticosteroids or nonsteroidahflainmatory
agents (NSAIDs), or a combination of both, are the treatment of chmoibe i
management of inflammation post cataract sur@@ojin 2007; Juthani, Clearfield,
and Chuck 2017)n general, steroids are more effective in managing inflammation
than NSAIDs, however, in some cases, NSAIDs might be sufficient in routine patients
undergoing cataract surgef@rzybowski and Kanclerz 2018)

Due to the importance of inflammation management post cataract surgery, we
first asked cataract surgeons if they see-posgical inflammation in their clinical
settings. All of the cataract sues have informed us that inflammation is a common

side effect that they see following cataract surgery which is consistent with reports that
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most if not all cataract patients develop inflammation post cataract sGysiy

2007; Juthani, Clearfield, ar@@huck 2017; McColgin and Heier 2000yext, we have
asked them about their preferred methods to managepagtal inflammation.
Consistent with the literature, some of the cataract surgeons we surveyed prefer to use
corticosteroids, while others app§SAIDs or a combination of botfduthani,

Clearfield, and Chuck 2017Most surveyed adult and pediatric cataract surgeons
stated that they were satisfied with the current standard of care for inflammation
management post cataract surgery. However, vetgritataract surgeons were
interested in additional ways to prevent inflammation post cataract surgery as it can
take a few months to resolve inflammation PCS in dogs, which isdomsuming and

not costeffective. This observation is consistent with likerature which suggests that

a high proportion of dogs receive cataract surgery after the onset of phacolytic uveitis
resulting from mature cataract which must be treated to prevent side effects such as

inflammation and glaucom@iros et al. 200Q)

3.3.2 Most cataract surgeons surveyed feel that PCO is still an important
clinical problem

As surgical therapies for cataract were being developed, intracapsular lens
removal became the therapy of choice since extracapsular lens extraction was plagued
by PCO as prdferation, migration, and differentiation/transdifferentiation of the
remnant lens epithelial cells resulted in a rapid recurrence of visual symptoms which
could only be treated with subsequent invasive sur@@ison 2018)Later, attempts
to develop intaocular lens prostheses were greatly slowed by high rates of PCO,
however, the advent of YAG laser capsulotomy made this treatable byiavagive

office proceduréKarahan, Er, and Kaynak 201Zhis has been bolstered by the
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development of square edi§elLs which have reduced PCO rates in adults to the
single digits when measured within the six months to a year after cataract surgery
(Vasavada, Trivedi, and Nath 2004; Auffarth et al. 2003; Buehl and Findl,2008)
allowing extracapsular lens extractionléeVed by IOL implantation to become the
standard of care for cataract treatment. However, there is some controversy about the
global use of square edge IOLs as their design results in pseudophakic dysphotopsia
which is the most prevalent reason patienesdissatisfied with cataract surgery
(Olson 2005; Masket et al. 201&)urther, it has been noted that the growing
popularity of "premium™ IOLs which correct vision at all distances make PCO more
clinically important in adults, while YAG laser capsulotomaynot without side effects
(MacRae, Zheleznyak, and Yoon 2018)new surgical technique bag thelens
(BIL) has shown promising results preventing PCO in both adult and pediatric patients
compared to the traditional leirsthe bag (LIB) procedure. Haver, this approach
has not widely adopted in the USA due to the lack of clinical studies in the USA, and
the specialized technical expertise needégstrom et al. 2018; MJ. Tassignon et al.
2007; M:J. B. R. Tassignon, De Groot, and Vrensen 2002; Aiteg Ni
Dhubhghaill, and Tassignon 2017; De Groot et al. 2006; De Groot, Tassignon, and
Vrensen 2005; Gobin, Dhubhghaill, and Tassignon 2019)

These reports have led to some controversy as to whether PCO is a "solved"
clinical problem or still should bdaé focus of both basic science and drug
development efforts due to its high importance. Most adult cataract surgeons surveyed
stated that about 25% of adult patients undergoing cataract surgery develop clinically
significant PCO within 25 years post catact surgery. The remaining surgeon

reports PCO rates below 1% due to their routine use of "posterior optic capture/bag in
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the lens" surgery in which a posterior capsulotomy is performed at surgery and the
remanent lens cells are trapped at the capsuiphery by placing the I0OL in Berger's
spacgOcular Surgery News 20173urgeons practicing in developing countries

reported higher PCO rates compared to developed countries due to lower access to
improved IOLs and modern cataract surgical technique$ ¥a&er therapy is the
treatment of choice for adults presenting with PCO, and the surgeons surveyed are
generally satisfied with the clinical outcomes of YAG laser therapy although they
acknowledge that some patients do develop undesirable sequelas sumtuéar

edema and retinal detachment. These opinions closely correlate with published reports
that show that the lonrggrm (110 years post surgery) PCO rates are stif@% in
adults(Sabbagh 2018; Liu et al. 2017)he relatively low rates of sevemegative

outcomes observed after YA#ealso borne out in the literature which reports rates

of 1-3% (Karahan, Er, and Kaynak 2014; Liu et al. 201S@veral cataract surgeons
informed us that YAG laser capsulotomy is not a financial burden for patents a
Medicare and government health systems cover or subsidize YAG therapy, although
this opinion does not consider the cost to these health care systems. For instance,
YAG laser capsulotomy to treat PCO was the 10th most costly ambulatory procedure
performeal on Medicare patients in 20{8abbagh 2018)rhe adult cataract surgeons
surveyed are generally satisfied with YAG laser therapy as a treatment for PCO,
although it is less available in developing countfigadl et al. 201Q) Overall, 86%

of adult caaéract surgeons surveyed would be interested in pharmacological methods to
robustly prevent PCO, although some adult cataract surgeons emphasized the need for
improved IOL designs and surgical techniques as other ways to improve the visual

outcomes for theipatients. However, the pediatric cataract surgeons interviewed told
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us that the reality is quite different for their patients. They stated that almost 100
percent of pediatric patients undergoing traditional extracapsular lens extraction
followed by IOLimplantation develop PCO within the first year following surgery
which is supported by reports in the literat(Batur et al. 2016; Vasavada and
Praveen 2014)Even in cases where prophylactic posterior capsulotomy is performed
at the time otataract extraction, the response of the remnant lens epithelial cells to
surgery is still a problem because they can migrate onto the anterior hyaloid and/or
cause phimosis of the anterior capsulotomy resulting in visual axis opacification
(VAO) (Shresthand Shrestha 2014; Khaja et al. 20M/hile children over 6 years

of age can often be treated with YAG laser capsulotomy, younger children or those
with developmental delays can not sit still at the instrur(@atur et al. 2016)The
pediatric cataracturgeons surveyed also noted that VAO/PCO treatment is
problematic in young children as this requires general anesthesia, and YAG
instruments optimized for treating anesthetized children are generally not available.
Further, YAG is often countendicatedwhen the PCO is dense or when VAO
involving the anterior hyaloid is presgi@atur et al. 2016; Vasavada, Trivedi, and
Nath 2004) In these cases, invasive posterior capsulotomies are atuier anterior
vitrectomies are required to remove the opadifice and even then VAO can-re
occur(Vasavada, Trivedi, and Nath 2004; Batur et al. 2016; Petric and Lacmanovic
Loncar 2004; Hutcheson et al. 1998) pediatric cataract surgeons surveyed stated
that they would be interested in exploring new approatthpsevent PCO and/or

VAO, including the use of pharmacological agents to prevent these conditions, due to
the need for increasing the safety and efficacy, while reducing the cost, for cataract

treatment in children.
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The veterinary cataract surgeons syegenoted that animals (dogs, cats, and
horses) tend to get PCO earlier and progress faster than humans, with PCO rates
approaching 100% which is consistent with the literafGié et al. 2009) However,
veterinary surgeons also note that PCO is oftes ¢éinically significant as animals
have shorter life expectancies and most pets only need sufficient vision to navigate
their surroundings and find food, so have less need for excellent visual acuity. Even
with that, 25% of their owners bring their anisback to the veterinary cataract
surgeon reporting a recurrence of visual symptoms. However, few animals are treated
for PCO. First, YAG laser therapy is not effective for most animal PCO cases due to
both the tendency for animal PCO to be denser thanseen in humans, as it forms
more aggressively and must be severe before the owner notes a reduction in their pet's
vision (Gift et al. 2009) Second, as only 25% of veterinary patients develop clinically
significant PCO by the end of their life, aagdYAG lasers are costlyheyare
uncommon in veterinary practices. Thus, all veterinary cataract surgeons surveyed are
very interested in preventive affiCO therapeutics.

These interviews suggest that most cataract surgeons are satisfied with the
currentstandard of care for paestirgical inflammation while the majority surveyed
felt that new approaches to prevent PCO would be clinically useful, although the
relatively small number of surgeons interviewed here (50 total across three different
practice type; adult, pediatric and veterinary) could mean the market for new PCO
prevention strategies is not as large as suggested here. However, as major progress has
been made in recent years towards understanding the pathophysiology of PCO
(Mamuya et al. 2014; dng et al. 2018; de longh et al. 2005; I. Michael Wormstone,

Wang, and Liu 2009; Y. Wang et al. 2018)ere is likely sufficient information about
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PCO pathogenesis to identify new alR€CO therapeutics which would be of particular

use in veterinary and giatric cataract surgery. Simultaneously, new surgical
approaches such as Abag in the | enso and f
clinical promise in PCO prevention for all patient populations. Thus, the future looks

bright for approaches to redudeetincidence of PCO, improving the long term

effectiveness of cataract surgery.

5C



Chapter 4

LENS EPITHELIAL CELLS INITIATE AN INFLAMMATORY RESPONSE
FOLLOWING CATARACT SURGERY

All the content included in this chapter are described in a manuscript entitled
[Jiang, Jan, Mahbubul HShihan (cofirst author) |, Yan Wang, and Melinda K.
Duncan. 2018. AdLens Epithelial Cell s I niti

Cataract Surgery.o Investigative i@pht hal mc

4.1 Introduction

Cataracts haytraditionally been the most prevalent cause of human blindness,
however, in recent decades, their impact has been greatly reduced by the adoption of
extracapsular and/or phacoemulsification cataract extraction followed by intraocular
lens (IOL) implantabn into the lens capsular bé&Qlson 2005; Liu et al. 2017;
Khairallah et al. 2015; C. M. Lee and Afshari 2Q1Hpwever, the long term outcome
of cataract surgery is compromised when residual lens epithelial cE{Zs)lbegin
proliferating concurrentlyvith either epitheliaimesenchymal transition (EMT)
leading to the formation of pridbrotic myofibroblasts, or the onset of a regenerative
response where the remnant LECs convert to structurally aberrant len@.fibers
Michael Wormstone, Wang, and Liu Z0)0If these LEC derived cells remain at the
periphery, they fornsoemmering's ringhich is largely benigiiBhattacharjee and
Deshmukh 2017) or even beneficial for long term IOL stablityJ. Spalton et al.
2014) However, Soemmering's ring caontinue to expand many years post cataract

surgery (PCS) compromising the function of advanced I@lis et al. 2009; D. J.
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Spalton et al. 2014ven leading to late IOL dislocatigGimbel and Venkataraman
2008). If LEGderived myofibroblasts migrate @niorly PCS, they can cause anterior
capsular fibrosis/phimosis which opacifies the visual axis and caerrdeate the |0
(Michael et al. 2010; Epstein et al. 2014). If myofibroblasts migrate onto the posterior
lens capsule, they again form scar tissuthe visual axis leading to fibrotic posterior
capsular opacification (PC@Awasthi, Guo, and Wagner 2009; Apple et al. 2011).
Finally, even if the posterior lens capsule is ablated at the time of surgergelared
myofibroblasts can opacify the wial axis by migrating from the lens capsular bag
onto the anterior hyaloid membrane, particularly in pediatric patients(Khaja et al.
2011; Elkin, Piluek, and Fredrick 2016).

While there is controversy in the literature about the populatide rates of
these undesirable outcom&O rateslone are reported to B@% or higherin adult
patients living 10 years or more PC&pple et al. 2011; Ronbeck and Kugelberg
2014) and approach 100% in childréidhaja et al. 2011; Elkin, Piluek, and Fredrick
2016) While these PCS side effe@segenerallytreatableoy either YAG laser
ablation or surgerypoor outcomesan result due to ocular inflammation, difficulties
ablating dense fibrosis, IOL displacement, and retinal complicatt@imasn, Mahroo,
and Spaltor2010; Burg and Taqui 2008; Wesolosky, Tennant, and Rudnisky .2017)
Thus, preventionf LEC EMT would improve the long term visual outcome of
cataract surgergApple et al. 2011; Billotte and Berdeaux 2004)

TGH signaling can drive LEC EMTde longh et al2005) while sustained
TGRH signaling has been observed in both fibrotic RE0Saika et al. 2003nd the
lens fibrotic disease, anterior subcapsular cataract (ASiGzuya Saika et al. 2004;

Ishida et al. 2005However, while TGF concentrations areigh in the eye even
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prior to surgery, most of this TGHs in an inactive fornfMaier et al. 2006and is
thus unable to elicit fibrotic responses. This makes it likely that the induction of
pathways that result in latent TGEctivation(Nibourg et al. B15; Srinivasan,
Lovicu, and Overbeek 1998; Eldred, Dawes, and Wormstone 2011; Mamuya and
Duncan 2012gare key steps in PCO pathogenesis.

We developed am vivo mouse model of cataract surgery where the lens fiber
cells aresurgicallyremoved, leaving behind the lens capsule and attached LECs
(Desai et al. 2010; Manthey, Terrell, Wang, et al. 200¥)his model, the
upregulation of mMRNAs encoding fibrotic markesuch as alphamooth muscle actin
(aSMA), fibronectin, and tenasci@ aredetected in remnant LECs 24 hours PCS,
while the first induction of these proteins is seen 48 hour{f&@8uya et al. 2014)
Notably though, it takes 48 hours for the first obgiayregulation of the pSMAD2/3
levels associated with T@Fpathway activation, andp tofive daysfor amaximal
responséMamuya et al. 2014 his lag between injury and T®Fpathway activation
thus makes the mouse an excellent model to study the mgetsaloy which ocular
trauma/surgery results in fibrotic PCO, and we have successfully used this mouse
"cataract surgery" model to direct the power of mouse genetics to the study of PCO
pathogenesi(Manthey, Terrell, Wang, et al. 2014; Mamuya et al. 20HBre we use
RNAseq to discover the gene expression changes that LECs undergo after cataract
surgery but prior to the onset ®GFb signaling. This analysis revealed that LECs
robustly activate the innate immune response within hours of cataract surdery a
support prior speculation that pestrgical inflammation is mechanistically related to

lens capsular bag fibrosis PQSwis 2013)
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4.2 Results

4.2.1 The lens epithelial cell transcriptome is drastically altered by 24 hours
following cataract surgery

While it is accepted that fibrotic PCO results from the epithelial to

mesenchymal transition of lens epithelial cells (LECs) driven by T&gnaling(l.

Michael Wormstone, Wang, and Liu 2009; Shirai et al. 2048)have previously

shown that there is a 48 hourlonger lag between cataract surgery and the onset of
robust Smadnediated TGF signaling in LECs in a mouse model, likely due to the

need to activate latent TGHpost cataract surgery (PC®Jamuya et al. 2014 hus,

we used RNAseq to gain insight inteetinitial response of LECs to cataract surgery

by comparing the transcriptome of LECs isolated immediately following surgery, with
that of LECs isolated 24 hours later. The resulting dataset which includes three
biological replicates from both time zernda24 hours PCS LECs was submitted to the
Gene Expression Omnibus (GEO) under accession number GSE111430. This analysis
revealed that 14,454 genes exhibited measurable expression in LECs, while 2251 were
differentially expressed genes (DEGSs) in LECs (1@p&egulated, 996

downregul ated) isolated at 24 hours PCS
than 2 fold change in mRNA levels; expressed higher than 2 RPMK either

immediately PCS or 24 hours later).

Analysis of the DEGs for disease associations ustathwayGuide (Advaita
Corporation) revealed that "cataract" was the most significant (FDR corrected P < 9.1
X10-4), with 19 of the 27 known cataraa$sociated genes in the KEGG database
being differentially expressed in LECs by 24 hours PCS. Of thdsarel
downregulated (Sipall3, Gja3, Mip, Foxe3, Gja8, Bfsp2, Tdrd7, Maf, Cryab, Bfsp,
Cryaa, Pitx3, Hsf4, and Pax6), while 5 are upregulated (Vim, Wfs154, Epha2, Ftl1,
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and Gcnt2) suggesting that the "lens” phenotype of LECs is perturbed by 24 hours
PCS. Naably, seven of the other nine significant predicted disease associations (FDR
corrected P <0.028.036) are chronic autoimmune/inflammatory/infectious

conditions.

In order to predict which pathways are perturbed in LECs at 24 hours PCS, we
usediPathwayGuide to perfornmpact analysi¢Tarca et al. 2009)hich takes into
account both the overrepresentation of genes within a pathway and whether the later
genes in a pathway are significantly more perturbed than the earlier ones. This
analysis predicts that 132 KEGG defined pathways are significantlyedfect ECs
by 24 hours PCS (Figu#e1A) with the top 10 overrepresented pathways including
cell adhesion molecules, actin cytoskeletal regulation, and numerous KEGG pathways
associated with inflammatory responses (Figuid). Notably, of these, 91 DEGs
are known to be involved in cytokine/cytokine receptor pathway interactions (Figure
4.2), including &XCL1, the DEGmost upregulated in LECs PCS3&66 fold (FDR
corrected R 1.6 x10°?). Consistent with this, the genes differentially regulated in
LECs at24 hours PCS arasohighly enriched for Gene Ontology (GO) terms related
to immune responses includingsponse to cytokin@70 of 590 genes associated
with the term; FDR corrected P=1X19), cytokine productiorf226 of 498 genes
associated with theerm; FDR corrected P=3.5X%f), andthe innate immune

respons€186 of 447 genes associated with the term; FDR corrected P=3'%X10
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A B

Pathway FDR
Cell adhesion molecules (CAMs) 3.12E-09
5 MAPK signaling pathway 1.12E-08
i) Cytokine-cytokine receptor interaction 1.12E-08
2 NF-kappa B signaling pathway 1.12E-08
o& Pathways in cancer 7.22E-08
S Regulation of actin cytoskeleton 1.51E-07
2 Jak-STAT signaling pathway 2.22E-07
IL-17 signaling pathway 4.01E-07
Tuberculosis 6.85E-07
HTLV-I infection 6.87E-07

10 15

-log10(pORA_fdr)
(c) Advaita Corporation 2018

Figure4.1RNA Seq analysis revealed that LECs exhibit highly perturbed cell
signaling at 24 hours PCS. A) Impact anay$arca et al. 2009f genes

differentially expressed in LECs at 24 hours PCS revealed that 132 pathways (red
or yellow circles) at defined by the Kyoto Encyclopedia of Genes and Genomes
project (KEGG) were significantly imgéed in LECs upon cataract surgery as
calculated byanoverrepresentation of genes within a pathway (horizontal axis)
and/or significantly perturbed accumulation (vertical axis). One pathway

(yellow) circle represents cytokirgytokine receptor interactis, which are

predicted to be highly perturbed by both criteria. Black circles represent pathways
that were not significantly affected. Axis label®gl0(pAcc_fdr) represents the
log10 of the FDR corrected\lue for the accumulated perturbation of the
pathwayi log10(pORA _fdr) representtog10 of the FDR corrected\rlue for
overrepresentation of pathway genes among the DEGs. B) The top 10 pathways
that are significantly impacted in LECs 24 hours PCS reported along with their
FDR corrected P valueNote that while the cell adhesion molec(H&EGG:

04514) pathway exhibits the lowest FDR correctec@Re due tdhe
overrepresentation of genes in this pathway among the DEGs, it does not exhibit
significantly accumulated pathwaerturbation.

56



|L 0g FC - T omm—
CYTOKINE-CYTOKINE RECEPTOR INTERACTION

G~y
=

CXRIC sibbarly

(Cooen—» S

0206062317
(©) Kanehisa Labes

Figure4.2: RNA Seq analysis revealed that LE&Sdhibit a highly perturbed
cytokinecytokine receptor pathway at 24 hours PCS. The cytedytekine

receptor pathway, as defined by the Kyatmyclopedia of Genes and Genomes
(KEGG:04060)Kanehisa et al. 2017), is annotated to highlight all pathway genes
which are differentially expressed in LECs at 24 hours PCS.- Berees
downregulated in LECs at 24 hours PCS; Rgghes upregulated in LEGt 24

hours PCS
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4.2.2 Lens epithelial cells upregulate diverse genes involved in the inflammatory
response within the first 24 hours of cataract surgery

While cataract surgery is very effective, its short term outcome is hampered by
the onset of ocular inflamation by 24 hours P@EI-Harazi and Feldman 2001)
which is usually attributed to surgically induced breaks in the bémpotous barrier
which allows for plasma protein leakage into the aqueous humor and immune cell
infiltration. SinceRNAseq analysis reated that the three genes most upregulated in
LECs at 24 hours POBere the mediators of innate immuni€XCL1 (3866 fold),
S100a9 (1505 fold) and CSK-CSF(1119 fold),(Table 4.}, we sought to determine
their protein expression dynamics in lens cagsibhgs between 0 hour and 10 days
PCS (Figure 4.3)The expression dhe chemokin€€XCL1(Kobayashi 2008)vas
absent in capsular bags at 0 and 1 hour PCS but was deteckE@dsat 3 and 6hours
PCS. CXCL1 protein levels peaked in LEC24&thoursPCS,sharply downregulated
in capsular bagBy 48 hourd?CS, and remained low between 3 and 10 days PCS.

The preinflammatory alarmin S100a@ustermann, Zenker, and Roth 2017)
was not detected in capsular bags isolated at 0 or 3 hours PCS. S100a9
immunostaimg was first detected in capsular bags at 6 hoursvd@& became
more intense at 24 hours PCS. S100a9 levels sharply downregulated in capsular bags
by 48 hours PC&nd remained low between 3 and 10 days PCS.

There was a weak immunolocalization signal@sF3 (granulocyte colony
stimulating factor, @CSF, an important cytokine in neutrophil development
(Panopoulos and Watowich 2008)) in LECs immediately PCS. This staining became
more intense at 1 hour PCS and continued to increase through 6 hours &Q%) at
24 hours PCSG-CSF protein levels declined by 48 hours PCS and were nearly

undetectable between 3 and 10 days PCS.
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In addition to the three most upregulated genes studied above, the RNAseq
data revealed that a number of other gehatfunctionin diverse pranflammatory
pathways were also upregulated in capsular bags at 24 hours PCS. PTSG2, the gene
encoding the enzyme cyclooxygenase 2 (E®)Xvhich catalyzes a key step in
prostaglandin synthesfglexanian et al. 2014), was 248 fold upregutaite capsular
bags at 24 hours PCS. COX2 protein was not detected in capsular bags immediately
PCS (Figuret.4), however, weak COX2 immunostaining was detected 1 hour PCS
and continued to increase through 6 hd¥@S, peaking at 24 hours PCS. GOX
levelsdecline by 48 hours F&and remain low, but detectable at 3 and 4 days PCS.
However, significant COX immunostaining was associated with capsular bags at 5
days PCS, although these levels again decreased by 10 days PCS

CCL2 encodes thehemokine, monocyte chemoattractant prefe{iMiCP-1)
(Yoshimura 2018)whose mRNA levels are 92 fold upregulated in lens capsular bags
at 24 hours PCS. No CCL2 immunolabeling was detected in lens capsular bags either
immediately, or 3 hours PCS. Mode§&CL2 immunolocalization was detected in
capsular bags from48 hours PCS but its levels decrease thereafter. CCL2 protein
was not detectable in capsular bags from 3 to 10 daygF@$8e 4.4)

LCN2 (neutrophil gelatinasassociated lipocalin/lipocalin2is a
multifunctional protein often upregulated in stressed tissues, particularly following
injury. It has antimicrobial activity via its ability to scavenge micrdpiderived
siderophoreg§Moschen et al. 2017}t binds to and stabilizes MMR® oscheret al.
2017)which is implicated in TGF mediated LEC EM{Korol et al. 2014)while also
inducing the synthesis of pinflammatory cytokines by neutrophi|sloschen et al.

2017) LCN2 mRNA levels upregulate 60 fold in LECs by 24 hours PCS. LCN2
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protein wa not detected in capsular bags at the time of sulggrywas found at

modest levels at 1 and 3 hours PCS. LCN2 levels further increase in capsular bags at 6
hours PCS and are maximal at 24 hours PCS. LCN2 levels fall sharply by 48 hours
PCS and are esdaily undetectable between1® days PCS (Figur&4).

Heme oxygenase (HMOX1) is an enzyme that catalyzes the degradation of
hemoglobin into bilirubin and carbon monoxide which modulates innate and adaptive
immunity while protecting cells from inflammat-induced oxidative stress
(Espinoza, Gonzalez, and Kalergis 20IRINAseq revealed that HMOX1 mRNA
levels are 27 fold upregulated in lens capsular bags at 24 hours PCS compared to 0
hour PCS. No HMOX1 protein was detectable by immunolocalization irckgsular
bags between the time of surgery and 3 hours PCS. Modest HMOX1 staining was
detected in lens capsular bags between 6 hours and 48 hours PCS, while HMOX1
staining was absent from capsular bags between 3 and 10 days PC8 4Hgur
These data iaggregate reveal that LECs rapidly initiate an inflammatory response

after cataract surgery and/or lens wounding.
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Table4.1: Inflammatory genes detected in this study differentially expressed between
24 hours and 0 hour post catarsietgery determined by RNsaj.

Gene ID Gene description Fold P Value | 24 hours | O hour
change Mean Mean
from O RPKM RPKM

hour

CXCL1 chemokine (€X-C 3866 1.81E55 58.5 0
motif) ligand 1

S100a9 S100 calcium binding 1505 2.86E29 41.9 0
protein A9

G- colony stimulating 1119 7.57E31 140.1 0.1

CSF/CSF3 | factor 3 (granulocyte)

COX- prostaglandin 248 2.01E38 49.7 0.2

2/Ptgs2 endoperoxide synthase

CCL2 chemokine (GC motif) 92 5.45E95 330.8 3.3
ligand 2

LCN2 lipocalin 2 60 7.90E40 5738.6 92.7

HMOX1 heme oxygenase 1 26.62 4.57E28 207.11 7.22

RPKM- Reads Per Kilobase Million
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Figure4.3: PCS expression time course in LECs for the three most differentially
expressed genes in this study-JACXCL1 proteirexpression (red) in LECs

after lens fiber removal. CXCL1 protein was not detected in LECs at 0 hour (A)
and 1 hour (B) PCS. CXCL1 expression is first detected at 3 hours PCS (C), and
this becomes robust by 6 hours PCS (D). The highest CXCL1 expression was
detected at 24 hours PCS (E) followed by dramatically downregulation by 48
hours PCS (F). Weak CXCL1 expression persisted at 3 days PCS (G) and 4 days
PCS (H), while nearly no CXCL1 staining was detected at 5 days PCS (I) and 10
days PCS (J) PCS. {K) S1a9 protein expression (red) in LECs PCS. There

are little to no S100a9 expression in LECs at 0 hour (K), 1 houafid) 3 hours

(M) PCS. S100a9 protein levels upregulated by 6 hours PCS (N), peaked around
24 hours PCS (0O), then downregulated by 48 hB@S (P). Lowlevel S100a9
expression is associated with capsular bags at 3 days (Q), 4 dagsdR)days

(S) PCS, but largely disappears by 10 days PCS (TR &-CSF protein

expression (red) in LECs PCS. WealOSF staining was observed in LECs at O
hour PCS (U), and this staining upregulated gradually between 1 hour (V), 3
hours (W) and 6 hours (X) PCS. The highest level 6CSF staining was seen at

24 hours PCS (Y), while this was attenuated at 48 hours PCS{Z$Fdevels

are nearly undetecthkbat 3 days (A"), 4 days (B"), 5 days (C') and 10 days (D"
PCS. For all panels, Blue= DNA as visualized by Draqg5 staining; Scale bars: 100
em; e, remnant | ens epithelial cell s/ 1 en
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Figure4.4: PCSexpression time course for represgivie members of four
different important inflammatory pathways in LECs-JACOX-2 protein
expressior{red)in LECSPCS. COX2 protein was not detectedliECs at 0 hour
PCS(A), but itupregulated graduallyetweeril hour (B), 3 hours (C), 6 hours
(D) PCS with apeak at 24 hourBCS(E). COX2 decreaseby 48 hours (F),
remains low aB daysPCS(G) but is upregulated at 4 days (H) amdays (1)
PCS. COX2 levels are again low b§ days (JPCS (K-T) CCL2 protein
expressior{red)in LECs after cataract surgery. Low CE&xXexpression is
observed in LECs at 0 houKk), 1 hour (), and3 hours 1) PCS CCL2
expressiorbegins toupregulate by 6 hour®j PCS reaching a peak by 24 hours
PCS(O) followed bya moderate decrease by 48 h®({P) PCS By 3 daysPCS
(Q), CCL2 levelsdownregulate sharply amémain lowthrough 4 daysR), 5
days §), and 10 daysT) PCS (U-D"). LCN2 protein expressiofted)in LECs
after cataract surgeriinimal LCN2 expressionvasobserved in LECs at 0 hour
PCS(U), while it upregulated graduallyetweenl hour §/), 3 hours {V), and 6
hours ) PCS After peaking at 24 houRCS(Y), it is downregulated
moderately by 48 houlRCS(Z), and while it was essentially undetectaie3
daysPCS(A"). LCN2 levelsremained lowthrough 4 daysR'), 5 days C') and

10 days D') PCS (E-N') HMOX1 protein expressiofred)in LECSPCS

HMOX1 immunostaining was not detectedLiBECs at 0 hourE'), 1 hour §),

and 3 hours@’) PCS HMOX1 is first detectedat 6 hours?CS(H') andstaining
peaksat 24 hourd?CS (I). HMOX1 levels ardecreasg at 48 hourd$?CS (J)and
while HMOX1 expression is not detected3adays K'), 4days ('), 5days (1),
and 10 days (N) PCS. For all panels, Blue= DNA as visuhlizeDrag5
staining;Sc al e b m;re,gemnahtle@s epithelial cells/lens cells; Ic, lens
capsule.
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4.2.3 Inflammatory cells are associated with the lens capsular bag PCS
As many of the genes induced in lens capsular bags at 24 hours PCS are known
chemokineghat can attract neutrophils to injury sites, we then determined the timing
of leukocyte infiltration into the mouse eye PCS. Immunostaining of lens capsular
bags PCS with CD11b (ITGAM, integrin alpM 9 fold upregulated in lens capsular
bags at 24 hosrPCS by RNAseq), a widely accepted cell surface leukocyte marker
with known roles in inflammatiofRosetti and Mayadas 2016), revealed no leukocyte
infiltration into the eye prior to 12 hours PCS (Figurg) Awhile the first CD11b
positive cells were detted associated with lens capsular bags at 18 hours PCS. The
abundance of CD11b positive cells increases from 18 hours to 3 days PCS, remains
appreciable at 4 and 5 days PCS, then falls to low levels by 10 days PCS. Similar
results were obtained by immustaining capsular bags with L&G, a GPlinked
proteinthatis a recognized marker of granulocytes and peripheral neutr¢phi¥s
Lee et al. 2013). Similar to CD11b, the first 165 positive cells did not arrive in the
lens capsular bag until 18 holRES, although fewer cells stained overgig(re 4.6)
as would be expected since 166G is found on a more restricted set of leukocytes.
Since CD11b immunostaining is unable to distinguish between neutrophils and
macrophages, we then immunostained capfags PCS with F4/80, an antibody that
detects EMR1, a glycoprotein that is a very abundant and specific marker for mouse
macrophageéVicKnight et al. 1996)This experiment revealed that no F4/80 positive
macrophages are associated with lens capsularftwathe first 24 hours PCS (Figure
4.7) as expected since the EMR1 gene is not appreciably expressed in capsular bags
right after surgery, and is not differentially expressed in 24 hours PCS capsular bags
by RNAseq (not shown). While occasional F4/80 fiesicells were detected at 48

hours PCS, the first appreciable numbers of F4/80 positive cells were associated with
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lens capsular bags at 3 days PCS, while they become more abundant at 4 and 5 days

PCS. F4/80 positive cells are still associated with éapsular bags at 10 days PCS

0 hour 6 hours 12 hours 18 hours 24 hours 48 hours 10 days

co11b..........
ic %
Merge &g €l 1 e I
e Ic e lc le e Ic
vk lc

Figure4.5: Neutrophil infiltration into the lens capsular bag PCS identified by

CD11b immunostaining. (A) CD11b (red) staining alone; {K) CD11b

expression (red) is merged with DNA detected by Draqg5 (blue). No CD11b

positive reutrophils are seen at 0 hour (A, K), 6 hours (B, L) and 12 hours (C, M)

PCS. The first CD11b positive neutrophils are observed at 18 hours PCS (D, N),

then increase by 24 hours PCS (E, O) and remain abundant through 48 hours (F,

P), 3 days PCS (G, Q), 4ys PCS (H, R) and 5 days PCS (I, S). However, the

number of CD11b positive cells sharply decrease by 10 days PCS (J, T). Scale

bar s: 100 em. e, remnant | ens epithelial
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Figure4.6: Neutrophil infiltration into the area surrounding lens capsular bags
PCS identified by Ly6G immunostaining. (Al) Ly-6G (red) immunostaining of
lens capsular bags PCS. -TK Merge of Ly6G (red) and nuclear staining with
the DNA stain, Draqg5 (blue). Noy-6G positive cells are seen at 0 hour K,
6 hours (BL), 12 hours (CM), and 18 hours PCS (D, N). t§G expressing
cells are first seen near lens capsular bags at 24 hours PCS (E, O), and persist
through 3 days (G, Q), 4 days (H, R), 5 days (1a83 10 days (J, T) PCS
although they appear to become more sparse at later times PCS. Scale bars: 100
, remnant ens epithelial cell s/ 1 en

0 hour 6 hours 12 hours 18 hours 24 hours 48 hours 3 days 4 days 5 days 10 days

- ..........
Ic
e e le
Merge 3 6=c e I e~ ig e | & le e A
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Figure4.7. Macrophages infiltration into lens capsular bags following cataract

surgery idenfied by F4/80 immunostaining. (8) F480 expression alone (red).

(K-T) Merge between F80 immunodetection (red) and nuclear staining as

detected by Drag5 labeling of DNA (Blue). No F4/80 staining (Red) is seen at 0

hour (A, K), 6 hours (B, L), 12 hou(&€, M), 18 hours (D, N), and 24 hours (E,

O) PCS. The first F4/80 positive cells are detected at 48 hours PCS (F, P) and

robust numbers of F4/80 positive cells are first seen at 3 days PCS (G, Q), and

increase dramatically at 4 days PCS (H, R). Robusibeus of F4/80 positive

cells are maintained at 5 days (I, S) an
e, remnant lens epithelial cells/lens cells; Ic, lens capsule.
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4.2.4 Pro-inflammatory cytokines co-localize with the epithelialmarker, | 1-
integrin, in lens epithelial cells at 24 hours PCS, and inSMA positive lens
cells at 48 hours PCS, while these molecules generally were not found at
high levels in infiltrating leukocytes

As most of the cytokines tested have been reported expressed by
leukocytes, we then performed-azalization studies to confirm whether these genes
were activating in LECs PCS, or whether the upregulation of these genes was simply
reflecting leukocyte infiltration into the eye. Thus, welacalized tle cytokines of
I nt er e simtegrm,whith isfkriown to be abundant in LECs, particularly PCS
(Mamuya et al. 2014), where it plays key roles in regulating the communication of
lens cells with the capsu{&imirskii, Wang, and Duncan 2007; Y. Wang et24117)

This analysis revealed that all seven immune regulators studied, CXCL1, S100a9, G

CSF, COX2, CCL2, LCN2, HMOX1 showedanearo mp | et e owver |l ap wi't
integrin positive LECs at 24 hours PGSgure 4.8). Further, double immunolabelling

of 24 hoursPCS lens capsular bags for the cytokines of interest and the leukocyte

marker CD11b revealed that CXCL1;@5F, COX2, CCL2 and LCNZ2 did not co

localize with CD11b positive cell§igure 49). In contrast, the alarmin S100a9 was

found in both LECs and subset of CD11b positive cellBigure 49) which would be

expected as S100a9 has been reported to make up 40% of the cytoplasmic protein of
circulating neutrophils(Kerkhoff et al. 1999).

In this cataract surgery model, the first induction of the fibmote r k-e r U
smooth muscle actin (USMA) protein is seer
(Mamuya et al. 2014 Coimmunostaining of the tested cytokines (purple) with
CD11b (red) and SMA (green) revealed that these finflammatory markers were

generally expessed it SMA positive lens cells, not CD11b positive leukocytes at

67



this stage (Figure 4.10). The exception was S100a9 which was observed in both

h SMA positive lens cells as well as CD11b positive leukocytes (Figure 4.10, arrows).
While six of the sevemflammatory modulators showed a peak of expression

in LECs at 24 hours PCS, followed by a rapid downregulation, COX2 showed a

biphasic response, with the first upregulation seen at 24 hours followed by a rapid fall

at 48 hours PCS (Figure 4.11)), whitetsecond increase started at 4 days PCS with a

peak in COX2 levels in 5 days PCS capsular bags. As this second wave of COX2

immunostaining matches the timing of macrophage infiltration into the capsular bag,

and COX2 has been reported to be abundanticrophageéByun et al. 2014)we

performed cammunostaining of F4/80 (red) with COX2 (Green) (Figure 4.11). As

expected, the second wave of COX2 expression corresponds with the influx of F4/80

positive macrophages at 4 days PCS, however, while somepbetween COX2

and F4/80 positive cells are seen, the majority of COX2 staining in capsular bags

between 4 and 10 days PCS did notamalize with F4/80.
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Figure4.8: Proinflammatory genes (red) are expressed in LECs as assessed by

theircal oc al i z a tintegrin (green)tah24 odrs PCS. Merge co

localization of the proinflammatory molecule of interest (redjntegrin which is

used as a lens epithelial markgreen), and cell nuclei as assessed by DNA
staining using Draq5 (blue). Scal e bars
cells/lens cells; Ic, lens capsule.
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Figure4.9: Preinflammatory gene expression (red) is generally not found in
CD11b positive neutrophils associated with lens capsular bags at 24 Q&urs P
Proinflammatory markers showed obvious positive staining (red) in LECs
attached to the lens capsule, while, for most genes studied, these proteins were
not detected in the CDblpositive cells (green) associated with the remnant

LECs. However, S100a9 was detected in both the lens epithelial cells and CD11b
positive neutrophils (arrows). Scale
cells/lens cells; Ic, lens capsule.
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Figure4.10:The residual préenflammatory gene expression detected in lens

capsular bag associated cells at 48 hours P&&catizes with the fibrotic

marker,h SMA. Triple immunostaining of inflammatory cytokines (purple) with

CD11b ( r ed jgreennirdcapSuBaivbags isolated at 48 hours PCS. Most

i nfl ammatory cytokines positive cells (p
but not CD11b positive cells (red), although some CD11b positive cells were also

S100a9 positive (Arrows). Merge cytokirurple, CD11bred;h SMA-green;

Nuclei stained with the DNAdye DAPb | ue. Scal e bar s: 100 ¢
lens epithelial cells/lens cells; Ic, lens capsule.
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Figure4.11:The late upregulation of COX2 protein levels PCS observézhm
capsular bags only partially 4ocalizes with F4/80 positive macrophages:KA
COX2 protein localization (green) alone.-[(pF4-80 expression alone (Red).
(M-R) Merge between F80 immunodetection (Red), COX2 immunostaining
(Green) and nuclear staing as detected by Draq5 labeling of DNA (Blue). No
F4/80 nor COX2 immunostaining is seen at 0 hours (A, G, M) At 48 hours PCS,
only the occasional F80 positive cell is detected and these do not stain strongly
for COX2 (B, H, N). At three days PCS, CQ@Xevels are low in all cells
associated with capsular bags, although F4/80 positive cell numbers are
increasing (C, I, O). At four days PCS, COX2 levels increase in most capsular
bag cells and some docalization of COX2 staining in F4/80 positive cafls

seen (D, J, P), a pattern that is similar at five days PCS (E, K, Q). By 10 days
PCS, the numbers of F4/80 positive cells appear to decline along with the

i ntensity of COX2 immunostaining (F, L,
epithelial celldens cells; Ic, lens capsule

4.2.5 Macrophage influx and upregulation of SMAD3 phosphorylation
(pPSMAD3) during fibrosis post cataract surgery

Canonical (i.e. SMAD mediated) TGHignaling is recognized to be a major
mediator of fibrotic PCQlan Michael Wormsto e and EIl dred 2016) . H
is produced in an inactive form and must be activated by tightly controlled

mechanisms to elicit signalifgobertson and Rifkin 2016). As macrophages have
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been implicated in the activation of TGHriving some fibrotic tscease¢Brancato

and Albina 2011; Wynn and Barron 2010), we compared the timing of macrophage
influx into the lens capsular bag PCS with the onset of robust SMAD3
phosphorylation in remnant lens cells PCS (Figule). As we previously reported
(Mamuya ¢ al. 2014), pSMADZ3 is undetectable by immunostaining in lens capsular
bags prior to 24 hours PCS, while the first pSMAD3 positive nuclei are first detected
in capsular bags at 48 hours PCS, although the staining is relatively weak @idire
Figure4.12). Robust upregulation of pPSMAD3 staining in lens cells occurs between
48 hours and three days PCS which correspontietnitial major influx of F4/80
positive macrophages into the area surrounding the capsular bag. The levels of
pSMAD3 remaireasily detectable in lens cells frorl@ days PCS and these cells are

in close proximity to F4/80 positive macrophages (Figuie).
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Figure4.12:Upregulation of pSMAD3 in LECs PCS correlates with the timing of
F4/80 positive macrophage infiltration into lens capsular bags PCS. Neither
pSMADZ3 staining (red) nor F4/80 positive cells (green) are detected in lens
capsular bags analyzed either immedyaBCS or 24 hours later. The first

pSMAD3 nuclei (red) are detected at 48 hours PCS, while both staining intensity
andthe number of pPSMAD3 positive nuclei gradually increases through 3 and 4
days PCS, peaking at 5 days PCS. Occasional F4/80 positivephages (see

figure 6) are detected at 48 hours PCS, but their numbers increase sharply by 3
days PCS, and these cells remain abundant in the capsular bag through 10 days
PCS.Merge pSMADZ red; F4/80 green; Nuclei stained with the DNA dye

DragS blue. & al e bar s: 100 em. e, remnant | ens
lens capsule.

4.3 Discussion

The epithelial to mesenchymal transition (EMT) of lens epithelial cells (LECS)
to myofibroblasts is recognized to produce the fibrotic tissue seen in anterior
sub@psular cataract as well as the fibrotic sequelae of cataract surgery including
Soemmering's ring and the various forms of visual axis opacification (VAO) including
anterior capsular contraction/phimosis, posterior capsular opacification (PCO) and
VAO dueto growth of myofibroblasts along the anterior hyaloid membrane (Shirai et
al. 2018; lan Michael Wormstone and Eldred 2016). There is robust experimental
evidence supporting the hypothesis that canonical T&&fhaling is both sufficient
and necessary taduce LEC EMT(de longh et al. 2005; Shizuya Saika et al. 2004;
Boswell et al. 201 Avhile the main signal transducer of the canonical IT@&hway
(PSMAD2/3) is detected in both anterior subcapsular catafigbigla et al. 2005;
Frank J Lovicu et al. 2Q&) and fibrotic lens capsular bags, even years after su(gery
Saika et al. 2002). However, TG#5 produced in a latent form and must be activated
to elicit signaling(Mamuya and Duncan 2012; Chang 2016), and we have previously

shown that there is a 4®ur lag between lens injury and the ability to detect
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pSMADZ2/3 in LECs in a mouse cataract surgery m@slkelmuya et al. 2014). This
work sought to elucidate the early response of LECs to cataract surgery that sets up the

conditions necessary for the one€TGH signaling and LEC EMT.

4.3.1 Lens epithelial cells rapidly change their phenotype in response to surgical
lens fiber cell removal

LECs are polarized epithelial cells with basal attachments on the lens capsule
and apical interactions with the apical tggdens fiber cell§Zampighi, Eskandari,
and Kreman 2000). These cells normally express many of the classical markers of an
epithelium while also expressing genes more specific for lens fur(étmang et al.
2014). Comparison of the LEC transcriptoméhattime of surgery with LECs
remaining in the eye for 24 hours post cataract surgery (PCS) revealed that many
genes known to be important for the lens phenotype exhibit altered expression. As
expected for an EMT response, many regulators of lens celafat structure are
downregulated including Sipall3, Foxe3, Tdrd7, Maf 51, Pitx3, Hsf4, FaxitB
Pax6. However, at least five genes known to be important for lens development or
physiology are upregulated PCS including Vim, Wfs1, Epha2, &tld Gent2)lt is
notable though that some of these upregulated genes are regulators or markers of
mesenchymal cell fate or fibrogis. Wang et al. 2018; Chao et al. 2017; St Laurent et
al. 2017)in other systems, suggesting that their increased expression PCé&flalsts
the onset of LEC EMT. Finally, we detect the upregulation of transcripts encoding
many myofibroblast markers in LECs at 24 hours PCS inclutisgnooth muscle
actin, tenascin C, TGH, fibronectin, transgelin, lysyl oxidase, collagen type |, abd
integrin. As we are unable to detect the pSMADZ2/3 indicative ofi Tékdnhaling in

LECs at this time point (Figur& 12), this implies that the initial fibrotic response of
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LECs PCS is independent of T&Bignaling although it is possible that some TGF

signaling is active, but it is below the threshold of our pSMADZ2/3 detection assay.

4.3.2 Lens epithelial cells remaining behind PCS rapidly induce the expression
of genes important for the innate immune response

The uninjured lens epithelium expresses few gentssknown roles in the
innate immune response. However, RNAseq coupled with immunofluorescence
revealed that a large number of genes involved in innate immunity, including those
involved in numerous cytokine pathways, the prostaglandin synthesis patnay,
interleukins, were highly induced in LECs by 24 hours PCS. Many of the most
upregulated genes encode either chemoattractants which induce
neutrophil/macrophage/monocyte migration from the circulation to injury sites or
modulate innate immune responsssvould be expected after wounding of any
epithelium.

Notably, though, it appears that the details of the initial inflammatory cascade
initiated by lens epithelial cells may be unique to the lens. While RNAseq
experiments testing the early stages of abrasive wound healing in mouse skin are
gualitatively conistent with our results in the lens as mMRNAs for genes involved in
the cytokine response are elevated by 12 hours post wounding, remain quite high at 24
hours post wounding, and generally fall by 36 hours post wounding, none of the six
genes that we higlghted for study in LECs (the top three most upregulated plus three
others of biological interest) were included in the top 100 changed genes in abrasive
skin wounding in mic€St Laurent et al. 2017)Further, the responses appear quite
different quantitéively as well. For instance, while CXCL1 (the most elevated gene in

LECs PCS) is also elevated after abrasive skin wounding, the response is much more
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mutated than in LECs while COX2, whose mRNA is elevated 248 fold in LECs PCS

IS not altered in skin posibrasive wounding at any time tes{&d Laurent et al.

2017) The diversity of transcriptional responses to wounding are further highlighted
by a recent paper demonstrating that human oral mucosa and skin have very different
responses to incisional wound, largely because the naive oral mucosa already
expresses many genes usually associated with inflammation, including S100A8/A9
(which are among the top upregulated genes in the injured lens epithelium, while
CXCL1 and CCL2 (other top upregulated gememjured mouse lens epithelium) do

not upregulate after mucosal injury but are upregulated 48 hours and 5 days after
incisional wounding of human skiiglesiasBartolome et al. 2018)

Notably, human LECs have been previously reported to synthesize
interleukins, prostaglandins, aCSF in culturgNishi, Nishi, and Imanishi 1992;
Dawes, Duncan, and Wormstone 2013), while the time course of inflammatory cell
arrival in the mouse eye PCS is similar to the timing of the onset of "flare plus cells"
in humandPCS(Findl et al. 2003). This suggests that the mouse cataract surgery
model used in this study may accurately reflect the ocular inflammatory response
subsequent to human cataract surgery. However, this requires confirmation as
different species can inde different inflammatory responses to the same insult
(Butler, Unger, and Grierson 1988; Laurell et al. 1997). Further, as most human
cataract surgeries are performed on the elderly, while the results presented here were
obtained on young adult mice will be important to test how age affects the post
surgical inflammatory response in the mouse model as it has been previously reported
that LECs from elderly people produce a different profile of interleukins than those

from younger individuals when culted under serusfree conditions in an in vitro
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organ culture PCO mod@éDawes, Duncan, and Wormstone 2013). Finally, little is
known about the inflammatory cell types infiltrating the human eye PCS and neither
the timing or identity of the major cytokiseipregulated by human LECs PCS are

known.

4.3.3 The possible significance of possurgical inflammation

We found that the upregulation of the innate immune response in LECs likely
occurs rapidly PCS as the levels for all of the-ppfammatory proteins testedere
elevated by 6 hours PCS, preceding the arrival of neutrophils into the eye PCS by at
least 12 hours, and the arrival of macrophages bytlwee days. Notably, we find
that inflammatory mediators upregulate at least a day prior to B@jRaling PCS,
while it is known that eyes with active inflammation (such as in uveitis) are more
prone to aggressive fibrosis PCS(Abbouda et al. 2016; Mohammadpour, Jafarinasab,
and Javadi 2007). Thuhe inflammatory response seen in LECs post wounding may
bean initator of PCO. Several prior studies have attempted to determine whether
aggressive prevention of pemirgical inflammation can ameliorate PCO, however,
the results are equivocal (Brookshire et al. 2015; Chandler et al. 2007; Zaczek,
Laurell, and Zetterstim 2004; Lois et al. 2005; Nibourg et al. 2015; Lewis 2013).
However, in each case, only a subset of theigftammatory pathways active PCS
have been targeted, so these studies do not definitively rule out the therapeutic

potential of shutting down Pd8flammation in PCO prevention.
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4.3.4 Conclusions

The past several decades have seen numerous advances in cataract surgery
techniques and intraocular lens implants which have yielded huge decreases in the
number of people suffering from blindnessv@mual disability due to catara@Ison
2018; C. M. Lee and Afshari 201 Despite these advances, psstgical
inflammation and ocular fibrosis derived from epithelial to mesenchymal transition of
residual lens epithelial cells are still significantriEns preventing ideal visual
outcomegD. Spalton 2011; Aptel et al. 2017; Sundelin et al. 2014; Wielders,
Schouten, and Nuijts 2018). Overall, this study provides new insights into the
pathophysiology of cataract s side effects andigsfihat the LECgemaining behind

following cataract surgery are signaling centers promoting PCS inflammation.
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Chapter 5

UVb8 | NT-REGBIENTIAL DRUGGABLE TARGET TO PREVENT PCO

All the contents included in this chapter are described in a manusbiigt is
under preparatiofMahbubul H. Shihan, Yan Wang, Dean Sheppard, Thomas D.
Arnold, Amha Atakilit, Nicole M. Rossi, Adam P. Faranda and Melinda K. Duncan
(2020)J V b 8 i -ra potegtial draggable target to prevent posterior capsular
opacification (PCQ) .
A provisionalpaten has been filed on December 5t
of Posterior Capsular Opacification with i
Application numberUS 62/944, 15hnd the inventors ar®ean Sheppard, Melinda
K. Duncan, Amha Atakilit & Mahbubul H. Shan

5.1 Introduction

Cataracts, a major cause of blindness worldylidie et al. 2017; C. M. Lee
and Afshari 2017)are effectively treated by surgical removal of opaque lens fiber
cells followed by implantation of an artificial intraocular lens (I@QLu etal. 2017)
However, months to years later, a significant proportion of patients experience an
apparent recurrence of their cataract as Posterior Capsular Opacification({PCO)
Michael Wormstone, Wang, and Liu 2008)CO occurs when the remnant lens
epithelial cells (LCs) left behind post cataract surgery (PCS) migrate into the optical
axis and transition into a mixture of myofibroblasts and aberrant lens fibeflcells

Michael Wormstone, Wang, and Liu 2008pproximately 25% of adults and
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veterinary patients and almost 100% of pediatric patients develop clinically significant
PCO in a few months to years PC&hihan, Novo, and Duncan 2019CO is

currently treated by Nd: YAG laser therafBeale et al. 2006; Burg and Taqui 2008;
Billotte and Berdeaux 200@hihan, Novo, and Duncan 2018jowever, Nd: YAG

laser therapy can have severe side effects, notably retinal detachohema@riar

edema while this therapy is often unsuitable/inconvenient for pediatric and veterinary
patients suggesting that prevention may be a better qfilboite and Berdeax

2004; Beale et al. 2006; Burg and Taqui 2@88)han, Novo, and Duncan 2019he

only FDA approved preventative approach for PCO utilizes specially designed
prosthetic intraocular lenses which delay, but do not prevent, the onset of PCO
(Shihan, Novpand Duncan 2019)

Transforming growth factor b (TGFb) si

{®)

epithelial to mesenchymal transition (EMT) of LCs to myofibrobléstsiongh et al.
2006) While TGFb concentration in the aqueo
of the TGFb r emai (Maiereétal 2006; dampehehat. 199Bye f or m
using a mouse cataract surgery model, pr ev
activation is not detected until 48 hr PCS, and the robust activation is seen at 3 days
PCS(Jiang et al. 2018However, themeeghni sm by whi ch TGFb si gn
activated PCS is not well understood.

Integrins, heterodimeric extracellular matrix (ECM) receptors consisting of one
Uand esabenit ére involved in cellECM attachment, cell migration, and the
transmission of traaihal forcegWalker and Menko 2009)ntegrins also cross talk
with diverse growth factor signaling pathwggeg etal. 2000) nc |l udi ng t he TC
pathway(Henderson and Sheppard 2018t is known to regulate PC@e longh et
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al. 2005) Thus integrins hae been proposed as therapeutic targets for f&Zaker

and Menko2009) Previously we showed that UV inte
TGFb pat hway me dMamuyaétalf20ld)r dNtoit @ bP@Q UV i nt
forms functionally distinct heterodimewsi t h a vari ety of b integ
five possi (bheppar200dhe egrumrsegul ated (b1, b5,
(Mamuyaetal. 20144 nd are reported to participate i
systemgMunger et al. 1999; Tatler et &011; Robertson and Rifkin 2016; Arnold et

al. 2019; N. I. Reed et al. 2015; Mu et al. 200&a&)ce each heterodimer has a

different ligand binding profile/function and is inhibited by different compounds
(RaabWestphal, Marshall, and Goodman 2Qiigd ent i fi cati on of 't he
that functions with UV integrin is critice
therapies and the investigation of the operant signaling mechanisms. Thus, in this
study, we aim to identifwitheUV sobegrintk
i n TGFb signaling mediated fibrotic PCO. \
integrin blocking antibody PCS to present possible effective therapeutics in preventing

PCO development.
5.2 Results

521 Robust expressi d@sisxdetecedBPCENt egrin by

As b5 and b6 integrin are t(Manuyaetst uUpTr €
al. 2014) and Uvb5 and CondedindibmodiséMymgerns ar e
et al. 1999; Tatler et al. 2011; Robertson and Rifkin 2016; Fontana et al. 2005), we
first characterized the role of b5 and D6

Our study reveals that both b5 ansd b6 i nt e
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morphology as WTRigure5.1) and undergo a robust fibrotic response similar as WT

at 5 d PCS ( measured by myof4dUBSrMAYI ast s me
(Figure52) (b5 null, P = 0.850; bB6G null, P = 0
b 6ntegrin is critical for PCO development.

Next, we turned our focus to Uvb8 intec
attention recentl y duuwesingmatriximetalloproteihase1l4 n T GF L
(MMP14) cofactor{Robertson and Rifkin 2016; Mu et &002a) At 0 h PCS,
remnant LCs express I|ittle b8 integrin proc
upregul ation around USMA positive remnant
and the expression reaches a robust level at 3 d PCS (Bigde(*** P < 0.001),
this time point correlates t Hlangrettbust actd.i
2018). The expression of b8 integrin prote
We further detected the expreAmalmumanof UV |
PCO sample (Figur8.3B) suggesting that UVb8 integrin
i n PCO devel opment. Thus, we decided to st
PCO. To study this, we gener at eitegnm ce conc
gene from the I ens (b8l TGcKO) by mating mi
(Proctor et al. 2005) to mice harboring the tspecific MLR10 CRE transgene
(Figure5.3C) whose activity is first detected in the lens beginning around embryonic
day 10.5 (the lens vesicle sta@e) Zhao et al. 2004). The complete deletion of the
floxed region of the b8 integrin gene was
DNA isolated from adult lenses and tails (FigbréD). Morphological analysis
reveals thaadultb8 integrin conditional knockout 8ITGcKO) mouse lenses are

transparent anshow normal lens morphology as WT (Fig&t8E)
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150 = BSITG null
= B6ITG null
BSITG null T 1004
=
50
Merge
B6ITG null Ohr5d Ohr5d Ohr5d
PCS
Figure522 At 0 h PCS, all three Mmi6¢dGCstnmuail s
express |ittle I evels of USMA protein wh
(wr, **P = 0.003; bB5I TG null, **P = 0.00
the difference of USMA upregulation at 5
bs51aell (P = 0.850) and b6l TG-lemsul I (P =

capsule, LElens cells, hhour, d day, MFF mean fluorescence intensity, PCS

post cataract surgery, Wwi | dt y p-é&,5 b3 it E@biéGn] nbegtT Gn,
scale bar72 um.Values are xpressed as meanSEM. Asterisks (*) indicate

statistically significant MFI between two PCS time points.
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Figure5:3:b 8 i ntegrinds role in the | ens deve
protein deposition around remnant LCs PC
depositionaroundLCs PCS reveals that D8 integrin

around USMA ( gnmanelL@s reaphessairoblstiegel at 3 d PCS

(***P < 0.001). Scale bar36 um. All experiments had N = 3. Values are

expressed as mean + SEM. Asterisks (*) indicate statistically significant MFI

between two PCS time points of WT. (B) A human PCO samplisgahe
expression of UV integrin (red), b8 inte
USMA (green36 Om®Rc@Ce Dbiaagram of b8 integ
the position of the loxP sites (D) PCR results from DNA obtained from 8 weeks

ol d WT T&aK lerisés land tails demonstrating successful deletion of the
floxed gene fr agment -recombinggl DNAGZIdkO | enses
unrecombined DNA). (E) A bright field, a dark field, and a2®@sh electron

microscopy grid analysis of 12 weeksoldW and b8 TGc KO | enses
b8l TGc KO |l enses are transparent and have
Scale bar10 mm. G lens capsule, Ldens cells, hrhour, d day, MFF mean

fluorescence intensity, PEBost cataract surgery, WWwildtype,b 8 | T GH K O

integrin conditional knockout, NQegative control, scale baf2 um. Values are

expressed as mean + SEM. Asterisks (*) indicate statistically significant MFI

between two PCS time points.
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522 Lenses | a&irkegrim gend shosv atfenuated fibrotic response and
proliferation while demonstrating the epithelial characteristics and fiber
cell regeneration PCS

To test whether there is any change in the fibrotic response of lenses lacking
t he b8 i nt eGKQd) the exgresgon ¢f th& dommon fibrotic markers
USMA, tenascin C and fi br ofm4d)cAsexpectadas det er
little to no USMA, tenascin C, and fibrone
(LCs) associated with either WTbr8 | TGc KO capsul ar bags at O
PCS, both WT and b8l TGcKO LCs wupregul ate &
LCs show attenuated upregulation of tenascin C (**P = 0.005) and fibronectin (*P =
0.022) protein compared to WT. WT LCs furtheregulate all three fibrotic proteins
(USMA, ***P < 0.001; tenascin C, **P = 0.0¢C
Il n contrast, b8l TGcKO LCs fail to upregul e
fibrotic response is significant comparedtoWCé& at 5 d PCS ( USMA, *
tenascin C, ***P < 0.001; fibronectin, **F
integrin from the lens inhibits fibrotic response PCS.

Since we have detected that the cells f
lost their fibrotic phenotype at 5 d PCS, next we attempted to determine the type of the
cells formed in b8l TGcKO capsular bags PCS
of a classic epithelial cell marker, E cadherin, to determine if some of the
myofibroblasts érmed at 48 hr PCS change their phenotype to an epithelial
characteristic in capsular bags of b8I TGcHKk
LCs express appreciable amounts of E cadherin at 0 h PCS (big&jeHowever,
by 48 hr PCS, E cadherin protein lesvare significantly downregulated in WT LCs
(***P < 0.001), and this downregulation is sustained through 5 d PCS (***P < 0.001).
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Il n contrast, E cadherin | evels remain unct

0.651) and 5 d PCS (P = 0.390) and E cadhetxiel$ are significantly higher in

b8l TGc KO capsul ar bags compared to WT at &

LCs |l acking b8 integrin gene can preserve
We further stained our PCS samples with aquaporin 0, a fibgregerred

membrane protejrsince some remnant LCs are known to differentiate into

structurally aberrant lens fiber cells which contribute to the development of-"pearl

like" PCO when present in the visual axis, and Soemmering's ring when restricted to

the ocular peripherfi. Michael Wormstone, Wang, and Liu 2009). Remnant LCs

from both WT and b8l TGcKO mi GdA).8xdBhress | it

PCS, some remnant LCs express aquaporin O

the expression aquapoi0 becomes more robust by 5 d PCS (aquaporin 0, WT ***p

< 0.001; b8l TGc KO **pP = 0.003) suggesting

di fferentiate into Il ens fiber cells in b8l
Besides the finding tcdntainanfix@iedfGor& O capstL

epithelial and fiber cells and less fibrotic cells at 5 d PCS, the overall size of the

capsul ar plaque appeared smaller qualitat:i

that a proliferation defect of LCs could be the reason oéfeslls formation thus

smal l er size of capsular plaque in b8I TGcHkK

which is present at all stages of the cell cycle exceptSebolzen and Gerdes 2000)

is used to study this. At 0 h PCS, remnant LCs exhibit littleotoell proliferation

(Figure5.4B). In contrast, a significant upregulation of Ki 67 staining in LCs between

O h and 48 hr PCS in both WT (**P = 0.001)

detected. However, the WT LCs show more bright signals of Ki 67 comfmared

8%



b8l TGc KO LCs at 48 hr PC®8( TGk HOIlfdate0 0 4) s L
less compared to WT LC at 48 hr PA3iis phenomenon correlates with significantly
fewer associated cell nucl ei in b8cKO caps
by ImageJ (***P < 0.001) (Figuré&.4C). Overall, these data suggest that LCs lacking
the b8 integrin gene show attenuated fibrec
phenotype, and unhindered fiber cell differentiation in response to the lens fiber cell

removal.

9C



e

c Cell counting

Temscac  Peeesstn  Ecew

] F i e

removal. (A) The deletion of the b8 inte
to the attenuated expressi o=a0.0@yfat5ady of i br o
PCS and fibrotic proteins tenascin ¢ (**P = 0.003; **P = 0.002) and fibronectin

(**P =0.022; **P = 0.005) at 48 hr and 5 d PCS compared to WT LCs. In

contrast, the epithelial cell protein E cadherin levels remain unaltered in

b 81 T Gc Kuvbilelsigndficant downregulation is seen in WT LCs at 5 d PCS

(**P = 0.005) compared to b8l TGcKO. Fibe
aqguaporin O is unhindered in b8ITGcKO ca
Appreciable numbers of bright Ki 67 positilz€s are detected in WT at 48 hr

PCS while the bright signal i's significa
(C) ImageJ reveals that the average number of nuclei associated with capsular

bags is significantly |l ess i("™P®68I TGcKO ¢
0.001). Scale baB5 um, G lens capsule, L&emnant lens cells, MFmean

fluorescence intensity, PEBost cataract surgery, tenascin C, fibronectin, E
cadherin, aquaporin 0 and Ki 67 ( red),
(blue). All expeiments had N = 3 (N=6 for figure C). Values are expressed as

mean £ SEM. Asterisks (*) indicate statistically significant MFI/nuclei per

section between WT and b8l TGcKO at a PCS

Figure54:The response of LCs | acking the b8
t
r

91



5.2.3 RNAseganalysis reveals that genes associated with fibrosis and
I nfl ammation are differentially express

To elucidate the mechani ghafforoticy whi ch D&
response PCS, RNAseq was used as a global and unbiased appidaakfy all
genes whose expression levels change in WT LCs at 24 hr PCS (a common PCS time
point when the robust upregulation of both fibrotic and inflammatory genes have been
detected at the mRNA levegldiang et al. 2018) and which of those genesyret i r e b 8
integrin for their differential expression (GSE145492). This analysis revealed that
2312 genes are expressed at significantly different levels in WT LCs at 24 h PCS
compared to 0 h PCS (1273 genes upregulated, 1039 genes downregulated) based on
criteria we set previousliang et al. 2018nd mentioned in the method section.
These differentially expressed genes (DEGSs) included many fibrotic genes that are
known to upregulate either in LCs or other systems undergoing epithelial
mesenchymal trangiin (EMT) (Table 5.1). Further, consistent with our recent report
(Jiang et al. 2018}his list of upregulated genes includes genes known to encode
inflammatory cytokines ( Table 5.2). Finally, the expression of many genes important
for lens structure anflinction downregulate in LCs by 24 h PCS as well as would be
expected in LCs undergoing EMT (Table 5.3).
Comparison of RNA expression profiles &
24 h PCS revealed that the expression levels of 828 genes that meet tlaefariteri
likely biological significanc€Manthey et al. 2014)ere significantly different. Of
these, 97 were genes that normally upregulate in WT LCs by 24 h PCS but do not in
b8l TGc KO I enses (Supplemental Table 1). FL
response by b8l TGcKO LCs RénSsassociated MtiRNA | e\

fibrotic disease exhibit attenuated upreget
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another notable subset represents the attenuated upregulated DEGs plays known roles

in inflammatory responses (Table 5.4)
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Table5.1: Genes upregulated in LCs at 24 hr PCS that are known to be involved in
fibrosis either in PCO or other systems

Gene Fold_ WT_0_Hour_Avg_ | WT_24 Hour_Avg_
ID Gene description| Change| FDR FPKM FPKM
Tnc tenascin C 175.38 | 3.92E4 1.01 176.76
gremlin 1, DAN
family BMP
Greml | antagonist 170.52 | 3.92E4 0.97 165.86
extracellular
Ecml | matrix protein 1 79.11 | 3.92E4 2.00 158.17
transforming
growth factor,
Tgfbi beta induced 47.81 | 3.92E4 5.80 277.16
Argl arginase, liver 46.89 | 1.93E3 0.59 27.82
Fnl fibronectin 1 34.21 | 3.92E4 4.71 161.08
Fbin2 | fibulin 2 28.91 | 3.92E4 1.89 54.50
secreted
Sppl phosphoprotein 1| 28.19 | 3.92E4 1.02 28.89
Itga7 integrin alpha 7 23.71 | 3.92E4 3.82 90.67
TagIn2 | transgelin 2 10.54 | 3.92E4 13.16 138.74
Nes nestin 9.71 | 3.92E4 22.12 214.74
actin, alpha 2,
smooth muscle,
Acta?2 | aorta 9.71 | 3.92E4 83.37 809.26
epithelial
membrane protei
Empl |1 9.58 | 3.92E4 4.66 44.63
WNT1 inducible
signaling pathway
Wisp2 | protein 2 9.33 | 3.92E4 1.32 12.35
Lox lysyl oxidase 9.31 | 3.92E4 0.57 5.32
integrin alpha 5
(fibronectin
Itgab receptor alpha) 9.06 | 3.92E4 7.28 65.93
epithelial
membrane protei
Emp3 |3 8.01 | 3.92E4 6.19 49.55
Thbsl | thrombospondinl 6.12 | 3.92E4 7.56 46.22
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Gene
ID

Gene description

Fold
Change

FDR

FPKM

WT_0_Hour_Avg_

FPKM

Runx1

runt related
transcription
factor 1

6.12

3.92E4

4.21

25.72

Collal

collagen, type |,
alpha 1

5.28

3.92E4

2.06

10.89

E2f1

E2Ftranscription
factor 1

3.57

3.92E4

1.66

5.94

Ltbpl

latent
transforming
growth factor betg
binding protein 1

3.51

3.92E4

31.57

110.70

Tgfbl

transforming
growth factor,
beta 1

2.70

3.92E4

21.88

59.05

Aebpl

AE binding
protein 1

3.33

3.92E4

32.16

107.15

Mmp14

matrix
metallopeptidase
14 (membrane
inserted)

2.67

3.92E4

7.80

20.81

Itgbl

integrin beta 1
(fibronectin
receptor beta)

2.58

3.92E4

69.11

178.41

Junb

jun B prote
oncogene

2.24

3.92E4

35.58

79.86

Itgav

integrin alpha V

1.89

3.92E4

49.77

93.90

Table5.2: Genes known to be involved in inflammation are upregulated by LCs at 24

hr PCS

Fold WT_0 Hour_Av | WT_24 Hour_Av
Gene Chang a_ g_
ID Gene description e FDR FPKM FPKM

S100 calcium

S100a | binding protein A9 3.92E

9 (calgranulin B) b -4 0.00 36.69
chemokine (€X-C 3.92E

Cxcl3 | motif) ligand 3 b -4 0.00 33.77
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Fold

WT_0_Hour_Av

WT_24_Hour_Av

Gene Chang a_ o_

ID Gene description e FDR FPKM FPKM
S100 calcium

S100a | binding protein A8 3.92E

8 (calgranulin A) b -4 0.00 20.44
colony stimulating
factor 3 2.76E

Csf3 | (granulocyte) 199.24| -2 0.24 47.06
chemokine (EX-C 3.92E

Cxcl5 | motif) ligand 5 140.46| -4 0.31 44.06

3.92E

Lcn2 | lipocalin 2 123.32| 4 28.66 3533.70
chemokine (&C 3.92E

Ccl6 | motif) ligand 6 4475 | -4 0.57 25.32
prostaglandin
endoperoxide 3.92E

Ptgs2 | synthase 2 29.33 -4 0.77 22.58
pentraxin related 1.05E

Ptx3 | gene 28.99 -3 1.95 56.58
chemokine (EX-C 3.92E

Cxcl2 | motif) ligand 2 11.78 -4 4.36 51.38
immediate early 3.92E

ler3 response 3 9.42 -4 4.76 44.90

3.92E

Ctsc | cathepsin C 5.02 -4 8.48 42.60
colony stimulating
factor 1 3.92E

Csfl | (macrophage) 4.98 -4 6.45 32.15
chemokine (€X-C 3.92E

Cxcll | motif) ligand 1 4.96 -4 7.18 35.62
S100 calcium

S100a | binding protein A6 3.92E

6 (calcyclin) 4.05 -4 324.59 1314.14
prostaglandin E 3.92E

Ptges2| synthase 2 3.77 -4 2.51 9.47
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Table5.3: Genes that are preferentially expressed in the lens or important for the lens
cells homeostasis downregulate in LCs by 24 hr PCS.

Fold_ WT_0_Hour_Av | WT_24 Hour_Av
Gene Chang a_ o_
ID Gene description e FDR FPKM FPKM
- 1.15E
Crygd | crystallin, gamma D | 352.63| -2 236.24 0.67
- 3.92E
Crygb | crystallin, gammaB | 280.30| -4 460.69 1.64
3.92E
Crygc | crystallin,gamma C | -75.95| -4 597.43 7.87
3.92E
Lenep | lens epithelial protein -21.99| -4 125.29 5.70
major intrinsic 3.92E
Mip protein of lens fiber | -8.58 -4 440.29 51.29
beaded filament 3.92E
Bfspl | structural protein 1 -8.55 -4 471.63 55.17
lens intrinsic 3.92E
Lim2 | membrane protein 2 | -7.69 -4 213.55 27.76
fibroblastgrowth 3.92E
Fgfl | factor 1 -6.76 -4 14.89 2.20
Cryba 3.92E
4 crystallin, beta A4 -6.70 -4 2153.80 321.65
Crybb 3.92E
1 crystallin, beta B1 -5.61 -4 1660.04 295.71
3.92E
Crygn | crystallin,gamma N | -5.53 -4 194.88 35.23
Cryba 3.92E
1 crystallin, beta A1 -5.43 -4 7251.02 1335.36
3.92E
Lctl lactaselike -4.27 -4 50.70 11.87
growth arrest specific 3.92E
Gas6 | 6 -4.04 -4 111.42 27.56
Cryba 3.92E
2 crystallin, beta A2 -3.97 -4 7397.48 1862.57
gap junction protein, 3.92E
Gja3 | alpha 3 -3.96 -4 203.81 51.49
dickkopf WNT
signaling pathway 3.92E
Dkk3 | inhibitor 3 -3.33 -4 1032.30 309.94
7.12E
Cryab | crystallin, alpha B -2.92 -3 19582.00 6705.13
tudor domain 3.92E
Tdrd7 | containing 7 -2.84 -4 96.90 34.07
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Fold_ WT_0_Hour_Av | WT_24 Hour_Av
Gene Chang a_ o_
ID Gene description e FDR FPKM FPKM
inhibitor of DNA 3.92E
Id3 binding 3 -2.66 -4 77.94 29.29
3.92E
Foxe3 | forkhead box E3 -2.34 -4 126.31 53.87
Col4a | collagen, type IV, 1.15E
4 alpha 4 -2.31 -2 194.46 84.08
Colda | collagen, type IV, 1.93E
3 alpha 3 -2.29 -3 211.67 92.42
pairedlike
homeodomain 3.92E
Pitx3 | transcription factor 3| -2.20 -4 56.28 25.63
3.92E
Prox1 | prospero homeobox | -2.15 -4 160.02 74.56

Table5.4: Genes known to be involved in fibrosis and inflammation are less

upregulated in remnant L@sf

b8l

TGcKO. at

24

hr

Fold_ WT 24 Hour A |b8I TGcKO_24
Gene Gene Chang vg_ vg_
ID description e FDR FPKM FPKM
colony
stimulating
factor 3 1.01E
Csf3 | (granulocyte) | -4.86 -3 50.87 10.47
pituitary
tumor
transforming 1.01E
Ptigl | genel -4.78 -3 11.91 2.49
myosin, light
polypeptide
kinase 2,
skeletal 1.01E
Mylk2 | muscle -4.15 -3 3.49 0.84
1.01E
Anxa8 | annexin A8 -3.87 -3 22.77 5.88
chemokine
(C-X-C motif) 1.01E
Cxcl5 | ligand 5 -3.83 -3 47.41 12.39
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Fold_ WT 24 Hour A [b8I1 TGcKO_24
Gene | Gene Chang vg_ vg_
ID description e FDR FPKM FPKM
S100 calcium
S100a | binding 1.78E
8 protein A8 -3.34 -2 21.86 6.54
pentraxin 1.01E
Ptx3 | related gene | -3.03 -3 60.89 20.12
gremlin 1,
DAN family
BMP 1.01E
Greml | antagonist -2.94 -3 178.14 60.60
1.01E
Nes nestin -2.86 -3 231.45 80.99
integrin alpha
5 (fibronectin
receptor 1.01E
Itga5 | alpha) -2.76 -3 70.95 25.72
snail family 3.07E
Snail | zinc finger 1 -2.69 -2 3.46 1.29
1.01E
Lox lysyl oxidase | -2.54 -3 5.74 2.26
S100 calcium
binding
protein A9
S100a | (calgranulin 3.33E
9 B) -2.51 -3 39.28 15.67
prostaglandin
endoperoxide 1.01E
Ptgs2 | synthase 2 -2.50 -3 24.39 9.75
matrix
metallopeptida 1.01E
Mmp3 | se 3 -2.45 -3 15.58 6.35
matrix
Mmpl | metallopeptida 4.24E
9 se 19 -2.32 -2 5.40 2.33
thrombospond 1.01E
Thbsl | in1l -2.23 -3 49.51 22.17
actin, alpha 2,
smooth 1.01E
Acta?2 | muscle, aorta | -2.18 -3 869.12 399.19
9.77E
Tnc tenascin C -1.47 -2 189.85 128.98
1.19E
Fnl fibronectin 1 -1.44 -1 172.91 119.86
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Fold

WT_24 Hour A

B8l TGCKO_24

Gene | Gene Chang vg_ vg_

ID description e FDR FPKM FPKM
integrin beta 1
(fibronectin 1.76E

ltgbl | receptor beta)| -1.31 -1 191.15 146.02
integrin alpha 3.30E

Itgav |V -1.24 -1 100.72 81.24

FDR- False Discovery Rate, Avé\verage, FPKM Fragments Per Kilobaddillion,
ndi

b i

cat es

t hat

gene appears 0 at WT 0 hour PCS

fold
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5.2.4 Defectsn TGFb si gredaeltiencgt ed i n fW8ldétieGec KO L Cs
addition of ack8IvieGcTKEF bclapsoultahre bags r e
defects

't 1 s well established thatdeldnGFeb si gnal
al. 2005). Previousywe have shown that UV integrin is
(Mamuya et al. 2014). e&Jvbi8n itnhte gadtni vhatsi dre
signaling in other systenfMu et al. 2002)while genes reported either to regulate
(gremlin-1, thrombospondii, fibronectin) or be regulated phf GF b si gnal i ng
(USMA, tenascin C), amBl@GcHO liCé (@ablecd, Figusel | vy e X
55A) . Taken all together, we next deter mine
activation in WT and b8l TGcKO LCs PCS by f
downstream of TGFb signaling). Achtivation
PCS (*P = 0.013) while this i 83BaWBsent i n ¢
LCs exhibit enhanced activation of canoni c
0.001), pSMAD2/ 3 is barely detected in b8l
significantly difeent from WT (***P < 0.001) suggest
signaling depends on the upregulation of t

As active TGFb induces |l ens cells to cc
2005) and we haveideni f i ed TGFb signaling activation
we then determined whether exogenous acti v
and fibrotic defects in b8l TGcKO. We founc
capsular bags show robust activatiop8MADS3 (***P < 0.001) and robust
expression of the fibrotic markers USMA (*
fibronectin ( *P = 0.012) and collagen | (**P = 0.003) at 5 d PCS (FigLs€) which

further confirms the chigiigmdl irrod.ea otfi Wba8Bt ii

101



pSMAD3
P

MFI

C B8ITGCKO (TGFB) a smooth muscle actin pSMAD3
Merge AT

2000 . *
2000
1500
T 1500
™
£ 1000 _
T
C £ 1000
500
> 500
0
¥

5 days PCS

Fibronectin Collagen |
000

MF1

(,*\
N

© &
© & & &
o

5 days PCS

5 days PCS

Figure5.5:The effects of an UVbHBS8 integrin blo
to TGFDb signal i ng a (A Differantiallyoerpresseddyenési br o s i
related to TGF signaling between WT andBITGcKO at 24 hr PCS. Values i

FPKM.(B) Administration of an UVBBAtontegri:r
WT inhibits the fibrotic response by LCs compared to vehicle treated WT LCs
detected by USMA (**P = 0.002), tenascin
0.001), collagen | (*P 0.019) and SMAD3 activation (*P = 0.017) at 3 d PCS,

the same response is CQletLtekeed8iI MGb&DT GC K
of fibrotic responses measured by USMA (
0.008), fibronectin (*P = 0.025), collagen | (*F0-016) and the inhibition of

SMAD3 activation (**P = 0.008) are maintained till 5 d PCS compared to vehicle

treated WT mice. Scale ba&85 um, G lens capsule, LOemnant lens cells, MFI

mean fluorescence intensity, PGSo st cat ar adBA-BWb & ery, UVD
integrin blocking antibody, pPSMAD3, tenascin C, fibronectin and collagen | (

red), USMA (green), DNA detected by Drag
N = 3. Values are expressed as mean + SEM. Asterisks (*) indicate statistically
significant MFIbeve en WT and/ or b8I1 TGcK@Aand/ or b
(Integrin Blocking Agent)) at a PCS.
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525 Bl ocking the interaction of LAP with U\
phenocopies the attenuated fibrotic res
detected in b8l TGcKO

TGFDb i s rarecells mund tds latency associated peptide (LAP) and
| atent TGFD bi nd(Rabgtsop and Rifkin 2016). @ncelth® Rtent
TGFb compl etwECGMdy hinding toenatexdibersotably fibronectin
(Robertson and Rifkin 201&hihan et al. 2020), the interaction of LAP with integrins
is proposedo be essentialfd he subsequent release of TGFI
compl ex(Robertson and Rifkin 2016). Thus,
antibodyADWA-1 1 ( U-N8A @ntegrinBlocking Agenj) that is shown to
antagonize the LAP adhesion to the UVDBS8 ir
activation(Sheppard, Atakilit, and Henderson 2020). We have found that the addition
of  UIBMirhibits the fibrotic response of LCs detectey USMA (**P = 0. O
tenascin C (**P = 0.003), fibronectin (***P < 0.001) and collagen | (*P = 0.019)
concomitant with inhibition of TGFb signal
ti me point when the robust ehRCHJiangeta. on of T
2018)) compared to WT (vehicle) (FigusebA). We have detected the same response
in b8l TGc KO5.6ACs sUulige st dBA gan bldtlatiie adiivatins
of TGFb signaling and subsequent fibrotic

Next, we t-BApravidesa dustalnadm@brotic effects PCS.
T hu s, -IBB Wds 8dministered to WT mice following cataract surgery and the
samples were harvested at 5 d PCS (the time point when the sustaingd fibro
response and TGFb s(8hihanatal 2020)).i08r ardlgsise ct ed P(
shows that up o-BAt® W, thé inhtbition of fibrotitYes@nses
measured by USMA (***P < 0.001), tenascin
0.025), collagn | ( *P = 0.016) and pPSMAD3 (downstream signaling mediator of

10¢



TGFb signaling) (**P = 0.008) is maintaine
mi mics the attenuated fibrotic 6B sponse de
Thi s s up p o-BAis capabladf maihibii®y the adibrotic effects at later

time PCS besides its ability to block the activation of fibrosis at early time PCS
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Figure5.6:The effects of an UVDHBS8 integrin blo
to TGFb stgmationg and fibrosis PCS. (A)
integrin bl oc kIBA) tpb WA mtibitstthe tbyotic (reSpariseby

LCs compared to vehicle treated WT LCs d
tenascin C (**P = 0.003), fibronectin (***P < MQ), collagen | (*P = 0.019) and
SMAD3 activation (*P =0.017) at 3 d PCS, the same response is detected in
b8l TGc KO LCs. (B) Like b8l TGcKO, 1inh
by USMA (***P < 0.001), tenasci)n C (
collagen | (*P = 0.016) and the inhibition of SMAD3 activation (**P = 0.008) are
maintained till 5 d PCS compared to vehicle treated WT mice. Scal8%pam,

C- lens capsule, L&emnant lens cells, MFmean fluorescence intensity, PCS
postcataract ur ger yBA-UONBEB8 i nt egrin bl ocking ant
tenascin C, fibronectin and collagen 1| (
Drag5/DAPI (blue). All experiments had N = 3. Values are expressed as mean *

SEM. Asterisks (*) indicate statisticalignificant MFI between WT and/or

b8l TGc KO and/ or -IBABatalIPGS.KO ( UV b 8
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526 The production of UVb8 integrin by LCs
of gremlin-1 expression PCS

To obtain further mechanistic wemsight i
l nvestigated the I|ist of genes differenti e
LCs at 24 hr PCS for those with the potent
signaling. Gremlinl, a secreted BMP antagon(Btazil et al. 2015anda profibrotic
factorthat can drivel GF b s i iglenadellf8hgan et al. 2020) is upregulated
170 fold in WT LCs at 24 h PCS and this upregulation was attenuated 3 fold in
b8l TGc KO L& 54).TGaemlink protein leved werelow in either WT or
b 8 I K@GIcCs immediately following surgery (Figure7/). By 3 d PCS, significant
upregulation of gremlirl is measured in WT capsular bags (***P < 0.001). In
contrast, both b8l TGc KQIBA) #F**PK0801)LCX002) and
show attenuated expressioingpemlin-1 at 3 d PCS compared to WT. We have
observed the similar pattern at 5 d PCS where greinfirotein levels are
significantly I ess both i n -IBAPFPFGORO (*P =
LCs compared to W{Figure 5.7B)s u g g e s t i nigtegtinfesptessionvbf I8Cs

is critical for the upregulation of gremih PCS.
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Figure5. 7: Crosstal k bet weel®PCIIMBPWTLCsnt egr i n
show the significant upregulation of gremlirprotein at 3 d PCS (***P < 0.001)

while b8l TGcKO LCs fails to do so compar
of an UVbS8 i niibedygto Whfurthdr inhébksithe gpregufation of

gremlin1 expression compared to WT (vehicle treated) (***P < 0.001). (B)

b8l TGc KO LCs s howlmdteinévels eommaced tgWe ml i n
(vehicle) (*P = 0.017) and b=BIPCTSc KO ( TGF
Like b8l TGcKO, the treatment of WT LCs w
antibody shows inhibition of gremlit levels compared to WT (vehicle) LCs (*P

= 0.022). Scale baB5 um, G lens capsule, LOemnant lens cells, MFmean

fluorescence intesity, PCSpost cat ar adBA-B\WhE & eirrnyt, e gIrVibrB
blocking antibody, gremlti (red), USMA (green), DNA de
(blue). All experiments had N = 3. Values are expressed asfeBiV.

Asterisks (*) indicate statistically significant MFlbeve en WT and/ or b 8]
and/ or b8l TGcKO ( T GBApataRCS drbaweentwb PESUV b 8
time points.



527 Upregul ation of integrins and integrin
i ntegrin mediated TGFb signaling acti ve
The crosdalk betweenintegns and TGFDb signaling i s we

(Mamuya and Duncan 201)lotably, LCs elevate the protein expression of several

i ntegrins attributed 4 nmnteghiotiaoddisegeasats
integrins PCYWalker and Menko 2009; Mamuya ét 2014; Shihan et al. 2020)

while the addition of active TGFb1l to a mc
expression PCS rescues the integrin expression and signaling(&&iéein et al.

2020) Consistent with the previous finding, we found that thetamidof active

TGFb1l to b8I TGcKO capsul ar bags can rescue
signaling (pFAK) detected in b8l TGcKO LCs
**pP = 0.010; b1l integrin **pP58).The 004; pFAE
attenuated levels of integrins and its downstream signaling molecule pFAK are also
detected HMBAWT LCBVE® mpared to WT (U5 inte
integrin **pP = 0.006; bl integrin **p = 0.
express robust levels mtegrins and pFAK at 5 d PCS (Figuse8B). We have

recorded similar findings at 3 d PCS (Figtt8A). The expression of all three

integrins and the pFAK levels are upregulated in WT LCs at 3 d PCS from 0 h PCS

(U5 integrin ***pPrR 9, ®.00Q01;UVb1 nitretge g mi rn **
**p = 0.006) . I n contrast, both b8I TGcKO (
*** P < 0.001; bl integrin ***P-<BA). O(0U5 pkF
integrin ***P < 0.001; tedfin*P xn0.00 pFAK*P* * * P <
= 0.029) LCs fail to upregulate them at 3 d PCS compared to WT LCs. Altogether, our
finding suggests that a circle of regul ati

signaling PCS.
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Figure5.8: The dynamics of integrins and integrin signaling regulation in

relationship to TGFb signaling actd.i
integrins (UV integrin, U5 integr.i
while b8l TGcKOCclo@yp afr ®idl ttoo WiTo (D& i n
U5 integrin, ***P < 0.001; bl integ
b8l TGc KO, WT LCs treated with UVDS
upregulate integrins and pFAK levels compared to WT LCs (vebicl ( UV

integrin, ***P < 0.001; U5 integrin
pFAK, *P = 0.029). (B) Compared to
integrin, **P = 0.002; U5 integrin,
**P <0.00l)andW LCs -I(BADS8(UV integrin, **
***p < 0.001; bl integrin, **p = 0.

expression of all three integrins and pFAK levels at 5 d PCS. The addition of

active TGFb1l to b8I TSGhkeki®@nuatadgnsegrinseand b
pFAK |l evels detected in vehicle tre
**p = 0.010; us5 integrin, **P = 0.0

0.001). Scale baB5 um, G lens capsule, L&emnant lens cells, MFmean

vati o
n, an
tegri
rin,
I nt eg

* * *

WT LC
* x P

=
008,

ags r
ated
02; b

fluorescence intensity, PEB o st cat ar a dBA-WB\WhH & eirrnyt, e dIrVibr8

blocking antibody, gremlti  (red), USMA (green), D
Drag5/DAPI (blue). All experiments had N = 3. Values are expressed astmean

SEM. Asterisks (*) indicate atistically significant MFI between WT and/or

b8l TGc KO and/ or b8l TGc KOIBA)at@PdSon an

between two PCS time points.

5.2.8 Fibrosis regression is observed in WT upon the additond#Vb 8 i nt e
blocking antibody at 5 days PCS

Finally, we determined itheUV b8 i ntegrin (BYBBAXI ng
canpromote fibrosis regressid?CSin addition to the prevention of PC®o study
this, three groups (each group consists of three mice at least) of willNypanice
and one group df8ITGcKO were subjected to cataract surgery and let them develop
fibrosis until 5 days PCS. At 5 days PCS, two WT mice group received one dose of
( U V-BA) while another group of WT arfl 8 | T Gmit¢e@roup received vehicle

and samples were harvested at 10 d&yS.F o study further the dosiependent
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relationship ofJ V BIBA and fibrosis regression, one group of WT mice who
previously received a single doselbl/ BIBA at 5 days PCS, received a second dose
of UV BIBA at 7.5 days PCS.he analysis revealed that the single dosé bf BIBA
significantly attenuated the expression of collageWT vs WT (U V BIBA -1 dose)
*P=0.012,WT vsb 8 | T G*K® 0.001) fibronectin(WT vs WT (U V BIBA -1
dose) P= 0.015WTvsbh 8 | T G K=®.002) tenascin@ WT vs WT ( UVbS8
IBA -1 dose) *P=0.0022 WT vs b &PEUIWL)aODthe*attivation of
PSMAD3 ( downstream of TGFsignaling)( WT v s  WTBA(-1 dok¥) B B <
0.007, WT v s b 8A=D.@®) KtQO days PCS similar a8ITGcKO while

the single dose dil V BIBA was not enough for the regressior &A protein(WT

vs WT ABAUM@EP = 0.067)while two doses o) V BIBA were able to
attenuate the expressiondfS MA p atdQ days RCBNT vs WT (U V BIBA -2
dose) *P = 0.013). Overall this suggests thétV BIBA may be used in the treatment

of fibrotic PCO in addition to the prevention of PCO development.
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WT (vehicle) B8ITGcKO (vehicle) WT (aVp8- IBA- 1 dose) WT (aVB8- IBA- 2 doses)

Merge Merge
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C
C %
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Figure5.9:The effects of the UVibfbrosisnt egrin bl

regression PCS. Administration -of an UV
IBA) at 5 days PCS significantly attenuated the expression of collagen | (WT vs

WT ( -BN#H8 dose) *P = 0.012; WT vs b8I TGecl
fibronectin  WTvsWT UV BIBA-1 dose) *P = 0.015; WT \
= 0.002), tenascilBA-CdogeWP =w0H02WITv UVbH 8
b8l TGcKO **P = 0.001) and the activation
signaling) ( WHA-Vdose)WTP <(0.007yWTBB 8| TGc KO * *

P = 0.009) at 10 days PCS simila+r as b8l
| BA was not enough for the regr+4B&sion of

-1 dose) P = 0. 0 6 7)BAwére able to attenoatedhe s e s o f |
expressifnprodt ediStM at 10 da yIBA-Pd&s)( WT vs
*P = 0.013). Scale baB5 um, G lens capsule, LOemnant lens cells, MFI

mean fluorescence intensity, PGSo st cat ar adBA-BWb & ery, UVD
integrin blocking antibody, pPSMAD3, tenascin C rbhectin and collagen | (

red), USMA (green), DNA detected by Drag
N = 3. Values are expressed as mean + SEM. Asterisks (*) indicate statistically
significant MFI bet ween WT and-ilB&)r b81 TGc
at 10days PCS.
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5.3 Discussion

The rate of posterior capsular opacification (PCO) was high among adults
(about 41% at 4 years post cataract surgery (PCS)) and young children (96% at 2 years
PCS) 30 years agMoisseiev et al. 1989). Due to the innovations of modataract
surgery and intraocular lenses of improved materials and shape, PCO rates have
decrease@Awasthi, Guo, and Wagner 2009). However, despite these preventive
strategies, PCO rates are still high among adults (28% at 5 years PCS) and children
(40% da 2 years PCY)Liu et al. 2017).YAG laser capsulotomy, the only approved
treatment of PCO has some limitations either such as the subsequent side effects and
limited availability and expertise in developing and underdeveloped couf8hésan,

Novo, andDuncan 2019). Altogether, it suggests that the additional ways are needed
to prevent PCO. Notably, the majority of the clinicians treating PCO patients think

that therapeutic measures to prevent PCO development would improve the outcome of
cataract surgergShihan, Novo, and Duncan 2019).

The study of integrins, transmembrane cell surface receptors concerning tissue
fibrosis have gained a lot of attention among cell biologists and translational
researchers for several reasons (1) fibrosis mediated orgayedamd failure are one
of the major cause of natural death worldwide while there is no effective way to
prevent or treat tissue fibrogigrban, Manenti, and Vaglio 2015R) integrins have
been proposed as important activators of Transforming growtibrface t a ( TGF b))
signaling, welestablished signaling cascade of tissue fibrosis and ([d€®ngh et
al. 2005; Robertson and Rifkin 2016; Sheppard 20@))integrins have been
proposed as therapeutic targets in relationship to organ fibrosis anddise&ses
and several integrins blocking agents are under of the clinical Wealker and

Menko 2009; Gonzale3alinas et al. 2018; Schnittert et al. 201&nong all the

11¢



integrins, UV integrins class arfe particul
integrins has shown to ameliorate tissue fibrosis in several ofgenslerson and

Sheppard 2013) Pr evi ously, we have found that th
lens protects the lens cells from undergoing epithelial mesenchymal transition (EMT)

ad we have also identified thaMamlyg€&b si gna
al.2014) However, the missing piece is that w
i ntegrin in this process since more than c
U Mntegrin are upregulated by LCs PQ8amuya et al. 2014)

To solve this puzzle, we have character
and b8) due to their potenti al role to par
fibrosis in other organ@ungeret al. 1999; Tatler et al. 2011; Mu et al. 2002a)

Al t hough UVb1l integrin is r(N.pReedeeal t o pl ay
2015) our study did not characterize the ro
we have previously shownthath e b1 i ntegrin is essenti al
and homeostasis while adult b1l integrin nt
microphthalmic/anophthalmi@athania et al. 2016; Scheiblin et al. 2014; Wang et al.

2017) an eye not suitable for cataract surgery model.

The characterization of b5 and b6 null
reveal that b5 an dalfér@6broticiPC@ ghisvasissrprigimge not cr
us However, we dug into literature and found tfigtthe developmental and anti
infl ammatory roles of UVB5 and (Sbegga® i ntegr
2004; Mohazab et al. 2013; Koivisto et al. 20C8auss et al. 201%)2) UVb5 and
UVb6 integrinds association in re{(Xationshi

Huang et al. 2000; Henderson and Sheppard 2013; B. Wang et al. 2003 )we
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turnedonat t enti on t o UVDb 8has gainesl g Iotiofratteatisn latelyi s i n
due to its ability to participate in tissue fibrosis and inflammation and its unique

mechani sm t o actbyecdiabaating Gith @ofastor gnenddanen g

type matrix metalloproteinase 1 (MAMMP/MMP14) (Arnold et al. 2019; Mu et al.

2002a; LakheReddy et al. 2014; Fenton et al. 2017; Melton et al. 2010; Greenhalgh et
al.2019)Thus, we comprehensively characteri zec
mesenchymal transition PCS. We took advantagegtdbal approachRNA

sequencingand three different experimental designs were employed to characterize

the role of UVb8 integrin in PCO. Firstly,
gene from the |l ens (b8l TFcKO)arsince b8 int
mor phogenesis and del et i o fProotdrethbl.2006;nt egr i n
Zhuetal.2002) The characterization of b8l TGcKO
(LCs) by RNA seq, ImmunofluoresceribrageJquantificationreveals that the

deletonofb 8 i ntegrin from the |l ens attenuates
signaling PCS. Notonly haweed et ect ed t hat the TGFb signa
proteins regulateBSCby t hi's signaling (USMA and tena
expressed in, bBUtTGxlIKOo LLsme of the regul at
fibrosis (fibronectin and collagen 1) are significantly attenuated at the protein levels

and lost their fibrillar structure, a prerequisite to regulating fibrotic matrix assembly

and | at e n textdih@ring(Shibam eill 2020; Barker and Engler 20both
mechani sms are critical for t lfRebedsanbsequent
and Rifkin 2016; Shihan et al. 202®esides, we show that gremlin an agonist of

TGFb s i(8hhanléeal.2@0)and a potential mediator of PGShihan et al.

2020; Maetal. 20199 s under the regulatory control (o

11¢



significant in the | ight of B8 intlegrinds
has been proposed to play fibrotic role at later timePCS(Shihan et al. 2020)Ve
have also detected proliferation defects amdtention oepithelial cell phenotype in
b8l TGc KO capsul ar bags which is further ¢
suggest t heapressingafartsgemic/mace show the downregulation of E
cadherin and other epithelial cell markers in (@s longh et al. 2005; F. J. Lovicu et
al. 2004)

The feedforward mechanism between UV i
definedin multiple systemgMamuya and Duncan 2012}onsistent with this, we
found that | enses | acktheexprebsbndiNt eybj nahndi
b1 i mstamdgKFAK levels PCS. This finding adds further significance concerning
t he r ®ihtegrinonfPC® since all three integrins have been implicated in tissue
fibrosis either by activating the TGFb si
(Shihan et al. 2020; Henderson and Sheppard 2013; Singh, Carraher, and
Schwarzbauer 2010hencetargt i ng UVDH8 woul d suffice to
mediated by other integrins

Since we have detected that canoni cal
mediated fibrotic PCO, our next approach was to perform rescue experimitbntivo
TGFb Imgagoniat§ act i ve T GF b-1- byaaddohg tigem ¢orthe i n
capsul ar b a gmice 8y doifig&d, WeGverk @ble to generatebust
fibrotic response, TGFb signaling activat.
further confirms thatthedctv at i on of TGFb signaling is t
i ntegrin mediated fibrotic PCO. Finally,

antibody (ADWA-11) in our in vivo mouse cataract surgery model. AD\MAhas

11¢



been shown to prevent the adhesionof tKAB UVb8 i ntegrin, a crit
active TGFb f r o(@heppard, Athkditt amchHendersom3D2480e x
we were able to phenocopy the attenuated f
inhibited integrin expression by LCs detecte®i8 | TGc KO LCs. This fin
particularly significant as currently there is no pharmacological agent available to
prevent the PCO development where our preclinical study offers a possible therapeutic
target and its promising inhibitor in PCO preventiSimce this blocking antibody
seems to both prevent the initiation of PCO, and we observed little fibrotic tissue at
later stages, this suggests that blocking the initial wound healing response could be
effective inpreventing fibrotic PCO long term. his providesfurther added value in
the light of PCO prevention as myofibroblasts can survive for years lafigering
PCOwhich results inclinically significant vision impairmentShirai et al. 2004)in
addition totheroledd Vb 8 i nt e gr bady (ADWAAR in ogking thet i
initial wound healing response, we further observed that it may play in role in fibrosis
regression PCS suggesting that ADWYA could be used to treat fibrotic PCO in
patients in addition to its role as preventing fibrotic?C

In summary, our study provides a novel therapeutic target to prevent PCO and
the effectiveness of a blocking agent to target it (Figut6). As MT1-MMP has been
i mplicated as a cnoefdaicatoerd oT GRIbebaBRA02hvt aetgir d m
andsanttMMPs i nhi bitors can prevent TGFb regu
cataracts and other fibrotic like conditiofiSelds 2019; Dwivedi et al. 2008)e
further propose to study the roleof MMMP i n | ens EMT as dual b
integrin and MTIMMP may further improve thPCO preventive approach.
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Figure5.10: Foll owing cataract surgery, the s
tethered on to the extracellular matrix (ECM) by fibronectin fibrils leading to the
binding of latencyassociated peptideL AP) of | atent TGFb com

integrin. This binding may make LAP more accessible to proteases, such as
membrandype matrix metalloproteinase 1 (MAIMMP), that cleave LAP and

release the active growth factor for its availability to bindingd@eceptors.
Activation of TGFDb signaling | eads to th
fibronectin, integrins, and profibrotic factor gremlinall of which in turn may
contribute to maintaining the TGFb signa
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Chapter 6

FIBRONECTIN HAS MULTIFUNCTIONAL ROLES IN PCO

All the contens included in this chapter are described in a manuscript entitled
Mahbubul H. Shihan, Mallika Kanwar, Yan Wang, Erin E. Jackson, Adam P. Faranda
and Melinda K. Duncan (2020)Fi br onect i n has multifunctio
capsul ar opacification (PCO)O6 Mat+ix Bioloc
108

Thi s paper i s voted as Carsond6s Best Gr

2020 by the Department of Biological Sciesc€&he University of Delaware.

6.1 Introduction

Fibronectin, a structurally complex extracellular matrix (ECM) protein, is
essential for diverse physiological processes such as blood coagulation, opsonization,
and embryogenes(8lumenstock et al. 1986; ErikseEspersen, and Clemmensen
1984; Mezzenga and Mitsi 2019; Czop 1986; Astrof, Crowley, and Hynes 2007;
Elizabeth L. George, Baldwin, and Hynes 1997; E.L. George et al..1®83na
fibronectin is a compact, soluble protein produced by the liver thagsept at high
levels in body fluid§To and Midwood 2011)Tissue fibronectin, which is produced
locally in tissues, is an alternatively spliced isoform of fibronectin possessing a more
open conformation that allows it to assemble readily into insolutaisfi
(Schwarzbauer 1991; Mezzenga and Mitsi 2019; Paul et al. 1986; To and Midwood

2011) Fibronectin is known to concentrate at sites of wound healing and tissue repair



(Lenselink 2015; Yamada and Clark 1988; CLARK 1983; Clark 1,98bijle chronic
fibronectin deposition is a feature of numerous fibrotic dise@degzenga and Mitsi
2019; Lenselink 2015; Walraven and Hinz 2018; Stoppacciaro et al. 2008; Altrock et
al. 2015; Mamuya et al. 2014)

Plasma fibronectin complexes with fibrin immediately aftéaneous
wounding to form the early provisional ECM necessary for primary wound closure
(Barker and Engler 2017)ater, fibronectin is produced locally at the wound site as
part of the late provisional matrix, which is then remodeled to facilitate thenblyse
of secondary scars rich in collagezhang et al. 2014 )ibronectin fibrils also serve
as an extracellular depot for numerous growth factors, suggesting that fibronectin
could play multifunctional roles in the wound healing response and fibregasks
(Fontana et al. 2005; Zollinger and Smith 20T#)e importance of fibronectin in
wound healing and fibrotic diseases has been confirmed in vivo using mice lacking the
EDA exon which is often included in tissue fibronedfifuro et al. 2003; Stenzet
al. 2011; lwasaki et al. 2016; Moriya et al. 201dany of these in vivo studies
suggest that fibronectin deposition drives fibrosis in their system. However, these
studies only explore the function of one form of fibronectin produced by wounded
tisste and do not typically explore other fibronectin functions such as its tethering of
latent transforming growth facdret a ( TGFb) to the ECM, whic
Ssubsequent activation of TGFb, suggesting
study of theole of fibronectin in wound healingyega and Schwarzbauer 2016;
Vogel et al. 1990; Kumra and Reinhardt 2016; Lenselink 2015)

Cataracts, a major cause of blindness worldidw®irallah et al. 2015; Liu et

al. 2017; C. M. Lee and Afshari 201 3&re effetively treated by surgical removal of

12C



opaque lens fiber cells followed by implantation of an artificial intraocular lens (IOL)

(Liu et al. 2017) However, months to years later, a significant proportion of patients

experience an apparent recurrence af ttetaract as Posterior Capsular Opacification

(PCOJ)I. Michael Wormstone, Wang, and Liu 2009; Awasthi, Guo, and Wagner 2009;

Vasavada and Praveen 2014; Julia M. Marcantonio and Vrensen P@39)occurs

when lens epithelial cells (LCs) left behind postacact surgery (PCS) migrate into

the optical axis and transition into a mixture of myofibroblasts embedded in a fibrotic

ECM, and aberrant lens fiber ceflsMichael Wormstone, Wang, and Liu 2009)
Transforming growth f agotioducerbftheT GFb) si

epithelial to mesenchymal transition of LCs to myofibroblasts expressing numerous

"fibrotic" markers, including fibronecti(fDawes et al. 2008; Gyorfi, Matei, and

Distler 2018) However, the function of fibronectin in the pathogenesis of fibrotic

PCO is unclear. In a mouse cataract surgery model, fibronectin mRNA levels

upregulate in remnant LCs by 24 hours PCS, and fibronectin fibrils are first detected

around LCs expressingdfir ot i ¢ mar ker s such (MaswydJeS MA by 4

al.2014) coincident with the onset of detecta

suggest that fibronectin is a negative regulator of posterior capsular wrinkling in PCO

(Dawes et al. 2008)Ithoughdisruption of fibronectin assembly attenuates LC

conversion to myofibroblasts in cultuf&wari et al. 2016)Most recently, it was

reported that exposure of cultured chicken LCs to plasma fibronectin (as would occur

after cataract surgery) ledtotheiastat i on of the | atent TGFb I

endogenously by cultured cells, indicating that fibronectin plays an important

mechanistic role in PCO pathogend&ianSlyke, Boswell, and Musil 2018)
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However, the function of the cellular fibronectin producethaomously by remnant
LCs in vivo PCS is not well understood.

Here, we deleted the fibronectin gene from the lenses of adult mice and
evaluated how this deletion affects the response of LCs to a lens fiber cell removal
operation that models cataract suygd his study reveals, for the first time, the
multifunctional roles that cellular fibronectin plays in PCO pathogenesis and adds to
our understanding of how fibronectin can contribute to the pathophysiology of fibrotic

disease.

6.2 Results

6.2.1 Deletion of the fiboronectin gene from the lens does not affect the later
stages of lens development, while fibronectin protein expression increases
during PCO progression

Fibronectin deposition around remnant lens epithelial cells (LCs) has long
been a known feature of PG{Dd thus is often used as a "readout"” for the progression
of PCO in experimental mode|Shirai et al. 2004; Frank J Lovicu et al. 2002; de
longh et al. 2005)We previously reported that fibronectin mRNA levels upregulate in
a mouse model of cataract serg by 24 hours after fiber cell removal (post cataract
surgery (PCS)), while cell associated fibronectin protein deposition can be detected
around the remnant LCs by 48 hours R@@&amuya et al. 2014; Jiang et al. 2018)
Consistent with this, here we foutttht fibronectin protein (red) is not readily
detected around the remnant LCs at either the time of surgery (0 hr PCS) or 24 hours
later (24 hr PCS) by immunofluorescence (IF) confocal imaging (F&wre,
although some fibronectin is associated with éixternal surface of the lens capsule as

previously reporte@amuya et al. 2014 Cellassociated fibronectin (highlighted
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with arrow) is first detectable around
remnant LCs (green) at 48 hours PCS, and thissispo greatly increases by 5 days
PCS (Figures.1A). In addition to that, IF reveals all the classic features of fibrotic
tissue in our cataract surgery model at 5 days PCS such as the absence of a normal
cuboidal monolayer of epithelial cells, presentenaltilayered spindleshaped cells

and capsular wrinkling as previously descrilfddles, Chamberlain, and McAvoy

1995)

In order to test the function of fibronectin in PCO, we generated mice
conditionally lacking a functional fibronectin gene from teed (FNcKO) by mating
mice carrying a floxed fibronectin alle{(8akai et al. 2001 mice harboring the lens
specific MLR10 CRE transgene (FiguBd B, left) whose activity is first detected in
the lens beginning around embryonic day 10.5 (the lensleetageH. Zhao et al.
2004) The complete deletion of the floxed region of the fibronectin gene was
confirmed by PCR analysis of genomic DNA isolated from adult lenses (FédiBe
right). FNcKO lenses are transparent under dark field imaging (F&L@: A, B) and
have refractive properties similar to wildtype (WT) lenses ((Figut€- C, D), while
hematoxylin and eosin (H&E) staining demonstrated that both WT (F&glee E,

G) and FNcKO lenses (Figu6elC- F, H) exhibit similar morphology. Thigverall
study suggests that fibronectin does not play a crucial role in regulating the structural
properties of the adult lens.

To gain further insight into the role of fibronectin in adult lenses, RNA
sequencing (RNAseq) was done on adult WT and FNa{@ds, and the results
submitted to the Gene Expression Omnibus (GEO) under accession number

GSE119878. A total of 195 genes exhibited a statistically significant False Discovery
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Rate (FDR) O0OO0.05; Fold change (FC)esbet weer
of > 2 or <-2. However, only 121 of these genes met the criteria we have developed to

Il dentify biologically significant differer
FC > 2 or <-2; an absolute difference in group means > 2; and an expréssabrat

least 2 Fragments Per Kilobase Million (FPKM) for at least one conditManthey,

Terrell, Lachke, et al. 2014)Notably, the FN1 (fibronectinl) gene which was deleted

in this experiment did not make the list of "significant” differentially esged genes

because it is only expressed at very low levels (0.3 FPKM) in the unoperated adult

lens. Analysis of these data for differentially expressed cellular components and

pathways using iPathway guide (Advaita Corporation) revealed that the most

significant gene ontology (GO) term calculated for the differentially expressed genes

was "proteinaceous extracellular matrix" (p < 5.4 X 108; data not shown), which

included the upregulated genes Colla2, Col9al, Col9a2, and Col18al, and the
downregulated geseCol6a2 and Col6a3 (Supplemental TakB3, although in all

cases the expression levels are low, and/or the fold changes modest.
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Figure6.1: Fibronectin protein is not required for lens transparency, but deposits
aroundremnant LCs PCS. (A) Dynamics of fibronectin protein deposition around
remnant LCs PCS. At 0 hour PCS, little to no fibronectin is associated with

remnant LCs, although the outer surface of the lens capsule is fibronectin positive

(red). Fibronectinstartso deposit around USMA positiv

hours PCS (arrow), and this deposition is more marked at 5 days PCS as PCO
progresses. Fi bronectin (red), USMA
Scale bar35 pm, G lens capsule, LOemnant lensells. (B) Deletion of the
fibronectin gene from the developing lens. Diagram of fibronectin gene locus
showing the position of the loxP sites (left) and PCR results from DNA obtained
from 9 week old control (wildtyp&/T) and FNcKO lenses demonstrating
successful deletion of the floxed fibronectin gene fragment in FNcKO lenses
(right). (C) FNcKO lenses are morphologically similar to WT lenses. A dark field
image showing that 9 week old WT (A) and FNcKO lenses (B) are both
transparent; 208nhesh electron mroscopy grid analysis of 12 week old WT (C)
and FNcKO lenses (D) showing that fibronectin null lenses have refractive
properties similar to WT; Hematoxylin and eosin (H&E) staining showing the
anterior epithelium of 9 week old WT lens (E) and FNcKO lensHIi&E

staining showing the transition zone of a 9 week old WT lens (G) and FNcKO
lens (H) showing that FNcKO lenses are structurally normal although FNcKO
fibers may stain more intensely with Eosin than WT. Abbreviationdehes
epithelium, f- lens fiker cells, tz transition zone. Scale bar Panels A, BOmm;
Panels C, B 0.5 mm; PanelsE, F,G,HL 50 & m.
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6.2.2 Fibronectin is essential for prolonged cell proliferation and fibrotic
responses post cataract surgery (PCS), witlbronectin null lenses
retaining epithelial characteristics, and undergoing unhindered fiber cell
regeneration PCS

To test whether there is any change in the fibrotic response of lenses lacking

the fibronectin gene (FNcKO), the expression of the comnmonfot i ¢ mar ker

U

smooth muscle actin (USMA) was deter mi ned

62A). As expected, little to no USMA prote

either WT or FNcKO capsular bags at 0 hour PCS. By 48 hours PCS, boaimdVT
FNcKO remnant | ens cells exhibited detec
which was significantly elevated by 3 days PCS (WT, **P < 0.001; FNcKO, ***P <
0.001). This fibrotic response is sustained until 5 days PCS in WT LCs (0 hour vs 4

days PCS*P = 0.011; 0 hour vs 5 days PCS, *P = 0.013). In contrast, lens capsular
bags from FNcKO mice have significantly
compared to WT by the fourth day PCS (***P < 0.001), and this reduction persists at

5 days PCS (***P <0.001). Overall, FNcKO capsular bags exhibit a significant

reduction in USMA staining between 3 and

t

f

~

C

true at 5 days PCS (***P <0.001) (Fig2 A) . The significant red

protein levels in FNcKO LCs compad to WT at 5 days PCS was confirmed by flow
cytometry of LCs isolated from dissected lens capsular bags (**P = 0.005) (Figure
6.2A and Supplemental FiguBl). Not only do FNcKO capsular bags have fewer
USMA positive cell s t hlantheWeralsigenttheol s a't
capsular plaque appeared smaller.

Next, we determined whether the qualitative reduction in plague size observed

in FNcKO eyes at 5 days PCS reflected differences in cell number by quantitating the
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number of cell nuclei assocst with capsular bags at different times PCS and
comparing that with the number of cells in the cell cycle as measured by staining for
the proliferation marker, Ki67 (Figu&2A) which is present at all stages of the cell
cycle except GQScholzen and Gdes 2000)At 0 hour PCS, remnant LCs exhibit

little to no cell proliferation. However, a sharp increase in the Average Number of
Nuclei (ANN)/section is seen at 48 hrs. PCS which becomes statistically significant at
3 days PCS for both WT (***P < 0.001d FNcKO (***P < 0.001) (Figuré.2A)

capsular bags. This finding correlates with a significant upregulation of Ki67 staining
in LCs between 0 hour PCS and 48 hours PCS in both WT and FNcKO LCs (***P <
0.001 for both) which is sustained at 3 days PCS (%*®.001 for both). However,

while the average number of nuclei detected per section remains steady in WT eyes at
4 days PCS (P=0.717), it is significantly decreased in FNcKO capsular bags at (**P =
0.003) leading FNcKO capsular bags to have significdatiyer associated cell nuclei

at 4 days PCS compared to WT (***P < 0.001). This phenomenon correlates with the
significant attenuation of LC proliferation between 3 and 4 days PCS (**P = 0.007)
that appears more pronounced in FNcKO LCs (**P < 0.001). days PCS, WT
capsular bags have significantly more associated cell nuclei than 4 days PCS (***P <
0.001), while this was not seen in FNcKO capsular bags (P = 0.712), leading the
FNcKO capsular bags to have significantly fewer associated cell nuclei thixolso

at 5 days PCS (***P < 0.001However, quantification of the Ki67 staining did not
reveal a statistically significant difference between WT and FNcKO capsular bags (4
days PCS, P = 0.308; 5 days PCS, P = 0.310) largely due to the small numbé of Ki
positive cells associated with capsular bags after 3 days PCS leading to variability in

the measurements. However, these data in aggregate suggest that fibronectin is



essential for the lonterm, but the not initial, fibrotic response of LCs to cataract
surgery.

As fewer USMA positive myofibroblastic
capsular bags compared to controls at later time PCS, we attempted to determine the
fate of the USMA expressing LCs that were
3 daysPCS. First, we determined if these cells are lost by apoptosis as this has been
seen in the | ens under some pathol ogical ¢
(Maruno et al. 2002However, staining with cleaved caspase 3, a marker of
conventional apopsis, did not reveal any apoptotic cell death in either WT or
FNcKO LCs at any time PCS tested, while tissue samples known to exhibit apoptosis
stained appropriately (data not shown) suc
from the FNcKO capsulardyg after 3 days PCS was not caused by apoptotic cell
death.

After cataract surgery, some remnant LCs are known to differentiate into
structurally aberrant lens fiber cells which contribute to the development of-"pearl
like" PCO when present in the visuadis, and Soemmering's ring when restricted to
the ocular peripherfi. Michael Wormstone, Wang, and Liu 200%hus, it is possible
that the myofibroblasts formed in FNcKO capsular bags may transdifferentiate into the
lens fiber cells after 3 days PCSerRRnant LCs from both wildtype (WT) and FNcKO
mice express little protein for either the transcription factor cMaf, which controls lens
fiber cell differentiationCvekl and Zhang 201 9r aquaporin 0, a lens fiber cell
preferred membrane protdiindhu Kumari et al. 2015)immediately PCS (Figure
6.2B and Supplemental FiguB2). By 48 hours PCS, some remnant LCs express

cMaf and aquaporin 0 in both WT and FNcKO eyes, and the expression of these lens
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fiber cell markers become more robust by 5 days PCSpaqun 0, WT **P = 0.002;
FNcKO *P = 0.032) suggesting that fiber cell differentiation is unhindered in FNcKO
capsular bags (Figu@2B and Supplemental FiguB®).

Finally, we followed the expression of a classic epithelial cell marker, E
cadherin(F. J.Lovicu et al. 2004)to determine if some of the myofibroblasts convert
back to an epithelial phenotype upon the deletion of fibronectin PCS. As expected,
both WT and FNcKO lens cells express appreciable amounts of E cadherin at 0 hour
PCS (Figures.2B). However, by 48 hours PCS, E cadherin protein levels are
significantly downregulated in both WT and FNcKO capsular bags (WT *P = 0.019;
FNcKO ***P < 0.001). However, while this downregulation is sustained through 5
days PCS in WT lens cells (0 hour vs ysl®CS **P = 0.004), E cadherin protein
levels significantly upregulate in FNcKO capsular bags between 48 hours and 5 days
PCS (**P = 0.003). This results in E cadherin levels being significantly higher in
FNcKO LCs than WT controls at 5 days PCS (***P .0@L) (Figures.2B). Overall,
these data suggest that mesenchymal to epithelial tran@Nelts, Yates, and
Shepard 2008perhaps associated with reductions in cell proliferation and increases
in lens fiber cell differentiation, may lead to the obserae#t of sustained fibrotic

response in FNcKO capsular bags at 5 days PCS.
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Figure6.2: The response of LCs lacking the fibronectin gene to lens fiber cell

removal. (A) Neither WT nor FNcKO LCs exmedetectable levels of the
proliferation mar ker Ki 67 or the common
(USMA) i mmedi ately PCS. By 48 hours PCS
positive LCs are detected in both WT and FNcKO capsular bags (WT ***P <
0.001;FNcKO ***P < 0.001), and this is sustained at 3 days PCS (WT ***P <

0.001; FNcKO ***P < 0.001). However, while the number of Ki 67 positive WT

LCs was qualitatively attenuated by 4 days PCS, this effect is more prominent in

FNcKOs which exhibit few to n&i 67 positive LCs at either 4 or 5 days PCS [3

days vs 4 days PCS, WT **P = 0.007; FNcKO ***P < 0.001) (3 days vs 5 days

PCS, WT **P = 0.004; FNcKO ***P < 0.001)] although mean fluorescence

intensity (MFI) of Ki 67 staining determined by Image J is natistically

significant (T= 4 days PCS, P = 0.308; T=5 days PCS, P = 0.310) between WT

and FNcKO. A sharp increase in the average number of cell nuclei associated

with capsular bags is seen at 48 hrs. which becomes statistically significant at 3

days PCSn both WT LCs (***P < 0.001) and FNcKO LCs (***P < 0.001).

However, while the average number of nuclei associated with capsular bags is

reduced in both WT (**P = 0.003) and FNcKO LCs beginning at 4 days PCS, this
decrease is more pronounced in FNcKO LE€%R < 0.001). At 5 days PCS,

while WT capsular bags have an increase in the average number of nuclei

detected compared to 4 days PCS (***P < 0.001), FNcKO capsular tissue fail to

greatly expand the average number of nuclei between 4 and 5 days PCS (P =

0.712), leading 5 days PCS FNcKO capsular bags to have significant reductions

in total nuclei count (***P < 0.001) compared to control. Similarly, both WT and
FNcKO LCs begin expressing elevated amou
PCS, and this becomes quit®minent by 3 days PCS (WT ***P < 0.001,

FNcKO ***pP < 0.001) . However, while USMA
days PCS in WT capsular bags (*P = 0.013
detected in FNcKO capsular bags at either 4 days (***P < 0,@®5 days PCS

(***P < 0.001). FACS analysis further supports the finding that FNcKO LCs
express |less USMA protein at 5 days PCS
(red), USMA (green), DNA detected by Dr a
remnant lens ck; C, lens capsule. All experiments had and N = 3 except the cell

counting analysis where N=6. Values are expressed asxrfeaN. Asterisks (*)

indicate statistically significant changes between WT and FNcKO LCs at a time

PCS or between two PCS time psin(B) Neither WT nor FNcKO LCs express

detectable protein for the fiber cell marker cMaf immediately PCS, however, by

48 hours PCS, some of the remnant cells found in both WT and FNcKO capsular

bags PCS are strongly cMaf positive which is maintained biakays PCS.

Although the remnant cells of FNcKO qualitatively express more cMaf protein

both at 48 hours and 5 days PCS compared to WT, this is not statistically

significant (T= 48 hours PCS, P = 0.269; 5 days PCS P = 0.851). cMaf (red),
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DNA detected bypraqg5 (blue). In contrast to cMaf, both WT and FNcKO lens
cells express appreciable levels of E cadherin, an epithelial cell marker at O hour
PCS. However, by 48 hours PCS, E cadherin protein levels are downregulated in
both WT and FNcKO capsular bags (WP, = 0.019, FNcKO, **P < 0.001)

and this downregulation continues at 5 days PCS in WT lens cells (**P = 0.004).
In contrast to WT, E cadherin protein levels upregulate in FNcKO capsular bags
between 48 hours and 5 days PCS (***P < 0.001). All experinteadN = 3.

Values are expressed as med®EM. Asterisks (*) indicate statistically

significant MFI between WT and FNcKO at a PCS or between two PCS time
points.

6.2.3 RNAseq analysis revealed that WT LCs exhibit elevated mRNA levels for
genes known to play roés in fibrosis and inflammation, and reduced
expression of lens markers, at 48 hours PCS, while only a small subset of
these expression differences is altered in FNcKO LCs

In order to elucidate the mechanisms by which fibronectin mediates the
prolonged filbotic response PCS, RNAseq was used as a global and unbiased approach
to identify all genes whose expression levels change in WT lens epithelial cells (LCs)
by 48 hrs. post cataract surgeB/CS (t he ti me point when canc
is first detecible in LCs PCS{Jiang et al. 2018knd which of those genes require
fibronectin for their differential expression PCS (data deposited into the Gene
Expression Omnibus (GEO) under accession number GSE119879). This analysis
revealed that 2507 genes ar@mssed at significantly different levels in WT LCs at
48 hours PCS compared to 0 hours PCS (1569 genes upregulated, 938 genes
downregulated) based on criteria that we have previously found to filter for
biologically significant gene expression changelemns cells (False Discovery Rate
( F D R0.05;®old Change (FC) in mRNA levels greater than 2; an absolute
difference between group means > 2 RPKM (Reads Per Kilobase Million); expressed
higher than 2 RPKM either immediately PCS or 48 hours |@taihthey Terrell,

Lachke, et al. 2014As expected, these differentially expressed genes (DEGS)
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included many fibrotic genes that are known to upregulate in LCs undergoing EMT
(Table6.1) as well as other genes known to be involved in fibrosis in other systems,
but unreported or poorly described in PCO (T#&®. Further, consistent with our
recent report describing gene expression changes observed in LCs at 24 hours PCS
(Jiang et al. 2018)he most enriched biological pathway in WT LCs at 48 hours PCS
identified by iPathway guide corresponds to cytokageokine receptor interactions
which included numerous known inflammatory proteins (T&dB many of which
are also upregulated at 24 hours R@i8ng et al. 2018Finally, the expression of
many genegmportant for lens structure and function downregulate in LCs by 48 hours
PCS as well as would be expected in LCs undergoing EMT (Bafjle

Comparison of RNA expression profiles between WT and FNcKO LCs at 48
hours PCS revealed that the expressioni$e»e89 genes that meet the criteria for
likely biological significance (False Discovery Rate (FDR) correctedlpe < 0.05,
Fold Change (FC) O 2, Reads Per Kilobase N
different. Fifteen DEGs overlapped with the tidtgenes that were differentially
expressed between unoperated WT and FNcKO lenses, leaving 74 DEGs differentially
expressed in FNcKO lens cells at 48 hours PCS (Supplemental A2blef these, 4
were genes that normally downregulate in WT LCs by 48hB@S but do not in
FNcKO lenses, while 59 were genes that normally upregulate in remnant LCs whose
upregulation was attenuated in FNcKO LCs (Supplemental Pehld5). Further,
consistent with the muted fibrotic response that LCs from FNcKO lenses onderg
PCS, the mRNA levels of several genes associated with fibrotic disease exhibit

attenuated upregulation in FNcKO LCs at 48 hours PCS (Bablewhile another
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notable subset of attenuated DEGs plays known roles in inflammatory responses

(Table6.6) PCS.
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Table6.1: Known markers of LC EMT upregulated in remnant LCs at 48 hours PCS

Gene ID | Gene description Fold False discovery | WT WT
change| rate (FDR) RPKM | RPKM
(FC) O hour |48
hours

Tnc Tenascin C 116 7.8E44 1 156

Collal | Collagen, type |, alphal 83 2.1E42 0.82 79
1

MMP9 Matrix 70 7.4E14 0.47 40
metallopeptidase 9

Fnl Fibronectin 1 53 1.3E44 2 135

Tgf bilTGFb i nduc]|42 5.7E52 7 359

Itga5 Integrin alpha 5 7 5.1E24 6 50

Acta2 Alpha smooth muscle | 4 3.3E08 74 380
actin

T g f b r| Transforming growth | 3 3.4E07 3 10
factor, beta receptor Il

T g f b 1 Transforming growth | 3 6.1E08 32 99
factor, beta 1

Mylk Myosin light chain 3 0.001 1.75 7
kinase

Greml Gremlin-1 380 1.6E40 1.4 642
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Table6.2: Genesupregulated in LCs at 48 hours PCS that are known to be involved in
fibrosis in other systems, but are unreported, or only poorly described, in

PCO.
Gene Gene description Fold False WT WT
ID change discovery | Mean Mean
(FC) from rate RPKM RPKM
WT 0 hour | (FDR) 0 hour 48 hours
to WT 48
hours PCS
in LCs
Argl Arginase 411 8.2E81 0.38 185
Sppl Osteopontin 126 9.2E76 3 461
ECM1 extracellular matrix 85 8.9E68 4 425
protein 1
Lox Lysyl oxidase 44 5.0E78 0.47 24
Thbsl | Thrombospondin 1 23 9.4E22 3 85
Tagln Transgelin 17 5.2E44 6 119
Postn Periostin 5 3.8E10 3 19
Osmr Oncostatin M Receptor | 5 9.4E18 5.5 30
Ltbpl Latent transforming 3 1.894E07 | 30 98
growth factor beta binding
protein 1
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Table6.3: Genes known to be involved inflammation are upregulated by LCs at 48

hours PCS.

Gene ID | Gene description Fold False WT WT

change | discovery Mean Mean
(FC) rate (FDR) | RPKM | RPKM
0 hour | 48 hours

Tnfrsfllb | Tumor necrosis factor 1587 8.0E21 0 8
receptor superfamily, memb
11b

Cxcll Chemokine (EX-C motif) 1288 2.6E19 0 20
ligand 1

S100a9 | S100 calcium binding proteirl 643 1.8E23 0.06 68
A9

Cxcl3 Chemokine (€X-C motif) 213 6.7E19 0.2 55
ligand 3

Igfbp3 Insulintlike growth factor 151 1.0E102 0.45 80
binding protein 3

Slin4 Schlafen 4 110 1.7E32 0.1 17

Ccl7 Chemokine (GC motif) 108 9.3E44 0.4 56
ligand 7

S100a8 | S100 calcium binding proteiy 102 4.8E16 0.4 47
A8

Lcn2 Lipocalin 2 60 1.9E53 98 6715

Hmox1 Heme oxygenase 1 7 3.3E08 15 123




Table6.4: Genes that are preferentially expressed in the lens that downregulate in LCs
by 48 hours PCS.

Gene ID | Gene description Fold False WT WT
chang | discovery Mean Mean
e (FC) | rate (FDR) | RPKM RPKM
0 hour 48 hours

Crygd Crystallin, gamma D -71 1.1E06 306 5

Crygb Crystallin, gamma B -32 5.3E05 650 24

Dnase2b | Deoxyribonuclease II -24 1.6E06 2.4 0.11
beta

Crygc Crystallin, gamma C -20 1.5E05 368 21

Crybad Crystallin, beta A4 -8 0.0002 2242 342

Bfspl Beaded filament -7 8.3E06 202 33
structural protein 1

Mip Major intrinsic protein of| -7 7.9E10 1264 215
lens fiber

Crybal Crystallin, beta Al -6 3.9E06 18405 3522

Lenep Lens epithelial protein | -6 0.004 191 38

Crybbl Crystallin, beta B1 -6 2.2E05 1735 348

Crygs Crystallin, gamma S -5 6.7E06 9090 2003

Cryba2 Crystallin, beta A2 -5 1.0E05 5950 1415

Lim2 Lens intrinsic membrane -5 1.3E05 409 100
protein 2

Crybb2 Crystallin, beta B2 -4 0.0004 31276 10027
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Table6.5: Genes known to be involved in fibrosis are less upregulated in remnant LCs
of FNcKOs at 48 hours PCS

Gene Gene description | Fold change False WT FNcKO
ID (FC) from WT to | discovery Mean Mean
FNcKO at 48 rate (FDR) RPKM | RPKM
hours PCS in At 48 At 48
LCs (attenuated hours hours
upregulation)
Greml | Gremlin 1 -7 0.0001 642 87
Collal | Collagen, type l, | -6.5 1.5E10 79 11
alpha 1
Mylk Myosin, light -5.6 7.4E06 7 1
polypeptide
kinase
Postn Periostin -4.6 2.7E09 19 4
Lox Lysyl oxidase -4.5 2.1E09 24 5




Table6.6: Genes known to be involved in inflammation are less upregulated by

FNcKO LCs at 48 hours PCS

Gene ID | Gene description Fold change False WT FNcKO
(FC) from WT | discovery | Mean | Mean
to FNcKO at | rate RPKM | RPKM
48 hours PCS | (FDR) At48 | At48
in LCs hours | hours
(attenuated
upregulation)

Serpina3f | Serine (or cysteine) | -157 1.3E39 20 0.11

peptidase inhibitor,
clade A, member 3H

Serpina3m Serine (or cysteine) | -94 4.1E42 33 0.32

peptidase inhibitor,
clade A, member 3M

Serpina3c | Serine (or cysteine) | -60 2.9E20 13 0.2

peptidase inhibitor,
clade A, member 3Q

Serpina3h| Serine (or cysteine) | -14 1.4E18 21 15

peptidase inhibitor,
clade A, member 3H

Lbp Lipopolysaccharide | -11 2.4E15 16 1.4

binding protein

Slin4 Schlafen 4 -7 1.1E07 17 2.3

Crifl Cytokine receptor | -3 0.008 26 8

like factor 1
SIfn5 Schlafen 5 -3 0.01 5 15
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6.2.4 Fibronectin is required for the expression and assembly of a subset of
fibrotic ECM molecules produced by lens cells undergoing EMT post
cataract surgery

EMT of LCs produces myofibroblasts that synthesize a "fibrotic" extracellular
matrix (ECM) which provides a scaffold for cell attachment, stiffens the tissue, and
contributes to the light scatter caused by fibrotic RC®™ichael Wormstone, Wang,
and Liu2009) In other tissues/cell types, fibronectin is the initial scaffold that allows
for fibrotic extracellular matrix (ECM) assemhblyamada and Clark 1988; Barker and
Engler 2017)however, its role in the formation of the fibrotic matrix associated with
PCO has not been described. Notably, intact adult FNcKO lenses exhibit a 2 fold
increase in the expression of the Collal and Colla2 genes (Supplementél3)able
which encddertohd cioprnoat r i (Hospeodt&. Qal3)e, col | a
However, a8 hours PCS, Collal levels upregulate over 80 fold in WT LCs
compared to time O (Tabk1), while 48 hour PCS FNcKO LCs express significantly
lower levels of Collal mMRNA compared to WT (Tablg). Similarly, the mRNA
encoding lysyl oxidase (Lox), an gmae required for collagen | cre$aking
(Trackman 2016)upregulates over 40 fold in WT LCs by 48 hours PCS (Té2)e
while this response is also attenuated in FNcKO LCs (Tébje Consistent with the
RNAseq data, we have found that while FNcKO IpZaduce collagen | and Lox
proteins at 48 hours PCS, their levels are significantly attenuated compared to WT
LCs (collagen | **P = 0.009; Lox ***P < 0.001). This result is more dramatic at 5
days PCS as FNcKO LCs are not associated with collagen | fibtiés time (WT vs
FNcKO ***P < 0.001), while the levels of Lox protein are still attenuated (WT vs
FNcKO ***P < 0.001) (Figures.3). Overall, this suggests that cellular fibronectin

produced by LCs PCS is required not just as a scaffold for collagmernaly, but
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also triggers signal transduction cascades that regulate genes required for collagen |
and Lox production during EMT.

In contrast, while RNAseq analysis reveals that the mRNA levels for tenascin
C, which encodes another common fibrotic ECMt@iro(Mamuya et al. 2014; Jones
and Jones 200Q@pregulate 116 fold at 48 hours PCS in WT capsular bags, this gene
still upregulates to a similar level in FNcKO capsular bags, suggesting that tenascin C
gene expression is not under the control of fibranenotduced signaling. However, as
tenascin C also has been reported to be dependent on fibronectin for its incorporation
into ECM (Singh, Carraher, and Schwarzbauer 2@i@) colocalizes with cell
associated fibronectin PCS (Supplemental FigBB}, we investigated the fate of
tenascin C fibril formation PCS in the absence of fibronectin. While tenascin C
MRNA levels increase in FNcKO LCs similar to wildtype at 48 hours PCS, tenascin C
protein fibril deposition around FNcKO LCs is significantly reducedodh 48 hours
(***P < 0.001) and 5 days PCS (***P < 0.001) compared to WT LCs (Fig8e
suggesting that fibronectin regulates tenascin C fibril formation but not tenascin C
gene expression PCS.

Interestingly, thrombospondih and extracellular matrixrptein 1 are two
other fibrotic extracellular matrix proteifslurphy-Ullrich and Suto 2018; H. Chen,
Jia, and Li 2016yvhose mRNAs upregulate similarly in WT and FNcKO LCs PCS.
While the matrix deposition of both is also proposed to be under fibronegtitation
(Tan and Lawler 2009; Sercu et al. 2Qa8)th are still deposited around FNcKO LCs
at 5 days PCS in a pattern similar to that seen in WT LCs (Supplemental Béjure
although guantitation shows that significantly less thrombospondin is deposited

around FNcKO LCs at 5 days PCS (**P = 0.003) while ECML1 deposition is
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unaffected in FNcKO lenses (P = 0.925). This suggests that fibronectin is essential for
the deposition of only a subset of fibrotic ECM molecules PCS.

In aggregate, these data sugdkeat fibronectin is both critical for the
assembly of the fibrotic ECM during PCO, as well as the activation of signal
transduction cascades that elevate the expression of some fibrotic ECM genes in LCs

PCS.
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Figure6.3: The producthn and assembly of fibrotic ECM PCS require fibronectin
expression by LCs. At 0 hours PCS, only low levels of fibrotic ECM proteins

(collagen | and tenascin C) and the enzymatic ECM crosslinker Lysyl oxidase

(Lox) are detected in both WT and FNcKO LCs. B@WT and FNcKO LCs

significantly upregulate collagen | protein expression by 48 hours PCS (WT ***p

< 0.001; FNcKO ***P < 0.001) although FNcKO LCs exhibit less association

with collagen | fibrils compared to WT (**P < 0.009). By 5 days PCS, WT LCs
expressig USMA are associated with a robust
0.001) while this is absent in the area surrounding FNcKO lens cells (WT vs

FNcKO ***P < 0.001). Similarly, Lox protein upregulates in both WT and

FNcKO LCs at 48 hours PCS (WT **P = 0.002NlcKO *P = 0.020) while this

signal is much less pronounced in FNcKO LCs compared to WT (***P < 0.001).

There is a significant increase in tenascin C fibrils surrounding WT LCs both at

48 hours (**P = 0.005) and 5 days (***P < 0.001) PCS compared to ORO8r

However, FNcKO lens cells are associated with significantly less tenascin C

fibrils both at 48 hours PCS (***P < 0.001) and 5 days PCS (***P < 0.001)
compared to WT. Collagen |, Tenascin C,
merged with DNA detectedyp Dr ag5 (bl ue). Scale bars:
epithelial cells/lens cells; C, lens capsule. All experiments had N = 3. Values are
expressed as mean + SEM. Asterisks (*) indicate statistically significant MFI

between WT and FNcKO at a PCS or betweem PCS time points.
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6.2.5 Deletion of fibronectin from the lens alters integrin expression and
downstream signaling PCS

Notabl vy, LCs elevate the protein expres
integrin and s ésRCSWalkerlaw Merka2639; Mamutyaeega.
2014; de longh et al. 2005\t 48 hours PCS, WT LCs upregulate the protein
expression of U5 integrin (**Mmegin@<005),
0.001) , and this upregulation remains robista5 days PCS (U5 integr
UV integrin **P = 0.001; 64 Howevet ®mgparech * * * P
t o WT L Cs ;integrin prateindeveisifail to upregulate in FNcKO LCs at
either 4-8 nhegnrs n( B S5intddin,<**P0<.0.000)lor 5 days PCS
(UBntegrin, *-ihtsghn, *P ©0.001). In contbadt, FNcKO LCs still
upregul ate t he -imegnnsubeisky d8housPCS (tiRe= 01004) at
|l evel s similar to WT (irPlevelsafesignicdntly However,
attenuated in FNcKO LCs at 5 days PCS (***P < 0.001) compared to WT LCs (Figure
6.4). These data are suggesting that fibronectin expression in LCs is necessary for the
upregulation of its integrin receptors PCS.

Since integrirexpression fails to upregulate in FNcKO capsular bags PCS and
the assembly of ECM around LCs is altered PCS (see Figgikenext we sought to
determine the levels of phosphorylated focal adhesion kinase (pFAK) which is the
activated form of an importastgnaling molecule that transmits integrin signals
(Kokkinos, Brown, and de longh 200Blthough pFAK levels upregulate to a similar
extent in WT and FNcKO LCs at 48 hours PCSES
sustain elevated pFAK levels at 5 days P&5< 0.022), while pFAK levels are

significantly lower in FNcKO LCs compared to controls (*P = 0.013) at this time
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(Figure6.4). These data show that fibronectin expression is required for LCs to sustain

FAK activation post cataract surgery.
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Figure6.4: Fibronectin expression by LCs is necessary for the upregulation of

some integrin subunits and integrin signaling PCS. At 0 hour PCS, both WT and
FNcKO LCs exhibit | ow protei-integrin,pr essi on
b1i nt egr i-imeginawhite pRAK levels are also low. However, by 48

hours PCS, WT LCs significantly wupregul a
(** = 0.005) and b1l integrin (***P <0.0
integrin did not reach 95% confidence of upregulati= 0.070). However,

the expression of all three proteins bec
integrin **P = 0.008; UV integrin **P =

Concomitant with the detected elevation in integrin expression, pFAK levels are
significantly elevated in WT LCs by 5 days PCS (*P = 0.022). However, FNcKO

LCs fail t ea nudpinteetinyroteairt levelstBboth 48 hours and five

days PCS compared to WT leading FNcKO LCs to have significantly less

integrin staining thanconto | at 4i8n thegmis{ US*irftegrin< 0. 00 1 ;
** x P < 0. 001) anndt e5grdiany s* ~R@RNLRBS5. 001; b1
0.001) compared to WT. Il n contrast, FNCcK
integrin (**P = 0.004) and pFAK levels (**P < @@) at 48 hours PCS, at levels

not significantly di-dntegrim PnQ.168; pFAKP =WT 48 h
0.576) . Not abl y, tihtegen andpFAKodreguationisai ned a
attenuat ed adinte§rin 8® w 8.00B AFAK *P 5 ¥.03)

comparedtoWTUS nt eg-iinn egbin, UV integrin, and
merged with USMA (green) and DNA detecte
e m,; L C, remnant | ens epithelial cell s/l e
had N = 3. Values arexpressed as mearsEM. Asterisks (*) indicata

statistically significant difference in MFI between WT and FNcKO at a time PCS

or between two PCS time points.

6.26 Late PCS elevations in TGFb signaling &
As it is established that transforming

critical for sustained fibrotic PCO (de longh et al. 2005), and fibronectin plays a role

in the regulation of the | atent TGFb compl

2016;Gri ggs et al. 2017), we next determined

activation in WT and FNcKO LCs PCS by following pSMADZ2/3 levels. Activation of

TGFb signaling is seen both in WT and FNck

0.037; FNcKO *P = ®014) and this was not significantly different between WT and



FNcKO LCs (P = 0.216) (Figur@5) which supports the idea that fibronectin is not a

major driver of the early fibrotic response PCS (Figug®). However, while WT

LCs exhibit enhanced actvai on of canoni cal TGFb signal.
0.001), pSMAD2/3 is barely detected in FNcKO LCs at 5 days PCS which is

significantly different from WT (***P < 0.001) suggesting that the upregulation of

fibronectin by LCs is required for sustaineG Fb si gnal i 5. PCS (Fi gu
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Figure6. 5 TGFb signaling is attenuated in FNc
At 0 hour PCS, pSMAD2/3 is not detected in either WT or FNcKO LCs.

However, at 48 hours PCS, pSMAD?2/3 is first detected in WT LCs (*P = 0.037)

which becomes robust at 5 days PCS (***P < 0.001). FNcKO LCs also

upregulate pSMAD2/3 levels at 48 hours PCS (*P = 0.014) at levels

guantitatively similar levels to WT (P = 0.216), while these levels do not continue

to upregulate 5 days PCS and are signitigareduced (***P < 0.001) compared

to WT. pSMAD2/ 3 (downstream effector of
USMA (green), and DNA detected by Draqhs
remnant lens epithelial cells/lens cells; C, lens capsule. All experimaahis k

3. Values are expressed as mean + SEM. Asterisks (*) indicate a statistically
significant difference in MFI between WT and FNcKO at a time PCS or between

two PCS time points
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6.2.7 Extracellular matrix deposition of thel at ent TGFb compl ex ar
PCS is dependent on fibronectin

Latent TGFD is secreted from cells bour
(LTBPs) and is incorporated into the extracellular matrix prior to the activation needed
for TGFD t o tramsductioaupen inpigRpbersbn anddrifkin 2016;
Hayashi and Sakai 2012 other systems, fibronectin binds LTBPs directly or
i ndirectly to tet herTodorbwc arld&itkie 2002; Rifkbl-b t o t |
Rifkin, and Zilberberg 20180ut of fou LTBPs, LTBP13 are all abundantly
expressed in adult LCs at the mRNA level (30, 83, and 70 RPKM, respectively).
Notably, the mRNA for LTBP1, which uniquely binds to ea#isociated fibronectin
(Rifkin, Rifkin, and Zilberberg 2018upregulates 3 fold iVT LCs by 48 hours PCS.
(Table6.2). Consistent with this, immunolocalization found that significant LTPB1
protein was associated with fibronectin de
days PCS (Figure.6A, B). In contrast, this LTBP1 deposition wsignificantly
reduced around FNcKO LCs at 5 days PCS (FigusB)ecompared to WT (**P =
0.006) suggesting that fibronectin influer

part, at the | evel of matrix deposition of

15C



A 5 days PCS

LTBP1 Fibronectin

.E

L TBP(standalone)

Negative control Merge

c C A%
,»,1,'

Fibronectinandaione) Merge Non binding antibody

Merge

Merge

Cc

B 0 hr PCS 5 days PCS
Merge LTBP1 Merge

LTBP1
*k
P
30000
*kk - W
= FNcKO
20000
i
=
10000
0
$ o
o o o' @
N o® oF o

PCS

Negative control Merge with DNA

151



Figure6.6:LCsae associ ated with | atent TGFb bi
and this is highly attenuated in FNcKO LCs. (A) At 5 days PCS, WT LCs are

associated with robust levels of eafisociated fibronectin and LTBP1.

Fibronectin (green) and LTBP1 (red) merged withAdetected by Drag5

(blue). (B) At 0 hours PCS, appreciable levels of LTBP1 protein are detected in

both WT and FNcKO LCs whereas USMA prote
days PCS, WT LCs maintain the robust levels of E&dociated LTBP1

whereas extralular deposition of LTBP1 around FNcKO LCs is greatly

attenuated (**P = 0.006) compared to WT and is even reduced compared to O

hours PCS (***P < 0.001). USMA (green) a
detected by Dragb5 (bl ueflensepithelidle bar s: 35
cells/lens cells; C, lens capsule. All experiments had N = 3. Values are expressed

as mearx SEM. Asterisks (*) indicata statistically significant difference in MFI

between WT and FNcKO at a time PCS or between two PCS time points.

6.2.8 The attenuation of canonical BMP signaling in LCs PCS requires
fibronectin

Canonical Bone Morphogenetic Protein (BMP) signaling is required for
normal lens developme(faber et al. 2002; J. Huang et al. 2015; Boswell and Musil
2015) while it has been propade t hat BMP signaling can cour
signaling in fibrotic diseasd8razil et al. 2015)Intact adult lenses have easily
detectable levels of pSMAD1/5/8 (Supplemental Figg®¢ in the lens epithelium,
and this is not affected by the deletion of the fibronectin gene (FeglireAfter
surgery, remnant LCs from WT mice significantly downdetgipSMAD1/5/8
signaling by 24 hours PCS (*P = 0.013), while both qualitatively and quantitatively,
more FNcKO than WT LCs retain pSMAD1/5/8 at this time (P = 0.390).
pSMAD1/5/8 levels continue to fall in WT LCs through 48 hours PCS (**P = 0.006)
and by 5days PCS, pSMAD1/5/8 staining is largely absent from WT LCs (0 hour vs 5
days PCS; (**P = 0.004). In contrast, pPSMAD1/5/8 staining remains prominent in
FNcKO LCs at all times PCS investigated, and is significantly elevated at 5 days PCS
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compared to WT (*P = 0.003) (Figuré.7) suggesting that fibronectin is necessary

for the sustained suppression of canonical BMP signaling in LCs PCS.

NcKO
pSMAD1/5/8 Merge pSMAD1/5/8 Merge
LC
0hr PCS c
24 hr PCS Lc
4 » o C
¢ c
G
48 hr PCS C Lc
e
c G

C C
5 days PCS e

Negative control Merge with DNA

PSMAD1/5/8
*k

- WT
= FNcKO

MFI

15¢



Figure6.7: The dynamics of BMP signaling in PCS LCs upbedeletion of the
fibronectin gene.rhmediately following lens fiber cell removal, both WT and
FNcKO remnant lens cells stain robustly for pSMAD1/5/8, while this signaling

begins to decrease at 24 hours PCS in WT LCs (P = 0.013) although this does not

occur in FNcKO LCs (P = 0. 390). pSMA[®I8 levels continue to downregulate
in WT LCs at 48 hours PCS (**P = 0.006), and this reduction of pSMAD1/5/8
| evel s persists through 5 days PCS
In contrast, pPSMAD1/5/8 levels never significantly downregulate inkDILCs,
so they have elevated levels of pSMAD1/5/8 at 5 days PCS (**P =.003)

compared to WT LCs and do not express
(downstream of BMP signaling) (red),

Draqg5 (bl ue) . LG cemhantlemsapitisetial c8ll&lens erlls; C,
lens capsule. All experiments had N = 3. Values are expressed as BEdh
Asterisks (*) indicatea statistically significant change in MFI between WT and
FNcKO at a PCS or between two PCS time points.

6.2.9 Fibronectin production by LCs is required for the upregulation of
gremlin-1 expression PCS

In order to obtain further mechanistic insight into the function of fibronectin

PCS, we investigated the list of genes differentially expressed at the mRNA level in

FNcKO LCs at 48 hours PCS for those with the potential to mechanistically regulate

BMP and TGFDb s i-lgasacreiechBMP antagoaiBindzii e al. 2015)
and profibrotic facto(Staloch et al. 2015; McDowell et al. 2015; G. Li et al. 2013)

upregulated 379 fold in WT LCs at 48 hours PCS and this upregulation was attenuated
7 fold in FNcKO LCs (Tabl®é.5. Asgremlinl has been reported

signaling in different fibrotic condition@a et al. 2019; Staloch et al. 2015;

McDowell et & 2015; G. Li et al. 2013; Church et al. 201w sought to determine
the expression dynamics of gremliimat the protein level PCS. As expected, based on
the RNAseq data, no gremiihprotein was detected in either WT or FNcKO LCs
immediately followingsurgery. Consistent with the upregulation of grerilidetected

at the mRNA level, WT LCs begin to express detectable levels of grérpliatein by
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24 hours PCS (***P < 0.001), and this upregulation is also seen in FNcKO LCs (*P =
0.015). WT LCs continug upregulate gremlii protein levels through 48 hours PCS
(***P < 0.001) and these levels remain quite high through 5 days PCS (***P < 0.001).
In contrast, while gremliil protein levels also continue to elevate in FNcKO LCs at
48 hours PCS (***P < 0.QD, gremlinl levels are significantly lower than seen in
WT 48 hours PCS (**P = 0.004) consistent with the RNAseq results (6a)le
resulting in FNcKO LCs exhibiting greatly reduced gremlin 1 staining compared to
WT at 5 days PCS (***P < 0.001) (Figu6eBA).
Since gremlinl can function as both an antagonist of BMP signdBrgzil et
al. 2015; Maetal. 2019y nd an agoni st of @eDoweheta.al TGFfF
2015; G. Li et al. 2013; Staloch et al. 2016 next investigated if exogenous
administration of gremlirl can rescue the defects in the fibrotic response and
alterations in BMP and TGFb signaling obse
exogenous gremlid restored the ability of FNcKO LCs to upregulate the fibrotic
mar ker US MA) agd*déposit thedfibr@tid EECM proteins tenascin C (**P =
0.002) and collagen | (*P = 0.017) at 5 days PCS (Fig#®) suggesting that the
attenuation of gremlil expression in FNcKO LCs plays a major role in the FNcKO
phenotype. Thus, the effect of gamous gremlitik o n T GFb and BMP si gl
FNcKO LCs was then determinedonsi st ent with the restor at
upregulation and collagen l/tenascin C distribution, FNcKO LCs treated with gremlin
1 exhibited robust pPSMAD2/3 immunostaining at 5 daySRGmpared to untreated
FNcKO LCs (*P = 0.013) suggesting that grerdliis working via its effects on the
TGFb pathway. Surprisingly thodgsaBMR n | i gt
antagonis{G. Li et al. 2013; McDowell et al. 20153remlin1 treated FNcKO LCs
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still exhibited sustained BMP signaling at 5 days PCS (P = 0.440), suggesting that

greminl was | argely acting via iI®68).effects o

15¢



24 hr PCS 48 hr PCS 5 days PCS

r
rge Merge Merge Merge
C
Lc
Merge Merge
Cc

Figure6.8: Exogenous gremlil treatment of FNcKOapsular bags rescues the

defect in TGFb signaling and fibrotic ma
little expression of the gremlih protein is detected in both WT and FNcKO LCs.

However, by 48 hours PCS, gremlirprotein expression is elevatedooth WT

(***P < 0.001) and FNcKO LCs (***P < 0.001) although the expression is

significantly less in FNcKO LCs (**P =.004) compared to WT. In contrast,

gremlin-1 levels are greatly attenuated in FNcKO LCs by 5 days PCS (***P

<.001) compared to WT where®sl LCs maintain the robust expression of
gremlinl(***P < 0.001). Gremlinl (red) is merged with USNH
DNA detected by Drag5 (blue). Scale bars
cells/lens cells; C, lens capsule. All experiments had N = Jie8gadre expressed

as mean + SEM. Asterisks (*) indicate statistically significant MFI between WT

and FNcKO at a PCS or between two PCS time points. (B) Administration of

exogenous gremlid to FNcKO capsular bags elevates the levels of the fibrotic

protei;e USMA ( *P = 0.015), tenascin C (**P
0.017) concomitant with elevated levels of pPSMAD2/3 levels (*P = 0.013) at 5

days PCS. In contrast, exogenous grefhlineatment did not reduce

pSMAD1/5/8 levels in FNcKO capsular bads#£ 0.440). Collagen |, Tenascin C,
pSMAD2/ 3 (downstream of TGFb signaling),
BMP signaling) (red), USMA (green) and LC
bars: 35 g&m. LC, remnant | ens dpithelial
experiments had N = 3. Values are expressed as mean = SEM. Asterisks (*)

indicate statistically significant MFI between WT and/or FNcKO and/or FNcKO

(gremlin1) at 5 days PCS.



6.2.10Fi bronectin mediates sustained fibrotioc
pathway

Exogenais treatment of FNcKO lens capsular bags with grethltan rescue
many aspects of the FNcKO phenotype incl uc
signaling as measured by pSMAD2/3 | evels.
convert to myofibroblast&e longhet al. 2005)we then determined whether
exogenous active TGFb could also rescue tF
active TGFbl treated FNcKO capsular bags s
days PCE***P < 0.001) as well as robust expressionfofea f i br ot i ¢ mar ker
(**P = 0.001) and collagen | (*P = 0.034), and the profibrotic factor greainP =
0.004) 5 days PCS (Figu69A). Interestingly, likegremlrt , acti ve TGFb1l t
FNcKO LCs still retain elevated pPSMAD1/5/8 levels at 5 dags (P = 0.286)
(Figure69 A) suggesting that TGFb signaling may

Exogenous active TGFb1l treatment was al
iintegrin (***Pt e r0i.n0 O(1*)*, Rinfegrin@®*P 8 @0ILgn and UV
FNcKO LCs by 5 days PCS, consistent with previously described feedforward
mechani sms bet ween i nfMargadantarsd Sennedberf GFb si gr
2010) These upregulated integrins are likely engaging with their ligands as pFAK
levels are alsoincreaed i n active TGFb1l treated FNcKO
0.025) compared to untreated capsular bags (F&ar& ) ; I n contrast, ac
treatment did not rescue the defect in tenascin C deposition observed in FNcKO LCs
(P =0.979) (Figuré&.9A) while exogenous gremlid treatment did (Figuré.8B)
suggesting thatgremh and TGFb1l are not fully redund
observation that gremkt is more potent in rescuing the defect in periostin deposition

observed in FNcKO capsularbagshhan TGFb1l ( Su Bf.Netablg,nt al Fic
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Figure6.9:Tr eat ment of FNcKO LCs with exogeno
fibrotic response. (A) Active TGFb1l trea
pSMAD2/ 3 |l evels (a measure of aveltive TGF
as robust expression of the fibrotic mar
(**P = 0.034) along with the profibrotic factor gremi(t*P = 0.004) at 5 days

PCS. In contrast, tenascin C deposition is not increased in FNcKO capsular bags

aft erltrdatier (P =0.979) and the robust pSMAD1/5/8 levels indicative

of active BMP signaling are also not affected at 5 days PCS (P = 0.286). (B)

Treat ment of FNcKO capsular bags with e
upr egul atntegin**®<00W5.)-i nbédgrin (**R = 0.00
integrin expression ( *P = 0.018), as well as pFAK levels (*P = 0.025), in FNcKO

LCs at 5 days PCS. Collagen I, tenascin C, grefnlipSMAD2/3 (downstream

of TGFb signaling), pSMADL1/)5/-BikBfigjownstr e
bt ntegriinnt,egdM n, and pFAK (red) merged v
detected either by Draqgb5 or DAPI (blue).
remnant lens epithelial cells. All experiments had N = 3. Values are expressed as

mean + SEM. Asterisks (*) indicate a statistically significant difference in MFI
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6.2.11 Fibronectin fibrils are detected in FNcKO capsular bags upon addition of
act i veland@GrEnflinl PCS

Il n our study, exogenouslrasdudthdsustamedof T GF
fibrotic response in FNcKO capsular bags PCS (Figure 6.8B and 6.9) including the
deposition of (at least some) fibrotic ECM proteins and fibronectin bindtegrins.
Notably, a recent study has suggested that plasma fibronectin, which is abundant in
agueous humor (Vesaluoma et al. 1998) plays a critical role in sustained fibrotic PCO
by regulating TGFb and integrin 3¥asgnaling
small proportion of plasma fibronectin molecules are in the open conformation
necessary for RGD presentation to integrins. Thus, we immunostained 5 day PCS WT
or FNcKO eyes which have been treated witet
gremlin-1 for fibronectin deposition. As expected, large numbers of fibronectin fibrils
were detected around WT LCs, while this was not seen in FNcKO LCs (Figure 6.10)
consistent with the proposal that cell autonomous fibronectin production is needed for
fibronectin dgosition PCS. However, treatment of FNcKO mice with exogenous
TGFb1l o r-1regstorediheidaposition of fibronectin fibrils around LCs at 5 days
PCS (Figure 6.10). As these LCs do not have the ability to produce their own
fibronectin, this suggestsdhthese fibrils are produced from fibronectin present in the
agueous humor. Overall, this relsrestuée sugges
the sustained fibrotic response of FNcKO L
signaling pathway which magllow for the upregulation of the integrins necessary for
the assembly of plasma fibronectin into a matrix that allows for the assembly of

fibrotic ECM PCS.
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Figure6.10: Fibronectin fibrils are detected in FNcKO capsular bags upon
treatment with either astie T GFb 1l -bragre&emdiaypws PCS. Acti
and gremlinl treated FNcKO capsular bags are positive for fibronectin fibrils

similar to WT capsular bags (vehidieated) at 5 days PCS. As expected, vehicle

treated FNcKO capsular bags are not posiiwvdibronectin fibrils. Fibronectin
(green), ,ABMADNA edl¢t ected by Drag5 (blue
remnant lens epithelial cells/lens cells; C, lens capsule.

6.3 Discussion

Cellular fibronectin, a multifunctional protein that regulates cellb&ravior
at diverse leveléTo and Midwood 2011; D. Chen et al. 2015; Moriya et al. 2012;
Fontana et al. 2005; Clark 1990; Zollinger and Smith 20&3 been long associated
with lens development and fibrotic PCO pathogen@zsmigiani and McAvoy 1991,
J. Huang et al. 2011; Boyd et al. 1992pwever, its functions in the adult lens and
PCO pathogenesis have been elusive. Here we deleted the fibronectin gene from the
lens and used these conditional knockouts animals to characterize the role of

fibronectn in adult lens homeostasis and the response of lens cells (LCs) to lens fiber
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cell removal which models cataract surgery. This work provides insight into the
multifunctional roles of cellular fibronectin in the pathophysiology of fibrotic PCO as
well asthe multitude of other fibrotic conditions that feature fibronectin rich

extracellular matrices (ECM).

6.3.1 Fibronectin is dispensable in the adult lens

Fibronectin is produced by the embryonic I@harmigiani and McAvoy 1991,
Duncan et al. 2000and its depsition in the ECM underlying the lens placode is
required forthe placode invaginatiofJ. Huang et al. 2011However, the role of
fibronectin in the later stages of lens development was not known. Here we generated
mice conditionally lacking a functionibronectin gene from the lens (FNcKO) using
MLR10 CRE, which has the potential to delete the FN1 gene from the lens as early as
the lens vesicle stage although characterization of FNcKO animals indicated that FN1
deletion from LCs was not complete urditer birth. These observations suggest that
fibronectin plays little to no role in the uninjured adult lens as adult FNcKO lenses are
transparent and structurally normal. RNAseq revealed that the 121 genes differentially
expressed in FNcKO lenses wereielmed in those encoding ECM proteins suggesting
that FNcKO lenses may be compensating for fibronectin loss, although the expression
of all of these genes, even after upregulation, was still quite low. This is consistent
with the observation that uninjuredult lenses express levels of fibronectin mMRNA
(FPKM 0.3) that may be too low to be biologically significant to lens function
(Manthey, Terrell, Lachke, et al. 2014otably, none of the DEGs included genes
known to be important for lens homeostasif)algh 27 of the 121 FNcKO lens

DEGs exhibit lens enriched expression as defined by iSyte analysis of the P56 lens
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(not shown), so would be bioinformatically predicted to regulate lens biology

(Kakrana et al. 2018)

6.3.2 Fibronectin is essential for the pathogeesis of fibrotic PCO

Fibronectin mMRNA and protein levels upregulate sharply in lens epithelial cells
(LCs) during the progression of anterior subcapsular cat@dresntk J Lovicu et al.
2002)and after lens fiber cell removal modeling cataract surf}ddamuya et al.
2014) Fibronectin has been used as a fibrotic marker in PCO for (&fairsi et al.
2004; de longh et al. 2005; Frank J Lovicu et al. 2002; Das et al. 2019; Wernecke et
al. 2018)and was implicated in PCO pathogené¢kidichael Wormstone edl. 2002;
J. M. Marcantonio and Reddan 2004; Boyd et al. 199@)vever, exogenous
fibronectin, such as that present in blood/aqueous humor, has been proposed as both a
positive and negative regulator of growth factors involved in PCO path{Dayyes
et d. 2008; Tiwari et al. 2016; VanSlyke, Boswell, and Musil 20T8)e to both
conflicting literature on fibronectin function in PCO, and the dearth of studies on
cellular fibronectin in this condition, we took advantage of the mouse cataract surgery
model(Desai et al. 201ap comprehensively characterize the role of endogenous
tissue fibronectin in fibrotic PCO.

Here, we show that cellular fibronectin protein is robustly produced by LCs
starting around 48 hours PCS, although fibronectin does not seamdquired for
the early fibrotic response of LCs PCS as this was qualitatively and quantitatively
normal in FNcKO LCs at this time, and fewer than 100 genes were differentially
expressed between WT and FNcKO LCs at 48 hours PCS. The modest role that
fibronectin produced by LCs plays in the initial response of LCs to cataract surgery is

not surprising as its basal expression in the adult lens is very low, and its mRNA
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expression does not elevate in lens cells until 24 hours(M@Ruya et al. 2014)
Howe\er, fibronectin deposition around LCs does become more robust at later times
PCS, and this study found that it is critical for the maintenance of fibrotic PCO at 5
days PCS as little evidence of LC fibrosis was apparent in FNcKO mice at this time.
However,FNcKO LCs did initiate the fibrotic response PCS as both RNAseq
and immunofluorescence revealed the upregulation of numerous fibrotic markers at 48
hours PCS, and this was maintained through 3 days PCS, although these cells diminish
in number by 4 days P& and were largely absent by 5 days PCS. Our study found
no evidence that these cells expressing fibrotic markers are lost via traditional
apoptosis, although they may still be lost through one of the several known
nonapoptotic cell death pathwayfsit, Ichim, and Green 2014)However, this study
provides some evidence that LC derived FNcKO myofibroblasts may be returning to a
lens epithelial cell phenotype and/or differentiating into lens fiber cells in the absence
of cellular fibronectin. A definitivainderstanding of the fate of FNcKO

myofibroblasts at later times PCS will require future cell lineage tracing experiments.

6.3.3 Fibronectin influences the pathogenesis of fibrosis via multiple
mechanisms

Due to the critical role of autocrine fibronectin protioic in the maintenance
of fibrotic PCO, we attempt to address the underlying molecular mechanisms by
integrating RNAseq analysis of FNcKO lenses PCS with previous reports on

fibronectin function in other systems.

6.3.3.1 Fibronectin and fibrotic matrix production and assembly
Tissue fibronectin is produced locally in tissues, where it assembles into

insoluble fibrils, often in response to injuff/o and Midwood 2011; Rousselle,
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Montmasson, and Garnier 2018pter, fibronectin is remodeled to facilitates
assembly of secondary scars rich in collagen | and other fibrotic ECM pr{ibiasg

et al. 2014; Zollinger and Smith 2017; Kii and Ito 2017; Karamanos et al..2019)
Numerous prior cell culture studies suggest that fibronectin is a master regulator of
ECM assembly because of its ability to regulate a wide range of ECM molecules
(Kumra and Reinhardt 201&)lowever, these findings had not been corroborated in
vivo (Schwarzbauer and DeSimone 2011; Kumra and Reinhardt 2016; Lenselink
2015) Here we fill ths knowledge gap by discovering that fibronectin is required for
lens cells to upregulate both the mRNA expression and matrix assembly of some
major fibrotic ECM components PCS including collagen I, tenascin C and Periostin
(Figure6.11-1). Interestinglycontrary to some repor{Sercu et al. 2008; Sottile and
Hocking 2002) we found that fibronectin production by LCs was not required for the
matrix deposition of the extracellular matrix proteins (ECM1) and thrombospdndin
during the progression of LC fibsis although thrombospondindeposition was
attenuated. This suggests either that the small amounts of exogenous fibronectin from
aqueous humor that may deposit around FNcKO LCs is sufficient for ECM1 and
thrombospondifl assembly or that LCs producéet mediators of their assembly
(Sercu et al. 2008; S. Chen and Birk 2013Yerall, this study suggests that cellular
fibronectin plays a previously unappreciated dual role in matrix formation in fibrotic
disease in vivo as it is required for both theregpion of fibrotic ECM genes and the

assembly of their protein products.

6.3.32 Fi bronectin and TGFb superfamily signa
ltiswelFe st abl i shed that TGFb ddetpmghdti ng med

al. 2005)while plating dissociated embryonic lens cells on plasma fibronectin can
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activat e TEanBlyks, Baswel, bnd Mysil 2018Fibronectin is also

crucial for the incorporation of the | ater
vitro cell modelgFontana et al. 2005; Dallas et al. 2003pwever, the relationship

bet ween the production of endogenous cel |
signaling in fibrotic conditions like PCO had not been explored in vivo.

In this study, we show thatlcd ul ar fi bronectinds rol e i
signaling is a major reason that endogenous expression of fibronectin by remnant LCs
PCS is critical for sustained fibrotic PCO. In vitro studies have previously revealed
that fibronectin interactions with latenGIF b bi ndi ng protein 1 (LT
tether | atent TGFb to the ECM; a process r
found the LTBP1 normally associates with the fibrotic ECM that assembles around
LCs PCS, while this does not occur around FNdKE3 PCS, suggesting that the
tethering of | atent TGFb (and its subseque
cellular fibronectin expression by LCs (Figué1-2).

However, the RNAseq analysis of FNcKO LCs at 48 hours PCS revealed that
fiboronectn i s playing multifunctional roles in
PCS. The expression of gremfin, a known activator of TGFD
antagonist of BMP signaling that has been implicated in the pathogenesis of fibrotic
diseases including PC@hurch et al. 2017; Staloch et al. 2015; McDowell et al.

2015; G. Li et al. 2013; Rodrigu¢liez et al. 2012; Brazil et al. 2015; G. Li et al.

2013; Ma et al. 2019)s highly upregulated in LCs by 48 hours PCS, while its mMRNA

and protein levels are markgattenuated in FNcKO LCs. Notably, the addition of
exogenousgremliih can al so rescue the defects in 1

production, observed in FNcKO LCs PCS, and its effects on tenascin C and periostin



expression are qualitativelyandsgm t i t at i vely more 8%t ent t ha

andsupplemental figure B6However, further study of the role of periostin in the

assembly of tenascin C and other fibrotic ECM matrix components is required to

understand these relationships better. Qlvehas suggests that fibronectin could be

playing multifunctional roles in regulatir

i nclude both the regulation of the gene ex

611-3) and the activation of | atent TGFb.
Notably, gremlinl is also well known to be an antagonist of BMP signaling

(Brazil et al. 2015)vhich was particularly interesting as BMP signaling plays a

critical role in lens developmef(faber et al. 2002; Boswell and Musil 2018)ile

BMP signaling can lpy antifibrotic roles in epitheligBrazil et al. 2015gs it can

counter bal anc @radil &&lb2018)A grioranlvitransdy on primary

LCs suggested that the BMP signaling agonist BMPc an suppress TGFb |

epithelial mesenchymadansition (EMT)(Shu, Wojciechowski, and Lovicu 201&hd

we show in this study that BMP signaling rapidly decreases in LCs PCS, a process that

is attenuated in FNcKO LCs (FiguBel1-4). To further understand how fibronectin

regulates BMP signaling PC®g tested whether the rescue of the fibrotic phenotype

of FNcKO LCs by eithergremliii or TGFb included the downr

signaling and found that BMP signaling remained high in both cases. This was

surprising as it shows that it was possibledoot h BMP and TGFb signal

high in the same cell even though the fibrotic phenotype is qualitatively rescued

suggesting that 1) BMP signaling is not sufficient to protect LCs thafibrotic

transformation in the presence of grenilin o r -iNd@édBmad2/3 activation and
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2) fibronectinds effect on BMP signaling F
pathway activation.

The rescue experiments perforréod by adc
FNcKO capsular bags revealed that plasma fibromeetn participate in sustained
fibrotic PCO when TGF signaling is ectopically activated as fibronectin fibrils
assembled around FNcKO LCs trealtBadedwi t h ei
on previous studies, it is likely that this fibronectin is cagrfiom the aqueous humor
(an important source of plasma fibronedi¥esaluoma et al. 1998as FNcKO LCs
are unable to produce cell derived fibronectin and we did not observe any elevations in
fibronectin expression by any other ocular structures besides i n acti ve TGF
gremlinl treated eyes (data not shown). Over a
greminl, by acting as agonists of the TGFDb s
integrin upregulation necessary for the assembly of plasma fitfioneto a matrix
that allows for the assembly of fibrotic ECM PCS. This finding is consistent with a
recent study that identified a critical role for plasma fibronectin in “sustained PCO

(VanSlyke, Boswell, and Musil 2018)

6.3.3.3 Fibronectin and integrin signaling

Integrins have been proposed as therapeutic targets for PCO due to their roles
in cel/lECM attachment, cell migration, and transmission of tractional f¢foesri
et al. 2016; Kim et al. 2002; Walker and Menko 2009; Qin et al. 2@&rjibronectin
is a weltknown ligand for several integrin receptors that are upregulated by LCs PCS
(Mamuya et al. 2014; de longh et al. 2005; Walker and Menko 20@9nvestigated
the effect of autocrine fibronectin on integrin pathways. Notably, our data revealed

that cellular fibronectin is not just important for downstream integrin signaling PCS



but is also necessary for the enhanced protein expression of several integrin receptors

by LCs PCS. Notably, active TGFD1l can resc
and downstream integrin signaling seen in FNcKO LCs PCS. As integrins can mediate

the acti vat i @MamugafandlDancaa A0tL2; NlaG &yl et al. 2014)

whereas TGFb signaling can upregul ate thei
a model by viich the diverse functions of fibronectin, including its interaction with

integrins, drives the epithelial mesenchymal transition of LCs in PCO, and potentially

the pathogenesis of other disorders of EMT such as cancer and some fibrotic

conditions (Figuré.11-5).

6.3.4 Implications for the role of fibronectin in wound healing and fibrotic
diseases

This comprehensive study shows that fibronectin production by LCs is
required for the persistence of myofibroblasts PCS and we have laid out several
possible mechanissrby which fibronectin mediates this response (Figut#&). This
provides the first insight into why myofibroblasts, which are lost after initial wound
healing responses in hormal heal{xgie and Jackson 2013re maintained at such
extended times after surgery to cause fibrotic PCO in humans, an intractable
complication PCS. Overall our study will provide important insights towards
improving the outcome of cataract surgé€®ihan, Novo, and Duncan 2019)

Further, the destruction of tissue architecture by fibrosis has been estimated to
cause at least o#third of natural deaths worldwid®ockey, Bell, and Hill 2015)
While numerous studies have identified important pathways driving fibjsian
and Ramaligam 2012; Ghosh, Quaggin, and Vaughan 2013; Y. Wang et al.,2018)

much less is known about the mechanisms by which activated
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fibroblasts/myofibroblasts inappropriately persist after the initial injury/stress is

removed(Xue and Jackson 2013; Leavitt et2016) Notably, fibronectin has been

extensively studied due to its important roles in the wound healing response and

fibrosis (Lenselink 2015)However, most of the studies done on fibronectin are cell

culture based and thus are difficult to correlaterdond healing in vivgKumra and

Reinhardt 2016; Lenselink 2015; Schwarzbauer and DeSimone. 20tELjew in vivo

studies on the function of cellular fibronecf{Muro et al. 2003; Stenzel et al. 2011,

Iwasaki et al. 2016; Moriya et al. 201pstly addrss only a single aspect of
fibronectindés role in wound healing as mos
complex interactions. This study has taker
as the cells left behind after cataract surgery conssihwonolayer of epithelial cells

that undergo epithelial to mesenchymal transition (EMT) to form myofibroblasts that

behave similarly to the myofibroblasts responsible for other fibrotic dis€akeai et

al. 2018) This cellular simplicity has allowefdr the dissection of the complex

regulatory roles that cellular fibronectin plays in fibrosis (Figufd). This work

provides a new understanding of PCO pathogenesis and identifies new targets for the
treatment/prevention of both fibrotic PGShihan, Mvo, and Duncan 201@nd

numerous other fibrotic conditions resulting in death and disabiWfairaven and
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Hinz 2018; Allinovi et al. 2018; lozzo and Gubbiotti 2018; Hewlett, Kropski, and

Blackwell 2018)
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Figure6.11:Multifunctional roles of fibronectin in PCO pathogenesis. This
diagram depicts the multifunctional roles of cellular fibronectin in fibrotic PCO
and potentially other fibrotic like conditions. (1) Regulation of fibrotic

extracellular matrix proteinassergbj ( 2) Extracel l ul ar depo:
complex needed for its subsequent activation; (3) Regulation of the expression of
t he TGFDb si gnal-1i; ®MpRegulgtiomof BMP signglinge(8)1 i n

Modulation of integrin signaling.
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Chapter 7

FUTURE DIRECTIONS

In total there are four individual projects covered in this dissertalibe
interviewrbased studyCGhapter 3) provides a clear understanding tlasdract
surgeons agree thatlditional anti PCO prevent measurgwould improve the
outcome of cataract surgery. Chaptereveals for the first time tha@roinflammatory
cytokinesareexpressed by the lens epithelial cells post cataract surgery, (65it8)g
up the novel hypothesis that tlmay set up a flieu to activate transforming growth
factorbeta (TGF) signaling, a major mediator of fibrotic PCO. Chapter 5 has
identified the critical role dfV b 8 i nt e ¢ activation PCS dntaBshown the
effectiveness of an antibody blocking agent to biwekactivity ofUV B 8 i nt egr i n
mediated TGF activation PCS. Chapterrévealedhe critical role of fibronectin in
regulatingthe latent TGF complex PCS and its implication in sustaining the fibrotic
PCO. All contributed to a deep understanding of theemwar mechanisms of fibrotic

PCO. However, there are still some questitiasneed to be addressed in the future.

7.1 Assessing Long Term Risks of Cataract Surgery using Longitudinal
Medicare Data

Cataract surgery is the standard of care for cataract and has greatly reduced the
world-wide burden of blindness. Despite this, cataract surgery can have negative
sequelae including infection/endophthalmitis, exacerbation or onset of uveitis, post
surgicalglaucoma, posterior capsular opacification, and retinal detachment, while

some small epidemiological studies also suggest that cataract surgery may increase the
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risk of subsequent agelated macular degeneration, the most prevalent cause of
blindness ilAmerica'’s elderly population. This is further confirmed by our study
covered in chapter 3. However, while many studies have been performed to assess the
benefits of cataract surgery related to fall prevention or mortality, few to no
populationwide studieave been conducted to determine the

risks of cataract surgery to ocular health, particularly at times later than 1 year
following surgery. Further, our interview study (chapter 4) report that a significant
number of patients develop diffent kinds of poataract surgical complications

following cataract surgery, however, the exact statistics about these patients is not
well documented. Thus, this study will assess the rates of cataract surgery in the US
population older than 65, and both the short tanh long term side effects of cataract
surgery by exploring 10 years of billing records obtained from the US Medicare
system. The critical knowledge gap filled by this study will both allow for more fully
informed decision making for patients diagnosedhwiild cataracts or seeking

"clear" cataract surgery for the treatment of presbyopia, and will identify areas where

more research is needed to improve the long term outcomes of cataract surgery.

7.2 Identifying the transcriptional regulatory networks driving
proinflammatory cytokine expression by the lens epithelial cells (LCs)

In chapter 4, | found that following cataract suygdens epithelial cells
express pranflammatory cytokines as early as 3 hours post cataract surgery (PCS)
while the infiltration ofneutrophils in the capsular bags is first detected at 18 hours
PCS and macrophages at 48 hours PCS. However, the mechanisms by which these
pro-inflammatory cytokines PCS are expressetiwell understoodl he first genes

upregulated by a cellular stimulase the primary response or Immediate Early Genes
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(IEGs) (Fowler, Sen, and Roy 2011; Bahrami and Drablgs 20A&)y IEGs encode
transcription factordiat drive cell proliferation, cell migration, and reprogram cell
differentiation(Fowler, Sen, and Roy 2011; 201Among them, early growth

response 1Hgrl) proteinand mRNA levels upregulate sharply (over 100 fahd
remnantiens cells LCs) by 3 hours post cataract surgery (PCS) in our mouse cataract
surgery model, which is the earliest biological effect ever detected in LCs in response
to ocular traumaNotably, Cxcll1 is a known DIRECT target of HgBrookshie et al.
2015) and many other genes upregulatgdbayashi 2008 CSis involved in

homing of neutrophils to injury site$hus, further study is required to understand the
role of Egrl and other transcription factors ( cJun, FosB(kitm,, Ho Han, and

Kwon 2003; CervanteBladrid, Nagi, and Asting Gustafsson 20)Linvolved in the
regulation of proinflammatory cytokines PGSgraduate sident Samuel Novo in

Melinda K. Duncan lab has been working on this project.

7.3 Elucidating the role of MT1-MMP in the activation of TGF signaling PCS

MT1-MMP is a membran®ound matrix metalloprotease that is often
upregulated in fibrotic diseas@SarciaAlvarez et al. 2006)MT1-MMP can be
critical for the pathogenesis of fibrosis as it ih e  -lDtédirB cefactor necessary
for | atent (MGdtd 2002nhiiviaet ilonh av e-infegrimim d t hat
critical i n TGFb act iMVRIleveloane uprégdated byn t he | €
TGFb i n an est abl i(Bldres dt alh2012)a aur rhoGse catatadt | i n e
surgery model, MTAMMP mRNA levels upreguta 3 fold by 24 hours PCS (prior to
robust TGFb signaling), and -MMRproteiisf ol d by
robustly upregulated in remnant LCs by-£28 hours PCS ( unpublished). Thus
understanding the role of MIIMP i n r el at i o dimgladtiyatiob RCST GFbH s
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wi || further strengthen my study perfor mec

(chapter 5)

7.4 Understanding the role ofUb integrin in PCO

In chapter 6, | have found that fibronectin fibril formation is critical in PCO
pathogenesis as fibronectin fibrils can mediate latent T€mplex deposition on the
extracellular matrix (ECM) and fibrotic ECM assembly PCS. It has been proposed that
fibronectin fibril formation is dependent on its interaction with its major recépot
integrin (Singh, Carraher, and Schwarzea 2010) Notably,U 5 Entegrin
upregulates sharply in LCs by 48 hours PCS and is robustly expressed at 5 days PCS
in our mouse cataract surgery model suggestingtfatintegrin/fioronectin
interactiongmay be critical in PCO pathogenesis. Thusfthere study is required to

understand the relationship 0f5 Bntegrinin PCO pathogenesis.
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Appendix A

SUPPLEMENTAL TABLES

Table Al: Genes that normally upregulate in remnant LCs of WT, whose upregulation
i's attenuated in b8ITGcKO LCs at 24 hr PCSE¢
Table A2: Genes differentially expressed (DEGs) betvadult WT and FNcKO
unoperated lens which fall under the ontology (GO) term "proteinaceous extracellular
matrix."

Table A3: Genes that are differentially expressed in the lens of FNcKO at 48 hours
PCS.

Table A4:Genes that normally downregulate in WT U548 hourdPCS buexhibit
attenuated downregulation in FNcKO LCs

Table A5: Genes that normally upregulate in remnant LCs of WT, whose upregulation
is attenuated in FNcKO LCs

Table A6: The expression of genes that encode different integrins at 482@irs

between WT and FNcKO LCs.
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Table Al:Genes that normally upregulate in remnant LCs of WT, whose upregulation

i s attenuated in b8l TGcKO LCs at 24
WT_ 0| WT_O WT24 |b8I1 TG
hrvs | hrvs hr_ 24 hr_

Gene | 24hr | 24 hr_ | 24 hr_WTvs 24 hr_WT vs Avg_ Avg
ID _FC FDR |p8I1 TGc K{(bh8I1 TGc KO| FPKM _FPKM
3.92E
Acodl b 4 -2.42 9.36E3 4.27 1.76
3.92E
Acta2 9.71 4 -2.18 1.01E3 869.12 399.19
6.93E
Akap2 2.27 3 -2.41 1.01E3 55.04 22.82
3.92E
Ankrdl | 14.76 4 -4.90 1.01E3 33.03 6.74
2.01E
Anxa8 58.46 2 -3.87 1.01E3 22.77 5.88
3.92E
Apbblip| 11.03 4 -2.31 1.04E2 4.16 1.80
1.05E
Apol9a | 12.57 3 -2.40 2.73E2 4.93 2.06
3.92E
Arc 2.43 4 -2.60 1.01E3 19.05 7.31
1.74E
Asb5 4.05 2 -5.12 2.04E2 4.32 0.84
3.92E
Bink 6.42 4 -2.43 1.01E3 9.69 3.99
3.86E
Calmi3 2.52 2 -15.66 6.59E3 4.00 0.26
1.13E
Carl3 29.47 2 -2.23 3.51E2 3.80 1.71
3.92E
Cbr2 5.10 4 -2.48 4.74E3 16.90 6.83
3.92E
Cd33 22.05 4 -3.13 1.01E3 4.05 1.29
3.92E
Cdk15 7.65 4 -2.37 3.07E2 4.81 2.03
3.92E
Climp 6.55 4 -2.52 1.01E3 6.62 2.63
8.97E
Cmssl 2.72 3 -2.02 2.62E2 24.80 12.29
3.92E
Col6al | 2.36 4 -2.15 1.01E3 22.96 10.67

hr
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WT 0| WT_O WT24 |b8I1 TG

hrvs | hrvs hr_ 24 hr_

Gene | 24hr | 24 hr_ | 24 hr_WTvs 24 hr_WT vs Avg_ Avg

ID _FC FDR |[b81 TGcK(bh8I1 TGc KOl FPKM _FPKM
3.92E

Crabp2 | 19.91 4 -3.49 1.01E3 21.17 6.06
2.76E

Csf3 199.24 2 -4.86 1.01E3 50.87 10.47
5.83E

Cth 2.43 3 -2.92 4.04E3 6.35 2.17
3.92E

Cxcl2 11.78 4 -3.09 1.01E3 55.40 17.94
3.92E

Cxcl5 140.46 4 -3.83 1.01E3 47.41 12.39
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WT 0 | WT_O WT 24
hr vs hr vs hr | Bb81 TGg
Gene | 24hr | 24hr_ | 24 hr_WTvs 24 hr_WT vs Avg_ | 24 hr _Avg
ID _FC FDR |[b81 TGcK{(bh8I TGc KO|FPKM | FPKM
2.71E
Defbl 18.52 2 -10.79 1.68E2 7.07 0.66
3.92E
Dsglb 2.61 4 -5.32 1.01E3 3.72 0.70
2.47E
Dyrk3 3.41 3 -2.09 2.23E2 4.56 2.19
7.36E
Erccl 4.16 4 -2.53 1.40E2 27.49 10.88
3.92E
Errfil 2.45 4 -2.11 1.01E3 41.04 19.45
3.92E
F3 8.71 4 -2.24 1.01E3 31.38 14.02
1.82E
Fam25c| 10.70 2 -6.11 9.36E3 22.71 3.71
3.92E
Fgl2 10.34 4 -3.52 1.01E3 8.06 2.29
9.94E
Gchl 2.12 3 -2.97 1.01E3 5.39 1.81
3.92E
Greml | 170.52 4 -2.94 1.01E3 178.14 60.60
3.92E
Gstal b 4 -3.21 4.52E2 6.32 1.97
3.92E
Gsta2 b 4 -3.14 1.50E2 9.19 2.92
1.64E
Hdc 14.13 3 -4.48 5.37E3 2.66 0.59
3.92E
Hp b 4 -3.27 1.01E3 7.44 2.27
3.92E
Ifitl 6.44 4 -2.93 1.01E3 18.61 6.35
3.92E
Ifit3 5.59 4 -3.18 1.01E3 31.67 9.97
3.92E
Ifit3b 6.57 4 -2.60 4.74E3 14.44 5.54
3.92E
ll6ra 9.89 4 -2.41 3.33E3 4.18 1.73
3.92E
Irak4 4.93 4 -2.00 4.84E2 5.46 2.72
3.92E
Itgab 9.06 4 -2.76 1.01E3 70.95 25.72




WT 0 | WT_O WT 24
hr vs hr vs hr [ B81 TGq
Gene 24 hr | 24 hr_ | 24 hr_WTvs 24 hr_WT vs Avg_ | 24 hr _Avg
ID _FC FDR |[b81 TGcK{(bh8I TGc KO|FPKM | FPKM
3.92E
Krtl5 4.33 4 -8.20 1.01E3 29.50 3.60
1.51E
Krt5 2.26 2 -11.25 1.01E3 5.66 0.50
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Table Al:Genes that normally upregulate in remnant LCs of WT, whose upregulation

i s attenuated in b8l TGcKO LCs at 24 hr P C:¢

WT 0 | WT_O WT 24
hr vs hr vs hr_ b8I1 TGc
24 hr | 24 hr_ | 24 hr_WTvs 24 hr_WT vs Avg 24 hr_ Avg
GenelD| FC FDR |b8I1 TGcK{bh8I TGc KO| FPKM _FPKM
3.92E
Krt6a 5.83 4 -10.69 5.37E3 3.60 0.34
3.92E
Lbp 4.53 4 -3.07 1.01E3 4.58 1.49
3.92E
Lgals3 3.60 4 -4.14 1.01E3 205.36 49.63
2.04E
Lmcdl 15.38 2 -4.13 8.35E3 3.47 0.84
3.92E
Lox 9.31 4 -2.54 1.01E3 5.74 2.26
3.92E
Ly6a 9.13 4 -19.01 2.62E3 13.92 0.73
3.92E
Map3k6 6.36 4 -2.12 1.01E3 8.41 3.97
9.15E
Mmp19 4.93 3 -2.32 4.24E2 5.40 2.33
3.92E
Mmp3 b 4 -2.45 1.01E3 15.58 6.35
3.92E
Mt2 2.96 4 -2.35 1.01E3 205.55 87.37
3.92E
Nes 9.71 4 -2.86 1.01E3 231.45 80.99
3.92E
Noct 2.71 4 -2.16 1.01E3 42.35 19.64
3.92E
Notum 3.23 4 -2.15 1.01E3 10.41 4.83
3.92E
Nov 4.12 4 -3.35 1.01E3 4.18 1.25
4.46E
Nppb 30.40 3 -2.55 2.15E2 13.67 5.37
3.92E
Oas2 12.38 4 -2.78 5.37E3 3.40 1.22
9.94E
Ocell 3.15 3 -2.21 4.61E2 4.21 1.91
3.92E
Pakl 3.72 4 -2.06 1.01E3 10.99 5.34
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WT 0 | WT_O WT 24
hr vs hr vs hr_ b8I TGg
24 hr | 24 hr_ | 24 hr_WTvs 24 hr_WT vs Avg 24 hr_ Avg
GenelD | FC FDR |81 TGcK{(bh8I TGc KO| FPKM _FPKM
3.92E
Phf1ld 4.79 4 -2.80 1.01E3 5.19 1.85
3.92E
Pla2g2e b 4 -10.44 4.94E2 2.64 0.25
4.25E
Prrx2 2.45 2 -2.76 2.70E2 4.54 1.65
3.92E
Ptgs2 29.33 4 -2.50 1.01E3 24.39 9.75
1.05E
Ptx3 28.99 3 -3.03 1.01E3 60.89 20.12
7.36E
Pxdcl 2.93 4 -2.02 1.96E2 8.78 4.34
2.99E
Rhox8 4.28 3 -3.19 7.15E3 5.99 1.88
3.92E
Rnf125 20.31 4 -2.43 1.01E3 18.73 7.71
3.92E
Rsad?2 24.10 4 -4.66 1.01E3 8.24 1.77
3.92E
S100a8 b 4 -3.34 1.78E2 21.86 6.54
3.92E
S100a9 b 4 -2.51 3.33E3 39.28 15.67
2.74E
Serpina3h] 3.35 3 -21.48 4.74E3 4.40 0.20
Serpinb6 3.92E
b 3.43 4 -4.48 1.01E3 37.74 8.42
3.92E
Serpinel | 36.42 4 -2.32 1.01E3 432.22 186.00
2.99E
Sfn 2.05 3 -11.68 1.01E3 14.60 1.25
3.92E
Slco2al 7.02 4 -2.23 1.01E3 21.12 9.47
2.64E
Slfinl 79.05 2 -2.26 7.15E3 7.49 3.32
3.92E
Slin4 b 4 -3.52 1.01E3 37.08 10.53
3.92E
Slpi b 4 -3.51 2.81E2 4.82 1.37
3.72E
Snail 5.46 3 -2.69 3.07E2 3.46 1.29
3.92E
Sprrla 24.75 4 -4.39 1.01E3 82.49 18.77
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WT 0 | WT_O WT 24
hr vs hr vs hr_ b8I TGg
24 hr | 24 hr_ | 24 hr_WTvs 24 hr_WT vs Avg 24 hr_ Avg
Gene ID _FC FDR |b8I1 TGcK({bh8I1 TGc KO| FPKM _FPKM
3.92E
Sprr2b b 4 b 1.01E3 2.67 0.00
3.92E
Stac 2.74 4 -2.88 1.01E3 9.28 3.22
3.92E
Statba 2.80 4 -2.38 1.01E3 8.65 3.64
2.20E
Sytl7 2.37 3 -3.31 1.01E3 9.84 2.98
3.92E
Tgml 11.21 4 -4.83 1.01E3 12.74 2.64
3.92E
Thbsl 6.12 4 -2.23 1.01E3 49.51 22.17
3.92E
TmA4sfl 2.74 4 -2.31 1.01E3 106.45 46.00
5.15E
Tpd5211 2.08 3 -2.06 5.99E3 15.26 7.40
3.92E
Trim30c b 4 -5.24 3.42E2 2.89 0.55
3.92E
Tubalc 3.97 4 -2.27 1.01E3 34.21 15.08
3.92E
Vaultrch 11.64 4 -3.05 1.01E3 123.45 40.41
3.92E
Xafl 6.28 4 -2.23 5.37E3 16.33 7.33
FC-Fold Change, WIWi | d Type,-b@B8Ili hGelg®i n condi

FDR- False Discovery Rate, Avd\verage, Hr hour, FPKM Fragments Per Kilobase

Mi ||

on,

b i -ohdnigecda nat give & umdricalfvalle ds FPKM of a

specific gene appeabsat WT 0 hour PCS
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Table A2: Genes differentially expressed (DEGSs) between adult WT and FNcKO

unoperated lens which fall under the ontology (GO) term "proteinaceous extracellular

matrix."
Gene ID Gene description Fold P Value WT FNcKO
change Mean Mean FPKM
(FC) FPKM Adult lens
Adult lens
Coll1a2 Collagen, type |, 2 5.00E05 15 3.2
alpha 2
Col9al Collagen, type IX, 2 5.00E05 35 7.8
alpha 1
Col9a2 Collagen, type IX, 2 5.00E05 1 2.2
alpha 2
Col18al Collagen, type XVIII, | 2 5.00E05 35 7.8
alpha 1
Col6a2 Collagen, type VI, -2 5.00E05 2 0.96
alpha 2
Col6a3 Collagen, type VI, -3 5.00E05 16.6 2
alpha 3
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Table A3:Genes that are differentially expressed in the lens of FNcKO at 48 hours

PCS.
Gene | FC_WT_ | FDR_WT_ |WT_48_ | FN_48 | FC_WT_O_ | FDR_WT_
ID 48 Hour_ | 48 Hour_v | Hour_Av | Hour_A | Hour_vs_ W | O_Hour_vs_
vs FN_48|s FN_48 | g_ vg_ T_48 Hour | WT_48 Ho
_Hour Hour RPKM RPKM ur
Abcc3 | -3.79 7.1E03 2.79 0.69 9.27 2.8E09
Adam | -9.91 2.6E04 1.55 0.14 8.34
ts16 4.8E05
Cc2 -13.30 2.0E10 8.13 0.56 5.94 1.4E09
Cda -292.61 4.6E07 5.26 0.00 14.63 1.0E05
Cdh17| -42.53 1.2E03 0.67 0.01 160.89 1.9E06
Cimp | -4.82 1.6E03 9.39 1.81 21.37 1.5E11
Cnnl | -16.68 1.3E03 1.11 0.06 40.89 2. 8E07
Coll4 | -5.95 3.2E03 1.00 0.16 5.60
al 4.8E05
Colla | -6.50 1.6E10 79.38 11.45 83.45
1 2.1E42
Col5a | -3.28 3.5E04 3.81 1.10 23.85
2 3.9E25
Crabp | -8.21 3.3E09 64.87 7.34 81.37
2 9.0E26
Crifx | -2.94 8.1E03 25.53 8.30 111.55 8.4E43
Dct -16.14 5.8E09 56.17 3.20 2.36 1.1E02
Dgkk | -183.25 1.4E05 0.39 0.00 6.99 9.8E04
Enpep| -2.33 4.1E02 10.23 4.15 5.25 6.6E10
F13al| -2.53 3.8E02 12.73 4.87 3.36 3.2E06
Fstl4 | -25.93 1.7E05 2.83 0.09 2.98 3.7E02
Gatm | -3.85 4.1E05 12.31 3.02 4.81 2 6E07
Gm10 | -96.03 8.3E04 1.56 0.00 14.71
639 1.6E04
Grb10 | -3.17 1.3E04 14.34 4.26 3.80 1.0E06
Grem | -6.95 1.0E04 641.93 87.32 379.66
1 1.7E40
Grem | -4.63 1.2E02 1.81 0.36 4.63
2 47604
Gsta2 | -8.31 1.4E02 3.24 0.34 51.11 1.9508
Gsta3 | -8.38 1.6E07 23.13 2.56 11.02 4.9E11
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Ge |FC_WT 48 | FDR_WT 48 | WT_48 | FN_ 48 | FC_ WT_O0_ | FDR_WT O _

ne | Hour vs FN | Hour vs F | Hour | Hour | Hour vs W | Hour vs WT

ID | 48 Hour N_48 Hour _Avg_ | _Avg_ | T_48 Hour | _48 Hour
RPKM | RPKM

H1 | -6.20 2.0E02 6.71 1.02 46.70

9 5.1E09

Hps| -7.83 3.5E04 5.47 0.64 7.39

e 1.1E06

Hs3| -4.11 1.7602 1.77 0.40 2.73

st3a

1 7.7E03

Lbp | -10.61 2.5E15 15.67 | 1.40 5.25 9.9513

Lox | -4.58 2.1E09 24.39 5.09 44.07 5.1E78

Lrr | -4.03 4.3E02 2.88 0.67 7.86

c32 5.8E06

Mat | -6.60 2.0E02 1.87 0.27 7.65

n3 4.2E06

Mc | -11.01 3.8604 1.88 0.15 14.18

hrl 1.6E06

Mg | -2.89 3.6E05 30.00 |9.77 2.54

Il 1.2E04

Mit | -4.61 1.8E04 5.81 1.16 3.34

f 7.5E05

Mla | -17.03 2.1E09 43.60 | 2.37 6.47

na 5.7E05

MI | -4.22 1904 9.44 2.12 2.57

ph 1.9E03

My | -5.63 7.4E06 6.83 1.14 3.39

Ik 1.1E03

Nk | -2.41 3.6E03 16.52 | 6.47 3.20

d2 9.8E08

Oas| -4.40 2.4E03 4.53 0.95 6.10

2 7.8607

Oas| -4.44 4.3E02 2.30 0.47 2.64

3 3.7E02

Pap | -3.49 8.3E06 21.10 |5.71 3.38

ss2 2.7E08

Pos | -4.60 2.7E09 19.33 | 3.91 5.47

tn 3.9E10

Ptg | -17.25 1.1E02 1.83 0.09 38.76

er3 1.2E06

Pyh| -3.75 2.9E02 3.39 0.85 10.79

inl 2.0e07
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Ge
ne
ID

FC_WT_48_
Hour_vs_FN

_48_Hour

FDR_WT 48
_Hour _vs F
N_48 Hour

WT_48
_Hour
_Avg_
RPKM

FN_48
_Hour
_Avg_
RPKM

FC_WT_0_
Hour_vs_W
T_48_ Hour

FDR_WT_0O_
Hour_vs_WT
_48_Hour

Ra
b27

-3.09

3.4E03

6.63

2.03

3.21

4.6E04

Rh
0ox8

-6.62

5.2E04

12.44

1.76

2.82

9.5E04

Ser
pin
a3c

-60.02

3.0E20

13.37

0.20

25.26

1.6E21

Ser
pin
a3f

-157

1.4E39

20.32

0.11

35.98

4.7E31

Ser
pin
a3g

-136

2.7TE05

2.25

0.15

34.12

1.2E10

Ser
pin
a3h

-13.6

1.4E18

21.15

1.47

8.40

1.3E19

Ser
pin
asi

-7.81

7.9E03

3.49

0.42

6.97

2.0E06

Ser
pin
a3k

-67.03

1.7602

0.58

0.00

5.56

2.3E02

Ser
pin

-94.46

4.2E42

32.75

0.32

36.45

2.4E44




Ge | FC_WT 48 | FDR_WT 48 | WT_48 | FN_48 | FC_ WT_O0_ | FDR_WT 0_

ne | Hour vs FN | Hour vs F | Hour | Hour | Hour vs W | Hour vs WT

ID | 48 Hour N_48 Hour _Avg_ | _Avg_ | T_48 Hour | _48 Hour
RPKM | RPKM

Ser| -3.01 4.8E02 41.51 12.77 | 6.98

pin

fl 1.3E10

Sfn | -9.43 4.1E09 9.88 0.99 5.09 7.6E08

Sig | -5.63 5.8E03 3.12 0.51 2.58

lec

1 2.0E02

Slc | -4.29 2.2E03 4.62 1.00 2.49

16

al

0 7.5E03

Slc | -5.57 4.8E04 8.92 1.47 4.23

24

ab 1.5E04

SIf | -7.12 1.1E07 17.26 | 2.27 110.10

n4 1.8E32

SIf | -2.88 1.8E02 4.80 1.57 4.64

n5 7.5E06

Slp | -5.22 1.6E02 18.72 | 3.30 294.73

[ 8.3E15

Syt | -8.32 6.5E05 4.38 0.48 6.27

12 6.7E06

Ta | -2.41 1.4E04 119.08 | 46.98 | 16.62

gln 5.3E44

Th | -9.77 6.9E08 8.15 0.76 7.51

X2

0 6.0E10

Tg | -3.71 6.8E03 13.32 | 3.37 17.49

ml 2.2E15

Th | -9.99 1.7E02 1.83 0.16 5.66

em

7 3.5E03

Tn | -3.22 1.4E02 7.59 2.19 2.61

frsf

19 1.4E03

Ts | -11.08 1.7604 5.20 0.43 2.61

pa

nl

0 1.2E02

Ty | -11.84 6.9E06 11.23 | 0.86 5.07

r 2.6E06
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Ge | FC_WT 48 | FDR_WT 48 | WT _48 | FN_48 | FC_ WT_O0_ | FDR_WT 0_

ne | Hour vs FN | Hour vs F | Hour | Hour | Hour vs W | Hour vs WT

ID | 48 Hour N_48 Hour _Avg_ | _Avg_ | T_48 Hour | _48 Hour
RPKM | RPKM

Uc | -2.45 1.1E03 86.73 |33.41 |5.28

p2 3.6E19

Va | -3.02 3.3E03 41.47 12.74 | 2.90

t1l 5.1E06

Vil | -3.70 9.4E03 5.08 1.27 3.32

I 6.2E04

W | -21.95 6.6E07 15.33 | 0.63 50.65

ntl

6 5.1E14

W | -8.97 2.6E02 1.60 0.16 234.61

nt2 7.5E10

FC- Fold ChangeWT- Wild Type, FN- Fibronectin conditional knockout, FDRalse
Discovery Rate, AvgAverage

TableA4: Genes that normally downregulate in WT LCs by 48 hours PCS but exhibit

attenuated downregulation in FNCK(s.

Gen | FC_WT_ 48 | FDR_WT 4 | WT_48 |FN_48_ | FC_WT_O0 | FDR_WT_
elD | _Hour_ 8 Hour_ Hour_ Hour_ _Hour_ 0_Hour
vs FN 48 |vs FN 48 H| Avg Avg_ vs WT 48 | vs WT 4
Hour our RPKM RPKM _Hour 8 Hour
Gpx | 2.91 1.8E04 175.70 481.36 | -2.80
3 1.2E06
Hfe | 2.65 9.8E03 7.62 18.85 -2.31
1.3E03
Jam | 2.30 9.6E04 7.68 16.60 -4.45
2 1.4E16
Slc2 | 3.32 1.7E02 2.28 7.08 -12.07
2a8 1.8E22

FC- Fold Change, WAWild Type, FN Fibronectin conditional knockout, FDRalse

Discovery Rate, AvgAverage



Table A5:Genes thanormally upregulate in remnant LCs of WT, whose upregulation

is attenuated in FNcKO LCs

Gene |FC_ WT 4 | FDR WT 4 |WT 48 |FN 48 |FC WT 0 | FDR WT_
ID 8 Hour_ 8 Hour_ Hour Hour Hour_vs_ 0 _Hour_
vs FN_48 | vs FN_48 | Avg_ Avg_ WT 48 Ho | vs WT 48
Hour Hour RPKM RPKM ur Hour
Abcc | -3.79 7.103 2.79 0.69 9.27
3 2.8E09
C2 -13.30 2.0E10 8.13 0.56 5.94 1.4E09
Cda |-292.61 4.6E07 5.26 0.00 14.63 1.0e05
Climp | -4.82 1.6E03 9.39 1.81 21.37 1.5E11
Colla | -6.50 1.6E10 79.38 11.45 83.45
1 2.1E42
Col5a | -3.28 3.5E04 3.81 1.10 23.85
2 3.9E25
Crabp | -8.21 3.3E09 64.87 7.34 81.37
2 9.0E26
Crifl | -2.94 8.1E03 25.53 8.30 111.55 8.4E43
Dct -16.14 5.8E09 56.17 3.20 2.36 1.1E02
Enpep| -2.33 4.1E02 10.23 4.15 5.25 6.6E10
F13al| -2.53 3.8E02 12.73 4.87 3.36 3.2E06
Fstl4 | -25.93 1.7E05 2.83 0.09 2.98 3.7E02
Gatm | -3.85 4.1E05 12.31 3.02 4.81 2.6E07
Grb10| -3.17 1.3E04 14.34 4.26 3.80 1.0806
Grem | -6.95 1.0Ee04 641.93 87.32 379.66
1 1.7E40
Gsta2 | -8.31 1.4E02 3.24 0.34 51.11 1.9608
Gsta3 | -8.38 1.6E07 23.13 2.56 11.02 4.9E11
H19 -6.20 2.0E02 6.71 1.02 46.70 5.1E09
Hpse | -7.83 3.5E04 5.47 0.64 7.39 1.1E06
Lbp -10.61 2.5E15 15.67 1.40 5.25 9.9E13
Lox -4.58 2.1E09 24.39 5.09 44.07 5.1E78
Lrrc3 | -4.03 4.3E02 2.88 0.67 7.86
2 5.8E06
Mall -2.89 3.6E05 30.00 9.77 2.54 1.2E04
Mitf -4.61 1.8E04 5.81 1.16 3.34 7.5E05
Mlana | -17.03 2.1E09 43.60 2.37 6.47 5.7&05
Miph | -4.22 1.9E04 9.44 2.12 2.57 1.9E03
Mylk | -5.63 7.4E06 6.83 1.14 3.39 1.1E03
Nkd2 | -2.41 3.6E03 16.52 6.47 3.20 9.8E08
Oas2 | -4.40 2.4E03 4.53 0.95 6.10 7.8607
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Gene |FC_ WT 4 | FDR_WT 4 |WT 48 |FN 48 |FC WT 0 | FDR WT_

ID 8 Hour_ 8 Hour_ Hour Hour Hour_vs_ 0 _Hour_
vs FN_48 | vs_FN_48 | Avg_ Avg_ WT 48 Ho | vs WT 48
Hour Hour RPKM RPKM ur Hour

Papss| -3.49 8.3E06 21.10 5.71 3.38 2.7E08

2

Postn | -4.60 2.7E09 19.33 3.91 5.47 3.9E10

Pyhin | -3.75 2.9E02 3.39 0.85 10.79 2.0B07

1

Rab2 | -3.09 3.4E03 6.63 2.03 3.21 4.6E04

7a

Rhox | -6.62 5.2E04 12.44 1.76 2.82 9.5E04

8

Serpi | -60.02 3.0E20 13.37 0.20 25.26 1.6E21

na3c

Serpi | -157.38 1.4E39 20.32 0.11 35.98 4. 7631

na3f

Serpi | -13.67 2.7E05 2.25 0.15 34.12 1.2E10

na3g

Serpi | -13.68 1.4E18 21.15 1.47 8.40 1.3E19

na3h

Serpi | -7.81 7.9E03 3.49 0.42 6.97 2.0E06

na3di

Serpi | -94.46 4.2E42 32.75 0.32 36.45 2.4E44

na3m

Serpi | -3.01 4.8E02 41.51 12.77 6.98 1.3E10

nfl

Stn -9.43 4.1E09 9.88 0.99 5.09 7.6E08

Siglec | -5.63 5.8E03 3.12 0.51 2.58 2.0E02

1

Slcl6 | -4.29 2.2E03 4.62 1.00 2.49 7.5E03

alo

Sic24 | -5.57 4.8E04 8.92 1.47 4,23 1.5E04

a5

Sifn4 | -7.12 1.1E07 17.26 2.27 110.10 1.832

Sifn5 | -2.88 1.8602 4.80 1.57 4.64 7.5E06

Slpi -5.22 1.6E02 18.72 3.30 294.73 8.3E15

Sytl2 | -8.32 6.5E05 4.38 0.48 6.27 6.7E06

Tagin | -2.41 1.4E04 119.08 46.98 16.62 5.3E44

Tbx2 | -9.77 6.9E08 8.15 0.76 7.51 6.0E10

0

Tgml | -3.71 6.8E03 13.32 3.37 17.49 2.2E15

Tnfrsf | -3.22 1.4E02 7.59 2.19 2.61 1.4E03

19
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Gene |FC_ WT 4 | FDR_WT 4 |WT 48 |FN 48 |FC WT 0 | FDR WT_

ID 8 Hour_ 8 Hour_ Hour Hour Hour_vs_ 0 _Hour_
vs FN_48 | vs_FN_48 | Avg_ Avg_ WT 48 Ho | vs WT 48
Hour Hour RPKM RPKM ur Hour

Tyr -11.84 6.9E06 11.23 0.86 5.07 2.6E06

Ucp2 | -2.45 1.1E03 86.73 33.41 5.28 3.6E19

Vatll | -3.02 3.3E03 41.47 12.74 2.90 5.1E06

Vill -3.70 9.4E03 5.08 1.27 3.32 6.2E04

wntl | -21.95 6.6E07 15.33 0.63 50.65 5.1E14

6

FC- Fold Change, WAWild Type, FN Fibronectin conditional knockout, FDRalse

Discovery Rate, AvgAverage

Table A6: The expression of genes that encode different integrins at 48 hours PCS

between WT and FNcKO LCs.

Gene| Gene Fold False Fold False WT WT FNcKO
ID description | change| discovery | change | discovery | Mean | Mean | Mean
(FC) rate (FC) rate RPKM | RPKM | RPKM
from (FDR) from (FDR) At0 At48 | At48
WT O WT to hour hours | hours
hour WT O hr | FNcKO | WT 48 PCS PCS PCS
to WT | vs. WT at 48 hours vs.
48 48 hours | hours FNcKO
hours | PCSin PCS in | 48 hours
PCSin| LCs LCs PCSin
LCs LCs
Itgav | Integrin 1.26 0.248 1.13 1 4550 | 66 71.5
alpha v
Itgab | Integrin 7.22 5.19E24 | 1.05 1 6 49.5 50.44
alpha 5
Itgbl | Integrin 2.54 4.13E05 | -1.08 1 110 325 284.53
beta 1
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Appendix B

SUPPLEMENTAL FIGURES

FigureB1: Representative figures of flow cytometric analysis of post cataract
surgical lens cell suspensions. Singél suspensions obtained after enzymatic
digestion of post cataract surgical samples were permeabilized and stained

with antibodies against USMA (right si
isotype control antibod(left side of the gate marked as negative) as described

in methods. The gate marked as alpha SMA in histograms reveals events that
stained with USMA. This experiment had
surgical time point. Alsotopic control; BWT 0 hou PCS; G FNcKO 0 hour

PCS; D WT 5 days PCS; BH-NcKO 5 days PCS.

Figure B2:Aquaporin 0 expression is undetectable at O hour PCS in both WT

and FNcKO capsular bags while by 5 days PCS, significant levels of

Aquaporin 0 is detected (WT **P < 0.002, FNcKP < 0.032). In addition to

that, comparable levels of Aquaporin O expression are detected by
Immunofluorescence and ImageJ (T= 48 hours, P = 0.5495; T= 5 days, P =

0.9013) both at 48 hours and 5 days PCS in WT and FNcKO capsular bags.
Aquaporin 0 (red) isnerged with DNA detected by Draq5 (blue). Scale bars:

35 &m. L C, remnant | ens epithelial cel

experiments had N = 3. Values are expressed as m8&M. Asterisks (*)
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indicate a statistically significant change in MFIvbeen WT and FNcKO at a

PCS or between two PCS time points.

Figure B3:Colocalization of collagen | (A) and tenascin C (B) with cell

associated fibronectin post cataract surgery (PCS) is detected at 5 days in WT

lens cells (yellow). Fibronectin (green), kemen | and tenascin C (red) are

merged with DNA detected by Drag5 (bl ue
lens epithelial cells/lens cells; C, lens capsule.

Figure B4:FNcKO lens cells are positive for thrombospondin 1(THBS1) and
extracellular matrix protein 1 (ECM1) staining at 5 days PCS although

attenuated levels of THBS1 protein are detected in FNcKO LCs compared to

WT LCs (**P = 0.003). USN&d) megedevgn ) , E C N
DNA staining Drag5 (blue). Scale bars:
cells/lens cells; C, lens capsule. All experiments had N = 3. Values are

expressed as mearSEM. Asterisks (*) indicate a statistically significant

change in MFbetween WT and FNcKO at a PCS or between two PCS time

points.

Figure B5:Adult lens epithelial cells stain robustly for pSMAD1/5/8, a

downstream mediator of BMP signaling. pPSMAD1/5/8 (red) merged with

DNA staining Dragb5 (bl ue)lC rerffnamlens bar s:
epithelial cells/lens cells; Tz, transition zone.

Figure B6:Gremlinl i s mor e potent than active T
expression in FNcKO capsular bags at 5 days PCS. FNcKO LCs do not

upregulate periostin protein levels at 5&l®CS (P = 0.919], while WT LCs

do (**P = 0.005). Treatment of FNcKO cz¢
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rescues the defect in periostin expression to levels qualitatively similar to WT

[ WT vs FNcKO (TGFb1l) =RtreateddFNcK® Brls, whi | e
cellsexhibit qualitatively and quantitatively higher levels of periostin protein

expression at 5 days PCS [ WT vs FNcKO ( gresh)iri*P = 0.010], [FNcKO
(TGFb1l) vs FMNoKO *(* Pgr<endl.iOn 1] . Peri osti
and DNA detected by Drag5 (blue) Scal e bars: 35 &m. L C,
epithelial cells/lens cells; C, lens capsule. All experiments had N = 3. Values

are expressed as meaiSEM. Asterisks (*) indicate statistically significant

MFI between WT and/ or FNcKO a®d/ or FNck
(gremlin-1) at 5 days PCS.

Figure B7Pr ecoci ous el evation of fibrotic r
signaling is not detected at 24 hours PCS either the addition of exogenous
active TGFb1l or gremlin 1 to WT capsul e
U §IA (green), pPSMAD2/3 (red) merged with DNA staining Drag5 (blue). The

positiveh SMA staining reflects the endogenous expression of this protein that

is known to exist in unoperated lens epithelial cells that is seen here due to the

use of confocal settinghat allow viewing of this basal expression Scale bars:

17 &m. L C, remnant | ens epithelial cel |
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Figure B1: Representative figures of flow cytometric analysis of post cataract
surgical lens cell suspensions. Singit suspensions obtained after enzymatic
digestion of post cataract surgical samples were permeabilized and stained with
antibodies against USMA (right side of the
control antibody (left side of the gate marked as negptis described in methods.
The gate marked as alpha SMA in histogr ams
This experiment had N=3 from each of post cataract surgical time peilsot&pic
control; B WT 0 hour PCS; €EFNcKO 0 hour PCS; BWT 5 daysPCS; E FNcKO 5
days PCS.
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