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Histopathological analysis of residual lens cells in capsular opacities after

cataract surgery using objective software

Christina Mastromonaco, Matthew Balazsi', Jacqueline Coblentz, Ana Beatriz Toledo Dias, Pablo Zoroquiain,

Miguel N Burnier Jr

Purpose: Remnant lens epithelial cells (LECs) within the capsular bag (CB) undergo epithelial-to-mesenchymal
transition (EMT) and acquire a myofibroblast phenotype, depositing extracellular matrix (ECM)
components, leading to posterior capsular opacification (PCO). This study histopathologically analyzes the
LEC-to-myofibroblast transition and de novo ECM component deposition (i.e., smooth muscle actin (SMA)
and fibronectin (FN) expression) and determines the intraocular lens (IOL) and patient factors associated
with these changes. Methods: In total, 190 CBs with IOLs were removed from donor eyes. Digital images
were obtained, and PCO was graded using published software (ADOS, Medical Parachute). Automated
immunohistochemistry was performed using anti-SMA to detect EMT and anti-FN to document ECM
remodeling. Slides were digitized and analyzed using the Positive Pixel Count v9 algorithm. Linear
regression and Poisson regression were performed (P < 0.05). Results: SMA positive expression decreased
as the time of IOL implantation increased (P < 0.0001). Positivity of SMA and FN demonstrated a positive
correlation (P = 0.0002). Controlling for confounding factors in Poisson regression, hydrophobic and
hydrophilic materials showed higher FN and SMA expression when compared to silicone material
lenses (FEN; P = 0.018; P < 0.0001, SMA; P = 0.001; P = 0.003, respectively). The square optic design had 29%
higher SMA positivity compared to the opti-edge design (P = 0.042). One-piece haptic lenses had higher
SMA expression compared to three-piece haptic (P = 0.042). A higher risk of expression of SMA and FN was
seen in patients with a history of smoking, hypertension, and glaucoma (P < 0.05). Conclusion: This study
demonstrated that SMA and FN expression is different according to IOL design and patient factors, thus
indicating that LEC changes depend on lens biocompatibility. Therefore, by analyzing the histopathological
composition of PCO by using LECs, further insight into the characteristics of IOLs that are important for
biocompatibility can be ascertained.
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post-mortem eyes

Cataracts are the leading cause of blindness worldwide,
significantly impairing a person’s ability to perform daily
tasks, thereby negatively impacting the quality of life.["
Vision, however, can be restored through cataract surgery,
which involves the replacement of the crystalline lens
with an intraocular lens (IOL) implant within the capsular
bag (CB). It is estimated that the number of cataract surgeries
performed in 1 year ranges 4000-10,000 per million in
developed countries and 500-2000 per million in developing
countries.™

Surgical cataract extraction and implantation of an IOL,
however, provokes an injury-like response within the eye
from the disruption of the blood—aqueous barrier, leading to
foreign body reactions.”! The rupture of the anterior capsule
basement membrane through the capsulorhexis leads to aloss
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of cell-to-cell contact between the lens epithelial cells (LECs),
resulting in wound healing repair mechanistic activation.
Macrophage and giant cell infiltrates secrete many cytokines to
stimulate and promote the remnant LECs within the capsular
bag to undergo epithelial-to-mesenchymal transition (EMT)
like-changes toward a myofibroblastic phenotype.>* The
myofibroblasts produce contractile forces and are characterized
by their expression of o-smooth muscle actin (0-SMA), which
are significantly increased after capsular rupture and typically
not expressed in normal lenses."® Moreover, myofibroblasts
initiate a fibrotic reaction secreting fibrous extracellular
matrix (ECM), which include collagen, proteoglycan, laminin,
and fibronectin (FN).?#% Furthermore, lens fibers can rearrange
themselves into Soemmering’s ring (SR) formations in the
periphery of the CB. Altogether, these reactions lead to
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the formation of capsular opacifications, further leading to
impairment of vision.

Studies suggest that biocompatibility of the IOL implant
is a factor that contributes to the extent of the wound healing
reaction seen within the CB and can impact the formation of
the capsular opacities.'?! Linnola et al. suggest a potential
correlation between FN adhesion to the IOL and posterior
capsular opacification (PCO) formation amongst IOL materials,
further supporting that FN is a mediator between LECs and
the IOL surface.">"! Matsushima et al.'"] demonstrated the
importance of material and optic edge design on PCO by
using animal model studies and suggest the use of cytoskeletal
proteins as a potential therapeutic target for PCO. Moreover,
Saika et al.m® noticed the expression of aSMA in different IOL
materials but with no correlation studies documentation in
regards to the time of IOL implantation and its effect on the
histological differences between IOL materials.

Biocompatibility between the IOL implant is an important
concept to define as many factors are involved. Biocompatibility,
in this case, can be defined as the biological reaction of the
LECs and capsular bag components toward the non-biological
materials of the IOL. All factors that can influence this
biocompatibility of the IOL are factors that include but are
not limited to the patient and the IOL characteristics. The aim
of this study is to define if there are IOL factors (optic edge
design, material, haptics, and filter) and patient factors (age,
smoking history, diabetes, hypertension, glaucoma, and
history of cancer) that are associated with the expression
of myofibroblastic changes seen in EMT (SMA and FN
expression) and capsular opacities through histopathological
analyses. We further aim to standardize our grading through
software analysis for both immunohistochemical analysis and
opacification scores.

Methods

In total, 190 post-mortem donor eyes implanted with IOLs
fixed in 10% formalin were obtained from the Minnesota Lions
Eye Bank (Saint Paul, MN, US). All data accumulation was in
accordance with the Canada and Province of Quebeclegislation
and the tenets of the Declaration of Helsinki. All eyes were
sectioned across the coronal axis, posterior to the CB, for gross
pathological examination. Under the Leica EZ4HD (Wetzlar,
Hesse, Germany) stereomicroscope, zonulas of the eye were
cut carefully using Westcott scissors to remove the CB with
the implanted IOL.

The CBs were imaged using the Olympus DSX110 digital
microscope (Philadelphia, PA, USA). Lighting conditions were
set at full trans-illumination brightness, and a standardized
lighting condition was used for CB images. Opacities of the CB
were graded on the images by using a previously published
automated detector opacification software (ADOS) by
Medical Parachute (Montreal, QC, Canada).™ ADOS software
quantification scored CB opacities through a luminosity score,
which represented the intensity of the opacification, and CB
opacity area (in percentage).

CB tissue was sectioned in half through the haptic locations.
Specimens were processed routinely and paraffin-embedded
to visualize the anterior and posterior capsular tissue on the
histology slide. Fully automated immunohistochemistry

using the Ventana Benchmark Automated Platform was
performed according to the manufacturer’s recommended
protocol (Ventana Medical Systems, Tucson, AZ). Processing
of the barcoded slides included baking, solvent-free
deparaffinization, and CCl (Tris-EDTA buffer pH 8.0)-based
antigen retrieval. The slides were then incubated with
anti-SMA (Dako clone 1A4) and anti-FN (Abcam ab32419) at
a dilution of 1:300 for 30 min at 37°C, followed by the addition
of biotinylated secondary specific antibodies, and of an avidin/
streptavidin-coupled alkaline phosphatase enzyme conjugate.
Signals were visualized with Fast Red (Ventana, Tucson, AZ) as
a chromogenic substrate, and slides were then counterstained
with hematoxylin. Normal colon sections were used as positive
controls for SMA and normal intestine as a positive control for
fibronectin; the primary antibody was omitted for negative
controls.

Slides were digitized using the Aperio ScanScope
Scanner (Aperio AT Turbo, Leica Biosystems Imaging, Inc).
By using the digital slides, a section of the capsular bag tissue
was demarcated; this area included the anterior and posterior
capsule, the SR, and the IOL space [Fig. 1]. IOL biomaterial
was noted to melt away during the embedding process of the
tissue, leaving a defined empty area, which corresponded
to the IOL placement. By using the Positive Pixel Count v9
algorithm (Aperio ImageScope) software set at a hue value of
0.878, the positivity (total number of positive/total number of
pixels x 100, mm?) was obtained [Fig. 2].

To assess the time of IOL implant with the expression of
SMA and FN and with the opacity outcomes (overall intensity
and area), a regression analysis was used to identify any
associations. Univariate and multivariate Poisson regression
analyses were performed to assess the relationship between
IOL factors (optic edge design, material, haptics, and filter),
patient factors (age, smoking history, diabetes, hypertension,
glaucoma, and history of cancer), and expression of FN and
SMA. Incidence rate ratios (IRRs) were calculated, and P <0.05
was considered statistically significant. Statistical analyses were
performed using STATA14.2 (Stat Corp. TX).

Results

Initially, 190 post-mortem donor eyes were pathologically
grossed. Once slides were digitalized, 86 samples were
excluded from our data set due to the inability to clearly
visualize both anterior and posterior capsular tissue after
embedding. CB histology sections allowed for visualization
of the SR composition within the CB basement membrane,
which surrounds the edge of the IOL optic. CB images
demonstrated a clear view of the opacities within the capsular
bag [Fig. 1].

We were unable to obtain the IOL model number of
one sample; thus, 103 eye specimens were retained for the
final analyses. The average time between patient’s cataract
surgery and death of the patient (post-IOL implantation) was
62.5 + 47.6 months, which ranged between 3 and 226 months.
The average age of the patient at the time of cataract surgery
was 76.6 + 8.2 years. The mean age of patients when deceased
was 81.8 + 7.8 years. The male: female ratio was 59:44. There
were 4.8% (5) patients classified as smokers, 10.6% (11) as
diabetics, 19.4% (20) with hypertension, and 20.3% (21)
were diagnosed with cancer at some point in their lifetime.
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Figure 1: Histological sections of capsular bag tissue. a) Hematoxylin and eosin stain demonstrated the anterior (bottom basement member) and
posterior capsule (top basement membrane). Soemmering’s Ring opacities are located in the bulk, indicated with the star. Placement of the optic
edge of the intraocular lens is indicated with the arrow. b) Magnification of the intraocular lens placement between the anterior and posterior capsule.
c) Immunohistochemistry of a-smooth alpha-actin on the capsular bag tissue. d) Immunohistochemistry of fibronectin on the capsular bag tissue
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Figure 2: Digital slide of the capsular bag with quantification algorithm. a) Capsular bag stain smooth alpha-actin (SMA). b) Positive Pixel Count v9
algorithm quantification on the Aperio ImageScope. Blue indicates negative staining, orange indicates positivity, and red indicates strong positive
staining. ¢) Magnification of the edge of the intraocular lens placement. d) Positive Pixel Count data output for SMA expression
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Table 1: Impact of IOL time (months) on the outcomes (FN and SMA expression and opacity)

Univariate Multivariate
Beta 95% CI P Beta 95% ClI P
FN positivity -1.05 -2.19-0.086 0.069 -0.43 -1.70-0.84 0.499
SMA positivity -4.56 -6.12--3.12 0.0001 -2.67 -4.02--1.33 0.000
Overall Opacityarea 0.037 -0.089 0.098 0.04 -0.021-0.1 0.182
Overall Opacityintensity 2.04 1.04-3.03 0.0001 1.89 0.55-3.23 0.009

Impact of IOL time (months) on the outcomes (FN and SMA expression, and opacity). IOL time has a significant association with the SMA positivity and Overall
Opacityintensity after controlling for laterality, gender, age, smoking status, and medical history (diabetic, hypertension, AMD, glaucoma, and cancer). P<0.05

was considered significant

Table 2: Impact of selected demographic and clinical characteristics on FN and SMA expression

Smoking Diabetics

Hypertension Glaucoma Cancer

FN positivity
SMA positivity

4.68 (3.41-6.43)"
6.85 (5.45-8.61)"

1.25 (0.92-1.71)
0.58 (0.36-0.93)"

3.16 (2.37-4.21)*
7.56 (6.04-9.45)*

0.40 (0.27-0.60)*
0.88 (0.69-1.13)

1.73 (1.34-2.22)*
3.01 (2.47-3.65)

Impact of patient factors on the outcomes (FN and SMA expression). Estimates are adjusted for age and gender. Incident rate ratio (confidence interval),

P values are significant at 5%

Table 3: Impact of various parameters on the SMA positivity by using Poisson Regression

Parameter Univariate Multivariate
IRR 95% CI P IRR 95% ClI P

Edge Design

Optic 1.00 1.00

Square 1.69 1.39-2.07 <0.0001 1.29 1.01-1.66 0.042
Material

Silicone 1.00 1.00

Hydrophobic 5.01 2.98-8.39 <0.0001 2.34 1.34-4.06 0.003

Hydrophilic 5.76 3.34-9.92 <0.0001 2.61 1.46-4.65 0.001
Haptics

3 Piece 1.00 1.00

1 Piece/Plate 1.69 1.39-2.07 <0.0001 1.30 1.01-1.67 0.042
Filter

Clear 1.00 1.00

Blue 0.44 0.32-0.60 <0.0001 0.8 0.56-1.13 0.208
Any Parameter

None 1.00 1.00

1-2 6.61 3.95-11.05 <0.0001 3.85 2.26-6.55 <0.0001

3-4 2.4 1.33-4.32 0.004 2.66 1.44-4.92 0.002

Impact of various parameters on the SMA positivity by using Poisson Regression. Multivariate analysis controlling for laterality, gender, age, smoking status, and

medical history (diabetic, hypertension, AMD, glaucoma, and cancer). IRR=Incident rate ratio. P<0.05 was considered significant

Two patients were diagnosed with age-related macular
degeneration (AMD) (1.9%) and eight with glaucoma (7.7%).

Our cohort was composed of twelve different lens types:
SN60OWFE (21), ZCB00 (19), ZA9003 (17), AR40/e (16), 29002 (12),
SAGOAT (11), SI4ONB (2), MI6OL (1), FC-60AD (1), LI41U (1),
SN6AT4 (1), and ZCT300 (1). From these samples, 55 had a
square edge design (53%), 47 had an opti-edge design (rounded
edge in the anterior and square edge in the posterior) (46%),
and one had a round edge (1%). Seventy-one lenses were made
from hydrophobic acrylic material (69%), 17 were hydrophilic
acrylic (17%), and 15 were made from silicone (15%). Fifty-four
lenses were one-piece design (53%), 48 were three-piece

design (47%) and one was a plate design (0.1%). Eighty-one
samples were clear-filter lenses (73%), whereas 22 were
blue-filter lenses (27%).

When we compared the opacity intensity and opacity
area, we found that both variables displayed a positive
correlation (r = 0.503, P = 0.006). Expression levels of SMA
and FN demonstrated a positive correlation, indicating that
epithelial-to-myofibroblastic transition (SMA expression) was
accompanied by ECM remodeling (FN expression) (r = 0.527,
P =0.0002). In contrast, a negative correlation was observed
between SMA expression and capsular opacities (both in area
and intensity), suggesting a long-term loss of myofibroblasts
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Table 4: Impact of various parameters on the FN positivity by using Poisson Regression

Parameter Univariate Multivariate
IRR 95% ClI P IRR 95% CI P

Edge Design

Optic 1.00 1.00

Square 1.67 1.32-2.12 <0.0001 1.28 0.99-1.66 0.064
Material

Silicone 1.00 1.00

Hydrophobic 3.21 1.95-5.27 <0.0001 1.92 1.12-3.28 0.018

Hydrophilic 3.52 2.06-6.03 <0.0001 2.87 1.61-5.10 <0.0001
Haptics

3 Piece 1.00 1.00

1 Piece/Plate 1.67 1.32-2.12 <0.0001 1.28 0.99-1.66 0.064
Filter

Clear 1.00 1.00

Blue 1.01 0.77-1.34 0.9143 1.19 0.87-1.65 0.273
Any Parameter

None 1.00 1.00

1-2 3.37 2.09-5.43 <0.0001 2.68 1.62-4.44 <0.0001

3-4 2.93 1.74-4.94 <0.0001 2.83 1.62-4.95 <0.0001

Impact of various parameters on the FN positivity using Poisson Regression. Multivariate analysis controlling for laterality, gender, age, smoking status, and
medical history (diabetic, hypertension, AMD, glaucoma, and cancer). IRR=Incident rate ratio. P<0.05 was considered significant

as opacities increase within the CB (r = -0.564, P = 0.005;
r=-0.435, P = 0.038).

In addition, we sought to correlate the expression levels
of SMA and FN in association with the time at which the
IOL was implanted. We found that the expression of SMA
decreased with time after IOL implantation within the CB,
confirming a negative association by univariate regression
analysis (P = 0.0001). A similar negative association was
found in the multivariate regression analysis after controlling
for laterality, gender, age, smoking status, and medical
history (P < 0.001) [Table 1]. Notably, we observed that a
longer IOL implant time was associated with an increase in
overall opacity intensity by both the univariate (P =0.0001) and
multivariate analyses (P =0.009) [Table 1]. No other significant
associations were found between IOL implant time and other
outcomes [Table 1].

Age as a factor on its own showed a negative association
with SMA expression in the multivariate regression
analysis (Beta =-0.28, 95% CI=-0.29 to — 0.069, P = 0.010), and
no association with FN expression.

In a sub-group analysis, the association between FN
and SMA expression to patients’ characteristics (smoking,
diabetes, hypertension, glaucoma, and cancer) were analyzed
following adjustments for age and sex. An increased risk of
FN expression was observed in patients with passed smoking
status (IRR = 4.68). Similar associations were observed in
hypertensive and glaucoma patients (IRR = 1.73 and 3.16,
respectively). However, FN expression risk was marginally
decreased with the history of cancer (IRR = 0.40), while
no association with regard to the history of diabetes was
noted [Table 2]. In addition, patients who were smokers,
hypertensive, or who had a history of glaucoma demonstrated
slightly higher associations with SMA expression (IRR = 6.85,

3.01, and 7.56, respectively). A slight risk decrease in SMA
expression was demonstrated in patients with a history of
diabetes (IRR = 0.58), and no association was noted with the
patient’s history of cancer [Table 2].

On the contrary, four main characteristics of IOLs—lens
optic edge design (optic and square), material (silicone,
hydrophobic, and hydrophilic), haptic piece (3 piece and
1 piece), and lens filter (clear filter and blue filter) —were
categorized and analyzed regarding the expression of
SMA and FN. To this end, we used a Poisson regression
analysis (univariate and multivariate) on each outcome. Using
these analyses, we found that the square optic design IOL
implant had a 69% higher risk of SMA positivity compared
to the opti-edge design using univariate regression analysis
and a 29% higher positivity after controlling for confounding
factors in the multivariate analysis (P < 0.0001 and P = 0.042,
respectively) [Table 3]. Also, hydrophobic and hydrophilic
materials showed a 5.01 and 5.76 higher risk of SMA positivity
when compared to silicone (P < 0.0001, univariate analysis).
Higher risk of SMA positivity was still observed after
adjusting for confounding factors (P = 0.003 and P = 0.001,
respectively) [Table 3]. When we took the haptic into account,
we found that the one-piece haptic lenses had higher SMA
expression as compared to three-piece haptic by using either
univariate and multivariate regression analysis (P < 0.0001
and P = 0.042, respectively) [Table 3]. Lenses with blue filters
lenses showed a 0.44 times lower SMA expression when
compared to clear-filter lenses (P < 0.0001) by using the
univariate analysis; however, this difference did not reach
significance when confounding factors were taken into
account (P = 0.208) [Table 3]. Taking into consideration the
combination of more than one IOL parameter, we observed
consistent and significantly higher SMA expression [Table 3].
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When taking into account FN expression, we found that
square-edge IOL design was associated with a 67% higher
risk of FN positivity compared to those implanted with the
opti-edge design (P <0.0001, univariate analysis). Significance
was lost, however, after controlling for confounding parameters
by using multivariate regression analysis [Table 4]. Also, both
hydrophobic and hydrophilic materials demonstrated a 3.21
and 3.52 times higher risk in FN expression when compared
to silicone (P < 0.0001, univariate analysis). This association
was still present after controlling for confounding factors as
demonstrated by a 1.92 and 2.87 times higher FN expression in
comparison to silicone material lenses (hydrophobic: P=0.018;
hydrophilic: P < 0.0001) [Table 4]. One-piece haptic seemed
to be associated with higher FN expression using univariate
analysis; however, this difference was no longer significant
after controlling for external factors in the multivariate
analysis (P < 0.0001 and P = 0.064, respectively) [Table 4]. In
contrast to SMA expression, the lens filter did not demonstrate
any differences in FN expression [Table 4]. Taking into
consideration the combination of more than one IOL parameter,
we again observed consistent and significant higher FN
expression (P < 0.0001 with both univariate and multivariate
analyses) [Table 4].

The intensity of the opacities within the CB was also analyzed
in regard to the IOL factors. We found that the intensity of the
opacities was statistically high in the IOLs made with silicone
material compared to those made with hydrophobic and
hydrophilic materials, with hydrophilic material having the
least amount of opacity intensity. (IRR = 0.51, P <=0.001, 95%
CI = 0.38-0.74 and IRR = 0.40, P = 0.001, 95% CI = 0.23-0.69,
respectively). After controlling for confounding factors,
differences were no more significant. Moreover, we did not
observe any correlation between the intensity of opacities and the
other IOL parameters (i.e., edge design, haptic, and color filters).

Altogether, these analyses brought evidence that the IOL
parameter affects to different extents the phenotypic behaviors
and the opacities within the CB.

Discussion

Our study analyzed the associations between IOL
factors and EMT changes post-cataract surgery by using
immunohistochemical and objective software methods. To
the best of our knowledge, this is the first time that IOL
implantation time was analyzed in post-mortem human eyes
and compared with EMT changes of the CB by using digital
pathology software quantification.

Previous studies on capsular bag quantifications of ECM on
histopathology slides have used different methodologies (such
as SDS-PAGE and Western blot) and scoring techniques (such
as gamma counter and light microscopy counting), and
none have used software algorithms directly on the immuno
digital slides.!'"131¢] Accurate objective quantification of
immunostaining is important for all cases in pathology.
As CB tissue is relatively small, even the smallest staining
differences between samples are important. Furthermore, due
to the size and the elasticity of the tissue, it was quite difficult
to embed the CB in a proper orientation and to obtain proper
sections that allowed visualization of all structures. For this
reason, our lab quantified the immune slides of the CB by
using the Positive Pixel Count v9 algorithm provided by the

digital slide scanner. Our technique allows objective software
protein quantification directly on the histology slides,
identifying the protein expression without tissue disruption,
and allowing for protein localization throughout the entire
CB tissue section. The Positive Pixel Count v9 algorithm is a
tool that can be adjusted with specific specifications by the
user with any stained slide, regardless of color or expression
levels, and has controlled variables across all samples. This
algorithm allowed for non-bias quantification of both area
and intensity of all slides in the exact same way in just a
few minutes with a click on a button, in comparison to a
traditional light microscopic analysis. The Positive Pixel
Count algorithm can be a useful and quick tool to quantify the
immunohistochemical expression in small tissue samples like
the CB in both research and clinical settings. Pathology sectors
have increasingly been using digital pathology tools for both
patient diagnosis!"”'®! and research purposes in all research
fields.""?! Benefits of digital pathology scanned slides include
but are not limited to higher picture quality, ability to view
entire tissue sections at different magnifications, and facility
to share images with users at another location through a
web-based platform."”)

In the cohort we included in the present study, the period
of time that the IOL had been implanted in the CB was
obtained from medical records and allowed for an enhanced
understanding of FN and SMA expression through time.
Histopathological differences in the cellular and extracellular
matrix (ECM) components in specimens may be affected by
IOL time, as noted by Werner et al. in their study; however,
no concrete conclusion could be made without the exact time
of implant.?? Although EMT and ECM changes between lens
materials have been demonstrated, Saika et al.l point out that
post-surgical IOL implantation time may be a defining factor
for these tissue and cellular variables, which were not analyzed
in their study. Furthermore, Ishibashi et al.*! concluded that
post-surgical IOL implantation time is an important factor that
affected the capsular opacity composition as they analyzed
anterior subcapsular opacities in monkeys. They demonstrated
that during the first 2 months post-operation, opacities were
composed mostly of proliferating LECs, and at 12 months, most
of the LECs degenerated with much higher levels of ECM. Our
present observations are in line with their findings as we report
herein a negative correlation between SMA expression and IOL
implantation time, suggesting that EMT changes are highest
within the first few months post-surgery and decrease with
time, most likely due to cell loss or phenotypic reversion into
an epithelial fate. Our results also suggest that there are viable
cells even 15 years post-cataract surgery, which is consistent
with the conclusions stated in Marcantonio et al.’s?* study, and
further state that these cells are location independent within
the capsule. The results from our samples were also validated
when confounding factors such as age and medical history were
added to the analysis, associating SMA expression to have a
2.67 times lower risk for every month post IOL implantation.

Patient factors in our cohort that were linked with a higher
risk of expression of SMA and FN were seen in patients
with a history of smoking, hypertension, and glaucoma. It is
possible that these patient factors cause further changes in the
ocular circulation and activate certain inflammatory markers,
causing CB changes and increased protein expressions.® It has
been shown that ocular comorbidities, such as glaucoma, do
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contribute to a higher risk of PCO development.? Chen ef al.?*!
suggested that elevated intraocular pressure (IOP) in glaucoma
patients may result in changes in LEC biology and CB structure.
Moreover, Hoehn ef al.””! demonstrated in the Gutenberg
Health Study that their multivariate analysis revealed a
correlation between hypertension, smoking, and higher IOP.
This suggests an association between patient factors that result
in elevated IOP and possible changes in LECs. Our study
demonstrates that intra-capsule composition can be changed
based on patients factors, all of which are important to note
prior to IOL selection to reduce PCO development. Future
studies with a larger cohort of patients are being assessed
currently by our group for statistical comparison between
patient factors and PCO development.

It is well demonstrated that PCO severity can significantly
vary by different IOL materials.'”! In addition, a study
conducted by Saika et al.1¥ illustrated that SMA expression
was observed throughout all types of IOL materials. In our
study, we deepened these analyses by considering different
IOL parameters. We observed in our cohort that the opti-edge
design with silicone three-piece haptic models had the
lowest SMA expression. The factor of time may allow for an
understanding as to why SMA was lower in the opti-edge
design with silicone three-piece haptic models. A negative
correlation was demonstrated between SMA expression and
IOL implant time, and SMA was at higher levels in the first
few months of implantation. In general, most of the longer
IOL implants were typically of the silicone three-piece haptic
models; therefore, newer models such as the square, blue-light
filtering one-piece designs had an average of a shorter implant
time. As SMA expression is higher in the first few months
of surgery, those lenses are signifying a higher SMA at that
specific time point of when the tissue was fixated.

Not many studies have compared different expression
levels of SMA between IOL models, and a most recent study
did not show SMA differences between two similar lens
types;®l therefore, further studies in the literature are required.
Although we did not statistically analyze the location of SMA
expression, we did find overall that SMA expression was
present mostly between the optic-haptic junction. Marcantonio
et al.? confirmed in their study that SMA positivity was found
around the capsulorhexis and that this alignment may lead to
contractions of these cells, causing retraction off the IOL and
potentially leading to IOL decentration. Further studies are
warranted to analyze the relationship between SMA positivity
and decentration of different IOLs.

Our results further demonstrated a negative correlation
between the opacities quantified through gross pathology by
using the ADOS software and SMA expression. We suggest
that most of the SMA expressing cells undergo EMT transitions
prior to any opacity visualization. It is possible that after IOL
surgery, LECs undergo EMT, migrate, and start expressing
SMA during the first months and then either lose this marker
and hence operate a mesenchymal-to-epithelial transition or
simply die and loss this expression. As EMT cells seem to occur
early on, opacities only become observable once most of these
transformations have already occurred. We also observed that
as the intensity of the opacities increased, so did the area of
opacities observed within the capsular bag. The intensity of the
opacities seemed to be significantly higher in silicone materials;

however, after controlling for confounding factors, it was no
longer observed. We believe that a much larger sample size is
needed to verify the significance of IOL factors that contribute
to opacity formations.

FN is an important indicator and player during the
inflammatory process, and its expression is known to increase
during PCO development. Linnola et al. studied the role of
FN as a mediator that allows for adhesion of the IOL with the
CB, contributing to the presence of PCO on the different IOL
materials.'*'*! They concluded that FN is the primary ECM
protein between the IOL surface and the CB, referring to this
adhesion as the “sandwich” theory. Their results demonstrated
that FN expression between the haptic—optic junction in the
hydrophobic acrylic IOL materials is significantly higher
compared to that in the case of PMMA and silicone IOLs. In
addition, they observed that the acrylic lens had more LECs,
signifying that acrylic IOLs had better adhesions in the CB.
Cooke et al. demonstrated that LECs attach better to acrylic
material IOLs and that a FN coating increases this effect in
in vitro models.” Our study did have similar findings, in that
there was higher FN in the acrylic lens materials, with the
highest FN expression in hydrophilic materials, thus agreeing
that the composition of the acrylic lenses does embrace this
attachment.

In the present study, we found that SMA expression
positively correlates with FN expression, indicating that
epithelial to myofibroblastic transition (SMA expression) was
accompanied by ECM remodeling (FN expression). Studies
have shown that SMA and FN expression have similar
downstream effectors via induction by TGF-B,* such as
connective tissue growth factor (CTGF), which contributes to
the EMT and ECM pathogenesis and their synthesis.*'*? CTGFs
may activate different pathways, as described by Ma et al.l*!
They demonstrated that CTGFs activate the ERK pathways
and SMAD signaling to induce EMT-associated protein
expression (i.e., SMA) and to promote fibrosis (FN production),
respectively. Moreover, Mamuya et al. demonstrated that
SMAD-3 expression can be stopped through the TGF-f3 cascade
in a mice model that lacked o-integrin.* They illustrated
that the lack of -integrin expression decreased FN in terms of
promoting fibrotic PCO but did not find similar patterns with
0-SMA expression. The authors proposed that an a-integrin
therapeutic antagonist would prevent fibrotic PCO However,
other factors must be taken into consideration when targeting
the expression of FN, one being the benefits of FN for capsular
adhesion to the IOL.

Reactive oxygen species (ROS) are other factors that have
been shown to cause a PCO phenotype in promoting LEC
growth.[™ Zukin et al."! tested aldose reductase (AR) inhibition
as a therapeutic target to decrease ROS production, leading
to the prevention of PCO development. Mechanistically, they
concluded that AR inhibition interferes in the TGF-/SMAD
pathway and inhibits the EMT, including the expression of
SMA and FN. Therefore, different downstream effectors to
TGF-B and SMAD or non-SMAD pathways seem to be more
complex, and further studies need to be conducted to find a
therapeutic that can target both EMT and fibrotic processes.

The limitations to this study include the CB tissue itself.
Due to the small size and the elasticity of the CB, it was quite
difficult to embed the CB in a proper orientation. This limited
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our sample size as visualization of the anterior and posterior
CB with the opacities was crucial for the analysis. Sectioning
of this tissue had to be practiced with gentle handling.
Furthermore, other immunohistochemical markers to identify
whether mesenchymal cells under a mesenchymal to epithelial
phenotypic reversion or under apoptosis should be performed
to understand why there is lower expression of SMA with time.
Other ECM proteins, such as laminin, vimentin, and collagen,
should be assessed using the Positive Pixel Count algorithm
to quantify their relative compositions in opacities present
between different IOL types.

Biocompatibility is an important concept in determining the
reaction of a non-biological substance in a biological structure.
This compatibility between the IOL and the biological tissue
of the CB is essential to understand to prevent opacification
post-cataract surgery. Identifying those characteristics that
influence this interaction can lead to a reduction in post-cataract
surgery complications and further reduce the need for Nd:YAG
laser capsulotomy, especially in countries with low accessibility
to equipment and expert ophthalmology care. Taking the
personalized medicine approach in the clinic can start today,
and identifying higher potential factors that can influence
CB interaction before cataract surgery can reduce the risk of
post-cataract surgery complications such as PCO. Herein, by
using objective immunohistochemical staining methods and
software-based opacity grading, we determined associations
and correlations between different IOL types, patient factors,
and EMT factors that affect the composition of the CB of IOL
transplanted eyes post-cataract surgery. Further comparisons
between capsular opacities with both IOL and patient factors
with a large series database are currently being completed by
our laboratory this year.

Conclusion

In conclusion, by analyzing the histopathological composition
of opacities and LEC changes, further insight into the
characteristics of IOLs that are important for biocompatibility
can be ascertained.
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