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CHAPTER 2.4
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ABSTRACT

Purpose
To describe the natural disease course of CRBT-associated retinal dystrophies, and to
identify clinical endpoints for future clinical trials.

Design
Single center, prospective cohort study.

Methods

An investigator-initiated nationwide collaborative study that included 22 patients with
CRB1-associated retinal dystrophies. Patients underwent ophthalmic assessment at
baseline and 2 years after baseline. Clinical examination included best-corrected visual
acuity (BCVA) using ETDRS charts, Goldmann kinetic perimetry (V4e isopter seeing
retinal areas), microperimetry, full-field electroretinography (ERG), full-field stimulus
threshold (FST), fundus photography, spectral-domain optical coherence tomography
and fundus autofluorescence imaging.

Results

Based on genetic, clinical and electrophysiological data, patients were diagnosed with
retinitis pigmentosa (n = 19; 86%), cone-rod dystrophy (n = 2; 9%) or isolated macular
dystrophy (n = 1; 5%). Two-year analysis of the entire cohort showed no significant
changes in BCVA (p = 0.069) or V4e isopter seeing retinal areas (p = 0.616), although
signs of clinical progression were present in individual patients. Macular sensitivity
measured on microperimetry revealed a significant reduction at 2-year follow-up (p
< 0.001). FST responses were measurable in patients with non-recordable ERGs. On
average, FST responses remained stable during follow-up.

Conclusion

In CRB1-associated retinal dystrophies, visual acuity and visual field measures remain
relatively stable over the course of 2 years. Microperimetry showed a significant
decrease in retinal sensitivity during follow-up, and may be a more sensitive
progression marker. Retinal sensitivity on microperimetry may serve as a functional
clinical endpoint in future human treatment trials for CRB7-associated retinal
dystrophies.
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INTRODUCTION

A wide range of related retinal dystrophies (RDs), including Leber congenital
amaurosis (LCA), retinitis pigmentosa (RP) and cone(-rod) dystrophies, can be caused
by variants in the CRBT gene."* LCA is considered the most severe retinal dystrophy,
presenting at birth or early infancy, and is characterized by severe visual impairment,
nystagmus, poor pupillary responses, and absent responses on electroretinography.*
RP is characterized by primary degeneration of rod photoreceptors, with secondary
cone degeneration. Initial symptoms in RP typically include night blindness due to
degeneration of the rods, followed by concentric visual field loss, and eventually
central vision loss later in life due to cone dysfunction.® RP comprises a broad spectrum
of phenotypic presentations, and can become symptomatic at different ages, ranging
from early childhood (i.e. juvenile RP) to middle age, caused by a broad spectrum of
genes.’

The CRBT gene encodes the transmembrane protein Crumbs homologue 1 (CRB1)
which, in mammals, localizes to the subapical region of Miller and photoreceptor
cells.”® The canonical isoform of CRB1 consists of 19 epidermal growth factor domains
and 3 laminin A globular-like domains, and a short cytoplasmic tail that contains FERM/
PDZ binding motifs." Recently, a novel isoform of CRB1, CRB1-B, was also discovered,
which is presumed to be more abundant in the human retina than its canonical form.”?
While the function of CRB1 in the human retina has not been fully elucidated, it has
been suggested to play a key role in cell polarity, cell-to-cell adhesion, photoreceptor
morphogenesis and retinal maturation.2'*'® The role of CRB1 in retinal development
is supported by the abnormal thickening and coarse lamination of the inner retinal
layers that has been described in the majority of cases of CRB1-associated RDs, which
strikes a resemblance to an immature retina.” Other clinical features described in CRBI-
associated RDs include hyperopia, optic nerve drusen, preservation of para-arteriolar
retinal pigment epithelium, cystoid macular edema, nummular pigmentation and
Coats-like exudates.’®

Currently, no treatment exists for patients with CRB7-associated RDs, but proof-
of-concept of adeno-associated virus-mediated gene transfer was achieved using
murine models.”' As CRBT gene therapy is being developed, it is crucial to determine
adequate clinical endpoints ahead of these upcoming trials.” This requires an optimal
understanding of the disease; its variability and its progression, based on retrospective
and prospective natural history studies.? A retrospective study previously performed
by our study group provided insights into the progressive decline in visual acuity
and visual fields in patients with CRBT variants, showing that the optimal window
for treatment is likely within the first 2 to 3 decades of life based on these outcome
measures.’® However, our knowledge on the feasibility of other psychophysical

17




outcome measures, such as microperimetry and full-field-stimulus thresholds, remains
limited.'®2'

Herein, we report the first prospective natural history study performed in 22 patients
with biallelic CRBT variants. The objective of this study was to describe the disease
progression in CRBI-associated retinal dystrophies, and to determine potential
clinical endpoints in anticipation of future therapeutic trials. Based on these findings,
we provide the first recommendations and considerations for the study design of
upcoming CRBI clinical trials.

METHODS

Patient recruitment

This nationwide collaborative study recruited patients from 2 different registries:
the RD5000 database, which is a national registry for inherited retinal diseases; and
the Delleman archive for genetic eye diseases at Amsterdam University Medical
Center.?? Inclusion criteria for this study were the presence of biallelic CRBT variants
with a RD phenotype, and a best-corrected visual acuity (BCVA) of >20/400 Snellen
acuity. In total, 22 patients with biallelic CRB1 variants were included in the study, of
which 10 patients (45%) originated from a previously described genetically isolated
population.?'? Patients were examined at baseline and 2 years after baseline at Leiden
University Medical Center.

The study protocol, genetic findings, and baseline characteristics of the included
patients have been described in detail elsewhere, and are briefly described herein.?
The current study presents the 2-year follow-up data, and describes the longitudinal
findings in this cohort.

The study protocol was approved by the Medical Ethics Committee of the Erasmus
Medical Center, as it was performed within the framework of the RD5000, and from
the local review board of Leiden University Medical Center. Informed consent was
obtained from individuals and/or legal guardians, and the study adhered to the tenets
of the Declaration of Helsinki.

Clinical examination

Refraction and BCVA were measured monocularly, using the Early Treatment Diabetic
Retinopathy Study (ETDRS) letter chart. ETDRS letters were converted to Logarithm of
the Minimum Angle of Resolution (logMAR) values for statistical analysis. Visual fields
(V4e isopter) were obtained using Goldmann perimetry, which were subsequently
converted to digital seeing retinal areas (in mm?) using a method described by
Dagnelie.> A change =20% in retinal seeing area was considered clinically significant
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based on previous test-retest reliability studies in RP patients.? Macular sensitivity
was assessed by MAIA microperimetry (Centervue, Padova, Italy) using the standard
37-stimuli grid pattern under mesopic conditions. Fixation stability was quantified
using the 95% bivariate contour ellipsoid areas (BCEA), which encompasses 95% of
all the fixation points during examination. To minimize a learning effect, subjects first
underwent a practice session (fixed strategy), prior to formal testing using the 4-2
threshold strategy.?”?® For follow-up measurements, the inbuilt follow-up software
of the MAIA microperimetry was used, enabling accurate reassessment of the same
test loci evaluated at baseline. If automatic alignment failed, manual alignment was
performed using characteristic retinal landmarks.

After 30 minutes of dark-adaption, full-field electroretinography (ERG) responses
were recorded on the Diagnosys (Cambridge, UK) using Dawson Trick Litzkow
electrodes, which incorporated the International Society for Clinical Electrophysiology
Standards (ISCEV). ERGs were only repeated at follow-up in patients with residual
ERG function. Full-field stimulus threshold (FST; Diagnosys LLC, Lowell, MA, USA)
testing was performed in a subset of patients using white and chromatic stimuli
with the reference luminance (0 dB) set to 0.01 cds/m? (25 cd/m? presented for 4
ms). Based on FST data by previous studies, the normal threshold for white stimuli,
while accounting for differences in reference luminance, should be set at -53 dB.**-
31 Thresholds were measured in triplicate for each stimulus and were averaged per
eye. Differences between averaged chromatic sensitivities were used to determine
whether responses were rod-mediated (blue-red difference of >22 dB), cone-mediated
(blue-red difference of <3 dB), or mixed rod-and-cone-mediated (blue-red difference
between 3-22 dB).?°3?

Retinal imaging included fundus photography (Topcon TRC-50DX, Topcon Medical
Systems, Inc. Oakland, NJ, USA), spectral-domain coherence tomography (SD-OCT;
Spectralis, Heidelberg Engineering, Germany), and 488 nm wavelength fundus
autofluorescence (FAF; Heidelberg Engineering, Germany). On SD-OCT, the laminar
organization of the inner retinal layers (inner limiting membrane through external
limiting membrane) was categorized into 3 different grades: [1] normal organization
without coarse lamination; [2] normal organization with coarse lamination; and [3]
relative disorganization with coarse lamination. In addition, the integrity of two
hyperreflective bands of the outer retina were evaluated at the (para)fovea (within
2.5 mm of the foveal center) and perifovea (outside 2.5 mm of the foveal center): the
external limiting membrane (ELM), and the ellipsoid zone (EZ). The retinal bands were
either defined as: continuous, discontinuous or indiscernible. Overall definitions and
example gradings of the inner and outer retina are provided in Supplementary Figure
1. SD-OCT images were assessed by two authors (XN and MT) and reviewed by CJFB
in case of discrepancy between the aforementioned two authors.
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Statistical Analysis

Data analysis was performed using R version 3.6.2 (R Foundation for Statistical
Computing, Vienna, Austria). The normality of data was analyzed using the Shapiro-
Wilk test, and was also visually plotted. Continuous data were either presented as
mean, standard deviations (SD), and range, in the case of normal distribution; and as
median, interquartile ranges (IQR), and range, in the case of non-normal distribution.
Categorical data were presented as frequencies and percentages. Changes in
parameters between baseline and follow-up were assessed using a linear mixed effect
model while accounting for paired eye data within patients. Correlation testing was
performed using Spearman’s correlation test, using data of the right eye only. The
level of significance was set at 0.05. Bonferroni adjustments were applied for multiple
testing where appropriate.

RESULTS

Clinical and genetic characteristics

Twenty-two patients, of which 10 (45%) originated from a previously described
genetically isolated population, were assessed at baseline and at 2-year follow-
up.?* A summary of the clinical findings in this cohort is provided in Table 1, and is
also described for each individual patient in Supplemental Table S1. Patients had a
median age of 25.7 years (IQR 19.4; range 6.2 - 74.8) at baseline, and a mean follow-
up time of 2.04 years (SD + 0.05; range 1.97 - 2.19). Based on ERG patterns and clinical
examination, a clinical diagnosis of RP (n = 19; 86%), cone-rod dystrophy (CRD; n = 2;
9%), or macular dystrophy (n = 1; 5%) was made. The median self-reported age at onset
was 3.0 years (IQR 7.8; range 0.8 — 49.0) and the median disease duration (age at onset
subtracted from current age) was 18.7 years (IQR 16.7; range 4.7 — 39.3). An adult onset
of symptoms was reported by 2 patients.

Table 1. Summary of the clinical characteristics of patients with CRBT-associated retinal dystrophies at
last examination.

Characteristic Total (n =22)
Age in years
Mean + SD 29.3+16.0
Median (IQR) 27.8 (19.4)
Range 8.3t076.9
Gender, n (%)
Female 13 (59%)
Male 9 (41%)
Clinical diagnosis, n (%)
Retinitis pigmentosa 19 (86%)
Cone-rod dystrophy 2 (9%)
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Table 1. Summary of the clinical characteristics of patients with CRBT-associated retinal dystrophies at
last examination. (continued)

Characteristic Total (n=22)
Macular dystrophy 1 (5%)
Age at onset in years
Mean + SD 8.2+ 11.9
Median (IQR) 3.0(7.8)
Range 0.8 t049.0
Initial symptoms, n (%)
Nyctalopia 5 (23%)
Visual field loss 8 (36%)
Visual acuity loss 7 (32%)
Nystagmus 2 (9%)
Disease duration in years
Mean + SD 19.0+10.7
Median (IQR) 18.7 (16.7)
Range 4.71t039.3
Best-corrected visual acuity in ETDRS
Mean + SD 38.6 +19.7
Median (IQR) 35.8 (27.1)
Range 8.5t076.5
SER in diopters
Mean + SD 22+29
Median (IQR) 2.4(3.9)
Range -5.9t06.7
Axial length in mm?
Mean + SD 211 +£1.7
Median (IQR) 20.8(1.7)
Range 19.0 to 26.3
V4e isopter seeing retinal areas in mm?
Mean + SD 258.6 +230.9
Median (IQR) 189.4 (261.7)
Range 14.5 to 744.4
Electroretinography patterns, n (%)
Normal responses 1 (5%)
Cone-rod pattern 2 (9%)
Minimal responses 1 (5%)
Non-detectable 18 (81%)

Findings were averaged between eyes. ETDRS = Early Treatment Diabetic Retinopathy Study; IQR = interquartile
range; SD = standard deviation; SER = spherical equivalent of the refractive error.

Fifteen different CRBT variants were present in this cohort, of which 12 were missense
variants, 1 splice-site variant, 1 in-frame deletion, and 1 nonsense variant (Figure 1
and Supplemental Table S1). The most common variant found in this cohort was the
founder variant ¢.3122T>C (p.Met1041Thr), which was present in a homozygous manner
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in all 10 patients from the genetic isolate, and in a compound heterozygous manner
in 1 patient from outside the isolate. In 10 out 11 patients (91%), including the patient
from outside the isolate, this variant caused an early-onset RP phenotype. Patient P10
exhibited a late-onset CRD phenotype, despite originating from the genetic isolate. No
other variants were found in patient P10 using targeted next generation sequencing.
Additionally, 2 patients with the variant p.(Thr631Cys) in a compound heterozygous
manner, showed relative preservation of visual function and retinal structure at later
ages compared to other RP patients in this cohort, which was suggestive for a milder
form of RP.

Cytoplasmic domain

p.lle167_Gly169del p.Cys310Tyr

R,
ignal peptid P ProgaeThr
<> signal peptide p.Pro836Thr

(O EGF-iike domain p.GIug95"
p.Met1041Thr

@ Laminin AG-like domain
D Transmembrane domain

E FERM-binding motif
© PDZ-binding motif

Figure 1. A schematic drawing of the CRB1 protein structure and the variants found in our cohort. The
canonical protein CRB1 isoform (NM_201253.2) is comprised of EGF-like domains, laminin AG-like domains,
and a short cytoplasmic tail containing FERM and PDF-binding domains. In total, fifteen different variants
were found in this cohort, which have all been described previously.? The variant p.(Met1041Thr) was the
most common variant found in this cohort, which was found in all 10 patients that originated from a Dutch
genetic isolate, and in 1 patient from outside the genetic isolate.

Visual acuity and refraction

The mean BCVA of the study eyes was 41.1 ETDRS letters (SD + 18.3; range 18.0 to 78.0;
equivalent to 0.88 logMAR or 20/150 Snellen) at baseline and 38.6 ETDRS letters (SD +
19.7; range 8.5 - 76.5; equivalent to 0.93 logMAR or 20/170 Snellen) at 2-year follow-up.
While a trend for a lower ETDRS score at follow-up was observed, this finding was not
statistically significant (-2.5 ETDRS letters, 95% Cl: -5.2 to 0.2; p = 0.069). A loss of >15
ETDRS letters (i.e. a loss of 3 ETDRS lines) was measured in 5 eyes of 5 patients (11%)
at the 2-year follow-up, whose initial ages ranged from 22 to 31 years (Figure 2A).In 2
out of 5 eyes (40%) with a BCVA loss of >15 ETDRS letters, clinical examination showed
significant posterior subcapsular cataract at both visits. Patient P1 underwent cataract
surgery in both eyes between visits, with no improvement in BCVA. No new cases of
cataract were seen at follow-up. Spherical equivalent of the refractive error, excluding
pseudophakic patients, did not significantly change between visits (-0.09 D, 95% Cl:
-0.34 10 0.15; p = 0.455).
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Kinetic perimetry and microperimetry

The median size of V4e isopter seeing retinal areas, averaged between both eyes
of each individual patient, was 176.0 mm? (IQR 241.9; range 17.7 — 739.2) at baseline.
Overall, there was no significant change in V4e seeing retinal areas at the 2-year follow-
up visit (-3.5 mm?, 95% Cl: -17.4 to +10.3; p = 0.616). A loss of >20% in V4e seeing retinal
areas was seen in 7 eyes of 6 patients (16%), of whom 2 patients had BCVA-based
severe visual impairment (BCVA <35 ETDRS letters). Moreover, 7 eyes of 4 patients
showed an increase of =20% in V4e retinal seeing areas from baseline (Figure 2B).
These patients all had severe visual impairment based on visual acuity or visual fields
(P20, central visual field <10° from point of fixation).

A

Visual acuity (ETDRS letters)
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Figure 2. Changes in best-corrected visual acuity (BCVA) using Early Treatment Diabetic Retinopathy
Study (ETDRS) letters and visual fields (retinal seeing areas, V4e stimuli) between baseline and 2-year
follow-up for each patient. Positive values reflect an improvement from baseline, whereas negative values
signify a decrease from baseline. A. The absolute change in ETDRS letters was used to illustrate differences
from baseline. The threshold for clinical significant BCVA changes was defined as a change of >15 ETDRS
letters (dashed lines). B. For visual fields, the percentage change in retinal seeing areas was used, which
was considered clinically significant if it exceeded a 20% change (dashed lines). Patients showing >20%

improvement in visual field size had severe visual impairment (<35 ETDRS) or severely constricted visual
fields (central diameter <20°).
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Microperimetry data were available for 36 out of 44 eyes (82%). Microperimetry testing
could not be reliably performed in a subset of patients due to age (patients P7, P16) or
severe visual impairment (P19, left eye; P20, both eyes). The left eye of patient P2 was
also excluded, as this eye was erroneously tested using different threshold settings at
follow-up. Figure 3 shows representative microperimetry measurements performed in
this cohort. Median BCEA 95% values were 32.9°(SD * 49.6; range 1.3 to 187.4) and 44.0°
(SD +49.7; range 1.0 to 178.2) for the right and left eyes, respectively. Higher BCEA values,
indicating a more unstable fixation, were seen in patients with worse logMAR BCVA
(Spearman’s p = 0.615; p = 0.004). The mean macular sensitivity was 8.5 dB (SD + 7.6;
range 0.0 — 24.3) and 7.6 dB (SD + 7.5; range 0.0 to 26.3) for right and left eyes, accordingly.
Macular sensitivity correlated with logMAR BCVA (Spearman’s p =-0.734; p <0.001).In 9
out of 36 eyes (25%), macular sensitivity was <1 dB (Figure 3, patient P9). Analysis of the
microperimetry testing grid (37 testing loci) showed that patients had a mean of with
no measurable sensitivity (+3.5 loci, 95% Cl: 0.4 to 6.5; p = 0.027) at follow-up.

Baseline

Two-year follow-up

C D Macular sensitivity
N
g 150 —~ +—— Right eye
)

3 = e Lo Lefteye
© 2
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3 2
£ L,
8 8
9 50 =
o
®
=
o

0 o

Baseline Follow-up Baseline Follow-up

Figure 3. Macular sensitivity (MS) measurements on MAIA microperimetry in patients with CRBT-associated
retinal dystrophies. Color-coded heat maps are used to demonstrate sensitivity values at each individual

loci. Gray regions reflect areas where no sensitivity was measured (absolute scotomas). Mean MS values are
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shown in yellow. A. MS measurements at baseline in 4 patients with CRB1-associated retinal dystrophies.
B. At 2-year follow-up, MS loss was present in all 4 patients. Note that patient P17 was diagnosed with mild
posterior subcapsular cataract, which may contributed to MS loss measured on follow-up. C. A spaghetti
plot showing longitudinal changes in fixation stability, using bivariate contour ellipse areas (BCEA), in all
included study eyes (n = 36). Higher BCEA values signify a more unstable fixation. D. A spaghetti plot was
also used toillustrate changes in MS for all included study eyes. A significant decline in MS was observed
at 2-year follow-up (p <0.001).

Electroretinography and full-field stimulus testing

Scotopic and photopic responses were minimal or non-recordable at baseline in all
patients with RP (Table 1). ERGs in P10 and P21 followed a cone-rod dystrophy pattern,
whereas P22 (the patient with a macular dystrophy phenotype) demonstrated full-field
scotopic and photopic responses within normal limits. Patients with residual responses
showed no significant changes in ERG patterns over follow-up. FST measurements
were available for 14 patients (64%) at baseline and available for 20 patients (91%)
at follow-up, as FST was not available at the start of this study. Two patients (P2 and
P16) were not able to reliably perform FST, most likely due to young age. Therefore, to
provide a more accurate and complete overview of FST measurements in this cohort,
FST responses from the final visit were used for analysis. The mean thresholds for
the white, blue and red stimuli at last visit were -38.6 dB (SD * 12.5; range -57.0 to
-11.9), -42.7 dB (SD + 13.2; range -61.1 to -13.4) and -26.3 dB (SD + 8.9; range -40.0 to
-10.4), respectively. Sensitivity thresholds for the white stimuli were best preserved in
patients with mild RP and cone(-rod) dystrophies (Figure 4A). Based on the difference
in thresholds between blue and red stimuli, FST responses in the 40 included eyes
were rod-mediated (n = 15; 38%), mixed rod-cone mediated (n = 23; 57%), or cone-
mediated (n = 2; 5%) (Figure 4B). Cone-mediated responses could still be detected in
both eyes of patient P4 with early-onset RP who had severe visual impairment and
severely restricted visual fields. We were also able to determine FST responses in the
left eye of patient P19 (light perception BCVA), who still had mixed FST responses,
but was nearing cone-mediated vision. In patients with longitudinal FST data (14/20;
67%), we found no significant changes in white (-1.7 dB; 95% Cl:-3.6 to 0.3; p = 0.098),
blue (-0.5 dB, 95% Cl: -2.6 to 1.5; p = 0.610) or red (-1.0 dB; 95% Cl:-2.3 t0 0.3; p = 0.132)
FST responses.
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FST responses
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Figure 4. Full-field sensitivity thresholds (FST) responses obtained in 20 patients with CRBT-associated ret-
inal dystrophies at 2-year follow-up. Two patients (P2 and P16) were unable to reliably perform FST testing
due to young age. A. FST responses were obtained using white and chromatic stimuli (blue and red). The
grouped bars represent the right eye (darker shaded bars) and left eyes (lighter shaded bars) of a single
patient. B. Differences between blue and red responses were calculated for each patient. The blue-red
difference determined whether FST responses were rod-mediated (difference of >22 dB), cone-mediated
(difference <3 dB), or mixed rod-and-cone-mediated (difference between 3 and 22 dB).
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Retinal imaging

SD-OCT and FAF data were available in 21 of 22 patients (95%). Retinal imaging could
not be performed in patient P16 with early-onset RP due to limited cooperation (aged
6) and nystagmus. A common observation seen on SD-OCT was retinal thickening,
which was observed in 20 of 21 patients (95%). Cystoid macular edema and/or
cystoid spaces were present in 14 eyes of 8 patients at baseline (38%), which resolved
completely in 4 eyes (28%) at follow-up without treatment. The mean central retinal
thickness at baseline, after exclusion of patients with cystoid macular edema or cysts,
was 133.0 um (SD + 50.9, range 59.5 to 236.0), which did not significantly change at
follow-up (-10.31 pm, 95% Cl: -34.5 to 13.8; p = 0.371). The structure of the inner retina
of patients was categorized into 3 different grades: [1] normal organization without
coarse lamination (n = 5; 24%); [2] normal organization with coarse lamination (n = 8;
38%); and [3] relative disorganization with coarse lamination (n = 8; 38%) (Supplemental
Figure 1 and Supplemental Table. S2). The hyperreflective outer retinal bands, ELM and
EZ, were discontinuous or absent at the (para)fovea and perifovea in 18 of 21 patients
(86%, Supplemental Table S2). A degree of preservation of the ELM and EZ integrity
was observed in patients with mild RP (P11 and P20), and in the patient with a macular
dystrophy phenotype (P22). These 3 patients had better baseline logMAR BCVA (-0.6
logMAR, 95% Cl: -1.1 to -0.1; p = 0.015) and macular sensitivity (+13.7 dB, 95% Cl: 7.6
to 20.2; p <0.001) values compared to the other patients in this cohort. Qualitatively,
there were no clear changes in ELM and EZ band integrity on SD-OCT imaging at 2-year
follow-up examinations, despite a decline in visual acuity in several patients (Figure 5).
As the integrity of ELM and EZ layers were severely affected in the majority of patients
(e.g. Figure 5A and 5B), quantitative analysis of the retinal bands could not be reliable
performed. On FAF imaging, the predominant pattern observed was generalized
hypo-autofluorescence in the (mid)peripheral retina, with residual autofluorescence
at the central macula, albeit to varying degrees (Figure 5A). FAF imaging was also
able to confirm our fundoscopic findings of preserved RPE regions adjacent to retinal
arterioles (Figure 5B). Consistent with SD-OCT findings, autofluorescence signals were
best preserved in patients with mild RP and macular dystrophy (Figure 5C). The FAF
patterns of each patient are described in Supplemental Table S2, which remained
unchanged at follow-up.
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Figure 5. Representative spectral-domain optical coherence tomography (SD-OCT) scans and corre-
sponding fundus autofluorescence (FAF, white arrowheads) images at baseline and at 2-year follow-up
in 3 patients with CRBT-associated retinitis pigmentosa. Best-corrected visual acuity (BCVA) is shown
for each eye in Snellen notation. A. Patient P1, aged 30, showed characteristic features of a CRBT retina,
including inner retinal thickening and coarse lamination of individual retinal layers. Outer retinal bands
were nearly absent. FAF imaging in this patient showed overall absence of autofluorescence (AF) in the
posterior pole, with some residual AF between the central macula and optic disc. B. Patient P13, aged 21,
also showed retinal thickening and coarse lamination, in addition to severe foveal atrophy. AF signals were
nearly absent, with some preservation of RPE alongside the vascular arterioles. C. Patient P11, aged 31,
exhibited a mild form of RP. Unlike other RP patients in this cohort, the retinal structure of the inner and
outer retina was retained, aside from the presence of cystoid macular edema. Consistent with SD-OCT
findings, FAF imaging showed relative preservation of AF in the posterior pole, with signs of degeneration
in the (mid)periphery.
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DISCUSSION

In this prospective natural history study, we evaluated the functional and structural
changes in patients with biallelic CRBT variants causing a spectrum of retinal
dystrophies, as we anticipate the start of gene therapeutic trials for CRB7-associated
RDs in the near future. Our two-year analysis of the cohort showed that visual acuity
and visual fields did not significantly change during follow-up. BCVA and visual fields
are parameters with relatively low sensitivity for early disease changes, and may not be
suitable as primary outcome measures in clinical trials on diseases that have relatively
slow progression rates, such as RP.3 Still, in 5 eyes of 5 different patients, aged between
22 and 31 years, we found a BCVA loss of more than 15 ETDRS letters (equivalent to
+0.3 logMAR), which is considered a clinically significant change in clinical trials and by
regulatory agencies.>** This finding suggests a faster decline around the 3 decade of
life, although the contribution of significant cataract, which was the case for 2 out of
5 eyes, should not be disregarded. This is in line with our retrospective natural history
study, which reported median ages of 18, 32, and 44 years to reach moderate visual
impairment, severe visual impairment, and blindness, respectively.”® Based on BCVA
data, we suggest that the optimal window for treatment is before the 3" decade of
life. Ideally, patients should be treated at the earliest and safest opportunity to gain
the most benefit from gene therapy.

Regarding visual fields, we found that 7 eyes of 6 patients showed progression within
the 2-year follow-up period, defined as a loss of >20% of the seeing retinal area, which
is the test-retest limit in RP patients as found by Bittner and collagues.?® However,
these changes should be interpreted with caution, as greater variability in visual field
measurements is predicted in patients with more advanced stages of BCVA- or visual
field-based impairment.2*3 This is evidently demonstrated in our cohort as 4 severe
visually impaired patients showed improvements up to 90% in visual fields areas at
follow-up, in absence of intervention. Goldmann kinetic perimetry assumes stable
and foveal fixation, which is not always the case in patients with severe RP such as
in the current study.” Instead, other perimetry modalities, such as semi-automated
kinetic perimetry or wide-field static perimetry, could be used in future studies for
peripheral visual field assessment, as they take fixation stability into consideration
and limit operator-dependent variability.*

Fundus-tracking perimetry, also known as microperimetry, is a commonly used tool
for monitoring disease progression and for assessing treatment efficacy in trials
involving other RDs, such as Stargardt disease, choroideremia and X-linked RP.3>
40:41.42 |n these RDs, subtle changes in the retina over short periods of time were
detectable on microperimetry, preceding detection on conventional parameters.?*
Similar results were found in our cohort, in which we detected a significant decline in
macular sensitivity between visits, while no significant decline in BCVA was detected
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in the 2-year period. Thus, microperimetry is a sensitive progression marker, and has
the potential to serve as a clinical endpoint in treatment trials for CRB7-associated
RD. However, due to the subjective nature of psychophysical metrics, measurements
on microperimetry are inherently susceptible to variability, which is affected by
factors including age, the type of retinal disease, disease severity, learning effects,
and natural variance.?” * While our study accounted for potential learning effects,
formal intrasession and intersession reliability testing was not performed. As the main
goal of phase lll gene therapy trials is treatment efficacy, a patient’s ability to reliably
perform microperimetry testing could potentially be an inclusion criterion. Analysis
of microperimetry was also impeded by the increasing amount of absolute scotoma
points, which resulted in nearly undetectable sensitivity thresholds (macular sensitivity
<1 dB) in 25% of the study eyes. Reporting the macular sensitivity, which is calculated
using the average sensitivity of all testing loci, may not be an ideal approach, as this
underestimates the change occurring in individual loci with detectable sensitivity.?
4 Other methods that investigate regional sensitivity changes, along with test-retest
reliability testing, should be explored in future studies.**

On electrophysiological testing, ERG responses were non-recordable in the majority
of RP patients, implying that ffERG has no value in monitoring disease progression
in patients with CRB7-associated RP. An alternative approach to assess residual
photoreceptor function is the measurement of sensitivity thresholds using FST,
which can be performed regardless of fixation capabilities or ERG function.*s FST
testing showed rod or mixed responses in this cohort, which shows that functional
photoreceptors are still present despite this severe early-onset disease. Cone-mediated
responses were found in patient P4, which is suggestive for end-stage disease as these
responses are typically found in patients with a LCA phenotype.®**# As such, FST can
provide valuable knowledge on remaining photoreceptor function, and in turn,
disease severity, which can guide the selection of eligible candidates for therapeutic
intervention.3 However, FST responses do not appear to be sensitive markers for
disease progression over a relatively short period, as we found no significant changes
in FST responses over the course of 2 years. Small, localized changes occurring over
several years possibly go unnoticed, as FST measures the sensitivity of the entire retina,
without revealing spatial information.*® Nevertheless, FST is potentially capable of
measuring a treatment effect, as shown in previous gene therapy trials, and should
be considered as a clinical endpoint.*#-°

In keeping with previous studies, SD-OCT imaging in patients with CRBT-associated RP
revealed an abnormally thickened inner retina (95%), which could be accompanied by
coarse lamination of inner retinal layers and/or cystoid macular edema." "8 It has been
postulated that the loss of CRB1 function stimulates proliferation of retinal progenitor
cells, and also disrupts naturally occurring apoptosis during retinal development.*
7 This phenomenon is in direct contrast with other molecular forms of RP/LCA,
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where progressive thinning of the inner retinal layers typically occurs.>” Regardless of
inner retinal thickening, most patients (62%) showed a relatively preserved laminar
organization, which may be amenable for gene therapy treatment. The hyperreflective
retinal bands, ELM and EZ, were typically discontinuous or indiscernible, consistent
with FAF findings, owing to the rapid disease progression at an early age in CRBI-
associated RP, which impeded quantitative analysis.”’ Despite the state of the inner and
outer retina, retinal sensitivity could still be measured using psychophysical metrics,
indicating that SD-OCT findings do not necessarily reflect remaining photoreceptor
function in patients with CRBT-associated RDs. There is an urgent need for reliable
methods for accurate quantification and localization of remaining photoreceptors, as
viable photoreceptors are a prerequisite for effective treatment with gene therapy.**
3455 A potential method is the use of adaptive optics, as it allows for the assessment
of photoreceptor viability on a cellular level, which, in turn, can shed light on their
amenability for gene therapy treatment.>**55” It would be of great interest to assess
in future studies whether photoreceptors can be adequately identified using adaptive
optics considering the severe, early-onset degeneration and the characteristic retinal
phenotype seen in CRBT patients.

Our study has several limitations. We included a relatively small cohort of 22 patients
with CRBT-associated retinal dystrophies, which limited the possibility of a more in-
depth (subgroup) analysis. Furthermore, as patients were observed over a period of 2
years, it is possible that parameters with low sensitivity for disease progression in our
current study, such as visual acuity and FST, will be able to demonstrate progression
over a longer observation period. Novel outcome measurements used in the
assessment of gene therapy, such as multi-luminance mobility tests, dark-adapted
chromatic perimetry and pupil campimetry, were also not assessed in this study.>®>°
Future studies that follow a large group of patients with CRBT variants over a longer
period of time, while also assessing the feasibility of more recent outcome measures,
would be invaluable to extend our current findings.

In conclusion, this is the first prospective natural history study performed in patients
with RDs associated with biallelic CRBT variants. Our study discusses the feasibility of
commonly used outcome measures as clinical endpoints in clinical trials, and their
potential caveats. BCVA and visual fields measures show stability over 2 years and
need to be complemented with more sensitive progression markers. Microperimetry
and FST show most potential as clinical endpoints, but further investigation into their
reliability, validity and feasibility is required. The findings in this study can be used to
aid the design of interventional studies, paving the way for CRBT gene therapy trials
in the near future.
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Inner retinal assessment

Grade I: preserved retinal architecture Grade II: preserved retinal structure Grade llI: disorganization of retinal structure
with coarse lamination

Outer retinal assessment

Continuous ELM and EZ Discontinuous ELM and EZ Indiscernible ELM and EZ

Supplemental Figure 1. Assessment of the inner retinal structure and the outer retinal band integrity 24
using spectral-domain optical coherence tomography (SD-OCT). A. Grade | included patients with normal
inner retinal structure and clear segmentation of individual layers. Note that the integrity of the outer
retinal structures were not taken into consideration during grading. B. Patients with visible retinal de-
lineation, but with a coarse aspect of individual layers were classified as grade Il. C. Disorganization was
defined as the inability to differentiate between adjacent inner retinal layers, which could be caused by
the presence of cystoid macular edema. D-F. The external limiting membrane (ELM; white arrowhead)
and ellipsoid zone (EZ; yellow arrowhead) were assessed at the peri- and parafovea. Retinal bands were
classified as either continuous (relatively homogeneous reflectivity of the given band), discontinuous
(heterogenous reflectivity and/or disruption of the given band) or indiscernible.
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