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Purpose: The retinal pigment epithelium (RPE) is an important tissue for maintaining a healthy retina. Retinal pigment
epithelial cells help regulate nutrient transport to photoreceptors and are heavily pigmented to prevent light scattering.
These cells also have junction proteins to form monolayers. Monolayers are key players in pathologies such as age-related
macular degeneration (AMD), a leading cause of vision loss in older adults. During AMD, RPE cell detachment can
occur, resulting in a loss of junctions. Losing junctions can increase the expression of pro-angiogenic vascular endothe-
lial growth factor (VEGF). This overexpression can cause abnormal blood vessel growth or angiogenesis in the retina.
Age-related macular degeneration treatments target VEGF to slow angiogenesis progression. However, other proteins,
such as angiopoietin-2 (Ang-2) and the tissue inhibitor of metalloproteinase-1 (TIMP-1), may also play important roles,
making them potential targets for treatment. Controlling RPE junction formation will help elucidate the relationship
between RPE cell detachment and additional angiogenic factor secretion, lead to more therapeutics, and increase the
efficacy of current treatments.

Methods: Micropatterning was used to control the spatial arrangement of primary porcine RPE cells using polydimeth-
ylsiloxane (PDMS) stencils. Patterns were formed into PDMS stencils to mimic 10%, 25%, and 50% overall detachment
of the RPE monolayer. Zonula-occludens-1 (ZO-1), Ang-2, and VEGF were visualized using immunocytochemical (ICC)
staining. An enzyme-linked immunosorbent assay (ELISA) was used to quantify extracellular Ang-2, VEGF, TIMP-1,
and TIMP-2 levels. A rod outer segment (OS) phagocytosis assay was performed to determine how RPE junction loss
directly affects photoreceptor support.

Results: The growth of primary porcine RPE cells was successfully controlled using stencils. Morphological changes
and a decrease in pigmentation were observed, showing a decline in barrier and light absorption functions as degenera-
tion increased. One day after stencil removal, junction proteins were delocalized, and angiogenic factor secretions were
correlated with increased levels of detachment. Secretion levels of Ang-2 and TIMP-1 were significantly increased,
whereas VEGF and TIMP-2 concentrations were not as affected by varying levels of detachment. OS phagocytosis ap-
peared lower in RPE cells when ZO-1 was affected.

Conclusions: These results suggest a correlation between loss of junctions, abnormal angiogenic protein secretion, and
reduced OS phagocytosis. Furthermore, Ang-2 and TIMP-1 proteins might be beneficial targets for AMD treatments,
and their roles in retinal diseases deserve further investigation.
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The retina is a complex tissue responsible for capturing
and transmitting light signals. The layers of the outer retina
include photoreceptors, retinal pigment epithelium (RPE),
Bruch’s membrane, and vasculature known as the choroid
(Figure 1A). These layers work together to maintain vision,
and the RPE performs many functions to support photorecep-
tors and the choroid. RPE cells phagocytose photoreceptor
outer segments (OS) to prevent toxin buildup and recycle
crucial compounds for the vision cycle. They also secrete
angiogenic factors, help regulate the extracellular matrix
(ECM), and maintain a polarized monolayer with junctional
proteins [1-5].

RPE cells form junctions to maintain healthy and
uniform monolayers. Zonula occludens-1 (ZO-1) is an integral
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junction protein that helps link other junctional proteins to
the cell cytoskeleton to maintain monolayer integrity [6].
There is a link between decreased ZO-1 and RPE cells devel-
oping epithelial mesenchymal transition phenotypes, which
severely impact their ability to maintain retinal health [6,7].
Without these junctions, RPE cells are unable to support the
other retinal layers. This lack of support can lead to diseases
such as age-related macular degeneration (AMD) or diabetic
retinopathy, in which vision becomes compromised [6-9].

Age-related macular degeneration is the leading cause
of vision loss in older adults, and in 2019, it affected nearly
20 million people in the United States alone [10,11]. It is a
progressive disease that is first characterized by lipid deposits
called drusen that form posterior to the RPE (Figure 1B)
[12-14]. Late AMD consists of two forms: atrophic (dry,
Figure 1C) and exudative (wet, Figure 1D). Approximately
10% of patients with atrophic AMD develop more severe
exudative AMD (BrightFocus Foundation). In exudative
AMD, choroidal neovascularization (CNV) occurs, in which
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Figure 1. Diagrams of the retina. A:

Healthy retina. B: Drusen forma-
tion, a hallmark of AMD. C: Atro-
phic late-stage AMD. D: Exudative

late-stage AMD.

abnormal blood vessels grow and invade the retina, poten-
tially leading to irreversible blindness [15,16].

While the specifics of AMD progression are not
completely understood, the imbalanced secretion of angio-
genic factors from the RPE plays a role. To help support
the choroid, RPE cells secrete pro-angiogenic factors such
as vascular endothelial growth factor (VEGF) and angio-
poietin-2 (Ang-2) [17-19]. The regulated secretion of angio-
genic factors is important in maintaining photoreceptor and
choroidal health [20-22]. However, an increase in VEGF
causes CNV [23-25]. Similarly, Ang-2 is upregulated in
patients with exudative AMD and is correlated with disease
severity [26]. While there are currently no treatments for
atrophic AMD, the standard treatment for exudative AMD
is anti-VEGF injections. However, some studies have shown
that therapeutics targeting both VEGF and Ang-2 are more
successful in suppressing CNV [27,28].

Although there is sufficient information on the role of
angiogenic factors in AMD, the link between junction loss
and angiogenic changes remains unclear. Junctional proteins,
such as ZO-1, are likely to be affected early in the disease,
such as when drusen begin to form. Understanding initial
cell responses to junction disruption, such as how angiogenic
factors are affected due to losing junctions, could provide
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more insight into the early stages of the disease and poten-
tially new treatment options to prevent or delay impacts on
visual acuity.

Other important aspects of AMD are changes in Bruch’s
membrane. Bruch’s membrane thickens from the accumula-
tion of lipids, the majority of which are secreted by the RPE
[29]. However, improper ECM regulation also impacts the
thickening of Bruch’s membrane [30]. One way that RPE
cells participate in ECM regulation is by secreting tissue
inhibitors of metalloproteinases (TIMPs). These proteins help
regulate metalloproteinases, and, in doing so, contribute to
ECM proteolysis and wound repair, which are key elements
of angiogenesis [31-33]. Different TIMP proteins have varied
implications for retinal pathologies. For example, TIMP-1 is
strongly upregulated in mouse retinal detachment and plays
a role in angiogenesis [31,34]. However, TIMP-2 inhibits
angiogenesis and helps stabilize new blood vessels [35,36].

One stimulus that might lead to the imbalance of angio-
genic proteins is the loss of RPE junctions through cell—cell
detachment or tears in the monolayer. This phenomenon
can occur spontaneously during AMD or even during
injections of anti-VEGF treatments [37-39]. Furthermore,
during geographic atrophy, a hallmark of atrophic AMD,
RPE cell contact is disrupted due to RPE cell death [40,41].
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Unfortunately, the relationship between RPE cell junctions
and angiogenic protein levels is not well understood. Previous
work in our research group [42-45] showed an increase in
VEGF when RPE cell detachment occurred, but more
research is needed to elucidate further whether other proteins
are affected.

Current methods for investigating RPE cell junctions
include scratching assays, animal models, and genetic
knockouts [6,42,46-49]. These techniques are often nonmi-
metic, expensive, or difficult to replicate. To overcome
these challenges, we used micropatterning. Micropatterning
consistently controls the spatial arrangement of cells and
is appropriate for a variety of applications, such as in vitro
tissue models, cell differentiation and migration analysis,
and cell—cell interaction studies [42,50-53]. Many micropat-
terning techniques are available, including microcontact
printing, microfluidic patterning, and stencil patterning [54].
Stencil patterning was chosen for this study because it does
not require adhesion proteins for cell attachment, permits
more complex shapes and arrangements, and can selectively
and consistently control the detachment of cells grown in a
monolayer.

In this work, stencils that mimicked AMD progression
were generated to control the spatial arrangement of RPE
cells and to cause different levels of detachment. These levels
of detachment caused more cells to be removed and left larger
gaps in the RPE monolayer as the stencil size increased. The
stencils prevented RPE growth in 10%, 25%, and 50% of the
overall growth area. These gaps in the monolayer provide less
severe (10%) to extreme (50%) cases for what might occur in
AMD as the disease progresses. The secretion of angiogenic
and ECM factors was then analyzed to determine the down-
stream effects of RPE degeneration.

METHODS

Patterned wafer fabrication: The micropattern designs were
based on geometries found in geographic atrophy [55,56]
and scaled to prevent cell growth in 10%, 25%, and 50%
of the overall growth area. The micropatterns were created
and scaled using AutoCAD software. Photolithography was
used to generate a patterned wafer. Briefly, a silicon wafer
(University Wafer, South Boston, MA) was oxygen plasma
treated for 1 min and spin coated with SU-8 2100 photoresist
(Kayaku Advanced Materials, Westborough, MA), using a
CEE® model 200X spin coater (Brewer Science, Rolla, MO)
at the settings listed in Table 1. The coated wafer was placed
on a hotplate for a prebake at 95 °C for 7 min and then 115 °C
for 1 h. Afterwards, the wafer was exposed to ultraviolet light
using a mask aligner (Midas System, Yuseong-gu, Daejeon,
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TABLE 1. SPIN COATER SETTINGS FOR PHOTORESIST
DISTRIBUTION DURING WAFER FABRICATION.

Velocity (RPM) Ramp (RPM) Time (s)
500 100 10
1200 300 30

South Korea) for 8 s before immediately heating at 95 °C for
5 min and 115 °C for 25 min. The coated wafer was placed
in a container with an SU-8 developer (Kayaku Advanced
Materials, Westborough, MA) on an orbital shaker for 25 min
at 32 RPM. The wafer was then sprayed with developer solu-
tion for 10 s, rinsed with isopropyl alcohol, and dried using
a nitrogen blower.

Mold and stencil creation: The wafer was oxygen plasma
treated for 1 min and then silanized using 1H, 1H, 2H,
2H-perfluorooctyltrichlorosilane (Alfa Aesar, Haverhill,
MA) for 1 h. Then, polydimethylsiloxane (PDMS, Sylgard
184, Dow Corning, Midland, MI) was mixed at a 10:1 ratio,
poured directly over the patterned wafer, and vacuumed to
remove air bubbles. The PDMS mold was cured at 50 °C over-
night and then carefully removed using a scalpel. To facilitate
stencil removal, the mold was silanized three times for 1 h
each. Next, additional 10:1 PDMS was mixed, vacuumed, and
poured directly onto the mold. Then, the excess PDMS was
gently removed by scraping the mold with a glass slide. The
mold was vacuumed for 30 min and then cured at 50 °C for 45
min. To minimize meniscus formation, additional PDMS was
added to the partially cured stencils using a syringe, vacu-
umed for 15 min, and then cured overnight at 50 °C before
the stencils were extracted from the mold using tweezers.
The stencils were cleaned by sonication with 70% ethanol,
followed by sonication with distilled water. The stencils were
dried and then autoclaved for sterility before use in the cell
culture.

Stencil verification: The fabricated stencils were measured
using image stitching in ImageJ [57]. Images of each stencil
were taken at 40x magnification and categorized by stencil
size and image position. The images were then stitched into
a composite image using ImagelJ. The scale was set for each
image based on the calibration obtained from the microscope
at 1168 pixels/mm. Each stencil outline was traced three
times, and measurements of the area and perimeter were
taken and averaged. This process was repeated on three
stencils of each size.

Primary RPE cell isolation: Primary RPE cells were isolated
similarly to Farjood et al. [43]. Briefly, fresh porcine eyes
were obtained from a local butcher shop. Exterior tissues
were discarded, and the eyeballs were washed in 10%
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povidone-iodine (Equate, Rogers, AR) before rinsing in
cold PBS. Using tweezers, the eyes were placed on a sterile
gauze and cut along the globe near the ora serrata. After
discarding the vitreous, the eye cups were filled with cold
PBS, and the neural retina was gently peeled away from the
RPE using blunt tweezers. To eliminate excess neural retina,
the eye cups were washed with cold PBS before filling with
0.25% trypsin containing 2.21 mM disodium ethylenedi-
aminetetraacetic acid (EDTA; Corning Inc., Corning, NY)
and incubated at 37 °C for 45 min. Retinal pigment epithelial
cells were then collected using a combination of tritura-
tion and gentle brushing, utilizing a nylon paintbrush, and
centrifuged at 250 RCF for 5 min. To help prevent clumping,
the cells were suspended in media containing 100 pg/ml of
DNase (Millipore Sigma, Burlington, MA) and incubated
for 15 min. The cells were centrifuged again at 150 RCF for
5 min, and the supernatant was removed. Finally, the cells
were seeded in a 6-well plate at a density of 2-3 eyes per
well. The cells were fed Dulbecco’s Modified Eagle Medium
(DMEM; Corning Inc., Corning, NY), supplemented with
10% fetal bovine serum (FBS; VWR International, Radnor,
PA), and 1% penicillin-streptomycin (Hyclone Laboratories
Inc., Logan, UT) until confluency, when the concentration of
FBS was dropped to 2% for culturing until experimentation.

RPE cell seeding and culture: The RPE cells were seeded
at a density of 3 x 10° cells/cm? in 14 mm diameter glass
microwells of 6-well plates (Cellvis, Mountain View, CA).
The plates and stencils were oxygen plasma treated for 1 min
separately. Then, the stencils were placed in the microwells,
covered with cell media, and vacuumed for at least 50 min to
remove air bubbles before the cells were added. The cells were
allowed to attach for 24 h before the addition of extra media.
The cells were grown in DMEM containing 10% FBS and 1%
penicillin-streptomycin. On day 4, one day after confluency,
the stencils were removed, and the cells were washed three
times with Dulbecco’s phosphate buffered saline (DPBS) and
grown for 1 day before analysis. The cells were switched to
1% FBS media at the time of stencil removal. The growth
media were changed every other day, and only passage |
cultures were used.

Immunocytochemical (ICC) staining: Confocal microscopy
and ICC staining were used to assess intracellular VEGF,
Ang-2, and ZO-1. The VEGF and ZO-1 were stained with
primary conjugated antibodies (Biorbyt, Cambridge, UK and
Invitrogen, Waltham, MA) overnight at 4 °C. Ang-2 primary
antibodies (Novus Biologicals, Littleton, CO) were stained
with AF488 secondary antibodies (Invitrogen, Waltham, MA)

90

© 2023 Molecular Vision

TABLE 2. ANTIBODY DILUTIONS AND INCUBATION TIMES.

Antibody Dilution Incubation
time

Z0-1 1 overnight

VEGF 1:400 overnight

Ang-2 1:1000 overnight

AF 488 2 lh

for 1 h at room temperature. The nuclei were counterstained
with NucBlue live cell stain (Thermo Fisher Scientific,
Eugene, OR). An LSM-710 Carl Zeiss confocal microscope
(Jena, Germany) was used to visualize the respective proteins.
The dilutions for each antibody are listed in Table 2.

Enzyme-linked immunosorbent assay (ELISA): Cell culture
supernatants were collected 24 h after stencil removal, centri-
fuged at 300 RCF to remove debris, and frozen at =20 °C
until use. To quantify the concentration of different angio-
genic factors (Ang-2, TIMP-1, TIMP-2, and VEGF), a Q-Plex
Human Angiogenesis kit (Quansys Biosciences, Logan,
UT) was used according to the manufacturer’s protocol and
imaged using a Q-View Imager LS. Q-View software was
used to analyze pixel intensity. The ELISA results were
paired with the cell counts obtained with a Trypan blue exclu-
sion assay.

Rod OS phagocytosis assay: Bovine rod outer segments
(OS, InVision BioResources, Seattle, WA) were added to
the cultures 1 day after stencil removal, at approximately 20
OS per cell. The RPE cells were challenged with OS for 4 h
and then washed to remove unphagocytosed OS. The cells
were fixed and stained with an anti-rhodopsin antibody and
counterstained with the NucBlue live cell stain. Confocal
microscopy was used to visualize the phagocytosed OS.

The OS were quantified by processing the fluorescent
images using Fiji software [58]. Briefly, the upper threshold
was set to 130 based on the control image (normal cell mono-
layer), and only particles larger than 2 um? were counted to
exclude artifacts. The outlines of the cell growth boundaries
for the stencil images were manually drawn three times for
each image to create regions of interest and to obtain the areas
covered by cell growth. For the control image, a region of
interest for each stencil type was overlayed, and the respective
areas were used to calculate the number of OS per 100 pm?.

Statistical analysis: A one-way ANOVA with Tukey post-hoc
analysis was used to establish significance. A p-value < 0.05
was considered statistically significant.
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RESULTS

Photolithography techniques generate mimetic and consis-
tent micropatterned stencils: To verify that photolithography
techniques generated micropatterned stencils with expected
area and perimeter parameters, and therefore desired levels
of RPE detachment, fabricated stencils were analyzed using
Imagel. As shown in Table 3, there was minimal variety in
the sizes of the measured areas and perimeters of the stencil.

Micropatterned stencils control the growth of the RPE mono-
layer, and detachment causes abnormal cell morphology:
The cells were visualized with bright-field microscopy before
and after stencil removal to determine whether the stencils
controlled the growth of the RPE cell monolayer (Figure 2).
Immediately after stencil removal, the RPE monolayer main-
tained the desired shape of the stencil. One day later, the cells
on the edge of the stenciled area exhibited abnormal morpho-
logical changes (Figure 2D). The cells were more elongated
and less pigmented than cells that had not experienced the
loss of a neighbor.

Detachment results in scattered ZO-1 localization: The ZO-1
protein expression was visualized using ICC and imaged with
a confocal microscope (Figure 3) to analyze the effect of
detachment on the junctions of the RPE cells. In the control,
in which cells grew in the microwells without a stencil, the
cells exhibited the expected intercellular ZO-1 expression
(Figure 3B). The cells growing on the edge of the stenciled
area had scattered and delocalized ZO-1 expression (Figure
3F), indicating that the cells were unable to form consistent
junctions.

Changes in angiogenic expression vary with ZO-1 delocal-
ization: To analyze if RPE cells that experienced detach-
ment of a neighboring cell exhibited different localization
of pro-angiogenic proteins VEGF and Ang-2, ICC imaging
was used (Figure 4 and Figure 5). While there were cells in
which VEGF expression appeared higher (Figure 4, arrows),
the cells near the edge did not display consistent changes in
VEGEF expression. The Ang-2 expression was higher in cells
that had disrupted junctional proteins (Figure SF-T) than in
the control (Figure 5SA—E). Similar Ang-2 results were seen
at a lower magnification (data not shown). An ELISA was
also used to quantify how cell—cell detachment affected the
expression of these proteins.

Angiogenic protein secretion changes with increasing levels
of detachment: The expressions of various proteins were
quantified to determine how varying levels of detachment and
subsequent RPE degeneration play a role in AMD progres-
sion. The concentrations of Ang-2, TIMP-1, TIMP-2, and
VEGF were obtained from the cell culture media 1 day after
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TABLE 3. MICROPATTERNED STENCIL MEASUREMENTS.

Stencil Predicted Measured Predicted Measured

size area area [mm?] perimeter perimeter
[mm?] [mm] [mm]

10% 15.35 15.70+0.46  22.40 22.75+0.28

25% 38.50 38.67+0.68 3548 35.68+0.35

50% 76.97 75.45+£3.36  50.16 49.51+0.62

stencil removal (Figure 6). The Ang-2 and TIMP-1 levels
increased statistically significantly as the levels of detach-
ment increased. However, TIMP-2 and VEGF secretions were
not significantly affected by detachment.

Rod OS phagocytosis decreases during RPE cell degen-
eration: A rod outer segment (OS) phagocytosis assay was
performed to analyze how RPE degradation caused by cell-
cell detachment affects crucial physiological functions. One
day after stencil removal, the cells were challenged with a rod
OS and then imaged with a confocal microscope (Figure 7).
Under normal conditions, the RPE cells appeared to engulf
the OS evenly (Figure 7B) and had a 0.09 + 12E-4 OS per
100 pm?. However, the wells where detachment occurred had
noticeably fewer OS present on the edge where the cells had
compromised junctions (Figure 7E,H,K). The cells grown in
response to 10%, 25%, and 50% stencils had 0.11 + 1.7E-4,
0.07 + 1.5E-4, and 0.03 = 6.7E-5 OS per 100 um?, respectively.

DISCUSSION

The role of RPE degeneration in AMD is not fully under-
stood. One instance of RPE degeneration observed during
AMD is geographic atrophy when cell—cell contact is lost.
When RPE cell detachment occurs in AMD, junctions are
compromised in the remaining cells. While geographic
atrophy expands over time, a model that shows what occurs in
a short timeframe after RPE cells initially respond to detach-
ment would be beneficial. The goals of this manuscript are
to better understand how the initial loss of junctions leads to
increased degeneration of the RPE monolayer and to elucidate
possible early treatment targets.

To evaluate whether RPE junction integrity affects
angiogenesis and the ECM, stencils of varying sizes (Table
3) were used to mimic increasing levels of detachment and
control RPE cell growth. In this micropatterned model, RPE
cells grew around the specifically designed stencil (Figure 2).
When the stencil was removed, a layer of cells was removed
(Appendix 1), and the RPE junctions of the remaining cells
were compromised. These stencils eliminate the need for
chemical disruption of junctions or adhesion proteins. Addi-
tionally, this in vitro micropatterned technique provides
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inexpensive and rapid experimentation that is limited to in
vivo methods.

First, it was important to model RPE cell—cell detach-
ment to see how it might play a role in AMD progression
through the disruption of junctions and overexpression of
angiogenic factors. Junctions are important in maintaining
an RPE cell monolayer, which is essential to the func-
tion of the RPE [6]. To validate that this micropatterned
method replicates what happens during aging or disease,
Z0-1 proteins were visualized using ICC. Normally, ZO-1
proteins remain on cell boundaries to link other junctional
proteins to the cytoskeleton [59,60]. Under the control condi-
tions, ZO-1 expression remained exclusively on the cell
boundaries (Figure 3B). Conversely, RPE cells responding
to stencil removal had scattered, abnormal ZO-1 (Figure 3F),
which may be an indicator of losing polarity and undergoing
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epithelial mesenchymal transition (EMT). Epithelial mesen-
chymal transition has been implicated in retinal diseases,
such as AMD. These results are similar to those of Georgiadis
et al., who found that RPE cells with downregulated ZO-1
lost typical epithelial monolayer characteristics and appeared
flattened and elongated in vivo [6]. While it is known that
the loss of junctions is a characteristic of EMT [7,61-63], the
correlation between junction loss and angiogenic secretion
needs to be investigated.

Typically, RPE cells secrete angiogenic factors, such as
VEGF and Ang-2, to support the health of the choroid [17-19].
An imbalance of angiogenic factors is a major contributor to
AMD [64-66]. Even so, less is known about what initially
leads to this imbalance. To determine whether the localiza-
tion of angiogenic proteins was affected by RPE degrada-
tion caused by the loss of intercellular junctions, VEGF, and

A

Figure 2. Images showing an overview of RPE cell growth before and after stencil removal. A: Image of a micropatterned stencil to mimic
25% detachment. B: Bright-field images of the stencil effectively controlling RPE cell growth. C: Immediately after the stencil was removed,
the monolayer maintained the shape of the stencil. D: One day after stencil removal, the cells grew into the empty space and experienced
morphological changes and pigment loss. Scale bars: 5 mm (A) and 100 um (B-D).
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Nuclei Merged
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Figure 3. Visualization of tight junction protein ZO-1 (red) and nuclei (blue) 1 day after stencil removal. A—D: Cells grown under normal
conditions exhibited the expected intercellular ZO-1 expression. E-H: Cells that experienced the removal of neighbors due to a 10% stencil

had fragmented ZO-1 localization. Scale bars: 50 um.

Ang-2 proteins were visualized using ICC (Figure 4 and
Figure 5). The VEGF expression appeared to be higher in
some cells growing on the edge of a stenciled area (Figure 4,
arrows). However, the increased expression was not consis-
tent, implying that VEGF expression was not substantially
affected soon after detachment. Different results were seen
with Ang-2, as cells that lost their neighbors had consistently
higher expression than cells in the control wells (Figure 5).

In addition to VEGF and Ang-2, RPE cells secrete
TIMPs to maintain the surrounding ECM [31-33]. While
lipid deposition plays a major role in drusen formation
(Figure 1B), unregulated ECM and RPE dysfunction are also
believed to contribute [14]. An increase in TIMP-1 can lead to
ECM buildup and fibrosis [67]. Additionally, higher levels of
TIMP-1 are seen in patients experiencing geographic atrophy
[68]. Tissue inhibitors of metalloproteinase proteins also play
roles in angiogenesis, cell growth, and apoptosis [69,70].
Previous studies have shown that TIMP-1 has anti-angiogenic
properties [71], while others have indicated the opposite [72].
Lastly, research has indicated that TIMP proteins, junctions,
and pro-angiogenic factors all play key roles in barrier func-
tions. One study found a correlation between decreased ZO-1
and TIMP levels in impaired blood—brain barrier function
[73]. Another study found decreased ZO-1 and increased
Ang-2 when the blood—retinal barrier was damaged [74].

93

With their role in ECM regulation, quantifying the secretion
of TIMP proteins is crucial. An ELISA was used to quantify
TIMP-1 and TIMP-2 as well as the Ang-2 and VEGF proteins
to better understand how the loss of RPE junctions might
contribute to ECM remodeling or angiogenesis.

One day after stencil removal, Ang-2 and TIMP-1 secre-
tion increased significantly with detachment (Figure 6), indi-
cating a correlation with junction loss. Our results demon-
strate that RPE cells respond to losing their neighboring
cells by secreting more Ang-2, which has been shown to be
upregulated in CNV-derived RPE cells [75]. By controlling
RPE cell—cell detachment, we also found that the remaining
RPE cells overexpressed TIMP-1. Similarly, Kwok et al.
found that TIMP-1 secretion was significantly increased in
immortalized adult RPE cells (ARPE-19) cells 24 h after laser
exposure [76]. Therefore, TIMP-1 overexpression could play
a role in AMD progression through fibrotic and inflamma-
tory pathways and likely influences drusen formation. These
results indicate that Ang-2 and TIMP-1 may be potential
therapeutic targets and merit further investigation into their
role in the progression of AMD.

Intriguingly, VEGF secretion was not immediately
affected by increasing levels of detachment (Figure 6). These
results imply that VEGF might play a larger role in later RPE
cell responses to detachment or might have time-dependent
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Figure 4. Images of VEGF (green), ZO-1 (red), and nuclei (blue) 1 day after the stencils were removed. A—E: Cells grown under normal
conditions had uniform VEGF expression (B) and normal ZO-1 localization (C). F-T: Cells that experienced intercellular junction removal
appeared to have a higher expression of VEGF in some locations (arrows) but not consistently across edges of detachment. These cells also

had more scattered ZO-1 (H, M, and R). Scale bars: 50 um.

changes in expression. Wang et al. found an increase in
VEGF gene expression 3 h after disrupting RPE cell adhesion
and junctions through calcium chelation or reduction [48].
However, the expression decreased gradually within 24 h.
Unlike the results found in this study, Wang et al. showed no
change in TIMP-1 through calcium-mediated cell dissocia-
tion. Additionally, it is speculated that gene expression could
be directly affected by cellular calcium concentration, which
could explain the differences in the results [48].

Tissue inhibitors of metalloproteinase-2, which has anti-
angiogenic properties, was unaffected [35,70]. In contrast,
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Zhang et al. found that sodium iodate suppressed TIMP-2 in
ARPE-19 cells, but that TIMP-1 remained unaffected. These
changes also occurred alongside reduced expression of ZO-1
[77]. Although the exact role of TIMPs in AMD is unknown,
our results elucidate how RPE detachment affects these
proteins early on and how they might affect the progression of
AMD. However, more research must be done to better under-
stand the role of TIMPs in AMD and other retinal diseases.

A crucial function of RPE cells is to phagocytose photo-
receptor OS. OS are shed daily to prevent the accumulation
of toxic compounds in photoreceptors. After phagocytosis,
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the key components of the visual cycle are recycled back into
the photoreceptors [5,78]. Dysfunction of OS phagocytosis by
the RPE has been linked to numerous retinal diseases and is
believed to contribute to AMD [79-81]. To understand how
the disruption of RPE junctions might directly affect photo-
receptor support, an OS phagocytosis assay was performed.
Under normal conditions, OS were seen throughout the
culture (Figure 7B). However, degenerated RPE cells growing
near the edge of the micropatterned areas (Figure 7E,H,K)
appeared to have fewer OS. When quantified, the cells grown
with the 10% stencil had the most OS per area. However, the
cells grown with the 25% and 50% stencils had fewer OS
than both the 10% stencil and the control cells, indicating

© 2023 Molecular Vision

that, at high enough levels of detachment, the numbers of OS
decrease. These results indicate a correlation between junc-
tion loss and the ability to phagocytose OS. Without proper
OS phagocytosis, waste accrues between retinal layers,
encouraging inflammation and drusen formation [82,83].
Moreover, key compounds, such as 11-cis-retinal, are not
transported by the RPE and could lead to decreased light
perception by photoreceptors [1]. Therefore, it is likely that
RPE cell—cell detachment quickly leads to an adverse impact
on photoreceptor health and contributes to waste accumula-
tion in the retina.

Although the outcomes of this research helped to develop
a better understanding of certain aspects of retinal diseases,

Brightfield

Ang-2

10% Control

25%

50%

Nuclei Merged

Figure 5. Visualization of Ang-2 (green), ZO-1 (red), and nuclei (blue) 1 day after the stencils were removed. A—E: Cells grown under normal
conditions exhibited less Ang-2 expression and more intercellular ZO-1 localization. F-T: Cells that responded to stencil removal appeared
to have increased Ang-2 expression. These cells also had more scattered ZO-1 localization (H, M, and R). Scale bars: 50 um.
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there were some unexpected results. Specifically, there were
areas where ZO-1 appeared disrupted in the control and did
not fully enclose the cell boundaries (Figure 3). However,
these areas corresponded to more heavily pigmented cells,
which may have hindered fluorescence [84]. While VEGF
was not significantly affected in our experiments, it is
possible that the change in VEGF across 10%, 25%, and 50%

© 2023 Molecular Vision

detachment could be minimal with early RPE detachment but
increase after chronic RPE degeneration. Additionally, these
results further show that early degeneration of the RPE has a
large impact on Ang-2 expression, which verifies the use of
VEGF-Ang-2 combinatorial treatments, such as VABYSMO,
which was approved for exudative AMD treatment in
January 2022. Additionally, the binding of Ang-2 sensitizes
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Figure 6. Mean concentrations of Ang-2, VEGF, TIMP-1, and TIMP-2 proteins in cell media 1 day after stencil removal. Error bars represent
standard deviations. * p-value < 0.05. Control (n =7), 10% (n = 4), 25% (n = 4), 50% (n = 4).
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Control
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25%

50%
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Nuclei

Figure 7. Rod outer segment (OS) phagocytosis 1 day after stencil removal. OS (bright green) were seen in all samples, but fewer appeared
near the edge where junctional proteins were affected. Cells grown without a stencil that did not experience detachment were used as

controls. Scale bars: 50 um.

endothelial cells to VEGF [19], indicating that perhaps Ang-2
plays a more important role in the early cascade of CNV,
which leads to retinal destabilization.

It is important to note that inflammation is another key
player in AMD [85]. Not only is inflammation believed to
contribute to drusen formation [86,87], it also affects junction
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proteins [88,89]. While the micropattern methods in this paper
do not instigate junction loss through chemical means that
directly cause inflammation, the physical detachment could
potentially lead to increased inflammatory factors, or repre-
sent what occurs after an increase in inflammation. A model
that combines physical detachment and the overexpression
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of inflammation agents, such as oxidants, may further help
elucidate how RPE cells respond in multifactorial diseases.

In conclusion, abnormal RPE cell behavior caused
by cell—cell detachment led to a significant increase in
Ang-2 and TIMP-1 secretion in a micropatterned model of
AMD. However, VEGF and TIMP-2 were not significantly
affected. The loss of RPE junctions correlated with changes
in angiogenic factors and a decrease in OS phagocytosis.
These results offer insight into new therapeutic options and
further clarify the process behind AMD and other diseases,
such as diabetic retinopathy. Future work will explain how
other proteins might play a role in the progression of retinal
pathologies.

APPENDIX 1. IMAGES SHOWING SUCCESSFUL
DETACHMENT OF RPE CELLS USING A
MICROPATTERNED STENCIL.

To access the data, click or select the words “Appendix 1.”
A: Bright-field image of cells that had been growing next to
the stencil and have detached when the stencil was removed.
B: Fluorescent image showing nuclei of removed cells. Scale
bar: 100 pm.
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