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Purroske. Cell-based therapy development for geographic atrophy (GA) in age-related
macular degeneration (AMD) is hampered by the paucity of models of localized photore-
ceptor and retinal pigment epithelium (RPE) degeneration. We aimed to characterize the
structural and functional deficits in a laser-induced nonhuman primate model, including
an analysis of the choroid.

MerHops. Macular laser photocoagulation was applied in four macaques. Fundus photog-
raphy, optical coherence tomography (OCT), dye angiography, and OCT-angiography
were conducted over 4.5 months, with histological correlation. Longitudinal changes in
spatially resolved macular dysfunction were measured using multifocal electroretinogra-
phy (MFERG).

Resurts. Lesion features, depending on laser settings, included photoreceptor layer
degeneration, inner retinal sparing, skip lesions, RPE elevation, and neovascularization.
The intralesional choroid was degenerated. The normalized mean MFERG amplitude
within lesions was consistently lower than control regions (0.94 £ 0.35 vs. 1.10 &+ 0.27,
P = 0.032 at month 1, 0.67 £ 0.22 vs. 0.83 £ 0.15, P = 0.0002 at month 2, and 0.97 +
0.31 vs. 1.20 &+ 0.21, P < 0.0001 at month 3.5). The intertest variation of mean MFERG
amplitudes in rings 1 to 5 ranged from 13.0% to 26.0% in normal eyes.

Concrusions. Laser application in this model caused localized outer retinal, RPE, and
choriocapillaris loss. Localized dysfunction was apparent by MFERG in the first month
after lesion induction. Correlative structure-function testing may be useful for research
on the functional effects of stem cell-based therapy for GA. MFERG amplitude data
should be interpreted in the context of relatively high intertest variability of the rings
that correspond to the central macula. Sustained choroidal insufficiency may limit long-
term subretinal graft viability in this model.

Keywords: age-related macular degeneration, macular laser photocoagulation, nonhuman
primate model, retinal atrophy, retinal transplantation

eographic atrophy (GA), the hallmark retinal lesion of
G advanced nonexudative age-related macular degener-
ation (AMD), is characterized by localized degeneration of
retinal pigment epithelium (RPE) and photoreceptor cells.!
The need for GA treatment is presently unmet.® Stem cell-
derived RPE transplantation is envisioned as a method of
preserving vision, by regenerating the RPE layer at the
border of GA lesions and protecting viable photoreceptor
cells from decline.”~'® Additionally, photoreceptor transplan-
tation is a potentially complementary strategy to regenerate
photoreceptor cells and improve retinal function within GA
lesions.7~%3
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A key challenge in stem cell therapy research for GA
is the scarcity of naturally occurring or transgenic animal
models with localized atrophy of RPE and photoreceptor
cells.?*2° The term “complete RPE and outer retinal atro-
phy (cRORA)” was recently introduced by the Classifica-
tion of Atrophy Meetings (CAM) expert panel, describing
photoreceptor layer and RPE atrophy in patients with AMD
based on optical coherence tomography (OCT) criteria.?’
This underscores the widespread recognition of photore-
ceptor layer and RPE atrophy as a target of future clinical
trials of cellular regeneration in AMD. Among genetic mouse
models, small GA-like lesions occur in aged Ccl2”/~, Ccr2/~ 8
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DICER1-deficient,?3° Abr7-3' and Elovli4-mutant’> mice.
Early AMD-like changes of RPE degeneration occur in the
SOD2 knockdown model.>> Nonhuman primates with natu-
rally occurring mild or intermediate nonexudative AMD-
like lesions have been described, 3% but none thus far
with the cRORA-like lesions of established GA. Chemically
induced retinal degeneration in rodents produced localized
RPE and photoreceptor degeneration.’® However, in large
animals, this technique appears to cause selective photore-
ceptor damage while sparing the RPE cells®**—possibly,
a dose-dependent effect—therefore, simulating the local-
ized degenerative phenotype of GA only partially. Mechan-
ical induction of retinal degeneration, by placing nonper-
meable material in the subretinal space, also produces
photoreceptor-only loss.*! Light-induced injury models®?-44
including verteporfin photodynamic therapy application in
mice®> appear to induce primarily choriocapillaris and/or
RPE changes. All models other than the nonhuman primate
lack a macula. Thus, they do not fully replicate the spatial
localization of human GA lesions in the posterior pole of
the ocular fundus. This feature is important for translational
stem cell studies focused on optimizing stem cell delivery
approaches to the subretinal space at the posterior pole.

The normal outer retina lacks intrinsic vasculature. There-
fore, the long-term viability of subretinally transplanted ther-
apeutic cells depends on the adequacy of the choroidal
vascular supply. Data suggest that the human choroid is
structurally and functionally attenuated in GA.*6-5° Histolog-
ical and in vivo imaging data also implicate choroidal degen-
eration in another important cause of macular degeneration:
Stargardt disease.’'~>® Therefore, choroidal status may be
an important determinant of stem cell therapy outcomes in
at least two disease indications. Recent cell transplantation
studies have shown surviving subretinal cells,'®1141:5 but
the impact of the choroid as a modulating factor remains
poorly understood.

Greater understanding of relevant large animal models
will enable further progress in cell therapy development
for AMD.® Here, we aimed to determine the extent to
which precise lesion features could be optimized by modu-
lating the laser intensity and pattern characteristics. We also
aimed to understand structure-function correlation and char-
acterize the temporal evolution of localized atrophy of RPE
and photoreceptor cells in the lesioned nonhuman primate
macula. In addition, we considered it a priority to analyze
choroidal features to address this knowledge gap in the liter-
ature.

MATERIALS AND METHODS
Animals

The study included four adult cynomolgus macaques
(Macaca fascicularis), designated as subjects CM1 to CM4,
that were aged 6 to 8 years (approximate human equivalent:
18-24 years®!) and weighed 4 to7 kg. All animal procedures
conformed to the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research and the SingHealth
standard for responsible use of animals in research. The
SingHealth Institutional Animal Care and Use Committee
(IACUC, approval number 2015/SHS/1134) approved the
study. All procedures were carried out in the SingHealth
Experimental Medicine Centre, which is fully accredited by
the Association for Assessment and Accreditation of Labora-
tory Animal Care International (AAALAC). The study proto-
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col, including enrichment and caging system, was followed
as per the National Advisory Committee for Laboratory
Animal Research (NACLAR) guidelines. The temperature of
the housing room was maintained at 25°C to 27°C and the
relative humidity was kept between 45% to 55%. Equipment
and toys were regularly changed. Food was provided twice
daily, and water was available ad libitum. Before recruitment
into the study, the animals were examined comprehensively
to exclude ocular disease.

Laser Lesion Induction

Retinal atrophy was induced by laser photocoagulation on
day 0 of the experiment in one eye each of four macaques
using a 532 nm green frequency-doubled Nd:Crystal laser
(PurePoint 532 nm Green Laser, Alcon Laboratories, Fort
Worth, TX, USA) attached to a slit-lamp delivery system. 532
nm laser is primarily absorbed by melanin-containing RPE
cells causing secondary photoreceptor damage. A handheld
Mainster focal/grid laser contact lens was used for the laser
procedures (High-power settings: spot size 50 pm, power
250 mW, duration 200 ms; Low-power settings: spot size 50
pm, power 150 mW, duration 200 ms). As a reference, prior
studies for CNV induction used power, spot size, and dura-
tion settings that were approximately 700 mW, 50 pm, and
0.1 seconds.®% Thus, our power settings were chosen to be
lower than those for CNV induction. For confluent applica-
tion, the burns were placed with their edges touching but
not overlapping. For nonconfluent application, burns were
placed about one spot size apart. Single-shot mode was used
to enable the precise control of spot location and separa-
tion. Laser application settings are shown in Supplementary
Table S1.

Retinal Imaging

Indocyanine Green Angiography (ICGA). ICG
(VERDYE, Diagnostic Green; dose 1 mg/kg) dissolved in
water was administered via the intravenous route. The reti-
nal and choroidal images were captured using scanning laser
fundus imaging with high-resolution OCT Multimodal Imag-
ing Platform (Spectralis, Heidelberg Engineering, Franklin,
MA, USA). Images were obtained after dye injection at differ-
ent phases as follows: early phase (0-2 minutes), midphase
(4-7 minutes), and late phase (8-12 minutes onward).

Fluorescein Angiography. Ten percent sodium fluo-
rescein (Curatis AG; dose 10 mg/kg) dye was given via the
intravenous route. The retinal images were captured after
dye injection at different phases as follows: early phase (0—
3 minutes), midphase (4-8 minutes), and late phase (10-12
minutes onward) using scanning laser fundus imaging with
high-resolution OCT Multimodal Imaging Platform Spec-
tralis, Heidelberg Engineering, Heidelberg, Germany).

Optical Coherence Tomography. Retinal optical
coherence tomography (OCT) imaging assay was performed
using spectral-domain OCT (Spectralis, Heidelberg Engi-
neering). The volume scan (20° x 20° scan, 61 B-scans per
image) was captured at the laser area and nonlaser area of
both eyes at baseline and months 1, 2, 3.5, and 4.5. Retinal
layers were annotated based on published information®*%>
on the use of this modality in NHPs. Manual correction was
applied to ensure the accuracy of the layer segmentation.

OCT Angiography. High-resolution AngioScan OCT
Angiography (OCT-A) was taken using Nidek R$3000 (Nidek
CO. Ltd, Gamagori, Japan) at the laser area and nonlaser area
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of both eyes. Superficial vessel plexus consists of the large
vessels and microvasculature within the retinal nerve fiber
layer, and deep capillary plexus consists of the microvas-
culature within the inner plexiform layer and outer plexi-
form layer. Choriocapillaris was segmented from 31 to 40 pm
underneath the retinal pigment epithelium. Manual correc-
tion was applied to ensure the accuracy of the layer segmen-
tation. Choriocapillaris flow void density was calculated
based on a reported method.*® The retinal perfusion density
and choriocapillaris flow void density was evaluated from
the 3 x 3 mm high magnification scans. The retinal OCTA
images were thresholded by the mean grayscale value of the
image, and the perfusion density was calculated as the ratio
between the vascular regions per the total imaged area.

Multifocal Electroretinography

Multifocal electroretinography (MFERG) recordings were
obtained using the RETImap system (Roland Consult, Bran-
denburg a.d. Havel, Germany). Jet electrodes were used
to perform MFERG. The 61- and/or 103-segment stimu-
lus protocols were used. Responses to the 61-segment test
protocol were recorded at months 1, 2, and 3.5. Responses
to the 103-segment test protocol were recorded only at
month 3.5. The results were averages of eight cycles. The
response amplitude at each locus was normalized to the
baseline (average amplitude in control eyes from 1 month
to 3 months) amplitude at the approximate same locus.
The upper limit of normalized values was capped at 100%.
Normalized amplitudes of lesion area and nonlesion area
were longitudinally compared over time. The 61 segments
in each eye were grouped into six rings from the center
to the periphery per manufacturer’s readout. The amplitude
ratio of each ring was compared between lesion and control
eyes. We did not analyze implicit time values because avail-
able data do not support the correlation of this metric with
photoreceptor loss in photic retinal injury.

Histopathology and Immunohistochemistry

The whole macaque eye was enucleated and fixed in 10%
neutral buffered formalin solution (Leica Surgipath, Leica
Biosystems Richmond, Inc., Richmond, IL, USA) for 24 hours.
The eye was then dissected on the following day to remove
the cornea and lens. It was then fixed again in 10% neutral
buffered formalin solution (Leica Surgipath, Leica Biosys-
tems Richmond, Inc.) for 24 hours, dehydrated in increasing
concentrations of ethanol, cleared in xylene, and embedded
in paraffin (Leica-Surgipath, Leica Biosystems Richmond,
Inc.). Four-micron sections were cut using a rotary micro-
tome (RM2255, Leica Biosystems Nussloch GmbH, Nussloch,
Germany) and collected on POLYSINE microscope glass
slides (Gerhard Menzel, Thermo Fisher Scientific, Newing-
ton, CT, USA). The sections were dried in a 37°C oven for
at least 24 hours. The sections were heated on a 60°C heat
plate, deparaffinized in xylene, and rehydrated in decreas-
ing concentrations of ethanol. Hematoxylin and eosin (H&E)
staining was performed according to a standard procedure.
A light microscope (Axioplan 2; Carl Zeiss Meditec GmbH,
Oberkochen, Germany) was used to examine the slides and
capture the images.

In parallel, colocalization immunofluorescence staining
was performed. Antigen retrieval was performed by incu-
bating slides in sodium citrate buffer (10 mM sodium citrate,
0.05% Tween 20, pH 6.0) for 20 minutes at 95°C to 100°C and
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then cooling the slides down for 20 minutes at room temper-
ature (RT). The sections were then washed three times for 5
minutes each with 1X PBS. Nonspecific sites were blocked
with a 5% goat serum solution containing 2% bovine serum
albumin (BSA) and 0.1% Triton X-100 in 1X PBS for 1 hour at
RT in a humidified chamber. The primary antibodies shown
in Supplementary Table S2 were diluted in 1X PBS and
applied and incubated overnight at 4°C in a humid cham-
ber. After washing the slides twice with 1X PBS and once
with 1X PBS containing 0.1% Tween for 10 minutes each,
corresponding secondary antibodies (conjugated with Alexa
594; Molecular Probes, Eugene, OR, USA) were applied at
a concentration of 1:1000 in 1X PBS and incubated for
90 minutes at RT as shown in Supplementary Table S2.
The slides were then washed twice with 1X PBS and once
with 1X PBS containing 0.1% Tween for 5 minutes each.
The slides were mounted with Prolong Diamond Antifade
Reagent and DAPI (Invitrogen, Eugene, Oregon, USA) to
visualize cell nuclei. For negative controls, the primary anti-
body was omitted. A fluorescence microscope (Axioplan 2;
Carl Zeiss Meditec GmbH) was used to examine the slides
and capture the images. Experiments were repeated in dupli-
cate for antibody staining.

Data Analysis

MFERG amplitude data were analyzed using the gener-
alized estimating equation (GEE) model, variance correc-
tion (jackknife variance estimator), considering the repeated
measures for two eyes in the same animal and the multiple
loci measured per time point per eye. Coefficients of varia-
tion were calculated by dividing the means of the repeated
measurement by the standard deviation of those means.

RESULTS

We modulated the overall laser intensity in terms of spot
power (high versus low) and spot separation (confluent
versus nonconfluent) (Supplementary Fig. S1). The appear-
ance of the retina after low-power and high-power appli-
cation is shown in Figure 1. Confluent application resulted
in lesions that were immediately contiguous by biomicro-
scopic observation (Figs. 1a’-b”). With nonconfluent appli-
cation, we placed the laser spots approximately one spot
size apart initially. However, by 15 minutes postapplica-
tion, the penumbra of individual burns had expanded (Figs.
1d’ and d”). By 4.5 months, the pigmented lesions’ edges
appeared indistinct (Figs. 1€’ and e”). We observed pigmen-
tary changes on fundus photos at all laser intensity settings.
Pigmentary reaction, including hypo- and hyperpigmenta-
tion, was especially marked with high-power laser applied
at confluence (Fig. 1b”).

Lesions showed atrophic or neovascular characteristics,
depending on laser intensity (Fig. 2). Confluent and noncon-
fluent application produced predominantly atrophic lesions
as long as the power was kept low. Features indicating atro-
phy included reduced fluorescence due to hypoperfusion,
fluorescence blockage due to intraretinal hyperpigmenta-
tion, and fluorescence transmission windows due to RPE
atrophy or depigmentation (Figs. 2a’ and b’). Focal areas
of fluorescein leakage indicated that choroidal neovascu-
larization (CNV), when present, occupied a minor propor-
tion of total lesion area (Fig. 2a’). High-power laser applica-
tion produced significant fluorescein leakage by 4.5 months,
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Figure 1. Evolution of pigmentary changes over 4.5 months. a. Images of the right fundus from 15 minutes to 3.5 months after laser
application in a confluent pattern (subject CM1). b. Outcome image of the right fundus 4.5 months after confluent laser application in
subject CM1. c. Control left fundus without laser application (subject CM1). d. Images of the fundus from 15 minutes to 3.5 months after
laser application in a nonconfluent pattern in subject CM2. e. Outcome image of the right fundus 4.5 months after nonconfluent laser
application in subject CM2. f. Control left fundus without laser application (subject CM2). Scale bar (2 mm) applies to a-f. 10x magnification
of the white squares: 15-minute and 4.5-month images of low-power (a’ and b’) and high-power (a” and b”) confluent laser application in
CM1. 15-minute and 4.5-month images of low-power (d’ and d’) and high-power (d” and d”) nonconfluent laser application in subject CM1.
Foveal (f) and perifoveal (f”) control images of CM2 showing normal macular pigmentation. Retinal blood vessels are indicated by white
arrowbeads. The perifoveal inner retinal light reflex is indicated by the black arrowbead.

Ficure 2. Development of choroidal neovascularization (CNV) with intense laser. a. Late fluorescein angiogram of the lesioned right fundus
of subject CM2 after nonconfluent laser application at low (a’) and high power (a”). b. Late fluorescein angiogram of the lesioned right
fundus of subject CM1 after confluent laser application at low (b’) and high power (b”). c. Control left fundus of subject CM1. Scale bar
(2 mm) applies to a—c. 5x magnification of white squares: Lower power, whether applied in a nonconfluent (a’) or confluent (b’) pattern,
produced hypofluorescence (blue circles in a’ and b’). Well-demarcated late hyperfluorescent areas (black arrowbeads in a’ and b’) indicated
fluorescence transmission windows due to RPE atrophy. Focal (yellow circles in a’ and b”) or diffuse (a”) fluorescein leakage indicated the
formation of active CNV as a result of using higher power. A control area of perifoveal retina without laser lesions is shown in ¢’. Retinal
blood vessels are indicated by white arrowbeads in a’, b, and c’.
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Ficure 3. Photoreceptor layer and retinal pigment epithelium (RPE) changes. a. Serial macular optical coherence tomography (OCT) after
confluent laser application, taken across areas of high- and low-power laser application in subject CM1 (F in top row indicates the location
of the fovea). At 2 months, with low-power laser application, a sharp demarcation (arrowbead, third row) separated lesioned and nonlesion
areas. The hyporeflective outer nuclear layer (ONL) band (white asterisk) was present at the nonlesion area. b. Serial macular OCT after
nonconfluent laser application, taken across areas of high- and low-power laser application in subject CM2, through the fovea (arrowhbead,
top row). Nonconfluent laser results in skip areas between individual laser burns (arrows, second row). In the skip areas, ONL was relatively
preserved (arrowbeads, third row, images are not coregistered). The lesions continued to evolve through month 3.5 and showed incomplete
ONL ablation by 4.5 months. c. High-magnification image of confluent high-power laser application outcome at 4.5 months. Intraretinal
hyperreflective foci (empty arrowbeads) were present, and the photoreceptor layer was ablated (red line). Black asterisk denotes RPE
elevation/thickening. d. High-magnification image of confluent low-power laser application outcome at 4.5 months. The photoreceptor layer
was selectively ablated (red line). e. High-magnification image of nonconfluent high-power laser application outcome at 4.5 months. The
photoreceptor layer was selectively ablated (red line). f. High-magnification image of nonconfluent low-power laser application outcome at
4.5 months. The photoreceptor layer was incompletely ablated (between red lines). g. Control perifoveal retina, showing the physiological
lamination pattern. 1: retinal nerve fiber layer, 2 (vertical white lines in c-g): ganglion cell layer and inner plexiform layer complex, 3: inner
nuclear layer, 4: outer plexiform layer, 5: ONL, 6: hyperreflective bands corresponding to (from top to bottom) the ellipsoid zone (EZ), retinal
pigment epithelium-Bruch’s membrane, and choriocapillaris complex. Blue line: external limiting membrane. Red lines, when separated,
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indicate the photoreceptor layer including the outer nuclear layer and the inner and outer segments layers. Single red lines denote the outer
retinal surface, that is, the position of subretinal space, when the photoreceptor layer was absent due to complete ablation. h. H&E stain of
a transition zone (black arrowbead) at the border of laser-induced atrophy, similar to that depicted in (a), third row, right panel. Normal
pigmented RPE layer is shown with a white arrow. Black box magnified in (i), showing loss of the normal pigmented RPE layer (arrowbead)
and photoreceptor layer atrophy (asterisk). The right panel is a control retinal section showing the normal laminated structure, annotated
1-5, corresponding to the layers in panel (g). Scale bar, 20 nm, applies to both images in (3).

indicating the presence of large and active CNV (Figs. 2a”
and b”).

Retinal thickening occurred immediately after laser appli-
cation (Fig. 3 and Supplementary Fig. S2). Subsequent retinal
thinning stabilized between 2 and 4.5 months (Fig. 3). We
did not quantify inner versus outer retinal thinning in this
dataset due to the small number of animals. Confluent laser
application produced broad areas of photoreceptor layer
ablation, relatively sparing the inner retina. Skip lesions, that
is, areas of photoreceptor ablation alternating with spared
areas, occurred with nonconfluent applications. The pres-
ence of skip lesions correlated with incomplete photore-
ceptor layer ablation at 4.5 months (Figs. 3e-f). High-
power laser application produced intraretinal hyperreflec-
tive foci that may correspond to intraretinal pigment-laden
cells on histology, although more precise anatomical correla-
tion is required to validate this assumption (Supplementary
Fig. S3). Local RPE elevation and/or subjective thickening
(Figs. 3a and o) further supported the presence of CNV with
high-power confluent laser application. Low-power applica-
tion caused less RPE thickening and/or elevation than high
power. Immunohistology subsequently confirmed photore-
ceptor and RPE layer damage (Figs. 3h—i and Supplemen-
tary Fig. S4). The inner retina was relatively preserved
despite laser-induced atrophy of the photoreceptor layer.
As this is a small dataset, representative histology from all
animals (CM1-CM4) are shown in Supplementary Figs. S3
and S4.

Laser-induced GA lesions in this model showed reduced
choroidal vascular perfusion on indocyanine green (ICG)
and OCT angiography (Figs. 4a—d). Choroidal neovascular-
ization was faintly visible on ICG angiography (Fig. 4e)
and more clearly seen on OCT angiography (Fig. 4i). The
choroidal vascular loss involved the choriocapillaris in all
animals and relatively spared the larger choroidal vessels
(Fig. 4b shows CM3 and g-i show CM4). Retinal vascula-
ture remained relatively intact. Retinal perfusion density and
choriocapillaris flow void density quantification are shown
in Supplementary Table S3. These in vivo imaging findings
were supported by histology showing choriocapillaris atten-
uation and relative preservation of large choroidal vessels
(Figs. 4i—j). We detected evidence of choriocapillaris damage
at all laser intensity settings included in this study.

Multifocal electroretinography (MFERG) provided a
quantitative readout of localized retinal function. Qualita-
tively, the spatial distribution of dysfunctional loci in the
lesioned eyes showed a center-surround pattern in general,
with central response reduction and peripheral preservation
(Fig. 5). We saw intertest variability in lesion and control
eyes. The 103-segment readout was noisier than the 61-
segment readout in one subject, CM4.

We assigned responses as being inside or outside the
lesion area by referring to the infrared reflectance images
that showed the lesion boundary clearly (Fig. 6a). With the
61-segment protocol, the mean normalized response ampli-
tude in the lesions was lower than responses outside the
lesions in the same eye, at all time points tested (0.94 + 0.35

vs. 1.10 + 0.27, P = 0.032 at month 1, 0.67 + 0.22 vs. 0.83
+ 0.15, P = 0.0002 at month 2, and 0.97 + 0.31 vs. 1.20 +
0.21, P < 0.0001 at month 3.5). With the 103-segment proto-
col, the mean normalized response amplitude in lesions was
lower than the nonlesion area in the same eye 0.79 £ 0.27
vs. 0.94 £ 0.23, P = 0.032 at month 3.5) (Fig. 6b).

We also studied the feasibility and utility of an unbi-
ased approach to MFERG analysis. In this approach, we
did not designate responses as being located inside or
outside lesions, but instead categorized them into concentric
rings per the manufacturer’s software. This method could
be useful for investigators when normalization is impossi-
ble, such as when both eyes are lesioned, or when prelaser
readings are not available. We adapted a method that has
been used to evaluate toxic maculopathy in patients taking
hydroxychloroquine.®” This method is based on the pattern
of hydroxychloroquine-induced retinal damage that selec-
tively involves the perifoveal retina during the early stages,
sparing the macular periphery. We normalized the mean ring
2 (R2) amplitude, reflecting central responses, to either ring
4 (R4) or ring 5 (R5), reflecting responses in the macular
periphery. Thus, we derived the R2/R4 and R2/R5 ratios in
each eye. R2/R4 and R2/R5 ratios were generally lower in
lesioned eyes compared to the fellow control eyes almost
(R2/R4: 1.16 + 0.38 vs. 1.63 £ 0.46, P = 0.046 at month 1,
0.84 + 0.19 vs. 1.43 £+ 0.67, P = 0.14 at month 2, and 0.83 +
0.21 vs. 1.74 £ 0.58, P = 0.014 at month 3.5 ; R2/R5: 1.09 +
0.42 vs. 1.58 + 0.45, P < 0.0001 at month 1, 0.78 £ 0.21 vs.
1.22 + 0.48, P = 0.035 at month 2, and 0.79 + 0.24 vs. 1.64
+ 0.40, P = 0.0056 at month 3.5). We also calculated MFERG
ratios based on ring 1 amplitudes (instead of ring 2), that is,
R1/R4 and R1/R5. Both R1/R4 and R1/R5 differed between
lesion and control eyes at months 1 and 2 (Supplementary
Fig. S5).

In this dataset, we had obtained MFERG results in normal
eyes on five occasions (OD and OS prelaser, and OS at
months 1, 2, and 3.5), using the 61-segment protocol. We
used these data to estimate the intertest variation of the 61-
segment MFERG assay in nonlesioned nonhuman primate
eyes. The coefficients of variation (CV) of the mean ampli-
tudes of R1, R2, R3, R4, and R5 in nonlaser eyes (n = 5)
were 26.0%, 21.5%, 17.8%, 13.0%, and 13.8%, respectively,
as shown in the Table.

DISCUSSION

The data demonstrate that laser-induced GA-like lesions
in nonhuman primates can be characterized in depth by
serial in vivo retinal testing over time. We found that lesions
evolved for several weeks before reaching a stable anatomi-
cal configuration. We validated the use of MFERG to measure
localized functional deficits topographically, identifying the
importance of mitigating intertest variation. We also present
novel information regarding choriocapillaris loss in this GA
model.
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Ficure 4. Choriocapillaris loss in the nonhuman primate model of geographic atrophy. a. Indocyanine green angiogram (ICGA) showed
decreased cyanescent signal in the lasered region (boundaries denoted by arrowbeads) in subject CM3. b. 4x magnification of white square
in (a) showed the relative preservation of large choroidal vessels (arrowhbeads) at the laser site, compared to the relatively normal cyanescent
signal in the adjacent retina (asterisk) of subject CM3. c. Control left eye of subject CM3, late phase. d. Early phase ICGA showing choroidal
hypoperfusion (arrowhbead) corresponding to the area of laser application that was visible biomicroscopically (insef). This ICGA was obtained
3.5 months after laser application in subject CM4. e. Late phase ICGA showed faint late hypercyanescence (arrowbead) within the lesion.
f. Control left eye of the same animal, early phase ICGA. g-i. Optical coherence tomography angiogram (OCTA) showed choriocapillaris
degeneration (white asterisks), relatively preserved large choroidal vessels, and choroidal neovascularization (surrounding the red asterisk)
within the lesion area (yellow box in h is enlarged in i). j. Hematoxylin & eosin (H&E) stain of control retina. Inner retina (In), photoreceptor
(P), and choroidal (C) layers are intact. The melanin-pigmented retinal pigment epithelium (RPE) layer, smaller choroidal vessels (white
arrowbeads), and retinal pigment epithelium are shown (black arrowbead). A large choroidal vessel is denoted with the asterisk. k. H&E-
stained retina after laser application, showing total photoreceptor layer loss. The choroid (white arrowbead) is severely reduced in thickness
and is hyperpigmented, The smaller choroidal vessels are lost and the larger choroidal vessels (asterisk) are relatively preserved. Pigment-
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laden cells are globular and hyperpigmented, and show intraretinal migration (black arrowbeads). The RPE layer was completely absent in
parts (white arrows). Scale bar, 50 pm for f-g. Red circles denote the optic nerve head.
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Ficure 5. Spatial distribution of multifocal electroretinogram response amplitudes showing localized macular dysfunction in lesioned eyes.
Color-coded heat maps showing normalized multifocal electroretinogram (MFERG) amplitudes at each test locus, for subjects CM3 and
CM4, over serial testing. Right eyes (OD) were lesioned and left eyes (OS) are presented as nonlesion controls at each time point. Lesion
boundaries in each right eye are denoted by yellow dashed lines and are laterally reflected into each left eye to indicate the contralateral

lesion equivalent area.

It is well known that laser application outcomes in animal
models, including CNV formation, can be unpredictable. In
this experiment, confluent low-power application produced
optimal results, including: 1. photoreceptor layer ablation
sparing the inner retina, 2. absence of skip areas, 3. mini-
mal CNV formation, and 4. acceptable interval to lesion
stabilization. In a laser-induced C57BL/6J mouse model,
810 nm diode laser application (60-second application per
spot) produced mild to severe lesions, depending on the
power delivered in each case.®® In that study by Ibbett and
colleagues, full-field ERG amplitudes were affected, presum-
ably because the lesions occupied a large portion of the
total retinal area in mice and thus reduced the summed
retinal response. In this study, manual application of laser
spots produced uneven spacing. In humans, AMD does not
produce significant full-field ERG deficits,” due to the small
lesion size relative to total retina and the lack of panretinal
photoreceptor dysfunction. Therefore, we did not evaluate
full-field ERG responses in this study.

In GA lesions of nonexudative AMD, the inner nuclear
and ganglion cell layers are relatively preserved despite

advanced photoreceptor and RPE atrophy.®”%’! We found
it possible to selectively ablate the photoreceptor layer by
carefully titrating laser intensity. Factors other than power
are known to influence laser energy absorption and thermal
cell damage. RPE and choroidal melanin pigmentation, and
the orthogonality of the laser beam to the curvature of the
posterior pole, varied considerably between animals in this
study. Placing a test spot in a noncentral location can be a
useful method of titrating the power before GA lesion induc-
tion. Caution should be exercised to avoid heavy laser appli-
cation in a GA model. As we found in this study, excessive
laser intensity is known to produce CNV,°?> which is undesir-
able in a GA model.

In human GA, evidence suggests that the choriocapillaris
is degenerated and hypoperfused to some extent.40-%,72-77
In macular atrophy secondary to Stargardt disease, the chori-
ocapillaris appears to be severely attenuated.6-48:51-58,78
Therefore, the laser-induced nonhuman primate GA model
may also be relevant for preclinical retinal stem cell research
in Stargardt disease.””® It may be possible to avoid or
reduce choriocapillaris damage in this model by changing
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Figure 6. Consistency of multifocal electroretinogram (MFERG) response reduction in GA lesions. a. Infrared reflectance reference images
of subject CM4 of the prelaser right eye (OD), postlaser OD at month 3.5, and control left eye (OS) at month 3.5, with registered overlay
of multifocal electroretinogram (MFERG) tracings. Red-shaded area in the post-laser OD image delineates the GA lesion boundaries and
identifies traces designated as “lesion” (red boundary with shading) or “non-lesion” (outside red-shaded area, within grey line) in that eye.
The equivalent control region (lateral mirror image, black line) in the OS was demarcated for normalization purposes. Inset shows postlaser
OD retina at 3.5 months without lesion boundary markup. b. Mean normalized MFERG response amplitudes in the lesion and nonlesion
areas at months 1, 2, and 3.5 (# = 4 animals, CM1-4). Data using the 61-segment MFERG stimulus were obtained at all three time points.
The 103-segment stimulus protocol was used at month 3.5 only. ¢. MFERG ring amplitude ratios (mean + standard deviation) over time,
comparing lesion eyes to the fellow control eyes (n = 4 animals, CM1-4), without fellow-eye normalization. R2, R4, and R5 denote rings 2,
4, and 5, respectively.

certain laser parameters. For example, micropulse laser model of sodium iodate injection, photoreceptor and
exhibits selective thermal localization.!'81-8 In the rabbit =~ RPE loss was accompanied by dose-dependent choroidal



Investigative Ophthalmology & Visual Science

Nonhuman Primate Model of Outer Retinal Atrophy

TaBLe. The Statistical Description of the MFERG Amplitudes in
Nonlaser Eyes

Ring 1 Ring 2 Ring 3 Ring 4 Ring 5

Values (1) 5 5 5 5 5

Mean 197.8 143.3 106.9 99.36 109.8
Standard deviation 51.40 30.83 19.03 1290 15.11
Coefficient of variation (%) 25.99% 21.51% 17.80% 12.98% 13.76%

atrophy.” Rat and rabbit choriocapillaris appear to regener-
ate spontaneously following injury,***> although it is unclear
if this regenerative capacity exists in the primate choroid.

MFERG is an objective assay of localized macular dysfunc-
tion. Its use in this context has been validated in a nonhu-
man primate model with naturally occurring bilateral macu-
lar dystrophy.> MFERG has also been used to map reti-
nal function in the visual streak of the pig model'! and
in the wild-type primate macula.!® Notably, in our study,
MFERG amplitudes in the lesions were not reduced to the
same extent as is typically found in the absolute scotomas
of established human GA. Full-field ERG, as a summed
retinal response,?$348087 is poorly suited to detect and
quantify localized functional deficits. This study was not
adequately powered to statistically compare MFERG ampli-
tudes between laser settings; the data here may be used to
design a larger study for this purpose.

The CVs of R1, R2, and R3 were above the typically
acceptable limit of intertest variability, that is, 15%. In the 61-
segment protocol, the number of test loci in R1, R2, R2, R4,
and R5 are 1, 6, 12, 18, and 24, respectively. Therefore, there
may be a higher tolerance for variation (due to inconsis-
tent stimulus centration) in the peripheral rings (R4 and R5)
than in the central rings (R1-R3). One strategy to minimize
ocular drift during the MFERG is by administering a perioc-
ular local anesthetic injection. The potential for inconsistent
centration, and therefore the central CVs, may be even higher
after laser application, by the absence of normal foveal land-
marks. Researchers could consider determining the CV of
control and test loci that is specific to their experimental
conditions.

Human GA is associated with several important molecular
abnormalities, including complement activation and lipofus-
cin accumulation. Bruch’s membrane senescence,®# glial
cell infiltration,”®*! and inner retinal remodeling are impor-
tant facets of GA with relevance to cell therapy. In particular,
the health of Bruch’s membrane may be a key determinant
of cell transplantation efficacy in humans, as it influences
transplanted RPE cell adherence and viability.”***> We did not
study those aspects in this relatively small project wherein
our resources were focused on serial in vivo evaluation. This
model is also limited in that it does not demonstrate the
long-term progression of atrophy that is typical of human
disease. Furthermore, photochemical or oxidative damage
models may reflect the molecular pathophysiology of GA
compared to the presumably predominantly photothermal
effect of the model reported here.

CONCLUSIONS

Laser-induced macular degeneration in this nonhuman
primate model resulted in photoreceptor, RPE, and chorio-
capillaris loss. The use of OCT, OCTA, dye angiography, and
MFERG enabled the spatiotemporal correlation of localized
structural and functional deficits in vivo. The lesion features
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in this model are similar to those of cRORA as defined by
the CAM expert panel. With further optimization, this model
could provide a useful platform to validate stem cell-derived
RPE and photoreceptor cell transplantation approaches for
retinal regeneration in AMD. Given the high intertest vari-
ability of MFERG data, it is important to ascertain the magni-
tude of variability for the different experimental conditions
specific to each laboratory. MFERG change data in the fovea
and perifovea should be interpreted in the context of the
high variability of the ring amplitudes that correspond to
those loci. Choroidal insufficiency, if sustained, may limit
the long-term viability and functionality of subretinal cellu-
lar grafts in this model.
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