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Purrose. To characterize the progression of vascular changes that occur in each retinal
plexus, in three canine models of inherited retinal degeneration.

MerHoDs. In this retrospective cohort study, we examined the retinal imaging records
of 44 dogs from a research colony that had undergone optical coherence tomography
angiography (OCTA) imaging. Animals enrolled included crd2/NPHP5 and xlpra2/RPGR
mutant dogs imaged at different stages of photoreceptor loss, as well as RHO™®* dogs
after acute light-induced rod degeneration. Also included were normal controls imaged
at similar ages. OCT angiograms of the superficial vascular plexus combined with the
intermediate capillary plexus (SVP + ICP), and the deep capillary plexus (DCP) were
analyzed using the AngioTool software to calculate vessel density and other vascular
parameters.

Resurrs. A reduction in vessel density was seen over time in both the SVP + ICP and
DCP in all mutant dogs but was more pronounced in the DCP. Scans were subclassified
based on outer nuclear layer (ONL) thinning compared to age-matched normal controls.
When ONL loss was 0% to 50%, vessel density in the DCP was significantly lower than in
age-matched controls. In all cases, when ONL loss exceeded 87.5%, vessel density in the
SVP + ICP was significantly reduced as well. In the acute light-induced rod degeneration
model, the vascular regression changes were observed mainly in the DCP.

Concrusions. Vessel density reduction in dogs undergoing retinal degeneration is first
detected by OCTA in the DCP, and only at later stages in the SVP + ICP.

Keywords: OCTA, retinal vasculature, inherited retinal degeneration, canine, vessel
density, vascular plexuses

nherited retinal degenerations (IRDs) are a genetically
Iand phenotypically heterogeneous group of neurode-
generative diseases that affect humans and several animal
species including dogs.! Some relevant canine models
are the crd2/NPHPS5, which is the canine homologue to
the NPHPS5 form of Leber congenital amaurosis, and the
xlpra2/RPGR and RHOT4R/+, which are non-allelic diseases
homologous to different forms of RP2-> Although all IRDs
are characterized by the progressive loss of photorecep-
tors, there are various clinical phenotypes that vary in age
of onset, rate of progression and spatial distribution of
disease.""® Widespread retinal thinning, attenuation of reti-
nal vasculature, and pallor of the optic disc are common
ophthalmic findings in both humans and dogs in advanced
stages of IRDs.”8

Photoreceptors are considered to have the highest
metabolic rate in the retina, with the majority of their energy
being produced in the inner segment.’~!! The mitochondria
located in the inner segment consume oxygen delivered by
the choriocapillaris, but those located in the photorecep-
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tor’s axons are mainly nourished by the retinal vasculature
directly, illustrating the dual blood supply of the holangiotic
retina.!>13 As photoreceptors undergo cell death, because of
the natural progression of IRDs, there is a steep reduction
in oxygen consumption, which in turn causes oxygen from
the choriocapillaris to reach the inner retina. This abnormal
oxygen diffusion results in a hyperoxic state that in turn
reduces the need for oxygen delivery from the inner reti-
nal vessels.'* Tt is commonly accepted that it is this abnor-
mal hyperoxic state that triggers the retinal vascular regres-
sion seen in IRDs. In other words, the characteristic retinal
vascular attenuation seen in IRDs is considered a secondary
change occurring after photoreceptor loss.'>'® By contrast,
some argue that the early vascular changes are part of a
primary pathological reduction in blood flow that occurs
systemically as part of a “vascular dysregulation syndrome”
in certain forms of one of the most common IRD, retinitis
pigmentosa (RP).!7:1® They consider that this primary vascu-
lar regression can worsen the disease course by causing
further photoreceptor damage.!”-18
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The holangiotic retinal vasculature in humans, rodents,
and dogs consists of four interconnected parallel vascular
plexuses: the radial peripapillary capillary plexus located in
the nerve fiber layer, the superficial vascular plexus (SVP)
in the ganglion cell layer, the intermediate capillary plexus
(ICP) in the inner plexiform layer, and the deep capil-
lary plexus (DCP) within the outer plexiform layer. Stud-
ies conducted in rodents and humans have suggested that
these vascular networks are not equally affected by IRD
progression.'*~2? In early stages of disease, the first changes
are seen in the DCP, whereas no changes are observed in
the vessels of the SVP until advanced stages of degenera-
tion are reached.?!'?>-28 Although canine retinas affected by
IRDs also undergo vascular thinning and loss, it is currently
unknown if there is a selective impairment of the DCP in
early stages of degeneration and what the chronology of
vascular changes with disease progression is.

Optical coherence tomography angiography (OCTA), a
functional extension of OCT technology, enables in vivo
assessment of the different vascular networks as separate
en face images as opposed to single full-retinal thickness en
face angiograms rendered in dye-based imaging procedures,
such as fluorescein angiography.?>2>:3® OCTA images from
the different retinal plexuses in IRD patients have enabled
the detection and quantification of the extent of vascula-
ture loss that occurs with disease progression.??:3! In several
OCTA studies conducted in human RP patients and rodents,
the most prominent vascular regression was found in the
DCP.21:22:32-34 Thjs is in contrast with other reports that have
shown in RP patients a vascular impairment and reduced
vessel density in both the SVP and DCP3?%-3 Notewor-
thy, the cross-sectional nature of the studies and the lack
of categorization based on disease stage prevented drawing
final conclusions regarding which plexus is affected more
severely or earlier. OCTA technology has been recently vali-
dated in dogs for imaging and quantifying individual vascu-
lar plexuses,?? but it is currently unknown if a differen-
tial impairment of specific retinal plexuses occurs in canine
IRDs.

The aim of this study retrospective was to characterize
the changes in vascular density, as measured by OCTA, that
occur in the main vascular networks of the cone-rich area
centralis centered on the fovea-like region®® in two canine
models of IRDs: crd2/NPHP5 and xlpra2/RPGR. We also
evaluated the vascular changes in a model of light-induced
acute retinal degeneration (RHO#*) and in a crd2/NPHP5
mutant dog that had been treated by gene therapy (GT).
Additionally, we complemented the in vivo evaluation with
histopathologic characterization of the vascular structural
changes that accompany retinal degeneration.

MATERIALS AND METHODS
Study Animals

The animals evaluated were part of a research colony main-
tained at the University of Pennsylvania, Retinal Diseases
Studies Facility. All the procedures were carried out in strict
accordance with the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research and approved by the
Institutional Animal Care and Use Committee of the Univer-
sity of Pennsylvania (IACUC no. 804956).

Retinal imaging records of dogs that had undergone
OCTA imaging were reviewed. Inclusion criteria were (1)
confirmed IRD genotype and (2) quality of the OCTA images
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above 40 dB (10° x 10° acquired at the area centralis) in at
least one eye and one time-point. A total of 44 dogs were
enrolled; this included 16 crd2/NPHP5, 11 xlpra2/RPGR and
3 RHO™* mutant dogs, as well as 14 normal controls
of different ages and with both genders represented (see
Supplementary Table S2).

As a proof of concept, one animal that had been previ-
ously enrolled in AAV-mediated GT studies unrelated to this
project (ID: AS2-439) underwent OCTA imaging 81, 108, and
137 weeks after administration of the viral vector product in
one eye. This animal received the GT as a subretinal injec-
tion only in the left eye at mid-stage disease (13.2 weeks).
The right eye was injected with balanced salt solution to be
used as a control of the GT effect, and to study the natural
progression of the disease.

In the RHO™®* model of autosomal dominant RP, when
the heterozygous or homozygous affected animals are main-
tained from birth in a protective dim red-light environ-
ment, their retinal structure remains intact and comparable
to that of normals.**> However, acute retinal degeneration
can be triggered experimentally if the eyes are exposed to
white light.” The three RHO"#**+ mutants had their left eye
exposed for one minute (intensity of corneal irradiance of
1 mW/cm?) of white light following a pre-established proto-
col.?? Two weeks after light exposure, the retinal structure
was assessed in vivo by OCT and OCTA in both eyes. The
results of the imaging at this timepoint were compared to
those obtained immediately before light exposure and to
those of age-matched normal controls.

OCT and OCTA Imaging Acquisition

Animal preparation and acquisition of OCTA images under
general anesthesia were performed as previously validated
by our group, using a cSLO/OCT unit (OCTA module, Spec-
tralis HRA+OCT2, version 6.9.4.0, Heidelberg Engineering
Inc., Heidelberg, Germany).”® The vasculature was charac-
terized at different ages, by acquiring a 10° x 10° OCTA scan
at the center of the area centralis, the canine analog of the
human foveo-macular area.?® Because the vascular parame-
ters vary depending on the retinal topography,? the fovea-
like region at the center of the area centralis was selected for
maximal consistency across animals and ages. This region
was accurately identified following landmarks such as the
vascular pattern around it and the orientation of the nerve
fiber layer.?>?® Each 10° x 10° scan was composed of 512
B-scans (ART mode was set at seven frames per scan in all
OCT-A examinations) with a nominal spacing of 6 pm. The
C-scan (en face) visualization of this OCT-A was automati-
cally derived from the OCT B-scan angiograms as mentioned
above. One of the main advantages of the Spectralis OCTA
unit is the ability to image longitudinally the exact same area
of the retina by selecting follow-up scans.”> We used this
feature to characterize longitudinally the vascular changes
in mutant animals (see Supplementary Table S2).

The ONL thickness was measured on the OCTA B-scan
as previously described using the Heyex Software (Version
1.9.201.0; Heidelberg Engineering, Heidelberg, Germany).?
For each measurement, the result from three areas separated
by 0.5 mm at the center of the area centralis were averaged.
Angiograms from the SVP combined with the ICP (SVP +
ICP), and the DCP were extracted based on the recently char-
acterized OCT localization of the canine retinal plexuses.?’
An important inclusion criterion for the OCTA images was
that they be of acceptable quality (signal-to-noise ratio



Investigative Ophthalmology & Visual Science

Retinal Vasculature in Canine IRDs

provided by HEYEX Spectralis software >40dB; range: 20-
53 dB). We excluded all OCTA images that had visible arte-
facts (mainly motion artefacts and decorrelation abnormal-
ities caused by projection artefact). A low signal-to-noise
ratio was frequently seen in advanced disease stages because
of cataract formation or vitreal degeneration that often are
secondary to the retinal degeneration.

Vascular Network Quantification by AngioTool

For each eye, OCT angiograms from the SVP+ICP and
the DCP were analyzed using AngioTool, as previously
described.?>**> The parameters selected in our evaluation
were vessel thickness of at least 5 pm, vessel pixel intensity
of 15-255 and the options “Remove small particles” and “Fill
holes” were selected. For each analyzed slab, we selected
among the AngioTool parameters: vessel density, Junction
Density, Average Vessels Length, and Lacunarity. The axial
globe length was measured after each imaging session by
ultrasound (Sonomed A-scan A1500, Sonomed-Escalon, Lake
Success, NY, USA). We calculated the retinal magnification
factor (expressed in mm/deg) based on the individual axial
globe length (in mm) and the following formula retinal
magnification factor = 2*7%(0.59* axial globe length)/360, as
previously described for correcting for curvature bias.?® By
using this simplified model, we were able to convert length
measurements expressed in degrees into values expressed
in pm units. Then, we used the AngioTool software to cali-
brate de measurements based on the pixel and the pm size
of each image. Therefore the exact area covered by the 10°
x 10° scan for each eye was used to calibrate the AngioTool
software and obtain accurate quantifications.

Vascular Remodeling Evaluation by
Immunohistochemistry and Confocal Imaging

For histological characterization of the wvascular alter-
ations that occur with progressive retinal atrophy, frozen
paraformaldehyde-fixed retinal archival tissues from mutant
animals were evaluated. The tissues were processed as
previously described.”> These included tissue blocks from
13 crd2/NPHP5- and 11 xlpra2/RPGR-affected animals at
several ages representing different stages of retinal degen-
eration. It should be noted that these animals were not the
same than the ones imaged by OCTA.

The samples had previously been stored frozen embed-
ded in optimal cutting temperature media. For evaluation of
the retinal vasculature, the tissues were thawed in phosphate
balanced solution overnight, and the embedding media was
removed. The neuroretina was separated and incubated for
four days at 4°C in a solution containing a mixture of two
primary antibodies that labeled the von Willebrand factor
located in in the vascular endothelium* (1:400; Dako A0082,
Carpinteria, CA, USA) and the collagen type IV present
in the basal lamina® of the retinal vessels (1:100, Milli-
pore Sigma AB769, Burlington, MA).>> Selected neuroreti-
nas were also incubated in a solution containing primary
antibodies against RPEG5 protein (1:500, Novus Biologi-
cals 401.8B11.3D9, Englewood, CO). Fluorochrome-labeled
secondary antibodies (Alexa Fluor 488, 568 and 647 dyes;
1:200, Thermo Fisher Scientific, Waltham, MA, USA) and
DAPI nuclear stain were applied for 24 hours at 4°C.

The retinal tissues were imaged using a 2-photon confo-
cal microscope (Leica SP8 Multiphoton; Leica Microsys-
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tems, Wetzlar, Germany) with a 20x (HCX APO L, 1.0 NA)
water immersion objective lens. The captured images were
composed of individual 0.5 mm? fields, acquired from z
stacks spanning the inner limiting membrane (ILM) to ONL.
Z-stacks were acquired at 0.5 pm Z-steps in 1024 x 1024
pixel format at 400 Hz with a line average of 2. These
settings offered a lateral resolution of 0.541 pm/pixel and
axial resolution of 0.5 pnm/pixel. Several individual images
were acquired to cover a 2 mm square area centered in the
area centralis. In the crd2/NPHP5 dogs, a comparative area
in the nasal quadrant, centered at the visual streak was used
instead because of the unavailability of that bloc of tissue
that was being used for GT studies. The images were merged
and qualitatively evaluated using the Leica Application Suite
(LAS X, 3D Visualization Module). The angiograms from the
SVP + ICP and DCP were extracted and further analyzed
with AngioTool software following the same steps previ-
ously mentioned for OCTA images.?

Data Processing and Statistical Analyses

The data was imported, analyzed, and plotted using excel
spreadsheets (Microsoft Excel, version 2019) and R soft-
ware (version 4.1.1; R Foundation for Statistical Computing,
Vienna, Austria) with the correspondent built-in packages.*
The ggplot2 package in R was used for OCTA data visualiza-
tion (version 3.3.5., Wickham, 2016).47 All statistical analy-
ses were performed using SAS v9.4 (SAS Institute, Cary, NC,
USA) and two-sided P < 0.05 was considered statistically
significant.

Because all the animals had OCTA images acquired in
both eyes, we evaluated the inter-eye agreement for each
OCTA parameter (ONL, vessel density, junction density, aver-
age vessel length, and lacunarity) using the intra-class corre-
lation and its 95% confidence interval (CI) (Supplemen-
tary Table S1). Because the intra-class correlation was only
moderate for most of the OCTA parameters, we used data
from each individual eye for downstream analysis and the
inter-eye correlation was accounted for by using generalized
estimating equations (GEE).

The analysis of OCTA and histology parameters compar-
ing the study groups and age-matched controls were
performed using a generalized linear model, and the GEE
with compound symmetry covariance was used to account
for the inter-eye correlation and repeated measures correla-
tion.

The Pearson’s correlation coefficient was used to evalu-
ate the correlation between the vessel density in the SVP
+ ICP and vessel density in the DCP with the ONL thick-
ness. For each plexus and study group, we fitted a linear or
quadratic model based to visualization of the data distribu-
tion in a scatterplot and the P value from statistical tests for
the evaluation of the significance of a quadratic term. The
linear regression model only contained the ONL thickness
as the predictor, whereas the quadratic model contained
both ONL thickness and square of ONL thickness as predic-
tors. The Pearson’s correlation coefficient was calculated as
the correlation between predicted vessel parameter (based
on linear or quadratic model) and observed vessel param-
eter. The correlation coefficient was interpreted as follows:
R = 0.00-0.10, negligible correlation; R = 0.10-0.39, weak
correlation; R = 0.40-0.69, moderate correlation; R =
0.70-0.89, strong correlation; R = 0.90-1.00, very strong
correlation.
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RESULTS

OCT Angiograms Reveal Selective Impairment of
the DCP

To characterize longitudinally the retinal vascular changes
occurring with disease and compare them to normal, the
OCT (ONL thickness) and OCTA parameters evaluated
(vessel density in the SVP + ICP and DCP) were plotted as a
function of age (Figs. 1A, 1B). As the disease progressed,
the ONL became thinner, reflecting a progressive loss of
photoreceptors and their nuclei (Fig. 1A). Vessel density in
the SVP + ICP decreased over time in all dogs, ;however,
the values were slightly lower in mutant animals (Fig. 1B1).
Vessel density in the DCP remained stable in the normal dogs
but showed a marked decline in the mutants (Fig. 1B2). This
initial overview of the dataset already suggested that in IRD
dogs, the DCP is more affected and at an earlier stage than
the SVP + ICP.
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Evaluation of vascular changes based only on the age of
the mutant animals, does not take into consideration the fact
that these different models vary in their temporal course
of disease (different age of onset and kinetics of photore-
ceptor 10ss).2484 Therefore, to provide a more accurate
analysis, we classified each datapoint based on the ONL
thickness in the mutant animals compared to that of age-
matched normal animals (Figs. 1C1, 1C2). This allowed us
to compare the vascular parameters across disease models
based on the stage of degeneration by defining four quanti-
tative stages of ONL thickness loss: 0%-50%, 50%-75%, 75%—
87.5%, and 87.5%-100%. When evaluating the OCTA images,
the vessels from both the superficial and deep networks
were affected with disease progression, although the DCP
seemed to be affected at an earlier disease stage (Fig. 2). In
both models when ONL thickness loss was between 50% to
75%, no major vascular remodeling was detected in the SVP
+ ICP (Figs. 2A1, 2B1); however, subtle changes and multi-
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Longitudinal measurements of ONL thickness, vessel density in the SVP+ICP and vessel density in the DCP in normal and mutant

animals [normal (n = 14), crd2/NPHP5 (n = 16), and xlpra2/RPGR (n = 11)]. (A) Scatter plot of mean ONL thickness at different ages in
normal and mutant animals. (B1-2) Scatter plot of mean vessel density in the SVP+ICP and DCP at different ages in normal and mutant
animals. (C1-2) Scatter plot of mean vessel density in the SVP+ICP and DCP at different percentages of ONL decrease when compared to
normal, in mutant animals. Datapoints from the same animals are connected with a solid line. VD, vessel density.



Investigative Ophthalmology & Visual Science

Retinal Vasculature in Canine IRDs

crd2/NPHP5

IOVS | November 2022 | Vol. 63 | No. 12 | Article22 | 5

xlpra2/RPGR

DCP

SVP+IC

ONL thickness

ONL thickness
loss 75-87.5 %

ONL thickness
loss 87_.5f1 00 %

SVP+ICP DCP

Ficure 2. Representative OCTA images processed with AngioTool of the SVP+ICP and DCP vascular networks at different stages of disease
in the mutant animals. Representative images from crd2/NPHPS5 (A) and xlpra2/RPGR (B) mutant animals for the SVP+ICP and DCP. The
mutant animals were subclassified based on their ONL thickness loss, to illustrate the changes when there was a ONL loss of 50% to 75%
(panels 1, 2), 75% to 87.5% (panels 3, 4), and 87.5% to 100% (panels 5, 6). OD, right eye; OS, left eye. See Supplementary Figure S1 for an
illustration of the vascular skeletonization with AngioTool in normal retinas.

focal loss of the continuity in the DCP could be identified
(Figs. 2A2, 2B2). See Supplementary Figure S1 for images
illustrating the AngioTool vascular skeletonization pattern
in three normal dogs.

Quantitative comparisons at different stages of ONL
thickness loss showed that, when the loss was between 50%
and 75%, the vessel density in the SVP+ICP of crd2/NPHP5
was mildly yet significantly increased compared to the vessel
density in the same plexus in age-matched controls (Supple-
mentary Table S3 and Fig. 3A1). In the same animals,
the vessel density in the DCP was significantly reduced
at an earlier disease stage, when the ONL thinning was
between 0% and 50% (Supplementary Table S3, Fig. 3A2).
In xlpra2/RPGR mutants, a significant reduction in vessel
density of the SVP + ICP was only seen with severe ONL
loss (87.5%-100%) (Supplementary Table S4, Fig. 3B1), but
significant reduction in vessel density of the DCP was
seen at all stages of retinal degeneration (Supplementary
Table S4, Fig. 3B2), showing that the DCP is more severely
affected at an earlier disease stage.

The other vascular structural parameters evaluated (junc-
tion density, average vessel length and lacunarity) also
showed abnormalities. Overall, the junction density followed
a similar pattern to that seen with vessel density, where there
was a decrease over time in both the SVP+ICP (Supple-

mentary Tables S3, S4, Supplementary Figs. S2A1, S2B1)
and the DCP (Supplementary Tables S3, S4, Supplementary
Figs. S2A2, S2B2). The magnitude of the reduction was more
marked in the DCP. In all the mutants, the most pronounced
increase in average vessel length in the SVP + ICP was seen
in the first stage of disease (Supplementary Tables S3, S4,
Supplementary Figs. S3A1, S3B1), but there was a decreased
average vessel length in the DCP over time (Supplementary
Tables S3, S4, Supplementary Figs. S3A2, S3B2) that qualita-
tively corresponded with decreased tortuosity of the capil-
laries. The lacunarity increased in all the mutants evaluated
with significant changes seen in both the SVP + ICP (Supple-
mentary Table S3, S4, Supplementary Figs. S4A1, S4B1) and
the DCP (Supplementary Tables S3, S4, Supplementary Figs.
S4A2, S4B2), reflecting a decrease in homogeneity in these
vascular networks as the disease progressed.

The Vessel Density in the DCP by OCTA Shows a
Stronger Correlation With ONL Thickness Than
Vessel Density in the SVP + ICP

After visualizing with scatter plots the relationships between
the vessel density in the SVP + ICP and the vessel density in
the DCP with the ONL thickness, we fitted the data from



Investigative Ophthalmology & Visual Science

Retinal Vasculature in Canine IRDs

crd2/NPHP5

IOVS | November 2022 | Vol. 63 | No.

.12 | Article22 | 6

A1 SVP +ICP Az DCP
50 50- * dekk *k% *%k%
—_ O, [oXe)
g 401 S 401
=y 2w °
@ P 304 ® @ 304 0% o0
S c H &
ot §20_ 3 S oo E
§ = g % 20+ o °
S 107 2 10- °
o
0- 0- T T T
2 P > P > P > o2
3 3 & & G
& S & o ¢ oG O
NS & & R g‘,& RS
oe\/ "49‘. oe\/ 55 oe\f 6'\ oe\' Q',\
N \0’9 & \0‘?
xlpra2/RPGR
SVP + ICP
B1 B2
501 50+ kkk
3 .x. . g
au 2w
3 2 = E 9 30
) s 1
] T §
g % 2 é 20+ -@—
$ g oy
T 0- T
=]
& o\ & o\
&S &
& Ka

Ficure 3. Vessel density (mean = SE) from OCTA images of the SVP + ICP and DCP vascular networks, obtained in mutant animals
at different disease stages. Vessel density values of the SVP+ICP (A1, B1) and DCP (A2, B2) are shown for the crd2/NPHP5 (A) and
xlpra2/RPGR (B) mutants. Each group is compared to an age-matched subgroup of normal dogs. VD, vessel density. GEE model: *P < 0.05,

=P < 0.01, #*P < 0.001.

TABLE.

Correlation Between Outer Nuclear Layer Thickness and Vessel Density in the Superficial (SVP + ICP) and DCP Vascular Networks

in Two Canine Models of Inherited Retinal Degeneration and Normal Dogs

Pearson’s Coefficient R (95% CI)

DCP

SVP + ICP
crd2/NPHP5 Linear model: 0.70 (0.53, 0.87)
xlpra2/RPGR Quadratic model: 0.70 (0.50, 0.86)
Normal

Linear model: 0.45 (0.11, 0.73)

Quadratic model: 0.83 (0.69, 0.93)
Quadratic model: 0.91 (0.77, 0.97)
Linear model: 0.41 (0.08, 0.62)

The inter-eye correlation and repeated measures correlation was considered using bootstrap for 95% CI. The correlation coefficient was
interpreted as follows: R = 0.00-0.10, negligible correlation; R = 0.10-0.39, weak correlation; R = 0.40-0.69, moderate correlation; R =

0.70-0.89, strong correlation; R = 0.90-1.00, very strong correlation.

each group into linear and quadratic regression models
to determine which one better described their relation-
ships (Supplementary Fig. S5, Supplementary Table S5). In
the crd2/NPHPS5 retinas, the correlation between the vessel
density in the SVP+ICP and the ONL thickness was best
fit by a linear model (R> = 0.49), whereas for the corre-
lation between DCP and ONL thickness a quadratic model
provided a better fit (R* = 0.70, P = 0.02 for the quadratic
term; Supplementary Table S5). On the other hand, in the
xlpra2/RPGR retinas, the correlation of vessel density in the
SVP + ICP and DCP with ONL thickness was best fit with
a quadratic model, (Supplementary Table S5). Last, in the

normal dogs, both correlations were better explained by a
linear model (Supplementary Table S5). In the absence of
OCTA data, these mathematical models could offer the possi-
bility of estimating the vessel density based on ONL thick-
ness measurements only.

When evaluating the strength of these correlations in the
mutant animals, we observed that the association between
vessel density in the DCP and ONL thickness was stronger
than that seen between vessel density in SVP + ICP and ONL
thickness (Table). The correlation between the vessel density
in the DCP with the ONL was in all cases strong/very strong
and higher than that of the SVP + ICP (Table). In contrast,
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Ilustration of the vascular networks in mutant dogs at different stages of disease, imaged by immunohistochemistry and confocal
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(A1, B1, C1, D1) Illustrations of the normal vasculature in the areas studied for comparison purpose. OD, right eye; OS, left eye.

the correlation between the vessel density in the SVP + ICP
and the ONL thickness was moderate (Table). Interestingly,
in the normal animals, the correlations between ONL thick-
ness and vessel density in the SVP + ICP and DCP were
comparable (Table) suggesting that the outer retinal diseases
have different and possibly independent effects of the differ-
ent plexuses with disease progression.

Evaluation of Vasculature in Retinal Flat Mounts
Confirms Earlier and More Severe Alterations in
the DCP With Disease Progression

We evaluated the vascular alterations across different disease
stages based on ONL thinning by confocal microscopy on
retinal flat mounts and compared the findings to those of
normal dogs (Figs. 4A1, 4B1, 4C1, 4D1). When the ONL
thickness loss was between 50%-75%, the only noticeable
changes in the SVP + ICP was minor loss of the small-

est vessels (Figs. 4A2, 4C2). However, in both models, the
earliest appreciable change was marked thinning of the
DCP capillaries (Figs. 4B2, 4D2). When the ONL thinning
was between 75% to 87.5%, the loss of capillaries from
the SVP + ICP was more pronounced (Figs. 4A3, 4C3). At
this stage, the DCP was reduced from being a continuous
network to retaining only multifocal loops extending from
the ICP (Figs. 4B3, 4D3). Morphologically, the vessels in the
abnormal DCP were less tortuous and more spaced than at
previous timepoints or in normal dogs. Lastly, in end stage
disease (ONL thickness loss of 87.5%-100%), only the SVP
was present in most animals, but vessels had a pronounced
narrowing of their lumen (Figs. 4A4, 4C4).

When comparing quantitatively the vessel density of the
retinal plexuses of retinal flat mounts imaged by confocal
microscopy over time, we observed a similar trend to that of
the OCTA data: the vessel density in the SVP + ICP did not
significantly decrease until advanced stages of degeneration
were reached (Supplementary Figs. S6A1, S6B1, Supplemen-
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age, C2), and 124 weeks after treatment (137 weeks of age, (C3). unTx, untreated; GT-Tx, gene therapy treated; OD, right eye; OS, left eye;

PI, post-injection.

tary Table S6). On the other hand, the vessel density in the
DCP was significantly reduced at an earlier stage in both
canine models (Supplementary Figs. S6A2, S6B2, Supple-
mentary Table S6).

Last, we found that the microscopic vascular changes
associated with degeneration were different in the various
retinal networks. In the DCP, a progressive narrowing and
reduction to only few loops, ending in complete disappear-
ance of this network was confirmed (Supplementary Figs.
S7A1-S7A4). Interestingly, a particular vascular complex was
seen throughout the degenerated retinas (Supplementary
Figs. S7B1-S7B2, Supplementary Video S1), characterized
by vessels being pulled toward the center of this abnormal
vascular feature. In these areas, the vessels from the SVP
were seen invaginating deeper into the outer retina (Supple-
mentary Fig. S7B2). The number of vascular complexes was
higher in the crd2/NPHPS5 retinas than in the xlpra2/RPGR
models. In the SVP of both models, we observed extensive
areas where endothelial cells were absent from the vascular
lumen (Supplementary Fig. S7C1). After endothelial cell loss
in this plexus, the vascular structure remained as acellular
ghost vessels staining only with collagen type IV (Supple-
mentary Fig. S7C1) but with no nuclear staining associated

with them. There was perivascular deposition of material
that led to vascular narrowing and occlusion (Supplemen-
tary Figs. S7C2, S7C3). At end-stage disease, multiple vessels
from the SVP were found to be surrounded by pigmented
structures (Supplementary Figs. S7D1, S7D2). In areas of
the canine tapetal fundus where the retinal pigmented
epithelium (RPE) is non-pigmented, RPE65 immunolabel-
ing confirmed that these were RPE cells that had migrated
and surrounded the inner retinal vessels (Supplementary
Figs. S7D3, S7D4, Supplementary Video S1). Moreover, even
though no overt pigmentation was seen associated with the
above-mentioned vascular complexes, specific labeling of
RPE cells also identified their involvement in these structures
(Supplementary Figs. S7D5, S7D6, Supplementary Video S1).

Acute Light-Induced Retinal Degeneration in
RHOT#®/* Dogs Affects Primarily the DCP

OCT and OCTA imaging conducted prior to light-induced
retinal degeneration in RHO™¥* dogs confirmed that
their retinal structure/lamination and vascular network was
normal (Figs. 5A1, 5B1, 5B3). However, two weeks after the
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one-minute light-exposure (corneal irradiance of 1 mW/ cm?)
that does not damage the normal retina,*> there was a
drastic loss of ONL thickness when compared to base-
line (Fig. 5A2) accompanied by remodeling of the vascular
networks, particularly in the DCP (Fig. 5B4). The images
were then analyzed using AngioTool and compared to
normal age-matched controls. To assess the extent of the reti-
nal degeneration achieved after light exposure, we measured
the ONL thickness and found a 94.36% decrease compared to
baseline. The vessel density in the SVP + ICP was decreased
by 10.74% (Fig. 5C1) and 44.71% in the DCP (Fig. 5C2).
When comparing the vessel density in DCP, we found that
there was a significant decrease when compared to normal
(P = 0.001; Supplementary Table S7) and baseline values (P
= 0.001; Supplementary Table S7). However, no significant
differences were found when comparing the vessel density
in the SVP + ICP after light exposure with that of normal
dogs (P = 0.57; Supplementary Table S7) and baseline value
(P = 0.12; Supplementary Table S7) emphasizing the unique
sensitivity of the DCP to outer retinal damage.

Gene Therapy Preserves the Vascular Integrity in
Parallel With Retinal Structure

In the unilaterally crd2/NPHP5 GT-treated animal whose
subretinal injection covered the area centralis and was
included in the OCTA evaluation, the ONL loss at the time of
GT intervention was less than 50%. When comparing fundus
photographs from the untreated (Fig. 6A1) and treated eyes
(Fig. 6A2), a marked preservation of the vasculature in
the area that was covered by the GT was readily iden-
tified (Fig. 5A2). The OCTA images were processed with
AngioTool, and qualitative assessment of the skeletonized
images showed vascular regression in the untreated eye
(Figs. 5B1-5B3) and a remarkable preservation of vascular
integrity in the treated eye (Figs. 5C1-5C3).

DISCUSSION

In this study, we evaluated the vascular changes in the area
centralis of dogs affected by several forms of IRD that were
imaged by OCTA at different disease stages. We identified
that the DCP is more severely affected than the more super-
ficial vascular networks at early-stage disease. Moreover, we
confirmed that there is a strong association between the
vessel density in the DCP and the ONL thickness, which
suggests that evaluation of the vasculature in this plexus
can be used as a surrogate marker for assessment of the
metabolic requirements of the outer retina.”® We also vali-
dated by analysis of vessels in retinal flat mounts the OCTA
findings and found that in canine models of IRD, migration
of RPE cells also plays a role in the later stage vascular alter-
ations that occur in RP patients.>

In patients affected by IRDs, several studies have
shown choroidal and retinal vascular impairment using
OCTA 21313951 However, there is controversy on the vascu-
lar plexuses that are altered. Some reports state that
both plexuses are affected,>':32:35-3%52 whereas others show
significant differences only in the DCP.?-21,2427.53 Differ-
ences in OCTA instruments, study design and methodolo-
gies used might explain some of these disparities, as well as
variabilities in disease staging or the causal gene/mutation
involved. Noteworthy, these studies did not report their find-
ings based on the stage of degeneration, which precluded
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identifying the chronological changes that occur in the
different plexuses.>*~° Our results are in strong concor-
dance with those studies that identified alterations mostly
in the DCP at earlier stages of degeneration 2!,2427,34

Additionally, we observed that in degenerating retinas,
the capillaries became straighter. This loss of tortuosity has
been previously identified as an early sign of vascular degen-
eration.”? We quantified this decrease in microvascular tortu-
osity by measuring a decrease in average vessel length in
the DCP. The average vessel length in the SVP + ICP under-
went a slight increase throughout the disease process, likely
explained by the loss of smaller/shorter capillaries and the
retention of the longer arterioles and venules.

There is also some controversy regarding the causative
role of the vascular component in the pathophysiology of
IRDs. Some groups have suggested that there are early
primary vascular changes as part of a systemic “vascular
dysregulation syndrome” that are responsible for the vascu-
lar spasm and attenuation that would then cause further
outer retinal hypoxia and thinning.!”-'® However, the most
accepted hypothesis is that the decrease in retinal vascu-
lar perfusion is secondary to outer retinal degeneration
in response to the drastic drop in metabolic demand.>’~>°
Together with the choroidal vascularization, the DCP is
known to nourish the outer retina.”® Hence, it is thought
that the primary loss of photoreceptors that occurs in most
forms of IRD reduces the metabolic needs of the outer retina,
resulting in a secondary vascular remodeling and attenu-
ation that occurs initially in the DCP before affecting the
other retinal vascular plexuses. This hypothesis is further
supported by our results in two canine models of progressive
retinal degeneration that confirmed that the vessel density in
the DCP is affected early after the onset of ONL loss. We also
showed that in these naturally occurring diseases as well as
in a light-induced model of acute photoreceptor degenera-
tion, the DCP is affected earlier than the other retina vascu-
lar plexuses. The subsequent decrease in vessel density in
the SVP + ICP that occurs in late stages of degeneration is
likely a response to the marked outer retinal thinning and
the ability for the oxygen transported by choroidal vessels to
reach inner retinal locations, because it has been previously
confirmed in feline animal models using spatial profiles of
retinal oxygenation.'#

Retinal histopathological studies from laboratory animals
and human IRD patient eyes at advanced stages of degen-
eration show that in areas devoid of photoreceptors, there
is RPE cell migration around the inner retinal vessels,>®
where they produce an extracellular matrix, considered
to be an ectopic Bruch’s membrane, that thickens vessel
walls, causing progressive narrowing and occlusion of their
lumen.?%%-01.02 In RP patients, this RPE migration into the
inner retina is responsible for the characteristic “bone
spicule” pigment formation visible clinically in the fundus.
Even though canine models have been extensively used for
the development of novel therapies, no studies have specifi-
cally evaluated the microscopic vascular changes that occur
with retinal degeneration in this species, and it was not
known whether the RPE is involved in these changes.

In retinal flat mounts, we observed that the DCP under-
goes progressive narrowing and loss of vessels with no
overt thickening of their walls. In contrast, the changes
in the SVP involved perivascular material deposition that
caused apparent narrowing with sporadic occlusion and, in
end stages, formation of abnormal vascular complexes in
association with translocated RPE cells. Although some of
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these changes have been previously described in human and
laboratory animal retinas, previous studies did not locate
each alteration into specific vascular plexuses.®>-%! Here, we
have characterized two different types of vascular alterations
occurring in the SVP and DCP retinal plexuses over time.
Our results suggest that an early vasoconstriction of retinal
vessels in the DCP that may be a response to the hyper-
oxic environment caused by the loss of energy-demanding
photoreceptors. At later stages, retinal remodeling including
the migration of RPE cells around retinal vessels may cause
further constriction and complete occlusion of the vascula-
ture, possibly preventing perfusion of the inner retina and
leading to complete retinal atrophy.

The abnormal vascular structures that we identified in
the retinal flat mounts in the SVP have been previously
reported in laboratory animals as “vascular complexes,”
where pigmented cells aggregate around capillaries.?3-63-
To the best of our knowledge, these structures have not
been described in canine retinas, and their association with
retinal degeneration remains to be elucidated. Importantly,
we show that intraretinal migration of RPE cells around
inner retinal vessels that lead to the ophthalmoscopic find-
ing described as “bone spicules” in RP patients also occurs
in dogs and likely plays a critical role in vascular regres-
sion. The lack of pigmentation of RPE cells in the tapetal
fundus may explain why this migration of RPE cells that
cannot be clinically detected ophthalmoscopically may have
been overlooked in dogs. Although a previous histological
study described the migration of pigments around canine
peripheral blood vessels in areas where the retina was
degenerated, thorough characterization or specific labeling
confirming their RPE cellular nature was not performed and
“vascular complexes” were not identified.®” In summary, our
histopathological findings establish for the first time that
RPE migration, similar to that described in RP patients with
“bone spicules,” also occurs in canine retinas and contributes
to the late-stage vascular alterations.®>002

The acute retinal degeneration that can be experimen-
tally induced in RHO* dogs exposed to light’? enabled
us to examine the time course and association of retinal
vessel abnormalities with the disease. In the naturally occur-
ring models, disease is comparably slower, and vascular
changes follow the time course of photoreceptor degen-
eration. With the light damage model, however, we now
show that the vascular changes can occur as early as two
weeks after this severe retinal degeneration is triggered. We
observed that there was vascular attenuation mainly in the
DCP. This further expands the value of this large animal
model of inducible retinal degeneration because it could be
used to characterize the specific molecular events involved
in these early vascular changes over the course of a short
time-widow.

Gene therapy in the crd2/NPHP5 model is able to rescue
the structure and restore the function of the photorecep-
tors,** and in this study we observed that it also preserved
the vessel density in both vascular plexuses when quali-
tatively comparing them to the contralateral balanced salt
solution—injected eye. It is important to highlight that base-
line vascular structural data before the animal was injected
was lacking, thus preventing us from drawing conclusions
regarding the ability of GT to improve rather than just main-
tain the structural integrity of the retinal vasculature that is
present at the time of intervention.

Biological markers of retinal degeneration are critical for
the accurate assessment of the degenerative status of the
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retina, which in turn defines the therapeutic window when
the patients would benefit most from established and newly
developed therapies.® The number and quality of the retinal
vessels is strongly dependent on the metabolic demands of a
particular tissue®®®; therefore we propose that a significant
decrease in vessel density in the DCP could be a good indi-
rect indicator that the metabolic activity in the outer retina
is impaired. Hence, characterization of the retinal vascular
degenerative state of the DCP might help in the diagnostic,
prognostic, and potential therapeutic directions by combin-
ing this biomarker with others that assess photoreceptors
structural integrity.”® Additionally, using the vessel density
in the DCP as a biomarker will be particularly relevant in
experimental regenerative therapies to investigate what are
the implications of transplanting photoreceptors in retinas
at different stages of vascular regression and how this may
favor or limit donor cell survival and integration.
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