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Purrosk. To investigate the course of inherited retinal degenerations (IRD) due to muta-
tions in the RPEGS gene.

MetHoDps. This longitudinal multicentric retrospective chart-review study was designed
to collect best corrected visual acuity (BCVA), Goldman visual field, optical coherence
tomography (OCT), and electroretinography (ERG) measurements. The data, including
imaging, were collected using an electronic clinical research form and were reviewed at
a single center to improve consistency.

Resurrs. From an overall cohort of 60 Italian patients with RPEG5-associated IRD, 43
patients (mean age, 27.8 £ 19.7 years) were included and showed a mean BCVA of 2.0 +
1.0 logMAR. Time-to-event analysis revealed a median age of 33.8 years and 41.4 years
to reach low vision and blindness based on BCVA, respectively. ERG (available for 34
patients) showed undetectable responses in most patients (26; 76.5%). OCT (available
for 31 patients) revealed epiretinal membranes in five patients (16.1%). Central foveal
thickness significantly decreased with age at a mean annual rate of —0.6%/y (P = 0.044).
We identified 43 different variants in the RPEG5 gene in the entire cohort. Nine variants
were novel. Finally, to assess genotype-phenotype correlations, patients were stratified
according to the number of RPEG5 loss-of-function (LoF) alleles. Patients without LoF
variants showed significantly (P < 0.05) better BCVA compared to patients with one or
two LoF alleles.

Concrusions. We described the natural course of RPEG5-associated IRD in an Italian
cohort showing for the first time a specific genotype-phenotype association. Our findings
can contribute to a better management of RPEG5-associated IRD patients.

Keywords: RPEG5 gene, Leber Congenital Amaurosis, Early-Onset Severe Retinal Dystro-
phy, genotype-phenotype correlation
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he RPEG5 gene encodes a 65 kD retinoid isomerase

expressed in the retinal pigment epithelium (RPE). This
protein is a key component of the retinoid visual cycle
because it converts all-trans-retinyl ester to 11-cis-retinol.
When RPEG5 is defective or absent, the 11-cis-retinal is
depleted, which causes photoreceptor dysfunction.!

Biallelic RPEG5 variants were initially reported as the
cause of Leber congenital amaurosis (LCA). This disease
was first described by Theodore Leber in 1869 and is the
most severe form of inherited retinal degenerations (IRD).
LCA is characterized by total blindness or severely impaired
vision at birth or within the first few months of life, normal
fundus, nystagmus, poor pupil responses, and nonrecord-
able electroretinography (ERG).> LCA overlaps clinically
and genetically with early-onset severe retinal dystrophy
(EOSRD), which includes milder phenotypes.> The onset
of EOSRD occurs between early childhood and five years
of age. EOSRD patients usually preserve a better residual
visual function (with minimal ERG signals) compared to
LCA patients.! So far, LCA and EOSRD have been associ-
ated with disease-causing variants in 26 genes.? It has been
reported that some genes are more likely to be associated
with LCA, whereas variants in other genes, among which
RPEG5, are more frequently encountered in EOSRD cases.
RPEG5-associated LCA/EOSRD accounts for approximately
5% to 10% of all IRD cases.” Moreover, variants in the
RPEG5 gene have also been associated with a milder pheno-
type, namely fundus albipunctatus, with few cases described
in literature.8-10

Given that the U.S. Food and Drug Administration and
the European Medical Agency have approved a gene therapy
for the treatment of patients with confirmed biallelic RPEG5
mutations, it is currently important to determine the natu-
ral history of RPEG5-associated IRDs, also to compare the
disease progression after treatment with the natural course
of the retinal degeneration. Actually, RPEG5-associated IRD
has become one the most studied forms of retinal degen-
eration, with several previous reports describing cases of
RPEG5 patients,>'-2 also within cohorts of genetically
heterogenous patients with the same clinical diagnosis.?’-%!
Recently, some studies reported data from large cohorts of
RPEG5 patients. Specifically, Chung et al.** characterized
70 RPEG5 patients from six countries, whereas Pierrache
et al.3 analyzed a cohort of 45 Dutch patients. Finally, a
cohort of 20 patients of Chinese origin was investigated.**
However, all of these studies did not reveal any relevant
genotype-phenotype correlation,*?~* with the exception of
the association of missense variants with fundus albipunc-
tatus in a Chinese population.* Therefore information on
the clinical course and its determinants (e.g., the RPEG5
genotype and genetic modifiers) from large cohorts is still
needed.

To improve our understanding of the incidence and
disease patterns of RPEG5-associated IRDs, a large number
of patients must be evaluated, using information technology
(IT) systems. To date, several medical IT projects involving
various medical specialties (e-health studies) have already
given excellent results.®>~% For these reasons, the Center for
Rare Ocular Diseases of the University of Campania “Luigi
Vanvitelli” (Naples, Italy) designed an e-health study involv-
ing nine Italian referral centers to carry out a quantitative
analysis of clinical parameters in patients with IRDs caused
by mutations in RPE65. Our multicentric study aimed to
investigate the natural history of the RPEG5-associated IRD
and to seek genotype-phenotype correlations.
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METHODS

The study was conducted in accordance with the guidelines
of the Declaration of Helsinki and subsequent revisions, and
with the authorization of the Ethics Committees of the Coor-
dinating (University of Campania “Luigi Vanvitelli”, Naples)
and participating centers (Ospedale di Camposampiero,
ULSS6 Euganea di Padova; AOU Careggi, Firenze; Ospedale
San Paolo, Milano; Ospedale Sacco, Milano; Centro di
Neuroftalmologia dell’eta evolutiva, IRCCS Fondazione Isti-
tuto Neurologico Nazionale C. Mondino, Pavia; Policlinico di
Pavia, Pavia; Policlinico Gemelli di Roma, Roma; Ospedale
Bambino Gesu di Roma, Roma). The study has been regis-
tered on ClinicalTrials.gov (identifier: NCT04525261).

The study design, which was based on a retrospective
chart review, was meant to allow a longitudinal compari-
son of patient care in different sites by using a dedicated e-
health network platform. The primary goal of the study was
to assess the structure and function of the retina in patients
with IRDs caused by biallelic mutations in RPEG5 based on
assessments of best corrected visual acuity (BCVA), visual
field (VF), and optical coherence tomography (OCT).

Male and female subjects of any ethnicity were eligible
for participation in this study, provided they could meet the
following criteria:

1. Written informed consent (or parental permission and

subject assent) to adhere to the protocol.

2. Subjects diagnosed with EOSRD or LCA.

3. Molecular diagnosis revealing biallelic variants
(homozygotes or compound heterozygotes) in the
RPEG5 gene.

. Subjects aged three years old or older.

5. A minimum of two visits with ophthalmic assessment

that spans a follow-up period of at least one year (for
longitudinal analysis).

N

A subject was excluded from the study if he/she was
unable or unwilling to meet the study requirements or had
received gene therapy during the time-frame of the retro-
spective study.

The participating centers were selected on the basis
of a standardized questionnaire that was distributed at
the national level to collect information on eye clinics
with know-how and expertise on the management of IRD
patients.

The collected data included demographics (i.e., age and
gender), self-reported age of onset of ocular symptoms
(determined by the age at which patients or their parents
first noticed nystagmus or visual abnormalities), ocular,
medical, and surgical history, genetic and clinical diagnosis,
BCVA, Goldman VF, OCT, ERG, and fundus imaging.

Protected health information was redacted before data
collection in the ad hoc electronic clinical research form
(eCRF). A dedicated database collecting data from various
Italian centers with approved eCRF was designed in Naples
(Italy) and finalized with the support of all collaborating
Centers. All eCRFs were inserted and stored in the database
with a special software. The system adopted was provided
by Eumeda (Milan, Italy), which has long-standing experi-
ence in the development of medical software platforms. The
system was stored in a protected data warehouse (Aruba
Business srl, Ferrara, Italy) to ensure data security and unin-
terrupted availability. The same platform has been success-
fully used for other clinical trials.®*~>3 This dedicated soft-
ware enabled efficient and immediate data visualization and
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quick data entry. The main developments in the software
were application software for both computer and mobile
device such as Tablets or Smartphones, successive multiple
masks for first data entry and updating during follow-up,
possibility to compare images taken during follow-up, pop-
up windows to assist physicians and to ensure correct data
entry, and data extraction for statistical purposes.

To avoid bias and improve consistency, criteria review
and data entry for all charts, including imaging when avail-
able, were performed by investigators at the Coordinating
Centre (FT. and R.B.P. independently reviewed, and F.S.
adjudicated in case of disagreement).

The clinical diagnosis was reviewed according to the
following diagnostic criteria. A diagnosis of LCA was based
on the presence of a severe visual impairment from birth
(or from the first months of life), roving eye movements
or nystagmus, poor pupillary light responses, oculo-digital
sign (poking, rubbing, or pressing of the eyes), and unde-
tectable or severely abnormal full-field ERG.?> On the other
hand, EOSRD was characterized by a later onset of visual
impairment (typically after infancy, but before the age of five
years), with variably preserved visual acuity and minimally
preserved full-field ERG.?

The assessment of BCVA was performed either using a
LEA symbol chart for children or the Tumbling E and EDTRS
chart for adults. All assessments were converted to logarithm
of the minimum angle of resolution (IogMAR) unit for stan-
dardization purposes. Using the scale adapted from Holla-
day,>* off-chart measurements were converted as follows:
a value of 2.7 was assigned for hand motion, 2.8 for light
perception, and 2.9 for no light perception. Moreover, BCVA
were analyzed to evaluate low vision (i.e., 20/400 < BCVA
in the better-seeing eye < 20/60) or blindness (i.e., BCVA
in the better-seeing eye < 20/400) in accordance with the
World Health Organization (WHO) criteria.

VF assessments were collected over time at different
ages using manual Goldmann Kinetic perimetry and were
analyzed to evaluate low vision (i.e., central VF diameter of
the V4e target smaller than 20° but equal to or larger than
10° in the better-seeing eye) or blindness (central VF diam-
eter of the V4e target smaller than 10° in the better-seeing
eye) in accordance with the WHO criteria.

Full-field ERG was performed according to International
Society for Clinical Electrophysiology protocol.”

Spectral-domain OCT was acquired using equipment
from three different manufacturers (Carl Zeiss Meditec,
Jena, Germany; Topcon Corporation, Optical Company,
Tokyo, Japan; and Heidelberg Engineering GmbH, Heidel-
berg, Germany). OCT scans were carefully reviewed by
two ophthalmologists with experience in the field of multi-
modal retinal imaging (A.P.S. and FR.) for the following
characteristics: presence of epiretinal membrane, thinning
of the outer nuclear layer, disruption of the external limit-
ing membrane, disruption of the ellipsoid zone in subfoveal
and extrafoveal areas, atrophy of the RPE layer involving the
fovea. The mean values provided by these two graders were
considered for quantitative measurements, whereas a third
senjor grader (G.S.) was consulted to confirm the collected
measures or in case of discordant qualitative findings. In
addition, central foveal thickness (CFT), that is, the aver-
age thickness in the central subfield (circle with diameter
of 1 mm) of the ETDRS grid, was analyzed. In particular,
to analyze data obtained using devices of different manu-
facturers (i.e., Cirrus HD-OCT, Carl Zeiss Meditec; vs. Spec-
tralis HRA+OCT, Heidelberg Engineering GmbH), CFT were
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normalized against normative data reported in a previous
study comparing values obtained with the two machines®®
(i.e., 258 £ 21 pm for Cirrus HD-OCT vs. 258 + 21 pm for
Spectralis HRA+OCT). Given the low number of patients,
CFT measurements provided by Topcon equipment were not
included in the analysis.

Statistics

Continuous variables are reported as mean =+ standard
deviation, and categorical variables are reported as counts
(frequency). The natural history of the disease was assessed
with previously described methods in IRDs.>”>® The annual
progression rate of each endpoint was estimated by means
of regression models for the analysis of longitudinal data, as
appropriate. In particular, the generalized estimating equa-
tion was applied because this method can address both
the intereye correlation (i.e., between the eyes of the same
subject at a given visit) and the longitudinal correlation
(i.e., among values of the same eye followed over time) by
adopting an appropriate covariance structure, as previously
described.’® Because longitudinal data were not available
for all testing parameters in all subjects and the duration
of follow-up varied, the primary assessments were analyzed
also using age as a proxy for time, so that all available indi-
vidual data points could be included in the analysis. Further-
more, a Kaplan-Meier time-to-event analysis was performed
to show the time to low vision and blindness based on BCVA
or VE. Finally, Cohen’s kappa coefficient («, range) was calcu-
lated to assess the agreement between the two independent
graders for the qualitative OCT variables. P values < 0.05
were considered statistically significant.

RESULTS

Clinical Characterization of the Cohort of RPEG5
Patients

A total of 60 Italian patients from 56 families harboring
disease-causing variants in the RPEG5 gene were screened
for inclusion in the study. Seventeen patients were excluded
for the following reasons: experimental treatment during
the retrospective follow-up period (eight patients); no avail-
able clinical data (six patients); clinical diagnosis of fundus
albipunctatus (two patients); age younger than three years
(one patient). Therefore 43 patients (mean age, 27.8 &+ 19.7
years) with a clinical diagnosis of LCA (18/43 [41.9%]) or
EOSRD (25/43 [58.1%]) harboring disease-causing mutations
in the RPEG5 gene were further analyzed.

The main clinical findings of the included patients at
the study baseline visits are summarized in Table 1. The
self-reported age at onset of the first symptoms was 2.2
+ 2.1 years (median: two years). The most frequent symp-
toms, mainly reported at birth or infancy, were low visual
acuity (n = 32 [74.4%]) and night blindness (n = 28 [65.1%)]).
Moreover, more than half of the patients presented nystag-
mus (24/43 [55.8%]). Other frequently reported symptoms
were photophobia (n = 20 [46.5%)]) and visual field loss
(n = 18 [41.9%)]), whereas photopsia was referred by three
patients (7.0%). Finally, only three patients (7.0%) showed
the oculodigital sign.

Regarding the fundus evaluation, the most frequent find-
ings were salt-and-pepper retinal dystrophy (i.e., RPE dystro-
phy with fine pigment clumping and dispersion) and RP
fundus appearance, observed in 20 (46.5%) and 19 patients
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TasLe 1. Main Clinical Findings of the Patients at the Study Baseline Visit Included in the Study Cohort
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ID Diagnosis Age Nystagmus Fundus Evaluation BCVA RE BCVA LE Electroretinogram
P1 EOSRD 4 No Salt-and-pepper dystrophy 20/60 20/60 Reduced
P2 LCA 42 Yes Salt-and-pepper dystrophy LP LP Undetectable
P3 EOSRD 47 Yes RP fundus appearance HM HM Undetectable
P4 LCA 34 Yes RP fundus appearance 20/600 20/1200 Undetectable
P5 LCA 32 Yes Salt-and-pepper dystrophy LP LP Undetectable
P6 EOSRD 46 Yes RP fundus appearance HM HM Undetectable
P7 EOSRD 24 Yes Salt-and-pepper dystrophy LP LP Undetectable
P8 LCA 33 Yes RP fundus appearance LP LP Undetectable
P9 EOSRD 56 No RP fundus appearance LP LP n.a.

P10 LCA 64 No RP fundus appearance LP LP Undetectable
P11 LCA 3 Yes Normal 20/1200 20/1200 Reduced
P12 LCA 16 Yes Salt-and-pepper dystrophy 20/2400 20/2400 n.a.

P13 EOSRD 68 No RP fundus appearance 20/100 20/200 Undetectable
P14 EOSRD 41 Yes RP fundus appearance HM HM n.a.

P15 EOSRD 28 No Salt-and-pepper dystrophy 20/20 20/25 Reduced
P16 EOSRD 24 No RP fundus appearance 20/200 20/60 Undetectable
P17 EOSRD 44 Yes RP fundus appearance 20/400 20/400 Undetectable
P18 EOSRD 13 No RP fundus appearance 20/100 20/100 Undetectable
P19 LCA 43 No RP fundus appearance LP LP Undetectable
P20 EOSRD 4 No Salt-and-pepper dystrophy 20/50 20/50 Undetectable
P21 EOSRD 39 No RP fundus appearance LP LP Undetectable
P22 LCA 5 Yes RP fundus appearance 20/2400 20/2400 n.a.

P23 EOSRD 32 Yes Salt-and-pepper dystrophy HM HM Undetectable
P24 LCA 6 No Salt-and-pepper dystrophy 20/100 20/100 Undetectable
P25 LCA 8 Yes Salt-and-pepper dystrophy 20/400 20/400 Undetectable
P26 EOSRD 6 No Salt-and-pepper dystrophy 20/100 20/100 Undetectable
P27 LCA 2 Yes Normal LP Lp Reduced
P28 LCA 0 No Normal LP LP Reduced
P29 EOSRD 12 Yes Salt-and-pepper dystrophy 20/100 20/200 Undetectable
P30 EOSRD 48 No RP fundus appearance HM HM n.a.

P31 EOSRD 6 No Salt-and-pepper dystrophy 20/30 20/25 Markedly reduced
P32 EOSRD 34 Yes RP fundus appearance 20/1200 20/1200 n.a.

P33 EOSRD 39 No RP fundus appearance 20/25 20/25 n.a.

P34 LCA 48 No Salt-and-pepper dystrophy HM HM Undetectable
P35 EOSRD 25 Yes Salt-and-pepper dystrophy HM HM Undetectable
P36 LCA 36 Yes Salt-and-pepper dystrophy LP HM Undetectable
P37 EOSRD 22 Yes RP fundus appearance LP HM Undetectable
P38 LCA 18 No Salt-and-pepper dystrophy HM HM Undetectable
P39 EOSRD 61 Yes RP fundus appearance HM HM n.a.

P40 LCA 7 Yes Normal LP LP Markedly reduced
P41 LCA 11 Yes Salt-and-pepper dystrophy LP Lp Markedly reduced
P42 EOSRD 60 No Salt-and-pepper dystrophy LP LP n.a.

P43 EOSRD 7 Yes Salt-and-pepper dystrophy 20/60 20/100 Undetectable

RE, right eye; LE, left eye; HM, hand motion; LP, light perception; n.a., not available.

(44.2%), respectively. In four patients (9.3%) fundus abnor-
malities were not noted at the first visit. Patients with an
RP fundus appearance were significantly older (42.6 £+ 14.6
years; P < 0.001) than those presenting a salt-and-pepper
retinal dystrophy (18.3 = 15.1 years) and normal fundus
(5.4 £ 4.5 years). Overall, we did not observe any signifi-
cant changes in the fundus appearance over the follow-up
period.

In the study cohort, the mean BCVA was 1.96 + 1.02
logMAR in right eyes and 1.97 £ 1.00 logMAR in left eyes.
Blindness (i.e., BCVA < 20/400) was observed in the major-
ity of patients (29 [67.4%]), whereas low vision (i.e., 20/400
< BCVA < 20/60) was observed in seven patients (16.3%)
and the remaining patients (7 [16.3%]) had a BCVA of 20/60
or better in at least one eye (Fig. 1A). The analysis of inter-
eye asymmetry values revealed a very low asymmetry in

terms of BCVA (mean, 0.05 £ 0.11; median = 0.00 logMAR)
(Fig. 1B).

Longitudinal analysis of BCVA data collected in 35
patients over a mean follow-up period of 5.0 + 4.5 years
(median, 4.6 years; range, 1-18 years) showed a nonsignif-
icant decline (0.002 £ 0.011 logMAR/year; P = 0.835).
Changes in BCVA were observed only in 12 patients. Specif-
ically, five adult patients (ID 4, 6, 17, 36, 37) and two chil-
dren (ID 24, 31) showed a worsening of BCVA, whereas five
pediatric patients (ID 1, 11, 27, 28, 43) showed some degree
of improvement of their BCVA early in the disease course.
Among these five pediatric patients, three had nystagmus
(ID 11, 27, 43). Time-to-event analysis performed on BCVA
data (n = 35; mean follow-up period, 5.0 + 4.5 years;
median, 4.6 years; range, 1-18 years) revealed a median age
of 33.8 years and 41.4 years to reach low vision and blind-
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Mild or no visual
impairment; 16.3%

Light
perception

Low vision; 16.3% 30.2%

20/400 -

Hand motion
25.6%

FiGure 1.

Blindness; 67.4%

(A) Pie chart of BCVA measurements of the best-seeing eye of the 43 RPEG5 patients at the study baseline.
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(B) Comparison of

BCVA measurement between both eyes measured in the 43 RPEG5 patients at the study baseline.

ness, respectively. Time-to-event analysis showed that the
RPEG5 patients who underwent VF testing (n = 27; mean
follow-up period: 5.8 + 4.7 years; median, 4.8 years; range,
1-18 years) reached low vision at a mean age of 36.3 years
and blindness at a mean age of 41.4 years.

The majority of patients (n = 28 [65.1%]) had clear lens
in both eyes, whereas lens opacities were observed in 11
patients (25.6%), and four patients (9.5%) were pseudopha-
kic. As expected, patients with clear lens were younger than
patients with lens opacities (18.3 £ 15.3 years vs. 45.7 +
13.6 years; P < 0.001). The lens status did not significantly
(P > 0.05) affect BCVA in the age-adjusted models.

ERG examinations, performed in 34 patients, showed
undetectable scotopic and photopic responses in 26 patients
(76.5%), undetectable scotopic and reduced photopic
responses in three patients (8.8%), and reduced scotopic
and photopic responses in five (14.7%). The patients with
detectable scotopic responses were younger (7.7 + 11.7
years vs. 26.9 + 18.7 years; P = 0.034) and showed a better
BCVA (1.6 £ 1.3 logMAR vs. 1.9 & 1.0 logMAR; P = 0.544).

Thirty-one patients underwent OCT scans acquired with
Spectralis OCT (n = 12), Cirrus HD-OCT (n = 13), and
Topcon equipment (n = 6). Cystoid macular edemas, macu-
lar holes, or vitreomacular traction were not observed,
whereas seven eyes of five patients (16.1%) showed epireti-
nal membranes. The manual review of Spectralis OCT scans
showed that the majority of eyes disclosed thinning of the
outer nuclear layer (19 [79%]), whereas the external limit-
ing membrane appeared disrupted in 42% of the cases. The
ellipsoid zone was more frequently altered in extrafoveal
areas (16 eyes [67%]) than under the fovea (13 [54%)), and
a minority of eyes had signs of RPE atrophy (8 [33%])
(Fig. 2). The inter-rater agreement for the analyzed measures
was considered excellent (¢« = 0.89; range: 0.75-1.00)
(Table 2). The mean CFT was 172.3 £ 42.6 pm in the right
eyes and 174.9 + 35.2 pm in the left eyes. Furthermore, OCT
scans acquired with the Cirrus HD-OCT showed a mean CFT
of 166.5 + 61.0 pm in the right eyes and 172.0 £ 45.2 pm
in the left eyes. To combine for further analyses the OCT
measurements obtained with both equipment (i.e., Spectralis
vs. Cirrus HD-OCT), CFT values were first normalized against
normative data. The cross-sectional analysis (25 patients)
showed a significant decrease of the normalized CFT with
age at a mean exponential rate of —0.6% per year (95% confi-
dence interval, —1.2% to 0.0002%; P = 0.044). The normal-

Ficure 2. Examples of qualitative analysis of OCT scans in selected
patients: (A) an initial thinning of the outer nuclear layer (ONL),
an intact external limiting membrane (ELM) and initial parafoveal
defects of the ellipsoid zone (EZ); (B) thinning of the ONL, preser-
vation of the ELM and disruption of the EZ, whereas the RPE layer is
still preserved; (C) final stage of retinal degeneration with complete
atrophy of the ELM, EZ and RPE layers; the outer plexiform layer can
instead be observed as a rarefied hyperreflective band lying above
the ONL.

ized CFT also correlated negatively with BCVA, expressed in
logMAR (p = —0.283; P value = 0.048). Finally, the longitudi-
nal analysis (n = 20; mean follow-up period, 3.9 &+ 2.9 years;
median, 3.0 years; range, 1-10 years) did not show a signifi-
cant decline (exponential rate, —0.2%/year; 95% confidence
interval, —3.0% to 2.7%; P = 0.9).

Molecular Characterization of the RPEG5 Cohort
and Genotype-Phenotype Correlation Analysis

Less than half of the patients (n = 24; 40%) were homozy-
gous for the identified variants, whereas the remaining 60%
(n = 36) were compound heterozygotes. In the cohort of 60
patients (that comprised also cases excluded from the clin-
ical characterization), we identified a total of 43 different



Investigative Ophthalmology & Visual Science

RPE65-Associated Retinopathies in Italy

TaBLE 2. Inter-Rater Agreement for the Qualitative OCT Findings
k Value
ERM presence 1.00
ONL thinning 0.75
ELM disruption 0.83
Foveal EZ disruption 0.83
Extrafoveal EZ disruption 0.81
RPE atrophy 1.00

ERM, epiretinal membrane; ONL, outer nuclear layer; ELM, exter-
nal limiting membrane; EZ, ellipsoid zone; RPE, retinal pigment
epithelium.

variants in the RPEG5 gene (Table 3; Fig. 3A), namely, seven
frameshift variants, eight nonsense mutations, four splice-
site variants, and 24 missense variants (Fig. 3B). The vast
majority of variants (94%) were classified in Varsome® as
“pathogenic” (n = 23; 54%) or “likely pathogenic” (n = 17;
40%) (Fig. 3C), according to the guidelines of the American
College of Medical Genetics and Genomics (ACMG) and the
Association for Molecular Pathology.®' Only three missense
variants (p.Arg85Cys, p.Thr149Asn, and p.Thr153Arg) were
reported as variants of uncertain significance (VUS) (Fig. 3C).
The latter VUS were predicted to be “disease causing” by
MutationTaster (http://www.mutationtaster.org/) and were
either absent from the Genome Aggregation Database
(gnomAD; http://gnomad.broadinstitute.org) or had a minor
allele frequency compatible with a probable pathogenic role.
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In all three cases, the patients carrying these VUS were
also heterozygous for a missense “likely pathogenic” variant
(p.Pro371Leu, p.Phe336Ser, and p.Arg91Trp, respectively).

Nine of the identified variants were novel (Table 3). These
varjants were not previously reported in reference databases
(e.g., human gene mutation database, LOVD, and ClinVar)
or in literature. For the novel missense variants, in silico
pathogenicity predictions, allele frequency in control popu-
lation databases and pathogenicity interpretation according
to the ACMG recommendations® (either by manual assess-
ment or based on the Varsome annotation) are reported
in Table 4.

To assess whether the patients’ genotypes correlated
with disease severity, we stratified the included sample
of 43 patients according to the number of RPEG5 loss-of-
function (LoF) alleles identified in each subject. We consid-
ered frameshifts and nonsense variants as bona fide LoF
mutations, whereas missense changes were classified as
non-LoF. In this classification, splice-site variants were not
considered as LoF because their impact on the transcript
and protein cannot be reliably predicted. By applying these
criteria, we divided our cohort into three genotypic cate-
gories: group A comprised 21 patients who did not harbor
any LoF variant (e.g., they carried only missense variants);
group B comprised 13 compound heterozygous patients for
an LoF mutation and a non-LoF variant; group C consisted
of nine patients who carried biallelic LoF variants. The mean
age of patients was not significantly different for the three
genotypic groups (group A: 33.6 + 18.6 years; group B:

A
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Ficure 3. Genetic variants detected in RPEGS in the study cohort. (A) Schematic drawing of the RPEG5 exons showing the position of the
variants identified and their frequency among index cases. The nucleotide change and variant position is reported on the top. The colored
symbol shape indicates the mutation type (specified in the legend box). (B) Pie charts showing the relevant representation of the different
mutation types among the 43 different variants identified (left panel) and among the 120 alleles of the entire cohort (right panel). (C) Pie
chart showing the classification of the identified sequence variants according to the ACMG guidelines using the Varsome automated variant

classification.%?
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TaBLE 3. Genotypes of the Molecularly Confirmed RPEG5 Patients of the Italian Cohort

Variant 1 Variant 2
Patient ID  Included DNA Change Protein Change Reference DNA Change Protein Change Reference Group
P1 Yes €.95-2A>T p-? 33 ¢.1040G>A p.Arg347His 34 A
P2 Yes c.938A>G p-His313Arg 27 c.938A>G p.His313Arg 27 A
P3 Yes c.11+5G>A p-? 74 c.271C>T p-Arg91Trp 62 A
P4 Yes c.725+1G>A p-? This study c.271C>T p-Arg91Trp 62 A
P5 Yes c.271C>T p-Arg91Trp 62 c.271C>T p-Arg91Trp 62 A
P6 Yes c.94G>T p-Gly32Cys 65 c.917C>T p.Thr306Ile 35 A
P7 Yes c.304G>A p-Glul02Lys 62 c.304G>A p-Glul02Lys 62 A
P8 Yes c.272G>C p-Arg91Pro 27 c.430T>G p-Tyrl44Asp 23 A
P9, P10 Yes c.11+5G>A p-? 74 c.11+5G>A p? 52 A
P11 Yes c.762G>T p-Glu254Asp 77 c.762G>T p-Glu254Asp 77 A
P12 Yes C.95-2A>T p-? 33 C.95-2A>T p-? 33 A
P13 Yes c.65T>C p-Leu22Pro 25 c.65T>C p-Leu22Pro 25 A
P14 Yes c.1579C>T p-His527Tyr This study c.1579C>T p-His527Tyr This study A
P15 Yes c.1112C>T p.Pro371Leu 36 c.253C>T p.Arg85Cys 37 A
P16 Yes c.65T>C p-Leu22Pro 25 ¢.1128G>C p-Lys376Asn This study A
P17 Yes c430T>G p-Tyrl44Asp 23 c430T>G p-Tyrl44Asp 23 A
P18 Yes c.762G>T p-Glu254Asp 77 c.762G>T p-Glu254Asp 77 A
P19 Yes c.271C>T p-Arg91Trp 62 c.271C>T p.-Arg91Trp 62 A
P20 Yes c.458C>G p-Thr153Arg This study ¢.1007T>C p-Phe336Ser This study A
P21 Yes c.114+5G>A p.? 14 Cc.284A>G p-Glu95Gly 38 A
P22 Yes ¢c.370C>T p-Argl24* 62 c.496-1G>A p-? 78 B
P23 Yes c.292_311del p-Ile98Hisfs*26 64 c.938A>G p-His313Arg 27 B
P24 Yes c.65T>C p-Leu22Pro 25 c.10C>T p-Gln4* This study B
P25 Yes c.11+5G>A p-? 46 ¢.700C>T p.Arg234* 24 B
P26 Yes c.1543C>T p-Arg515Trp 39 c.1555G>T p-Glu519* This study B
P27, P28 Yes ¢.1102T>C p-Tyr368His 12 c.1229C>A p-Ser410* This study B
P29 Yes c.499G>T p-Aspl67Tyr 66 ¢.292_311del p-1le98Hisfs*26 64 B
P30 Yes c.1543C>T p-Arg515Trp 39 ¢.1067dup p-Asn356Lysfs*9 29 B
P31 Yes ¢.1067dup p-Asn356Lysfs*9 74 c.1547C>T p-Ala516Val This study B
P32 Yes c.11+5G>A p-? 74 c.493C>T p-GIn165* 40 B
P33 Yes ¢.1067dup p-Asn356Lysfs*9 74 c.65T>C p-Leu22Pro 25 B
P34 Yes c.271C>T p-Arg91Trp 62 c.440_441del  p.Thr147Argfs*9 27 B
P35 Yes c.138del p.Pro47GInfs*47 64 c.138del p-Pro47GInfs*47 64 C
P36 Yes c.893delA p-Lys298Serfs*27 41 c.893delA p.Lys298Serfs*27 41 C
P37 Yes c.370C>T p-Argl24* 62 c.370C>T p-Argl24* 62 C
P38 Yes c.438_439del p-Thr147Argfs*9 79 c.438_439del  p.Thr147Argfs*9 79 C
P39 Yes c.1398C>A p-Tyr466* 26 c.1555G>T p-Glu519* This study C
P40, P41 Yes ¢.1207_1210dup  p.Glu404Alafs*4 62 ¢.1206G>A p-Trp402* 78 C
P42 Yes c.370C>T p-Argl24* 62 c.700C>T p.-Arg234* 24 C
P43 Yes c.893delA p-Lys298Serfs*27 41 c.893delA p-Lys298Serfs*27 41 C
P44 No c.370C>T p-Argl24* 62 c.496-1G>A p-? 78 B
P45, P46 No c.304G>A p-Glu102Lys 62 c.304G>A p-Glu102Lys 62 A
P47 No ¢.762G>T p-Glu254Asp 77 ¢.762G>T p-Glu254Asp 77 A
P48 No c.271C>T p-Arg91Trp 62 c.446C>A p-Thr149Asn 72 A
P49 No c.499G>T p-Asp167Tyr 66 c.938A>G p-His313Arg 27 A
P50 No c.938A>G p-His313Arg 27 ¢.1102T>C p.Tyr368His 12 A
P51 No c.938A>G p-His313Arg 27 c.1445A>T p-Asp482Val 80 A
P52 No ¢.700C>T p-Arg234* 24 ¢.700C>T p.Arg234* 24 C
P53 No c.94G>T p-Gly32Cys 65 c.94G>T p-Gly32Cys 65 A
P54 No c.370C>T p-Argl24* 62 c.1543C>T p-Arg515Trp 39 B
P55 No c.292_311del p-1le98Hisfs*26 64 c.499G>T p-Aspl67Tyr 66 B
P56 No c.304G>A p-Glu102Lys 62 c.440_441del  p.Thr147Argfs*9 27 B
P57 No c.138del p-Pro47GInfs*47 64 c.138del p.Pro47GInfs*47 64 C
P58 No ¢.440_441del p.Thr147Argfs*9 27 c.440_441del  p.Thr147Argfs*9 27 C
P59 No c.1040G>A p-Arg347His 34 ¢.1102T>C p.Tyr368His 12 A
P60 No c.982C>T p-Leu328Phe 10 ¢.762G>T p-Glu254Asp 77 A

18.7 + 18.4 years; group C: 27.5 £ 21.0 years; P = 0.10).
The age-adjusted model on cross-sectional data (n = 43)
showed a significantly (P < 0.05) better BCVA in group
A and B compared to group C (Fig. 4). Moreover, time-to-
event analysis based on longitudinal data available for 35

patients (mean follow-up period, 5.0 + 4.5 years; median,
4.6 years; range, 1-18 years) indicated that group A patients
reached low vision at significantly (P = 0.019) older median
age (41.5 years) than group B (11.5 years) and group C
(25.4 years) (Fig. 5). Similarly, we observed that group C
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TaBLE 4. Pathogenicity Predictions for the Novel Missense RPEG5 Variants Detected in This Cohort

Nucleotide/ ACMG Classification Computational Verdict of In Silico Pathogenicity Predictions
Protein Pathogenicity Allele
Change Manually Assessed In VarSome” (Acc. to VarSome") MutationTaster’ PolyPhen-2¢ Cadd13} Frequency
c.458C>G/ Likely Pathogenic Uncertain Pathogenic (7 pathogenic Disease causing Benign (score: 23.4 NR
p.-Thr153Arg (PM2, PM5, PP2, Significance vs. 5 benign predictions) (score: 71) 0.006)
PP3, PP4)
¢.1007T>C/ Uncertain Likely Pathogenic Pathogenic (10 pathogenic Disease causing Prob. Damaging 24.5 NR
p-Phe336Ser significance vs. 2 benign predictions) (score: 155) (score: 0.976)
(PM2, PP2, PP3,
PP4)
€.1128G>Cll/ Pathogenic (PVS1, Pathogenic Pathogenic (8 pathogenic Disease causing Benign (score: 33 NR
p-Lys376Asn PM2, PP2, PP3, vs. 5 benign predictions) (score: 94) 0.156)
PP4)
c.1445A>T/ Likely Pathogenic  Likely Pathogenic Pathogenic (11 pathogenic Disease causing Prob. Damaging 28.7 NR
p-Asp482Vval (PM2, PM3, PP2, vs. 1 benign prediction) (score: 152) (score: 0.970)
PP3, PP4)
¢.1547C>T/ Likely Pathogenic  Likely Pathogenic Pathogenic (11 pathogenic Disease causing Prob. Damaging 29.2 NR
p-Ala516Val (PM2, PM3, PP2, vs. 1 benign prediction) (score: 64) (score: 0.995)
PP3, PP4)
¢.1579C>T/ Likely Pathogenic  Likely Pathogenic Pathogenic (11 pathogenic Disease causing Prob. Damaging 27.8 4.00e-6 (gnomAD)
p-His527Tyr (PM1, PM2, PMS5, vs. 1 benign prediction) (score: 83) (score: 1.000) 8.27e-6 (EXAC)

PP2, PP3, PP4)

NR, not reported in the Genome Aggregation Database (gnomAD), in the Exome Aggregation Consortium (ExAC) database and in the

1000 Genomes Project catalogue.
All nucleotide positions refer to the transcript NM_000329.
*http:/ '/varsome.com/ 60
 http://www.mutationtaster.org/.

# Polymorphism Phenotyping v2; http://genetics.bwh.harvard.edu/pph2/.
§ Combined Annotation-Dependent Depletion; http://cadd.gs.washington.edu/.
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Ficure 4. Comparison of BCVA measurements (best-seeing eye)
at the study baseline in the 43 RPEG5 patients stratified according
to the genotype. Patients harboring biallelic LoF variants (Group
C, red circles) had a significantly worse BCVA compared to the
other groups (Group B, compound heterozygotes for an LoF and
a missense variant, yellow circles; Group A, biallelic missense vari-
ants, green circles).

patients reached blindness, as determined by either BCVA
or VF tests, at a younger median age (BCVA, 25.4 years; VF,
25.4 years) than group A (BCVA, 42.2 years; VF, 42.7 years)
and B (BCVA, 47.9 years; VF, 34.2 years), but these differ-
ences were not statistically significant (P > 0.05). Finally,
we observed the following trend, which did not achieve
the statistically significant level (P > 0.05): nystagmus was
observed in the majority of group C patients (77.8%) and

only in about 50% of patients in group A and group B; all the
group C patients (100%) showed an undetectable scotopic
ERG whereas about 20% of patients in group A and B had
detectable scotopic ERG; at the fundus evaluation, the major-
ity of group B (7/13; 53.8%) and of group C (6/9; 66.7%)
showed a salt-and-pepper dystrophy whereas the majority
of group A patients (13/21; 68.4%) showed an RP fundus.
No significant differences were observed in the age of onset
(P = 0.714) or in the normalized CFT (P = 0.831).

Discussion

We report the main findings of a retrospective longitudi-
nal study that assessed the natural course of the disease in
RPEG5-associated IRDs in a large cohort of Italian subjects
(n = 43) from nine Italian Referral Centers with expertise
in IRDs. Given the absence of a national epidemiological
registry, this study represents the first attempt to assess the
figures of RPEG5-associated IRDs in Italy. The data avail-
able at the Coordinating Centre, which identified the highest
number of patients, suggested that RPEG5 cases account for
about 10% of the LCA/EOSRD in the Italian population (26
cases of approximately 250 LCA/EOSRD patients). This inci-
dence is consistent with estimates from other cohorts with
a reported range of 4% to 15%.6%~%°

The review of clinical diagnosis in the Italian cohort
confirmed that RPEG5 mutations are associated with a
common phenotype (e.g., severe rod dysfunction, detectable
cone function, structural-functional dissociation, relative
fovea sparing despite abnormal acuities, scarcity of pigmen-
tary change in the early disease stage, whitish deposits,
RP-like fundus appearance later in life)*’~% with a spec-
trum of disease severity, that ranges from a mild form,
clinically diagnosed as congenital stationary night blind-
ness, to a severe one, diagnosed as LCA. Moreover, the
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Ficure 5. Time-to-event analysis for low vision, i.e., 20/400 < BCVA in the better-seeing eye < 20/60, (A) and blindness, i.e., BCVA in the
better-seeing eye < 20/400, (B) based on longitudinal observations (n = 35; mean follow-up period: 5.0 + 4.5 years; median, 4.6 years;
range, 1-18 years) in the study sample stratified according to genotype.

majority of patients had an intermediate form termed as
EOSRD, whereas fundus albipunctatus, a form of congen-
ital stationary night blindness, was diagnosed only in two
Italian patients who had a similar retinal phenotype to
the cases previously described.®~'%4 Differently from other
studies,?7° we did not diagnose any case of cone-rod dystro-
phy.

With regard to visual function, we observed considerable
variability in BCVA between patients, particularly in the first
decades of life. Moreover, BCVA was better in our study
sample compared to the two largest published cohorts*?43
in which all patients over 40 years of age were blind accord-
ing to the WHO criteria for visual acuity (i.e., <20/400 in
both eyes). Specifically, at the age of 41.4 years, only 50%
of our patients were blind. Also, VF evaluation and ERG
responses suggested a better preserved retinal function in
our cohort compared to the one described by Pierrache et
al.”® The latter had a younger median age of low vision based
on VF compared to our cases (i.e., third vs. fourth decade
of life) and a lower percentage of detectable ERG responses
compared to our cohort (i.e., 13.8% vs. 23.5%). Finally, we
observed a transient improvement of BCVA in some pedi-
atric subjects, which may be attributed to the maturation of
their visual system and overall development (e.g., collabora-
tion during evaluation session, attention span, better ability
to perform symbol recognition test), as well as to improved
functional vision after visual rehabilitation, as suggested by
previous studies.#2-%3

Slit lamp and fundus evaluation revealed that structural
abnormalities (e.g., lens opacity, retinal vessel attenuations,
retinal pigments) also increase with age. In particular, as
previously suggested,® signs of retinal degeneration, such as
bone spicule pigmentation and RPE atrophy, become appar-
ent only in the second decade of life or later.

Unlike BCVA and VF assessments, very few patients
performed OCT measurements with the same equipment
during the follow-up visits, limiting the analysis of the reti-
nal layer changes. In this regard, it is often difficult to obtain
good-quality scans in patients with poor visual function and

severe nystagmus. Nevertheless, the cross-sectional analy-
sis of the pooled data obtained by Spectralis and HD-Cirrus
OCTs showed a statistically significant effect of age on CFT,
suggesting a progression of the retinal degeneration over
decades. The available scans confirmed that retinal archi-
tecture in the macular region was mostly preserved during
childhood with an excellent agreement between different
observers. A markedly reduced CFT (i.e., <100 pm), which
precludes surgical treatment with Voretigene Neparvovec,’!
was observed in only six patients (19.3%) who were 35 years
old or older. Therefore, although the treatment should be
performed as early as possible to achieve the maximum
benefit,”? our data suggest that the intervention window for
subretinal gene therapy may be extended also to the third
decade of life.

Almost all patients (57 of 60) carried biallelic, high confi-
dence “pathogenic” or “likely pathogenic” variants in RPEG5
(Fig. 3C). Only three subjects were compound heterozygotes
for a variant of “uncertain significance” (VUS) and a “(likely)
pathogenic” variant. Given that these three patients have
a phenotype that is highly specific for the RPEG5 disease
and had performed a comprehensive molecular analysis that
excluded the causative role of other genes, we strongly
believe that these VUS likely represent bona fide pathogenic
variants. In particular, the c.446C>A (p.Thr149Asn) vari-
ant is classified in the human gene mutation database as
a likely pathological mutation.”> Moreover, the c.253C>T
(p-Arg85Cys) variant has a pathogenic computational verdict
in Varsome,”® considering the 12 pathogenic (vs. no benign)
predictions from in silico tools. Finally, after a manual imple-
mentation of the ACMG criteria, the variant p.Thr153Arg was
classified as “likely pathogenic” because a different substi-
tution of the Thr153 residue (p.Thr153Ala) was previously
reported as pathogenic (PM5)’? (Table 4).

Of the 43 variants identified in this study, more than
half were predicted to cause missense amino acid changes
(Fig. 3B). This is consistent with the high prevalence of
RPEG5 missense mutations in variant repositories (reviewed
by Aoun et al® and described in other cohorts®®%). Two
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of the identified missense variants (c.94G>T; p.Gly32Cys
and c.1445A>T; p.Asp482Val) involved canonical splice sites
and were likely to interfere with normal splicing. The most
frequently detected variations in the entire cohort (n = 8)
were the splicing variant c.114+5G>A’% and the missense
variant ¢.271C>T (p.Arg91Trp)62 (Table 3). Although the
latter was previously described as a hypomorphic allele,
associated with low but substantial levels of both RPE65
and 1l-cis-retinal in a murine model,”> we observed a
severe phenotype in two unrelated patients (P5 and P19)
homozygous for this variant, who had a clinical diagno-
sis of LCA, nystagmus, keratoconus, light perception, and
nondetectable ERG at the study baseline (at 32 and 43 years,
respectively). Their clinical presentation was quite similar to
the three siblings, homozygous for the same variant, recently
described by Magliyah et al.,*> who reported nystagmus and
nondetectable ERG in all the siblings and light perception
in two patients (at the age of 32 and 36 years), whereas
the third cases had a slightly better visual acuity (20/100 at
34 years). Finally, the two patients diagnosed with fundus
albipunctatus (P59, P60) were compound heterozygotes for
missense variants, one of which (c.982C>T) was previously
reported in a patient with the same diagnosis.'

Differently from the Dutch cohort,® the three pairs of
siblings in the Italian cohort did not show a relevant intrafa-
milial variability in terms of either visual function or retinal
phenotype. Moreover, the analysis of interfamilial variabil-
ity shows only a significant difference between the cases
homozygous for the variant ¢.762G>T; p.Glu254Asp (.e.,
patient 11 and patient 18), because the younger patient
showed a more severe phenotype, classified as LCA with an
earlier disease onset and a worse visual acuity compared
to the older case, who received a clinical diagnosis of
EOSRD.

Previous studies did not show any relevant genotype-
phenotype correlation.>~# Conversely, we show a signifi-
cant correlation between visual function and the number
of LoF alleles. Specifically, we found that patients with
no LoF variants (group A) had a better preserved visual
acuity and ERG responses compared to those with two LoF
alleles (group C). In particular, group A patients reached
on average low vision about 15 years later than group C
patients. Our results are in line with the findings observed on
static full-field perimetry by Kumaran et al.,’® who reported
that subjects with at least one LoF variant showed greater
progressive loss of retinal sensitivity in the second decade
of life than those without. In addition, we observed that the
absence of nystagmus and RP fundus are more frequent in
group A patients (about 50% and 70%, respectively), whereas
about 70% of group C patients presented salt-and-pepper
dystrophy and nystagmus.

Our study has some limitations mainly related to its retro-
spective design. First, there are differences in the follow-
up time and visit frequency among patients. Second, some
examinations, particularly the OCT, could not be consistently
performed across the cohort because of severe nystagmus
and patient compliance. Moreover, the spectral domain OCT
was not available in earlier visits. Finally, not all patients
were willing to be re-examined in follow-up visits. That
notwithstanding, given the rarity and the clinical features
of the disease, the study design seems the most appropri-
ate for this patient population, in line with previous stud-
ies.i%3 In particular, the involvement of several centers is
required because of the rarity of the disease, although this
led to significant issues about quality of data and compara-

IOVS | February 2022 | Vol. 63 | No.2 | Article 13 | 10

bility of findings observed with different equipment, partic-
ularly concerning OCT acquisition. To improve the quality
of data, we implemented an ad hoc eCRF with capability to
collect imaging and reviewed all data, including imaging, at
a single center that acted as the reading center.

In conclusion, our data delineate the natural course of
IRDs in a cohort with biallelic mutations in RPEG5, confirm-
ing the spectrum of retinal phenotypes that range from LCA
to fundus albipunctatus. We observed for the first time a rele-
vant genotype-phenotype association, showing that patients
who do not harbor any LoF variants have a better visual
acuity, a better preserved ERG, and are more likely to show
no nystagmus, and RP fundus. Our findings provide useful
information to improve the clinical and therapeutic manage-
ment of patients with RPEG5-associated IRD.
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