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Purpose: To describe the clinical characteristics, natural history, genetic landscape, and phenotypic
spectrum of neuronal ceroid lipofuscinosis (NCL)-associated retinal disease.

Design: Multicenter retrospective cohort study complemented by a cross-sectional examination.

Subjects: Twelve pediatric subjects with biallelic variants in 5 NCL-causing genes (CLN3 lysosomal/endo-
somal transmembrane protein [CLN3], CLN6 transmembrane ER protein [CLN6], Major facilitator superfamily
domain containing 8 [MFSD8], Palmitoyl-protein thioesterase 1 ([PPT1], and tripeptidyl peptidase 1 [TPP1T]).

Methods: Review of clinical notes, retinal imaging, electroretinography (ERG), and molecular genetic testing.
Two subjects underwent a cross-sectional examination comprising adaptive optics scanning laser
ophthalmoscopy imaging of the retina and optoretinography (ORG).

Main Outcome Measures: Clinical/demographic data, multimodal retinal imaging data, electrophysiology
parameters, and molecular genetic testing.

Results: Our cohort included a diverse set of subjects with CLN3-juvenile NCL (n = 3), TPP1-late infantile
NCL (n = 5), PPT1-late infantile or juvenile NCL (n = 2), CLN6-infantile NCL (n = 1), and CLN7/MFSD8-late in-
fantile NCL (n = 1). Five novel pathogenic or likely pathogenic variants were identified. Age at presentation ranged
from 2 to 16 years old (mean 7.9 years). Subjects presented with varying phenotypes ranging from severe
neurocognitive features (n = 8; 67%), including seizures and developmental delays and regressions, to non-
syndromic retinal dystrophies (n = 2; 17%). Visual acuities at presentation ranged from light perception to 20/20.
In those with recordable ERGs, the traces were electronegative and suggestive of early cone dysfunction. Fundus
imaging and OCTs demonstrated outer retinal loss that varied with underlying genotype. High-resolution adaptive
optics imaging and functional measures with ORG in 2 subjects with atypical TPP7-associated disease revealed
significantly different phenotypes of cellular structure and function that could be followed longitudinally.

Conclusions: Our cohort data demonstrates that the underlying genetic variants drive the phenotypic di-
versity in different forms of NCL. Genetic testing can provide molecular diagnosis and ensure appropriate disease
management and support for children and their families. With intravitreal enzyme replacement therapy on the
horizon as a potential treatment option for NCL-associated retinal degeneration, precise structural and functional
measures will be required to more accurately monitor disease progression. We show that adaptive optics imaging
and ORG can be used as highly sensitive methods to track early retinal changes, which can be used to establish
eligibility for future therapies and provide metrics for determining the efficacy of interventions on a cellular scale.

Financial Disclosure(s): Proprietary or commercial disclosure may be found in the Footnotes and Disclo-
sures at the end of this article. Ophthalmology Science 2024;4:100560 © 2024 by the American Academy of
Ophthalmology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

Neuronal ceroid lipofuscinoses (NCLs, CLN, and Batten
disease) comprise a group of genetically heterogeneous
lysosomal storage disorders that collectively are the most
common inherited neurodegenerative disorders of childhood.
There are 13 known causative genes, and the mode of in-
heritance for most is autosomal recessive. All forms of NCL
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are characterized by the accumulation of autofluorescent
storage material in neurons, leading to epileptic seizures,
progressive psychomotor retardation, and premature death.’
In the retina, this abnormal accumulation often leads to
generalized photoreceptor disease and profound visual
impairment.”  Neuronal ceroid lipofuscinoses  were
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historically grouped by age of onset, but because the genetic
heterogeneity and the variability of clinical onset, a gene-
based nomenclature has been recently adopted.” Next
generation sequencing technologies have demonstrated that
the wide-ranging age of onset and varied retinal disease
course in NCL are not only due to the causative gene but
more so attributable to specific pathogenic variants. This is
best exhibited by CLN3 disease, which is classically assoc1-
ated with juvenile onset neuronal ceroid lipofuscinosis,”
whereas certain molecular variants can lead to isolated
retinal disease without classic syndromic features.™
Furthermore, classic retinal disease phenotypes in patients
with NCL have been associated with complete loss of
function for most genes; however, hypomorphic variants
can give rise to attenuated disease or distinct phenotypic
subtypes of disease. Thus, the understanding of genotype-
phenotype correlations for NCLs is important for accurate
diagnosis, disease surveillance, and proper management. This
is especially true for elucidating the varied effects different
genetic variants can have on retinal disease progression.

Salient biomarkers of retinal disease, such as bull’s eye
maculopathy, are evidenced with fundus autofluorescence,’
whereas loss of photoreceptors is better visualized with
OCT where the integrity of the outer segment layers serve
as a surrogate of disease status. However, because of the
relatively coarse resolution, these modalities lack the ability
to capture subtle cellular-level structural changes. Functional
decrements in disease are best identified from electroreti-
nography (ERG),” where electronegative ERGs can be seen in
patients with NCL.” However, a majority of NCL subjects
exhibit severely depressed or undetectable ERGs by the
time they are evaluated. Furthermore, functional measures
such as ERGs, conventional microperimetry, and visual
acuity are aggregate and imprecise measures of
photoreceptor health that lack spatial resolution; thus, more
cellular-scale sensitive measures are required to assess the
functional decline.'” Recently, noninvasive approaches
consisting of adaptive optics scanning laser ophthalmoscopy
(AOSLO)'' and  optoretinography ~ (ORG)'”  have
demonstrated structural and functional characterization of
photoreceptors at single cell resolution.'” The ability to
assay the same cellular loci reproducibly over time provides
more sensitive measures of disease progression and would
provide novel insight into retinal diseases.

In this work, we describe a cohort of 12 subjects with
pathogenic or likely pathogenic variants in 5 NCL-causing
genes (CLN3, TPPI1, PPTI, CLN6, and MFSDS8) that were
seen at 2 large tertiary care children’s hospitals. This cohort
of subjects exhibit a wide range of retinal disease features,
including some subjects with seemingly isolated retinal dis-
ease and absent (or minimal) extraocular symptoms as well
as subjects with classic systemic presentations including
seizures, developmental regression, and neurocognitive de-
lays. We report specific genetic variants that are associated
with more mild retinal phenotypes. Moreover, we show that
adaptive optics-based imaging of subjects with hypomorphic
disease variants can reveal cellular-level changes in the retina
at different stages of disease and thus provides a more ac-
curate biomarker to monitor disease progression. Overall, this
study aims to provide further insight into the phenotypic and
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genetic spectrum of NCL to better understand retinal mani-
festations of this complex syndromic disorder.

Methods

Subject Identification and Record Assessment

Patients harboring biallelic pathogenic variants in NCL-associated
genes were identified from Seattle Children’s Hospital and Chil-
dren’s Hospital Los Angeles. This retrospective study was approved
by the institutional review boards at Seattle Children’s Hospital and
Children’s Hospital Los Angeles and adhered to the tenets of the
Declaration of Helsinki. Ophthalmic medical records including
best-corrected visual acuity (BCVA), slit lamp exam, dilated fundo-
scopic exam, ERG testing, OCT, and fundus imaging were reviewed.
Disease features such as age at symptom onset and age at diagnosis
were also noted. Enzyme testing to document deficiencies of PPT1
and TPP1 were reviewed. Molecular genetic testing from Clinical
Laboratory Improvement Amendments-certified laboratories for each
subject was reviewed as well. Full-field ERG testing was performed
using a Ganzfeld bowl and lower eyelid skin electrodes in awake cases
or corneal electrodes in anesthetized cases according to protocols
adapted from the International Society for Clinical Electrophysiology
of Vision standards.'*

Adaptive Optics Imaging and Optoretinography

Two siblings (subjects 7 and 8) with TPPI-associated NCL
participated in the cross-sectional component of the study. Tropi-
camide 1% ophthalmic solution was used for cycloplegia for retinal
imaging of both subjects. The research imaging was approved by
the University of Washington institutional review board, and all
subjects signed an informed consent before their participation and
after the nature and possible consequences of the study were
explained. All procedures involving human subjects were in
accordance with the tenets of the Declaration of Helsinki.

Two different imaging paradigms were used, each aimed at
assessing structure and function with high resolution and sensitivity.
First, a previously described AOSLO'? instrument was used to image
the central 5 by 2 degrees of temporal retina with image focus set to
the photoreceptor layers in order to resolve individual cones. At each
eccentricity, 2 to 3 videos of 5 second duration and 1 degree field of
view were acquired. These videos were registered to compensate for
eye movements and generate a high signal-to-noise ratio image.
These images were montaged using an open-source tool.'® Regions-
of-interest of size 100 x 100 pwm were selected, and cones were
counted in each region of interest for subject 8.

Optoretinography was then conducted with subjects’ fixation
centered at 2.5 degrees temporal eccentricity, in overlap with the
acquired AOSLO montage for subject 8. Optoretinography is a
noninvasive imaging paradigm whereby optical changes in the cone
outer segment length in response to a light stimulus provides a direct
correlate for phototransduction.'®'”'® The ORG acquisition and
analysis paradigm followed previously published procedures'’
using a coarse-scale ORG instrument with OCT volumes S};anning
5 by 3 degrees of the retina, acquired using a line-scan OCT'” after 1
minute of dark-adaptation and a 520-nm stimulus flash. The nominal
photon density is based on a nominal eye (24-mm axial length,
7-mm pupil size) of 14.0 x 10° photons/micron” and a stimulus
duration of 32 Is. The photon density of subject 8 was 18.8 x 10°
photons/rnlcron and the age-matched control’s photon density was
16.8 x 10° photons/micron” after calculations. The subjects’ pupil
size and axial length, in addition to the stimulus strength at the
cornea, were used to calculate stimulus photon density at the retina
(photons/square micrometer). Optical phase change in response to
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the light stimulus was calculated in the cone outer segment from the
difference in phase between the 2 ends of the inner-outer segment
function and cone outer segment tips and converted to changes in
optical path length (AOPL). The variation in AOPL was assessed as
a function of eccentricity.

Statistical Analysis

Qualitative data such as patient demographics are summarized in ta-
bles. For quantitative data assessment, the mean along with error bars
calculated from a 95% confidence interval are presented. Differences
between control and NCL cone density measurement at a specific
eccentricity were assessed with a  test and considered significant if P
values were <0.05. All analyses were performed using R Studio.

Results
Genotypic Determinants of Phenotypic Features
of Juvenile CLN3-Related NCL

CLN3-associated NCL is the most common and best studied
in the context of retinal disease.” Three subjects in our

cohort harbor pathogenic variants in CLN3 (Table 1). Two
of the subjects (subjects 1 and 2) exhibited typical
systemic findings of NCL, such as seizure disorder,
whereas the third (subject 3) had isolated retinal disease
consistent with retinitis pigmentosa (Fig 1). Subjects 1 and
2 presented for clinical evaluation by age 10 for poor
vision, with BCVA measurements in the 20/250 to 20/500
range. Initial examination findings were consistent with a
rod-cone dystrophy (Fig 1A). Over the course of follow-
up, both had significant visual decline to count fingers/
hand motions visual acuity. In contrast, subject 3 presented
at age 15 with complaints of nyctalopia with BCVA of 20/
25 and constriction of visual fields in both eyes. Ocular
exam revealed bone spicule pigmentation and attenuated
retinal vessels with OCT imaging indicative of outer retinal
atrophy but with foveal sparing (Fig 1B). At the most recent
visit, 8 years since the initial diagnosis, subject 3 did not
exhibit any syndromic features suggestive of NCL and
BCVA and retinal examinations have been stable.

All 3 subjects were found to harbor 2 pathogenic variants
in the CLN3 gene (Table 2). Genetic testing revealed that

Table 1. Clinical Features at Presentation to Ophthalmology

Age* Gene Enzymatic

ID# (Years) Sex Affected  Activity  Clinical Exam and Imaging Findings

1 9 M CLN3 n/a RPE mottling, hypo- and
hyperautofluorescence on FAF,
diffuse photoreceptor loss on OCT

2 10 F CLN3 n/a RPE mottling, hypoautofluorescence
on FAF, diffuse photoreceptor loss
on OCT

3 15 F CLN3 n/a Bone spicule pigmentation

4 6 M TPPI NR Mild optic disc pallor, mild myopia

5 4 F TPP1 ~3% Mild optic disc pallor, perifoveal
darkening, pigmentary changes in
peripheral retina and along
arcades, myopia with astigmatism

6 3 F TPPI1 Absent Optic disc pallor, bulls eye
maculopathy, attenuated vessels,
peripheral nonperfusion and
atrophy, myopia with astigmatism

7 2 M TPPI 5%—9% RPE mottling, bulls eye maculopathy

8 16 F TPP1 8%—11%  Central macula
hyperautofluorescence on FAF

9 12 M PPT1 27% Blunted foveal light reflex,
attenuated retinal vessels, retinal
atrophy, hyperautofluorescence
around fovea

10 8 M PPTI Absent Few hypopigmented deposits in
macula, blunted foveal light reflex,
central hypoautofluorescence with
surrounding hyperautofluorescence

11 4 CLN6 n/a Esotropia, hyperopia, astigmatism,
nystagmus

12 5 M MESDS8 n/a Optic disc pallor, blunted foveal light

reflex, attenuated vessels, atrophic
peripheral retina

Snellen VA (OD, OS)

20/250, 20/250

8/200, 7/200

20/25, 20/25

LP with “good
fixation”

20/260, 20/380

Unable to test
monocular vision

20/30, 20/25
20/20, 20/20

20/80, 20/63

20/100, LP

LP with “poor grimace

to light”
20/260, 20/380

Extraocular Features

Seizures

Seizures

None

Present, but NR

Epilepsy, developmental regression

Seizures, developmental regression
including worsening gait and
inability to grip food

Cognitive delays, poor coordination,
dyslexia, tremors

History of failure to thrive, mild
neutropenia

Developmental delay, learning
disability, sleep disturbances,
microcephaly

None

Present, but NR

Neurocognitive decline, seizures,
dysphagia

FAF = fundus autofluorescent imaging; LP = light perception; NR = not reported; OD = right eye; OS = left eye; RPE = retinal pigmented epithelium;
VA = visual acuity.
*Age at presentation to ophthalmology for clinical evaluation.
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Figure 1. CLN3-related neuronal ceroid lipofuscinoses can exhibit extraocular and isolated retinal findings. A, In subject 1 with systemic features of disease,

there are extensive bone spicule-like pigmentary changes on fundus imaging with fundus autofluorescence demonstrating widespread hypoautofluoresence
(white arrows). In contrast, in (B) subject 3 the OCT images demonstrate loss of outer segments with relative foveal preservation with a thickened external

limiting membrane. Fundus photos show peripheral bone spicules (white arrows) and fundus autofluorescence shows bulls eye hyperautofluorescence in the

macula (yellow arrow).

both subjects 1 and 2 harbored a splice region variant
c.1254+5G>A in intron 2 of CLN3. This variant was
homozygous in subject 1 and compound heterozygous in
subject 2, occuring in trans with a truncating variant,
c.597C>A, p.Tyrl99*. Genetic testing of subject 3
revealed a heterozygous missense variant, c.1213C>T
(p-Arg405Trp) in trans with a large deletion encompassing
exons 8 and 9 in the CLN3 gene.

Phenotypic Variability of TPP7-Related NCL Is
Associated With Functional Effects of
Disease-Causing Variants

Subjects 4, 5, and 6 were all referred to the ophthalmology
clinic by age 6 for decreased visual behavior with extraocular
features consistent with NCL. Fundus examination findings
of all 3 subjects revealed optic nerve pallor, peripheral retinal
pigmentary changes as well as macular pigmentary findings
suggestive of bull’s eye maculopathy. Electroretinograms
were performed in subjects 5 and 6 within 1 year of initial
ocular evaluation. Subject 5 had a more severely extinguished
ERG recording (Fig 2A) compared to subject 6, but both
subjects exhibited reduced b-wave resulting in an
electronegative ERG. Because in subject 6 the ERG
waveforms were more preserved, it was noted that the
electronegative traces were more prominently noticeable
under photopic conditions suggestive of early cone
dysfunction and their associated bipolar cell pathways. The
photopic ERG also demonstrated that, with increasing flash
intensities, the a-wave increased, whereas the b-wave was
prolonged, further suggesting early involvement of the cone
bipolar cells (Fig 2A).

4

Genetic testing for subject 4 revealed a homozygous
pathogenic variant in the 7PPI gene c.1497delT
(p-Gly501Alafs*18) (Table 2), which disrupts a region of the
TPP1 protein in which other variant(s) (i.e., p.Trp542*) have
been determined to be pathogenic.'” Subjects 5 and 6 were
homozygous for the same splice acceptor variant in the
TPP1 gene (c.509-1G>C), which is one of the most
common TPPI pathogenic variants worldwide.”' Follow-up
TPP1 enzyme activity analysis in leukocytes revealed low
residual TPP1 enzyme activity in subject 5 (~3%) and
absent TPP1 enzyme activity in subject 6 (Table ).

Comparatively, subjects 7 and 8 presented for ophthalmo-
logic evaluation at much later ages (15 and 16 years of age,
respectively) with near normal BCVA at initial ophthalmo-
logic evaluation. Subject 7 had onset of neurological
symptoms at 2 years of age, including cognitive delays, poor
coordination, dyslexia, and tremors and was initially diagnosed
with spinocerebellar ataxia 7 because of lack of ocular findings
at the time of diagnosis. Worsening visual acuity over time
prompted referral to an ophthalmologist at age 15. The initial
dilated fundus exam was notable for bull’s eye maculopathy in
both eyes. Multimodal retinal imaging was further supportive
of outer retinal loss in the macula with foveal sparing (Fig 2B,
C). Electroretinography recordings of subject 7 revealed
normal scotopic traces but mildly subnormal photopic
waveforms, amplitudes, and latencies (Fig 2A). These ERG
findings were suggestive of early cone photoreceptor
dysfunction. In contrast, subject 8, who is the younger
sibling of subject 7, did not exhibit any structural retinal
disease features at age 15 (Fig 2B, C) with no functional
decrements, as evidenced by normal scotopic and photopic
ERG traces (Fig 2A).
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Table 2. Genetic Testing Results of NCL Cohort Subjects

ID Gene Coding Change Protein Change

1 CLN3 c.125+5G>A

2 CLN3 c.125+5G>A
c.597C>A p.Tyr199*

3 CLN3 c.1213C>T p.Arg405Trp
Ex8_9del

4 TPPI c.1497delT p.Gly501Alafs*18

5 TPPI c.509-1G>C

6 TPPI c.509-1G>C

7 TPPI1 c.837C>G p. Tyr279*
c.508+4A>G

8 TPPI c.837C>G p-Tyr279*
c.508+4A>G

9 PPTI c.236A>G p-Asp79Gly

10 PPTI c.29T>A p-LeulO*
c.749G>T p-Gly250Val

11 CLN6 c.247dup p-Asp83Glyfs*49

12 MFSD8 c.1217_1218dup p.Trp407Profs*8
Ex11_13del

NCL = neuronal ceroid lipofuscinoses.
fApproximate based on short-read clinical sequencing.

Subjects 7 and 8 both harbored a heterozygous truncating
variant (c.837C>G, p.Tyr279%) and a heterozygous novel
intronic variant (c.508+4A>G) in the TPP1 gene,
confirmed in trans by parental testing. Following genetic
testing, TPP1 enzyme activity was used to confirm the
pathogenicity of the novel intronic variant,”® which revealed
decreased TPP1 activity at 5% to 9% in dried blood spots
forsubject 7 and at 8% to 11% in leukocytes for subject 8.

Genotypic Determinants of Phenotypic Features
of Late Infantile PPT7-Related NCL

There were 2 subjects in our cohort with PPT]-associated
disease, which is associated with late infantile neuronal ceroid
lipofuscinosis 1 (CLN1) disease.”’ Both had genetically
confirmed disease, yet only subject 9 had syndromic
features of PPTI-associated NCL. Subject 9 had a history
of microcephaly at birth, delayed speech, learning and
motor milestones at the age of 2 to 3 years and sleep
disturbances starting at the age of 8 to 9 years. This subject
also had difficulties in school and increasing issues with
memory, impulse control, and attention with age. Enzyme
activity testing revealed approximately 27% residual PPT1
enzyme activity in leukocytes, which is at the low-end of
normal range. At the initial ophthalmology visit, the subject
had reduced BCVA and examination findings were consistent
with bull’s eye maculopathy (Fig 3A). The initial ERG
performed under sedation was consistent with generalized
photoreceptor dysfunction. Serial OCT scans over a course
of a year demonstrated decrease in the ellipsoid zone band
width, consistent with worsening disease (Fig 3A). Genetic
testing for subject 9 revealed a pathogenic homozygous
loss-of-function variant ¢.236A>G (p.Asp79Gly), which
has been reported to cause reduction of palmitoyl-Coenzyme
A hydrolase activity by approximately 90%°° and has been
observed in cases of juvenile-onset CLN1 disease.

GRCh38 (hg38) Coordinates

chr16:28491477-C-T
chr16:28491477-C-T

Classification

Likely pathogenic
Likely pathogenic

Previously
Reported Refs
5,6,19,20

5,6,19,20

chr16:28486427-G-T Pathogenic 21920
chr16:28477620-G-A Pathogenic 56.20
chr16:28486650-28486347del Pathogenic 56
chr11:6614920del Pathogenic 19.21
chr11:6617154-C-G Pathogenic 2
chr11:6617154-C-G Pathogenic 2
chr11:6616710-G-C Pathogenic No
chr11:6617297-T-C Likely pathogenic No
chr11:6616710-G-C Pathogenic No
chr11:6617297-T-C Likely pathogenic No
chr1:40092171-T-C Pathogenic 19,22,23
chr1:40097210-A-T Pathogenic 19,2425
chr1:40076891-C-A Likely pathogenic 19,22,23
chr15:68214340dup Pathogenic No
chr4:127921656dup Pathogenic No
chr4:127921963-127920630del Pathogenic No

Subject 10 developed symptoms of bilateral retinal degen-
eration with cystic macular changes in the right eye without
systemic features at presentation at the age of 7 years (Table 1).
Enzymatic activity testing of PPT1 on dried blood spots revealed
absent enzyme activity. At the time of initial ophthalmology
visit, the BCVA was noted to be 20/125 in the right eye with
no light perception vision in the left eye. Dilated examination
revealed macular dystrophy with bull’s eye findings. This was
consistent with fundus imaging showing small deposits in the
macula with central hypoautofluorescence with surrounding
hyperautofluorescence signals in both eyes with fundus
autofluorescence imaging (Fig 3B). Serial OCT scans over the
course of a year revealed decrease in the ellipsoid zone band
width with increased hyperreflective foci (Fig 3B).
Electroretinography demonstrated severe rod degeneration and
residual cone function in both eyes. At the most recent visit 3
years after initial symptom onset, the subject continued to
have a predominantly retinal phenotype with limited
neuropsychological deficits in verbal and fluid reasoning and
fine motor skills. The subject had no other concerns of
coordination issues, tremor, or falls. Genetic testing revealed 1
pathogenic variant ¢.29T>A (p.Leul0*), which is predicted to
cause truncation or nonsense mediated decay of the PPT1
protein,”* and 1 likely pathogenic variant c.749G>T
(p.Gly250Val), which is predicted to lead to a small
conformational change that does not affect the active site of
the PPT1 protein, thus in theory retaining some enzyme
activity.”

Genotypic Determinants of Phenotypic Features
of CLN6-Related NCL

The CLN6 gene is associated with late-infantile, juvenile,
and adult-onset forms of NCL.”’ The presenting feature of
many CLN6-related NCL cases is motor impairment,

5
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Figure 2. The genotypic determinants of phenotypic features of TPPI-related

neuronal ceroid lipofuscinoses. A, electroretinographys of subjects 5 and 6

demonstrated attenuated traces compared to subjects 7 and 8. In subject 6 there is a characteristic electronegative electroretinography in the photophic
traces (light adapted 3.0). In both subjects 6 and 7 there are features of early cone bipolar cell dysfunction with photopic b-wave prolongation. B, OCT scans
of subjects 5 and 6 were done using a handheld system that shows focal disruption in the fovea. In subject 7 there is patchy loss of the retinal layers with
patchy areas of hyperreflective foci (yellow arrowheads) whereas the OCT in subject 8 shows more preserved foveal architecture with lack of hyperreflective
foci. C, Fundus photos show bull’s eye pattern of hyperautofluorescence (yellow arrows) in subject 7 whereas subject 8 has only focal area of hyper

autofluorescence at the fovea (yellow arrows).

followed by speech impairment, ataxia, and neurologic
deterioration. The visual symptoms for CLN6-related
NCL, when present, can range from mild signs of retinal
degeneration, including optic nerve pallor and vascular
thinning, to bull’s eye maculopathy or even severe
macular and retinal pigment epithelium degeneration.”

Subject 11 initially presented to the ophthalmology clinic
at 4 years of age with a prior clinical diagnosis of NCL due
to systemic symptoms. The BCVA at time of referral was
noted as light perception with a poor grimace to light by the
referring provider. This subject’s visual impairment pro-
gressed to no light perception vision by the time of
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Subject 9

Initial visit

Subject 10

Initial visit

Figure 3. Genotypic variants of PPT1 can lead to differential retinal phenotypes and progressive features. A, In Subject 9 with classic systemic features of
neuronal ceroid lipofuscinoses, the exam was consistent with a bulls eye maculopathy as evidenced on fundus autofluorescence (white arrow). Over the
course of 1 year follow-up, OCT findings showed progressive loss of the outer retinal layers which correlated with decline in best-corrected visual acuity. B,
In subject 10 with more isolated retinal findings and genotypic findings consistent with granular osmiophilic deposit, the exam was again consistent with a
bulls eye maculopathy as evidenced on fundus autofluorescence (white arrow), but OCT findings were most notable for almost total loss of the outer retinal
bands with hyperreflective foci in the fovea that progressively enlarged over the course of 12 months (yellow arrows).

ophthalmology follow-up visit and a thorough dilated
fundus examination was challenging, and clinical retinal
imaging could not be obtained. Genetic testing for Subject
11 revealed a novel homozygous frameshift variant in
CLNG6, specifically c.247dupG, p.Asp83Glyfs*49. This
variant lies in exon 3 of 7, where a number of missense
variants, as well as at least one other frameshift variant, have
been previously reported as pathogenic,’’ and is absent from
large population databases such as gnomAD and ClinVar. In
silico analyses predict that this variant is expected to lead to
nonsense-mediated decay and loss of gene function.

Genotypic Determinants of Phenotypic Features
of Late Infantile CLN7/MFSD8-Related NCL

The final patient in our cohort, subject 12, harbored com-
pound heterozygous variants in the MFSDS8 gene, which is
associated with a rare subtype termed variant late-infantile
neuronal ceroid lipofuscinosis type 7.°> Subject 12
developed speech impairment, loss of balance, myopic
astigmatism, and seizures between the ages of 1 and 5
years, consistent with classic CLN7 presentation.'”** The
subject was referred to ophthalmology at the age of 5
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because of worsening vision, causing the subject to run into
objects. At the initial visit, BCVA was 20/260 in both eyes
and a dilated fundus examination demonstrated optic disc
pallor along with a blunted foveal light reflex, attenuated
retinal vessels, and peripheral retinal atrophy in both eyes.
These features were also demonstrated on OCT scans.
During follow-up visits over the course of 1 year, the
patient was noted to have worsened vision and significant
neurocognitive decline. An ERG under sedation demon-
strated very low to unrecordable traces in both eyes under
both scotopic and photopic condition.

Genetic testing for subject 12 revealed 2 pathogenic
heterozygous variants in the MFSDS8 gene: a frameshift
variant in exon 12 (c.1217_1218dup, p.Trp407Profs*8) and
a large deletion encompassing exons 11—13 (Ex11_13del),
which are the last 3 exons of the gene. Both of these variants
are absent from gnomAD. The MFSDS8 c.1217_1218dup
variant (ClinVar ID 1074681) creates a premature trans-
lational stop codon in the penultimate exon of the MFSDS8
gene, which is predicted to result in an absent or disrupted
protein, which is an established disease mechanism.'** The
Ex11_13del variant is absent from ClinVar and is in a
region that would disrupt the C-terminus of the protein,
where other variants have been shown to be pathogenic.”

High-Resolution Imaging Reveals Precise
Cellular Level Changes in Disease

The coarse cellular level detail of conventional clinical retinal
imaging systems makes it difficult to discern subtle changes
with longitudinal imaging. In our cohort we had 2 subjects
(subjects 7 and 8 with TPPI-related disease) that had rela-
tively mild retinal phenotype without seizures that could
comply with high-resolution retinal imaging. Longitudinal
clinical imaging of subject 7 over the first year of follow-up
revealed no change on clinical examination or multimodal
retinal imaging, yet there was reported subjective worsening
of visual acuity and functional vision. In comparison, longi-
tudinal clinical imaging of subject 8, who did not report any
visual symptoms over the same time span, revealed stable
retinal findings as well. To better evaluate more cellular level
changes in both subjects, we carried out AOSLO and ORG to
more precisely track photoreceptor degeneration.

Although both siblings have the same pathogenic variants
in TPPI, AOSLO imaging revealed dramatically different
structural phenotypes. Subject 7 did not have normal cone
structures, as evidenced by a cone mosaic that was severely
disrupted with isolated patches of discernible cone reflections
(Fig 4B, consistent with photoreceptor degeneration observed
on OCT (Fig 4C). In contrast, subject 8 had preserved cone
structure in AOSLO and intact outer retinal bands in OCT
(Fig 4E, F, respectively) subject 8’s variation of cone density
versus eccentricity was comparable to normal controls at an
age when Subject 7 had already started to exhibit retinal
degeneration (Fig 5). Cone density measurements were not
possible in subject 7 because of the level of degeneration
seen within the cone mosaic. Rather, bright streaks in
AOSLO and on the Heidelberg OCT were observed,
possibly corresponding to the intracellular accumulation of
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lysosomal storage material or to reflections from the retinal
pigment epithelium and choroid layers (Fig 4B, C).

To understand whether the normal cone structure in
subject 7 was consistent with normal function, ORG was
acquired in the same retinal area. Optoretinography was
unable to reliably be performed for subject 7 because of
severe degradation of the photoreceptor outer segment
layers. The ORG response is measured as the change in
optical path length after stimulus onset, and, in normal
controls, this measure increases exponentially before satu-
rating. The same behavior was seen in subject 8’s ORG, and
her responses were comparable to controls (Fig 6). Both in
controls and subject 8, the ORG response decreased with
eccentricity in a similar manner, attributable to a decrease
in cone OS length. Follow-up course scale ORG of
subject 8 done 9 months later at the same retinal locations
demonstrated no discernible change in ORG metrics of cone
functionality.

Discussion

This report provides new insight into how individual ge-
notypes can influence phenotypic features of retinal disease
in different forms of NCL (Table 1). Our cohort included a
diverse set of subjects with CLN1, CLN2, CLN3, CLNG6,
and CLN7 disease. CLN1, CLN2, and CLN3 disease,
encoded by the PPTI, TPPl1, and CLN3 genes,
respectively, are the most common among the pediatric
population.” Reflecting this disease prevalence, 10 of 12
of our subjects had molecular confirmation of either
homozygous or compound heterozygous pathogenic or
likely pathogenic variants in PPT1, TPP1, and CLN3.
Additionally, 5 novel pathogenic or likely pathogenic
variants were identified in this cohort, including TPPI
c.837C>G (p.Tyr279%), TPP1 c.50844A>G, CLN6
c.247dup (p.Asp83Glyfs*49), MFSDS c.1217_1218dup,
and MFSDS exon 11—13 deletion (Table 2).

Understanding the genetic contributions to disease can have
important retinal implications that can help guide the clinician.
In certain cases, it may differentiate between a classic, multi-
systemic NCL presentation and a more isolated retinal
phenotype. In CLN3 disease, the second causative variant can
determine disease severity. The CLN3 Ex8_9del variant
identified in subject 3 is the most common causative variant for
CLN3 and is found in >90% of affected individuals.” When it
is in trans with a second severe variant the subject can
experience earlier-onset disease with rapid progression,*
whereas when it is in trans with a less severe variant, a
milder disease course and even an isolated, nonsyndromic
retinal phenotype can be observed.” In subject 3, the second
variant was a missense variant that is thought to retain some
residual functionality resulting in hypomorphic function.
Quantitative PCR for a reported patient with the same 2
variants in CLN3 as Subject 3 (Ex8_9del and p.Arg405Trp)
revealed approximately 50% normalized relative quantity of
CLN3 expression compared to wild type.” Of note, this
reported patient was below the age of 40 at the time of the
report and had no extraocular involvement at the time of
publication, similar to subject 3.
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Figure 4. Adaptive optics imaging of siblings with atypical, late-onset TPPI-related neuronal ceroid lipofuscinoses. Fundus auto-fluorescence images of
subjects 7 and 8, respectively, are shown in panels (A) and (D) with overlain corresponding adaptive optics scanning laser ophthalmoscopy (AOSLO)
(yellow box) and OCT b-scan (green line) locations. Panels (B) and (E) show AOSLO confocal montage images vertically (foveal center marked with
asterisk) aligned to OCT b-scans in panels (C) and (F), respectively. The streaks of the cone mosaic in AOSLO images of subject 7 in panel B correlated to
the disrupted outer segment region on OCT (yellow arrowheads). Comparatively, a well ordered cone mosaic on AOSLO in subject 8 corresponds to well

preserved outer segments seen on OCT.

Similarly, in those with PPT[-associated NCL, the severity
of variants and their allelic architecture can dictate the age of
onset of potential extraocular features. In those such as subject
10, who harbored a nonsense mutation in trans with a missense

mutation in the PPT1 gene, have previously been diagnosed
with variant juvenile onset neuronal ceroid lipofuscinosis, also
known as granular osmiophilic deposits.”* Individuals with
variant juvenile onset neuronal ceroid lipofuscinosis/granular
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Figure 5. Adaptive optics scanning laser ophthalmoscopy imaging allows for precise cone density measurement in subject 8. Control values (black circles)
are a running average of 0.35° bins from 7 control subjects. Error bars are the 95% confidence interval. Each subject 8 data point (red triangles) is from a
confocal adaptive optics scanning laser ophthalmoscopy image in the temporal meridian.
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Figure 6. Optoretinography in subject 8 is normal when compared to an age-matched control. A, Line-scan OCT volume was segmented to yield an en face
image at the inner-outer segment junction (left: subject 8, right: control) annuli indicate eccentricities from fovea to 4 degrees temporal. B, optoretinography
(ORG) traces for Subject 8 (left) and control (right) showing comparable response kinetics and amplitude across eccentricity. C, Structure-function maps,
created by combining the OCT structure and ORG function for subject 8 (left) and normal control (right) show a similar trend in ORG response fall-off vs.

eccentricity.
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osmiophilic deposit show variable phenotypes and can have
learning difficulties and seizures in the latter half of the first
and second decade respectively, with rapid regression and
progression to a vegetative state. Subject 10 was 11 years old
at the time of their last visit and, although he did not show
any systemic features, there is a possibility they may develop
other systemic features at a later age. These 2 cases
demonstrate the importance of establishing a genotype-
phenotype correlation and highlight the need for close moni-
toring of potential neurologic symptoms in the future and
emphasize the utility of genetic testing in aiding management
decisions.

In cases of NCL with systemic findings, gene variant
level understanding along with protein level dynamics can
provide more accurate insight into disease progression but
laboratory findings of enzymatic activity may not always
properly predict retinal disease status. Classic TPPI-related
NCL (CLN2) disease is caused by loss-of-function variants
in TPPI and is characterized by seizures and delayed
language development by 4 years of age”' followed by a
rapid decline in cognitive and motor abilities, with
progression of epilepsy and blindness, ultimately leading
to death by the first or second decade of life.’”** The
genetic testing results for subjects 4, 5, and 6 revealed
variants that are consistent with the loss-of-function dis-
ease mechanism (Table 2). In the case of subjects 5 and 6
who both harbored the same genetic variant, the difference
in disease severity highlights that there may be other
factors that drive onset and progression. A deeper
understanding of protein level dynamics can also explain
later onset of symptoms. For example, CLN3-related
NCL typically presents in early childhood with vision
loss between the ages of 4 and 10 years, and progressive
behavioral, cognitive, and neurological dysfunction
occurring shortly thereafter.” Subjects 1 and 2 were
found to have the well-known CLN3 c.125+5G>A
variant, which is predicted to alter splicing.”*”" Evidence
suggests that mis-spliced transcripts in CLN3 encode pro-
teins with partial function leading to a milder disease
course.” This is consistent with the phenotypes observed
in subjects 1 and 2 as they both presented to
ophthalmology with a suspected rod-cone dystrophy at
the ages of 9 and 10 years, respectively, and have minimal
neurocognitive symptoms reported to date. Similarly, sub-
ject 9 presented with neurological symptoms commonly
seen in PPTI-related NCL along with low PPT1 enzyme
activity. The PPTI p.Asp79Gly variant identified in subject
9, despite leading to a large conformational change in the
PPT1 protein, has been shown to result in residual enzyme
activity.””

This work also identified novel disease-causing variants
in subjects with clinical features consistent with CLN6 and
CLN7 disease. In subject 11, the identified novel frameshift
variant (c.247dup, p.Asp83Glyfs*49) resides in exon 3.
Previous work has demonstrated that this exon is a muta-
tional hotspot because multiple missense variants, as well as
at least one other frameshift variant, have been previously
reported as pathogenic®' and is expected to result in a loss of
protein function leading to syndromic disease. In subject 12
with MFSDS8-associated disease, the identified frameshift

variant (c.1217_1218dup, p.Trp407Profs*8) is absent from
large population databases but is present in ClinVar and
predicted to lead to a loss of gene function due to absent
or disrupted protein. The second variant in subject 12 is a
large structural variant leading to deletion of exons
11—13, which is also absent from large population
databases and is not listed in ClinVar, but it resides in a
region that would disrupt the C-terminus of the protein,
which is a region where other variants have been shown
to be pathogenic.”> Additionally, large multiexon deletions
have been reported in other cases of MFSDS8-related NCL,
such as a large deletion encompassing exons 9 and 10.%

Finally, we describe atypical forms of TPPI-associated
NCL in 2 siblings (subjects 7 and 8). The older sibling,
subject 7, was initially diagnosed with spinocerebellar
ataxia 7 during adolescence due to lack of retinal issues at
that time. It was not until teenage years when retinal signs
of disease were first apparent that the diagnostic odyssey
was finally narrowed down to NCL. Trio-exome
sequencing revealed a likely pathogenic stop gain variant
(c.837C>G, p.Tyr279*%) in trans with a novel intronic
variant (c.5084+4A>G) in both subjects 7 and 8.
Dysfunction of TPP1 leads to accumulation of lysosomal
storage material systemically, with neuronal cells like those
in the retina particularly susceptible to damage. Because of
this effect, those with TPP[-associated NCL can have signs
of retinal disease as early as 2 years of age and have
shortened life-span with death by early adolescence.’ Thus
both subjects 7 and 8 did not fit this phenotypic profile, and
we hypothesize that this novel intronic variant is
hypomorphic that leads to some residual protein product.
The combination of these 2 variants allows for residual
TPP1 enzyme activity observed in these subjects and
provides a likely explanation why these 2 exhibit more
preserved ocular and extraocular functionality into early
adulthood.

With the advent of gene replacement and augmentation
therapy for retinal diseases, once a diagnosis is confirmed
through genetic or enzymatic testing, there is now an
emphasized focus on available treatment. For NCLs, there
have been great advances in enzyme replacement therapies
for TPPI-related NCL*' in which a recombinant human
proenzyme of TPP1 is delivered systemically through
intracerebroventricular infusions. Whereas this can slow
systemic features of disease, it has not been shown to
have any effect on the associated retinal disease.”” Retina-
specific therapies for 77PI-related NCL are being
developed and have been studied in a variety of naturally-
occurring animal models (dog, sheep, mice).43 In fact, a
single injection of intravitreal TPPI gene therapy in
canines before the onset of retinal changes on exam was
recently reported to preserve retinal function until the
animals reached end-stage neurological disease.** The first
in human clinical trials in children did not reveal any
severe adverse reactions™; however, the effectiveness of
intravitreal therapy in children was limited because
severely affected individuals were first enrolled.”” In the
future it will be imperative to identify the earliest signs of
degeneration to enroll those that would benefit the most
from intervention.

11



Ophthalmology Science

For new NCL patients, BCVA, slit lamp examination
and fundoscopic exam should be routinely performed. In
those that are cooperative, clinical imaging consisting of
OCT and fundus photography should be attempted. In
those that can further tolerate in clinic ERG, it should be
collected, and, if not possible, consider an examination
under anesthesia. In this cohort, clinical imaging was not
available for every subject due to reduced co-operativity in
some cases due to neurological disease. Unfortunately,
current imaging and functional readouts of retinal health
are poor metrics of disease as BCVA may not decrease
until cone densities are approximately 40% lower than the
average normal eye.’® Thus, more sensitive methods of
retinal imaging and testing are needed in order to
intervene at the earliest signs of degeneration. In those
that can cooperate further, as subjects 7 and 8 were able
to in this study, AOSLO and ORG can be performed to
better understand cellular level changes in the retina and
better track disease progression longitudinally.

The ORG is a noninvasive sensitive and objective
method to measure photoreceptor function. Photoreceptor
outer segments are known to change in length in response
to visible stimuli. This is attributed to a change in electrical
activity and osmotic pressure accompanying the photo-
transduction cascade.™'® The high-resolution images
obtained through AOSLO can be used to track structural
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changes within the cone mosaic of the retina. Therefore,
the combination of these modalities can identify early signs
of retinal disease, sometimes even before a patient them-
selves is experiencing changes in their functional vision. In
terms of retinal-specific therapies, being able to accurately
and repeatedly identify an area of disease will allow cli-
nicians and researchers to better determine the efficacy, if
any, of therapeutic interventions.

With the level of sensitivity achieved through both
AOSLO and ORG, we are better able to characterize retinal
changes not well visualized through standard methods
which can provide clinicians with a greater understanding of
disease and researchers with clearer targets, such as regions
of viable photoreceptors, for therapeutic intervention. A
more sensitive measure of photoreceptor functionality
against nonretinal manifestations of the genotype provides a
holistic picture of disease variants in patients with similar
genotypes as well as NCL in general and can more
accurately assess treatment responses in the future. In
conclusion, the cumulative data from 12 subjects with
varying retinal manifestations of NCL highlights the
importance of a comprehensive approach in situations where
disease genes can give rise to both syndromic and non-
syndromic retinal disease. Advances in genetic testing now
allow precise molecular diagnosis to better understand
disease progression and potential treatment.
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