1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Ann N'Y Acad Sci. Author manuscript; available in PMC 2017 May 01.

-, HHS Public Access
«

Published in final edited form as:
Ann N 'Y Acad Sci. 2016 May ; 1371(1): 55-67. d0i:10.1111/nyas.12990.

Vision loss in juvenile neuronal ceroid lipofuscinosis (CLN3
disease)

Madhu M. Ousephl2, Mark E. Kleinman2, and Qing Jun Wang?134
1Department of Molecular and Cellular Biochemistry, University of Kentucky, Lexington, Kentucky

2Department of Ophthalmology and Visual Sciences, University of Kentucky, Lexington, Kentucky
3Department of Toxicology and Cancer Biology, University of Kentucky, Lexington, Kentucky

4Markey Cancer Center, University of Kentucky, Lexington, Kentucky

Abstract

Juvenile neuronal ceroid lipofuscinosis (JNCL; also known as CLN3 disease) is a devastating
neurodegenerative lysosomal storage disorder and the most common form of Batten disease.
Progressive visual and neurological symptoms lead to mortality in patients by the third decade.
Although ceroid-lipofuscinosis, neuronal 3 (CLN3) has been identified as the sole disease gene,
the biochemical and cellular basis of JNCL and the functions of CLN3are yet to be fully
understood. As severe ocular pathologies manifest early in disease progression, the retina is an
ideal tissue to study in the efforts to unravel disease etiology and design therapeutics. There are
significant discrepancies in the ocular phenotypes between human JNCL and existing murine
models, impeding investigations on the sequence of events occurring during the progression of
vision impairment. This review focuses on current understanding of vision loss in JNCL and
discusses future research directions toward molecular dissection of the pathogenesis of the disease
and associated vision problems in order to ultimately improve the quality of patient life and cure
the disease.
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Introduction

Juvenile neuronal ceroid lipofuscinosis (JNCL; originally known as Spielmeyer—\ogt—
Sjogren—Batten disease or Batten disease, and currently known as CLN3 disease) is a rare
autosomal recessive, neurodegenerative lysosomal storage disorder that manifests in early
childhood. Symptoms of JNCL (including personality changes, learning impairment,
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declining speech and motor skills, seizures, and vision loss) typically first appear between 4
and 8 years of age but in some cases can start as early as 2 years of age.! In females,
symptoms occur earlier and are usually more severe compared to males.2 3 These eventually
lead to premature death, usually by the third decade of life.! The disease was originally
named after Frederick Batten, a British pediatrician who described the disease in 1903.4 Use
of the term Batten disease has evolved to include the group of neuronal ceroid lipofuscinoses
(NCLs), which is further classified as infantile (INCL), late infantile (LINCL), juvenile
(JNCL), or adult (ANCL) on the basis of the age at onset of symptoms, as well as the
molecular and genetic bases of various forms of Batten disease.” 8 The incidence of Batten
disease is estimated to be 2 to 4 per 100,000 births in the Unites States’ and as high as 7 per
100,000 births in Scandinavia.8 JNCL is the most common form of Batten disease.

Over the past two decades, mutations in multiple genes have been identified in association
with NCLs, with mutations in the ceroid-lipofuscinosis, neuronal 3 (CLN3) gene being
linked to JNCL.”- 9 CL N3, mapped to chromosome 16p12.1, encodes the 438—amino acid
protein product CLN3 or Battenin.”- © Exact localizations and functions of CLN3 are not
well defined,19-12 put a growing body of data offers critical insight into this enigmatic
protein. For example, studies using cell culture models support the notion that CLN3
trafficks through endoplasmic reticulum and Golgi to finally reside in endosomal and
lysosomal membranes in non-neuronal tissues and is localized to synaptic vesicles, late
endosomes, and lysosomes in neuronal tissues.13-20 Of more than 60 mutations of CLN3
that are uncovered in JNCL patients (http://www.ucl.ac.uk/ncl/CLN3mutationtable.htm), the
most common one is a 966 base-pair deletion (often referred to as 1 kb or 1.02 kb deletion)
that leads to skipping of exons 7 and 8 (GenBank accession number: AF077964 or
AF077968), with a majority of patients being homozygous for this mutation.”: 21 22 With
advances in next-generation sequencing and as more patients are tested, it is possible that
more compound heterozygotes will be discovered.

JNCL is largely considered a neurodegenerative disease as manifested by its clinical and
pathological features.23 Marked pathological changes have been revealed in the brains of
JNCL patients using magnetic resonance imaging (MRI), including cerebral and cerebellar
atrophy and significant volume reduction in affected areas of the brain.24-26 At autopsy, the
brains of INCL patients are smaller, with diffuse loss of neurons and evidence of the
characteristic Shaffer-Spielmeyer process in the remaining neurons.23 In various tissues,
JNCL mutations lead to accumulation of autofluorescent lipopigments (i.e., ceroids). In
electron microscopic images, these ceroids show characteristic fingerprint profiles that are
used as diagnostic criteria for INCL.27-22 Though heterogeneous, the most abundant
components of ceroids include the subunit ¢ of mitochondrial ATPase Fo complex,30: 31
consistent with reduced mitochondrial ATP hydrolysis in skin fibroblasts from JNCL
patients.32 Ceroid deposition is also associated with a neurologic autoimmune response,
extensive neurodegeneration, and gliosis, which ultimately result in a loss of brain matter
and consequential visual and neurological defects.33

Although the primary focus in JNCL research is on understanding the profound neurological
defects, pathologies in non-neuronal cells and organs have also been reported. Nearly half of
patients in the late stages of JINCL have cardiac defects with ventricular hypertrophy and
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conduction defects, with sinus node dysfunction being the most common.34-38 Cardiac
evaluation in these patients demonstrates deposition of storage material in the
atrioventricular conduction system.3” Characteristic fingerprint profiles have also been
reported in patient endothelial cells.139 This, plus the detection of autoantibodies against
central nervous system proteins in patient blood, suggests possible compromise of
vasculatures and the blood-brain barrier (BBB).4%-43 In addition, approximately 30% of
circulating lymphocytes in JINCL patients are noted to have cytoplasmic vacuoles.#4-46

Ocular pathologies in human patients

Among the early clinical symptoms, functional vision impairment, including loss of visual
acuity, nyctalopia, nystagmus, photophobia, and loss of peripheral and color vision, are often
the presenting symptoms that lead to referral to an ophthalmologist.%6 Yet, the sequence of
the development of various histopathological features in human eyes is not well described,
as the present information is primarily derived from evaluation of eyes from patients in late
stages of the disease. Generally, even in advanced cases, the eyes are grossly normal, except
for changes in the retina and optic nerve.47: 48

A study of 24 patients showed that the most consistent ophthalmoscopic presentation of
JNCL is the diffuse retinal pigment epithelium (RPE) atrophy of the macula, which appeared
in 63% of patients.*” A “bull’s eye” macular dystrophy (Fig. 1A), which has often been
observed anecdotally,#>:46:49-52 s present in 20% of patients.4” Of note, these classic
pigmentary macular changes are subtle in early disease stages and can be missed if
examination is done without dilation.#> Although not routinely used for evaluation of INCL
patients, fluorescein angiography was used in one study to demonstrate marked leakage of
dye into the retina in two of five children evaluated, consistent with a potential
microvascular defect in INCL patients.*®> Moreover, the commonly observed diffuse RPE
atrophy of the macula is easily visualized on fluorescein angiography (Fig. 1B) in 93% of
patients.#” In addition, moderate-to-severe optic disc pallor, attenuated vessels, and thinning
of the retinal arterioles that are suggestive of optic nerve and retinal degeneration, were
observed in 75% of patients.*>47 Only very recently have pathological alterations beyond
the retina and the optic nerve (e.g., cataract and secondary glaucoma) been reported to be
complications of JINCL.>3

A histology study of INCL eyes showed that the retina is uniformly thinned with severe loss
of the photoreceptor, outer nuclear, and outer plexiform layers in the macula and mid-
periphery (Fig. 2).54 The outer nuclear layer is replaced by villus processes derived from the
RPE, as well as hypertrophied Muller cells and macrophages. Scattered and disorganized
photoreceptors may be observed in the periphery. In addition, there is atrophy of the nerve
fiber layer and ganglion cells coupled with significant gliosis of the optic nerve.48:54.55
While Bruch’s membrane is well maintained, the RPE is notably present only in the
periphery, with only few RPE cells attached in the macular region, bringing the gliotic layers
in direct apposition to Bruch’s membrane. The central residual RPE cells have sparse
melanin granules compared to normal cells in the periphery. More conspicuously, the RPE
cells in the extramacular region that have migrated along sclerotic retinal vessels lack
lipofuscin pigments and are identified only by clumps of melanin granules.*8 Fluorescent
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microscopy demonstrates accumulation of autofluorescent cytoplasmic ceroid granules
predominantly in the photoreceptor cell layer,33 abundantly in retinal ganglion cells, and
occasionally in neurons of the inner nuclear layer. The role of the autofluorescent material in
the onset and progression of JNCL is unclear. Interestingly, while autofluorescence in the
RPE cells of healthy individuals is prominent, autofluorescence in JNCL RPE cells is
decreased,®*5% which is consistent with photoreceptor cell death and subsequently reduced
RPE phagocytosis of outer segments. In the rest of the INCL eye, autofluorescence is
prominent in the epithelial cells of the conjunctiva and ciliary body, but not the cornea.
Similar to what is seen in retinitis pigmentosa (RP), JINCL RPE cells are translocated to
form bone spicule/corpuscular pigment deposits surrounding retinal blood vessels in the
mid-periphery and around the macula.>* In electron microscopic images, intracytoplasmic
curvilinear inclusions are noted in fibrocytes, pericytes, glial cells, RPE cells, and ganglion
cells.33 The inclusions in ganglion cells contain abundant irregular trilaminar membranes of
8-10 nm thickness, which sometimes are arrayed in curvilinear fashion (Fig. 3A). Some
inclusions in ganglion cells show fingerprint profiles (Fig. 3B), although these are relatively
rare in neurons as compared to in non-neuronal cells, such as mural cells of small
vessels.#8:54 Though not well characterized, a significant element of inflammation is
hypothesized to be associated with JNCL retinal changes, with observations of cell
infiltration into the vitreous and of anti-retinal antibody (e.g., anti-carbonic anhydrase I1)
reactivity.6

Besides ocular histopathological features, JNCL patients also show profound
electroretinogram (ERG) abnormalities (Fig. 4).46:49-5257 According to the International
Society for Clinical Electrophysiology of Vision (ISCEV) standards, full-field ERG
recorded with a dim white flash that is below the threshold for eliciting a cone response
represents the rod response; the maximal response to intense white light represents a mix of
rod- and cone-mediated activities; the cone response can be isolated by eliminating the rod
response using either white light flickering at 30 Hz, which exceeds the fusion frequency of
rods, or by white light with saturating intensity for rods (e.g., 34 cd/m?) following 10 min
light adaptation at 1.5 log cd/m? (i.e., photopic).>” Using the ISCEV standards, the ERGs of
JNCL patients show significantly reduced rod- and cone-response amplitudes even at early
disease stages. At advanced disease stages, the ERGs of JINCL patients show unrecordable
rod-mediated activity and significantly reduced cone-mediated activity. In some cases,
scotopic b-wave amplitudes may appear to be more severely depressed than a-wave
amplitudes, leading to an electronegative ERG and indicating greater impairment in the
inner retina than in photoreceptors. Delayed cone b-wave implicit times have also been
noted in JINCL, suggesting progressive, rather than stationary, retinal degeneration.46:50.51.57
In comparison to typical RP, INCL patients often show rapid progression of vision
impairment, with extensive retinal degeneration and significant loss of the ERG signal in 1—-
2 years after presentation.33:48.57

Despite the usefulness of ERG in diagnosing JNCL, less invasive and more disease-specific
diagnostic approaches for retinal abnormalities of INCL are desired. Recently, Hansen et a/.
used optical coherence tomography (OCT) to examine two JNCL patients and revealed
prominent thinning of outer nuclear and photoreceptor layers, which is consistent with the
aforementioned histological findings, as well as abnormally homogenous optical reflectivity
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in the inner retinal layers along with the presence of hyperrefractive granules in RPE.>8
Moreover, using spectral domain OCT and confocal scanning laser ophthalmoscope (cSLO),
Dulz et al. found that all of the 11 patients tested showed a JNCL-specific striated macular
pattern of unknown origin within the papillomacular bundle.>® However, determining
whether this may provide an early diagnosis specific for INCL would require more patient
data.

Ocular pathologies in mouse models

CLNS3 orthologs are expressed in the retina and optic nerve in mouse and non-human
primates.60.61 While experimental evidence primarily supports CLN3 localization in
lysosomal and endosomal membranes, it was shown to be localized to mitochondria in the
murine retina using rabbit antiserum against synthetic mouse CIn3 peptide. The signal was
most obvious in Muller cells and inner nuclear layer neurons, with a limited presence in
photoreceptor cells and sparing the other cell types, including RPE.®0 Difficulties in
studying CLN3, including its subcellular localization, stem from its low expression levels
and hydrophobic nature, the latter of which has hindered development of a specific antibody
against full length CLN3/CIn3 and leads to dependence on peptide-derived antibodies,
yielding varying and conflicting data,10-12.60.62

To circumvent the difficulties in generating specific anti-CLN3 antibodies, a mouse model
with B-galactosidase knock-in (replacing part of exon 1 and all of exons 2-8) into the C/n3
locus was engineered (C/n3-acZ/LacZ; generated in 129/Sv embryonic stem (ES) cells and
backcrossed to C57BL/6J mice).53 This mouse model shows endogenous expression of CIn3
reporter in different tissues, including the visual cortex (transient presence before P30,
primarily in the deep layers such as layer VI and the subplate zone), the dorsal lateral
geniculate nucleus (LGNd), and the retina (inner nuclear layer, primarily the bipolar cells,
and to a lesser extent, the photoreceptor layer).83:64 The CIn3 reporter in the retina is
expressed substantially later than in the cerebral cortex, with expression of the inner nuclear
layer preceding the outer nuclear layer. This pattern of expression closely correlates with the
pattern of visual impairments in the other INCL mouse models (as discussed below).
Surprisingly, the ganglion cells appear to express low levels of CIn3 reporter, in contrast to
the extensive ganglion cell pathologies reported in other INCL mouse models. Of note,
possible differences between the intracellular processing of the native CIn3 protein and that
of the reporter protein could be a potential caveat in investigating the localization and
function of native CIn3. Because p-galactosidase knock-in results in deletion of a large
portion of the C/n3 gene, this mouse model has the potential to be a good INCL model.
Cln3LacZ/LacZ mice have been shown /n vivo to have abnormal BBB physiology in response
to hypotonic shock, likely resulting from misregulated microdomain-associated protein
trafficking and ARF1-Cdc42-mediated fluid phase endocytosis in brain endothelial
cells.83.65 However, detailed retinal phenotypes of this INCL mouse model are yet to be
characterized.

Besides the B-galactosidase knock-in C/n3reporter mice, there are three well-characterized
JNCL mouse models. In the first mouse model, exons 1-6 of C/n3were disrupted, creating a
null allele (C/In37~; generated in 129/SvEvTac (129S6) TC1 ES cells).66.67 On a 129/
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SvEvTac background, there was significant accumulation of intracellular autofluorescent
inclusions in the C/7~ brain as well as in the retinal ganglion cells and inner nuclear layer
as early as 2.5-3 months old when no obvious visual impairment was observed,67. 68
suggesting that this autofluorescent material may not be critical in the progression of the
ensuing retinal degeneration. At 15 months old, the fundus autofluorescence pattern was
enhanced in the retinal ganglion cells, inner plexiform layer, and photoreceptor-RPE zone.%°
Ultrastructural analysis revealed storage material in the ganglion, bipolar, and photoreceptor
cells of 12- and 18-month-old mutant mice,5% who showed loss of retinal ganglion cell
axons, axonal hypertrophy, and reduced myelination.51:70 Further phenotypic analyses of
these mice demonstrated decreased optic nerve conduction, reduced neuron numbers in the
LGNd, and defective amino acid transport from the retina to the LGNd.’? Evaluation of
global gene expression in the whole eyes, but not in the cerebellum, of these mice prior to
the appearance of lysosomal deposits showed significant downregulation of genes associated
with energy production in the mitochondria, including cytochrome b, cytochrome oxidase,
and mitochondrial ATP synthase Fq complex subunit B.68 This finding is consistent with
accumulation of mitochondrial ATPase Fg complex subunit ¢ in the storage material and
reduced mitochondrial ATP hydrolysis in INCL skin fibroblasts.3%-32 Most recently, RPE of
these mutant mice have been reported for the first time to also contain mitochondrial ATPase
Fo complex subunit ¢-positive storage material and to have defective autolysosomal
degradation and photoreceptor phagosome processing.”2 In addition, toluidine blue-staining
of optic nerves showed mast cell infiltration in the C/n3-deficient mice in comparison to
wild-type mice, suggesting inflammation and a defective BBB.61 Furthermore, at 5 months
of age, these mice showed low levels of glial cell activation (without evidence of complete
activation of microglia and astrocytes) in the brain, including in the visual cortex, where low
glial cell activation preceded the neuronal damage by many months.”3 However,
inflammation or gliosis has not been specifically examined in the retina. Although this
mouse model generally recapitulates the human pathologies of INCL quite well, the extent
of retinal degeneration and functional visual impairment by fundus examination and ERG at
11 months of age is not as extensive as in JNCL patients.5®

In the second mouse model (C/n33€X7/8 knock-out; generated in 129X1/Svd RW4 mouse ES
cells and backcrossed to C57BL/6J mice), most of exon 7 and all of exon 8 were deleted;’*
these mice had a significantly shortened lifespan in comparison with wild-type littermates
(by 19% of mean lifespan and 30% of maximum lifespan).” Autofluorescent storage bodies
were abundant in the cerebral cortex and liver by 15 weeks of age.”* The amount of
autofluorescent storage material was substantially greater in the brain, neural retina, and
RPE at the ages of 12 months of age or older. Neurological signs, such as defects in
associative learning, started as early as 14 weeks of age, while no significant alterations in
the ERG responses (e.g., scotopic a- and b-wave amplitudes) were observed in the mutant
mice at this age.”® At either 12- or 24-months of age, scotopic b-wave amplitudes of the
mutant mice were significantly reduced as compared to those of wild-type mice, while a-
wave amplitudes did not differ significantly between the mutant and wild-type mice. These
results suggest that the functional deficits are more restricted to the inner nuclear layer of
retina than to photoreceptors.’® Consistently, at both 12 and 24 months of age, substantial
loss of nucleated cells in the inner nuclear layer (but not in the photoreceptor cell layer) and
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ganglion cells (assessed by optic nerve axon numbers and cross-sectional area) were
noted.” However, photopic b-wave amplitudes recorded under rod-suppressing conditions
were significantly reduced in the mutant mice compared to their wild-type littermates at both
12 and 24 months of age,’® suggesting significant cone dysfunction.

The third JNCL mouse model (C/n32eX7/8 knock-in; generated in 129X1 x 129S1 progeny
R1 ES cells) mimics the most common C/n3 mutation (i.e., 1 kb deletion in exons 7 and 8)
in patients with JINCL.”” On an outbred 129Sv/Ev/CD1 background, this mouse model had
reduced C/n3 mRNA levels as well as several alternatively spliced mRNAs, which is
consistent with the human disease. Mortality starts at 7 months of age, with the survival rate
reaching 80% by 10-12 months.”” Deposition of the mitochondrial ATPase Fo complex
subunit c-immunoreactive autofluorescent storage material was widespread—most
prominently in the liver and selective regions of the nervous system, including the retinal
ganglion cell layer, inner nuclear layer, and to a lesser degree, the outer nuclear layer.””: /8
As shown by electron microscopy, C/n33€x7/8 mice showed abundant perinuclear inclusions
with the classic fingerprint profiles in the cytoplasm of retinal ganglion cells (Fig. 3C).””
Interestingly, liver function and neural development were normal, despite development of
extensive mitochondrial ATPase subunit c-reactive deposits in the liver, cerebellar Purkinje
cells, dentate gyrus, and subventricular zone at E19.5 (disappeared by P8 in the latter two
regions). At P1.5, these mutant mice developed small deposits in the neuroblastic layer
(NBL) of the retina, which became evident by P8 when the NBL matured into the inner and
outer nuclear layers. By 10 months of age, there was significant retinal hypopigmentation
and associated reduction in cone cell density in C/n32eX78 mice.”” CIn32eX7/6 mice also
showed striking reactive gliosis in the cerebral cortex and white matter by as early as 3
months old.””: 78 On both C57BL/6N7° and C57BL/6 8% background, there was a small but
significant reduction in photopic ERG amplitudes by the age of 5-6 months, suggesting
early loss of cone function.”®: 80 By the age of 9 months, a small but significant and selective
loss of b-wave amplitudes in the scotopic ERG occurred without any change in a-wave
amplitudes, suggesting decreased functions of postsynaptic retinal neurons in the inner
retina.”® 80 On a C57BL/6N background, the central nervous system behavioral defects
appeared to precede ocular visual system behavioral defects: an approximately 3-day delay
of negative geotaxis and the grasping reflex was observed during preweaning
neurodevelopment, and at 8 weeks old, exploratory behaviors (as monitored by the open-
field test) were reduced, motor deficits were apparent (as assessed by rotarod and gait
analyses) without anxiety- or depression-like behaviors (as assessed by elevated plus maze
and forced swimming test, respectively), or marked visual impairment (as assessed by
Morris water maze with visual clues) in C/n3eX7/8 mice.81

In vitro, conditionally immortalized neurons from the C/n3€X7/8 knock-in mouse model
have been used as a cerebellar neuronal precursor cell model.82 These mutant cells
expressed low levels of mutant CIn3 protein and accumulated the mitochondrial ATPase Fq
complex subunit ¢. These cells demonstrated endosomal/lysosomal trafficking defects,
structural and functional abnormalities in mitochondria, and decreased cell survival in
response to oxidative stress.82 These trafficking defects and mitochondrial dysfunctions
preceded subunit ¢ deposition.
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Macroautophagy (referred to here as autophagy) is an essential lysosomal degradation
pathway that involves de novo biogenesis of autophagosomes for packaging and trafficking
of luminal cargos, including mitochondria to lysosomes for degradation. The CLN3 protein
was reported to interact with the core autophagy protein Atg7 in 293T cells,83 and mouse
ClIn3 protein was highly enriched in the subcellular fractions containing autophagic
vacuoles,’’ suggesting that CIn3 may function in the autophagy pathway. Further studies
using the C/n34€x7/6 knock-in mouse model and the derived cerebellar neuronal precursor
cell model showed upregulation of the autophagosome marker LC3-11 (by
immunohistochemistry in the brain sections corresponding to the regions known for
mitochondrial ATPase Fo complex subunit ¢ accumulation and by Western blotting of
whole-brain extracts) and autophagy-inducing, down-regulation of mammalian target of
rapamycin (MTOR) complex 1 activity.84 Ultrastructural analysis of purified autophagic
vacuoles from homozygous C/n33€X7/8 knock-in mutants and their wild-type littermates also
pointed to likely defects in autophagic vacuolar maturation and in trafficking between
endosomal and lysosomal compartments.84 Therefore, data collected from the C/n32ex7/8
knock-in mouse model suggest that defects in endosomal/lysosomal trafficking, including
the autophagy pathway, likely contribute to JNCL pathogenesis.

Non-murine models of INCL

Yeast,85-91 Caenorhabditis elegans,®? Drosophila and Dictyostelium discoideum®® models
of INCL generated by manipulation of CLN3 orthologs are currently available. These non-
mammalian models may provide important clues to CLN3 function. A promising attempt in
the generation of a porcine model of JINCL specifically targeting the C/n3gene is ongoing.%°
Once available, this porcine model will be especially useful for evaluating early-stage ocular
phenotypes to overcome the difficulties in recapitulating human JNCL pathological features
in mice.

Ocular pathologies in other lysosomal storage disorders

Ocular pathologies are common in all childhood forms of NCLs, with retina atrophy more
pronounced in INCL and JNCL than in LINCL and its variants.%: 97 Importantly, retinal
degeneration in these NCLs starts at the photoreceptor outer segments and proceeds inward
during the disease progression.%8: 97 Ocular manifestations including corneal and/or vitreous
opacities, as well as retinal pigmentary changes, have also been reported in non-NCL
lysosomal storage disorders.% Specifically, retinal phenotypes are prominent in Gaucher
disease (retinal vascular tortuosity),% Niemann-Pick disease (macular halos and cherry-red
spots in the macula),1%0 Fabry’s disease (tortuous and aneurysmal dilatations of retinal
vessels),101 Tay-Sachs disease and Sandhoff disease (both with cherry-red spots in the
macula and optic atrophy),102 Krabbé disease (pale optic discs),103 metachromatic
leukodystrophy (foveal atrophy with chorio-retinal atrophy and progressive retinal pigment
degeneration),104 mucopolysaccharidosis (RPE atrophy and optic disc pallor with ERG
changes), 195 and mucolipidosis and sialidosis (both with cherry-red spots in the
macula).108. 107 |n addition, the widely used antimalarial and anti-inflammatory drugs
chloroquine (CQ) and hydroxychloroquine (HCQ), which block lysosomal acidification and
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degradation, have side effects including retinopathy (bull’s eye maculopathy) and vision
loss, 108, 109

Discussion and future directions

As the earliest symptom of JNCL that often brings patients into the clinic, vision impairment
presents an invaluable opportunity for intervention before the development of irreversible
retinal degeneration and neurodegeneration. Moreover, an understanding of the
pathophysiology of vision loss in JNCL may shed light on the systemic manifestations of the
disease. In addition, using next-generation sequencing, CLN3was recently identified as a
novel non-syndromic retinal disease gene, with all patients who carry these mutations
showing retinal degeneration phenotypes without additional signs of INCL.110 This suggests
that there likely are factors independent of neurodegeneration contributing to JNCL vision
loss. However, despite the importance of understanding early vision failure in JINCL, the
mechanisms underlying vision loss in JNCL remain poorly understood.

We have yet to identify the primary cells in which the ocular pathologies are initiated in
JNCL and the sequence of events during the progression of vision impairment. The retinal
phenotypes in mouse models appear to be mostly limited to the inner retina and optic nerve,
even though there is deposition of lipopigments in other cells such as RPE. However, INCL
patients clearly show prominent RPE atrophy of macula and have significant loss of RPE
cells, suggesting that INCL mutations of CLN3 may result in tissue- and cell-specific
disease manifestations, possibly associated with tissue- and cell-specific patterns of CLN3/
CIn3expression, as shown in the C/n3-acZ/LacZ mouse model.53 64 It is also plausible that
damage to the inner retinal cells may be secondary to retrograde damage from functional
impairment in the outer retinal cells, including rods, cones, and RPE. We are currently
investigating the effects of CLN3/ C/n3 deficiency in RPE, photoreceptors, and inner retinal
neurons, both /n vitroand in vivo. In addition, the normal functions of CLN3 and the
importance of lipopigment accumulation resulting from JNCL mutations are unclear at this
time. These questions call for the production of critical reagents (e.g., high-affinity and high-
specificity antibodies that can recognize endogenous CLN3/CIn3 proteins), identification of
the molecular compositions of the deposit, determination of retina cell type-specific
functions of wild-type CLN3/CIn3 protein for normal vision, and thorough characterization
of ocular pathologies of JNCL mutations in human patients and other species.

Another major hurdle in understanding JNCL disease etiology and design therapeutics is the
discrepancy in ocular phenotypes between human patients and mouse models: unlike what is
seen in available mouse models, JNCL patients develop vision loss as one of the earliest
clinical symptoms. These patients have severe ERG abnormalities and retinal degeneration
early in the disease process. In contrast, the mouse ocular pathologies occur relatively late
and photoreceptors in these models appear to be relatively well preserved. The underlying
reasons for this difference in the staging and severity of disease features are not known, but
several possibilities exist. First, intrinsic short life span of mice is possibly the main
deterrent for the development of well-evolved retinal degeneration. Second, the human and
mouse retina has distinct anatomy: cones are responsible for clear vision during the day,
while rods are responsible for vision in low light and for peripheral vision. Unlike humans,
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mice are nocturnal, with rods functioning as the dominant photoreceptor (> 95%) and with
much fewer cones in the retina.111: 112 Moreover, mice do not have a central macula or
fovea, where many initial anatomical findings associated with JNCL (e.g., the bull’s eye
maculopathy) are located. Third, mice may have compensatory mechanisms that ameliorate
JNCL and may provide hints to potential therapeutics. Finally, there may be an
environmental component that is different in humans versus mice and that interacts with the
CLN3ICIn3gene to affect disease onset and progression.

With regard to the current mouse models, there are several confounding issues that require
continued investigation. The CD1 background mice are susceptible to native retinal
degeneration genetic loci that are independent of the C/n3locus, leaving the interpretation of
the original characterization of retinal degeneration in the C/n33€X7/6 knock-in mouse model
in question.”® Genetic background, gender, and age have been shown recently in a
systematic study to affect exploratory activity, motor function, and depressive-like behaviors
in CIn™~and CIn34€x7/8 knock-in mouse models of JNCL.113 Similar systematic
comparisons are needed in order to characterize the ocular pathologies in INCL mouse
models.

Given the complexities encountered in the development of a reliable animal model,
alternative approaches should be considered to study this disease. For instance, a recent
study using the induced pluripotent stem cell (iPSC) model from JNCL patients revealed
impairment in autophagic clearance and ultrastructural defects in late endosomal-lysosomal
compartments, multivescicular bodies, mitochondria, Golgi, and endoplasmic reticulum in
neurons derived from these iPSC clones.114 Development of such models (e.g., retina cell-
specific iPSC clones) will help advance our current knowledge on the etiology of INCL
vision loss and facilitate future drug screening.

Research on the genetic basis of JINCL needs to be translated into therapies aimed at
preventing and improving ocular and neuronal defects in INCL patients. For prevention,
though attempts to develop antenatal screening tests using next-generation sequencing are
promising, no commercial products are currently available.115 For treatment, gene therapy
using adeno-associated virus (AAV)-medicated CLN3 delivery has shown to partially
reverse biochemical and pathological defects in a murine model of JNCL.116 Intracranial
delivery of AAV is a common method used for treating neurological disorders, including
Parkinson’s, Canavan’s, and Alzheimer’s diseases. In fact, a phase | study is ongoing for
gene transfer—based therapy for treating LINCL (CLN2 disease).11” Given the promising
results of AAV-mediated CLN3delivery in a INCL mouse modell16 and the ongoing gene
therapy trial for treating CLN2 disease, a gene therapy trial for treating CLN3 disease is
likely to be on the horizon. In other avenues of treatment, there are ongoing phase 11/111 trials
to assess the utility of anti-inflammatory agents 118 and stem cell transplant.119 The former
is based on earlier studies where (1) autoantibodies to different neuronal components,
including glutamic acid decarboxylase, have been identified in both JNCL patients#%-43 and
CIn3™~ mice,*0- 43 and (2) either genetic (UMT mice with B cell deficiency) or
pharmacological (using the immunosuppressant mycophenolate mofetil) intervention
reduced neuroinflammatory responses, and importantly, improved motor performance.120
Further studies aimed at elucidating molecular mechanisms underlying the functions of
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CLN3 will promote the identification of novel therapeutics for ultimately improving the
quality of life of INCL patients and curing this devastating disease.
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Figure 1.
Fundoscopy of INCL patient eyes. (A) Posterior pole of the left eye of an 8-year-old female

JNCL patient with the common 1 kb deletion showing bull’s eye maculopathy, attenuated
vessels, and pale optic discs. Reproduced, with permission, from Ref. 50. (B) Angiogram
with diffuse stippled hyperfluorescence in the eye of a 9-year-old INCL patient.
Reproduced, with permission, from Ref. 47.
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Figure 2.
Fluorescence microscopy of far peripheral retina with 4”,6”-diamidino-2-phenylindole

(DAPI)-stained nuclei (in blue) showing reduced RPE autofluorescence and retinal
degeneration in JINCL. (A) Healthy control and (C) JNCL retinal sections treated with no
primary antibody. Yellow: autofluorescent lipofuscin granules; arrowheads: ganglion cells.
(B) Healthy control and (D&E) JNCL retinal sections labeled with anti-rhodopsin (in red).
Arrowheads: retained rhodopsin* rods; the one in (E) has a long, beaded neurite.
Reproduced, with permission, from Ref. 54. Abbreviations: C, choroid; RPE, retinal
pigment epithelium; O, outer nuclear layer; N, inner nuclear layer; 1S, rod inner segments;
OS, rod outer segments; G, ganglion cell layer.
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Figure 3.
Electron micrographs of retinal ganglion cells containing inclusions with (A) curvilinear and

(B&C) fingerprint features. (A) An inclusion found in a JNCL patient ganglion cell with
trilaminar membranes (arrows), some of them arranged in a curvilinear fashion (arrowheads)
surrounded by a trilaminar unit membrane (x31,000). (B) A rare fingerprint body found in
the cytoplasm of a JNCL patient ganglion cell (x51,000). A and B are reproduced, with
permission, from Ref. 48. (C) Perinuclear inclusions with fingerprint profiles are abundant in
the cytoplasm of a retinal ganglion cell from a 10-month-old C/n32€X7/6 homozygous mouse.
Reproduced, with permission, from Ref. 77.
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Figure 4.
ISCEV standard ERGs of three JINCL patients. The tracings from each patient’s right and

left eyes are shown in black. The tracings in red are for normal subjects of the same age
range. Reproduced, with permission, from Ref. 50.
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